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1 |   Introduction 
 
 
Spectroscopy – from the Latin word spectrum meaning image or ghost, and Greek 
word skopéō (σκοπέω) meaning to see, to observe, can be quite literally translated as 
“ghost watching”. Originally, it referred to the study of visible light dispersion 
through prisms as done by Sir Isaac Newton in the XVII century, but as mankind 
uncovered more and more parts of the electromagnetic spectrum, and eventually 
put them all to use, the number of “ghosts” that needed watching became ever 
larger. 

Nowadays spectroscopy encompasses everything from gamma-ray and x-ray 
spectroscopy with wavelengths λ~ 1pm to 1nm to radio-spectroscopy where the 
wavelength scale is 12 orders of magnitude larger (λ~ 1m to 1km) and energy of 
photons is 1012 times smaller.  

Spectroscopy is a well-established, enabling technology in many fields of science, 
with examples ranging from absorption spectroscopy, where presence of gasses is 
detected when gas molecules vibrate at certain frequencies and absorb specific 
wavelengths of input light; Raman spectroscopy, where light scattered from the 
material helps to learn its composition; X-ray spectroscopy for studying the crystal 
structure of materials; Astronomical spectroscopy that used visible light and radio 
to study chemical composition, mass, and temperature of distant stars and galaxies 
etc. 

The instrument that reads the electro-magnetic spectrum by separating the 
incoming light into a number of spectral channels and detecting them individually 
is called a spectrometer. In common lab spectrometers that operate in the visible 
and infrared parts of the electromagnetic spectrum, this process is done by spatially 
separating the input light into components of a certain spectral width using a 
dispersion element such as a grating or a prism, which are subsequently detected 
on a single detector (with a rotating grating) or on a 1D-array of fixed 
photodetectors. Another type of spectrometers is based on a combination of a 
tunable narrowband filter and a single detector.  

Some of the most relevant parameters for comparing different spectrometers are: 
Resolution (δλ) which is the minimum feature size that can be distinguished in the 
spectrum, often described as the minimum spacing between two peaks such that 
they can be resolved as separate; Spectral range (∆λ), the range of wavelengths in 
which the spectrometer operates; Speed expressed as the number of full spectra 
acquired per unit time; Minimum electromagnetic signal power that can be 
detected; Additionally, spectrometer size and cost play a significant role when 
comparing different systems, since they limit either physically or commercially 
which applications the instrument can be used in. 
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1.1 Motivation for miniaturization  
 
High-performance diffraction-based spectrometers are fast, sensitive and precise 
instruments that operate over a large wavelength range. High detector sensitivity 
allows short integration times and when combined with parallel readout it enables 
fast acquisition and real-time measurements. However, these instruments are large 
and expensive with a typical good-performance grating-based lab spectrometer 
being ~1m long, and costing ~20-50k$. This is a consequence of these devices being 
produced from bulky (and expensive) optical components that additionally need to 
be well aligned together, all increasing the size and cost of the system.  

A mini- or a micro-spectrometer that can be mass-produced at very low cost is thus 
very desirable because it can be deployed in more application fields, and become a 
part of more complex sensing systems. Attempts have been made to miniaturize the 
spectrometer system and reduce its price, especially in the visible and near-infrared 
(NIR) part of the spectrum. Several commercial products already exist on the 
market with applications ranging from medical diagnostics, material/food sensing, 
to agricultural remote sensing, to name a few. Additionally, a micro-spectrometer 
integrated on a chip is interesting for deployment in consumer instruments, notably 
the smartphone. 

Hand-held “tricoder”-like surface-enhanced Raman spectroscopy (SERS) based 
devices that can characterize proteins, detect presence of drugs in saliva and 
glucose levels in blood are being developed by Ocean Optics at the moment[1]. 
Additionally, small point-and-shoot gadgets capable of (at the moment) 
rudimentary molecular analysis with the help of near infrared spectroscopy such as 
the SCiOTM[2] device are becoming a reality as well. With the promise of 
smartphone-integrated detection of sugar, fat and protein levels in food and the 
identification of unknown compounds, this product and similar ones[3] have 
attracted significant consumer attention. On the other hand, hyperspectral imaging 
with integrated piezo-tunable filter arrays from VTT has found applications in 
environmental monitoring for agriculture, gas sensing (SO2 emission from ships), 
medical diagnostics and again in smartphone integrated material/food sensing[4]. 

 

1.2 Resolution-size trade-off and its solution 
 
When miniaturizing a classical diffraction-based spectrometer (see Fig. 1.1a) one 
problem intrinsic to the device design arises: The capability of the device to 
spatially separate wavelengths is inversely proportional to its focal length i.e. the 
optical path between the grating and the detector, leading to a resolution-size trade-
off. Resolution, size and spectral range specifications vary depending on the 
application, and a compromise is often necessary. 

A solution to the resolution-size trade-off lies in folding the optical path inside a 
cavity, such as a Fabry-Pérot (FP) cavity (see Fig. 1.1b). The optical phase difference 
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accumulates for different wavelengths over multiple passes between two mirrors, 
resulting in sharp spectral resonances, enabling high resolution. Furthermore, 
decreasing the cavity size increases the free-spectral range since in FP filters ∆λFSR= 
λ2/(2ngL), where ng is the cavity material group index and L its length. If one of the 
filter mirrors is actuated, the cavity length changes and spectral resonances shift. 
This means that a tuning of the resonance over a spectral range that is equal to the 
FSR of the cavity, is possible in principle.  

 

Figure 1.1: Comparison of two spectrometer concepts. a) Sketch of a diffraction based 

spectrometer (http://ultrafastoptics.ee.psu.edu). b) Fabry-Pérot cavity based spectrometer 

sketch. 

Combining the mechanical actuation of MEMS structures with a FP cavity, an 
integrated tunable optical filter can be realized. Several implementation of FP cavity 
integrated filters for use in spectrometers have been realized so far [4]–[7] and some 
are commercially available[4]. However, linewidths below 0.5nm are difficult to 
realize in FP devices due to limited mirror reflectivity and strain-induced mirror 
bending. Additionally, the detection in FP implementations is often done off-chip, 
while ideally one would have filtering, actuation and detection functionalities of a 
spectrometer integrated on the same chip. This would decrease the device size and 
cost, reduce the need for post-fabrication alignment and in general increase the 
stability of the system. 

Excellent performance in terms of spectral linewidth and cavity size can be 
achieved in thin membrane-type photonic crystal (PhC) cavities, where light is 
confined in the plane by 2D Bragg reflection from a periodic array of holes, and in 
the vertical direction by total internal reflection (TIR). High quality factors (Q-
factors) up to Q= λ/δλ= 107 corresponding to resolution δλ<1 pm at λ~ 1.5µm have 
been obtained in λ3-sized cavity[8].  

However, tuning sharp PhC resonances over the entire FSR usable for spectrometry 
has proven to be difficult. The refractive index of most materials is not easily 
controllable over larger ranges, and additionally, any physical perturbation to the 
cavity typically results in a large degradation of the resonances’ Q-factor. Various 
non-mechanical tuning methods including thermal[9], carrier-injection[10] and with 
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infiltration of e.g. water[11] and liquid crystals[12] have been proposed. These 
methods provide either very slow[11],[12] tuning over a large range (> 20nm) or 
fast short range tuning (< 10nm) [9],[10]. 

An electro-mechanical tuning method similar in implementation to MEMS FP filters 
has been developed in our group (work of L. Midolo et. al.[13]) that enables fast 
(~MHz) and large range tuning (> 15nm) of PhC resonances. It is based on a double 
membrane PhC, where evanescent field coupling between the membranes allows 
the modes of the system to be tuned by changing the distance between them.  

In the work presented here, the concept from [13] is further developed and then 
applied to realize a microspectrometer with ultrasmall footprint and high 
resolution. In particular, the cavity Q-factor and tuning range are strongly 
increased, the free spectral range is optimized, and a detector is integrated in the 
top membrane with a quantum dot (QD) absorption layer for microspectrometer 
application in the NIR (~1300nm) spectral range. The resulting nano-opto-electro-
mechanical system (NOEMS) sensor is compared to the state-of-the-art integrated 
microspectrometers and tunable filters in the next section and the main concepts 
used to describe this system are presented after that. 

The same functionalities that allow on-chip spectrometer operation can 
alternatively be used to realize an on-chip displacement sensor, which is described 
in detail in chapter 6 of this thesis. In this mode of operation, the displacement of 
the top membrane is deduced from the spectral position of the resonance. For 
highest sensitivity, a laser is positioned at the maximum slope of a high Q cavity 
resonance and the photocurrent is monitored. Tiny ~100fm displacements of the top 
membrane in the frequency range 0-2MHz can be measured from the photocurrent 
frequency spectrum using the integrated photodiode. 

 

1.3 State-of-the-art in integrated microspectrometers 
 
Integrated microspectrometer solutions can be divided by approach into two main 
categories: The first approach is similar to large non-integrated spectrometers, and 
relies on diffraction or dispersion to separates the input signal into channels 
(waveguides) which are detected by an array of detectors located on- or off-chip; 
the second approach relies on high-Q cavities as filtering elements and has two sub-
categories, a first one, where an array of cavities coupled evanescently to a 
waveguide is used to provide a spatially separated output for an external camera 
readout, and a second one, where a single tunable cavity is connected to a single 
detector located on- or off-chip. The last sub-category generally leads to the smallest 
footprint and is the approach followed in this thesis as well. An overview of both 
approaches is given here and a comparison of integrated microspectrometer 
demonstrations based on relevant parameters is shown in Table 1.1. 

In the first category, different on-chip methods for spatially resolving the 
wavelength channels can be found in the literature (see Fig. 1.2a-c): An 
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implementation with arrayed waveguide gratings (AWGs)[14] (also described in 
[15]) that relies on dispersion, using waveguides of different length (see Fig. 1.2a); 
one based on a PhC superprism[16] that generates extremely large angular 
dispersion in a small area (see Fig. 1.2c); several diffraction methods e.g. based on 
concave two facet-reflection gratings[17] and Echelle gratings[18] (see Fig. 1.2b). 
The implementations [14], [17], [18] were envisioned for application in wavelength 
division multiplexing (WDM) as demultiplexing elements. They offer resolution 
~1nm, over a 25-40nm spectral range within a large ~mm2 footprint (except for ref. 
[18] where a very compact 0.2x0.2mm2 Echelle grating is used). Additionally, in 
these structures wavemeter operation with very high resolution[16] is possible by 
comparing powers in neighboring channels. Importantly, one of the few 
realizations of spectrometers with on-chip detection is found in [14] where an array 
of GaInAsSb photodiodes is used. The PhC superprism from [16] offers the smallest 
footprint of the dispersion element (80x220µm2) and the largest 50nm sensing range 
in this category, while the resolution is only claimed for a single-peak wavemeter-
type measurement and it is δλ= 10pm.  

A hybrid solution between the two categories, where a microring (MR) resonator is 
used to pre-filter light that is then analyzed by a diffraction grating is presented 
in[27] having high resolution δλ= 50pm in a limited 10nm spectral range on a ~mm2 
footprint. 

Among cascaded micro-cavity filter array implementations based on in-plane 
evanescently coupled cavities (see Fig. 1.2d-g), microdonut (MD) cavities[20] and 
PhC L3 cavities[19] were reported and chosen here for comparison. The work 
presented in [20] (see Fig. 1.2e) offers a wide spectral range (50nm) detection with a 
resolution δλ= 0.6nm on a ~mm2 footprint while [19] reports one of the smallest 
footprints in Table 1.1 (8x60µm2) and a modest resolution δλ= 1nm over a 23nm 
range (see Fig. 1.2d). A similar microspectrometer implementation where a matrix 
of PhC cavities coupled to a planar PDMS waveguide is used to spatially separate 
outputs to be read by a camera is reported in [21] (see Fig. 1.2f). It is characterized 
by a relatively small footprint ~100x100µm2, a high resolution δλ= 0.3nm over a 
relatively wide spectral range ∆λ= 35nm. In yet another implementation, an array of 
FP cavities with sub-wavelength grating mirrors is proposed with a 20x20µm2 

single-pixel size, resolution δλ= 1nm and possible spectral range of 70nm, however 
only single-pixel excitation and readout in transmission were realized 
experimentally[22] (see Fig. 1.2g). 

Finally, in the area of tunable-cavity microspectrometers (see Fig. 1.2h-j) where the 
work of this thesis belongs as well, an approach based on a micro-machined voltage 
actuated structure with distributed Bragg reflector (DBR) mirrors[6] has been 
reported as early as 1996. It features a δλ= 3.5nm resonance that can be tuned over a 
30nm range with a very small filter footprint of 20x20µm2[23], while the whole 
structure (filter, actuator and detector) is of the order of 100x100µm2 (see Fig. 1.2h). 
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Figure 1.2: State-of-the-art microspectrometers and tunable filters. a)-c) Diffraction/ 

dispersion based approaches. a) AWGs[15]. b) Echelle grating[18]. c) PhC superprism[16]. d)-

g) Cascaded filter array approaches. d) PhC cavity array[19]. e) Microdonut cavity array[20]. f) 

PhC cavity matrix[21]. g) Double SWG FP filter array[22]. h)-j) Tunable MEMS cavity 

approaches.  h) Double DBR MEMS filter[23]. i) MOEMS HCG FP filter[5]. j) MEMS HCG 

VCSEL[24]. k)-l) Solutions based on randomness. k) Disordered semicircular PhC[25]. l) 

Multimode spiral WG[26].  

On-chip detection with R= 90mA/W responsivity around a central wavelength λc= 
920nm is realized with a resonant cavity enhanced (RCE) photodetector formed by 
incorporating three InGaAs quantum wells (QW) between the fixed bottom DBR 
and the movable top DBR mirror. The top mirror in the MEMS tunable filter can be 
made much thinner if a high-contrast grating (HCG) mirror is used, as 
demonstrated in [5] for applications in micro-spectrometry, where they report a 
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resolution δλ= 1.5nm over a 20nm range on a relatively small 50x50µm2 footprint 
(see Fig. 1.2i). A group led by the same principal investigator as in [6] has recently 
reported a MEMS structure with a top HCG mirror[28] as well, where they 
achieved δλ= 1.2nm resolution over a 33.5nm range in a 90x90µm2 footprint (see Fig. 
1.2j). The device, which has the same structure as a tunable vertical-cavity surface-
emitting laser (VCSEL)[24], but it is operated in reverse-bias, offers high 
responsivity (R= 1A/W at λc= 1550nm) from a multiple QW AlGaInAs detector 
placed between the bottom DBR and the top HCG mirror. Readout with up to 
200kHz rate limited by the mechanical resonance frequency of the structure is 
demonstrated as well. Recently, a tunable RCE photodetector with double HCG 
mirrors[29] has been proposed featuring very large tuning range ∆λ= 111nm and a 
linewidth δλ= 0.38nm, but is yet to be experimentally realized. 

A tunable cavity realization that does not rely on MEMS actuation but instead on 
thermal tuning of a high-Q cavity mode provided by a sample-heater is presented 
in [9]. A high resolution δλ= 20pm filtering over a small 1.5nm tuning range is 
demonstrated in a small 15x15µm2 footprint with the purpose of performing 
absorption spectroscopy of acetylene and hydrogen cyanide. 

Two interesting solutions conceptually different from the previously discussed 
works from both categories, and which rely on randomness (see Fig. 1.2k-l) are 
reported in Table 1.1. In these works, a speckle pattern is produced either by light 
scattering in a random semicircular PhC pattern[25] (see Fig. 1.2k), or by an 
interference between modes in a multimode spiral waveguide[26] (see Fig. 1.2l). 
This speckle pattern then provides a fingerprint for each wavelength in the form of 
a one-to-many spectral-to-spatial mapping instead of a traditional one-to-one 
mapping. Both approaches are characterized by a relatively small ~100x100µm2 
footprint, with the work in [25] reporting moderate resolution δλ= 0.75nm over a 
25nm range at 1500nm, and the work in [26] having very high resolution δλ= 10pm 
but in a small 2nm wavelength range. Both of these demonstrations employ 
external detectors. 

We report in this thesis a novel 15x15µm2 footprint NOEMS tunable RCE detector 
based on a high-Q double membrane (DM) PhC cavity. We have experimentally 
obtained resolution δλ= 200pm over a 13nm range using one cavity design, and 
lower resolution δλ= 700pm over a higher ∆λ= 30nm tuning range in another cavity 
design (Chapter 4). We note also that even higher resolutions (as low as 80pm) were 
measured in a more limited tuning range. Responsivity up to R ≈ 13mA/W 
measured at central wavelength λc= 1300nm is provided by an integrated InAs QD 
based p-i-n photodiode (Chapter 4). In a wavemeter demonstration of our NOEMS 
sensor we report a record δλ= 100fm resolution when measured in 1Hz bandwidth 
(Chapter 5), with actuation rate up to 2MHz (Chapter 6). 

In Table 1.1 different microspectrometer demonstrations are compared based on 
their footprint, central wavelength, sensing range, resolution and when applicable 
responsivity and actuation speed. For clarity, the implementations with integrated 
detection are placed on the top. Note that for cavity microspectrometers instead of 



1.3 State-of-the-art in integrated microspectrometers 

8 
 

providing a tuning range and free-spectral range (FSR), a more relevant sensing 
range (which is equal to the smaller value of the two aforementioned parameters) is 
given. 

Table 1.1: State-of-the-art integrated microspectrometers. 

Ref. 
Technology/ 

Material 
Footprint 

λc 

[nm] 

∆λ 

[nm] 

δλ 

[nm] 

∆λ

δλ

 R 

[A/W] 

Speed 

[MHz] 

Integr. 

Detector 

this 

work 

DM PhC 

MEMS/ 

GaAs 

15 x 15 

µm2 1300 

13 

30 

 

0.2 

0.7 

10-4 * 

65 

43 0.013 21 
InAs 

 QDs 

[6] 
Double DBR-

MEMS/GaAs 

20 x 20 

(100x100) 

µm2 

920 30 3.5 9 0.09 
not 

given 

InGaAs  
QW 

[28] 
MEMS HCG 

VCSEL/InP 

90 x 90 

µm2 1550 33.5 1.2 28 1 0.2 
AlGaInAs 

MQW 

[14] 
AWG with PD 

array/SOI 

1 x 2 

mm2 
2200 

40 3 

0.02* 

13 
0.5 / GaInAsSb 

[16] 

PhC 

superprism/ 

SOI 

80 x 220 

µm2 
1580 50 0.01* / / / no 

[17] 

DeMUX 

grating/ 

Si-SiO2 

10 x 34 

mm2 1550 34.8 0.18 193 / / no 

[18] 
Echelle 

grating/ SOI 

250 x 200 

µm2 
1550 25.6 1.8 14 / / no 

[31] 
Microring diffr. 

grating/ SOI 

1 x 2 

mm2 
1500 10 0.05 200 / / no 

[20] 
Microdonut 

array/SOI 

1 x 1 

mm2 
1580 50 0.6 83 / / no 

[19] 
PhC array/ 

SOI 
60 x 8 µm2 1530 23 1 23 / / no 

[21] 
PhC cavity 

matrix/ GaP 

100 x 100 

µm2 850 35 0.3 116 / / no 

[22] 

Double SWG 

FP filter array/ 

Si 

20 x 20 

µm2/pixel 
1550 70 1 70 / / no 

[5] 
MOEMS HCG 

FP filter/InP 

50 x 50 

µm2 1550 20 1.5 13 / / no 

[9] 

Thermally 

tuned PhC cav. 

array/SOI 

15 x 15 

µm2/pixel 
1530 1.5 0.02 75 / / no 

[25] 

Disordered 

semicirc. PhC/ 

SOI 

50 x 100 

µm2 
1500 25 0.75 33 / / no 

[26] 
Multimode 

spiral WG/SOI 

250 x 250 

µm2 
1510 2 0.01 200 / / no 

* wavemeter resolution.s 
                                                           

1 Spectrometer operation not demonstrated at this speed, this is a mechanical 
frequency limit. 
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Most of the implementations presented here are intended for use in the third fiber 
communication window with central wavelength λc≈ 1550nm (S-, C- and L-bands), 
with the exception of [21] (λc= 850nm), [6] (λc= 920nm), [14] (λc= 2200nm), and our 
work spectrally focused on the second fiber communication window (~1300nm, O-
band).   

It is also worth noting that the material platform of choice for most works presented 
in Table 1.1 was silicon or silicon-on-insulator (SOI), with the exception of tunable 
MEMS filters ([5],[6],[28], this work) that are realized on a III-V platform, and the 
array of PhC cavities work from [21] which is done in a GaP semiconductor 
platform. 

Another type of spectroscopy which is not discussed here, but is also commonly 
used in the infrared range (for absorption measurements of materials) is Fourier-
transform IR spectroscopy (FTIR). This technique relies on a Michelson 
interferometer with a moveable mirror to produce an interferogram of incoming 
light. This is Fourier-transformed in a post-processing step to produce the 
spectrum. In this field, integrated solutions based on MEMS exist as well, and have 
been commercialized[30]. 

 

1.4 Photonic crystal cavities 
 
Photonic crystals (PhCs) are dielectric structures in which the dielectric constant ε(r) 
is a spatially periodic function such that ε(r + R)= ε(r), where R is the lattice vector 
of the photonic crystal[32]. The discrete translation symmetry affects the 
propagation of light. The solution of Maxwell’s equations (in analogy to crystals in 
solid state physics) can then be expressed with a product of a plane wave and a 
periodic function um,k(r) having the same periodicity as ε(r): 

, ,( ) e ( )i

m m= kr

k k
E r u r      (1.1), 

where m is a band index and k is the Bloch wave vector which lies in the first 
Brillouin zone of the reciprocal lattice. Each mode is labeled by (m, k), and its 
frequency ωm(k) depends on the lattice choice. The collection of dispersion relations 
ωm(k) for all possible values of index m constitutes the bandstructure of the system, 
and similarly to electronic bandstructures this can lead to the appearance of 
bandgaps i.e. frequency regions for which waves cannot propagate inside the PhC 
(see Fig. 1.4). The occurrence of photonic bandgaps depends on the choice of lattice 
geometry and refractive index, but also on the field polarization, meaning that 
transverse electric (TE) or transverse magnetic (TM) bandgaps can exist separately 
or together, in which case it is called a complete bandgap. A bandgap can also exist 
is one, two or three dimensions depending on the periodicity of the lattice vector, 
and for lower dimensions the formalism holds but it is restricted to the wave 
vectors k in the direction of periodicity.  
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If the periodicity is broken in one direction in an otherwise periodic structure, a 
waveguide can be created where light can only propagate along the waveguide 
direction and is forbidden to enter the surrounding PhC by the existence of a 
bandgap. If the periodicity is broken in a small region of space i.e. a lattice defect is 
introduced, a confined mode can exist in the PhC under the condition that the mode 
frequency lies inside the bandgap of the surrounding photonic crystal. So 
depending on the periodicity, PhCs can provide uni-directional (1D) or multi-
directional (2D and 3D) confinement of light, which is interesting for making 
photonic crystal cavities, where interaction of light and matter can be greatly 
enhanced.  

In cases where the PhC bandgap exists only in one or two directions, additional 
confinement in the other direction(s) is obtained through normal waveguiding, i.e. 
by total internal reflection. This is the basis for the nanobeam (1D) or membrane 
(2D) PhC cavities shown in Fig. 1.3. 

 

Figure 1.3: Examples of photonic crystal (cavities) in 1, 2 and 3 dimensions produced by 

periodic modulation of the refractive index. 1D- Nanobeam photonic crystal fabricated in 

GaAs [33]. 2D- Photonic crystal hexagonal lattice of holes in a GaAs membrane (fabricated by 

the author). 3D- A “woodpile” photonic crystal made in Si[34]. 

Especially interesting for on-chip integration are PhC cavities made in a two-
dimensional (2D) pattern of holes in a suspended membrane. The advantage of this 
system, compared to 1D and 3D systems lies in simpler fabrication and easier 
integration with existing integrated devices by means of on-chip waveguides. 
Applications in nanophotonics range from passive structures like filters [35], on-
chip sensing[36] to devices containing active material like ultra-compact lasers[33], 
and single-photon sources[37] based on QDs.  
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In 2D PhC cavities, the solution of Maxwell’s equations is regarded as having an in-
plane and an out-of-plane component that can be separated[32]: 

( ) ( , ) ( )E x y zφ=E r   (1.2), 

where φ(z) represents the profiles of the dielectric planar waveguide modes. The 
wave phase velocity for the guided modes inside the planar waveguide is reduced 
by an effective refractive index neff as compared to the phase velocity in 
vacuum[38]. This results in a modified dispersion relation of the 2D PhC. The 
effective index has a value between 1 and the refractive index of the membrane 
material, and depends on the membrane thickness and mode order. It can be used 
instead of the material index to reduce the dimensionality of the problem when 
calculating the field distribution inside the PhC cavity and identifying photonic 
bandgaps.  

The total wave vector k is decomposed as well, into a vertical component kz and in-
plane component k|| such that k2=k||

2+kz
2. In 2D PhC cavities light is confined in-

plane by the PhC bandgap and out-of-plane by TIR at the dielectric/air surface. 
Looking at the bandstructure of a 2D PhC (Fig. 1.4), only the light within a certain 
frequency range (within the bandgap) and having wave-vectors outside of the light 
cone (ω/c < k||) can be confined inside the cavity.  

 

Figure 1.4: Band diagram of a PhC slab with a triangular lattice of holes showing the first 

Brillouin zone points Г, M and K) as calculated in [32]. Hole radius is r=0.48a, where a is the 

lattice constant. The TE photonic crystal bandgap exists in this structure and is highlighted in 

yellow, while the light cone is depicted grey. The top and bottom inset on the right show the 

distribution of the electric field for a photonic mode close to the air and the dielectric band 

edge, respectively. Image courtesy of F. Pagliano [32]. 
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The quality factor (Q-factor) of a cavity mode will be determined by its k-space field 
distribution, where components inside the light cone are leaky and provide most of 
the loss in the system. The angular width of light cone is determined by 1/neff and 
thus higher-order modes and thinner slabs (lower neff) will have higher losses. 
Additional loss may come from the membrane material absorption and in-plane 
losses due to finiteness of the PhC pattern surrounding the cavity. In a realistic 
structure scattering losses due to imperfections on the surface will be present as 
well. By changing the position and size of the holes in the lattice close to the PhC 
cavity, out-of-plane loss can be optimized until the point where the Q-factor is 
limited by other loss contributions. Very high values of Q-factor have been reported 
in literature for cavities in a hexagonal hole lattice PhC membrane that provides a 
TE bandgap[8]. For this reason, the hexagonal PhC pattern is chosen in this thesis as 
well. 

 

1.5 Double-membrane NOEMS 
 
A high-Q PhC cavity can serve as a filtering element operating at a set of fixed 
wavelengths, determined by the modes supported in the structure. However, 
adding a wavelength tunability functionality vastly increases the possible 
applications of PhC cavities, which range from tunable lasers[39], reconfigurable 
cavity quantum electrodynamics platforms (CQED)[40] and integrated 
microspectrometers which are the main topic of this thesis.  

Tunability of PhC cavities has been achieved in literature in one of two main ways: 
By inducing a refractive index change e.g. thermally[14], via strain[41], with carrier 
injection[10], via the nonlinear Kerr effect[42], with a phase-change in the material 
(liquid crystals[12] or photosensitive polymers[43]); or mechanically e.g. via 
electrostatic actuation[13] or by the optomechanical force[44]. They differ in terms 
or tuning range, speed and whether they are optically or electrically actuated. 

Electromechanical cavity tuning is interesting for spectrometer applications as it 
offers at the same time larger tuning range (> 30nm) than refractive index methods, 
sufficiently high speed (> 1MHz) and requires negligible static energy 
consumption. 

The idea of using two thin PhC membranes and modifying the distance between 
them to provide resonance tuning has been proposed by Suh et al. [45] for guided 
resonances. In this case, PhC slabs serve as mirrors, and interference between 
multiple reflections modifies transmission through/reflection from the structure 
and can create Fabry-Pérot-like resonances. Using PhC cavities rather than PhC 
mirrors, Notomi et al. [46] have later shown theoretically that PhC resonances can 
be widely tuned without affecting their Q-factors significantly. 
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This approach has been adopted by our group and in [13] L. Midolo et al. have 
shown an out-of-plane actuation of a 2D PhC L3 cavity where 3 holes in line are 
missing in a hexagonal lattice (see Fig. 1.5).  

 

Figure 1.5: Artistic sketch of the double membrane PhC cavity NOEMS. The top membrane is 

suspended over a fixed bottom membrane and can be displaced in the vertical direction by 

applying a voltage between two oppositely doped layers in the two membranes. 

The basic idea behind the tuning mechanism of a double-membrane PhC cavity can 
be understood in two alternative ways. The first explains the tuning as a 
consequence of the change in the effective refractive index of the guided modes 
supported by the double-membrane system. Indeed, when two identical parallel 
membranes are brought close together such that the evanescent tail of a guided 
mode of one of the slabs penetrates the other slab (and vice-versa), they form a 
coupled system. The modes are now shared by the two membranes and the original 
modes of the single membranes now split into two kinds of modes: symmetric (S) 
and antisymmetric (AS), named after their electric (magnetic) field profiles. A 
change in the membrane separation produces a change in their effective indices, 
and thereby a change in any resonance frequencies created by the photonic crystal 
structure. Another way of looking at the double-membrane PhC cavity structure is 
in terms of the coupling of the cavity modes in each membrane. This system of two 
discrete modes can be treated with coupled mode theory (CMT) formalism as 
presented by Haus [47] and detailed below. 

1.5.1 Coupled-mode theory 
 
Here we will consider two cavity modes belonging to the two membrane slabs in 
the DM system as coupled lossless oscillators with frequencies ω1,2 and coupling 
factor µ. The uncoupled eigenmodes of the wave equation of the two cavities are: 
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1

1 1
( , , z)e

i tE x y ωΨ =                             2

2 2
( , ,z)e

i tE x y ωΨ =              (1.3), 

where E1,2 (x, y, z) are the spatial distributions of the electric field of the two modes. 
The temporal coupled mode equations of the DM cavity system in matrix form can 
be written as[47]: 

1 1 1

2 2 2

d
i

dt

ω µ

µ ω

Ψ Ψ     
=     Ψ Ψ          (1.4). 

We assume that no loss is induced by the coupling and that the total energy of the 
system is conserved. After diagonalization of the coupling matrix (Eq. 1.3) a new set 
of uncoupled modes is obtained: 

1 2( ( , , z) ( , ,z))e Si t

S E x y E x y
ωα βΨ = +

        (1.5) 

1 2( ( , , z) ( , , z)) e ASi t

AS E x y E x y
ωα βΨ = −

    (1.6), 

where the subscript S and AS denote the symmetric and the antisymmetric modes, 
respectively. They result from the in-phase (S) and anti-phase (AS) sum of the 
decoupled modes (see Fig. 1.6a). The corresponding mode frequencies are: 

2

2

,
2

AS S

ω
ω ω µ

∆ 
= ± + 

    

 (1.7), 

where ω  and ω∆  are the average frequency and the detuning of the two cavities, 
respectively. Assuming that the two slabs of the DM system are equal in thickness 
and dielectric constant and that the PhC cavities patterned into them are identical 
(ω1= ω2= ω0), Eq. (1.7) can be simplified to ωAS,S= ω0 ± µ. This condition is assumed 
to be true for all of the experimental work in this thesis. 

The derivation so far is valid for any system of coupled cavities. In the case of a PhC 
membrane, the total field can be approximated with a product of an in-plane 
component and an out-of-plane component (see Eq. 1.2). The electric field in the z-
direction perpendicular to the membrane decays exponentially from the dielectric-
air interface into the air region, and this evanescent tail is responsible for the two 
cavities coupling when another membrane is present. It is then reasonable to 
assume[48] that in the DM system the coupling coefficient µ will also depend 
exponentially on the distance between the membranes as (see Rosencher-Vinter[49], 
appendix 9A): 

 dAe γµ −=   (1.8), 

where A is the maximum frequency shift of a mode and 2

0 1effk nγ = − is the 

spatial decay of the evanescent mode (see Fig. 1.6b). The frequency shift A is 
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obtained as an overlap integral between the fields of the two original modes taking 
into account the in-plane profiles, and it is higher for cavities with higher fraction of 
electric field inside the high-index material. 

 
Figure 1.6: Coupled mode theory formalism for the DM system. a) Electric field of guided 

modes in the two slabs before coupling (black dashed line) and after coupling (red and blue 

dashed lines). Membranes have identical thicknesses t and are separated by a distance d. b) 

Frequency tuning of the S and AS modes as a function of the product of spatial decay and 

intermembrane distance (unit-less parameter γd) as calculated by equation 1.8. 

The CMT formalism gives a good approximation of the DM PhC system when the 
membranes are not very close together, which is true for all the structures 
experimentally used in this work. When the separation is small, the CMT may not 
predict the frequency shift with displacement correctly, as it does not take into 
account the changes in the fields of the isolated cavities produced by the presence of 
the other cavity. Additionally, in this simple formalism we have regarded the 
cavities as lossless. For estimating the cavity Q-factors, other methods such as the 
finite element method (FEM) are used in this thesis.  

1.5.2 Electrical actuation: Parallel-plate capacitor model  
 
Electromechanical actuation in photonics is a concept borrowed from MEMS 
technology and relies on inducing an electrostatic force between two oppositely 
charged surfaces and in turn controlling the distance between them by applying a 
voltage. The surfaces of semiconductor material used in these structures can be 
metallized or doped. In Si-based platforms like SOI, the vertical integration of 
different materials and doping levels is challenging, and in-plane actuators using 
metal contacts (outside of the optically-active region) are commonly used[50][51]. In 
III-V material platforms, both metallization for in-plane actuation[39] and vertical 
doping for realizing out-of-plane motion[52] can be found. Vertically-actuated 
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structures in particular take advantage of the very precise control of composition 
and doping which is provided by III-V epitaxial growth techniques. 

In PhC cavities electrostatic tuning is nowadays almost exclusively done either 
using evanescent coupling between two cavities (in-plane[39] and out-of-plane 
[13],[52]) or changing the size of an air-slot cavity in-plane[53]. The out-of-plane 
actuation in integrated devices offers larger capacitance compared to in-plane 
actuation due to the obvious area difference caused by the high aspect ratio 
between width/length and thickness. This translates to more effective actuation i.e. 
lower voltages needed for the same displacement.   

A p-i-n junction created with doped layers in a semiconductor separated by an air 
gap behaves very similarly to a charged capacitor when operated in reverse bias. 
The accumulation of charges i.e. electrons in the p-doped and holes in the n-doped 
layer results in an attractive force which displaces the two semiconductor slabs. 
This force is opposed by the elastic force in the structure, which returns the slabs to 
their original position once the bias is removed. 

The capacitance of a p-i-n junction consists of a standard metallic capacitance in air 
in series with two capacitances of the depletion regions in the semiconductor[54]. 
The two additional capacitances can be neglected for gaps larger than 10nm and 
voltages in the 0-100V range i.e. the junction can be treated as a metallic capacitor2.  

An electrostatic actuator can be described in a simple model as a lumped one-
dimensional capacitor with area S whose plates are attached to two springs (Fig. 
1.7a). We will assume here that one plate is attached to a much stiffer spring than 
the other one (k2>> k1) and is practically fixed. This is a good approximation of our 
system as the bottom membrane is clamped on all sides, while the top membrane is 
patterned on a four-arm bridge and is more flexible by design (see Fig. 1.5). The 
total potential energy U of the system under a bias voltage V can be written as: 

 
2 2

0 0( )

2 2

SV k z z
U

z

ε −
= − +

 
   (1.9), 

where z0 is the intermembrane distance without bias, z the distance when bias V is 
applied and k is the spring constant of the top compliant membrane. The static 
solution for the membrane position z is obtained when solving for the equilibrium 

condition ( U z∂ ∂ = 0): 

2
3 2 0

0
2

SV
z z z

k

ε
− = −

 
 (1.10). 

                                                           

2 Detailed derivations of the parallel plate capacitor model for the DM system can 
be found in [48]. 
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The value of the left hand side (lhs) of Eq. 1.10 is always negative and it has a 
minimum which implies that not all values of V will provide a valid solution. In 
fact, when voltage is increased above a certain threshold called the pull-in voltage 
VPI, the balance between the electrostatic force (proportional to z-2) and the elastic 
force (∝ z) is broken, and Eq. 1.10 has no solutions. The electrostatic force 
dominates, pulling the membranes closer together without any added voltage on 
the junction, until they come in contact. The membrane distance at VPI corresponds 
to the minimum of lhs in Eq. 1.10 which is called the pull-in distance and has the 
value of zPI= 2z0/3. The pull-in instability is an intrinsic property of electrostatic 
actuators and limits the maximum travel range to 1/3 of the original gap (Fig. 1.7b).   

 

Figure 1.7: Parallel-plate model of an electrostatic actuator. a) A sketch of the model, with 

electrostatic (Fel) and elastic (Fk) forces acting on the two plates. The bottom plate is set to be 

fixed, while the top mechanically compliant plate has an elastic constant k. Under the 

influence of the bias voltage V, the top plate displaces from the starting position z0 to a new 

position z. b) Distance z as a function of the applied bias as calculated from Eq. 1.10.   

The pull-in instability limits the tuning range and leads to the collapse of the 
structure when bias voltage is increased above VPI. Collapse is an especially 
unwanted phenomenon as, depending on the geometry and the materials used, 
strong surface forces can keep the structure in the collapsed state even after the bias 
is removed. 

Several ways of circumventing or controlling pull-in and collapse exist and have 
been reported in literature. One trivial solution is increasing the size of the gap so 
that displacement needed for a particular application is achieved before reaching 
pull-in. In our case, since coupling and thus wavelength tuning depends on the gap 
(see Eq. 1.8), this solution is not directly applicable. In fact, an optimum value for 
the gap exists and it depends on the effective refractive index and the resonant 
wavelength[48]. Taking neff= 2.7 (180nm thick membranes separated by 240nm) and 
λ= 1.3µm the optimal gap z0= 100nm provides frequency tuning range until pull-in 
∆ωPI= 4A/27 which corresponds to 20-40nm wavelength tuning for PhC cavity 
designs used in this thesis. Another solution where in principle complete tuning 
range (∆ω= A) is possible without inducing a collapse of the structure is proposed 
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in the thesis of L. Midolo [55]. There, a “pull-in-free” structure is envisioned, where 
instead of the bottom membrane, the substrate is doped and used as the bottom 
plate, effectively increasing the capacitor gap to ~1.5µm. However, such a structure 
has not been experimentally tested in this thesis nor elsewhere to the best of our 
knowledge. 

Another way of extending the tuning range known in the field of MEMS devices is 
implementing charge control instead of voltage control[56], where a circuit is 
integrated together with the actuator that provides the control functionality. Other 
solutions that do not extend the tuning range, but allow reversible pull-in where a 
device can function after collapse exist as well. Some designs include physical 
stoppers[57] which limit the contact surface between the plates and thus reduce the 
strength of surface forces. Other solutions found in MEMS literature employ 
protective dielectric layers that reduce the contact force by preventing shorting of 
the device during collapse[58]. We have successfully applied this solution to the 
DM system by depositing conformally a thin 15nm anti-stiction layer of Al2O3 by 
atomic layer deposition (ALD) on the structure[59]. The results show a reversible 
pull-in behaviour in the DM PhC structure and switching of the PhC optical 
spectrum between the two states by 50nm. Additionally, no significant influence of 
the deposited material on the Q-factor is observed, important for microspectrometer 
applications. These results, to which the author of this thesis contributed, are 
reported in the thesis of M. Petruzzella[60]. 

 

1.6 Quantum dot p-i-n photodiode 
 
Compared to the previous work in our group[48] where tunable DM PhC cavities 
have been demonstrated, an important novelty in this thesis is an on-chip detector. 
It is realized by integrating a photodetector inside the cavity in a design commonly 
referred to as an RCE photodetector. The upper membrane is configured as a p-i-n 
diode where the n-layer is shared with the actuation diode (Fig. 1.8). An absorbing 
layer of InAs quantum dots (QDs) is grown in the center part of the upper 
membrane by Stranski-Krastanov growth. 

Semiconductor quantum dots are small islands of one material (InAs in our case) 
embedded in another material (GaAs) in which carriers (electrons and holes) are 
confined in all directions by the difference in bandgaps between the two materials. 
The 3D electronic confinement results in the creation of quantized energy levels in 
both conduction and the valence bands, which is why QDs are often referred to as 
artificial atoms. Differently from real atoms and molecules, the optical properties of 
these structures such as emission/absorption energies can be tailored. This is done 
either in a static way by engineering their size, shape and chemical composition 
during growth, or dynamically e.g. with temperature, strain and electric field (Stark 
effect). In the structures used in this thesis, the quantum dot layer growth 
conditions are chosen to be such that the ground-state of the dots is at λQD≈ 1300nm 
and their density is NDM~ 100 dots/µm2. Small differences in size and shape of 
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individual dots lead to a spectral broadening of the QD ensemble ground-state 
which is found to be ∆λQD≈ 50nm full-width at half-maximum. In this situation, and 
in the room-temperature operating conditions of microspectrometer, the atomic-like 
density of states of single QDs is not relevant, and the QD ensemble behaves as a 
broad absorber. 

The dot density determines the level of absorption and thus the maximum 
responsivity of the photodiode. On the other hand, absorption is a loss channel for 
the cavity, and for high enough densities, it can become the limiting factor, 
reducing in turn the Q-factor of the cavity resonances and so the resolution of the 
spectrometer device. A trade-off between resolution and responsivity thus exists. 
When the absorption losses are equal to other losses in the system, absorption 
matching is achieved where an optimum between resolution and responsivity is 
found (for detailed treatment see Chapter 3). We note that the density used in our 
NOEMS micro-spectrometer is such that does not limit the Q-factor of the cavity at 
the moment, meaning that it can be increased further. 

The process of light detection in the NOEMS integrated photodiode can be 
described as follows: A photon absorbed in the depleted i-region of the p-i-n 
junction (QD layer) creates an electron-hole pair, which is then separated by the 
intrinsic electric field (see Fig. 1.8a). A reverse bias is often used in photodiodes to 
further increase the field in the i-region. The field sweeps the carriers out of the i-
region, towards the p- and n-doped layers, and further to the contacts, creating a 
photocurrent. In the simplest case, the photodiode can work at zero bias 
(photovoltaic regime) and the photocurrent Iph created from the light coupled into 
the cavity can be read as a voltage drop across a load resistor (RL in Fig. 1.8b). 

 

Figure 1.8: Integrated quantum dot p-i-n photodiode. a) Schematized band structure 

alignment of an InAs QD inside a GaAs p-i-n diode. A photon of energy ћωL absorbed by the 

QD creates an electron-hole pair which under the influence of the field in the depletion 

region leaves the QD and contributes to the photocurrent. b) Side view of the DM PhC  

photodiode. Resonant near-infrared light impinging on the cavity is absorbed by the QD layer 

and generates photocurrent Iph that can be measured on the load resistor RL connected with 

the diode. 
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In RCE photodetectors the photocurrent is strongly enhanced for wavelengths 
resonant with the cavity, which is useful in spectrometer applications. By 
measuring the photocurrent while shifting the filter wavelength in a tunable RCE 
photodetector, a spectrum of the incident light can be recorded with resolution 
equal to the filter linewidth, in a spectral range defined by the tunability of the 
structure and the free-spectral range of the filter. This is the basic working principle 
behind the NOEMS microspectrometer presented here, where filtering is done by 
the DM PhC cavity, tunability is enabled by the electrostatic actuator which controls 
the displacement of the top membrane, and detection is achieved with an integrated 
QD p-i-n photodetector.  

 

1.7 Overview of the thesis 
 
In this thesis an integrated NOEMS sensor based on a double-membrane photonic 
crystal cavity with on-chip detection is explored. The design, fabrication and 
characterization of devices for different applications in optical sensing are described 
with emphasis on near-infrared microspectrometry. 

Chapter 2 concerns the experimental methods. First, the nanofabrication of the 
NOEMS device in a GaAs semiconductor platform is presented followed by a 
description of photoluminescence and photocurrent spectroscopy experimental 
setups used for electro-optical interfacing of the devices. Finally, electrical 
properties of the on-chip actuation diode and detection photodiode are discussed. 

In chapter 3 the photonic crystal cavity is optimized for spectrometry application. 
First, the resonant cavity enhanced photodetector model is introduced and modal 
absorption of the quantum dot layer in the NOEMS sensor is estimated. After that, 
two designs of the double-membrane photonic crystal cavity are optimized in terms 
of the Q-factor and free-spectral range. Finally, experimental results on fabricated 
DM cavities with optimized designs are shown. 

The following four chapters are dedicated to the main experimental results 
achieved in this research work. Chapter 4 concerns the NOEMS µ-spectrometer 
device. The concept of the double membrane photonic crystal spectrometer is 
explained and proof-of-concept experimental results are shown. Next, 
electromechanical tuning of the DM system is explored in more detail and finally 
relevant performance parameters of the µ-spectrometer are given. 

In chapter 5, a novel scheme for reducing signal-to-background ratio and increasing 
the resolution of the DM NOEMS sensor that we term resonance modulation 
spectroscopy  is introduced. Utilization of this scheme in wavemeter measurements 
is first presented. Next, proof-of-concept experimental results on gas-sensing, 
tunable-filter wavemeter monitoring and fiber Bragg grating interrogation are 
given, all realized with a broadband light source as excitation. Finally, a novel 
concept for an electric-field optical sensor based on the DM PhC system is 
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introduced and a proof-of-concept experimental demonstration relying on 
resonance modulation spectroscopy is shown. 

In chapter 6 the NOEMS device is analyzed for the use as an optomechanical 
sensing platform. First, the concept of optomechanical coupling, optical forces at the 
nanoscale and displacement sensing principle are introduced. Next, experimental 
results on the proof-of-concept displacement sensor with integrated detection are 
presented. In the last part of this chapter the DM structure under high power 
resonant excitation is explored and static and dynamic nonlinear effects arising are 
observed in photocurrent time- and frequency-domain measurements. 

Chapter 7 concerns the waveguide-coupled NOEMS device, designed for 
improving the in-coupling of light compared to standard DM NOEMS devices 
where non-efficient top-coupling is used. Experimental results of photocurrent 
resonant detection and actuation in side-coupled devices are presented first and 
absorption in the waveguide responsible for low signal-to-background in these 
structures is estimated. In the last part of this chapter, a solution to the high 
photocurrent background by introducing a cut in the waveguide is proposed and 
preliminary results are presented. 

This thesis is concluded with an outlook on possible future research directions. 
Improvements to the system in terms of tuning range, Q-factor and coupling 
efficiency of the NOEMS sensor are proposed. 
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In this chapter, fabrication and experimental methods of this work are given. First, 
the material platform and the fabrication process flow used to produce the samples 
will be discussed. Next, the experimental setups are described, and finally 
characterization and modelling of electrical properties of the NOEMS sensor 
devices are presented.  

 

2.1 Material platform and growth 
 
The samples used in this work were epitaxially grown3 by Molecular Beam Epitaxy 
(MBE) and consist of two GaAs slabs with nominal thicknesses of 170 nm (bottom) 
and 185 nm (top), separated by a 240 nm thick sacrificial Al0.7Ga0.3As layer. A 1.5µm 
thick Al0.7Ga0.3As bottom sacrificial layer separates the membranes from the 
undoped (001) GaAs substrate. QDs (areal density 70-100 QDs/µm2, with ground-
state absorption centered at 1310 nm at room temperature) are grown in the middle 
of the upper slab in a Stranski-Krastanov growth process[61]. The upper 70-nm-
thick part of both membranes was p-doped, while the bottom 70-nm-thick part of 
the top membrane was n-doped (pupper = 1.5·1018 cm-3, n = plower = 2·1018 cm-3 ). The 
layer stack of the wafer is shown in the Appendix A of this chapter. 

After growth, the 2” or 3” wafers are pre-characterized: PL is done by the grower to 
confirm the spectral position of the QD ensemble ground-state and spot possible 
problems such as low PL intensity, indicating a density lower than expected, or 
large variation of the PL intensity across the wafer; Atomic Force Microscopy 
(AFM) is also performed by the grower to check the surface roughness which 
should be as low as possible in order to minimize optical scattering losses (~1nm). 
A final check, done by the author, is a cross-section SEM on a cleaved piece of the 
wafer in order to more precisely determine the membrane and gap thicknesses 
which is crucial for the wet and dry etching steps in the fabrication process.  

 

2.2 Nanofabrication 
 
The process flow of NOEMS sensor fabrication begins with defining the contact vias 
and evaporation of metals. It is followed by silicon nitride (Si3N4) hard mask 
deposition and electron beam lithography (EBL) where the PhC patterns and 
additional trenches are defined. The pattern is transferred first to the hard mask

                                                           

3 All wafers used in this work have been grown by Frank W.M. van Otten in the 
Nanolab@TU/e cleanroom. 
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 with reactive-ion etching (RIE) and then to the GaAs membranes using an 
inductively coupled plasma (ICP) etching step. The devices are underetched using 
wet etching and free-standing structures are released. In order to prevent capillary 
forces from collapsing the membranes onto each other during air-drying, a critical 
point drying step is introduced. The final step of the process is removal of the hard 
mask.  

This process flow has resulted from the work in our group leading to two PhD 
thesis [55],[62] and has been modified by M. Petruzzella[60] and the author. 

This basic process flow and variations of it used to produce all the NOEMS devices 
in this work are described in more detail in the following text and the recipe is 
given in the appendix of this chapter (Table 2.B).  

2.2.1 The process flow 
 
The first part of the process is defining the n-via (steps 1-20 in Table 2.B). The 
sample (1/4 or 1/9 of the full wafer) is first put for 10min in O2 plasma at 300W 
power in order to oxidize the surface conformally and then deoxidized for 2min in 
ammonia solution (NH4OH:H2O in volume ratio 1:10). This combination of 
oxidation/deoxidation steps is often performed in the process flow and it serves to 
prepare the surface for the deposition of hard mask dielectric or resist (further 
referred to as the “cleaning step”) by removing the native oxide (in this first step 
and later) and polymer species that can later occur during dry etching. A plasma-
Enhanced Chemical Vapor Deposition (PECVD) of 50nm of Si3N4 (3min 30s) is then 
performed, followed by 10min of O2 plasma and 5min rinse in deionized (DI) water. 
After that the sample is exposed to a primer gas hexamethyldisilazane (HMDS) in a 
special oven for 3min 30s at 140 oC, in order to enhance adhesion of the resist to the 
surface. A positive photoresist (PR) HPR-504[63] is spun at 3000 rpm for 30s 
(acceleration 50 rpm/s) in a spinner resulting in ~700nm of resist on the sample, 
and pre-baked at 100oC for 2min 30s on a hotplate. The MA6 mask aligner is used to 
expose the resist with a UV lamp for 3.3s through the openings in the Cr optical 
lithography mask which is in high-vacuum contact with the sample. The resist is 
then post-baked at 115oC for 2min 30s and developed with OCG developer[63] 
(OCG:H2O in volume ratio 1:2) for 70s, where the exposed parts are dissolved away. 
A 5min descum step in 50W oxygen plasma is done to clean the surface and nitride 
RIE in CHF3/O2 chemistry is used to transfer the n-via pattern to the hard mask. 
The resist is then removed with 30min of O2 plasma at 300W followed by de-
oxidation in ammonia solution and 10s in 1% solution of hydrofluoric acid (HF). 
The next step is wet etching of GaAs done with citric acid/hydrogen peroxide 
solution (40:1 volume ratio) where the top membrane is etched down to the n-
doped layer. This step is critical for the device contacts and it is therefore done in 
two parts: First the etching rate is determined by measuring the n-via depth with a 
surface-profiler (TENCOR) after a 50s etch, with typical values of 1.5nm/s; 
afterwards, the sample is etched again for the remaining etch-time calculated from 
the rate and via depth. The cleaning step is repeated, and Si3N4 mask is removed 
using HF 5% solution (1min 10s). The n-via depth is checked again with the surface-
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profiler. The sample before and after defining the n-via is shown in Fig. 2.1a and 
Fig. 2.1b, respectively.   

For defining the p-via, steps 4-12 of the flow (clean, rinse, HMDS, resist spin, pre-
bake, exposure, post-bake, development and descum) are repeated. Here, the HPR-
504 resist is used as a mask, and no hard mask is deposited. Indeed, while in the 
definition of the n-via the wet etch is not selective so that a hard mask is needed to 
protect the GaAs membranes, for the definition of the p-via a selective wet etch of 
AlGaAs is performed and this mask is not necessary. During the p-via exposure 
step, alignment of the p-via mask is performed with ~1µm precision to the cross-
shaped markers which are exposed together with the n-via. After the photoresist is 
developed, in order to transfer the pattern to the sample, a combination of dry and 
wet etching techniques is used. First, RIE etching of GaAs with SiCl4 for 1min 30s is 
used to etch the top membrane and part of the intermembrane AlGaAs in the 
exposed areas. The resist thickness is determined after this etch (Xr1) by scratching 
the sample surface far from the structures with a tweezer and measuring the depth 
with the profilometer. From the via-depth (V1) it can be estimated if the 
intermembrane AlGaAs has been reached i.e. if V1 - Xr1> ttop, where ttop is the top 
membrane thickness. If that is the case the resist is removed in an acetone ultrasonic 
bath, and remaining AlGaAs is etched by putting the sample for ~15s in a 5% HF 
solution, until the bottom membrane (p-doped layer) is reached. A sketch of the 
device after p-via etching (steps 21-33 in table 2.B) is shown in Fig. 2.1c. 

The next part of the flow is defining the contact pads using optical lithography. The 
sample surface is first thoroughly cleaned with two oxidation/de-oxidation steps 
where the volume ratio of ammonia with respect to DI water is increased in the 
second cleaning step to 1:1. A negative resist MaN-440[64] is then spun onto the 
sample with speed of 2000rpm and 50rpm/s acceleration for 30s, followed by a pre-
bake for 5min at 90oC. After alignment of the optical lithography mask to the 
markers already on the sample, the resist is exposed with 3 cycles of 100s under the 
UV lamp in the MA6 machine. The unexposed areas are then dissolved with MaD-
332S developer[64] for 1min 30s and the sample surface is prepared for evaporation 
of metals by a de-oxidation step (multiple immersions in HF 1% solution for 30s). In 
the Temescal-FC2000 evaporator system the metals are melted by a 10kV electron 
beam  in a high vacuum chamber (10-7 mbar). First a 50nm layer of titanium is 
evaporated on the surface followed by 200nm of gold. Gold is commonly used as a 
contact material due to its’ high conductivity, and titanium is in this case needed to 
improve adhesion of gold to the semiconductor. This combination of metals forms 
an ohmic contact on p-doped GaAs after annealing (described later) while on n-
doped GaAs it forms a Schottky contact. For most devices in this thesis we chose 
Ti/Au for both n- and p-contacts as it simplifies the process (one lithography 
instead of two). After evaporation the sample is left for a few hours in acetone 
vapor and then dipped in an acetone ultrasonic bath for 1min to complete the lift-
off of the PR, followed by an isopropanol (IPA) rinse and nitrogen gun drying. The 
contacts are checked after this step with an electrical finger-probe characterization 
setup inside the cleanroom, to determine the contact and sheet resistance of the n- 
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and p-contacts (described in section 2.4). The sample after metal deposition (steps 
34-44 in table 2.B) is shown in Fig. 2.1d. 

 

Figure 2.1: Fabrication process flow. a) Unpatterned sample. b) Sample after n-via 

lithography. c) Sample after p-via lithography, when the 4-arm bridge is defined. d) Sample 

after deposition of metals and lift-off. e) Finished released sample. Inset: Zoom-in on the 

bridge with the PhC cavity patterned into both membranes.  

Patterning of photonic crystals is the last part of the process flow. First, a 400nm-
thick layer of Si3N4 is deposited for 28min 50s in a PECVD machine. The resist 
ZEP520A is spun with 2500rpm speed for 60s with the final thickness of ~400nm, 
and pre-baked on the hot plates: Temperature is ramped from 100oC to 150oC for 
4min followed by additional 2min at 200oC. The sample is then exposed with high 
voltage (30-100kV) electron beam in the EBL. Together with the PhC pattern, 
different trenches are exposed, used either to release the mechanical stress of the 
devices or limit the electrical cross-talk between the diodes. The resist is then 
developed with n-amyl acetate for 1min 5s and rinsed in MIBK:IPA (890:110 
volume ratio) solution for 45s. The alignment of the PhC in respect to the vias is 
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checked under the optical microscope and if the exposure was done correctly, the 
resist pattern is transferred onto the hard mask with nitride RIE in pure CHF3 for 
22min 30s. Now the resist can be removed in oxygen plasma (15min, 300W) and 
pattern transferred to the membranes using an ICP deep etch. This is done at 200oC 
in Cl2/N2 chemistry for a calibrated time in the range 4min 30s – 6min. In order to 
check whether the bottom of the bottom membrane has been reached and whether 
the hole profile is circular and vertical in both membranes, a test of the etching rate 
is done before this step. After this the sample is put in HF 1% for 30s to de-oxidize 
the surfaces and then in a 37% hydrogen chloride (HCl) solution cooled to 1oC for 
8min to underetch the AlGaAs between and below the membranes, and 
subsequently the sample is rinsed for 30s in DI water.  

Once the sample with released structures is taken out of the water the DM system 
becomes very susceptible to collapse due to capillary forces in the gap region, 
enhanced by the high aspect ratio (length and width ~50x larger than the 
intermembrane gap) and the presence of holes where micro-droplets can form. 
Drying the sample in air means going through the liquid-gas phase transition, 
almost certainly resulting in a collapse. One possible solution for increasing the 
yield proposed in the thesis of L. Midolo[55] is using a liquid with a smaller surface 
tension than water such as IPA heated to 85oC and not removing the Si3N4 hard 
mask before the underetch to increase the stiffness of the structure (as it is done in 
this process flow). The best results however are obtained with a critical point drying 
(CPD) technique, also suggested in [55]. This method is used in a variety of fields, 
from drying of biological samples and MEMS[65] structures to cleaning, drying, 
direct resist development and assisting metal deposition in microelectronic 
processing[66]. In the work presented here, the CPD technique has been tested and 
optimized for the DM system increasing the yield practically to 100%.  

After the water rinse the sample is transferred into IPA and placed inside a critical 
point dryer (Leica EM CPD300[67]), where the IPA is exchanged with liquid CO2 in 
32 dilution cycles (pressure is p= 60bar, T= 15oC). Thereafter the temperature is 
increased to 35oC in the closed chamber increasing the pressure proportionally, and 
the CO2 is transferred to a supercritical state above its critical point (p= 73.8bar T= 
31oC). At constant temperature the chamber is depressurized to p= 1bar converting 
the supercritical fluid into gas without crossing the phase boundary between liquid 
and gas and thus drying the sample. The drying cycle phase diagram is shown in 
Fig. 2.2a, and an example of a dried structure is shown in Fig. 2.2b. 

Once the sample is dried the only remaining step is removal of the hard mask by 
isotropic O2-CF4 plasma dry etching in a RIE machine for 12min. The corresponding 
steps in the recipe for the photonic crystal step are 45-55 in Table 2.B, and the 
completed sample is shown in Fig. 2.1e. 
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Figure 2.2: Critical point drying. a) Phase diagram (p-T) where Pt is the triple point, Pc is the 

critical point. Route A represents the air drying (phase boundary crossing) and Route B-C is 

the critical point drying (no boundary crossing). Picture taken from Leica CPD300 Manual [68]. 

b) SEM image of a successfully released device after critical point drying and hard mask 

removal. 

2.2.2 Modifications to the standard process flow 
 
In the previous section the standard fabrication process was presented in detail. 
Here the modifications made to this process are discussed. 

In most devices presented in this work Ti/Au metal contacts were used for both n- 
and p-layer which can provide an ohmic p-contact after annealing, but makes a 
non-ohmic n-contact, which was experimentally confirmed. For this reason 
annealing was not performed in the standard process, resulting in high contact 
resistance, which limits the speed of the device among others. Alternatively a recipe 
for ohmic contacts was used for some samples that involved different metals and 
extra lithography steps. After defining the n-via, a lithography for n-contacts is 
done and Ge/Ni/Au (20/10/150nm) contact layers are evaporated, lift-off is 
performed and sample is annealed. Germanium is here used for doping the 
semiconductor during annealing, the middle nickel layer quenches the bubbling of 
Ge during annealing, and gold is used as the last layer for its high conductivity[69]. 
The p-via is defined next, followed by p-contacts lithography, evaporation of 
Ni/Zn/Au (20/10/150nm), lift-off process and p-contact annealing. Nickel is used 
here to improve adhesion between GaAs and Zn, making the contact more durable, 
and Zn dopes the semiconductor during annealing[70]. After this, the recipe 
continues as in Table 2.B. The annealing process is discussed later in the text 
together with electrical properties of the devices. 

Two EBL machines have been used in this work, a 30kV system (Raith 150-II) and a 
100kV system (EBPG5200) both manufactured by Raith[71]. The latter (newer) 
system is superior in terms of accuracy and speed. This allowed the optical 
lithography steps (n-via, p-via, contacts) to be replaced with EBL steps, enabling 
more freedom in terms of contact and device design. However, this was 
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implemented only during the last part of this work when the waveguide-coupled 
structures were fabricated. 

In the fabrication of waveguide-coupled structures, the waveguides and isolation 
trenches were patterned together with the PhC, but using a larger aperture beam 
allowing for greater patterning speed while maintaining sufficient accuracy. 

2.2.3 Fabrication tolerances 
 
A crucial part of the NOEMS microspectrometer device is the PhC cavity. Influence 
of the fabrication on the spectral position and Q-factor of the cavity is here briefly 
discussed. 

The cavity mode position is observed to fluctuate from device to device in a given 
process in a range of 5 nm due to various fabrication imperfections: Buckling of the 
top membrane due to residual stress; alteration of the thickness of the top 
membrane during the dry and wet etchings steps (<10 nm); changes in the hole 
radii with respect to design (<10 nm) and roughness along the hole edges during 
the ICP etching of the holes; deviations in the lattice constant and position of the 
holes as determined by the precision of the EBL (< 2 nm) etc. Most of these issues 
lead to the spectral shift of the modes and/or to a change of the intensity of one of 
the two types of modes (S or AS).  

The Q-factor of the resonances is especially influenced by the ICP etching, hole 
shape and roughness, making it the most critical step. The Q-factor attributed to 
fabrication losses is estimated in Chapter 4. We note that all these tolerances are 
related to the quality of the fabrication process, which could be substantially 
improved in an industrial setting, with all equipment exclusively used for the same 
process flow.  

 

2.3 Experimental setups 
 
The experimental results presented in this work were performed in two types of 
setups that have some overlap in the functionality and some distinct features. Most 
of the experiments (Chapters 4-6) were done by coupling light from the top through 
an objective. A general layout of the experimental setups is shown in Fig. 2.3. The 
waveguide-coupled devices (Chapter 7) were measured in a waveguide probe-
station that has all the functionalities of the top-coupled setup, and additionally 
offers side-coupling through lensed fibers (Fig. 2.4). The setup layouts are explained 
in more detail in the following text. 

2.3.1 Free-space measurement setup  
 
The general PL pre-characterization of all fabricated samples was done on a 
dedicated PL setup with top coupling through a 100x objective (Mitutoyo, NA=0.6). 
The position of the PhC cavity modes, mode spacing, Q-factors and mode intensity 
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are estimated from PL measurements and help the pre-selection of devices based on 
their performance.  

Two setups with additional electrical probing were used for top-coupled 
photocurrent spectroscopy and PL with electrical tuning of optical cavity 
resonances. The main differences are in the spectrometer used, transmission 
through the setup measured below the objective for 1300nm and whether the setup 
is open or equipped with a vacuum chamber/cryostat. The vacuum chamber was 
needed in the Brownian motion experiments in order to put the sample under 
vacuum and reduce the mechanical air damping. Additionally in one experiment 
liquid helium cooling inside the cryostat was used to test the mechanical response 
in the 150-300K temperature range. The open photocurrent spectroscopy probe-
setup was assembled by the author and has been used for most other experiments 
mainly because of simplicity of operating and the possibility of finer alignment. 
Namely, the RF probe manipulators are placed on the sample stage and the sample 
can thus be moved under the objective when the probes are in contact, which is not 
the case in the cryostat setup where the sample and the probes have different 
stages. The most complex cryostat-setup is described here in detail (see Fig. 2.3), 
and relevant differences between the setups are mentioned. 

A continuous wave (CW) diode laser (λ= 785nm) is collimated by a lens and focused 
on the sample by a near-infrared 50x magnification microscope objective (Mitutoyo, 
NA= 0.42). The sample is placed on an XY movable piezo-stage inside a cryostat 
and clamped. The PL from the sample is collected through the same objective, 
reflected by a short-pass dichroic mirror (cut-off wavelength λ= 1000nm) and by 
another flip-mirror and focused at the entrance slit of the spectrometer (Horiba-
Jobin Yvon FHR 1000[72]), where it is spectrally resolved by either a high resolution 
(1200 grooves/mm corresponding to 20pm on one pixel of the InGaAs array) or a 
low resolution (600 grooves/mm corresponding to 80pm) grating and detected 
with a liquid nitrogen cooled InGaAs array. To further suppress any non-resonant 
light, a long pass filter (cut-off wavelength λ= 1000nm) is placed in front of the 
spectrometer slit.  

Alternatively, when the flip mirror is in the other position, a tunable NIR laser 
(Santec TSL-510, λL= 1260-1360nm) is sent through this path and focused by the 
objective on the device for photocurrent spectroscopy measurements. 

In the input light path there is additionally a white light source for illumination and 
a charge-coupled device (CCD) camera for imaging the sample plane.  

Two RF probes (GGB Industries[73], DC-40GHz, 100µm finger pitch) are used to 
contact the device: one Ground-Signal two-finger probe (G-S) and one three finger 
probe (G-S-G configuration). The probes are supported by metallic arms extending 
outside of the cryostat which are placed on xyz-movable stages. The probes can be 
contacted by an SMA connector at the end of each arm. 
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The transmission at 1300nm of the two photocurrent spectroscopy setups was 
estimated by measuring the power under the objective when exciting with a tunable 
laser and was found to be 2,5% and 10% for the open and cryostat setups 
respectively. 

 

Figure 2.3: Sketch of the free-space measurement setup (see text for details). BS1, BS2= 92:8 

Transmission: Reflection Beam-Splitters. DM= Dichroic Mirror. CCD= Charge-Coupled Device. 

LPF= Long-Pass Filter. 

2.3.2 Side-coupled measurement setup 
 
A cryostat probe-setup equipped with lensed fibers for side-coupling (see Fig. 2.4) 
has been used in the experiments involving waveguide-coupled devices from 
Chapter 7. This setup enables different optical and electrical excitation/readout of 
integrated optoelectronic devices in high vacuum and at temperatures down to 4K. 
However, many functionalities come at the price of complexity and difficulty of 
handling.  

In the case of top PL, an excitation diode laser (λ= 785nm) is coupled to the sample 
through a 50x objective (Mitutoyo, NA= 0.4) and PL is collected through the same 
objective and reflected from a dichroic mirror and sent to the spectrometer with a 
nitrogen cooled InGaAs detector array. Alternatively PL can be collected from the 
side through the lensed fiber, filtered and sent to the fiber input of the spectrometer. 
A white light source and a CCD camera are used to illuminate and image the 
sample which is glued on a metal chuck placed inside the cryostat on an XYZ piezo-
stage. 
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The side lensed fiber input in photocurrent spectroscopy experiments is connected 
to a tunable infrared laser where the input polarization of light is controlled with a 
free-space part (Fig. 2.4) consisting of two collimators, two mirrors and a lambda-
half plate. The lensed fiber is placed on a motorized piezo-stage inside the cryostat 
used for alignment. A side-coupled 785nm laser and a 10x objective (which replaces 
the 50x objective for alignment purposes) are used to see the laser spot coming from 
the lensed fiber and perform a rough positioning of the fiber and the ridge 
waveguide on the sample edge, while fine alignment is done by maximizing the 
resonant photocurrent with the 1300nm tunable laser.  

Inside the cryostat, two RF probes placed on XYZ piezo-stages are used for 
electrical contact to the device. The RF probes have two (G-S), three (G-S-G) or four 
fingers (G-S1-G-S2), depending on the device contact layout. The probes can be 
connected to the external circuit with SMA feedthroughs built-into the cryostat.  

 

Figure 2.4: Sketch of the side-coupled measurement setup (see text for details). BS1, BS2= 

92:8 Transmission: Reflection Beam-Splitters. DM= Dichroic Mirror. CCD= Charge-Coupled 

Device. LPF= Long-Pass Filter. 
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2.4 Electrical properties of the NOEMS sensor 
 
In this section, the electrical properties of the NOEMS sensor device are discussed. 
First, the parameters of the equivalent (photo)diode circuit are described and 
measured by the transmission line measurements (TLM) and scattering parameter 
(S-parameter) analysis. Typical current-voltage (I-V) characteristic of the diodes and 
their crosstalk are given as well. 

2.4.1 (Photo)diode equivalent circuit 
 
The operation of a p-i-n photodiode is usually described using an equivalent circuit 
model (see Fig. 2.5), with a standard diode in parallel to a current source Iph 
representing the photocurrent which is simply the product of impinging light 
power and diode responsivity, Iph = Pin·R. The equivalent circuit also includes the 
series resistance of the contacts Rs

c and a capacitor Cp in parallel that represents any 
parasitic capacitance present in a realistic device. The diode is characterized by an I-
V curve with a differential resistance Rd= dV/dI and a differential capacitance Cd= 
dQ/dV. Another important diode parameter is the dark current, present in the 
diode when it is under reverse bias. Since it exists regardless of the input light it sets 
the noise floor in photocurrent measurements. 

When the p-i-n diode is operated in reverse bias, its differential capacitance is 
dominated by the junction capacitance Cj, related to the voltage drop on the 
intrinsic region (or on the air gap in suspended structures). Other two capacitances 
come from the depletion regions in the semiconductor and can be neglected (see 
section 1.6.2). When the diode is operated in forward bias or at zero bias with a 
large input signal causing self-biasing, the differential capacitance is Cd= Cj+Cdiff, 
where Cdiff is the diffusion capacitance. This capacitance can become much larger 
than Cj in forward bias. However, this regime will not be of interest in the 
experiments of this work. 

The junction capacitance is limiting the device speed and is defined as Cj= εsA/d, 
where εs is the dielectric constant of the diode material, A the area and d the 
separation between n- and p-layers.  

 

Figure 2.5: Photodiode equivalent circuit, comprising a diode, a current source (Iph), parasitic 

capacitor (Cp) in parallel and a series resistance (Rs). External circuit with load (R0) is shaded 

red. 
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The differential resistance at zero bias Rd specifies what is the resistance of the 
diode in the off state, and is preferably very large (~GΩ). It is usually dominated by 
the diode differential resistance. In strong forward bias, the total differential 
resistance is given by the sum of the diode differential resistance, the contact 
resistance and the sheet resistance. These parameters will be discussed further in 
the text.  

2.4.2 Transmission line measurements (TLM)  
 
In order to determine the quality of the electric contacts, a systematic way is to use 
the TLM method. Together with the device contacts, a series of 150x150µm square 
metal pads with increasing distance between them (6 to 24µm) are patterned on 
different parts of the sample and on different etch depths for the three doped layers. 
Additionally, the pad series are isolated from the rest of the chip with a deep trench 
around them to minimize current leakage in directions other than the intended 
(through the gap between the pads). By measuring the I-V curves of the pads two 
by two, in a small range around 0V, one can obtain both contact and sheet 
resistance of the particular contact via (see Fig. 2.6). All the measurements have 
been performed with the room-temperature probe-station inside the 
Nanolab@TU/e cleanroom. The contacts for almost every device fabrication process 
(different sample batches), have been tested in this way, for the reason that they 
vary depending on e.g. the difference in doping or defects in different wafers, the 
via depth i.e. how much of the doped layer is remaining after etching, the surface 
quality before evaporating metals, the lift-off etc.  

For the case of an ohmic p-contact consisting of Ni/Zn/Au (20/10/150nm) the I-V 
curves are straight lines (Fig. 2.6a) with decreasing slope (increasing resistance) for 
larger pad distance. From the resistance vs. pad distance graph (Fig. 2.6b) the 
contact resistance of Rc

p
 =125Ω is found from the intercept with the y-axis and the 

slope gives the sheet resistance Rsheet
p =1.5kΩ/□. For the ohmic n-contact consisting 

of Ge/Ni/Au (20/10/150nm), the resistances are even lower: Rc
n

 =42Ω and sheet 
resistance Rsheet

n =830Ω/□. Both contacts become truly ohmic only after they are 
annealed with ramp temperature recipes: 350-416°C for 35s for the p-contact, and 
390-416°C for 30s for the n-contact. 

In the thesis of F. Pagliano[70] from our group a detailed consideration of an 
integrated p-i-n diode intrinsic and parasitic impedances, including the 
optimization of the contacts for ultra-fast operation has been reported. There, a 
contact resistance of Rc= Rc

p+ Rc
n= 200Ω is found for the same choice of metals (but 

with different thicknesses) on GaAs, a value similar to the one we obtained, Rc= R-

c
p+ Rc

n= 167Ω. The sheet resistance is a function on one hand of the thickness t and 
resistivity ρ as Rs= ρ/t, where ρ depends on the majority carrier mobility µ and the 
carrier concentration, which in doped layers is approximately equal to the doping 
concentration N. For the p-type (n-type) doped material ρ~ 1/eNAµh (ρ~ 1/eNDµe) 
which for the doping levels used in our structure (see table 2.A in Appendix A) and 
according to calculation from [70] gives resistivities ρp= 2·10-2 Ωcm and ρn= 10-3 Ωcm 
for the bottom p- and n-doped layers, respectively. The thickness of the contact 
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layer is nominally 70nm for both n and p, however it is expected to be thinner in the 
n-via as a non-selective wet etching is used to reach that layer (see section 2.2.1). 
Sheet resistance of 2.8kΩ/□ is found for the p-layer from the formula, which is 
higher than the measured value Rsheet

p =1.5kΩ/□, indicating that the values of 
doping or mobility used in the calculation are not entirely correct. For the n-layer 
with 70nm thickness the sheet resistance is estimated to be 140Ω/□, in this case 
much lower than the measured value Rsheet

n =830Ω/□. This could partly be due to 
doping or the mobility being lower than specified, although this has not been 
confirmed. Additionally, the n-layer is expected to be thinner than specified 
(discussed before). 

In case of contacts that are not completely ohmic, I-V curves will become nonlinear 
for higher voltages, and in case of a real Schottky contact they exhibit thresholds in 
either positive or negative bias (or both). Another type of contacts used in this work 
is Ti/Au (50/200nm) for both n- and p-layers. This simplifies the fabrication 
process since only one contact lithography and one evaporation are done. Typical 
values for contact resistance and sheet resistance of these contacts were Rc

p~0.75-
1kΩ and Rsheet

p~ 5kΩ/□ for the bottom p-contact, and Rc
n~500kΩ and Rsheet

n~ 1-
4kΩ/□. These contacts are non-ohmic, but improvements to the p-contact can also 
be made with an annealing treatment (at 350°C for 15s). Experimentally we have 
observed a decrease of the sheet resistance by a factor of 2 upon annealing, which is 
unexpected but may be due to a change in carrier concentration due to the 
annealing (activation of the dopants).  

 

Figure 2.6: TLM measurements. a) I-V curves of an ohmic bottom p-contact, measured 

between the pads two by two. Inset: Optical microscope image of the pad configuration. b) 

Slopes of the I-V curves from a) versus the pad distance. The intercept indicates that a single 

contact resistance is RC = 1/2 ∙ 250Ω = 125 Ω. The slope of the curves gives the sheet 

resistance: Rsheet = Slope∙W= 10Ω/µm ∙ 150 µm = 1.5kΩ/□. 
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2.4.3 Capacitance estimation 
 
The product of diode capacitance and series resistance will determine the time 
constant of the system, setting a cut-off frequency for the diode. As previously 
discussed, the main capacitance in our system will be the junction capacitance Cj. 
The formula for calculating Cj in a parallel plate capacitor, a model that is taken to 

be a good approximation for both diodes, is given by: r 0
j

A
C

d

ε ε
= , where εr is the 

relative permittivity of the material, A is the surface of the junction and d the 
distance between the plates. In the present design the areas outside of the DM PhC 
bridge where the n-layer is above the p-layer (or vice versa) are much larger than 
the area of the bridge itself (see Fig. 2.1e), hence for the calculation of the 
capacitance this larger area of the device where a p-i-n diode is formed is taken.  

In the case of the QD diode, the material is GaAs (εr = 10.89), the area of the metal 
pad where the top p-contact is above the n-contact is AQD≈ 7000µm2, and the 
distance between the doped layers in the top membrane is dQD = 45nm, which gives 
CQD =15pF. In the case of the tuning diode, the material is AlxGa1-xAs (εr

 (x=0.7) = 
10.89-2.73·x= 8.98), the area of the pad where n-contact is above the bottom p-
contact is ACAV= 8500µm2 and distance between the n- and the bottom p-contact is 
dCAV =240nm, giving a capacitance of CCAV =2.8pF. It is important to note that by 
making the contact pads smaller the capacitance of both diodes can be significantly 
reduced, and thus the device speed can be increased. 

2.4.4 Diode characteristics 
 
Here the diode characteristics are presented for the two types of contacts that were 
used (ohmic and non-ohmic). The NOEMS device has 3 contacts that make two p-i-
n diodes with a common n-layer (see insets in Fig. 2.7a and Fig. 2.7b). The bottom 
diode consists of the n-layer in the top membrane and the p-layer in the bottom 
membrane separated by an AlGaAs layer in the supported areas, and air in the 
underetched DM PhC bridge. This diode is used to electrostatically shift the cavity 
modes (explained in detail in Ch. 4) and is referred to throughout this thesis as 
“cavity diode” or “tuning diode”. The top photodiode consist of the top p-layer and 
the common n-layer with i-GaAs and QDs layer in between, and is referred to as the 
“QD diode”. 

All the devices with ohmic contacts that were measured have similar diode 
characteristics where the series resistance (measured in strong forward bias) of the 
cavity diode is ~1kΩ (Fig. 2.7a) and ~100Ω for the QD diode (Fig. 2.7b). The series 
resistance in a realistic diode structure is a sum of metal resistances (~1Ω, can be 
neglected), contact resistances (Rc

p and Rc
n), layer resistances (Rl

p and Rl
n) related to 

the sheet resistances, and the diode intrinsic differential resistance in forward bias. 
In the case of QD diode, the series resistance in forward bias is small and limited by 
contact resistance of the top p-contact and the middle n-contact, as expected for 
ohmic contacts. The top p-contact has not been measured (no TLM pads were 
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present in the mask) but is expected to have similar characteristic as the bottom p-
contact. The cavity diode on the other hand shows a much larger resistance, which 
cannot be attributed to the sheet and contact resistances as they are expected to be 
very similar for two diodes. For this reason, we attribute the large series resistance 
of the cavity diode to the intrinsic differential resistance.  

 

Figure 2.7: Diode characteristics of a device with ohmic and non-ohmic contacts. a) Cavity 

diode I-V characteristic showing a turn-on around 1.1V, total series resistance Rs
CAV

 = 1.25kΩ 

and breakdown voltage lower than -4V for a device with ohmic contacts. Inset: A sketch of 

the device layer-stack with indicated contacted n- and bottom p-layers for I-V 

characterization. b) QD photodiode I-V for ohmic contacts showing a turn-on at around 0.5V, 

a total series resistance Rs
QD

 = 105Ω and a breakdown voltage around -1V. Inset: A sketch of 

the device layer-stack with indicated contacted top p- and n-layers for I-V characterization.  

c) Cavity diode I-V characteristic showing a turn on around 1V, a total series resistance Rs
CAV

 

= 2.3kΩ and breakdown voltage lower than -6V for non-ohmic contacts. d) QD photodiode I-

V for non-ohmic contacts showing a turn-on at around 0.7V series resistance Rs
QD

 =1.6kΩ and 

a breakdown voltage around -6V.  All the I-V curves are measured with a 10Ω resistor in 

series to the diode using the two/three finger probe-setup. 

The cavity diodes do not show breakdown in the range of voltages needed for 
tuning (0-6V), while the QD diode usually has a breakdown between -1 and -2V. 
Since no bias was applied in our photocurrent experiments this breakdown was not 
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problematic. The differential resistances around zero bias were measured with the 
help of a large load in series with the diode (30kΩ), and the values obtained were 
Rd

CAV~ 2GΩ and Rd
QD~ 200kΩ. They are clearly dominated by the diode's 

differential resistance, which can be calculated as Rd= nkBT/eIs [49], where n is the 
ideality factor, kB is the Boltzmann constant, T is the temperature, e is the electronic 
charge and Is the saturation current in the diode. The Is depends exponentially on 
the bandgap Eg of the diode semiconductor as Is~ exp(-Eg/2kBT), which would 
explain the difference observed between the cavity diode (Al0.7Ga0.3As) and QD 
diode (GaAs). The ratio of the differential resistances can be estimated as 
Rd

CAV/Rd
QD= Is

QD/Is
CAV~ exp((Eg

CAV-Eg
QD)/2kBT), where Eg

CAV= Eg(Al0.7Ga0.3As)= 
2.05eV and Eg

QD= Eg(GaAs)= 1.422eV. This results in Rd
CAV/Rd

QD~ 105 which 
qualitatively explains the observed difference (Rd

CAV/Rd
QD≈ 104). The devices with 

Ti/Au contacts had larger variations between different samples in terms of series 
resistance and breakdown voltage. Series resistance of both diodes was found 
sometimes to be up to 50kΩ, a very large value which would be a problem in the 
dynamic regime, for example when the tuning diode is modulated (fco≈ 320kHz). 
Standard values were however much lower Rs

CAV= 2-6kΩ, Rs
QD= 0.8-2kΩ, 

corresponding to larger sheet and contact resistances as measured by TLM for these 
contacts. The breakdown voltages are again higher than -6V for the tuning diode, 
and for the QD diode in the -2V to -6V range (see Fig. 2.7c and d). The measured 
reverse current at reverse bias voltage before the breakdown was low, in the order 
of 1nA for both diodes.  

Using the measured series resistances of the diodes and the estimated capacitances, 
the cut-off frequencies for the two types of contacts and different diodes can be 
found. For the devices in Fig.2.7a,b (ohmic contacts) the cut-off frequencies for the 
cavity diode and the QD diode are estimated as fco

CAV=1/(2πRs
CAVCj

CAV)= 45MHz, 
and fco

QD=1/(2πRs
QDCj

QD)= 101MHz, respectively. In the case of non-ohmic contacts 
(Fig. 2.7c,d), fco

CAV= 25MHz and fco
QD= 6.6MHz. 

2.4.5 Network analyzer measurement of the S11 parameter 
 
In order to study the device behaviour at high frequencies, network analyzer 
measurements of the single port reflection coefficient (scattering parameter S11) 
were performed on both diodes. The network analyzer provides a small-amplitude 
signal at different frequencies (from 100kHz to 1GHz) and measures the reflection 
from the diode. In order to get a consistent value of S11 a calibration needed to be 
performed on the three finger probe setup. This was done using a calibration 
sample where an open circuit, a short circuit and Z0= 50Ω resistance were 
subsequently measured which corrects for the influence of the probes in the real 
measurements. For a device with a complex input impedance Z=R + j(2πfL - 
1/2πfC), where R is the resistance, L the inductance and C the capacitance of the 
device (all in series), one-port scattering parameter is simply S11= (Z-Z0)/(Z+Z0), 
where Z0 is the 50Ω line impedance. In our device, the inductance is expected to 
have a small value (L~1nH [70]) which for frequencies of interest f< 100MHz gives 
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a very low impedance XL~ 1Ω and is therefore neglected in the following 
discussion. 

The cut-off frequency of the diode can be directly measured as the frequency where 
the magnitude |S11| drops by 3dB (see Fig. 2.8). Additionally, from the complex 
reflection coefficient one can determine the effective resistance (related to the real 
part of S11) and the effective capacitance (related to the imaginary part of S11) of the 
diode which is tested. 

For the QD diode with ohmic contacts, the cut-off frequency is found to be fco
QD= 

85MHz (red curve in Fig. 2.8) close to the estimated value of 100MHz. The 
discrepancy between the two values can be due to the parasitic capacitance which 
has not been included in the model, and to small differences in the series resistance 
between devices (the particular device measured here is not the same as the one 
presented in Fig. 2.7).  

In the case of the cavity diode with ohmic contacts, a cut-off frequency is found to 
be fco

CAV= 220MHz (blue curve in Fig. 2.8). This is almost a factor of 5 higher than 
the estimated value of 45MHz. Apart for the possibly lower series resistance in this 
particular device, which could contribute to ca. 25% increase in the cut-off 
frequency, the capacitance being lower than expected is most likely the cause of this 
discrepancy. This indicates that the simple equivalent circuit of Fig. 2.5 does not 
capture all the relevant electrical properties.  

 

Figure 2.8: Network analyzer measurements of the reflection coefficient S11. The graph shows 

|S11| in dB versus the input frequency on a logarithmic scale for two diodes (cavity- blue and 

QD diode- red) in a sample with ohmic contacts.  

2.4.6 Electrical crosstalk between the two diodes 
 
An important prerequisite for the accurate detection in our NOEMS sensor is a 
sufficiently small electrical crosstalk between the tuning diode and the QD 
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photodiode. The DC crosstalk is measured by applying a voltage to the tuning 
diode and measuring the current on the photodiode with no input light. A 
comparison of a cavity diode I-V curve and a cross-I-V curve for a device with low 
crosstalk is shown in Fig. 2.9. Both diode characteristics have the same turn on 
voltage Vtd= Vcd= 1.1V and the ratio of their series resistance Rts/Rcs= 385 gives an 
estimated DC crosstalk of -26dB. Typical values of crosstalk are between -18dB to -
26dB and devices with crosstalk higher than -13dB were not used in experiments. 
We note that the crosstalk depends on the frequency as discussed in section 5.2.7. 

 
Figure 2.9: Comparison of tuning I-V and crosstalk I-V characteristics. a) Tuning diode I-V 

curve for one device. b) A cross-I-V curve measured in the same device having the same 

turn-on voltage and ≈400 times higher series resistance. 

The two diodes share the n-layer in the current device design and this certainly 
increases the crosstalk, so separating the contact layers would be beneficial. 
Without changing the layer stack, the crosstalk can be reduced by patterning 
additional deep trenches between the contact pads to isolate them e.g. during the 
PhC EBL fabrication step. This solution was developed and tested by a colleague 
(M. Petruzzella) to isolate two devices electrically[60] but can be extended to diode-
diode crosstalk in the NOEMS device studied in the present work. 
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Appendices 
 

Appendix A: The wafer stack 
 
In Table 2.A, the wafer stack used to fabricate DM top-coupled 4-arm bridge 
devices is shown. For the waveguide-coupled devices, a wafer with a smaller 
intermembrane distance was used (200nm instead of 240nm). 

 

Table 2.A: Wafer stack used for fabrication of the samples in this work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material  Thickness  Doping 

Air     

GaAs 70nm p=1.5e18 

GaAs  20nm undoped 

InAs QDs with InGaAs capping ~5nm 

GaAs 20nm undoped 

GaAs 70nm n=2e18 

AlGaAs 70% 240nm undoped 

GaAs 70nm p=2e18 

GaAs  100nm undoped 

AlGaAs 70% 1500nm undoped 

GaAs (100) SI substrate 400µm undoped 

top 
185nm 

bottom 
170nm 
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Appendix B: The process flow 
 

In Table 2.B the general process flow used to fabricate devices in this thesis is given. 

 

Table 2.B: Process flow consisting of 4 major parts: I. N-via, II. P-via, III. Contacts and IV. 

Photonic crystal. 

 Step name Recipe / Instrument Parameters/ Post-step Time 

I. N-via 

1 Cleaning O2 plasma/ Barrel Asher 300W 10:00 

2 De-oxidation NH4OH:H2O(1:10) rinse in DI water 2:00 

3 PECVD Si3N4 Deposition Waveguide Si3N4 50 nm - 3:30 

4 Oxidation  O2 plasma/ Barrel Asher 300W 10:00 

5 Rinse  DI water - 5:00 

6 HMDS  HMDS oven T= 140 oC 3:30 

7 Spin coat resist HPR-504 (~700nm) v=3000rpm, a=50rpm/s 0:30 

8 Bake Hotplate T = 100 oC 2:30 

9 MA6 Exposure N-VIA Vacuum contact - 3.3 s 

10 Post-bake Hotplate T = 115 oC 2:30 

11 Development OCG:H2O (1:2) - 1:10 

12 Descum  O2 plasma/ Barrel Asher 50W 5:00 

13 Nitride RIE 
Si3N4 etch SWG 

(CHF3:O2) 
- 0:40 

14 HPR removal O2 plasma/ Barrel Asher 300W 30:00 

15 De-oxidation NH4OH:H2O (1:10) Rinse in DI water 2:00 

16 Surface conditioning HF 1% - 10s 

            Thickness Si3N4                        Surface profiler 

17 Wet etch GaAs CA:H2O2 (40:1)                                             

             Etch rate (v)                            Surface profiler                         x= GaAs to be etched/v 

18 Cleaning O2 plasma/ Barrel Asher 300W 10:00 

19 De-oxidation  NH4OH:H2O(1:10) - 2:00 

20 Wet etch SiN HF 5%  - 1:10 

            Depth n-via                                Surface profiler 

II. P-via 

21 Cleaning O2 plasma/ Barrel Asher 300W 10:00 

22 Rinse DI water - 5:00 

23 HMDS HMDS oven T= 140 oC 3:30 

24 Spin coat resist HPR-504 (~700nm) v=3000rpm, a=50rpm/s 0:30 

25 Bake Hotplate T = 100 oC 2:30 

26 MA6 Exposure P-VIA Vacuum contact - 3.3 s 

27 Post-bake Hotplate T = 115 oC 2:30 

28 Development OCG:H2O (1:2)  - 1:10 

29 Descum O2 plasma/ Barrel Asher 50W 5:00 

30 De-oxidation NH4OH:H2O (1:10) rinse in DI water 2:00 

            Thickness Photoresist            Surface profiler 

31 Dry etch GaAs/AlGaAs GaAs etch SiCl4     1:30 

            Thickness etched                    Surface profiler 
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32 Acetone ultrasonic bath  - 
After: IPA 1:00 flow 

rinse 
3:00 

            Depth p-via                             Surface profiler 

33 Wet etch AlGaAs HF 5%  0:15 

            Depth p-via                             Surface profiler 

III. Contacts 

34 Cleaning (1st) O2 plasma/ Barrel Asher 300W 20:00 

35 De-oxidation (1st) NH4OH:H2O(1:10) rinse in DI water 2:00 

36 Cleaning (2nd) O2 plasma/ Barrel Asher 300W 20:00 

37 De-oxidation (2nd) NH4OH:H2O (1:1) rinse in DI water 2:00 

38 Spin coat resist MaN-440 
v=2000rpm, 

a=50rpm/s 
0:30 

39 Bake Hotplate T = 90 oC 5:00 

40 MA6 Exposure Contacts Vacuum contact - 3x100s 

41 Development MaD-332S developer - 1:30 

42 De-oxidation HF 1% Multiple immersions 0:30 

43 Evaporation Ti/Au 50/200nm (FC2000) p< 10-7 mbar 45:00 

44 Lift-off Acetone vapor Acetone US bath + IPA 
90:00 

+5:00 

 TLM Finger-probe station  - 

IV. Photonic Crystals 

45 PECVD hard mask dep. Thick Si3N4 (400nm) - 28:50 

46 Spin coat ZEP ZEP520A  v=2500rpm 0:60 

47 Bake Hotplate 
T=100-150 oC (ramp) 

T= 200 oC 

4:00 

2:00 

48 EBL exposure RAITH (150-II/EBPG200) 30kV/100kV - 

49 ZEP development n-amyl acetate  Rinse in MIBK-IPA 
1:05/ 

0:45 

50 Nitride RIE Si3N4 etch Pure CHF3 - 22:30 

51 ZEP removal O2 plasma/ Barrel Asher 300W 15:00 

52 ICP deep etch Cl2/N2 etch T=200 oC 
4:30-

6:00 

53 Undercut HF1%+HCl 37% T(HCl)=1 oC 
0:30+ 

8:00 

54 Critical point drying Leica CPD300 
T1=15 oC, N= 32 cycles, 

T2=35 oC 
 1:30:00 

55 Hard mask removal   Si3N4 isotropic etch CF4/O2  12:00 
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3 |   Optimization of a double membrane 
photonic crystal resonant cavity 
enhanced photodetector 
 
 
In this chapter, the optimization of the DM PhC cavity for the use in NOEMS 
sensors in terms of the Q-factor and the free-spectral range (FSR) is presented. A 
model of the cavity with internal absorption in the framework of resonant cavity 
enhanced photodetectors is first given, and concepts of absorption matching and 
modal absorption are introduced. An optimization of Q-factor and FSR for two 
photonic crystal cavity designs that are used in the rest of this work is made by 
displacing and changing the radius of several holes close to the cavity. Finally, 
experimental results on fabricated DM cavities with optimized designs are shown.  
 

3.1. Resonant cavity enhanced (RCE) photodetectors model 
 
In optical communications and optical sensing systems high sensitivity 
photodetectors are essential.  Photodetectors such as avalanche photodiodes (APD), 
metal-semiconductor-metal (MSM) and p-i-n photodiodes made of bulk material 
can exhibit high sensitivities, but at the expense of thickness of the active layer. This 
is for the simple reason that in order to obtain high quantum efficiencies (η) these 
detectors need, apart for a very small reflection coefficient (R), a large αL factor, 
since η = (1-R)·(1-e-αL), where α is absorption coefficient, and L the thickness of the 
active region. It is here assumed that all absorbed photons attribute to the 
photocurrent, i.e. no carrier loss is present. However, a large thickness of the active 
material translates to long transit time for the charge carriers, which will reduce the 
device speed. A simple solution consists of putting the absorber inside a cavity, 
allowing for a multi-pass detection scheme. This approach is termed resonant 
cavity enhanced (RCE) detection. Apart for the reduction in the size of the active 
area, another characteristic of this approach is the wavelength dependence. While 
this is a problem in some applications, it can be turned into an advantage for 
spectrometry. Indeed, many MEMS spectrometers, including the one described in 
this work are based on a resonant-cavity detector. Its modeling is described in this 
section. 

One model of the RCE detector is found in [74] and consists of a cavity with two 
mirrors (reflectivities R1 and R2) at a distance L, with an absorption region of length 
d and absorption coefficient α inside (see inset Fig. 3.1b). The parameter entering 
the model is the absorption loss per pass (1-e-αd), meaning that only the combination 
αd is relevant to the problem. Considering the input field Ei, and the forward Ef  
and backwards Eb propagating fields at the boundary of the first mirror after a
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 round-trip in the cavity, following a self-consistent approach, both Ef and Eb can be 
written as functions of Ei and parameters of the system [74]. After that, the quantum 
efficiency can be found as the ratio between the power absorbed in the active region 
Pa = (Pf + Pb)(1-e-αd) (where Pf and Pb are the powers related to the forward and 
backward propagating fields, respectively), and the incident power Pi: 
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where ψ1 and ψ2 denote the phase shifts at the two mirrors, and β=2πn/λ (n: 
refractive index, assumed constant within the cavity, λ: wavelength) is the 
propagation constant. The η defined in Eq. 3.1 is a periodic function of wavelength, 
and for peak values, η is given by: 

( )
( )

-

2 -

1- 2

1 2

1
1- (1- )

(1- )

d

d

p d

R e
R e

R R e

α

α

α
η

+
=

  

  (3.2). 

The same expression for R2= 0 gives the η for a conventional photodetector, η= (1-
R1)(1-e-αd). The contrast between the two becomes apparent: The standard 
photodetector has a constant efficiency, while the RCE detector offers large 
enhancements at specific wavelengths. 

From Eq. 3.2 we can extract a simple condition giving the maximum quantum 
efficiency for a given single pass absorption αd, being: 

-2αd

1 2 2R =R e R (1 2αd)≈ −
 
(3.3), 

in the limit of αd << 1. This optimum implies that the system must be asymmetric in 
order to maximize the QE i.e. R1< R2, where R1 is the reflectivity of the input mirror, 
R2 the reflectivity of the output mirror and 2αd the absorption loss per roundtrip. 

Generally, any other losses, e.g. scattering losses, must be added to the mirror 
losses, or may be thought of as incorporated in the mirror losses. The maximum 
efficiency (ηp= 1) is obtained for R2= 1 (no light lost in transmission), so the design 
criterion becomes  1-R1= 2αd, which expresses that the absorption loss must be 
matched by the loss of the input mirror (the only non-absorption loss in this case).  

The Q-factor of a FP cavity with an absorber is given by (see e.g. Ref [74]): 
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  (3.4). 

A large Q-factor, which is needed for a high spectral resolution of our filter, is 
possible only if both reflectivities are close to 100% and the absorption is small. 
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Together with Eq. 3.3 this puts two constraints on the parameters that are being 
optimized, and by overlapping them, a small target region in the parameter space is 
obtained. This can be best seen in color-plots of Fig. 3.1, that show the calculated 
values of quantum efficiency and Q-factor from equations (3.2) and (3.4). 

Figure 3.1: Quantum efficiency and Q-factor for the RCE-photodetector toy-model: a) 

Quantum efficiency calculated for different values of αd and R1 while parameter R2 is fixed (R2 

= 1). White dashed line is αd=(1-R1)/2, where QE is maximum for each particular R1. b) Q-

factor calculated for same conditions as in a). Inset: sketch of the RCE toy-model. 

 

3.2. Absorption matching  
 
Another way to model an RCE detector is through coupled mode theory 
formalism[75][76] previously used when describing the coupling in the DM system 
(Chapter 1). The cavity is modeled with a two-port system, where light couples into 
the port 1 with a rate described by a decay time τ1, and leaves the system through 
port 2 (decay time τ2). Inside the system the light is absorbed at a rate described 
with τabs. The cavity has one resonance frequency ω0, and is assumed to have no 
additional loss. The decay time of the cavity without absorption is defined as τcav= 
(1/τ1+1/τ2)

-1 and corresponds to a Q-factor Qcav= ω0τcav, while the absorption losses 
when viewed separately have a Q-factor Qabs= ω0τabs. The evolution of the field can 
then be described with the following expression[75]: 

0 1

1 2

( ) 1 1 1
( ) ( )

2 2 2 abs

du t
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dt
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τ τ τ
+

 
= − − − − + 
    

(3.5), 

where u(t) is the complex amplitude of the cavity mode (|u(t)|2 is the total energy 
inside the cavity), s+1(t) is the input wave (|s+1(t)|

2 is the input power) and κ is the 
coupling coefficient so that |κ|2=1/(2τcav), which can be obtained from the 
conservation of energy. Considering the reflected and transmitted power in the 
system, reflection (R) and transmission (T) coefficients can be found. The absorption 
coefficient is then simply A=1-T-R and can be expressed as [75]: 
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 (3.6), 

where x= τcav/τabs describes the ratio between the losses in the cavity and in the 
absorber, and y=τ1/τ2 describes the input/output asymmetry. Here, we have 
separated the two coefficients in the last expression in order to show the optimal 
absorption condition. The highest absorption in the system (A=1) is achieved when 
both terms in Eq. 3.6 are maximized i.e. when y= 0 and x= 1. The first condition is 
simply stating that to maximize absorption, the asymmetry of the ports should be 
the highest (R2= 1 condition in the FP model), i.e. one should minimize the loss that 

is not related to coupling by making 2τ → ∞ . The other condition is stating that 

τcav= τabs or equivalently that Qcav= Qabs, which is the absorption matching condition 
(1-R1= 2αd in the FP model).  

 

3.3 Modal absorption in the DM system 
 
In the FP RCE model from 3.1 the material has an absorption coefficient per unit 
length α and the propagating field inside the cavity overlaps with the absorber in a 
d/L fraction of the cavity. The absorption Q-factor for this system can be calculated 
from Eq. 3.4, by taking R1= R2= 1, that in the limit αd<<1 gives Qabs≈ 2πnL/(λαd)= 
2πn/(λαmod). Here, αmod= αd/L is the modal (fractional) absorption for this 1D case. 

Likewise, in more complex systems, where the field propagating through the 
structure is not a plane wave but a guided mode, the absorption will not be 
described by the coefficient per unit length of the active material, but instead with 
modal absorption [77], [78], that is both geometry and material dependent.  

To estimate the modal absorption of one layer of InAs QDs in our DM system, a 
model proposed in [78] was used. In this work, they have measured optical 
absorption in a slab WG geometry, using the length of the waveguide to enhance 
the absorption. Three layers of InAs dots (ground state absorption peak at 1215nm), 
each with density 250 dots/µm2 (giving a total QD areal density NWG = 750 
dots/µm2) separated by 30 nm are grown inside a dWG =230 nm thick GaAs slab, 
with AlGaAs used as cladding (see Fig. 3.2). They have measured a peak modal 
absorption αWG= 30 cm-1, and found good agreement with a simple modal 
absorption model that includes inhomogeneity in the dots size: 

WG 0
WG

WG E

N

w 2

σ
α =

πσ
 

 (3.7), 
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where wWG = 0.28 µm is the effective width of the mode[79], σ0 = 0.44·10-15 cm2 eV is 
the spectrally integrated absorption cross-section for the ground state and σE

WG = 
16meV is the half width of the ground state peak extracted as a fitting parameter 
from the measurements. For our case, with a single QD layer with a smaller density 
of NDM= 100 dots/µm2, the effective width wDM

AS = 0.282 µm (wDM
S = 0.287 µm)[79] 

and a larger broadening of σE
DM = 35 meV (corresponding to the ground state full 

width at half maximum (FWHM) of 50 nm), we obtain from Eq. 3.7 a peak modal 
absorption αAS = 1.77 cm-1 (αS = 1.74 cm-1). The absorption cross section σ0 is taken to 
be the same, as they suggest in [78] that it will be similar for InAs dots at the same 
wavelength.  

The modal absorption of a waveguide with one layer of high density QDs (~2-10 
cm-1) is one to two orders of magnitude smaller than the one of a waveguide with a 
quantum well (QW). This is not due to a fundamental difference in the light matter 
interaction but rather due to the difference in the density of states per unit area 
which is lower in a 3D confined system (QDs) compared to a 2D confined one 
(QW). 

As a more precise way of determining the modal absorption of the DM system we 
have made a 2D numerical model in Comsol, where we have used a layer of finite 
thickness (d= 5 nm) in the center of the upper slab as the absorber, having an 
imaginary part of the refractive index nI. To determine nI, we have modelled the 
system from [78], with 3 layers of dots (see Fig. 3.2a) and found that for nI

WG= 7.5·10-

3 the modal absorption matches the measured value (30 cm-1). We then assumed ni 
in the DM system (see Fig. 3.2b) to be nI

DM=  nI
WG· (NDM/NWG)·(σE

WG/σE
DM)= 1.37·10-3. 

With this approximation the difference in density as well as in the inhomogeneous 
broadening of the ground states are taken into account. 

 

Figure 3.2:  Modal absorption simulations done in COMSOL. a) Modulus of the electric field 

of the guided mode for the system with 3 QD layers from [78] that has modal absorption 

αWG= 30cm
-1

, as obtained by Comsol. b) Modulus of the electric field of the symmetric 

guided mode of the DM structure modelled with 1 layer of QDs with modal absorption αS=  

2.31 cm
-1

, as obtained by Comsol. The membranes are 180nm thick and separated by a 

240nm gap. 
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The modal absorption coefficient is found from the calculated effective refractive 
index of the guided mode neff= nR+iκ, as α= 4πκ/λ which results in αS= 2.31 cm-1 and 
αAS= 2.52 cm-1, for S and AS mode respectively, slightly larger than numbers 
obtained with Eq. 3.7. The same numerical approach was used later when 
calculating the modal absorption in a ridge waveguide in Chapter 7. 

Once the modal absorption is known, the Qabs can be calculated using a similar 
expression as the one for the 1D model: Qabs= 2πnR/αλ, where λ is the center 
wavelength (1.3µm) and nR is the real part of the effective refractive index of the 
double membrane structure. Using the modal absorption from the numerical 
model, this translates to Qabs

S= 5.7·104 and  Qabs
AS= 5.2·104 for our system. This means 

that in order to reach the optimal absorption, the Q-factor of the PhC cavity should 
approximately be Qcav~ 5·104. 

In the next part of this chapter we will focus on minimizing the in-plane and out-of-
plane optical losses (maximizing the Q-factor), as well as optimizing the mode 
spacing in the PhC cavity, which will determine the FSR of the tuneable RCE 
photodetector described. 

 

3.4 Optimization of the L3 and H0 cavity designs for the 
DM system  
 
For the purpose of designing a tuneable filter to be used for spectrometry, a single 
cavity mode with a high Q-factor far apart from other modes would be ideal. Small 
PhC cavities will best meet these requirements. They offer a large FSR which is 
inversely proportional to the size of the cavity, but also a high Q-factor [8], [80], [81] 
The FSR and Q-factor exhibit a trade-off behavior, since squeezing the mode within 
ever smaller volumes (increasing FSR) will tend to increase the loss (wider 
distribution of k-vectors in the light cone), thus lowering the Q-factor, which will be 
discussed on several occasions in the following text. 

Two PhC designs have been explored extensively in a hexagonal lattice of holes, an 
L3 cavity with a line defect of three missing holes and the H0 cavity with holes 
displaced in the lattice around a single position. 

3.4.1 The modified L3 cavity design 
 
First we will focus on the L3 cavity. In case of the single membrane, a very 
successful design strategy is based on smoothening the electric field profile along 
the principal axis [82], following the reasoning “to confine light strongly, you must 
squeeze it gently”. In the present work, we follow this strategy by systematically 
varying a subset of holes according to an educated guessing scenario. What limits 
the Q-factor of small PhC cavities with sufficiently large number of holes patterned 
around the cavity is the out-of-plane loss, unless there is a PhC coupling waveguide 
present as a major loss channel. Very recently, other approaches based on genetic 
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algorithms [83] or visualization of the leaky components[84] have been published as 
well. For the DM system, the first optimizations of the L3 cavity is to the best of our 
knowledge done in the present work.  

The implementation of  some of the known single membrane (SM) L3 designs from 
literature ([82],[83]) directly on the DM system, yielded low Q-factors in numerical 
simulations. The explanation is possibly due to the effective refractive index being 
lower in the DM system as compared to the SM structure, and thus the optimization 
needed to be done for the DM system. The initial design was chosen to be the 
unmodified L3 cavity. The L3 cavity has several lower-order modes, two Y-
polarized modes Y1 and Y2, and two X-polarized  modes X1 and X2 [85]. In Fig. 
3.3a, a local density of states (LDOS) simulation for one half of the DM structure 
showing the symmetric modes of the L3 cavity is visible (a= 400nm and r/a= 0.306). 
The AS modes (not shown in Fig. 3.3) are blue-shifted by ~25nm with respect to S 
modes (for a gap of 240nm). In Fig. 3.3b are given the parameters that were 
modified during this optimization. 

 

Figure 3.3: L3 cavity before and after modifications. a) 3D LDOS simulation of an unmodified 

DM L3 cavity (a= 400nm, r/a= 0.306, thickness=175nm, gap=240nm) with only S modes 

visible. Inset: Modulus of the E-field squared of the 4 lowest frequency modes in the L3 

cavity. b) Sketch of the hole modifications made to the cavity presented in this subchapter: s1, 

s2 and s3 are the shifts of the first 3 holes in the x-direction and r1, r2, r3 are their radii; h1 is the 

displacement in the y-direction of the 4 holes above/below the cavity. 

For the spectrometer application, our choice was to use the second mode (Y2), as 
the fundamental mode (Y1) is too close to the band-edge limiting the FSR. The FSR 
in the DM system is the spectral distance between the modes, and it can be specified 
for a particular mode and for a specific intermembrane distance. However, in the 
spectrometer application, the modes are tuned (S-modes red-shift, AS-modes blue-
shift), which changes their positions and thus the FSR changes. For this reason, the 
relevant parameter for a particular DM PhC cavity mode in a practical application 
is the wavelength range in which the mode can be tuned independently i.e. without 
other modes entering this range. 
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The Y1-S mode, which has the highest Q-factor is in fact even located within the AS 
band edge, making it not useful for sensor applications, where a single mode with 
flat background in a large FSR is desired. All optimizations are done focusing on 
the S modes in this work. We note that the optimal design for the S mode would 
provide a high Q-factor for the AS mode which is also very close to the optimum, 
since the in-plane field distribution is the same, which determines the far-field and 
so the loss. The difference in the Q-factor of the two modes is a result of them 
having slightly different effective refractive indices for membrane separations d>> 
0. When the two membranes are very close, the Q-factor of the AS mode decreases 
considerably, following the reduction of the effective refractive index. As will be 
discussed later, in most experiments the AS modes were used rather than S modes. 
This was done for practical reasons, since their intensity was higher than that of the 
S modes (see section 4.4.3). 

In order to move mode Y2 away from the X-modes and increase its Q-factor, the 
simplest approach is to move the first hole in the L3 cavity outwards, which was the 
first optimization step. Influence of this movement is significant on the Y1 and 
(even more so) on the Y2 mode, while the X-modes are hardly affected, since they 
have no field close to the edges along the x-direction (long axis) of the L3. The result 
of the s1 parameter sweep (see figure 3.4) is a shift of 40nm for s1= 0.2a, where the 
Q-factor is increased 3-fold. A cavity with 8 periods of holes in all directions 
(starting from the center of the cavity) was used for these simulations, in order to 
decrease the time needed to do one calculation. This limits the Q in this stage of the 
optimization. Significant decrease in time is also achieved by using the mirror 
symmetries of the system, and analyzing only one eight of the full structure. 

 

Figure 3.4: First optimization run: displacing first hole in DM L3 cavity. a) Wavelength shift of 

the modes with changing parameter s1, showing strongest influence on the Y2-S mode which 

is well isolated for s1>0.15. b) Q-factor of the Y2-S mode, with an optimum around s1= 0.2a. 

As an extension of the first optimization, another commonly used strategy was 
implemented: reducing the radius of the first hole. This resulted in a further 
increase in the Q-factor (by 40%) and red-shifting of the Y2-S mode (by 28nm) for 
the optimal value of r1/r0= 0.6 (s1 was kept at the previously optimized value). Since 
the Y2 mode was sufficiently far from other modes (30nm on both sides), further 
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focus was on optimizing the Q-factor. At this point we also switched to a multiple-
parameter analysis, for the reason that one could easily stay “trapped” inside the 
local maxima if they optimized only one parameter at a time.  

The second optimization run was a large parametric sweep: s1 was around its 
previous optimum value (0.15, 0.2, and 0.25a); r1 was either 0.5r0 or r0; Both second 
(s2) and third hole (s3) are swept in the range (-0.1:0.1:0.2a). This gave a total number 
of 3x2x4x4= 96 simulations. The results of this parametric sweep is the increase of 
the Q-factor to 7500. Influences of the 4 sweeping parameters can be best seen by 
showing all the data (96 values of the Q) while keeping a single parameter fixed 
(see Fig.3.5). In this way, several conclusions become more evident: Firstly, the 
influence of the radius r1 is strong (see Fig. 3.5a) if one compares the  iterations of 
the simulations with everything else identical. Second, the influence of the position 
of the first (Fig. 3.5b) and second hole (Fig. 3.5c) in the x-direction (parameters s1 
and s2) is significant, while the third hole (Fig. 3.5d) where the field has already 
decayed, has smaller influence as expected. After two extra rows of holes were 
added to the PhC mirror in all directions, the Q increased from 7500 to 1.44·104, 
proving that the in-plane confinement was a limiting factor. The final parameters of 
this optimization run were: s1/a = 0.25, r1/r0 =0.5, s2/a =0.2, s3/a =0.1.    

 

Figure 3.5: Second optimization run for Q-factor optimization of the L3 cavity Y2-S mode: 

s1/a =(0.15, 0.2, 0.25); r1/r0 =(0.5, 1); s2/a = (-0.1, 0, 0.1, 0.2); s3/a =(-0.1, 0, 0.1, 0.2). In total 

3x2x4x4=96 simulations. Separated individual influences of parameters r1(a), s1 (b), s2 (c), and 

s3 (d) are shown. 



3.4 Optimization of the L3 and H0 cavity designs for the DM system 

 

54 
 

The third optimization run was performed for the parameters found to be most 
influential (s1, s2 and r1), with special emphasis on r1, taking the final design from 
the previous run as the middle position in all sweeps: s1/a= (0.225: 0.0125: 0.275); 
r1/r0= (0.4:0.05:0.6); s2/a= (0.175, 0.2, 0.225); s3/a =0.1. In total 5x5x3=75 simulations. 
This optimization increased the Q-factor to a value of 2.2·104 (s1/a= 0.275, r1/r0= 0.4, 
s2/a= 0.2), with the Q (λ) trend indicating that further increase is possible at the 
expense of red-shifting the mode (Fig. 3.6). Additionally, by manually changing s1 
to 0.3·a, the Q increased slightly to 2.4·104. The final parameters of this optimization 
run where thus: s1/a= 0.3, r1/r0= 0.4, s2/a= 0.2, s3/a =0.1. 

 
Figure 3.6: The third optimization run. Parametric sweep for Q-factor optimization of the L3 

cavity Y2-S mode: s1/a =(0.225: 0.0125: 0.275), r1/r0 =(0.4: 0.05: 0.6), s2/a = (0.175, 0.2, 0.225), 

s3/a =0.1. The Q-factor vs. wavelength trend indicates that higher Q-factors may be obtained 

at the expense of further red-shifting the mode towards the Y1-S mode. 

In the fourth optimization run, the FSR had to be considered again, since the Y1 
mode shows saturation in wavelength around 1400nm as a function of s1 in both 
previous optimization runs (see Fig. 3.4a). The FSR~ 20nm is found for the 
optimized design from the third optimization run. Ideally we would like to have as 
large FSR as possible, but as the minimum acceptable limit can be taken the 
maximum tuning, which is 22nm for a starting gap of 240nm. The mechanical 
tuning limited by pull-in is 1/3 of the initial gap (80nm), as explained in Chapter 
1.5, and the wavelength tuning is again reduced by ~1/3 assuming dλ/dx~ 0.3. The 
strategy for pushing the mode Y1 further away was slightly changing the position 
of the four holes in the y-direction (parameter h1), since we expect mode Y1 to be 
more affected, due to its larger field overlap with those holes (See field distributions 
in Fig. 3.3). It is found that for a slight displacement of 20nm (h1/a= 0.05), the ∆λ12 
can be increased to be larger than 25nm, with a small increase of the Q of the mode 
Y2-S to Q=2.7·104 (Fig. 3.7). 
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Figure 3.7: Fourth optimization run: Extending the FSR by displacing four holes in the y 

direction. a) Influence of the displacement (h1) on the Q-factor of modes Y1-S and Y2-S. 

Optimum is found for h1=0.05a (20nm) when QY2 = 2.72∙10
4
. Inset: Sketch of an unmodified 

L3 cavity with the 4 modified holes indicated in red. b) Influence of h1 on the mode 

separation ∆λ12, which increases by 5.5nm for h1= 0.05a.  

In the final (fifth) optimization run, the radii of the first three holes (r1, r2, r3) were 
varied between 60% and 100% of the initial radius (all together), in an attempt to 
increase the Q-factor. Holes with radius smaller than r1= 0.5·r0 ≈ 60nm would be 
difficult to pattern and even more to transfer to the membranes using ICP deep 
etching. If one chooses to be on the safe side, having the smallest hole with 60% of 
the starting radius, the highest Q that can be achieved is Q= 3.43·104, with the FSR at 
the tuning limit (24nm) for all three holes having 60% radius. The optimized design 
of the DM L3 cavity that was used in the experiments is as follows: s1= 0.3a, s2= 
0.225a, s3= 0.1a, r1/r0= r2/r0= r3/r0=0.6, h1=0.05a. 

Comparing this Q-factor with the absorption Q-factor (~5·104), one can see that we 
haven’t achieved optimal matching yet (even without including other types of 
losses), meaning that the absorption can be further increased, by adding more 
layers of dots or increasing the density.  

The positions of the two fundamental modes and their Q-factors for the final design 
are given in the table 3.1, and an LDOS simulation showing all the relevant L3 
modes in a 100nm range is presented in the Figure 3.8. The Y2-S mode has a one 
sided FSR of 24nm while other modes spectrally close (Y1-AS, Y2-AS) tune in the 
other direction so cannot enter the range of interest. The mode Y1-AS has a high Q-
factor (QY1

AS= 2.69·104) and large  FSR of ~20nm and is also interesting for a 
spectrometer application. Due to its higher intensity in fabricated structures (as 
discussed before), this mode has been used in the experiments more often than the 
Y2-S mode. 
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Table 3.1: Mode positions and Q-factors of the first two modes in the L3 cavity optimized for 

microspectrometer applications. 

Optimized L3 

design with 10 

holes 

Y1 Y2 

λ1 [nm] Q1 (∙10
3
) λ2 [nm] Q2 (∙10

3
) 

S 1408.0 44.4 1384.2 34.3 

AS 1365.1 26.9 1345.4 9.0 

 

Also visible in Fig. 3.8 are AS band edge (BE) modes, which have lower LDOS in 
the simulations than the modes within the bandgap. In practice, these modes are 
commonly observed in e.g. in photoluminescence measurements. Although they do 
produce a non-flat background for the Y1-S mode, they do not overlap with the 
other modes in most relevant cases. 

 

Figure 3.8:  Simulation result of the optimized L3 cavity design showing a sum of LDOS 

obtained from 6 out of 8 symmetries (remaining two don’t show modes in this range) in a 

logarithmic scale. Mode of interest (Y2-S) has a one sided FSR of 24 nm. It is one sided 

because a S-mode can only be tuned towards the red, and the AS mode on the left side tunes 

towards the blue, so it cannot reach mode Y2-S position.  

3.4.2 The modified H0 cavity design 
 
The second cavity design that we have chosen to optimize for spectrometer 
application was the H0 design (see Fig. 3.9), with 4 holes displaced in a hexagonal 
lattice. This design offers high-Q-factor with values as high as 4·105 measured in 
silicon[86] based on the genetic optimization algorithm. The starting point for the 
optimization was a SM design from [87], used for sensing applications. We focused 
on the second dipole mode since it had a higher starting Q-factor. The lattice 
constant in the initial simulations was taken to be a= 500nm (modes are around 
1550nm) and radius r =0.33·a. The H0 cavity has a smaller size than the L3 cavity, 
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which increases the mode separation and decreases the number of modes within a 
certain spectral range. Moreover, due to a stronger in-plane confinement of light, 
the H0 cavity has a weaker out-of-plane confinement and therefore a stronger field 
in the gap between the membranes. This increases the coupling and therefore the 
splitting between S and AS mode (see Eq. 1.8) which is found to be ~60nm at 
1300nm. The increase in the coupling also translates to a larger pull-in limited 
tuning range (~40nm). 

 

Figure 3.9:  H0 cavity description. a) LDOS simulation for 1/8 of the full DM cavity, with 2 

different symmetry conditions. Only two modes are visible in the 100nm range, the 

fundamental symmetric monopole mode (M-S) in blue and second symmetric mode, dipole 

(D-S) in red. AS modes are 60nm blue-shifted (out of the scale). b) Sketch of the hole 

modifications made to the cavity presented in this subchapter: Sx and Sy are the shifts of the 

first holes in the x- and y-direction and rx and ry are their radii. c) In plane Hz field 

distributions of the first two modes [87].  

 

In the first optimization run the parameter space around the original design was 
explored, by changing parameter Sx/a =(0.075:0.025:0.175), Sy/a =(0.03:0.01:0.07) 
and r1/r0=(0.5:0.05:0.7), where r1 is the radius of the four holes (rx= ry). From the 
total of 53=125 simulations, several trends were observed, specifically that 
increasing Sx and Sy red-shifts the dipole mode but has limited influence on the Q-
factor, and increasing the radius increases the Q-factor and wavelength. In Fig. 3.10, 
the Q-factors versus the mode distance from the first parametric sweep are shown, 
and a clear trade-off between the two parameters is visible.  

In the second optimization run, two parameter sets chosen for further optimization 
from the first run (green crosses in Fig. 3.10), both having Sx/Sy ~3 and r1/r0 = 0.7 
are investigated further. After making a smaller additional sweep (Sx/a = 0.15, 
0.175; Sy/a = 0.05, 0.06; r1/r0 = 0.7,0.75,0.8; total of 12 simulations), a better design 
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was found (QD-S = 2.6·104 and ∆λ = 28nm, at 1520nm) for parameter set (Sx/a=0.15, 
Sy/a=0.06, r1/r0 =0.75). Lithographically tuning this design so the modes are 
around 1300nm, slightly different values are obtained: (Q=2.8·104, ∆λ = 26nm at 
1350nm).  

 

Figure 3.10:  Q-factor versus the mode distance in the parametric sweep for optimizing the 

DM H0 cavity. The trade-off between the two parameters can be observed. Two green crosses 

represent the parameter sets with sufficiently large Q and FSR chosen for further 

optimization. 

In the final (third) optimization run, the radius of the two horizontal and vertical 
holes was changed in opposite directions from the starting position rx= ry= r1= 
0.75·r0. (see Fig. 3.11). The other two parameters (Sx and Sy) were fixed to the 
previous optimum value. The highest Q-factor of 6·104

 was found for a design with 
FSR of 16nm. The monopole mode is more sensitive to holes in x-direction and 
dipole mode to the holes in the y-direction, and making the holes smaller (larger) 
will red-shift (blue-shift) the mode since there will be more (less) field in the high 
index material. Following these rules, one can predict that the first sweep (rx larger, 
ry smaller) will bring the modes closer together, and cause an initial increase in the 
Q (of more than x2) of the dipole mode followed by a decrease. The opposite 
direction will push the modes apart and cause a decrease in the Q-factor. For the 
fabrication design of the DM H0 cavity, we have chosen to extend the FSR (30nm) at 
the expense of slightly lowering the Q-factor (1.8·104), since a larger tuning range 
(~30nm) than in the case of the L3 cavity is expected for H0. Optimized parameter 
set is: Sx/a=0.15; Sy/a=0.06; rx/r0 =0.7; ry/r0 =0.75. 
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Figure 3.11:  The third optimization run. Starting position is the set: (Sx/a = 0.15, Sy/a=0.06, 

rx =ry=0.75∙r0). The rx and ry were changed in two directions: Increasing rx and decreasing ry 

(red plus markers) in increments of  0.05∙r0; Decreasing rx and increasing ry (black square 

markers) in increments of  0.05∙r0. Highest Q (6∙10
4
) is obtained for rx/r0 =0.75, ry/r0 =0.7 while 

the FSR is 16nm. Two encircled designs around the starting parameter set offer high Q and 

smaller FSR (3.7∙10
4
 and 22nm) similar to the optimized L3 design, or larger FSR and smaller 

Q-factor (1.8∙10
4 
and 30nm). 

 

3.5 Experimental results of the optimized L3 cavity design 
 
Photonic crystal patterns with cavities were fabricated (Fig. 3.12a,b) to test the 
optimized L3 cavity design obtained with simulation. For a cavity with 10 rows of 
holes (same as in simulation) and a= 375nm the PL measured Q-factors (see Fig. 
3.12c) are found to be above 104 for Y1-S, Y1-AS and Y2-S modes. The symmetry of 
the modes is assumed from their position and the intensity of the peaks since S-
modes were previously found to be less bright than the AS-modes. 

The mode Q-factors found experimentally differ from their simulated counterparts 
due to absorption and  fabrication imperfections (see section 2.2.3) e.g. variations in 
the hole position and radius and surface roughness caused by etching. 

The FSR for the Y2-S in this cavity is 12nm, smaller than expected 24nm but this 
could be due to fabrication as well, if the r/a or the positions of the modified holes 
differs from the design.  
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Figure 3.12:  Experimental realization of the optimized L3 cavity. a) An SEM image of the 

patterned PhC field with 10 rows of holes in all directions around the optimized L3 cavity. b) 

Tilted view of an L3 PhC cavity cross-section with visible underetch. c) High-resolution PL 

measurements of three symmetric and two antisymmetric modes of a modified PhC L3 cavity 

(a= 375nm). High Q-factors above 10,000 are measured for both symmetric and 

antisymmetric modes. 
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4 |   Double membrane photonic crystal 
µ-spectrometer 
 
 
In this chapter, the DM PhC µ-spectrometer device is introduced and the proof-of-
concept experimental results are shown. The electromechanical tuning of the DM 
system is explored and performance parameters of the tunable-detector system are 
given. The results in this chapter have been partly included in [88]. 

 

4.1 Concept of the µ-spectrometer device 
 
The miniaturization and integration of spectrometers, driven by the increasing 
demand for optical sensing solutions (for Raman, fluorescence, absorption 
spectroscopy etc.) has resulted in a range of mini- and micro-spectrometers [14], 
[16]–[18], [25], [31], [89]–[91]. Most schemes use diffraction for separating different 
wavelengths which inevitably brings a trade-off between size and resolution. 
Additionally, integrated implementations of µ-spectrometers [5], [9], [20], [21], [92], 
[93] mostly rely on external detectors resulting in increased packaging complexity, 
size and cost. On the other hand a combination of a tunable optical cavity and a 
photodetector can lead to an extremely compact spectrometer, particularly if the 
detector is located inside the cavity as in resonant cavity enhanced photodetectors 
[6],[28]. Nano-optomechanical structures such as photonic crystal cavities[94],[95] 
make good candidates for a  tunable microcavity detector. A wavelength-scale 
cavity can provides low optical loss and wide FSR, and the mechanical degree of 
freedom enables large optomechanical coupling  and thus large tunability.  

The µ-spectrometer device presented in this chapter integrates the tuning, sensing 
and read-out within a footprint of 15x15 µm2. The approach is based on an 
electromechanically tunable DM PhC cavity [13], [45], [46] that has a low-absorption 
active material (QDs) inside (Fig. 4.1a). Two identical cavities in two parallel 
membranes are evanescently coupled so that the two degenerate single cavity 
modes split into combined symmetric (S) and antisymmetric (AS) super-modes. The 
resonant wavelengths of the super-modes strongly depend on the separation d 

between the membranes as shown in Fig. 4.1b. For the gap d~ 200nm, the 
optomechanical coupling parameter (optical angular frequency shift per 
displacement) Gω = dω/dx is in the range of 2π×37 GHz/nm (dλ/dx = 0.2 
nm/nm)[13]. The lower part of the upper membrane and the upper part of the 
lower membrane are doped in order to form a p-i-n diode (Fig 4.1a). The distance 
between the membranes can be controlled with electrostatic actuation provided by 
a reverse bias voltage VT across the p-i-n diode.  
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Compared to in-plane capacitive tuning[39], [51], [96], [97], vertical-actuation offers 
larger capacitance, resulting in more efficient actuation (2.96nm/V2 in this work 
compared to 0.25nm/V2 in [39]) and smaller footprint. Moreover, it enables the 
actuation and sensing of out-of-plane motion which is relevant for most 
nanometrology applications, such as atomic force microscopy. 

The upper membrane is configured as a p-i-n photodiode, the n-layer being 
common to both diodes. A layer of InAs quantum dots (QDs) absorbing in the 
resonant wavelength range is grown at the center of the upper membrane. The 
modal absorption and thereby the detector efficiency and the cavity loss can be 
adjusted by controlling the density of the QDs, as described in Chapter 3. The dot 
density is such that the absorption contribution to the cavity loss is lower than the 
other losses. We estimate the peak modal absorption to be αDM≈ 2.4cm-1, 
corresponding to an absorption-limited quality factor (Qabs) around 5·104. The PhC 
cavities are modified L3 or H0 cavities (see section 3.4) where the position and size 
of the holes close to the cavity center have been optimized to achieve either a high 
quality factor and a moderate FSR (L3) or a moderate Q-factor and a wide FSR (H0). 
The fabrication is carried out according to the process flow described in Chapter 2. 
An SEM image of a finished device with contact pads is shown in Fig. 4.1c, and the 
zoom-in on the suspended four-arm bridge containing the PhC cavity is shown in 
Fig. 4.1d.  
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Figure 4.1: µ-spectrometer concept. a) Sketch of the device with electrical contacts and a 

visible cross-section with p (blue) and n (red) doped layers. QDs are located in the middle of 

the top membrane. Sensor actuation is possible by applying a reverse bias voltage (VT) to the 

tuning diode (on the right side) whereas the readout is done by measuring the photocurrent 

from the photodiode (left side). b) Simulated optical mode wavelength dependence on the 

membrane separation for two modes that are symmetric (S) or anti-symmetric (AS) with 

respect to the out-of-plane direction. c) False-colored SEM image of a typical device (top 

view) with contact pads to both sensing and actuation diodes. d) Zoom-in SEM image 

showing the active part of the sensor: a four-arm bridge of dimensions 16 µm x 12 µm 

containing a photonic crystal cavity suspended above a fixed photonic crystal membrane. 

Inset: SEM image of the patterned L3 cavity. Optimization was done by displacing 

horizontally outwards and reducing the radius of six holes (green) and displacing four holes 

vertically (red) [88]. 

 

4.2 Realization of the proof of concept µ-spectrometer 
 
As a first characterization, the photocurrent under the illumination with a tunable 
laser is measured as a function of the laser wavelength (Fig. 4.2). Resonant 
absorption by two high Q-factor L3 photonic crystal cavity modes (QY1-S = 1.7·104 

and QY1-AS = 9.9·103) with the optimized PhC cavity design from section 3.4 is shown 
in Fig. 4.2a and 4.2b for an input power Pin= 125µW. A record linewidth of 76pm is 
measured, comparable to large grating based spectrometers and an order of 
magnitude improvement over previously reported integrated resonant cavity 
detectors[28]. It is worth noting that photocurrent measured linewidth was found to 
be narrower than the PL measured one (QPL= 104) for the same cavity (from Fig. 
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4.2b) even though the spectrometer used was not resolution limited (25pm/pixel). 
This change in the optical Q-factor is a surprising result. We speculate that this 
could be related to the absorption of the non-resonant carriers and their effect on 
the optical transitions in the QDs. Comparing the Q-factor values obtained in the 
photocurrent experiments (Qexp) to the simulated values (Qsim) (see Table 3.1 in 
section 3.4.1) and using the calculated absorption Q-factor Qabs= 5.2·104, one can 
estimate the loss due to scattering, patterning errors and other fabrication 
imperfections as: Qscat= (1/Qexp – 1/Qsim – 1/Qabs)

-1≈ 6·104. 

 

Figure 4.2: µ-spectrometer demonstration. a) and b) A photocurrent spectrum of the Y1-AS 

(Y1-S) mode of the DM L3 cavity, showing a 132pm (76pm) linewidth and Q~9.9∙10
3
 

(Q~1.7∙10
4
), taken by sweeping a tunable laser (Pin = 125µW) across the cavity mode. c) 

Photocurrent colorplot of the fundamental monopole H0-M-AS cavity mode tuning over a 

record 30nm for an applied voltage of 5.6V (Pin = 125µW). d) Microspectrometer 

measurements collected by tuning the Y1-AS optical mode over a fixed laser wavelength (Pin 

= 12.5µW), and subsequently blue-shifting the laser position by 1nm between 1304 and 

1293nm. 

In Fig.4.2c a record tuning of 30nm for 5.6V is demonstrated in a photocurrent 
colorplot for the fundamental AS mode of the H0 cavity optimized for high free-
spectral range (FSR). The input power is set to Pin= 250µW in this experiment. We 
define FSR as the maximum tuning range for which there is only the mode of 
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interest present. Large tuning range in this case comes at a price of a larger 
linewidth of 0.7nm (QH0-M-AS = 1.9·103), a result of a trade-off between the two 
parameters as discussed in Chapter 3.4.2. 

The spectrometer operation is demonstrated for a cavity mode where both Q and 
FSR are sufficiently high (Fig. 4.2d), the fundamental antisymmetric mode (Y1-AS) 
of the modified L3 cavity, having an experimental linewidth δλ= 0.2nm (Q = 6.5·103) 
and FSR= 13 nm (limited by crossing another cavity mode). By sweeping the tuning 
voltage and thus moving the optical mode across a fixed laser at different positions, 
the input light spectrum can be read. Peak positions were taken as calibration 
points, with which the voltage scale (top) was converted to the wavelength scale 
(bottom) in Fig. 4.2d, using a piecewise linear fit. The change in responsivity 
observed in the figure is explained later in text (section 4.4.1). 

The device maps the combination of the incident spectral power density S(ω) and 
intermembrane distance d into a photocurrent signal: 

 ( ) ( ) ( )
0

,cavI d R S L d dϕ ω ω ω
∞

= ∫
  

    (4.1),  

where R is the responsivity (in A/W) and Lcav(d, ω) the normalized spectral shape 
of the cavity resonance which is centered at frequency ωcav(d). If the Lcav(d, ω) is 
much narrower in frequency than S(ω), then the integral in Eq. 4.1 can be 
simplified:  

( ) ( ) ( ) ( )
0

,cav cav cav cavI d RS L d d RSϕ ω ω ω ω δω
∞

= ≈∫
   

 (4.2), 

where δωcav is the cavity linewidth. The slow-varying input spectrum can be sensed 
with a narrow cavity filter (spectrometer operation). In the opposite case, when 
S(ω)≈ δ(ω1) is much narrower than the cavity lineshape, the photocurrent is 
transducing the cavity position Lcav(d,ω1), and can be used to detect mechanical 
displacement d, which is the topic of Chapter 6. 

In the rest of this chapter an in-depth analysis of the NOEMS spectrometer device 
parameters in terms of electromechanical tuning and optical detector performance 
is presented. 

 

4.3 Electromechanical tuning of the cavity diode 
 
The electrostatic tuning of the double membrane photonic crystal cavity has been 
first achieved and described in the PhD thesis of L. Midolo[55]. Since then the DM 
system has been explored further in the group [40],[98],[88] and some limitations in 
terms of tuning range and tuning efficiency were overcome. In this section I will 
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describe the tuning of devices with different cavity designs until the pull-in, the 
way we have extended the tuning range by introducing stress release structures, the 
hysteresis present in the tuning, stability and repeatability of tuning as well the 
operation of the QD diode under reverse bias. 

4.3.1 Stress release  
 
In previously reported studies on mechanically tunable structures from our group  
the tuning was limited to a value of 5-10nm at pull-in for all  bridge designs[13]. 
This was due to residual stress that induces upwards buckling of the top membrane 
which in turn makes the membrane stiffer and increases the initial gap between the 
membranes. This stress is in general more evident in structures with high aspect 
ratio (length/width) such as nanobeams but occurs for square structures as well 
(see Fig. 4.3a). The buckling appears after removal of the SiN mask (last step of the 
process), due to stress relaxation. To prevent the stress-induced buckling of the 
bridge, stress-release structures were implemented, as proposed in [99] and 
implemented in the DM nanobeam structures by T. Xia[62]. These rectangular 
openings are patterned together with the PhC and are located in vicinity of the four 
arms of the bridge (red circles in Fig. 4.3b). The stress is released by the lateral 
displacement of the arm, and was found to be successful for the arm-opening 
distance in the range of 0.5-1.5µm. Using this technique, we have extended the 
tuning range close to the pull-in limited values predicted by theory (22nm for L3 
and 30nm for H0 cavity for d= 240nm).  

A good, and easy to measure indicator of the buckling state of a device is the 
wavelength separation between the S and AS modes which is directly related to the 
membrane separation and is calculated from numerical simulations. The influence 
of stress-release trenches on the buckling is visible from the S-AS splitting of the 
modes in an H0 cavity as measured by PL for four structures with and four without 
the trenches (Fig. 4.3c). All the structures with stress releasing openings have higher 
S-AS splitting, and thus lower intermembrane distance.  
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Figure 4.3: Stress induced buckling and stress release solution. a) SEM image of stress 

induced buckling  in a DM beam (courtesy of  M.Cotrufo). Red arrow indicates the direction 

of stress relaxation. b) SEM image of a released DM L3 cavity patterned on a four arm bridge 

with stress release openings (red elipses), showing a flat profile. Green arrows indicates the 

direction of stress relaxation. c) Comparison of four structures with stress-releasing trenches 

(o symbol) and four structures without them (+ symbol) in terms of S-AS splitting for three 

H0 cavity modes obtained from PL data. In all the structures with trenches modes have higher 

splitting (above the black dashed line) indicating smaller intermembrane distance (less or no 

upwards buckling). All eight structures are fabricated together on the same sample. 

4.3.2 Tuning of L3 and H0 cavities 
 
By implementing the stress-release trenches the tuning range was extended to 20nm 
for the L3 cavity (Fig. 4.4a) for 2.6V applied and to 25nm for the H0 cavity (Fig. 4.4c) 
for 2.9V applied shown in PL colorplots for multiple modes. The highest value for 
DM PhC cavity system observed is 30nm for 5.6V applied for the H0 cavity (Fig. 
4.2c) which is a factor of 2 higher than previously reported values for DM cavities 
(15nm in [52]) and significantly larger than the one reported for laterally actuated 
cavities (19nm [39]). The tuning range and voltage used are similar to the vertically 
tunable high-contrast grating photodetector from [28] where 33.5nm tuning for 
applied 6.1V is realized at 1550nm central wavelength but with a lower Q-factor 
(see Table 1.1. in section 1.3). 
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The values of tuning reported here are the maximum values observed while other 
tunings vary between very low (~2nm maximum tuning, pull-in cannot be 
reached), which we atrributed to the electrical problems with the cavity diode and 
more commonly 10-20 nm with pull-in for both cavity designs, a range wide 
enough for most experiments conducted in this work. The tuning range could be 
extended to 40nm if the initial membrane separation in the design is reduced by a 
factor of two (from 240nm to 120nm), and even further to 100-150nm if a pull-in free 
design is realized, as proposed in the thesis of L. Midolo[55]. 

The wavelength tuning can be described with a quadratic fit (Fig. 4.4b, black 
dashed curve) only in the first part of the tuning curve (VT= 0 to -2V), where λ∝ d∝ 
VT

2 holds i.e. the slope dλ/dd is approximately constant (true for d>> 0 in a small 
tuning range). However, since λ(d) is an exponential function and dλ/dd changes 
by a factor of more than 2 in the range (2d0/3, d0), a better correspondence with the 
tuning data in the range (VT= 0 to -2.5V) is obtained using an exponential fit (Fig. 
4.4b magenta curve). Close to pull-in (VT= -2.5 to -2.6V) even this fit is not a good 
approximation, as the tuning is slowing down and changing slope. This irregular 
behavior very near the pull-in was observed but not investigated further. 

The mode distance between the S and AS modes (both Y1 and Y2) in Fig. 4.4a is 
around 26nm which indicates that the membrane distance is d= 230nm (calculated 
from simulation), whereas in the nominal wafer design the sacrificial layer 
thickness is 240nm. Membranes are therefore either non-buckled, since d is within 
the fabrication tollerance for AlGaAs growth (~10nm), or slightly buckled down. 
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Figure 4.4: Cavity tuning. a) L3 cavity tuning shown in PL colorplot, with both S and AS cavity 

modes visible (Y1, Y2, Y3, X1 and X) as well as AS band edge modes (BE-AS). Pull-in limited 

tuning of 20nm for Y1-AS mode between 1259nm and 1239nm is achieved for 2.6V reverse 

bias applied. The FSR is equal to the tuning range in this case since the Y1-AS doesn’t cross 

any other mode. b) Y1-AS tuning is well described with a quadratic fit (black dashed line) for 

a limited range where V=0 to -2V (blue plus symbols), while the exponential fit (magenta line) 

is a better approximation for a larger part of the tuning curve where V=0 to -2.5V (blue and 

cyan plus symbols). Close to pull-in the the tuning slows down before the collapse (red cross 

symbols). c) PL colorplot of the H0 cavity modes (Monopole, Dipole and Quadrupole S and 

AS) tuning up to 25nm for an applied voltage of 2.9V. The FSR for the M-S and D-S modes is 

30nm, not limited by crossing other modes. 

4.3.3 Hysteresis of the tuning diode 
 
When applying the reverse bias to tune the cavity mode in all the devices (to a 
smaller or larger degree) a hysteresis with respect to the voltage direction 
(ascending/descending) was observed. We have not studied the causes of 
hysteresis, but we suspect that it is related to the trapping/releasing of charges in 
the voltage loop.  
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In Fig. 4.5a an example of tuning hysteresis is given where a Y1-AS is tuned from 
1307nm (VT= -2.1V) to 1321.9nm (VT= 0V) and back again to the same value (right y-
axis). On the left y-axis is the gap estimated from S-AS distance and the tuning 
curve.  

 

Figure 4.5: Hysteresis of the tuning diode. Forward (-2.1V to 0V) and backward (0V to -2.05V) 

tuning curves where each marker represents the voltage for which the cavity mode is at an 

integer wavelength λ=(1307 : 1 : 1322)nm shown in the right y-axis. The left y-axis shows the 

gap estimated from simulation. The two tunings exhibit a voltage hysteresis which is 

decreasing with reverse bias.  

4.3.4 Repeatability of tuning and stability of the photocurrent 
measurements  
 
The repeatability of consecutive voltage tunings over a static laser line (Pin= 250µW) 
is given in Fig.4.6a. It can be observed that repeatability when tuning in the same 
direction (deviation ∆VR ≈ 6mV or 0.2% of the peak voltage) is much better than the 
observed hysteresis (∆VH ≈ 40mV or 1.2% of the peak voltage in Fig. 4.6b).  

From the repeatability deviation ∆VR and the tunability dλ/dV we can estimate the 
uncertainty in wavelength i.e. the obtainable resolution δλR= ∆VR(dλ/dV) which is 
obviously going to be the lowest when the device is operated close to pull-in, where 
the slope is the highest. In that case, taking the slope from Fig. 4.4b near pull-in 
(dλ/dV ≈ 24.3nm/V), we obtain a resolution δλR= 146pm, comparable to the cavity 
linewidth δλc~ 200pm. This means that if the absolute value of wavelength is 
relevant for the particular application, it is better to use the NOEMS 
microspectrometer far from pull-in, where the tuning in nanometers per applied 
volt is smaller. 

Furthermore no significant decrease in the peak photocurrent is observed indicating 
that the setup is stable over a timespan of ~1h (Fig  4.6c). 
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Figure 4.6: Tuning repeatability and stability. a) Measurements done with a static laser line at 

1329nm (Pin =250µW). Cavity is tuned forward (blue lines) and backwards (red), for 8 

roundtrips. b) Peak positions of the Lorentzian fitted curves from a). Mean value is -3312.8 

±6.3mV (-3272.8±4.6mV) for the blue (red) data set. Hysteresis is 40mV (1.2% of the value) 

and the repeatability (deviation) is <0.2% of the voltage. c) Fitted peak photocurrent for all 

the measurements. Black dashed line is the mean value of both datasets (241.8nA) and the 

standard deviation is 6.8nA (2.8%). Total time of the measurements was 50min over which no 

significant decline in the signal is visible indicating that the setup is stable. 

4.3.5 Cross-talk between actuation and tuning diodes  
 
In the photocurrent measurements of the cavity mode under fixed tuning bias we 
have observed that there is an influence of the QD diode on the cavity position (Fig. 
4.7). For the QD diode operated in reverse bias, a linear red-shift of the cavity 
position with a slope ∆λ/∆VQD= 0.13nm/V can be extracted from the photocurrent 
data (Fig. 4.7b left axis). This is an electrical crosstalk which can be reduced or 
possibly completely eliminated with proper isolation of the two diodes, by e.g. 
patterning trenches or splitting the common n-layer into two layers as discussed in 
section 2.4.6. 

Additionally, the QD diode reverse bias above 1V causes an increase in the dark 
current lowering the S/BKG ratio in the photocurrent measurement (see Fig. 4.7b 
right axis). The breakdown voltage of the QD diode is between -1 and -2V (see 
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section 2.4.4 on diode characteristics), so this explains the increase in the dark 
current. 

It is important to add here another observation, concerning the photodiode 
response. Photodiodes are often operated in reverse bias because the extra field 
inside the depletion region helps in extracting the carriers out and towards the 
contacts increasing the responsivity. However, as it can be seen from Fig. 4.7a, in 
the DM µ-spectrometer device the QD diode reverse bias shows no positive 
influence on the responsivity. This indicates that the extraction of the carriers is 
already maximised or in other words that the internal quantum efficiency (ηi) is 
close to 1. 

 

Figure 4.7: Cross-talk between the two diodes. a) Photocurrent measurements of the cavity 

mode under reverse bias of the QD (Pin = 50µW). Background level increases steeply for 

VQD<-1V, while the signal remains roughly constant (~30nA), showing no signs of responsivity 

increase. b) Wavelength (red circles) and S/BKG ratio (blue squares) versus the reverse bias 

for Lorentzian fitted curves from a). The wavelength of the mode is redshifted with a slope 

0.13nm/V. 

 

4.4 The µ-spectrometer performance 
 
In this subchapter a number of important electro-optical parameters of the µ-
spectrometer device are discussed, namely: responsivity (R), coupling efficiency 
(ηc), saturation current (Isat), tuning range (∆λ), FSR and signal-to-background ratio 
(S/BKG). 
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4.4.1 Responsivity and coupling efficiency 
 
The responsivity is a measure of the input-output relation of a detector system, and 
in the case of a photodiode it is equal to the ratio of the photocurrent read and the 
optical power impinging on the detector measured in A/W. The input power we 
define in our system to be the power impinging on the cavity, as measured below 
the objective using a power-meter. In commercial bulk semiconductor p-i-n 
photodiodes responsivity is commonly 0.5-1.0 A/W, and same values have been 
obtained in integrated spectrometers using multiple quantum wells as 
detectors[28].  

For the case of the DM µ-spectrometer device we report responsivities in the range 
(2÷13) ·10-3 A/W limited in the current design by unoptimized coupling between 
input light and the cavity mode and by low absorption coefficient in the QD layer. 
The responsivity is highest for modes with high Q-factor that are well aligned to the 
QDs absorption, both spectrally (around 1305nm) and spatially (AS modes are more 
intense than S modes, due to better overlap).  

The peak responsivity (R) can be described by a formula: 

c a i

e
R

h
η η η

ν
=

 
    (4.3), 

where e is the elementary charge, h Planck constant, ν light frequency, ηc coupling 
efficiency of light into the cavity mode, ηa fraction of cavity photons absorbed by the 
QDs, and ηi internal efficiency of converting absorbed photons into collected 
electrons and holes. The internal efficiency is estimated to be close to 1 as discussed 
in the previous section. The current responsivity is thus limited by ηa and ηc. The 
absorption and thereby ηa which is given by ηa =Qexp/Qabs (Qabs was described in 
Chapter 3) can be enlarged by increasing the QD density and the number of QD 
layers until the point when the absorption losses are comparable to all the other 
losses, as stated in the condition of absorption matching from section 3.2. 

 

An example of a high responsivity measurement for a high-Q-factor L3 cavity Y1-
AS mode (Q= 11.5·103), with a responsivity level R= 12.6mA/W is shown in Fig. 
4.8a for low impinging power Pin= 4.7µW.  

For the data in Fig.4.8a the absorption efficiency is calculated to be ηa = Qexp/Qabs= 
1.15·104/5.2·104 =22%. The free space coupling currently employed, through a 50x 
objective (NA = 0.45), is expected to have a low efficiency ηc due to the mismatch 
between the k-vector distribution of the incident field and the one of the cavity 
mode. It can be calculated  from the known responsivity and absorption efficiency 
using Eq. 4.3 which gives ηc = 5.5% for the L3 cavity measurement shown in Fig. 
4.8a. The far field of the L3 cavity is strongest under oblique angles (large in-plane 
k-values)[100], but can be optimized for better coupling and also high Q [101]. The 
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H0 cavity design also used in this work was experimentally found to provide 
comparable or even higher responsivities than the L3 cavity design. 

It is known that coupling with on-chip waveguides can be much more efficient and 
lead to coupling efficiencies ηc an order of magnitude larger than the ones currently 
obtained [37], [102]. This concept is explored in more detail in Chapter 7. 

 

Figure 4.8: Responsivity of the DM µ-spectrometer. a) Highest responsivity recorded 

(R=12.6mA/W) for an L3 cavity mode. b) Responsivity increase with blue-tuning the Y1-AS 

mode of an L3 cavity. The graph shows a spectrometer measurement of laser lines at 1nm 

distance in the range 1352.5÷1341.5nm. Input power is Pin = 250µW. 

When the membranes are tuned the responsivity changes as visible in Fig.4.2d and 
in Fig.4.8b. Comparing the start and the end position the responsivity varies by a 
factor of 2 (in both direction) for 10-15nm of tuning. A qualitative dependence of 
mode intensity on tuning for many modes can be clearly seen in PL data (see Fig. 
4.4). Several factors contribute to this decrease/increase, and a semi-quantitative 
analysis will be given here.  

Firstly, the tuning changes the spectral overlap of the mode with the dots. 
Considering that the FWHM of the QDs absorption is 50nm, with a tuning of 15nm 
a change of maximum 45% of intensity is possible. This would explain partly both 
the decrease of the responsivity in Fig. 4.2d and increase in Fig.4.8b since the central 
wavelength of the ground state of the dots is around 1310nm.  

Secondly, an asymmetry of the membranes is present by design (top membrane 
being 15nm thicker). Additionally, during the fabrication the top membrane can be 
etched (up to 20nm) which can reverse this asymmetry. The asymmetry causes the S 
(AS) field to concentrate in the thicker (thinner) slab, and the field amplitude to 
vary much more when changing the membrane distance as compared to the 
symmetric case. The tuning of 15nm will cause a change of 5% in the field intensity 
(|E|2) in the center of the slab (where the dot layer is located) for the AS mode, in 
the case of a symmetric system (the field calculation has been done using a simple 
1D solver for multilayer slab waveguides[103]). If we assume a 15nm asymmetry, 
the equivalent tuning will cause a decrease of 15-20% in the intensity for the same 
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mode (if the top membrane is thinner), or an increase by a factor of 250% (if the top 
membrane is thicker). Another possible effect could be the change in the coupling 
caused by the bending of the top membrane when tuning, but we have not 
estimated how much this is. 

4.4.2 Saturation 
 
An important property of the photodiode is its saturation current, the maximum 
photocurrent the diode can output. Physically, saturation occurs in QDs when there 
are no more charges that can be excited by photons and a certain time interval has 
to pass before new charges are available. This interval is the capture time of charges 
which come from the barrier (GaAs) into the wetting layer (InGaAs) and into the 
QD, and for InAs QDs at room temperature, this time is in the range 2-20ps[104].  

In order to study the saturation, power-series measurements (Fig. 4.9a) are 
performed for a device containing an L3 cavity and having ohmic contacts. By 
fitting the peak photocurrent with an exponential saturation fit Iph= A·(1-e-b·P), the 
saturation photocurrent is found to be Isat= A ≈ 2.1µA, while the saturation power is 
around 2mW (found from the fit in Fig.4.9b). The responsivity is maximized for low 
input powers and small loads (Fig. 4.9c), and decreases by a factor of 3 for a power 
increase of three orders of magnitude (2.5µW – 1mW).  

The higher responsivity measured with a smaller RL1= 500Ω resistor load (Fig. 4.9c) 
can to a large extent be explained by the photocurrent leak through the QD diode 
differential resistance at zero bias (Rd~ 200kΩ) when using a high RL2= 30kΩ load. 
The current signal read with the high load is expected to be Rd/(RL2+Rd) ≈ 87% of 
the total photocurrent, and this would be true at any power. The saturation current 
for high load is estimated to be Isat2= 1.6µA (76%), slightly lower than expected from 
the leak.  
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Figure 4.9: Photocurrent saturation. a) Power series measurements of the Y1-AS L3 cavity 

mode photocurrent done with a 30kΩ resistor. Impinging powers are indicated on the right 

side. b) Peak photocurrent vs. impinging power for two different loads, 500Ω (red squares) 

and 30kΩ (blue circles). In dashed red, the first data set is fitted with an exponential 

saturation function A∙(1-e
-b∙P

), where A=(2.07±0.10)µA is the saturation photocurrent 

(maximum photocurrent output from the fit), and b=(1.72±0.16)∙10
-3

µW
-1

. Saturation power 

Psat ≈ 2mW can be read from the graph when the fit is extended for higher powers (off the 

scale). c) Responsivity calculated for datasets from b) vs. the power, shown on a logarithmic 

scale.  

4.4.3 Tuning and FSR 
 
The tuning of the membranes has already been described in this chapter and the 
FSR will be briefly discussed here. The design of the L3 cavity from Chapter 3 was 
optimized for the Y2-S mode in terms of Q and FSR. However, the S-modes in the 
experiments were substantially lower in intensity than the AS-modes, both in PL 
and in photocurrent measurements. This could be due to the asymmetry present in 
the system in which case we can presume that the top membrane is thinner, having 
the AS mode more visible. 

 In any case, due to its higher photocurrent response we have turned our focus on 
the higher intensity Y1-AS mode that has a large calculated Q-factor (2.7·104) as 
well. Concerning the FSR (see Fig. 3.8), this mode is 20nm red-shifted from the Y2-
AS and 38nm from the Y3-S mode according to simulation. Assuming the same 
tuning rate for all three Y-modes the Y1-AS crosses the Y3-S after 19nm, which 
would be the limiting factor for the FSR. This is in good agreement with the tuning 
experiments from Fig. 4.4a where the Y1-AS tunes over 20nm with an equivalent 
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FSR. In the µ-spectrometer measurements (Fig. 4.2d) the distance between the Y1-
AS and Y2-AS is 15nm at 0V, limiting the FSR to the same value. 

Similarly, in the H0 cavity because of the S-modes small intensity we focused the 
attention on the D-AS mode. It performed as expected from simulation (see Fig. 
4.2c): a large tuning range (30nm) with the same FSR, while having a smaller Q-
factor (~ 5·103). 

4.4.4 Signal to background ratio and background origin 
 
The cavity photocurrent peak  is superimposed on a non-resonant background 
caused by light that is directly absorbed in the top membrane in all the DC-
photocurrent measurements shown. The contribution of the dark current present 
when there is no light input is negligible for the reason that the measurements are 
done with a grounded load resistor so without biasing the QD diode. It is in the 
order of the accuracy of the voltmeter, so smaller than 0.1nA.  

The background level will depend on the wavelength and will be the highest for the 
ground state peak of the dots. Signal to background (S/BKG) levels of up 20dB (see 
Fig. 4.4c) are obtainable with direct measurement of photocurrent using a load 
resistor. This can be high enough for a lot of applications, but it represents a 
limiting factor when a small spectral feature must be measured on a broad 
background. In the next chapter (Chapter 5), a solution to this problem will be 
presented. 

 

4.5 Conclusion 
 
In this chapter, the DM PhC µ-spectrometer device has been presented and its 
performance in terms of electromechanical tuning and detection has been discussed 
with a number of relevant parameters given. A comparison with the state-of-the-art 
microspectrometers has already been shown in section 1.3 (see Table 1.1). The 
maximum tuning range we achieve in this work is 30nm, similar to reported values 
in other MEMS-based platforms (33.5nm in [28], 30nm in [6], 20nm in [5]), while the 
resolution is almost a factor of 2 higher (0.7nm in our system compared to 1.2nm in 
[28]) for the high tuning range, and a factor of 6 higher in a ∆λ= 13nm tuning range 
(δλ= 0.2nm in Fig. 4.2d). The number of independent spectral points in the spectral 
range (δλ/∆λ= 65) that we report is therefore higher and comparable to integrated 
diffraction-based spectrometers (δλ/∆λ~100). They offer both larger spectral 
ranges[14],[16] and higher resolutions[31] but in a much larger ~mm2 footprint as 
compared to ~100x100 µm2 footprint in most other cavity based solutions. In this 
respect, our DM NOEMS microspectrometer is one of the most compact devices 
reported in Table 1.1, having the sensing element (cavity) footprint of 15x15 µm2 - 
other very small solutions being the tunable DBR on a cantilever from [6] (20x20 
µm2, with an integrated  100x100µm2 detector) and the PhC cavity array from [19] 
(60x8 µm2, with external detection).  
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In terms of detection, most microspectrometer platforms reported in literature 
operate using external detection, while only a few implementations include an on-
chip photodiode[14],[6],[28]. In the AWG array implementation[14], light is 
waveguided across the chip to integrated photodiodes with R= 0.5A/W 
responsivity, while in [28] and [6], a resonant cavity enhanced (RCE) photodetector 
is used with an even higher 1A/W responsivity reported in [28] (multiple QWs 
absorber). We report much lower responsivity of 13mA/W in our RCE 
photodetector based on a layer of InAs QDs inside the top membrane, limited in the 
present design by poor coupling efficiency from the top into the PhC cavity (ηc≈ 5%) 
and to a lesser extent by the absorption efficiency (ηa≈ 20%). We note however that 
by optimizing the coupling and increasing the dot density so that ηc= ηa= 50% the 
responsivity can be significantly increased, reaching R= 0.3 A/W. 
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In this chapter a scheme for increasing the signal-to-background ratio and the 
resolution of the DM NOEMS sensor is introduced. First, the working principle of 
this method is presented and a demonstration of the device as a wavemeter is 
given. Next, the factors limiting the resolution and fundamental limits are 
discussed. In the third part of the chapter the capabilities of the resonance 
modulation scheme are shown in three different applications: For hydrogen-
fluoride gas-sensing by reading a narrow absorption line in a broad background in 
transmission; for the measurement of a tunable filter in transmission with ~pm 
precision performed without the use of a tunable laser; and for the interrogation of 
a Bragg grating where small temperature induced shifts of the reflected peak with 
~0.1K precision are detected. Finally, a novel concept for an electric-field sensor 
based on the DM PhC system is introduced, the sensitivity of such a sensor in the 
current NOEMS design is calculated and a proof-of-concept experimental 
demonstration of electric field sensing is demonstrated using resonance modulation 
spectroscopy. The results in this chapter have been partly included in [88]. 

 

5.1 Concept and demonstration of a NOEMS wavemeter 
 
As discussed in the end of the last chapter, the cavity photocurrent peak in 
microspectrometer measurements (see e.g. Fig. 4.2) is superimposed on a non-
resonant background caused by light directly absorbed in the top membrane. The 
limited stray light rejection ratio (typically 10-20 dB), may be detrimental when a 
small spectral feature has to be measured on a broad background.  

We introduce a novel resonance modulation spectroscopy scheme which can, at the 
same time, suppress the effect of background absorption and dramatically increase 
the resolution in the measurement of a spectral peak. It is based on the small size 
and built-in actuation functionality of the NOEMS device which enables 
modulating the mode resonant wavelength at frequencies up to the MHz range. 
Applying a small modulation to the tuning voltage as VT= VDC + VAC cos(2πfmt) the 
cavity frequency ω0 is modulated around its central value ω0(VDC). The 

photocurrent mf
φδI at frequency fm measured using a lock-in amplifier (see Fig. 5.1a) 

can be expressed as a product of the derivative of the cavity lineshape and the 
incident spectral power density S(ω). Introducing a cavity modulation in Eq. 4.1 
(which describes the spectrometer response) and separating the ac part we get: 
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   (5.1), 

where R is the responsivity, Lcav(ω0, ω) is the normalized spectral shape of the cavity 
resonance which is centered at frequency ω0 and δωm= δd(dω/dd) is the frequency 
modulation depth (which is assumed to be much smaller than the optical 
linewidth). Note that Lcav is assumed to be a Lorentzian Lcav(ω-ω0) of constant width, 
so that ∂Lcav/∂ω0= -∂Lcav/∂ω. In the limit where S(ω) is much narrower than the 
cavity linewidth e.g. for input laser light at frequency ω1, ( )0

mfIϕδ ω is proportional to 

the derivative of the cavity resonance lineshape: 
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  (5.2). 

In the opposite limit of a slowly varying input spectrum, ( )0
mfIϕδ ω  is proportional 

to the derivative of the input spectrum dS(ω0)/dω at the central frequency of the 
cavity as immediately follows from integrating Eq. 5.1 by parts. The expression then 
reads:  
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(5.3), 

where δωcav is the cavity linewidth. The output signal therefore exclusively results 
from spectral features at the mode frequency and any spectrally flat background is 
rejected. The principle is demonstrated experimentally for a narrow laser line (Pin= 
125µW) in Fig. 5.1b showing a large improvement of the rejection ratio from 10dB to 
27dB, with values up to 30 dB measured in other devices. The cavity used in this 
experiment is an L3 PhC cavity with the optimized hole design for high-Q and FSR 
(see Chapter 3). 
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Figure 5.1:  Resonance modulation spectroscopy. a) Sketch of the circuit used for resonance 

modulation spectroscopy. On the tuning probe input (right side), a modulated signal (VAC) at 

frequency f coming from the lock-in is superimposed to a tuneable DC voltage (VDC). On the 

QD probe output (left side), the in-phase component of the lock-in signal (X-channel) and the 

phase (φ) are read at the same frequency (f). The input for the lock-in is the voltage drop on a 

load resistor (RL) coming from the photocurrent (Iph). b) Comparison of a laser line recorded 

using two operation modes of the sensor: spectrometer mode described in Ch. 4 (red dots) 

and resonance modulation mode (blue dots). Measurements were performed simultaneously, 

by sweeping the tuning voltage and reading the photocurrent DC value (red) and the in-

phase component measured by the lock-in amplifier (blue), using a load resistor (RL= 30kΩ). 

The cavity is modulated with VAC= 5mVpp at f= 608 Hz, and excited at a fixed laser frequency 

of 1322 nm (power incident on the sample is estimated to be 125 µW). Inset: Zoom-in of the 

zero crossing in the resonance modulation mode. 

The sign-changing lineshape of the ac photocurrent amplitude also lends itself to 
the generation of an error signal for feedback-based stabilization. Similarly to 
frequency[105] and wavelength[106] modulation methods the resonance 
modulation scheme allows measuring the position of spectral lines with resolution 
much better than the linewidth – but it can be applied more widely as it does not 
require a modulation of the source. Several applications of this method are 
described in sections 5.3 and 5.4. 

The wavelength resolution in Fig. 5.1b can be determined from the current noise in 
the readout when the laser is on resonance with the cavity (λ= λL) and the slope of 
the derivative curve at the zero crossing. The current noise δIN = 50pA/Hz1/2 was 
measured by the lock-in amplifier and the slope of the derivative curve was found 
to be SI= dIph/dV= 5µA/V, which together gives a voltage accuracy δIN/SI = 
10µV/Hz1/2. The cavity wavelength tuning rate (voltage tuning coefficient in later 
text) being Ct= dλ/dV= 10nm/V at VDC= -5.5V, this voltage accuracy at the zero 
crossing (Iph≈ 0, λ= λL, VDC= Vzc ≈ -5.49V) can be translated into a peak position 
resolution of: 
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equal to 100fm when measured in 1Hz bandwidth for the data in Fig. 5.1b. The 
wavemeter resolution determined here is three orders of magnitude smaller than 
the cavity linewidth. Next, we will discuss what factors determine this resolution, 
and what is the fundamental limit. 

 

5.2. DM NOEMS wavemeter resolution 
 
Looking at the Eq. 5.4 we see that three parameters influence the resolution. It is 
important to note however that the tuning coefficient Ct and the slope SI are not 
independent parameters, and one should rather try to maximize dIph/dλ than e.g. 
decrease the tunability to increase the resolution. However, since Iph(λ) is not 
directly measured in the experiments, we calculate resolution in this chapter using 
Ct and SI in most cases, and now we will discuss the resolution in terms of lock-in 
measured slope SI. 

If we assume that the tuning coefficient is constant (~10nm/V) the photocurrent 
slope at the zero-crossing SI from Eq. 5.4 should be maximized for best 
performance. The slope SI in the resonance modulation experiments depends 
(among other things) on the modulation voltage (VAC) as shown In Fig. 5.2 where 
the lock-in measured spectra of a fixed laser line for different AC voltages are 
compared. The voltage linewidth of the cavity mode used was measured without 
modulation around VDC= -4V to be ∆V= 100mV and the optical linewidth is 130pm 
(Q~104). For VAC< ∆V/2 (blue and red curve), the peak-to-peak distance in voltage 
is ∆V and signal is not distorted. In this regime the amplitude of the lock-in signal 
and the slope increase linearly with VAC, meaning that resolution can be increased 
using higher VAC. For VAC= ∆V/2 (black curve), the amplitude of the signal 
saturates, the peak-to-peak voltage distance increases to 130mV and no further 
increase in terms of the slope is possible by increasing VAC. This is the regime in 
which best resolution is obtained. If the modulation amplitude is increased 
significantly over this value, the system will be in the regime of over-modulation, 
where the lineshape of the lock-in measured signal gets heavily distorted and the 
slope starts decreasing. 
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Figure 5.2: Changes in the lineshape for different modulation voltages. Lock-in signals of a 

fixed laser line at different VAC. 

Now, assuming that the modulation is optimal, the slope SI depends on the 
photocurrent signal and thus on the input power Pin, the cavity Q-factor and the 
responsivity of the photodiode. In principle, increasing Pin in optical sensors is 
beneficial since the signal is proportional to it - until the input power starts to 
influence the cavity spectral position e.g. through optical forces or heating. 
Obviously, the signal-to-noise ratio and thereby the resolution also depends on how 
the noise changes with Pin. For shot-noise limited measurements, the noise increases 
with the square root of Pin. In our devices, however, the thermal noise of the load 
resistor is higher than the shot noise. It can be calculated as 4 /t B L LI k TR R= ≈ 

0.7pA/Hz1/2 for RL= 30kΩ). The value of the resistor thermal noise has been 
confirmed experimentally by measuring the noise using the lock-in amplifier when 
a grounded RL resistor is connected at the input.  

However, as we measured in the experiment in Fig. 5.1b an even higher noise δIN = 
50pA/Hz1/2 (a factor of 70 higher than the thermal noise), we are also not in this 
regime, and we have an additional noise source. To investigate the origin of this 
additional noise, we have measured the photocurrent noise at the zero-crossing vs. 
the incident power (power under the objective) as shown in Fig. 5.3. The 
measurements were done at VDC= 0V and for low amplitude modulation VAC= 5mV 
in order to minimize the influence of the actuation voltage on the photocurrent 
output. The photocurrent noise was found to increase linearly with a slope 
dV/dPin= 4.62nV/(Hz1/2·µW). The linear noise increase with power from Fig. 5.3 
clearly suggests that the SNR must be constant above Pin≈ 14µW (intersection 
between red and black dashed lines in Fig. 5.3) and no increase in the resolution can 
be obtained by increasing power over this value (see Eq. 5.4). For the measurement 
shown in Fig. 5.1b this is true as well, since the measured noise is already above the 
thermal noise (discussed before). 
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Figure 5.3: Photocurrent noise for different input powers. Noise at the zero crossing for VDC= 

0V and VAC= 5mV at different input powers at frequency f= 608Hz. A linear fit of the data is 

shown in dashed red. The Johnson noise of the R= 30kΩ resistor (23nV/Hz
1/2

) is shown in 

dashed black for comparison. 

We attribute this additional noise to a long-term drift which produces resonant 
wavelength shifts in the pm-range over timescales of tens of seconds. Indeed, the 
presence of this drift has been experimentally verified when we measured the 
signal at the zero-crossing using the lock-in over ~1min time spans.  

We note that the noise measured by the lock-in is the mean average deviation 
(MAD) of the signal in the integration time of T= 10τ, where τ is the time constant 
i.e. the interval in which the lock-in integrates the signal. If the noise is Gaussian in 
nature, the RMS value is related to the MAD value by a constant: δvRMS= 2 π

δvMAD. The time constant used in all the experiments in this chapter is τ= 300ms, 
meaning that any slow drift in the cavity frequency at the ~1s time scale induces 
shifts the cavity from the zero-crossing condition, creating a photocurrent signal 
which is then interpreted as noise.  

This drift is likely related to the adsorption of residual gases on the surface and in 
the holes of the PhC and temperature drifts of the order of ~0.1K. One can argue 
that this reading is therefore not a noise, but instead a signal, where the cavity is 
very sensitively detecting the perturbations in the environment. This also explains 
its linear dependence on the input power. 

Using higher vacuum and implementing temperature control would possibly 
improve the wavemeter resolution above 100 fm/Hz1/2 obtained in the present 
system and closer to the limit of 1.4fm/Hz1/2, as calculated from Eq. 5.4 by 
inputting the thermal resistor noise (0.7pA/Hz1/2). We have not studied the time-
scale of the effects responsible for the drift (whichever they are), but it is possible 
that with a shorter integration time, the noise value that the lock-in measures would 
decrease as well.  

One additional, practical issue which limits the performance of the resonance 
modulation spectroscopy measurements in the current implementation is the 
electrical cross-talk which is discussed in the Appendix A of this chapter. 
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5.3 Applications of the Resonance Modulation 
Spectroscopy 
 
The compact NOEMS device which is the subject of this thesis cannot be used as a 
spectrometer over a wide wavelength range, but can be employed to monitor 
specific spectral lines for sensing applications with very high resolution. In order to 
show its potential in real-world applications, three experiments requiring a high 
spectral resolution and/or high rejection ratio were conducted: the read-out of a 
narrow 16pm wide absorption line in transmission, the monitoring of a 0.8nm wide 
tunable filter central wavelength with ~1pm precision also in transmission and the 
interrogation of a fiber Bragg grating (FBG) in reflection with estimated wavelength 
resolution ~1pm and the temperature sensitivity of 0.1K. 

5.3.1 Absorption spectroscopy demonstration 
 
A gas sensor is a very important safety tool used in industry for detecting different 
toxic, combustible or flammable compounds. Various implementations of optical 
gas sensors based on micro- or nano- photonic structures have been proposed 
including: tunable MEMS Fabry-Pérot filters working in the mid-IR range for 
acetaldehyde and methane detection[107]; a wafer scale absorption spectrometer in 
the mid-IR for methane/propane detection[108]; a PhC nanobeam methyl salicylate 
gas-sensor at 1550nm[109]; a diamond slotted PhC cavity sensing of hexanol vapor 
at 1600nm[110]; and different photonic crystal fiber (PCF) acetylene gas sensors at 
1550nm[111],[112]. Optical sensing of gasses in these works is done either by 
detecting a resonance shift caused by refractive index change in the material or the 
surrounding gas, or by detecting in a certain wavelength range absorption lines 
imprinted in the input light when propagating through the gas.  

We focus here on the second approach i.e. reading absorption lines of a gas to detect 
its presence. To this end, the NOEMS wavemeter ability to detect narrow lines is 
tested using a commercial fiber-coupled HF gas-cell[113] and a superluminescent 
diode (SLED) with FWHM= 50nm[114] as excitation (Fig. 5.4a). Since the PhC cavity 
has multiple modes and the HF presents multiple gas absorption lines in the 
excitation range, a band-pass filter (BPF) with FWHM= 12nm is used to limit the 
range to a single mode detection of one absorption line (Fig. 5.4b). For the 
measurement of an absorption dip in a broad spectrum, the background rejection 
provided by the resonance modulation scheme is essential.  
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Figure 5.4: High resolution absorption line spectroscopy. a) Sketch of the experimental 

setup: A SLED fiber-coupled to an HF gas cell (at p= 50Torr), and filtered with a 12nm wide 

1310 nm band-pass filter (BPF) is used for excitation of the device through a 50x objective. 

The two insets in the bottom show the OSA spectrum measured at the SLED output and at 

the output of the HF gas-cell. b) The light exciting the device (after the free-space BPF) is 

shown in red. The cavity PL spectrum is shown on the same graph (blue curve) for 

comparison. A filter is needed to isolate a single absorption line (1312.591 nm) which is read 

by a single cavity mode (λc= 1318nm at VDC= 0V). c) Gas sensing demonstration where the HF 

absorption line is measured in transmission using the resonance modulation scheme (VAC= 

25mV, f= 608.7Hz). Voltage (upper x-axis) was translated into wavelength (lower x-axis) using 

a calibration curve obtained from independent PL cavity mode tuning data. Inset: A zoom-in 

on the absorption line measured using the OSA with 10pm resolution.  

The experimental implementation of gas-sensing is demonstrated in Fig. 5.4c where 
an HF absorption line at 1312.59nm (6 dB depth) is detected despite the fact that its 
linewidth (16 pm) is about 15 times narrower than the cavity linewidth used in this 
experiment (250 pm).The observed lineshape is the derivative of the cavity 
lineshape as the absorption line is much narrower than the cavity (see Eq. 5.2). The 
baseline visible in Fig. 5.4c is originating from the derivative of the SLED spectrum 
coming through the filter (Fig 5.4b red curve) as in this case the cavity is much 
narrower than the signal (see Eq. 5.3). By using a flat-top filter and a spectrally flat 
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source (without ~1nm period ripples which were observed in the SLED spectrum), 
this background can be avoided. 

This proof-of-principle demonstration shows that the presence of HF gas can be 
detected through high resolution absorption line spectroscopy. However, due to the 
relatively low absorption coefficients of most gases in the near-IR, high sensitivity 
in gas detection would require a longer absorption length, as obtained in multipass 
absorption cells[115]. Alternatively, the approach based on direct adsorption of the 
gas on the surface of the PhC membrane and sensing the refractive index change is 
possible. In this case surface functionalization i.e. enhancement of surface 
absorption with a polymer[109] or oxide[110] layer can be envisioned on top of the 
DM structure.   

5.3.2 Tunable filter monitoring 
 
Another demonstration of the NOEMS device wavemeter capabilities is given here. 
A manually tunable filter (Santec OTF-320, FWHM= 0.8nm) excited with a SLED is 
measured in transmission (Fig. 5.5a) and the measurement of the peak wavelength 
(λF0= 1327.5nm) is demonstrated using the resonance modulation technique. The 
power impinging on the sample is Pin= 2µW.  

An antisymmetric L3 PhC cavity mode (δλc= 465pm, λc=  1329.5nm at VDC= 0V) is 
tuned to the filter peak at Vzc= -2V (zero-crossing in Fig. 5.5b) and the lock-in 
measured photocurrent is read as a voltage drop on a grounded RL= 100kΩ load 
resistor. The lock-in was used to measure noise at this position, found to be δVN= 
70nV/Hz1/2, that translates to δIN= δVN/RL= 0.7pA/Hz1/2, not far from the thermal 
noise of this resistor 4 /t B L LI k TR R= = 0.4pA/Hz1/2. The photocurrent sensitivity 

SI= 720pA/V (slope in Fig. 5.5b) and the voltage tuning coefficient Ct= 3.14nm/V 
give the wavelength resolution of these measurements (see Eq. 5.4) δλN= Ct·δIN/SI= 
3.05pm/Hz1/2.  
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Figure 5.5: Tunable filter measured in transmission. a) Sketch of the experimental setup: A 

SLED connected to a tunable filter (λF0=  1327.5nm, δλF= 0.8nm) is sent through a fiber Y-

splitter and fed to the device (Pin ≈ 2µW), while the other output is sent to the OSA. The OSA 

spectrum of the filter is shown in the inset. b) Photocurrent spectrum of the filter read using 

resonance modulation scheme (VAC= 250mV, f= 608.7Hz). Measurement resolution at the 

zero-crossing calculated from the lock-in noise is 3.05 pm/Hz
1/2

. c) Real-time measurement of 

the filter position done by monitoring the zero-crossing lock-in signal. A manual red-shift of 

the filter wavelength by 6pm at t= 55s is successfully detected as the photocurrent shift of 

∆Iph≈ -1.38pA. The data is shown in blue and the average value of the signal at two levels is 

shown in dashed red. 

The reported resolution for filter-measurements is a factor of 30 lower than the 
resolution obtained in laser line measurements (Fig. 5.1b), and the reason for this 
lies in the difference of the parameters entering Eq. 5.4. Firstly, the slope SI is 7·103 
times lower in the tunable filter measurements, which can be explained by the 
photocurrent signal being lower because of smaller input power (x102), lower 
responsivity (x4), lower cavity resolution (x3), and the presence of the filter which 
additionally broadens the derivative curve (c.a. x2). Secondly, the tuning coefficient 
Ct is higher in the laser measurements by a factor of 3, which reduced the total 
discrepancy coming from these two parameters to ~2.3·103. On the other hand, the 
noise in the filter measurements was lower by a factor of 70 (dominated by the 
thermal noise and not by the long-term drift). The combination of factors gives the 
final resolution that is only 30 times lower for the filter measurements.  
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We can estimate the resolution limit by looking at the noise at the detector δIN and 
the derivative of the input spectrum dI/dλ (directly, without including  the voltage 
as in Eq. 5.4), which gives Rλ= δIN/(dI/dλ). This derivative is in a simplified picture 
determined by the ratio of the peak detected photocurrent Imax and the linewidth of 
the spectrum (in our case set by the filter linewidth to ∆λ= 0.8nm), i.e. dI/dλ≈ 
Imax/∆λ. In the experiment presented in Fig. 5.5, Imax= 0.35nA for the DC 
photocurrent measurement of the filter (not shown) which with the noise found 
using the lock-in amplifier (0.7pA/Hz1/2) gives a resolution Rλ= 1.6pm/Hz1/2, only a 
factor of 2 better than the value obtained in the measurements. This indicates that a 
small increase in the performance could be obtained by increasing the input power. 
Using a higher load resistor most likely would not increase the resolution, as the 
noise is already slightly higher than the thermal resistor noise (0.4pA/Hz1/2).  

In a wavemeter monitoring demonstration a small manually induced shift to the 
tunable filter wavelength was detected by monitoring the corresponding jump in 
lock-in signal near zero(see Fig. 5.5c). A shift in photocurrent ∆I= 1.38pA at t ≈ 55s 
translates to a wavelength red shift of the filter ∆λF= 6.01pm. The shift measured 
independently by the OSA was 8±2pm in good accordance with the NOEMS sensor 
calibrated shift. 

5.3.3 Fiber Bragg grating interrogator 
 
A fiber Bragg grating is based on a periodic perturbation of the properties of an 
optical fiber, generally the refractive index of the core with a sub-micron period. It 
acts as a wavelength-specific mirror reflecting a single narrow-wavelength or a 
short band while transmitting at all other wavelengths. When paired with high 
resolution spectrometers, narrow-linewidth FBGs make powerful optical sensing 
systems of temperature, load, strain, pressure and/or vibration. In typical 
applications, peak wavelength shifts much smaller than the reflected bandwidth 
must be detected.  

An experimental setup where a FBG is excited by a SLED and interrogated in 
reflection using the NOEMS wavemeter is shown in Fig. 5.6a (Pin≈ 1.6µW). The FBG 
peak (λB= 1314.823nm, δλB= 100pm) read-out with resonance modulation scheme is 
presented in Fig. 5.6b. The peak position was monitored with the NOEMS sensor 
using the photocurrent signal when biased near the zero crossing. Small detunings 
~10pm were induced by a short pulse of convective heating and the corresponding 
current excursions were succesfully detected and plotted in Fig. 5.6c after 
conversion to wavelength and temperature scales. The wavelength precision with 
which the FBG peak is monitored, calculated from the lock-in noise is found to be 
δλN= 0.9pm/Hz1/2

. The corresponding temperature sensitivity is ~0.1K, where the 
wavelength shift was translated into temperature shift using the FBG temperature 
sensitivity dT/dλB= 118mK/pm specified by the manufacturer[116]. 
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Figure 5.6: Fiber Bragg grating interrogator demonstration. a) Sketch of the experimental 

setup: A SLED is connected to the first input of a 2x2 fiber beam-splitter with the FBG (λB = 

1314.82 nm, R= 40%)  on one of the outputs, and the second input (reflection) is coupled to 

the device cavity through an objective (Pin ≈1.6 µW). Alternatively, the OSA is connected to 

the second input (reflected spectrum  shown in the inset). b) Wavemeter measurement of a 

FBG resonance (δλB= 100pm) in reflection performed using the resonance modulation 

scheme having a sensitivity of SI= 3.53 nA/V and noise at the zero crossing δIN= 3.6 pA/Hz
1/2

 

which translates to a peak wavelength uncertainty of  δλN= (δIN/SI)∙ Ct = 0.9 pm/Hz
1/2

, where 

Ct= 0.88 pm/mV is the tuning coefficient. c) Detuning of the FBG peak (left axis) and 

corresponding temperature shift (right axis) over a period of 120s measured using the cavity 

sensor. The peak visible at t= 10s is induced by convective heating from a heat-gun 50 cm 

away from the FBG. The current signal (lock-in output) is translated to displacement (∆λ) 

using the slope SI.  

Without changing the tuning voltage (VDC) a range of ~500 pm can be covered with 
the sensor and with the tuning it can be extended to ~20 nm. Both resolution and 
spectral range are comparable to commercial implementations[117], but obtained 
with a much smaller footprint (optically active part 15x15 µm2 compared to ~cm 
scale device), potentially leading to significantly cheaper and more compact 
interrogation platforms. 
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5.4 Electrical-field sensing 
 
The ability to detect electric fields is required in many fields of science and 
engineering. Most electric field (E-field) sensors are based on electric devices such 
as a loop antenna[118]. A different approach to E-field measurements is to use 
optical techniques where significant benefits such as smaller size, higher sensitivity, 
wider bandwidth[119] and resilience to EM interference due to lack of electrical 
wiring can be obtained. 

In relation to this, an all-optical E-field sensor is very useful in cases where EM 
fields are very strong e.g. in the food production industry where pulsed electric 
fields (PEF) of 1-50 kV/cm amplitude provide an energy efficient alternative to 
thermal and chemical treatment of food[120] or for network instability investigation 
of high power cables where fields are even stronger. 

Several optical E-field sensors have been realized based on different technologies: A 
domain inverted electro-optic polymer direction-coupler sensor (sensitivity 
~10V/m)[119], PCF infiltrated with liquid crystals (sensitivity ~50V/m)[121], and 
the most sensitive lithium tantalite (LiTaO3)[122] and lithium niobate (LiNbO3)[123] 
electro-optical crystal sensors with sensitivities better than 1mV/m. Recently two 
novel integrated micron-scale E-field photonic sensors have been theoretically 
proposed as well: a PhC cavity infiltrated with liquid crystals (sensitivity 
~0.1V/m)[124] and a cavity made with Bragg gratings in a LiNbO3 slot-waveguide 
(sensitivity ~10mV/m)[125]. 

Here we propose a concept for an integrated optical E-field sensor based on the 
double membrane NOEMS device. The working principle and the model used to 
describe the sensor are presented first, followed by a feasibility study where the 
resolution of electric field sensing is discussed depending on the model parameters. 
Finally, the experimental demonstration of the electric-field sensing in a lab 
environment using resonance modulation spectroscopy is given.4 

An implementation of the device measured with the internal photodiode is shown 
here, while a fully-optical device where a DM PhC cavity is transferred on a fiber-
tip and read in reflection is being developed in our group at the moment.  

5.4.1 Model of the electric-field DM sensor  
 
Electrostatic tuning of the DM PhC system is performed by applying a reverse bias 
(VRB) between the oppositely doped layers in two membranes (Fig. 5.7a). This 
increases the charges present in the depletion regions (zn and zp) by QRB from the 
non-biased case when only the built-in charges are present (Qbi) and the distance 

                                                           

4 The feasibility study and the experimental work in this section was done in 
collaboration with a bachelor student (Michael Verhage) as a part of his Bachelor 
end Project (BEP). 
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between the membrane decreases to z0-∆z where the electrostatic and elastic force 
acting on the top membrane are in equilibrium. Similarly, in a non-biased DM 
system even though no extra charges are present, under the influence of an external 

electric field ( extE
��

) perpendicular to the structure, an additional electrostatic force 
will act on the built-in charge and result in a decrease (increase) of the membrane 

distance by δz for a field in the same (opposite) direction as the built-in field ( biE
��

), 
as shown in Fig. 5.7b. This will cause the modes of the PhC cavity to shift, which 
can be detected, either optically in reflection or electrically using the on-chip 
detector.  

 

Figure 5.7: Double membrane electrostatic tuning with internal or external electric field. a) 

Sketch of a released DM under reverse bias(VRB) with depicted layer stack, membrane 

distance (z0 - ∆z), electric field (
0bi RBE V z+

��
), charges present (QRB + Qbi) and depletion 

regions (zn and zp). The membrane surface is S. b) Sketch of a released DM under external 

electric field ( extE
��

) with the added electrostatic ( ES extbi
F Q Eδ =
�� ��

) and elastic ( elF k zδ=
��

) forces 

acting on the top membrane is shown. The membrane distance is reduced by δz due to the 

presence of an external field. The forces are drawn only for the top mechanically compliant 

membrane while the bottom clamped membrane is assumed to move significantly less. 

The built-in voltage Vbi= Ebi·z0 is equal to the difference in Fermi levels on the n- and 
p-sides given by the following expression [49]: 

ln
g v c

bi t

a d

E N N
V V

e N N

 
= −  

   

 (5.5), 

where Eg= 1.39eV is bandgap of GaAs, Vt= kBT/e ≈ 26mV (at room temperature) is 
the thermal voltage, Na= 2·1018 cm-3 is the acceptor concentration, Nd= 2·1018 cm-3 the 
donor concentration, and Nv= 4.7·1017 cm-3 and Nc= 7·1018 cm-3 are the effective 
densities of states in valence and conduction band of GaAs, respectively. The 
second term in Eq. 5.5 is ≈ -5mV so the built-in voltage in our case is expected to be 
Vbi ≈ 1.39V. The built-in charge is then simply Qbi= (ε0S/z0)·Vbi and is 11.5fC for z0= 
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240nm and S= 225µm2. The experimental value of Vbi can however differ from this 
theoretical value if charge traps are present. This will be discussed later in the text.  

The displacement δz of the top membrane due to the presence of the external field 
can then be found from the equilibrium of the electrostatic and elastic forces: 

0

0

bi
ext

SV
z E

kz

ε
δ =

    

(5.6), 

where k is the elastic constant of the membrane. The physical property which is 
actually measured in the DM system is the wavelength shift of the cavity mode δλ= 
δz·(dλ/dz)|z=z0 where wavelength to displacement conversion (tuning curve) is 
found from simulation. Later in the text realistic parameters of the system are used 
to get the minimum detectable field and possible improvements are discussed. 

5.4.2 Built-in voltage measurements 
 
First, we want to experimentally check the estimation of Vbi discussed in the 
previous paragraph. This can be done by a careful analysis of the tuning curves 
around VT= 0, as shown below. 

The simple parallel-plate capacitor model discussed in Chapter 1 does not take into 
account the built-in voltage present in a p-i-n diode, but this can be corrected by 
replacing the voltage V with VT -Vbi in Eq. 1.9, where VT is now the forward bias 
(VT= -VRB). The equilibrium of electrostatic force and elastic force from Eq. 1.9 is 
rewritten as: 

( )

2

0

2

0

( )

2

T biS V V
k z

z z

ε −
= ∆

− ∆
   

(5.7), 

where ∆z is the displacement due to the built-in field and the applied bias field. If 
∆z is assumed to be small compared to z0, after conversion from displacement to 
wavelength a formula describing the wavelength shift with voltage is obtained: 

0

20
0 2

0
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2

T bi

z z

d S
V V

dz kz

λ ε
λ λ

=

= + ⋅ ⋅ −

  

 (5.8). 

In other words for small displacements the cavity wavelength can be described 
with a quadratic function of applied voltage with a minimum (maximum) at the 
forward bias voltage VT= Vbi for a S (AS) mode. 

Equation (5.8) has limitations in both bias directions. In reverse bias, the 
displacement is limited by the pull-in to ∆z< z0/3 (and the Taylor expansion of Eq. 
5.7 is not a good approximation for these large displacements). In forward bias the 
limit is the diode turn-on voltage because the current flowing produces voltage 
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drops, preventing a simple estimation of the voltage applied on the junction. 
Additionally, the cavity mode can (depending on the system parameters) red-shift 
due to Joule heating or blue-shift due to carrier-induced refractive index change 
regardless of the mode symmetry (same for S and AS modes). 

Nevertheless, in a voltage range around VT= 0V one can obtain the Vbi 
experimentally by measuring the wavelength tuning of cavity modes. This can be 
done either using on-chip photocurrent readout (Fig. 5.8a) or PL (Fig. 5.8b) by 
tuning the membrane and recording the peak position. In the case of photocurrent 
measurements the Vbi is found to be 0.11V and the PL measured value is 0.42V. For 
technical reasons, the photocurrent (PL) experiment was performed on the 
antisymmetric (symmetric) mode of the same cavity, respectively. The results are 
shown for the same device and the fact that the optical mode symmetry is different 
should not influence the measurements.  

 
Figure 5.8: Built-in voltage measurements. a) Y2-AS mode position at different bias voltages 

recorded with photocurrent measurements  (red circles) and quadratic fit of the data (black 

line). b)  Y2-S mode positions at different bias voltages for the same device as in a) recorded 

with PL measurements (blue circles) and quadratic fit of the data (black line). In both a) and b) 

the measured spectra were fitted with Lorentzians and peak values were extracted. 

The experiments in Fig. 5.8 were repeated for different devices in several samples 
and the behavior is consistent: The built-in voltage measured from PL, Vbi

PL was in 
the range 0.4÷0.7V and the one measured from the photocurrent, Vbi

Iph= 0÷0.2V at 
room temperature. Recorded values lower than theoretical for Vbi are common in 
MEMS devices and this is usually explained by band bending due to surface 
states[126] and presence of charge traps originating most likely from the PhC holes 
etching in our case. The difference in the values measured with the two methods is 
surprising and may be related to the large number of free carriers produced in PL 
which may change the occupation of surface states. Some measurements were done 
at low temperatures (~4K) as well and in that case the built-in voltage was observed 
to increase close to the predicted value ~1.2V. However, the low-temperature 
behavior of Vbi has not been systematically studied.  
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5.4.3 Feasibility study 
 
By fitting the measured wavelength tuning with voltage around Vbi the second 
parameter on the rhs in Eq. 5.8 gives the spring constant of the top-membrane 
which is found to be around ~5N/m. At this point all the parameters in Eq. 5.6 are 
either measured or simulated and the minimum detectable field can be estimated 
from: 

0
min min

0
z

bi

kz
E

d
SV

d

δ δλ
λ

ε
= ⋅

    

(5.9). 

where δλmin is the method-dependent minimum detectable wavelength shift. If 
excitation is performed with  a laser tuned in resonance with a high-Q cavity mode 
and resonance modulation spectroscopy is used for detection, the minimum 
wavelength shift will be ~100fm as currently limited by slow drift effects from 
environmental instabilities (see section 5.2).  

For realistic parameters: S ≈ 15x15µm2, Vbi= 0.5V, k= 5N/m, z0= 240nm, dλ/dz= 0.14 
and δλmin= 100fm, the minimum detectable electric field is δEmin= 860V/m. 
Fundamentally, the wavelength resolution could be one to two orders of magnitude 
better, yielding a potential resolution of 10-100V/m. Additionally, the resolution 
can be improved by other two orders of magnitude (0.1-10V/m) by e.g. increasing 
the bridge surface (S~ 20x20µm2) and making it more flexible (k ≈ 1N/m), 
decreasing the intermembrane gap (z0 ≈ 100nm, dλ/dz ≈ 0.6) and increasing the Vbi 
closer to the theoretical value (Vbi ≈ 1V). 

5.4.4 Experimental demonstration 
 
The ability of the NOEMS sensor to detect external electric field is tested in a proof-
of-concept experiment in this section. The sample is placed on a thin metal ground 
plate (Fig. 5.9a) and above the bridge surface a thin metal probe (22µm wide at the 
base and 1µm at the tip) is placed (Fig. 5.9b) and connected to a DC voltage supply 
to serve as the upper plate of a capacitor. Ideally one would use a wide plate above 
the surface to make the E-field lines as perpendicular as possible but due to the 
sample being contacted with two electrical contact probes (see Fig. 5.9b), and 
having the optical excitation from the top this was difficult to realize. 

The substrate thickness is D= 400µm, the probe is X~ 50µm above the sample and 
the field is assumed to be parallel over the bridge surface. We note here that the top 
membrane surface (p-doped layer) is charged and can induce a force on the electric 
probe for small distances, which can lead to probe bending, and consequently to a 
change in the applied field, that imposes an important practical constriction on the 
experiment. Due to the continuity relations, the electric field in the semiconductor 
region will be εr= 12.9 times lower than in the air region above the sample (Fig. 
5.9a). The total voltage drop between the two plates (Vext) can be calculated from the 
formula for the partially dielectric-filled capacitor to be:  
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ext air

r

D
V X E

ε

 
= + 
      

 (5.10). 

For applied 1V to the finger-probe the electric field in air at the DM sensor is 
expected to be ~12kV/m.  

Experiments of the electric-field influence on the cavity position are made using 
resonance-modulation scheme at different tuning diode biases (Fig. 5.9c,d), where 
we use VT in order to control the charge in the membranes. In Figure 5.9c the 
photocurrent vs. wavelength curves measured for different external voltages Vext is 
shown in the case of VT= 0V, which is closer to the future fully-optical 
implementation (no added charges). The impinging laser power on the sample is 
500µW. Each line in the graph is an average of 5 measurements with the deviation 
indicated by the error bars. Both the slope and the intercept of the lines change with 
the external field. The zero-crossing (green dots) indicate the resonant wavelength 
of the cavity and its shift with Vext proves that the membrane is displaced. A linear 
shift of ∆λ= ±20pm for an external field Vext= ∓15V is obtained experimentally which 
gives a slope Sv1= 1.33pm/V. The direction of the shift corresponds well with the 
expected direction i.e. for positive voltage on the finger-probe the antisymmetric 
mode is blue-shifting indicating a decrease in the membrane distance. From the 
wavelength shift the probe-sample distance as obtained from Eq. 5.9 and 5.10 is 
~47µm, in good agreement with the expected distance. For applied Vext= -30V the 
resonance peak shifts by 70pm which deviates from the linear slope found for the 
other measurements of Fig. 5.9c. This can be explained by the flexible finger-probe 
bending towards the sample due to the top charged surface and thus decreasing the 
distance X and increasing the effective field. Collapsing of the probe onto the device 
contacts, i.e. X= 0, due to high voltage has been observed experimentally. The 
different slopes of the zero-crossing curves observed in Fig. 5.9c are not expected, 
and are attributed to a small misalignment causing a change in the optical coupling 
between the different measurements. 
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Figure 5.9: Proof-of-concept NOEMS electrical field measurements. a) Sketch of the GaAs 

wafer of thickness D with a patterned DM sensor inside a parallel-plate capacitor that 

provides external field (Eair). The upper plate attached to the voltage source (Vext) is at a 

distance X from the sensor. b) Optical microscope image of a device in the experiment with 

visible two RF probes contacting the device and another one-finger probe attached to the 

power supply above the membrane bridge (center) providing the external field. c) Resonance 

modulation measurements of zero-crossing photocurrent signal for different external 

voltages applied to the probe above the sample for an antisymmetric mode in “Device 1” at 

zero-bias of the tuning diode. In the Vext= -15V÷15V range the zero-crossing shifts linearly 

with a slope ~1.33 pm/V. d) Resonance modulation measured cavity position shift with 

applied external field for “Device 2” reverse-biased with VT= -3V. A shift of 50pm for voltage 

difference of 18V is obtained. Green dots in both c) and d) indicate the position of the zero-

crossing.  

A reverse bias can be applied to the membranes to increase the sensitivity of the 
sensor to external electric field. This decreases the inter-membrane gap and adds 
additional charges meaning that the formula for electric field sensitivity (Eq. 5.9) is 
altered: the z0 is decreased (z0≈ 200nm), the wavelength slope is increased (dλ/dz ≈ 
0.21) and the Vbi is replaced by VT+Vbi = 3.1V. In the measurements with VT= -3V 
(Fig. 5.9d) the mode wavelength shifts 50pm between Vext= -12V and Vext= -30V, 
which translates to 2.77pm per volt if we assume the tuning with voltage to be 
linear. In this case the probe distance is estimated to be ~60µm.The slope of the 
lock-in measured photocurrent at the zero-crossing (dI/dλ) is approximately a 



5.4 Electrical-field sensing 

 

98 
 

factor of 20 higher than for the zero-biased tuning diode, and does not vary 
significantly for the two applied external voltages. The signal being larger in this 
case and the measurement time being shorter (producing smaller misalignment) 
could explain why the two slopes are similar as opposed to data from Fig. 5.9c. 

We conclude that the electrical-field sensing capability has been demonstrated with 
the use of the resonance modulation technique with fields of the order of 100kV/m 
(10s of Volts over 100 microns) detected. We estimate a sensitivity of ~1kV/m in 
these measurements from the wavelength resolution δλ= 100fm in 1Hz bandwidth 
we reported in Fig. 5.1 and the experimental slope SV~ 1pm/V from Fig. 5.9. 

This demonstration shows an optical sensor based on a simple principle where 
surface charge in an electric field produces detectable movement, realized without 
the use of materials with strong electro-optic effect such as liquid crystals[121],[124] 
or electro-optic crystal [122], [123], [125]. As mentioned before the next step would 
be a demonstration of an all-optical electric field sensing with a DM device 
positioned on a fiber tip. For that application, where cavity resonance modulation is 
not possible due to the absence of electrical contacts, similar sensitivities can be 
obtained using laser wavelength modulation instead. 
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Appendix A:  Crosstalk in resonance modulation 
experiments  
 
In this section, one practical limitation for the experiments shown in this chapter is 
discussed, namely the electrical crosstalk between the two diodes.   

In resonance modulation, the electrical crosstalk from the cavity to the QD diode is 
precisely at the modulation frequency read by the lock-in, and can therefore cause 
false detection in the form of a flat background. Crosstalk is considered an issue if 
for no input light the lock-in signal measured with the photodiode is locked in 
phase. This limits the performance in resonance modulation experiments 
depending on the load resistor used. 

For a load resistor RL= 30kΩ the Johnson noise δVJ= 23nV/Hz1/2 is larger than the 
lock-in input noise δVLI= 6nV/Hz1/2, as specified by the manufacturer for the SRS 
830 lock-in amplifier[127]. That means that in order for crosstalk to be larger than 
the noise and detected as signal on the lock-in a δIc> δVJ/RL= 0.8pA leak current 
coming from the cavity diode is sufficient. The crosstalk is 18-26dB (a factor of 60-
400) in most structures (see section 2.4.6) which means that, depending on the 
device, a current of 50-320pA in the tuning diode is sufficient to be detected as false 
signal with the lock-in. 

For RL= 50Ω at the input the Johnson noise is smaller than the lock-in noise and the 
allowed leak current is much higher δIc> δVLI/RL= 120pA. As it can be seen from 
this analysis, a large load resistor increases the sensitivity but is more susceptible to 
crosstalk. The ways to reduce crosstalk and improve the current design are 
discussed in Chapter 2 (section 2.4.6). 
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6 |   Double membrane photonic crystal 
displacement sensor 
 
 
In this chapter a DM PhC optomechanical sensing platform is introduced and the 
proof-of-concept experimental results of displacement sensing are shown. In the 
first section (6.1), the optical displacement sensing principle is explained and the 
concepts of optomechanical coupling, optical gradient force, backaction and 
thermal force on the nanoscale are introduced. A state-of-the-art on integrated 
optomechanical platforms for displacement sensing is given and compared to the 
work presented here. In section 6.2 experimental results on the NOEMS 
displacement sensor for low-optical pumping are presented and the influence of 
temperature, input power, and DC and AC actuation on the system is shown. 
Finally, in section 6.3 the DM structure under high-power excitation is explored and 
static and dynamic nonlinear effects are observed, such as bistability, the optical 
spring effect and parametric instability (amplification). The results in this chapter 
have been partly included in [88].  

 

6.1 Introduction 
 
Sensing of displacement and its time derivatives (speed and acceleration) is often 
needed in applications ranging from determining precisely the thickness uniformity 
of a sheet of material (e.g. glass or metal),  vehicle safety (e.g. speedometers, 
accelerometer in airbags) or in proximity sensors. From all sensing techniques, 
optical motion sensing offers the highest sensitivity due to the intrinsic nature of 
light as an information carrier that adds very little noise. An example of extremely 
high sensitivity of interferometric optical displacement sensing is the famous LIGO 
experiment, where the first ever signature of gravitational waves was recently 
detected[128],[129]. But the principle is also widely applied at smaller scales, for 
example in laser Doppler interferometers. 

The basic idea behind optical sensing of motion with the help of a cavity is best 
explained using a prototypical Fabry-Pérot (FP) optical cavity where one mirror is 
fixed and the position of the other mirror is monitored. The resonant wavelength is 
proportional to the length of the cavity, so a shift in the mirror position will induce 
a change in the wavelength. The highest sensitivity is obtained by measuring e.g. 
reflection from a high-Q resonator using a laser positioned at the steepest slope of a 
resonance, where the change in intensity for changing displacement due to cavity 
frequency variation is the highest. This interaction of light and mechanical motion is 
studied in the field of cavity optomechanics. 
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Basic concepts from cavity optomechanics such as optomechanical coupling, optical 
forces and backaction on the microscale are described first in the next section. Next, 
factors limiting sensitivity are discussed and an overview of state-of-the-art 
integrated optical displacement sensors is given. In the end of the section, thermally 
induced nonlinearities in nano-scale systems caused by high input powers are 
described.  

6.1.1 Optomechanical coupling 
 
The optomechanical coupling is expressed most commonly with two parameters: 
the coupling rate Gω= -dωc/dx (frequency shift per unit displacement) which is 
dependent on the reference system used for the displacement; and an independent 
parameter g0= Gω·xzpf called the optomechanical photon-phonon coupling rate, 
where xzpf is the zero-point fluctuation of the mechanical resonator, given by: 

2
zpf

m

x
m

=
Ω

ℏ

  

   (6.1) 

where m is the motional mass and Ωm the resonator frequency. In this work, the 
coupling rate Gω will be predominantly used. 

In nanoscale systems, the photon-phonon coupling rate can be much larger than in 
macroscopic objects, due to the small mass of the system and concentration of light 
in small volumes, which increases Gω to values of hundreds of GHz/nm, resulting 
in photon-phonon coupling rates as high as g0/2π~ 10MHz obtained recently in a 
sliced PhC nanobeam[130].  

6.1.2 Optical force at the nanoscale 
 
The optomechanical coupling is not unidirectional meaning that apart for 
mechanical motion changing the optical resonance, the radiation pressure inside the 
optical cavity exerts a force as well, which can induce a mirror shift in a 
macroscopic FP cavity. This in turn changes the optical frequency which changes 
the number of photons in the cavity, leading to a feedback loop.  

On the microscale this force is enhanced by light confinement and is commonly 
referred to as the gradient force which is also the basic working principle of laser 
optical tweezers. There, a strong variation of electromagnetic field causes 
polarization of dipoles in microscopic particles and the effective force acting on the 
particle accelerates it towards the strongest field region [131]. Microscopic 
structures such as integrated optical waveguides or resonators can be considered as 
a collection of individual microscopic dipolar subunits [131]. Consequently a PhC 
membrane incorporating an optical cavity can be accelerated by a strongly varying 
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EM field such as the evanescent field of another identical PhC membrane-cavity 
system, as in the DM PhC system described in this thesis. 

Compared with radiation pressure due to photons reflected from the cavity, 
gradient forces can provide a much larger force per photon when strong 
electromagnetic field gradients are available [131]. The gradient force acting on a 
mechanical system in contact with an externally pumped optical cavity will be 
Fgrad= -dU/dx where U= Nphħωc is the energy stored in the cavity, Nph is the number 
of photons and ωc is the cavity frequency[132]. The force can be rewritten as: 

grad ph
F N Gω= ℏ

  
(6.2). 

The equation is valid under the assumptions that the evolution of ωc is adiabatic, 
implying that the number of photons is constant. 

Strong gradient forces are present in DM PhC cavities due to high field 
concentration in a small volume. It is attractive for S and repulsive for AS modes 
and increases with decreasing intermembrane distance. It induces opposite tunings 
for S and AS modes as opposed to e.g. thermally induced tuning which has the 
same sign for both modes. The existence of strong gradient forces in DM PhC 
structures was theoretically proposed in [132]. The same group has experimentally 
shown a radiation force induced shift of 4nm for strongly pumped (~20mW) band 
edge modes of a rectangular PhC DM in reflection measurements [44]. For an 
estimate of gradient force shift in our system, see Appendix A of this chapter.  

6.1.3 Backaction  
 
In an optomechanical system e.g. the DM structure of this thesis, the number of 
photons coupled to the cavity when pumping with an external laser depends on the 
laser detuning, so the gradient force will depend on the detuning as well. This can 
induce a dynamic backaction and influences the mechanical resonator, namely its 
frequency Ωm and  damping rate Γ [133]. If we assume purely dispersive 
optomechanical coupling, i.e. the mechanical force induces only a frequency shift of 
the optical mode and does not influence the optical losses (no change in the optical 
Q-factor), and that the system is in the fast cavity limit where the mechanical 
frequency is much smaller than the optical linewidth (Ωm<< κ ), the mechanical 
frequency shift δΩm and damping rate change δΓ of a laser pumped opto-
mechanical system due to dynamic backaction can be found as5: 

2

0 2 2

2
( )

/ 4
m phg Nδ

κ

∆
Ω ∆ =

+ ∆       
   (6.3), 

                                                           

5 A full derivation of the Eq. 6.3 and 6.4 according to [133] can be found in the thesis 
of S. Westendorp [169]. 
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  (6.4), 

where ∆= ωL-ωc is the laser detuning from the cavity. Depending on ∆, the gradient 
force is in the same or in the opposite direction as the restoring elastic force, 
meaning that a stiffening or softening of the mechanical mode will occur (change in 
Ωm). This is described in Eq. 6.3 and is referred to as the as the optical spring effect. 
The optical spring effect is sometimes used to obtain the value of photon-phonon 
coupling rate g0[94] and can even be utilized for sensing of e.g. single molecules in 
an optomechanical structure[134]. 

Due to the finite lifetime of the cavity, the force is delayed a fraction of the 
mechanical period, which leads to a change in the damping rate (Eq. 6.4). This 
effectively heats up or cools down the mechanical resonator with the help of the 
optical cavity. For input powers and therefore number of intracavity photons that 
are high enough the intrinsic mechanical damping can be cancelled by (negative) 
optical damping, decreasing the total damping Γtot to zero for ∆>0 (blue-detuned). 
Beyond this instability threshold, the amplification of motion arises.  

Cavity cooling by means of the gradient force is useful in reducing thermal noise of 
the resonator[135] as will be discussed in the next section. On the other hand, 
amplification of motion has proven to be interesting in making integrated RF 
frequency references with small linewidths and noise - optomechanical oscillators 
(OMOs) where a large number of high-harmonics and some sub-harmonic can be 
generated[136]. 

6.1.4 Sensitivity limit 
 
The optomechanical coupling between displacement and cavity frequency allows 
for probing the mechanical motion by measuring the light reflected from or 
transmitted through the optical cavity. The sensitivity of optical displacement 
measurements is limited by the noise in the system. Fundamentally, if detector 
noise is assumed to be low, the main source of noise in continuous displacement 
measurements is optical shot noise. Sensitivity can be increased by increasing the 
optical power Pin since the shot-noise-limited power spectral density of 
displacement noise scales as 1/Pin. This is effective only up to the point where 
dynamic backaction noise (scaling as Pin) becomes dominant. Backaction noise is 
caused by random fluctuations of radiation pressure force acting on the mechanical 
resonator, and this force is directly proportional to the number of photons (Eq. 6.2), 
i.e., to the input power. A more detailed explanation and derivation of these noises 
can be found in [137]. An estimate of noises for the system presented in this thesis is 
given in the Appendix B of this chapter. 

Apart for shot noise and backaction noise, pure thermal noise due to Brownian 
motion of the resonator is the highest source of noise at room temperature.  This is 
the reason why cooling the mechanical resonator via radiation pressure 
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backaction[138] or gradient force backaction[135] is used to reach extremely high 
sensitivities down to the standard quantum limit (SQL), which is the lowest noise 
level possible for continuous displacement measurements. Here, the total noise xsql 
in the measurement of displacement δx, i.e. the sum of imprecision and backaction, 
is equal to the zero-point fluctuations defined in Eq. 6.1:  xsql= xzpf  [137].  

The variance of displacement due to thermal Brownian motion at temperature T is 
equal to: 

2

2

B

th
m

k T
x

m
=

Ω   

 (6.5), 

where kB is the Boltzmann constant, Ωm is the mechanical frequency and m is the 
motional mass (dependent on how the displacement is defined). In frequency 
domain thermal noise is the highest at the mechanical resonance and is much lower 
for frequencies far from the resonance. The power dependence of noise 
contributions added on top of the thermal noise  at the mechanical frequency (Ω= 
Ωm) for an optomechanical system described in [137] is shown in Fig. 6.1. 

 

Figure 6.1: Displacement spectral density of added noise as a function of input power at the 

mechanical frequency. Figure taken from [137] (Fig. 22 bottom). For low powers imprecision 

noise is dominant, while for higher powers the backaction noise becomes larger. At the 

intersection between the two contributions the SQL limit can be reached. 

6.1.5 State-of-the-art in integrated displacement sensors 
 
Integration of displacement sensors on a chip brings benefits in terms of size and 
cost and thus enables more applications. Additionally, large optomechanical 
coupling, high optical and mechanical quality factors and small input powers 
possible in nano-opto-mechanical structures provide excellent performance, 
comparable or better than macro-scale devices. 

Indeed, very high displacement sensitivities were shown in integrated optical 
structures, with imprecisions < fm/Hz1/2 and well below that of the SQL using 
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micro-disk(MD) resonators[139] and photonic crystal cavities in nanobeams 
(NB)[130],[140]. 

In [141], an implementation where optical and mechanical degrees of freedom are 
separated, motion of a nano-cantilever is transduced using a micro-disk resonator 
with ~0.4fm/ Hz1/2 imprecision. This structure has been further used by the same 
group to make an atomic force microscopy (AFM) tip with direct readout through 
an optical fiber [142].  

Having electrical control over the optomechanical systems is desirable as it gives 
extra degrees of freedom in terms of actuation, meaning that mechanical and/or 
optical frequency can be adjusted for a specific application or to match the external 
source frequency (e.g. single-wavelength laser), reducing the cost of the device. A 
MEMS structure that allows electrostatic tunability of the optical mode of α/2π= 
0.085nm/V2 and control of the optomechanical coupling is shown in [143], where 
displacement sensitivity δx= 4.6fm/Hz1/2 is achieved. 

Additionally, actuation functionality in an optomechanical platform allows greater 
control by means of feedback stabilization and can even be used to enhance the 
nonlinear optomechanical effects. This has been utilized in an in-plane MEMS air-
slot structure[51] to obtain electrically controlled optomechanical backaction, where 
the optical mode is feedback-locked to a fixed pump which allows very large tuning 
of the mechanical mode (∆Ωm ∝ Ωm).  

In another electro-opto-mechanical implementation a structure similar to the one 
from [51] but with an ultrasmall capacitor gap (30nm) was fabricated with the goal 
of microwave-to-optical signal conversion[97]. An electrostatic tunability of the 
optical mode (α/2π≈ 3pm/V2 at 1550nm) and capacitive tuning of the mechanical 
mode (β/2π≈ -4kHz/V2 at 50MHz) have been reported. 

All of the mentioned implementations use interferometric techniques to probe the 
optical mode either in reflection or in transmission, and have external readout using 
a free-space or fiber-coupled fast photodiode. Integrating a detector on the same 
chip as the sensor can bring benefits in terms of stability, coupling efficiency and 
packaging complexity for real world applications as shown in [144] where a p-i-n 
photodiode is integrated with a cantilever sensor using a waveguide in an InP 
platform.  

Integration of a detector and an OMO on the same chip has been shown in [136] 
where an air-slot PhC cavity is connected by waveguides to Ge high-speed 
detectors in a mm2 footprint CMOS platform. The device is driven by radiation 
pressure into mechanical amplification and presented as a high-quality frequency 
reference for RF signals. Although non-amplified mechanical motion at ~100MHz 
mechanical frequency is shown as power spectral density measured by the internal 
detector, no calibration is given so the displacement sensitivity could not be 
discerned. In another realization of on-chip motion detection the movement of a 
nano-cantilever at fm~100MHz was detected using an integrated electronic 
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displacement transducer based on piezoresistive thin metal films  and sensitivity of 
39fm/Hz1/2 is reported [145]. 

In this chapter, a different approach will be shown where the optical mode is 
probed by means of cavity absorption read directly on chip, within a compact 15x15 
µm2 footprint. We report displacement sensitivity of 100 fm/Hz1/2 measured with 
integrated read-out and currently limited by large electrical pick-up noise 
(discussed later in this chapter). We estimate however that noise coming from other 
sources such as optical shot noise, thermal noise of the load resistor, backaction 
noise translates to sensitivity of 3.6 fm/Hz1/2 (see Appendix B), comparable to 
values reported with external detection. We report further tunability of the optical 
mode (α/2π≈ 3nm/V2 at 1300nm) and of the mechanical mode (β/2π≈ -42kHz/V2 at 
2MHz), both larger than for the in-plane actuation in [97]. 

Table 6.1: Comparison of optomechanical sensing platforms.          

 [139] [130] [140] [143] [97] [136] 
This 

work 

Platform 

NB 

and 

MD, Si 

sliced 

PhC NB 

in Si 

PhC 

NB in 

Si 

Si and Si3N4 

MEMS MD 

air-slot 

PhC MEMS 

in Si 

air-slot 

PhC in Si 

DM PhC 

in GaAs 

Footprint 
0.4x65 

µm2 

1x10 

µm2 

0.5x10 

µm2 
20x20 µm2 5x15 µm2 

15x20 µm2 

cav.,~mm2 

with det. 

15x15 

µm2 

meff [pg] 2.9 2.4 0.14 ~600* 10 not given 50 

Gω/2π 

[GHz/nm] 
0.7 360 127* 0.065-13.4 36 not given 25-60 

g0/2π  

[kHz] 
20 11500 415 1-240* 125 800 230-550 

λc [nm] 775 ~1450 ~1550 ~1550 ~1550 ~1550 ~1300 

Qc ~4∙105 4∙103 1.5∙104 4∙105 9∙104 105 104 

fm [MHz] 5 1.5-5 5500 0.04 50-60 100 2 

Qm 7.6∙105 500 2∙103 1.4∙103 150-350 500 1.4∙103 

δx 

[fm/Hz
1/2

] 
0.04 0.3 0.01 4.6 not given not given 100 

α/2π 

[nm/V
2
] 

/ / / 0.085 0.003 / 3 

β/2π 

[kHz/V
2
] 

/ / / / -4 / -42 

Integrated 

detection 
/ / / / / 

yes 

Ge 

detector 

yes 

InAs QDs 

 

 * Calculated from parameters given in the paper. 
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Some of the integrated optomechanical sensing platforms mentioned in this section 
are compared for clarity in Table 6.1 on relevant parameters: platform, footprint, 
effective mass meff, optomechanical coupling rate Gω, photon-phonon coupling rate 
g0, optical cavity wavelength λc, optical Q-factor Qc, mechanical frequency fm, 
mechanical quality factor Qm, displacement sensitivity δx, electro-mechanical 
tunability of the optical mode α expressed in nm/V2, electro-mechanical tunability 
of the mechanical mode β expressed in kHz/V2 and whether detection is integrated. 
Although all of these optomechanical platforms can be used to detect motion, it was 
not always the goal of the work and thus displacement sensitivity was not reported 
in some cases. These works have been chosen by the author based on electro-opto-
mechanical functionalities that the platforms offer i.e. actuation and integrated 
detection ([143], [97], [136]) and compared to two purely opto-mechanical works 
excelling in terms of photon-phonon coupling rate[130] and displacement 
sensitivity[140],[139]. 

6.1.6 Thermally induced nonlinearities 
 
When light is coupled to optical microcavities the small optical mode volumes 
make them susceptible to thermally-induced nonlinearities because power lost 
through absorption within the resonator must dissipate through a smaller surface 
area (∆T ∝ 1/S) [146]. Similar to the localization effects of the gradient optical force, 
temperature gradients caused by local heating due to absorption of light can drive 
mechanical motion through photo-thermo-elastic force. A wide range of 
phenomena appears in these conditions such as hysteretic wavelength response, 
oscillatory instability etc. [146]. In displacement sensing these effects are usually 
unwanted as is the gradient force induced amplification, and can be limiting factors 
in terms of input power which in turn limits the output signal. 

The influence of the temperature increase inside the cavity volume on the resonant 
wavelength can be described with one thermal coefficient taking into account both 
thermal expansion ε in units m/m·K and change in the refractive index dn/dT in 
units 1/K if we assume that the temperature difference between the mode volume 
and the surrounding ∆T is small. In that case the joint thermal coefficient will be α= 
ε + 1/n·(dn/dT), and the resonant wavelength becomes λc= λc0 (1+ α∆T). This 
formalism is taken from [146] where it has been developed for spherical cavities, 
but for small ∆T and under the assumption that the cavity mode volume is roughly 
spherical it can be extended for our system. 

Assuming that light absorption occurs only in the QDs layer (i.e. neglecting two-
photon absorption) and that the absorbed power is entirely dissipated into heat, 
heat produced at a rate qin will depend on the impinging power Pin, the coupling 
coefficient of the light into the cavity mode ηc, absorption efficiency ηa= Qc/Qabs and 
the laser-cavity detuning (λL - λc):   
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(6.6), 

where δλc is the cavity linewidth. On the other hand, the heat flow leaving the 
cavity is qout= K∆T, where K is the thermal conductance between the cavity mode 
volume and the surroundings. To be more precise, there are two types of thermal 
conduction processes, with two different timescales: a faster one describing the heat 
dissipation from the mode volume to the rest of the microcavity structure (in our 
case the four-arm bridge), and a slower one connected with the heat dissipation 
from the microcavity to the surroundings. For simplicity, they can be regarded as 
not separate [146]. The net heat flow to the cavity is qin – qout and the temperature 
variation can be calculated from: 

( )
p in out

C T t q q∆ = −
i

 
  (6.7), 

where Cp is the heat capacity. Solving this equation one can describe the dynamical 
thermal behavior and obtain the hysteretic response (e.g. [146]). If the parameters in 
Eq. 6.6 change slow enough (e.g. detuning) the static response is sufficient to 
describe the system (qin - qout = 0). 

In section 6.2 the Brownian motion of the membrane is probed using the optical 
cavity. Because the cavity wavelength redshift caused by absorption is found to be 
only a fraction of the cavity linewidth therefore no significant heating for the optical 
powers used is expected (< 1K). In section 6.3 larger optical powers are used for 
amplification of motion. Nevertheless cavity heating estimated from the observed 
redshift is again not significant (< 5K).   

 

6.2 DM photonic crystal displacement sensor 
 
In this section a demonstration of displacement sensing capability of the NOEMS 
device is shown by measuring its Brownian thermal motion. Detecting Brownian 
motion is commonly used to determine displacement sensitivity of an opto-
mechanical structure without having to apply an external force to the device. For a 
structure of an estimated motional (effective) mass meff and mechanical mode 
frequency Ωm the displacement variance at temperature T is given by Eq. 6.5 which 
can be used to obtain displacement sensitivity from the noise floor as will be 
explained later in the text.  

 The general principle of optomechanical transduction of motion is shown in Fig. 
6.2: An optical cavity at frequency ωc is probed with a laser red-shifted from the 
cavity to frequency ωL where the slope of the cavity lineshape dL(ω)/dω is 
maximized, and the output signal in the form of light reflected or transmitted 
through the cavity is monitored on a detector. For a Lorentzian cavity lineshape the 
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point of maximum slope is  ωL= ωc-δωc/2, where δωc is the cavity linewidth. 
Displacement variation δx due to e.g. Brownian motion will cause the cavity 
position to vary as well by δω= Gω·δx, which is detected in the output signal as a 
variation δS= (dS/dω)· δω, where S is proportional to L. For high-Q cavities, the 
laser is often tuned to the thermally stable side of the resonance (whichever that is), 
where backaction does not amplify the motion. 

 

Figure 6.2: Displacement sensing principle of operation. 

The output signal is in most implementations light reflected from the structure that 
is measured on an external photodiode. In this case, light needs to by guided off-
chip and often also separated from directly scattered light, for example with a cross 
polarized input/output configuration. All this requires off-chip optical elements 
which is not ideal for practical sensor applications as it increases the size and 
complexity of the system, requires critical alignment and can lead to possible 
stability issues.  

An attempt to avoid such complications is presented in this work. An on-chip 
resonant detection of light directly in a high-Q optical cavity is made possible in the 
DM PhC NOEMS sensor with a QD p-i-n photodiode embedded in the top 
membrane.  

For a laser red-detuned from the cavity as in Fig. 6.2 the intracavity photon number 
is probed by means of absorption, and photocurrent readout of small ~pm thermal 
displacements of the top flexible membrane is performed. We show that for low 
input powers no large perturbations to the system are made by optical forces or 
heating. In other words, the detected signal is caused primarily by the thermal 
Brownian motion. To the best of our knowledge this is the first optomechanical 
platform where displacement is measured with an on-chip detector that is inside 
the cavity (an RCE photodetector). 

The circuit used for measuring the photocurrent spectrum and the noise 
contributions arising from particular elements of the circuit are described in the 
next section. Further, two types of displacement calibration and the discrepancy 
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between them will be discussed. The influence of temperature and DC actuation 
voltage on optical and mechanical properties of the device will be explored, and 
relation between input optical power and detected power will be given. Finally, the 
response function of the system to actuation (external) and thermal motion 
(internal) will be shown. 

6.2.1 The measurement circuit and noises present in the system 
 
In the measurements of the top membrane’s Brownian motion a laser red-detuned 
from a high-Q cavity mode is coupled into the cavity and the photocurrent 
spectrum amplified by the transimpedance amplifier (TIA), is measured with an 
electronic spectrum analyzer (ESA) as shown in the circuit in Fig. 6.3a.  

To get a better idea of the influence of the TIA, the RF probe, and the device itself 
on the measurement imprecision, the ESA was used to measure the noise floor for 
different configurations in the range 0-4MHz when no light is impinging on the 
sample (Fig. 6.3b). A grounded R= 50Ω resistor (blue curve) gives the ESA noise 
floor (~-157 dBm/Hz), and the TIA (A=500kV/A, BW=4 MHz) in open circuit (red 
curve) shows the amplification of the TIA input noise ITIA= 490 fA/Hz1/2 as 
specified by the manufacturer [147]. The added noise from the TIA is very small 
and the main source of noise in the system is found to be the RF probe (magenta 
curve): The noise increases by around 21dB when connecting the probe in open 
circuit to the TIA.  

We tentatively attribute this to environmental electrical noise which is coupled 
capacitively to the probe. The noise base-floor is increasing with frequency from 10-

15 W/Hz (IN~ 600 fA/Hz1/2) for f< 100kHz to 10-12 W/Hz (IN~ 14pA/Hz1/2) for f> 
3MHz, which we interpret as an RC high-pass filter present in the circuit where the 
capacitance and resistance are coming from the transmission line (probe) and the 
TIA. However, this explanation remains at the level of speculations and the true 
origin of the probe noise remains unknown. Above the noise base-floor a number of 
sharp RF lines are present in the (0-2MHz) range, indicating that the probe together 
with the long arm holding it is acting like an antenna picking up the RF waves 
present in the atmosphere. These sharp radio signals were to a greater or lesser 
degree persisting through all the measurements done with this setup. 

The device itself adds only 2dB additional noise when connected to the probe (cyan 
curve) indicating that large improvements can be made to the system if the probe 
noise is reduced. 

This noise can perhaps be lowered by means of wire-bonding contacts instead of 
using finger probes, approaching in our case the sensitivity limit of δx~ 1fm/Hz1/2 
more closely (see Appendix B). 
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Figure 6.3: Displacement measurements circuit and RF noise. a) Sketch of the measurement 

circuit with indicated device, input laser, RF-probe, amplifier and the ESA. The device is 

mounted in a vacuum chamber (pressure below 10
-4

 mbar) to minimize air damping. b) ESA 

measured output power in the spectral range of 0-4MHz for different inputs. When the TIA is 

connected to the RF three-finger probe of the setup in open circuit (magenta curve) the noise 

increases by 21dB and the RF pick-up noise in the 0-2MHz range becomes visible. When the 

TIA is connected to the device (probe touching the sample) the noise increases by additional 

2dB (cyan curve). 

6.2.2 Readout of mechanical motion with an integrated photocurrent 
detector 
 
The ESA in the circuit from Fig. 6.3a measures the power spectral density in W/Hz 
at its input. This can be directly related to the spectral density of displacement Sxx(f) 
(in units m2/Hz). The displacement due to Brownian motion (δx) causes small 
changes in the cavity frequency (δω), which can be accessed by measuring the 
photocurrent variation (δIph) at the frequency of motion.  

The use of the TIA to amplify the signal is not strictly necessary and some of the 
measurements shown in this chapter have been done without it, connecting the 
photodiode probe directly to the ESA. In this simpler case the measured power 
spectral density will be Pout = Iph

2·Z, where Iph is the current spectral density (in 
A/Hz1/2) and Z is the ESA load (50Ω). Sxx will then be given by: 

( )
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2

( ) 1
( )

/

out
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ph

P f
S f

ZdI d Gωω
=

   

(6.8), 

where dIph/dω is the derivative of the photocurrent spectrum and Gω= dω/dx is the 
optomechanical coupling. When the TIA is present in the circuit the conversion is 
slightly different (amplification A is present): 
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(6.9). 

When the cavity is excited with the laser close to the resonance a peak will appear 
in the electronic spectrum of Pout as measured by the ESA at the frequency of the 
mechanical motion, where Sxx(f) has a maximum. For the laser detuned to the 
largest slope of the cavity spectrum, the peak will be maximized and the best signal 
to noise ratio is achieved. By comparing Sxx(f) obtained with and without the TIA 
(using calibration from Eq. 6.8 and 6.9), we have observed experimentally that 
while the signal is the same (as expected), the noise floor is ~6dB lower when using 
the TIA. This is due to the fact that in direct measurements the ESA noise floor is 
determining the SNR, while in the measurements with the TIA the noise floor is set 
by the amplified electrical noise of the probe-device system (see Fig. 6.3). For this 
reason, the TIA was instrumental to reach the highest precision in the system. 

An example of the Brownian motion detected with photocurrent readout is given in 
Fig. 6.4c for a device with ohmic contacts, where a laser (Pin= 100µW) is positioned 
at 1314.29nm (see Fig. 6.4b) on the slope of the optical resonance. Transduced 
thermal motion of the fundamental flexural mode with a frequency Ωm/2π= 2.21 
MHz and quality factor Qm≈ 1400 is observed in good agreement with the frequency 
obtained from the mechanical simulation (2.18MHz) shown in Fig. 6.4a. The two 
other sharp features present in both measurements originate from the 
environmental RF interference as discussed before. 
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Figure 6.4:  Brownian motion detected via photocurrent readout. a) 3D color displacement 

plot of the 4-arm bridge fundamental mechanical mode with frequency f1 = 2.18 MHz 

simulated using Comsol. The displacement is exaggerated in the plot to be more visible. b) 

Photocurrent measurement of the AS optical mode used for probing the mechanical 

resonance. The laser input power is P= 100 µW. The red dot indicates the position of the laser 

for the measurements in c) and the black dashed line is the Lorentzian fit of the data. c) ESA 

power spectrum showing the fundamental mechanical mode in the output power (red dots) 

and control measurement with laser off (black dots). The right axis is the power spectral 

density of motion calibrated in such a way that the integral underneath the curve is equal to 

kBT/meffΩM
2
. The CW laser was coupled into the cavity and the laser wavelength was red-

detuned from resonance to the wavelength where the Pout signal was the highest (λL= 

1314.29 nm) and its power was kept low enough so as not to excite self-oscillations. 

The area underneath the Sxx(f) curve (after background subtraction) should be equal 
to the thermal variance from Eq. 6.5, where T= 297 K and meff~ 50 pg is the effective 
mass obtained from FEM simulations (Fig 6.4a) resulting in an rms amplitude of 
motion at the mechanical resonance of xrms ≈ 21pm. This however was not the case 
for the performed measurements. In fact, the Sxx(f) calibrated using Eq. 6.9, with 
independently estimated sample parameters, was consistently 3-10 times lower 
than the predicted thermal variance. For this reason the kBT calibration was used 
instead (right axis in Fig. 6.4c). Possible reasons for the discrepancy are investigated 
in the next section. The calibration is important to estimate the sensitivity of a 
sensor to mechanical motion and in a real-world application the response of the 
sensor to (known) displacement is often compared to another pre-calibrated sensor. 
In our case for the proof-of-concept device and in the present setup this would be 
difficult to perform. Therefore, sensitivity was estimated from the noise floor at the 
mechanical resonance instead (Fig. 6.4c). This gives an imprecision in displacement 
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readout of 100 fm/Hz1/2, which is presently limited by the pick-up electrical noise 
in the setup (~20dB added noise close to the mechanical frequency), as previously 
discussed. The fundamental noise sources (photon shot noise, backaction noise, 
resistor thermal noise) can be estimated to lead to a displacement resolution of 
3.6fm/Hz1/2 (see Appendix B) meaning that by optimizing the connection between 
the device and the amplifier and increasing the efficiency significant improvements 
could be made.  

Whether the laser is red-detuned or blue-detuned does not change the integral 
underneath the curve, provided that the laser power is low enough to only probe 
the mechanical oscillations and not to amplify (blue side) or “cool” them (red side). 
This is experimentally confirmed as described later in the text (see section 6.2.5). 

6.2.3 Discrepancy between self-calibrated and kBT calibrated Sxx 

curves 
 
The discrepancy between the Sxx calculated from Eq. 6.9 and from Eq. 6.5 can have 
several explanations that will be discussed here. First of all, the uncertainty of 
parameters entering equation 6.9 can significantly influence the scaling factor that 
multiplies the output power Pout. The optomechanical coupling Gω = dω/dx of the 
particular cavity mode used is obtained from simulations and relies on the 
knowledge of the gap between the membranes in the center of the cavity which is 
difficult to measure (an optical profilometer would give a good result, but was not 
available in our facilities). The gap can be estimated from the experimental S-AS 
mode distance (e.g. from PL), again using simulations. For example, for the cavity 
measured in Fig. 6.4 the ∆λS-AS= 27nm for the Y2 mode indicating a gap of d0= 
232nm, and this translates to  Gω = 1.72·1020 s-1m-1. In the range of inter-membrane 
gaps of 250-200nm, the Gω varies by almost a factor of two (1.35-2.35) ·1020 s-1m-1, so 
depending on the buckling, this can change the result of the Sxx calibration. If we 
take the uncertainty in the gap to be ±10nm around the simulated value, the relative 
error in the optomechanical coupling is δGω/Gω= 25%. 

The amplification (A) varies very little in time and frequency from the value 
specified by the manufacturer so it is considered to be fixed. The photocurrent slope 
SI= dIph/dω is determined by fitting the recorded photocurrent (Fig. 6.4b) with a 
Lorentzian and this method was preferred over numerical derivation which 
depends on the precision of the measurement (the wavelength step) and 
additionally does not average the noise. The photocurrent acquisition of the cavity 
mode is done just before or right after the ESA measurement but small variations in 
the peak wavelength can occur, as well as a change in the intensity due to 
misalignment. For example, two such measurements done before and after the ESA 
acquisition (4 minutes apart) show a relative change of δSI/SI= 15% in the 
photocurrent slope and a drift of the fitted peak by as much as 14pm. 

Apart for the two mentioned parameters there is a possibility that the photocurrent 
at DC (Fig. 6.4b) and the photocurrent at high frequencies are not the same if an 
electrical cut-off is involved. The TIA specifications states that the bandwidth and 
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frequency response of the amplifier are independent of detector capacitance up to 
15pF [147] which is the value of the capacitance estimated for the QD diode. Thus, if 
there are additional parasitic capacitances this might cause an issue. Additionally, 
the TIA has an input capacitance of CTIA= 5pF in parallel to the load resistor. 
Considering the possible leaks of the current at the mechanical frequency if typical 
QD-diode parameters from Chapter 2 for devices with ohmic contacts are taken 
(series resistance RS= 100Ω, junction capacitance Cj= 15pF and the differential 
resistance at zero bias, Rd= 200kΩ) the series impedance determining the 
photocurrent going to the TIA is Rs+ZTIA= 150Ω. In parallel there is a large 
differential resistance Rd, and additional 1/2πfCj~ 5.6kΩ and 1/2πfCTIA~ 15.9kΩ 
impedances (@ f= 2MHz). In other words, no large loss of current (~ 2%) is expected 
at the mechanical frequency for a device with ohmic contacts. The parasitic 
capacitance of the probe was not taken into account for these estimates, as it should 
not be significant because the probes are designed to go up to 40 GHz. 

The maximum uncertainty range taking into account the photocurrent slope change 
and optomechanical coupling rate change is then calculated from the highest and 
the lowest values to be [0.48·Sxx 2.46·Sxx]. This translates into the same uncertainty 
range of the variance i.e. [0.48·‹xself-cal›

2  2.46·‹xself-cal›
2] which can be calculated by 

integrating Sxx calculated using Eq. 6.9. For the data from Fig. 6.4c with the 
parameters Gω = 1.72·1020 s-1m-1, dIph/dω =1.395·10-18 A·s, A=5·105 V/A, a value of 
‹xself-cal›

2 = 1.04·10-22
 m

2 is obtained and the maximum uncertainty range is [0.5 2.56] 
·10-22

 m
2. 

On the other hand the uncertainty in Eq. 6.5 depends on the uncertainties in 
effective mass, the temperature and the frequency. The frequency is known and can 
be considered stable, while changes in the cavity temperature due to heating effects 
were estimated to be less than 1K at the input powers used in this experiment (see 
section 6.2.5). The effective mass depends on the geometry, the density of the 
material and how displacement is defined. Here the maximum displacement of the 
center of the top cavity is chosen because this will also be the displacement 
measured by the sensing element (cavity). It can be calculated from a 3D 
mechanical FEM eigenmode simulation (Fig. 6.4a) for the known geometry of the 
bridge. In this model parameters of the layer-stack from growth and design 
specifications of the bridge from optical lithography mask were used and density 
was normalized by the PhC holes filling factor. A uniform underetch was included 
as well (0.5-1.5µm) which makes the membrane more flexible and thus decreases 
the mechanical frequency. In order to derive the effective mass from the model the 
energy stored in the oscillating mode U= meffΩm

2xmax
2/2 is first found by integrating 

the energy density over the whole volume and the mode mechanical frequency and 
the maximum displacement are plugged into the formula (both included in the 
solution of the eigen-frequency simulation). Possible discrepancy can occur if the 
real mass of the structure is different (e.g. due to thickness difference of ±10nm) or 
if the structure is buckled. Combined influence of these discrepancies should not 
change the effective mass more than 20%. For the structure from Fig. 6.4c the 
effective mass is calculated to be meff= 48±10pg  which when inputted in Eq. 6.8 
gives a range for the thermal variance ‹xtemp-cal›

2 = [3.55 5.33] ·10-22
 m

2.  
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The ranges for variance calculated using Eq. 6.9 and Eq. 6.5 obtained from this 
analysis do not overlap i.e. the stated discrepancies do not add up to explain the 
difference between the two calibrations. Other possible reasons that were not 
explored in detail include: If the buckling is larger than predicted and is reducing 
the effective mass by a factor of more than 2; if the cavity was being cooled this 
would reduce the effective temperature of the mechanical resonator, however this is 
also not very likely since for the input powers used amplification was not observed 
for blue-detuned laser and the surface under the Sxx curves on the two sides differs 
by <5% for low input powers; unexpected electrical loss in the photodiode at the 
mechanical frequency so that the DC measured photocurrent slope (Fig. 6.4b) 
cannot be used in Eq. 6.9 to calculate the Sxx. 

6.2.4 Influence of temperature on optical and mechanical properties 
of the system 
 
Here the temperature dependence of mechanical and optical properties of the 
system is explored and Brownian motion sensing is performed at different 
temperatures in order to check the difference of two calibrations and further 
confirm that the peak in the photocurrent spectral density is related to thermal 
motion. The experiment proceeded as follows: the photocurrent was measured at 
the starting temperature (170K) with 0.5mW impinging power; the ESA 
photocurrent spectrum of the mechanical mode was recorded, with the laser red-
detuned close to the point of the highest slope (within 10pm); the temperature was 
raised using the cryostat heater and temperature controller and measurements were 
repeated once the temperature was stable, but with the impinging power decreased 
in order to have similar peak photocurrent signals (dIph/dω constant between the 
measurements). Realignment of the laser position was performed at every 
temperature. The optical cavity wavelength and Q-factor dependence on 
temperature extracted from Lorentzian fits are shown in Fig. 6.5a. The Q-factor of 
the optical cavity varies little with temperature (the broadening due to thermal 
Brownian motion is estimated to be ~5pm at 300K) and the cavity peak wavelength 
red-shifts with temperature due to change in the refractive index  with a slope of 
δλc/δT = 81pm/K. This is almost one cavity linewidth (~100pm) per Kelvin which 
shows that PhC cavities make very sensitive temperature/refractive index sensors 
[148], [149]. The input power used and the S/BKG ratio of the cavity photocurrent 
measurements are shown in Fig. 6.5b. The overlap between the QDs and the cavity 
is best at room temperature (by design), and changes significantly when 
temperature decreases. The QD ensemble ground state emission blue-shifts more 
than three times faster than the cavity (δλQD/δT ≈267pm/K [150] or 35nm between 
170K and 300K), which is why the optical power was decreased with increasing 
temperature to obtain the same photocurrent signal (Fig. 6.5b). The S/BKG ratio 
was found to be the best at 210K possibly having both low enough power and large 
enough mismatch between the cavity and the QDs to produce the lowest 
photocurrent noise.  
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Figure 6.5: The optical and mechanical parameters temperature dependence in the 

170÷300K range. a) Tuning of the cavity position with temperature (red, left axis) and the 

change in optical Q-factor (blue, right axis) as obtained from Lorentzian fits of the cavity 

photocurrent. b) Estimated impinging power on the cavity used to obtain similar 

photocurrent peak signal (~200nA) at different temperatures (red, left axis) and signal to 

background ratio of the photocurrent signal at different temperatures (blue, right axis) 

obtained from the cavity photocurrent fits. c) Change of the mechanical frequency (red, left 

axis) and Q-factor with temperature (blue, right axis) as measured using the ESA and 

extracted from Lorentzian fits of the mechanical resonance. d) Surface under the Sxx(f) curve 

calibrated using Eq. 6.9 at different temperatures (blue squares), and a linear fit of the data 

going through zero (blue line). In black is shown the ‹x›
2
 at different temperatures calculated 

using kBT/meffΩm
2
. The difference between the two slopes is Sself /SkT ≈8. 

The mechanical mode lineshape at different temperatures was measured by the 
ESA, fitted with a Lorentzian (where the fits were made assuming zero 
background) and mechanical properties were extracted (see Fig. 6.5c). The 
mechanical Q changes by a factor of 1.5 and increases for higher temperatures. The 
mechanical frequency drops with temperature approximately linearly with a slope 
of dfm/dT ≈ 360Hz/K. If one considers a beam geometry for the sake of simplicity, 

the mechanical frequency of the beam is 2~ / /f E t Lρ ⋅ , where E is the 

material Young’s modulus, ρ is the material density, t is the thickness and L the 
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length of the beam. These four parameters change with temperature, with different 
thermal coefficients which at room temperature and for GaAs are as follows[151]:  
αE= -1.2·10-4 K-1 (Young’s modulus), αρ= -1.9·10-5 K-1 (density) and α= 5.9·10-6 K-1 
(geometry). The Young’s modulus thermal coefficient αE being the largest among 
them, it will determine the frequency change with temperature, and qualitatively 
this corresponds to a reduction in frequency with temperature increase. From the 
ESA measured power Sxx was calculated using Eq. 6.9 and integrated in the 50kHz 
range for different temperatures (Fig. 6.5d, blue squares). The trend indicates an 
increase in measured displacement with temperature, as expected for Brownian 
motion. The slope of the linear fit of the data (blue line) is around 8 times smaller 
than the slope kB/meffΩm

2≈ 1.38 ·10-24 m2/K. The fact that the discrepancy factor is 
constant over temperature suggests that indeed Brownian motion is transduced and 
the self-calibration in Eq. 6.9 is missing a multiplication factor.  

6.2.5 Detected power vs. input optical power  
 
The power at the mechanical resonance detected with the ESA can be calculated as 
the integral of the power spectral density over a small frequency range around the 
resonance (the area under the resonance curve). This power is proportional to the 
square of the photocurrent at the mechanical frequency (Pdet  ∝ iph

2) and the 
photocurrent is proportional to the input optical power (iph ∝  Pin). This is true if the 
input power is low enough not to start amplifying or damping the motion, and if no 
substantial laser-induced heating is present. In order to validate this assumption the 
Brownian motion at 2MHz for one device was probed with different laser powers. 
In Fig. 6.6a an optical power series of integrated detected powers for different laser 
detunings is shown. If one compares the detected powers on the red and the blue 
side they do not significantly differ for input powers up to 1mW confirming that 
there is no large amplification (or damping) of motion. The maximum detected 
power for both detunings versus the input power is depicted on a log-log plot (Fig. 
6.6b) and can be well described with a quadratic fit (Pdet ∝ Pin

2) as expected. 
Moreover, the central wavelength of the cavity shifts with input power (by ~30pm 
for 1mW), but the corresponding increase in temperature, deduced from the 
thermo-refractive shift of 81pm/K, is less than 0.4K. A gradient optical force which 
is repulsive for the AS optical mode could in principal also cause a red-shift, but we 
excluded this effect as it is estimated to be small for the optical powers used (see 
Appendix A).  
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Figure 6.6:  Dependence of detected power on the input optical power in Brownian motion 

experiments. a) Integrated detected power (in W∙Hz per resolution bandwidth) vs. laser 

detuning for different input powers. b) Maximum detected powers for the red and blue 

detuned laser versus the input optical power, shown on a log-log graph. The data 

corresponds well to a quadratic fit (dashed black line). 

6.2.6 Electromechanical tuning of the resonator frequency 
 
Influence of the actuation on the mechanical resonance frequency will be discussed 
here in short. In Fig. 6.7 the power spectral densities for different laser detuning and 
at three applied voltages (0, -1 and -2V) are shown in colorplot form. Brownian 
motion of the membrane (~2MHz) can be distinguished from the background, 
which is flat apart for the equidistant sharp noise peaks (RF noise discussed in the 
section 6.2.1). The optical resonance wavelength decreases with voltage for the AS 
mode used to probe the mechanical resonance by 2.6nm for 2V reverse bias. The 
mechanical resonance frequency is decreasing with applied voltage as well (by 
170kHz for 2V) resulting from the negative “electrical spring constant”, a known 
effect in parallel plate capacitors. Change of the frequency with actuation can be 
described by a simple formula for small displacements [152]: 

1 0

3
m m

d x
f f

d x

δ

δ

−
=

−     
(6.10) 

where d is the gap at VT= 0V, and δx is the displacement caused by applying a 
voltage. The electromechanical frequency shift is well described with a relation ∆f= 
(β/2π)V2, where β is the mechanical tunability. In our system, β/2π= -42 kHz/V2 for  
fm~ 2MHz an order of magnitude larger than for the in-plane air-slot PhC cavity 
from [97] where β/2π= -4kHz/V2 for fm~ 50MHz. If d0= 240nm is taken, comparing 
the frequencies at VT= 0V and VT= -2V a displacement of δx (-2V)= 18nm can be 
calculated from Eq. 6.10. This translates to a wavelength shift of δλ= (dλ/dx)· δx= 
2.9nm, in good agreement with the experimental tuning of 2.6nm.  



6 |   Double membrane photonic crystal displacement sensor 

121 
 

In all three figures in Fig. 6.7 the peak of the mechanical resonance has a slightly 
larger frequency for red-detuned laser compared to blue detuning: 5, 10 and 15kHz 
for applied 0, -1 and -2V, respectively. This increase can be appreciated from the 
increasing asymmetry in the panels of Fig. 6.7. This is caused by the optical spring 
effect which is becoming stronger when the distance between the membranes is 
reducing. If the impinging power and detuning are considered to be equal for the 
three cases, the difference in mechanical frequency for opposite detunings is 
increasing with voltage due to the change in vacuum optomechanical coupling rate 
in Eq. 6.3: ∆Ωm ∝ g0

2 
∝ Gω

2/Ωm. Substituting experimental values of Ωm and values 
from simulation for Gω for the three voltages, good agreement between the 
observed and predicted relative shifts from Eq. 6.3 is found. 

 

Figure 6.7: Electromechanical tuning of the resonator frequency. a), b) and c) Colorplots of 

the power spectral density read by the ESA at the mechanical frequency for different laser 

detunings and for VT = 0V, -1V and -2V respectively. The photocurrent was amplified using an 

RF power amplifier (Gain= 50dB) and then fed to the ESA. Input power of the laser was 1mW 

and it was tuned in the positive wavelength direction. The equidistant lines present in the 

graphs originate from the radio waves picked up by the RF probe. Both mechanical frequency 

and cavity wavelength decrease with applied voltage (0 to -2V), by 170kHz and 2.6nm 

respectively.  

6.2.7 The response function of the displacement sensor  
 
The simultaneous abilities of electromechanical actuation and integrated 
optomechanical detection are important for many sensing applications that rely on 
detecting changes in the mechanical response. To demonstrate that electro-opto-
mechanical response measurements are possible at the mechanical resonance 
frequency (~1MHz) a network analyzer was used to drive the membrane through 
the tuning diode (port 1) and read the amplified photocurrent frequency response 
using the on-chip photodiode (port 2) as shown in Fig. 6.8a, with a laser red-tuned 
in respect to a narrow PhC cavity mode.  

The resulting response of the system to intrinsic (Brownian) and extrinsic (actuated) 
motion as a function of driving frequency are shown in figure 6.8b for a probe laser 
either tuned to the red-side of the cavity (blue curve) or far off-resonance (red). The 
S21 signal for the laser turned off is not shown but it is practically the same 
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magnitude as the off-resonance curve indicating that the pure electrical crosstalk is 
larger than the photodiode response off-resonance. Nevertheless, at the mechanical 
frequency the resonant mechanical response can be clearly discerned. The increase 
of the crosstalk with frequency until 3.5 MHz can be explained by the presence of 
an RC high pass filter between the two P contacts while the roll-off after 4 MHz in 
both curves is attributed to the cut-off of the amplifier. The Fano lineshape at the 
resonance frequency is caused by the phase difference of the crosstalk background 
and the mechanical resonance as excited by the red-detuned laser. (a π-phase shift 
occurs). The shape will be reversed for a blue-detuned laser and this flip of the Fano 
shape for different laser detunings is shown in the colorplot of Fig. 6.8c. 

The electrical crosstalk visible in Fig. 6.8b limits at the moment the NOEMS sensor 
application for cases where both actuation and detection must be performed in a 
wide frequency range. The crosstalk can be reduced in the current device design by 
isolating better the two diodes with deep trenches (~1µm) patterned between the 
contact pads of the device during the PhC lithography step. In the current design 
the two diodes share an n-contact which is the likely cause of high crosstalk, so 
separating physically these layers (adding an additional doped layer in the wafer 
stack) would likely improve the performance even more as discussed in section 
2.4.6. 

 

Figure 6.8:  Mechanical response measurements (S21). a) Sketch of the network analyzer S21 

measurements. b) S21 measurements in the 0.1 to 10 MHz frequency range. Blue curve is 

taken with the laser red-detuned from the optical resonance (λ= 1315.73 nm) and having an 

impinging power P= 400µW. The red curve is taken with laser off-resonance (λ= 1315.9 nm) 

for the same laser power. Photodiode signal is amplified in the measurements using a TIA. 

Measurements were performed under vacuum (pressure below 10
-4

 mbar). Inset: Zoom-in on 

the mechanical resonance from the blue curve. c) Colorplot of the S21 response at the 

mechanical resonance for different laser detunings. Laser power is the same as in a) and 

wavelength sweep is in the positive direction. A flip of the Fano lineshape occurs at zero 

detuning (~1315.69 nm). 
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6.3 High-power effects in a double membrane photonic 
crystal structure 
 
In this section the behaviour of the DM system at high impinging optical powers is 
explored. In this regime the number of intracavity photons is large and the system 
is no longer probed by the optical field (as in section 6.2) i.e. optical and photo-
thermal forces are perturbing the system. It has been shown previously that pure 
radiation pressure[138] and optical gradient force[131], as well as photothermal 
force[153] can under certain conditions induce both static and instantaneous 
nonlinear effects such as stiffening of mechanical resonances (optical spring-effect) 
and bistability, and dynamic (backaction) nonlinear effects such as parametric 
instability (amplification of motion)[136], backaction cooling[138],[154] and 
appearance of buckling transitions[155].  

When nonlinear effects are present, the cavity position can be very sensitive to any 
perturbations in the system, and this can be used to increase sensitivity of optical 
sensing which relies on spectral shifts. This was recently proposed in [156] for the 
use in refractive index sensing where they estimated a sensitivity increase of two 
orders of magnitude compared to the linear case. In [157] a platform for 
displacement squared sensing is described and fully nonlinear regime is achieved, 
where thermally induced fluctuations of the optical frequency are larger than the 
linewidth. Though interesting, the concept of using nonlinearities for sensing has 
not been explored in the work presented here. 

Our interest in exploring the high-power regime started with photocurrent 
measurements done in vacuum (p< 10-4mbar), where we observed the occurrence of 
a kink in otherwise symmetric Lorentzian cavity lineshape when the input power 
was increased. This is shown in Fig. 6.9a for a high-Q antisymmetric mode of the L3 
cavity. This raised two questions: 1) Is this a static or a dynamic effect? 2) What is 
the origin of this effect, i.e., which force is responsible for this effect? 

The fact that in air we did not observe this cavity photocurrent lineshape, but 
instead an asymmetric cusp-lineshape as expected from a static thermal red-shift of 
the cavity mode points towards a dynamic origin of the effect in Fig. 6.9a. Further 
confirmation of this came when the photocurrent frequency spectrum was 
measured using the ESA for a laser blue-detuned with respect to the cavity and red-
detuned with respect to the photocurrent kink (Fig. 6.9b). For a low input power 
Pin= 50µW the Brownian motion of the fundamental mechanical mode at f= 1.617 
MHz is transduced (blue curve) while for Pin= 500µW and the same cavity-laser 
detuning (black dashed line in Fig. 6.9a) large amplification of the mechanical mode 
by 60dB is present in the spectrum (red curve). The 3dB width of the amplified peak 
is 2.5kHz and before amplification it was 2.7kHz. Amplification of motion is often 
followed by large reduction of mechanical linewidth[136] and can lead to phonon 
lasing[158]. A drastic reduction of the mechanical mode linewidth was however not 
observed in our experiments and a maximum increase of the Qm is a factor of 2. A 
similar increase of the Qm for amplified motion was obtained in a similar tunable 
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NEMS optomechanical platform[51] based on in-plane motion in a slot PhC cavity. 
We tentatively attribute the small change in the mechanical linewidth to the 
mechanical oscillator being noisy. 

Additionally, the mechanical frequency decreases by ∆f ~5kHz when comparing the 
peaks of two signals in Fig. 6.9b and this is due to the increase of the optical spring 
effect (see Eq. 6.3).  

 

Figure 6.9: High-power effects in the DM system. a) Photocurrent spectrum of an AS cavity 

mode of one device for two input powers: 50µW (blue) and 500µW (red). b) ESA measured 

power spectral density of the same device, for the same input powers as in a). The laser is 

positioned at λL= 1334.69nm (black dashed line in a). Background (laser off) is shown in black. 

Photocurrent is measured directly on the ESA in this experiment. 

When changing the laser detuning we have observed that the onset of amplification 
coincides with the occurrence of the kink in the photocurrent spectrum and that the 
amplification can exist for the laser positioned between the kink and the cavity 
position (photocurrent maximum). This confirms that both phenomena are 
manifestations of the same effects. 

The amplification of motion occurs when the damping rate of the mechanical 
resonator is decreased by means of a driving force acting coherently with a delayed 
phase with respect to the mechanical motion. The effect responsible for the force 
must have a speed of the same order or faster than the mechanical frequency of the 
resonator and it can be of optical, photo-thermal, electro-mechanical or other 
origins.  We focus here on the first two cases, where the force is mediated by the 
optical cavity.  

In equation 6.4 the formula for the reduction of the damping rate δΓ for a mode at 
frequency Ωm due to the presence of an optical force is given. It depends on the 
photon-phonon coupling rate g0, laser detuning ∆, optical cavity loss rate κ and the 
number of photons in the cavity Nph. If we consider the g0, ∆, κ and Ωm to be 
constant, amplification starts when there is sufficient power inside the cavity, i.e, 
the number of photons has reached the threshold Nph= Nth and the total damping 
rate Γtot approaches zero. 
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The range of motion is determined by the complex nonlinear dynamics of the 
system and the driving force and is not trivial to determine. However, we can 
describe the behavior seen in Fig. 6.9a qualitatively: As the laser wavelength 
increases (detuning ∆ decreases), the number of photons in the cavity and the 
photocurrent signal proportional to it (Iph ∝ Nph) increase until a threshold is 
reached and the amplification starts. This induces large-amplitude mechanical 
oscillations (also called self-oscillation) that cause cavity frequency oscillations of 
the order of the cavity linewidth (limited by nonlinearity). As a result, the threshold 
is marked with a sharp jump in the photocurrent spectrum around 1334.55nm. The 
photocurrent is acquired with a rate (~100ms) much slower than the mechanical 
motion (period T ~1µs) and so the level in Fig. 6.9a corresponds to the average Nph 
during the amplification. As the oscillating cavity is actually on resonance during 
part of the oscillation, the average number of photons is significantly larger than for 
a static detuned cavity. As the detuning decreases further and approaches zero, this 
effect decreases until at some point the condition for amplification is no longer 
satisfied and the photocurrent readout returns to the static case where it 
corresponds to the cavity lineshape. For negative detuning (∆< 0) one could expect 
to see the opposite effect i.e. cavity cooling but this cannot be observed looking at 
the DC photocurrent alone. 

In the rest of this section, we will attempt to answer the second question concerning 
the origin of the force by studying the system in more depth and for different 
electrical, optical and mechanical system parameters. 

6.3.1 High-power effects for different system parameters 
 
The appearance of different high power effects, their thresholds and possible 
explanations of their origin are the topic of this section. The threshold power for 
which the amplification (also referred to as parametric instability) occurs in the DM 
system depends on the both mechanical and optical properties of the particular 
cavity-bridge structure as well as on the coupling efficiency and is found to be in 
the range of 50µW to 2mW. A higher Q-factor cavity will have more optical energy 
stored in the cavity for the same input power and will thus be easier to excite 
whatever the origin of the force is. Membranes with smaller gaps at rest (e.g. 
structures buckled down) will have larger optomechanical coupling so this will 
reduce the power threshold. Additionally, cavities that have high responsivity due 
to better coupling (see section 4.4.1 for responsivity definition) will have low 
threshold as can be seen in a power-series photocurrent measurement for an H0 
cavity in Fig. 6.10a. Even though the linewidth δλ1M-AS= 0.55nm is 2-3 times larger 
than for the Y1 and Y2 antisymmetric L3 cavity modes (Fig. 6.10b and d) the 
responsivity is ~5 times higher for the H0 cavity mode making the threshold for 
parametric instability (occurrence of the kink on the blue-side) comparable: 
0.75mW, 0.5mW and 0.75mW for H0(1M-AS), L3(Y2-AS) and L3(Y1-AS) from Fig. 
6.10 respectively. The shift of the cavity peak with power in Fig. 6.10a is ~400pm 
corresponding to estimated heating of 5K. 
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In Fig. 6.10b the photocurrent spectrum at VT= 0V of the Y2-AS mode for Pin= 2mW 
with two sharp transitions can be seen: a parametric instability edge (left kink) that 
we have observed before, and an additional kink on the red side of the cavity. We 
believe that this is a static bistability of  thermal origin since a red-shift occurs for 
the AS mode while a radiation pressure would cause a blue-shift (dωAS/dx> 0) 
[132]. The cavity wavelength shift is found to be linear with input power, which is 
also compatible with a thermal effect generated from linear absorption in the QDs 
(as opposed to two-photon absorption). For an increasing laser wavelength the 
cavity heats and red-shifts until the peak is reached where a small perturbation to 
the cavity or the laser rapidly cools the system, blue-shifting the cavity back to the 
original position. This is yet another nonlinear effect which is applicable in sensing 
and used to increase detection sensitivity far above the Q-limited value. An 
example of this is shown in [159] for an optical PhC nanobeam label-free biosensor. 

We explored further the influence of electrostatic force on the nonlinear 
optomechanical effects. To this end, the membrane is tuned by applying a voltage 
between 0 and -2V for the same cavity and input power as in Fig. 6.10b. For all 
voltages the right bistability kink stays detuned by the same amount from the 
original (low power) central wavelength while the left kink red-shifts effectively 
reducing the distance between the two kinks (Fig. 6.10c). This is counter-intuitive 
because the parametric instability should be easier to excite when the gap is 
reduced by voltage tuning. However, a complex situation where electrostatic, 
elastic, thermal and possibly radiation backaction force are present is not easy to 
interpret.  

In Fig. 6.10d and Fig. 6.10e the responses of an AS and a S mode to both scanning 
directions of a high power laser (Pin= 2mW) are shown. Firstly, it is striking that the 
parametric instability edge appears for opposite detuning in S and AS modes. This 
is an important clue for answering the origin of the force driving the amplification 
because it suggests that it cannot be a purely dispersive optomechanical instability, 
as for any such effect g0

2 enters in the equation for the mechanical damping rate 
change (Eq. 6.5). Thus the sign of Gω drops out and the amplification would happen 
in both modes for the same-side detuning. A plausible explanation then is that the 
force is thermal, in particular the photo-thermo-elastic body force that can arise due 
to an optically-induced temperature gradient. Due to the cavity or thermal 
dynamics, this force could be delayed with respect to a displacement that changes 
the intracavity photon number, allowing amplification. In contrast to regular 
optomechanical coupling, the change of this force for a given change of photon 
number would have the same sign for both modes. Since the induced frequency 
shift (sign of g0) is opposite, the amplification effect can be seen for opposite 
detunings.  
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Figure 6.10: High-power effects under. a) A power series for an H0 cavity fundamental 

antisymmetric mode photocurrent between 0.1 and 2mW. Parametric instability kink occurs at 

0.75mW. b) Photocurrent spectrum of an L3 cavity Y2-AS mode at VT= 0V (Pin= 2mW). The 

distance between the two kinks is 0.68nm and the linewidth at low powers is 0.2nm. c) 

Influence of the tuning voltage on the distance between the two kinks (right blue axis) and 

the peak photocurrent (left, red axis) for the Y2-AS mode from b). The parametric instability 

kink is appearing for smaller detunings when the voltage is increased, decreasing the width 

between the two kinks. The peak photocurrent meanwhile does not change significantly. d) 

and e) Hysteresis in the shape of the L3 Y1-S and AS modes photocurrent (Pin= 2mW) for 

laser wavelength scan up (increasing wavelength) and down. The smaller parametric 

instability kink is visible in both modes.  

As mentioned in the beginning of this section, an important prerequisite for a force 
to drive the mechanical resonator into amplification is that the timescale of the 
effect related to the force is comparable or shorter than the mechanical frequency. In 
case of thermal effects, two timescales are present as discussed in section 6.1.6. and 
in [146], and the one of potential interest for us is the short one related to the 
thermal exchange between the optical mode volume (~(λ/n)3 in our case) and the 
rest of the PhC microcavity. For an optically pumped InP PhC membrane cavity of 
similar size the thermal relaxation rate related to the linear absorption of QDs inside 
the membrane was found to be κth~ 1MHz (τth ~ 1µs)[160]. We expect similar values 
for GaAs since the two materials have similar heat conduction properties. The 
fundamental mechanical frequency of the DM four-arm bridge is of the same order 
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fm≈ 1-2MHz thus we conclude that it is plausible that the driving force is of thermal 
origin. Nonlinear absorption namely two-photon absorption (TPA) and free-carrier 
absorption (FCA) were investigated in a GaAs PhC membrane in [161] and were 
also found to produce ultrafast nonlinear effects (~10ns). For low input powers both 
of these effects are much lower than linear absorption, however for high powers 
(>1mW) we estimated that indeed FCA effect cannot be neglected (see Appendix 
C). Photo-thermally mediated amplification was previously shown in suspended 
PhC membranes with even larger mode volumes (~1000(λ/n)3) in a silicon on 
insulator (SOI) platform[153] where the fm~200kHz and κth~450kHz.  

In Fig. 6.10d and 6.10e a small hysteresis with respect to the laser scan direction can 
be observed in both modes but only in the position of the edges (scan up is red-
shifted compared to scan-down), not in the overall shape of the photocurrent 
response. The lack of the hysteretic response [146] expected for optical bistability 
we attribute to the Q-factor of the cavity and the input power not being high 
enough. The single point jumps in photocurrent at the steep edges visible in the two 
graphs are most likely due to laser precision in stepping mode (~ 5pm) being larger 
than the step used (1pm), and not related to the nonlinear effects. 

It is worth noting again that both the parametric instability and the sharp bistability 
kink in photocurrent from Fig. 6.10 were observed only in vacuum. In atmospheric 
pressure only the thermally induced red-shift of both the AS and the S optical 
resonances is present, as expected for highly air-damped resonator. 

6.3.2 Time-domain measurements of high-power effects 
 
To understand better the dynamics of nonlinear optomechanical effects such as 
bistability and amplification one can monitor the detected signal in time. In the DM 
NOEMS device this is done by measuring the photocurrent signal generated by the 
on-chip photodiode on an oscilloscope. As mentioned already, the photocurrent is a 
measure of the number of intracavity photons (Nph) and signal variations in time 
will correspond to the Nph dynamics for electronic circuit fast enough to transduce 
the mechanical signals of interest (f3dB> fm). This is true in our case since the 
photodiode cut-off frequency is f3dB~ 100MHz as measured in Chapter 2.  

The structure studied here is a DM L3 cavity optimized for high Q-factor patterned 
on a four-arm bridge with the top membrane buckled down. The intermembrane 
gap at the cavity position is estimated from the S-AS mode distance (∆λS-AS≈ 60nm) 
to be d0= 160nm. This is 2/3 of the non-buckled gap (d0= 240nm) and also the pull-
in limit for actuation of non-buckled structures. As mentioned previously, the DM 
structures where the intermembrane distance is reduced, have higher 
optomechanical coupling: Gω= 2π·56 GHz/nm is estimated for this structure which 
is more than two times higher than for a non-buckled system (Gω= 2π·26 GHz/nm 
for d0= 240nm). For this reason a lower power threshold for parametric instability 
can be expected in this case.  



6 |   Double membrane photonic crystal displacement sensor 

129 
 

A power series of photocurrent measurements for the Y2-AS mode of this device is 
shown in Fig. 6.11a. For input power as low as 0.2mW (green curve) two kinks 
appear on the red and the blue side of the resonance whereas previously only the 
blue-side kink was present in AS modes (Fig. 6.9 and 6.10). The distance between 
the two kinks grows with power and is more than 1nm, or about 7 linewidths (δλ= 
150pm) for 1.5mW at the input. An additional third kink between the two side 
kinks appears for the laser red-detuned at λL= 1267.42nm at input power Pin= 1mW 
(magenta curve). We speculate that this kink is a thermal bistability observed before 
(Fig. 6.10).  

Time domain oscilloscope measurements of photocurrent for a laser positioned near 
the observed kinks with Pin= 1.5mW were made to give more insight into the 
mechanical behavior. Red-detuned from the left instability edge (on the left plateau) 
the photocurrent is oscillating at the fundamental mechanical frequency of the 
membrane f1= 2.1MHz (Fig. 6.11b) with an amplitude of 10nA around the mean 
value (210nA) indicative of small amplification present.  

When the laser is exciting the cavity blue-detuned from the right kink (on the right 
plateau) the system shows signs of optomechanical bistability with slow (~50ms) 
switching between two stable states (signals at 600nA and 200nA) in a square 
pattern (see Fig. 6.11c). The appearance of this additional kink is not understood at 
this point, but we speculate that it may be related to the gradient optical force.  

When the laser is slightly blue-detuned from the photocurrent peak (close to the 
middle bistability kink) the oscilloscope reads randomly occurring pulses of ~6ms 
duration and depth of 500nA, going from the resonant (stable) to non-resonant level 
(unstable) and coming back (Fig. 6.11d). The pulses all have similar shape and 
amplitude, possibly a signature of excitable pulses in our optomechanical system. 
Excitable pulses are triggered when small perturbations take the system out of a 
stable and unique fixed point, and they have a particular shape that is determined 
by the nonlinear characteristics of the system. They have first been described in the 
context of neural signal dynamics and were recently generated at the nanosecond 
timescale in integrated photonic structures e.g. in[162] using optical pumping with 
the goal of utilizing the nonlinearity to realize an optical delay line. The same group 
has later demonstrated excitable pulses in small photonic crystal cavities occurring 
at microsecond[163] scales. Both implementations are governed by a combination of 
slow thermal and fast carrier induced effects. 

The timescale being milliseconds in our case, the effect is not very interesting for 
applications in the present conditions. We speculate that the underlying slow effect 
is more likely related to the heat exchange between the microcavity (~ms scale) and 
the bridge structure than the faster microsecond effects of the cavity heating. The 
dead time between the pulses is of the order of ~50ms but this was not studied in 
depth.  
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Figure 6.11: Time-domain measurements of high-power effects in a buckled down structure. 

a) Power series of photocurrent spectra for the Y2-AS cavity mode between 50µW and 

1.5mW. Positions of the excitation laser (Pin= 1.5mW)  in measurements displayed in b), c) and 

d) are indicated with grey arrows. b) An oscilloscope trace for the  laser red-detuned from the 

left kink is shown in blue. A large amplitude oscillation around the average value (210nA) at 

the mechanical frequency (~2.1MHz) can be seen. The red curve is a 150 points moving 

average of the measured data. c) Oscilloscope reading for the laser blue detuned from the 

right kink. A train of random square pulses is a signature of bistability between peak value 

and the plateau value. d) Observation of possible ~6ms wide excitable pulses in the 

oscilloscope measurements when the laser is blue-detuned from the peak wavelength.  

Many levers for optical, electrical and mechanical control exist in the NOEMS 
presented in this chapter and some of their possible uses in sensing applications 
have been outlined. A rich and complex dynamics that emerge from the interplay 
between elastic, electrostatic, optical, and thermal forces are interesting from a more 
fundamental perspective, and the author hopes that the system will continue to be 
explored in the future.  
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Appendices 
 

Appendix A: Estimate of the gradient force in the DM NOEMS 
 
As mentioned in the introduction of this chapter, a strong gradient force is present 
in DM and was experimentally shown for band edge (BE) modes of a PhC DM[44]. 
An observed shift of 4nm for strong resonant excitation (Pin≈ 20mW) is attributed to 
the gradient force while the thermal effects due to TPA in InP were found to 
constitute only 10% of the observed shift in [44]. 

In the work presented in this chapter, the thermal shift due to QD absorption is 
found to be responsible for the largest part of the static light-induced membrane 
tuning, and the presence of the gradient force static cavity shift was not observed. 
To evaluate why this is the case we will compare the two systems and give an 
estimate of the expected shift as calculated in [44]. 

Main differences between the two systems are as follows: the material absorption is 
larger in our system (QDs one-photons absorption vs. TPA); the maximum 
impinging powers are ~2mW a factor of 10 lower than in [44]; A much smaller L3 
cavity with inefficient top-coupling (ηc~ 5%) is used in our case compared to BE 
modes which are well matched in size and k-vector distribution to the pump spot; 
The Q-factor is ~ 104 in our case, a factor of 10 larger than in the other system. 

For the numbers given here the stored energy in our system is roughly estimated to 
be U = ηcPinQ/ωc ≈ 0.36fJ and the corresponding force from Eq. 6.3 acting on an AS 
mode is F = - GωU/ωc = -75pN at maximum pump power, for Gω= 2π·26 GHz/nm. 
For the elastic constant k= 5N/m this translates to ~15pm displacement or ~3pm 
wavelength shift at 240nm gap. This is detectable in principle, but much smaller 
than the thermal shifts observed for the same input power (~100pm). For a 
structure with a smaller gap of 160nm from section 6.3.3, the optomechanical 
coupling is larger Gω= 2π·56 GHz/nm, and the force at 1.5mW input is -126pN. The 
wavelength shift is calculated to be ~8pm, still an order of magnitude smaller than 
the thermal shift. 
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Appendix B: Calculation of intrinsic noises 
 
In this section optical shot noise, backaction noise and thermal resistor noise are 
estimated for realistic system parameters, and possible improvements are discusses. 

B.1 Optical shot noise 
 
The shot noise power spectral density in our system can be described with[95]: 
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(B.1), 

where ωL is the laser frequency, ηQE is the quantum efficiency of the detector, 
Pdet=ηcηaPin is the optical power that reaches the detector with ηc= 0.05 being the 
coupling efficiency, ηa= 0.2 the absorption efficiency (both values taken from Ch. 4, 
section 4.4.1) and Pin= 100µW a typical input power for Brownian motion detection 
experiments.  

Power spectral density SPP as measured on the internal detector for a laser detuned 
to the highest slope of an optical resonance (frequency ωc= 2π·0.23THz and Q-factor 
Qc =104) is related to transduced spectral density of motion Sxx with the expression: 
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where Gω= 2π·26GHz/nm is the optomechanical coupling rate taken for a DM gap 
of 240nm. Using Eq. B.1 and B.2 we can estimate the displacement imprecision due 
to shot noise as: 
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   (B.3). 

In the current realization the quantum efficiency ηQE of the detector (internal 
efficiency in Chapter 4. section 4.4.1)  is expected to be close to 1. With the numbers 

given here an imprecision of SN

xxS ≈ 2.6 fm/Hz1/2 is obtained. If the coupling were 

to be increased to 50% by means of side-coupling and absorption efficiency would 
increase from 20% to 50% by increasing the density of QDs, which are both 
reasonable assumptions, the shot noise displacement imprecision would become 
≈0.2fm/Hz1/2. 
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B.2 Backaction noise 
 
As discussed in the main text, the shot noise displacement spectral density scales as 
1/Pin (see Eq. B.3) and can be decreased by increasing the power until the point 
where backaction noise (∝ Pin) caused by random fluctuations of radiation pressure 
force acting on the mechanical resonator becomes dominant. The displacement 
spectral density of backaction noise can be calculated as[95]: 
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(B.4), 

where m= 50pg is the motional mass of the mechanical resonator, Nph≈ 
QηcPin/(ћωc

2) is the number of intracavity photons, κ= ωc/Qc is the cavity loss rate 
and χ(Ω)= (Ωm

2-Ω2+iΩmΩ/Qm)-1 is the mechanical susceptibility with Ωm being the 
mechanical frequency (≈ 2π·1MHz) and Qm= 103 the mechanical Q-factor. The 
displacement spectral density peaks at the mechanical resonance (maximum of χ(Ω-
)), and is approximately Qm

2 times smaller for frequencies far from the mechanical 
resonance. From Eq. B.4 the backaction induced displacement imprecision at the 
mechanical resonance can be calculated as: 
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For the values specified here and in section B.1 a displacement imprecision at the 

mechanical resonance due to backaction is ( )BA

xx mS Ω ≈ 1fm/Hz1/2 and is 

≈1am/Hz1/2 far from the mechanical resonance. 
 

B.3 Thermal resistor noise 
 
When the signal is measured directly on the ESA, the thermal noise of the load 
resistor (RESA= 50Ω) that is equal to 4 /t B ESA ESAI k TR Rδ = = 18.2pA/Hz1/2 will 

induce a noise in the displacement measurements that is equal to δxt= δIt/(dI/dx). 
The photocurrent slope is found from the measurements to be around dI/dx~ 
200A/m, and so the displacement uncertainty is calculated to be δxt= 91fm/Hz1/2, 
which is indeed very high. However, in the experiments we mostly measured an 
amplified photocurrent signal (rather than direct photocurrent), in which case the 
relevant noise is the specified noise of the TIA, being δITIA= 490fA/Hz1/2. This 
produces a different displacement uncertainty, δxTIA= 2.5fm/Hz1/2, similar in value 
to the calculated shot-noise uncertainty (2.6fm/Hz1/2).  

The total uncertainty will then be 2 2 2

total SN BA TIAx x x xδ δ δ δ= + + ≈ 3.6fm/Hz1/2. 
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Appendix C: Two-photon and free-carrier absorption 
 
The two-photon and free-carrier absorption rates (γTPA and γFCA) in a GaAs PhC 
membrane are estimated here and compared to linear absorption rate of the InAs 
QD layer κabs=ωc/Qabs= 28GHz, found for a cavity resonance at λc= 1.3µm and 
absorption Q-factor Qabs= 5.2·104 (calculated in Chapter 3). If we assume that the 
total energy stored in the cavity U is homogeneously distributed inside the mode 
volume V in the GaAs material, the averaged TPA rate can be approximated as: 

' /
TPA GaAs

U Vγ β≈
   

(C.1), 

where β’GaAs= (c/neff)
2βGaAs is the material parameter related to the two-photon 

absorption coefficient βGaAs and neff= 2.7 is the effective refractive index of the DM 
taken for the AS mode. Similarly, free-carrier absorption rate in the system can be 
approximated from the following expression: 
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where τ is the carrier lifetime, σ’GaAs= (c/neff) σGaAs is the material parameter related 
to the free carrier cross-section for electrons and holes σGaAs. For GaAs as the 
membrane material around λ=1.3µm and at room temperature TPA absorption 
coefficient and free carrier cross-section are taken to be βGaAs= 12.5cm/GW and 
σGaAs= 0.2·10-16cm2 as found in [164], and carrier lifetime is assumed to be τ= 1ns. The 
energy stored in the cavity is approximately U= QηcPin/ωc, where the cavity Q-
factor is Q= 104, coupling coefficient is presumed to be ηc= 0.05 and input power is 
varied between zero and 2mW (maximum available input power in the 
experiments). The volume of an AS L3 cavity mode from simulation is V≈ 2·(λc/n)3 
where n= 3.4 for GaAs at cavity wavelength. For the parameters defined here, 
comparison between TPA, FCA and linear absorption loss rates in the relevant 
power range found from Eq. C.1 and Eq. C.2 is given in Fig. C.1. The cavity loss rate 
κc= ωc/Q= 145GHz is shown for reference as well. From this simple analysis it can 
be concluded that for input powers above 1mW the FCA effect cannot be neglected 
and above 1.6mW it becomes the dominant absorption mechanism. The TPA on the 
other hand is found not to be significant in the power range of interest. 

                                                                       

Figure C.1: Comparison of linear 

absorption (κabs), TPA(γTPA) and FCA 

(γFCA) loss rates in the 0-2mW input 

power range. 
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7 |   Waveguide-coupled NOEMS system 
 
 
In this chapter, the side-coupled NOEMS sensor devices are presented. First, the 
advantages of side-coupling with respect to top coupling are mentioned, the 
concept of coupling light from a ridge waveguide (RWG) to the PhC cavity is 
introduced and design and fabrication of these structures is discussed. In the 
second part, experimental results are shown. First, the pre-characterization of 
devices including electromechanical tuning and resonant detection for top-
excitation is presented, followed by photocurrent measurements from the side-
excitation. In the last part of the section, the absorption in the RWG is estimated, 
currently limiting the device performance in terms of S/BKG ratio. Finally, a 
solution to the problem of high background is proposed and preliminary results are 
shown in the last section of this chapter. 

 

7.1 Introduction  
 
As discussed in previous chapters (in particular in Chapter 4), the currently 
deployed light-coupling scheme (from the top, using an objective) has a low 
efficiency ~5% limiting the sensor responsivity. The reason for this is the mismatch 
between the k-vector distribution of the incident field which is mostly around the Γ 
point (k= 0), and the L3 (and to a lesser extent, the H0) cavity mode far-field whose 
components are widely distributed in the k-space. The far-field radiation pattern of 
the L3 cavity can be optimized by displacing holes in the plane, and coupling 
efficiencies up to 15%[101] have been obtained in this way. However, there is a 
better way around this problem, as light can be coupled in-plane instead than from 
the top. This can be done very efficiently via a PhC waveguide in single membrane 
(SM) platforms and indeed coupling efficiencies larger than 50% have been 
reported in literature using cavity-waveguide coupling schemes [37], [102]. Some of 
the other advantages of side-coupling for the DM NOEMS sensor are presented in 
this section, followed by a description of the design and the fabrication of the WG-
coupled devices. 

7.1.1 Advantages of side coupling for the DM NOEMS sensor 
 
There are several important advantages that the current NOEMS sensor could 
benefit from if waveguide coupling is implemented: As discussed before, the 
coupling efficiency can potentially be increased by an order of magnitude from the 
current top-coupling efficiency of ~5%; The external optical part of the sensing 
system can be miniaturized, where instead of using a bulky objective and a free-
space setup to couple light in, a lensed fiber butt-coupled to the WG can be utilized, 
which makes packaging easier and brings down the cost; It offers the possibility for 
integrating the NOEMS via WGs with other components, e.g. a light source, where
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the active material (QDs) can be used to make a laser or an LED (recently, we have 
developed in the group an electrically pumped LED in the DM platform[165]). This 
would further reduce the size and the cost of the entire sensing system. Related to 
integration, the parallelization of the system is straightforward in the WG platform, 
and multiple channels can be accessed with the same source via splitters, based on 
directional couplers or more compact multi-mode interference (MMI) couplers. In 
this way, the spectral range of the µ-spectrometer can be increased using detuned 
cavities (having different lattice constant) covering e.g. a range of 100nm with 4 
channels of 25nm.  

7.1.2 Double membrane NOEMS coupled to a ridge waveguide 
 
As mentioned before, the coupling of a PhC cavity to a PhC-WG can be very 
efficient in SM platforms. The PhC-WG evanescently couples to the cavity and by 
e.g. changing the distance (number of holes) between them or their orientation one 
can finely tune the coupling while maintaining a high-Q-factor, limited by the WG 
loss channel in the optimal coupling condition. The PhC-WG to cavity coupling has 
been realized in the literature with different implementations: in-line[37], tilted[166] 
and parallel[167].  

However, as patterning long suspended PhC-WGs in a semiconductor slab is both 
time consuming and can easily cause stiction in long structures (>1mm), a preferred 
approach is to use ridge waveguides (RWGs) where the sacrificial layer is left intact 
so that it can support the waveguides along their length. The RWG is a commonly 
used waveguide in integrated photonics, in which the mode is confined inside a 
structure with a rectangular profile (other profiles exist as well) by TIR, having an 
air-material interface in three directions and a lower index slab in the fourth one 
(below).  

The aforementioned stiction argument is even more true in DM systems, which are 
more susceptible to collapse due to the small gap between the membranes. For this 
reason, a solution containing RWGs has been proposed for coupling into the DM 
PhC cavity from the side[55]. In this implementation The PhC-WG is still used to 
get the light efficiently to the cavity in the final ~10µm, while the RWG is guiding 
the light across larger lengths (~100µm) and to the chip facet. The connection 
between the two is realized using a taper that adiabatically changes the mode 
profile from the supported mode in a 2.5µm wide RWG to a DM mode in a 1.35µm 
wide nanobeam connected to the PhC-WG. The interface between the PhC-WG and 
the nanobeam is obtained by patterning a six-hole taper[37] that minimizes 
reflections. This side-coupling scheme for DM devices was originally developed in 
the group by L. Midolo[55] and further optimization was done by M. 
Petruzzella[60]. The basic design is shown in Fig. 7.1 for a cavity (H0 from Chapter 
3) in-line coupled to the RWG having the total length from the PhC cavity to the 
RWG of 18.5µm. 
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Figure 7.1: DM cavity coupled to the RWG. (a), Design consists of a PhC  cavity (in this case 

H0 cavity) in-line coupled to a PhC waveguide connected via a taper to the RWG. Shown 

below the WG are mode profiles at different positions of the taper, from supported to 

released as simulated in [55].  

Between the RWG and the DM nanobeam, the taper goes from a supported 
structure to a released one, which when optimized induces a 4dB and a 5.2dB loss 
(40% and 30% coupling efficiency) for the S and the AS mode, respectively[60].    

7.1.3 Design and fabrication of DM NOEMS waveguide structures 
 
In this section the design and fabrication of the NOEMS WG-coupled devices for 
integrated sensor applications is presented.  

The basic device design including the contact layout, trenches for isolation, and 
PhC-WG design were borrowed from the work of M. Petruzzella[60] and adapted 
for a sensing application. The fabrication follows for the most part the standard 
process flow shown in Chapter 2. One important difference is that instead of the 
optical lithography, the patterns for the p-via, n-via and contact steps are exposed 
using the EBL, which gives more freedom to optimize the design in this stage of 
device development. The RWGs and the nanobeam tapers are patterned in the same 
lithography step as the PhC pattern (EBL) since good alignment (<0.5µm) between 
these three parts is needed for efficient light coupling. Also patterned during this 
step are the stress-releasing openings that are added to some of the structures to 
reduce the buckling, as explained in section 4.3.1. 

One peculiarity of the WG-coupled system is the trapezoidal supporting structure 
(see Fig. 7.1) of the RWG. They are formed when etching the sample in a cold (1oC) 
HCl solution, which stops (or reduces its etch rate) whenever a Ga-plane is 

encountered. For a WG fabricated along the [011] direction, this results in a 
pedestal that for correctly chosen etch time supports the RWG[55].  
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In Fig. 7.2a the EBL design of a four-arm bridge containing the PhC cavity and the 
PhC-WG connected via the taper to the RWG (all done in the same EBL step) is 
shown. The PhC cavity in the design is the L3 cavity modified for high-Q and FSR 
(see Chapter 3) rotated by 60o and shoulder-coupled to the PhC-WG with 2 holes 
providing a barrier between them (see Fig. 7.2b). The number of holes in the barrier 
has been optimized to provide good coupling and at the same time not lower the 
cavity Q-factor significantly[60]. The PhC-WG is formed by removing holes in one 
direction and by displacing the holes above and below the defect so that the total 
width of the WG is 10% wider than in the unperturbed case. This is done in order to 
match the frequencies of the modes in the PhC-WG with the two lowest energy 
modes of the cavity (Y1 and Y2), which are used in the experiments. This increases 
the visibility of these modes when coupled from the side. More details on the 
optimization of the coupling and the fabrication of waveguide-coupled DM 
structures can be found in [60]. In Fig. 7.2c and 7.2d, two SEM images of the 
fabricated side-coupled DM NOEMS are shown.  

The layout of the electrical contacts for the side-coupled structures is different than 
for the standard structure (Chapters 3-6). It contains 5 pads for contacting two 
diodes, all placed on one side of the 4-arm bridge (see Fig. 7.2e). In this way the size 
of the structure in the direction perpendicular to the waveguides becomes two 
times smaller so the number of devices per chip can be increased. This number is 
quite limited in the case of WG-coupled structures because one needs to access the 
WG facets and the length required for successful cleaving is large (ideally > 2mm). 
The contact pads spaced by 100µm are designed for electrical interfacing with a 4-
finger probe in the (G-S1-G-S2) configuration (see Fig. 7.2e). Additional 3µm wide 
trenches (>1µm deep) have been added to the design surrounding the structure 
from all sides. They are patterned first in the p-via lithography step and then again 
in the PhC lithography step for better electrical isolation of the structure i.e. to 
reduce the current leakage. 
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Figure 7.2: Design and fabrication of the DM NOEMS sensor. a) EBL design of a device 

containing the 4-arm bridge patterned in the p-via step (red). Also shown are the taper (light 

gray), the RWG (dark grey) and the PhC pattern (green) all patterned in the same EBL step, 

but with different e-beam currents. b) A sketch of the L3 cavity design (modified holes shown 

in pink) shoulder-coupled to the PhC-WG  having width 1.1 times larger than the standard 

PhC-WG (modified holes shown in green). For optimal coupling 2 barrier holes are separating 

the cavity from the waveguide (shown in blue). c) An SEM image of the fabricated device 

showing the 4-arm bridge and the RWG.  d) An SEM image of the PhC cavity and the PhC-

WG connection. e) An optical microscope image of the device showing 5 contact pads for the 

two diodes and the isolation trench patterned around the device. 

 

7.2 Experimental  results 
 
In this section the first characterization results of the side-coupled NOEMS sensors 
are presented, including the voltage tuning of the PhC resonances as observed in PL 
(excited from the top) and in photocurrent measurements where the mode is 
excited from the side through the WG. Finally, absorption losses limiting the 
S/BKG ratio are estimated by calculating the modal absorption in the RWG using 
2D finite-element method (FEM) simulations. 
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7.2.1 Pre-characterization of devices in the top-coupling scheme 
 
After the samples were fabricated according to the design presented in the previous 
section, the first characterization was done by means of PL and photocurrent, with 
light coupling in/out of the cavity from the top. The goal of these experiments was 
to obtain cavity mode positions, their Q-factors and to test whether the photodiode 
and the actuation diode are working properly i.e. whether resonant detection and 
cavity tuning are present.  

In Fig. 7.3a, typical PL spectra of the WG-coupled NOEMS device for top 
excitation/collection are shown. Depending on the laser spot position: Inside the 
PhC cavity region, or in the PhC-WG away from the cavity, one obtains two distinct 
spectra. The PhC cavity spectrum shows three lowest AS modes of the cavity (Y1-
AS,Y2-AS,Y3-AS), with similar  spectral distance as in the cavity without a WG 
(Chapter 4). In the PhC-WG spectrum two groups of modes are visible, one of 
higher intensity (ascribed to the AS type) and one of lower intensity (ascribed to the 
S type). Different modes in the two groups are not well resolved due to low PL 
counts and the grating resolution  used in this experiment. These PhC-WG modes 
are identified to be low group velocity waveguide edge modes[168]. 

In order to characterize resonant detection (test the QD photodiode), the 
photocurrent was measured for a Y1-AS cavity mode (see Fig. 7.3b). The cavity is 
excited from the top with a tunable NIR laser (as in Ch.4-6) having Pin= 250µW 
impinging on the sample. Results show a Q-factor of Qexp= 4600 for this mode, 
while the value expected from the 3D FEM simulations is Qsim= 6700. With the 
absorption losses Qabs= 5.2·104 (as calculated in Chapter 3), we can calculate the loss 
from scattering due to fabrication imperfections: Qscat= (1/Qexp-1/Qsim-1/Qabs)

-1= 
2·104, indicating 3 times higher losses than those found for standard structures in 
Chapter 4 (Qscat= 6·104). Additional scattering losses could appear due to differences 
in the process flows used to fabricate the two types of samples as well, although we 
have not investigated this further. 

The obtained result of QY1-AS= 4600 corresponds to δλ= 300pm which is a factor of 
two lower than for the same mode in a standard structure (Q~ 104). However, a 
large part of this difference is due to the PhC-WG loss channel, which directly 
contributes to an increase in the coupling efficiency when coming from the side. 
The coupling between the PhC-WG and the cavity can be calculated using CMT as 
ηc1= (QPhC+WG/QWG)[166] where QPhC+WG is the (loaded) Q-factor of the cavity 
connected to the WG and QWG is the added WG loss, where QWG= (1/QPhC+WG – 
1/QPhC)-1. The expression for the coupling coefficient can then be simplified to ηc1 = 
(1-QPhC+WG/QPhC). In the simulated structure for the Y1-AS mode QPhC+WG= 6.7·103, 
QPhC= 2.7·104, giving ηc1

sim = 75%. Assuming for a moment that the losses due to 
absorption and scattering are equal in the standard structure and in the WG-
coupled one, the coupling coefficient can be estimated from the experimental values 
of the Q-factors for the Y1-AS mode to be ηc1

exp= 54%. Then, the overall coupling 
efficiency of the Y1-AS mode with the RWG can be estimated for the simulated 
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structure by considering the calculated loss in the taper between the RWG and the 
PhC-WG (5.2dB for the AS mode): ηc

sim= ηc1
sim ηc2

sim= 22.5%.  

Finally, we show the results of electromechanical tuning, which was tested by 
measuring the PL from the top while changing the reverse bias voltage on the 
tuning diode junction. A 5nm tuning of the Y1-AS mode for 3V applied is observed 
(Fig. 7.3c), which is a good indication that the actuation is properly working. The 
voltage was not increased above this value in order not to induce a collapse, so the 
maximum tuning range could not be obtained. We suspect in any case that the 
tuning range is low due to buckling, as the stress-release opening were not present 
in the structure in question and buckling is thus quite likely to occur. 

 

Figure 7.3: Characterization of the device by PL and photocurrent from the top. a) PL spectra 

excited/collected through the objective, at the cavity and PhC-WG position. The signal of the 

PhC-WG (red) is displaced by 2500 counts for clarity. b) Photocurrent of the Y1-AS mode of 

the same device, excited from the top (black squares) with a tunable laser. The linewidth of 

the mode is ~0.3nm, corresponding to QY1
AS

= 4600. c) A colorplot displaying cavity tuning 

with applied voltage in PL signal. Two modes of the PhC cavity (Y1-AS and Y2-AS) are visible 

and one symmetric mode, most likely from the PhC-WG modes (W1-S). A tuning of 5nm for 

applied 3V is observed for the Y1-AS mode. 
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7.2.2 Photocurrent measurements in the side-coupled system 
 
In this section we show the results of photocurrent measurements done with side 
excitation. The samples were mounted inside the cryostat probe-station of the side-
coupled setup (explained in section 2.3.3) where light can be coupled to the chip via 
lensed fibers when they are brought in close proximity of the end-facet of the 
sample containing RWGs. The laser light impinging on the waveguide facet is 
meant to be linearly polarized in order to excite the fundamental TE mode of the 
RWG. However, due to small misalignments between the axes of the fiber and the 
RWG, the fundamental TM mode is in reality also (weakly) excited, which leads to 
the occurrence of a beating between the two modes. This phenomenon can be 
mitigated by slightly rotating the polarization axis of the input light (up to 5o) in the 
free-space-part before it enters the cryostat (see Fig. 2.4 in Chapter 2).  The 
transmission from the laser through the polarization maintaining (PM) fiber, the 
free-space part for polarization rotation, another PM fiber leading to the cryostat 
and through the lensed fiber is estimated from the losses in individual components 
to be 35%. The coupling from the lensed fiber to the RWG is 3.5% as found from 
transmission measurements, where also the  propagation loss through the RWG is 
estimated to be αt= 1.9±0.3cm-1[60]. The impinging power Pin (referred to later in the 
text) is the estimated power coupled in the waveguide, taking both of these 
couplings into account i.e. Pin/Plaser= 0.35·0.035= 1.2%.  

In Fig. 7.4a the DC photocurrent measurements of a device excited from the side 
(through the lensed fiber) by a tunable laser as a function of wavelength (Pin= 
60µW) are shown. The readout is made using a grounded 30kΩ load resistor 
connected to the photodiode. The tuning diode is biased at VDC= -1.5V in this 
experiment. As opposed to measurements from the top, the cavity modes cannot be 
discerned in this spectrum, which is dominated by a large and spectrally broad 
~1µA background. The origin of this background was found to be the QD 
absorption in the RWG which is quantified in the next section.  

For situations in which the non-resonant background is high, the resonance 
modulation technique has proven to be successful in increasing the S/BKG ratio 
(see Chapter 5). This is also the case for the side-coupled NOEMS structures, where 
we show in Fig. 7.4b that the large RWG background can be reduced more than 2 
orders of magnitude (by 24dB) and reveal the presence of cavity and PhC-WG 
modes. The experimental conditions were the same as in Fig.7.4a apart for the 
added VAC= 100mV modulation voltage to the tuning diode. The modes can be 
identified with some degree of confidence based on their position in the PL (not 
shown) and the photocurrent spectrum (Fig. 7.4b) if one knows the mode spacing 
expected from simulations. Three cavity modes (Y1, Y2 and Y3 antisymmetric) and 
two groups of PhC-WG slow light Fabry-Pérot modes are identified in the 
spectrum.  
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In order to find out whether the coupling efficiency has increased compared to top-
coupling, the resonance modulation experiment was done under the same cavity 
bias with top-coupling (data not shown). For the Y2-AS mode the measurements 
had sufficient signal in this particular cavity in both coupling schemes, and could 
thus be compared. In the top-coupling scheme a lock-in signal IX

top= 9nA (peak-to-
peak) was measured for Pin

top= 50µW, corresponding to a 25nA signal in DC 
photocurrent. In the side-coupled scheme, the lock in signal IX

side= 21nA (see Fig. 
7.4b) was measured for the Pin

side= 60µW. An increase of A= 
(IX

side/Pin
side)/(IX

top/Pin
top)= 2 can then be calculated. The Y2-AS mode being 

spectrally far from the W1-AS and the W1-S modes, couples poorly from the side 
because transmission through the waveguide at those wavelengths is low. 
Therefore, larger improvements are expected for better coupled modes (e.g. Y1-AS). 
Indeed, in another device from the same sample batch, an increase by more than a 
factor of 5 was measured, corresponding to a responsivity of 5.3mA/W in the side 
scheme, and 1mA/W in the top scheme.  

 

Figure 7.4: Photocurrent measurements in the side-coupling configuration. a) Laser 

wavelength dependent DC photocurrent signal for a side-coupled L3 cavity. The tuning diode 

is biased with VDC= -1.5V. In this measurement a large broadband background is dominating 

the spectrum. b) Lock-in measured photocurrent for the cavity from a). Modulation voltage 

VAC= 100mV at f= 608Hz is actuating the top membrane position around VDC. In this case 

non-resonant background is suppressed by 24dB and the PhC cavity and the PhC-WG modes 

are revealed. 

It is important to note however, that the responsivity measured in this first batch of 
side-coupled NOEMS devices is still lower than the record values reported in 
standard bridge-cavity devices (≈ 12mA/W from Chapter 4). The difference comes 
firstly from a factor of 3 lower Q-factor in the side-coupled structures (~4·103). This 
is because a lower Q-factor decreases the absorption efficiency defined as ηa= 
Q/Qabs, moving the cavity further away from the absorption matching condition Q= 
Qabs. By optimizing the cavity design for the side-coupled structure, and minimizing 
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the scattering loss, which was in the previous section found to be high, could 
potentially increase the responsivity above the value found before in standard 
structures. 

In the DC photocurrent signal, two sets of fringes were observed, with periods ∆λ1≈ 
0.3nm and ∆λ2≈ 1.2nm (the ∆λ2 modulation can be seen in Fig 7.4a). One set of 
fringes is a result of the TE/TM beating  along the RWG length (∆λ2≈ 1.2nm) as it 
was experimentally found that these fringes can be minimized by rotating the 
polarization axis. The other fringes are most likely related to cavity effects between 
different reflection points in the system. The formula for the FSR of the FP cavity 
states that ∆λ= λ0

2/(2ngL) where λ0 is the central cavity wavelength, ng is the group 
index and L is the cavity length. From this formula, we can obtain the length of 
cavity based on the fringe spacing, which would indicate possible reflection points. 
Assuming ng= nGaAs= 3.39 at λ0= 1.3µm, for ∆λ1 this results in L1~800µm which is of 
the same order as the distance from the RWG facet to the structure (~500µm). In this 
case, applying an anti-reflection coating to the facet would decrease the fringe 
visibility.  

7.2.3 Absorption in the RWG 
 
Using the method for determining modal absorption described in Chapter 3 
(section 3.3), we have calculated the modal absorption for the RWG fundamental TE 
mode. The model takes into account the geometry of the RWG, properties of the 
materials (GaAs, AlGaAs, air) and simulates the QD material with a 5nm thick layer 
in the center of the top slab where the absorption is introduced via an imaginary 
part of the refractive index ni. The refractive index of the QDs is nQD= nGaAs+ni

DM= 
3.39+1.37·10-3 , where ni takes into account the QD density and inhomogeneous 
broadening as explained in section 3.3 for the DM slab. The results of the simulation 
are presented in Fig. 7.5 with the normalized electric field of the guided TE mode 
and its effective refractive index displayed. The effective refractive index of the 
mode obtained from the simulation is neff= nR + iκ, where nR≈ 3.114 and κ ≈ 8.441·10-

6. The modal absorption is then αRWG= 4πκ/λ= 0.8cm-1, for λ= 1.3µm. 

From the obtained modal absorption αRWG, the estimated input power Pin= 60µW 
and the length of the RWG (L ≈ 500µm) one can calculate the photocurrent 
generated inside the RWG as IRWG= (e/hν) Pin(1-exp(-αWGL)) = 2.5µA, where internal 
quantum efficiency is assumed to be equal to 1. Only 4% of the input power is 
absorbed along the RWG for these parameters, but this is enough to create a large 
background in the entire QD absorption range. The estimated value of the 
photocurrent generated in the RWG is a factor of 2.5 higher than the measured 
photocurrent (~1µA), and the discrepancy can be explained by the model of modal 
absorption being overly simplistic, or more probably by some of the carriers 
recombining on their way to the contacts i.e. the quantum efficiency being lower 
than 1.  
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Figure 7.5: Calculation of modal absorption in the RWG. A colorplot of the normalized 

electric field of the fundamental TE mode of the RWG structure simulated in Comsol 

Multiphysics.  

The broadband background caused by the absorption in the RWG is substantial 
even for much shorter waveguides (for L= 50µm, IRWG ≈ 260nA) which are difficult 
to realize practically, and it is clearly hampering the performance of the DM 
NOEMS sensor in the current implementation. In the next section we propose two 
design modifications that could significantly reduce this background. 

 

7.3 Design improvements - Cavity isolation for eliminating 
the broadband background 
 
As previously discussed, the absorption in the RWG is one of the limiting factors 
for the application of future side-coupled DM NOEMS sensors, as it generates a 
broadband background photocurrent comparable (or even higher) than the relevant 
cavity signal. A reduction of the RWG length is impractical (as already mentioned) 
and still creates large ~100nA photocurrent for short 50µm waveguides.  We 
propose here two solutions that could decrease this background. 

One solution relies on physically removing the absorbing layer (the QDs) all along 
the RWG by etching away some of the top membrane (“skinning” the RWG). This 
can be done with no additional lithography steps (without modifying the general 
process flow), if rectangular openings are patterned together with the n-via step, 
when the n-layer is reached. This would etch the p and the i-parts of the photodiode 
inside the RWG, decreasing the top membrane thickness from ~180nm to 50-70nm. 
The result of the fabrication of the skinned RWG are shown in Fig. 7.6a and Fig. 
7.6b. The taper between the RWG and the nanobeam is not etched as it is critical for 
the coupling (Fig. 7.6a) while in the rest of the RWG the top 50nm remain in the top 
membrane (estimated from the SEM image in Fig. 7.6b). 
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Another solution for high background photocurrent is to electrically isolate the 
cavity and the RWG, so that carriers generated in the ridge cannot reach the 
contacts. This too can be implemented without modifying the process flow, if a 
small trench is introduced in the RWG during the p-via step. In this step the top 
membrane is fully etched (as well as the intermembrane AlGaAs) in order to reach 
the bottom p-layer, so the two diode structures (in the RWG, and in the device) 
would be completely electrically isolated. The cut should be as small as possible, to 
minimize the loss introduced and w= 300nm was chosen in the design. The 
fabricated structures are shown in Fig. 7.6d and Fig. 7.6e. As can be seen from the 
SEM image in Fig. 7.6e, the introduced cut is about wfabr= 417nm wide, slightly 
larger than the design-specified value. 

 

Figure 7.6: Two designs for RWG background photocurrent reduction. a) An optical 

microscope image of a device with a skinned RWG.  b) An SEM image of the transition 

between the skinned RWG and the non-modified RWG in the fabricated structure. c) 

Position-dependent photocurrent measurements of devices with skinner RWGs for top-

excitation in the 20µm region around the n-cut transition (at 0µm).  d) An optical microscope 

image of a device with a p-cut trench.  e) An SEM image of the trench in the fabricated 

structure.  f) Position-dependent photocurrent measurements of devices with trenched RWGs 

for top-excitation in the 20µm region around the p-cut position (at 0µm).   

As a first check of the two designs’ effectiveness in reducing the background 
photocurrent, the photodiode readout was measured for top-excitation with a NIR 
laser focused via an objective onto the RWG6. The laser wavelength was in the 
                                                           

6 The experiment was performed by a colleague F. Galeotti on the sample fabricated 
by the author. 
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range λ= 1270-1280nm where the background was found to be the highest (see Fig. 
7.4a), and chosen so that it is not on resonance with any cavity modes. The position 
of the laser spot is then moved along the RWG length across the step (cut) present 
in the skinned (trenched) RWG while the photocurrent is read (see Fig. 7.6c and 
7.6f). As seen in the two figures, the photocurrent before and after the transition 
(Position= 0µm) differ by on average 15dB for both solutions. The p-cut solution 
(Fig. 7.6f) has a larger spread of the rejection ratios as compared to the n-cut 
solution (Fig. 7.6c), probably due the differences in the width or depth of the p-cut 
trench. We suspect that the background rejection will be even higher in the side 
coupled implementation, and that the light scattering from the surface and going 
directly to the PhC bridge region (not coupling to the RWG) is responsible for a 
large part of the background in Fig. 7.6c and Fig. 7.6f. The results indicate that the 
modified RWGs designs would greatly reduce if not eliminate completely the 
photocurrent generated in the RWG part of the structure.  

As mentioned before, these structures could have a higher propagation/insertion 
loss, which would be detrimental for applications as coupling efficiency would be 
reduced. In the case of the n-cut RWGs, the propagation loss through the structure, 
originating from the leakage of the mode into the substrate, can be estimated from 
simulations. This is done in a similar way as for the modal absorption calculation 
from section 7.2.3: The calculated imaginary part of the effective refractive index (κ) 
corresponds to the loss coefficient as α=4πκ/λ. Note that here the absorbing QD 
layer is physically (and in the model) removed, and all the loss originates from the 
guided mode leaking into the surrounding material. For the skinned RWG 
structures it was found that the propagation loss is very sensitive to the top 
membrane thickness, as the guided mode has strong field in this region. For t= 
50nm thick top membrane (assuming 20nm of the n-doped layer etched), αncut= 
7.2cm-1 which corresponds to a very large 30% loss for a 0.5mm long WG, while for 
t= 70nm (n-doped layer thickness), αncut= 1.3cm-1 resulting in only 6% light loss for 
the same WG length. Ideally, one could cut the RWG just below the QD layer (t= 
90nm remaining) resulting in a very low propagation loss αncut= 0.3cm-1 (1.5% lost 
over L= 0.5mm). However, realizing this in practice would require another 
lithography step as this depth is above the one in the n-via step.   

While in the case of the skinned RWG, the propagating mode is supported, in the 
trenched WG case, the mode is not supported inside the ~400nm wide cut-region 
and transmission relies on a facet to facet coupling. We have not estimated the loss 
in this case, so we cannot comment on the effectiveness of this approach. 
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8 |   Conclusions and Outlook 
 
 
In this thesis work, a novel integrated optical sensor for application in spectrometry 
and displacement sensing has been demonstrated, based on a nano-opto-electro-
mechanical system (NOEMS) platform. An electromechanically tunable double 
membrane (DM) photonic crystal (PhC) cavity has been combined with cavity 
detection provided by an absorbing layer of quantum dots (QDs), to produce a 
tunable resonant cavity enhanced (RCE) photodetector. The most significant results 
discussed in this thesis are summarized in the following: 

• Two types of PhC cavities made in a hexagonal lattice of holes (an L3 and 
an H0 cavity) have been optimized for the first time in the DM system for 
high Q-factor and wide mode spacing, as required for microspectrometer 
applications (Chapter 3). This was done by modifying the radius and the 
position of several holes around the cavity. The results of the optimization 
are quality factors in the range of (3-5)·104 for two symmetric (S) and one 
antisymmetric (AS) mode spaced by 20-24nm in the optimized L3 cavity 
design and a quality factor of 1.8·104  for one S-mode of the H0 cavity 
spaced by 30nm from other modes. The optimized PhC cavity designs have 
been patterned in a GaAs material and Q-factors ~104 have been measured 
in photoluminescence (PL) for the three aforementioned L3 cavity modes 
with resonant wavelengths around 1300nm. This result proved that cavities 
with ~100pm linewidths can be created in the DM PhC platform. 
 

• A DM PhC cavity-based microspectrometer with integrated actuation and 
detection has been realized and its performance has been tested (Chapter 
4). Resonant detection of an L3 cavity mode having a Q-factor as high as 
1.8·104 (corresponding to ~80pm) has been demonstrated by measuring the 
photocurrent generated in the on-chip photodiode when the cavity is 
excited with a resonant laser. This value is more than an order of 
magnitude higher than the previously reported record value for integrated 
RCE detectors[28]. Efficient out-of-plane actuation providing a wide 20-
30nm pull-in limited range of resonance tuning for 2-5V applied reverse 
bias between the doped layers in the membranes has been demonstrated, 
corresponding to a maximum tunability of ~3nm/V2. The tuning range of 
the resonances in the DM system has been increased by a factor of 3  with 
respect to the previously reported (buckling-limited) value of 10nm[13] 
with the help of stress-releasing structures patterned on the device. A small 
hysteresis and repeatability deviation in the cavity mode tuning have been 
measured corresponding to 1.2% and 0.2% of the applied voltage, 
respectively. Microspectrometer measurements of several laser lines with a 
high resolution of 0.2nm in a 13nm range (corresponding to 65 cavity 
linewidths) have been shown with an L3 cavity design as well as a wide
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• range (30nm) tuning with a resolution of 0.7nm for the H0 cavity design. 
Photodiode responsivities up to 13mA/W have been observed, and found 
to be limited mostly by the top-coupling scheme used in the experiments 
(~5% coupling efficiency) and to a lesser degree by a below-optimal 
absorption (~22% absorption efficiency). 
 

• A method for increasing the signal-to-background ratio and resolution in 
the DM NOEMS device, termed resonance modulation spectroscopy, has 
been introduced, which relies on a small-amplitude modulation of the 
actuation voltage to modulate the cavity frequency, which can then be 
resonantly read via the cavity photodiode in a lock-in scheme (Chapter 5). 
We obtained a 30dB background rejection ratio with this method as 
compared to 10-20dB in chapter 4. Further, we measured a 100fm/Hz1/2 
resolution in a wavemeter measurement of a laser line, and shown that it is 
limited by a long-term drift of the cavity resonance, with the ultimate 
resolution being ~2fm/Hz1/2 coming from the Johnson noise of the load 
resistor used for the readout. Several proof-of-concept demonstrations of 
this method for different applications have been shown, all relying on a 
broadband light source rather than a laser: In gas detection, where we have 
successfully detected the presence of a 16pm wide hydrofluoric acid 
absorption line in transmission; For monitoring a 0.8nm wide tunable filter 
with 3pm/Hz1/2 resolution, also in transmission; In the interrogation of 
fiber Bragg grating (FBG) read in reflection with a resolution 0.9pm/Hz1/2 
corresponding to 0.1K temperature sensitivity.  

• We have presented a novel concept for electrical field sensing based on the 
DM system (Chapter 5): Upon application of an external field, the built-in 
charges inside the top membrane induce a force on the membrane. The 
resulting displacement can then be read either optically (in reflection) or 
electrically (by the on-chip photodiode). In a proof-of-concept experiment 
where the sample is placed between a grounded plate and an electrical 
probe close to the device, we have detected the presence of an external field 
of the order of 100kV/m with a sensitivity of ~1kV/m using the resonance 
modulation scheme. 
 

• The NOEMS DM device has been used to detect the top membrane 
displacement in, to the best of our knowledge, the first demonstration of a 
displacement sensor using an integrated cavity-detector system (Chapter 6). 
From an experiment where we have detected the Brownian motion of the 
top-membrane using the on-chip photodiode and an electrical spectrum 
analyzer, we have obtained a displacement sensitivity of 100fm/Hz1/2 
limited at the moment by a large electrical pick-up noise in the 
experimental setup. If this noise is suppressed by better packaging, the 
sensitivity would come closer to the thermal noise limit of the resistor 
~1fm/Hz1/2.  
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• We have investigated the DM NOEMS system under high optical power 
resonant excitation in vacuum and observed interesting optomechanical 
effects caused by thermal and optomechanical forces (Chapter 6). In this 
regime, indications of the optical spring effect, thermal bistability and self-
oscillation were found in frequency- and time-domain measurements of 
device photocurrent. We have also shown that these effects can be 
influenced and potentially controlled by the bias voltage of the actuation 
diode.  
 

• The DM NOEMS sensor has been integrated with an on-chip waveguide 
using the technique previously developed[60],[55] in the group (Chapter 7). 
This was done by shoulder-coupling a high-Q L3 cavity to a photonic 
crystal waveguide (PhC-WG) which is then connected via an adiabatic 
taper to a ridge waveguide (RWG). Tunability of the PhC resonances in 
these structures over 5nm and their resonant detection were reported, 
indicating that the device can be used for sensing applications. The Q-
factors measured in the device were ~5·103 (a factor of 2 lower than in the 
standard structures). Side excitation has been tested and PhC resonances 
were observed in photocurrent using the resonance modulation technique. 
An increase in the coupling efficiency as compared to the top devices was 
estimated to be a factor of 2 in this first implementation. Absorption in the 
RWG, with an estimated modal absorption coefficient αRWG= 0.8cm-1, was 
identified as the reason for the presence of a large broadband background 
in the photocurrent signal which limits the performance of the sensor in the 
current implementation. Two solutions to this problem, including 
removing the absorber and introducing a small ~100nm cut were proposed, 
and their effectiveness in isolating the device from the RWG was tested, 
resulting in a ~15dB decrease of this background in a preliminary 
measurement.   

Looking at potential improvements, the solution of several open issues would 
drastically increase the sensitivity of the current system. One such issue is the long-
term drift observed in the wavemeter measurements which is limiting the 
resolution to 100fm (when measured in 1Hz bandwidth, at ~600Hz frequency). We 
speculate that it is linked to small variations of temperature inside the cryostat and 
adsorption of residual gasses. By making a better vacuum and introducing 
temperature control would likely improve the stability of the resonance. The other 
such issue is the high electrical noise at (1-2MHz) which is also the range where the 
device mechanical frequencies lie in. The ~20dB increase in the noise level (see Fig. 
6.3) appears when the probe is added to the circuit (device not contacted), and is 
thus a purely electrical problem. We speculate that it is an environmental noise 
which capacitively couples to the probe in our setup. A possible solution to this 
problem could be to use wire-bonding to contact the device instead of the three 
finger probe. 

The microspectrometer performance can be improved in terms of resolution, tuning 
range and responsivity as well. The resolution of the PhC cavities is at the moment 
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limited to a value ~1.5·104 by three loss contributions: The simulated cavity Q-factor 
QPhC≈ 3·104, the absorption Q-factor Qabs≈ 5·104 and the scattering loss related Q-
factor Qscat≈ 6·104. If the absorption is considered constant,  an increase of the Q-
factor can be best done by either reducing the fabrication losses, or by optimizing 
the design to increase the QPhC.  

The responsivity is on average 5mA/W in the system coupled from the top and is 
limited by the absorption efficiency ηa= 22% and the coupling efficiency ηc= 5%. The 
absorption matching condition (Qcav= Qabs) where Qcav = (1/QPhC+ 1/Qscat)

-1 is 
currently not achieved (Qcav=0.4 Qabs) and as mentioned before, by increasing QPhC 
and Qscat, the optimal 50% absorption efficiency can be reached. Alternatively, this 
can be done by increasing the QD density by a factor of 2.5 to 250 dots/µm2. 
However, this introduces a trade-off, as the total Q-factor would decrease by 50% 
(Qtotal~104). Concerning the coupling efficiency, the L3 cavity is not the best choice 
for top-coupling due to its far-field, and improvements by a factor of 3 are possible 
(15% in [101]), but even higher efficiencies can be expected from the side-coupled 
scheme. 

Regarding the extension of the tuning range from the current record of 30nm, one 
solution, already proposed in [55], is the pull-in free structure, where the bottom 
contact is placed on the substrate (~1.5µm deep), thus increasing the absolute 
displacement range. However, this requires very large voltages, higher than the 
breakdown voltages of the diodes we can fabricate at the moment. The tuning 
voltage needed can be decreased if a third, thin membrane is used, which is closer 
to the DM than the substrate. It needs however, to but far enough from the DM 
system in the vertical direction so as not to couple significantly. Another option for 
increasing the range relies on the use of WGs, where several devices can be 
multiplexed and read together, effectively combining their tuning ranges. 
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Summary 
 
 
Integrated micro-spectrometers and optical sensors 

Spectroscopy has been an enabling technology in physics, chemistry, astronomy 
and other natural sciences for more than a century, helping researchers gather 
valuable information from the interaction of photons with objects, both large and 
small. More recently, new prospects of using spectrometers in medical diagnostics, 
material analysis and agricultural sensing have appeared, as the size and cost of 
spectrometers in the visible and near-infrared spectral regions have decreased. 
However, miniaturization of classical dispersion-based spectrometers has proved to 
be a non-trivial task due to the resolution-size trade-off intrinsic to these devices. 
An alternative approach, consisting of a tunable filter and a detector, may represent 
a more promising approach for the integration of spectrometers on a chip, reducing 
the device fabrication cost whilst preserving high resolution. Such an integrated 
microspectrometer is developed in the work presented here, combining high 
resolution (~0.1nm at 1300nm) and an extremely compact footprint (~10x10µm2). It 
is made in a III-V semiconductor platform and comprises a photonic crystal (PhC) 
cavity nano-opto-electro-mechanical system (NOEMS) structure that performs the 
filtering and actuation functionalities and an integrated quantum dot (QD) absorber 
for detection. 

In Chapter 1, the state-of-the-art integrated µ-spectrometers from literature are 
compared with the device presented in this thesis, based on their size, resolution, 
spectral range, responsivity and other parameters. Next, the relevant concepts for 
our device are introduced: The PhC slab cavity which provides confinement of light 
in- and out-of-plane and is used as a filtering element; The double membrane (DM) 
architecture which through evanescent coupling of two identical cavities enables 
the tuning of the resonance; The electrical actuation which is used for the practical 
realization of the DM tuning based on a reverse-biased p-i-n junction; The QD p-i-n 
photodiode integrated inside the top slab, enabling resonant cavity enhanced (RCE) 
photocurrent read-out. 

In Chapter 2, the methods of fabrication and characterization are shown. First, the 
nanofabrication from an epitaxially grown wafer to complete devices with contacts 
is explained in detail following the process flow. Next, the two types of 
experimental setups utilized in this work are presented, both equipped with 
electrical probes and capable of photoluminescence and photocurrent spectroscopy 
measurements, and differing in the light coupling scheme: form the top through an 
objective (used in Chapters 4, 5 and 6) and from the side through a lensed fiber in 
proximity of an on-chip waveguide (WG), as done in Chapter 7. Lastly, the 
electrical properties of the NOEMS devices are discussed. Here, the equivalent 
diode circuit is introduced and different circuit elements such as series resistance, 
differential resistance and junction capacitance are measured and/or estimated. 
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Chapter 3 concerns the optimization of DM PhC design for spectroscopy 
applications. First, the RCE model is laid out and concepts of absorption matching 
and modal absorption are introduced, followed by a numerical calculation of the 
modal absorption in the DM system with realistic parameters. In the remaining part 
of this chapter, two designs of PhC cavities in a hexagonal lattice of holes (namely 
an L3 and an H0 cavity) are optimized for high-Q and large free-spectral-range 
(FSR) using 3D finite element method (FEM) simulations. Resulting designs are 
found to have Q-factors in the 2-5·104 and free-spectral range (FSR) in the 20-30nm 
ranges, for both cavity types. The effectiveness of the L3 design is shown with PL 
measurements of fabricated samples, having Q> 104, which translates to filter 
resolution ~0.1nm. 

Chapter 4 discusses the DM PhC µ-spectrometer in detail. A proof-of-concept 
measurement with 0.2nm resolution over a 13nm range is shown using laser light as 
input. Additionally, a record high resolution (80pm) and a record tuning range 
(30nm) for DM NOEMS structure are presented. Electro-mechanical tuning is 
considered next, where the issue of stress-induced buckling is resolved using stress-
release openings, and tuning performance in terms of hysteresis and repeatability is 
tested. In the last part of this chapter, some of the most relevant device 
specifications are discussed, namely its responsivity, coupling efficiency, saturation, 
signal-to-background (SBKG) ratio and FSR. 

In Chapter 5, a modulation technique we term resonance modulation spectroscopy 
(RMS) is conceptually introduced. It is based on actuating the top membrane at a 
given frequency and using the lock-in amplifier to readout the photocurrent at the 
same frequency, which results in an increased SBKG ratio (by more than 10dB 
compared to the results in chapter 4) and enables very high-resolution wavemeter 
sensing (~100 fm/Hz1/2 when measuring a single laser line). These advantages of 
the wavemeter NOEMS device are put to the test in different proof-of-concept 
demonstrations: In absorption spectroscopy where a hydrogen-fluoride gas line is 
detected, for tunable filter spectral monitoring and in fiber Bragg grating (FBG) 
interrogation. Finally, a concept for a novel electric field optical sensor based on a 
DM PhC cavity structure is introduced, and first demonstration is performed using 
the RMS technique. 

Apart for being a spectrometer and wavemeter, our NOEMS device can be operated 
as a displacement sensor as well, making use of the optomechanical coupling 
between the two membranes. In this mode of operation, a displacement of the top 
membrane in the vertical direction can be deduced from a shift of the PhC 
resonances that move with a ~0.2 nanometer (spectral) per nanometer (distance) 
rate. This idea is developed further in Chapter 6. First, the concepts of 
optomechanical coupling, backaction and gradient optical forces acting at the 
nanoscale are introduced, followed by an overview of state-of-the-art integrated 
displacement sensors which are compared to our NOEMS approach. Next, the 
proof-of-concept demonstration of the DM PhC displacement sensing is shown by 
measuring the Brownian motion of the top membrane in vacuum at ~2MHz 
frequency using the device photocurrent readout and an electrical spectrum 
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analyzer (ESA). A ~100fm/Hz1/2 displacement sensitivity is obtained in these 
measurements. The influence of temperature, input power, applied tuning voltage 
on the optical and mechanical properties of the structure is then discussed, and the 
response function of the displacement sensor is shown. In the last part of this 
chapter, interesting optomechanical and thermal effects appearing for high input 
powers are shown, including amplification of motion, bistability, optical spring-
effect and the possible presence of excitable pulses. Their occurrence is studied in 
the frequency- and time-domains as well as in the DC photocurrent readout. 

In the last results chapter (Chapter 7), a waveguide-coupled NOEMS sensor is 
presented. The general advantages of waveguide (WG) coupling are discussed first. 
The design of an L3 PhC cavity shoulder-coupled to a PhC-WG which is coupled to 
a ridge waveguide (RWG) via an adiabatic taper is shown next, and the specifics of 
the fabrication of these devices are discussed. In the remaining part of this chapter, 
the experimental results are given, including the PL resonance tuning (~5nm), a 
photocurrent measured cavity mode with a Q-factor of 5·103 (light coupled from the 
top), as well as a first demonstration of photocurrent measurements with the light 
coupled from the side, using the RMS technique. The coupling efficiency in the last 
experiment was estimated to be a factor of two higher than for the top-coupled case, 
which is a good indication that large improvements in the coupling can be made in 
future, further optimized designs. 

In the final chapter, the most relevant results of this thesis are summarized, possible 
improvements to the current device and the experiments are discussed, and some 
prospects for extending the tuning range are proposed, either by changing the 
tuning scheme and adding a third (contact) membrane or by implementing a 
multiplexed waveguide readout, effectively combining the tuning ranges of several 
devices. 
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