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Chapter 

Introduction 

The processing speed of computer systems, as well as the word length in digital 
applications increase as chip dimensions decrease. When for instance personal computer 
processors are considered, the clock frequency has gone from a hundred kilohertz in the early 
seventies to over thousandfold this value today. During the same quarter of a century, the bus 
width has increased from 4 to 32 bits. Nevertheless, the use of conventional, electrical routing 
techniques imposes restrictions upon speed and bus width. As clock frequencies increase, 
these limitations become noticeable for shorter distances. High performance optical links are 
therefore required to exchange data on a circuit board level. In the future this is likely to 
transfer to the chip level as well. The key components in these optical links are transmitters, 
optical paths and photoreceivers. 

1.1 Optical links 

A general optical link is drawn in figure 1.1. In this simplified representation an electrical 
input signal Si has to be transmitted to an electrical output signal S 0 • For this the signal is 
first encoded and preconditioned to give a signal ~. suitable for transmission. This voltage 
signal is converted by a source driver to a current signal hD· which drives the optical source. 
This source is often a LED or laser diode (LD). 

The main purpose of the optical path between transmitter and receiver (in many cases an 
optical fibre), is to deliver the signal with an optical power P opt without causing excessive 
loss and dispersion. For long distances the path may include repeaters and optical amplifiers. 

' For short distances on the other hand, free space systems may not use any optical guidance at 
all. 

The photoreceiver (often referred to as 'front end') is the functional counterpart of the 
electro-optical transmitter. Here, an optoelectronic conversion is performed by a photodetector. 
This detector produces a photocurrent lph in response to the optical signal with power 
Popt· The photocurrent is preamplified and converted to a voltage signal V0 • Finally, post 
conditioning is meant to recover the original signal and adjust it for further processing. It may 
involve filtering, equalisation and postarnplification to obtain the output signal S0 • 

The diagram of figure 1.1 is a generalised system for both analog and digital systems. For 
data exchange between circuit boards and chips as mentioned earlier, the optical fibre may be 
left out and replaced by lens optics or holographic imaging. However, the optimal properties 
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detector preamp post 

Figure 1.1 General electro-optical link. 

of every single component of the system are decided by the final application. For long distance 
communications (> 1 km), the number of repeaters compensating the transmission loss is 
reduced by designing receivers for high sensitivity. This means to minimise the amount of 
optical power needed to achieve a certain bit error rate (or signal to noise ratio). For the short 
distance communications which are addressed here, instead of sensitivity, the transmission 
speed or dynamic range of the system may be of concern. These issues are very important for 
the choice and design of the detector and preamplifier. The integrated receiver described in 
this thesis comprises both these elements, as well as some conditioning of the output signal. 

1.2 Device technology 

Fibre optic systems become more popular in broadband communications and a lot of research 
efforts are concerned with the development of optical transmitters, lightwave amplifiers and 
receivers. Optical waveguides processed with semiconductor materials enable rniniaturisation 
when integrated with electro-optical devices like LED's, laser diodes and photodetectors. 
On the other hand these devices can be integrated with electrical driving and amplifying 
stages. The reduced number of components and the benefits of compact modules have 
stimulated the development of a new kind of circuits referred to as optoelectronic integrated 
circuits (OEIC's). Important for the semiconductor material system and used technology is 
the wavelength of the communication system at which laser diodes and detectors have to 
operate. Long distance optical communications require operation wavelengths corresponding 
to the low material dispersion window or the low loss window in glass fibres near 1.3 and 
1.5 J.Lm respectively. For these wavelengths, LED's and laser diodes can be fabricated using 
quaternary compositions of gallium arsenide and indium phosphide compound semiconductors 
on InP substrates. The same applies to photodiodes. The problem with indium phosphide and 
related compounds is however the low maturity of transistor technology. In particular the poor 
Schottky barrier complicates the fabrication of OEIC's on this material system. 
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For the applications requmng only short distance fibre connections or none at all, 
operation at a wavelength around 850 nm is possible. For the realisation of photoreceivers 
for this short wavelength, high speed photodiodes can be made on gallium arsenide. Metal
semiconductor-metal (MSM) photodetectors with a planar electrode pattern facilitate the direct 
imaging of optical signals between circuit modules. In addition, the GaAs/ AlGaAs material 
system has the advantage of a well developed transistor technology. Transistors incorporating 
heterostructures, especially pseudomorphic high electron mobility transistors (pHEMTs), have 
proven to enable the development of high speed amplifier circuits. For the receiver circuit 
a monolithic integration of MSM detectors together with pHEMTs on a single GaAs chip is 
applied, which reduces furthermore the influence of parasitics on the receiver performance. 

1.3 Project strategy 

The main goal of the project described in this work is the realisation of a photoreceiver 
circuit using pHEMT technology. Due to restrictions imposed by the applied photolithography, 
devices are used with 1 pm gate lengths. The design goal was to obtain a bandwidth 
exceeding 1 GH z, a value based on experience from other research groups. Although the 
noise performance will be addressed in the designing part, the noise behaviour could only be 
characterised up to relative low frequencies and has not been a major topic in this work. 

To meet the project objectives, a development path has been followed that is commonly 
applied to many types of integrated circuits. The diagram in figure 1.2 shows the different 
levels a design has to go through before it reaches production. Generally, starting from 
a system level, a functional description (top) is translated into an electrical circuit. This 
circuit is basically an assembly of geometrical variations of different device types. The nature 
of these semiconductor devices decides which fabrication process has to be used to realise 
the final product (bottom). This course is common in production environments using well 
established device technologies for large scale integrated circuits. In this case the way down 
is accomplished automatically by cell libraries performing a series of translations transparent 
to the designer. 

The outcome can only be monitored however by modelling the influence of the properties 
of the different stages all the way up to the system level. The time involved in the development, 
and thus the final cost, depends very much on the accuracy of the used models. Today these 
aspects become more important, even in research environments. 

For the project described in this work pseudomorphic HEMT technology is applied to 
OEICs. ·Both circuit design and device technology have been developed almost simultaneously. 
To reduce the number of iteration loops along the course plotted in figure 1.2, the need for 
accurate models is even more evident. Therefore, a major part of the project has involved 
the development of accurate models for pHEMTs. This has been done on the device level as 
well as the circuit level. As it will be shown, circuit simulations in the course of the project 
indicated that the aimed receiver bandwidths could be increased to values in excess of 5 G Hz 
for a 1 kD. transimpedance. 
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Figure 1.2 Development chart for integrated circuits. 

1.4 Thesis organisation 

In connection with the considerations given before, the realisation of the photoreceiver can be 
divided into three major topics, which are addressed in this thesis. 

The fust chapter describes the application of GaAs Metal-Semiconductor-Metal structures 
(MSMs) as photodetectors. A review is presented of the theory involving the DC behaviour 
of these devices. Furthermore the responsivity is described and a translation of the dynamical 
behaviour into an equivalent circuit model is given. Finally MSM devices on-different types 
of material structures are presented and the results of characterisations are discussed. 

In the second chapter pHEMTs fabricated on GaAs are discussed. This type of transistor 
is used as the electrical amplifying device for the integrated circuit. In this chapter a numerical 
model is presented that describes the DC current-voltage relation of this device type. This 
model can be used to design layer structures for MBE growth. It has also been used to 
develop an equivalent circuit model for simulation of MMICs and OEICs using HEMTs. Also 
described is the optimisation of the HEMT fabrication process with respect to the gate-recess 
related device uniformity. Finally the DC and high frequency characteristics of fabricated 
devices are discussed. Also a comparison between measured data and model simulations is 
shown. 

In the final chapter the design and realisation of the photoreceiver is presented. First a 
global design of the amplifier topology is given as well as the implementation of the circuit 
using an MSM detector and pHEMTs. This is followed by simulations of the integrated circuit, 
based on the models presented in the first two chapters, which were used to derive a mask set 
for IC fabrication. Finally, the characterisations of the realised receiver are discussed. 
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Chapter 2 

Metal · Semiconductor Metal 
Photodetectors 

2.1 Introduction 

Metal Semiconductor Metal (MSM) structures are widely used in GaAs integrated circuits 
as capacitors and light detectors. On semi insulating GaAs these structures provide for fast 
optical detectors, which can be fabricated in the same metallisation process that is used to 
deposit gate contacts of FETs [1,2,3 and 4]. 

a) b) 

c) 

Figure 2.1 Metal Semiconductor Metal Detectors: a) Circuit schematic, 

b) Interdigitated electrode pattern, c) Structure cross-section A

A, d) Band diagram. 

The two electrodes of the devices are fonned by Schottky contacts. So the device is a 
composition of two diodes (figure 2. la). One of them always blocks the current, independent 
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of the bias polarity. Generally MSM detectors are designed with an interdigitated contact 
pattern. One of the major advantages of the coplanar geometry (figure 2.1 b) is its low parasitic 
capacitance. The alternating polarity of the electrodes (figure 2.1c) makes it possible to obtain a 
large detection area without increasing the electrode distance and with it the carrier transit time. 
The large area enables more efficient coupling of optical signal power than coaxial patterns 
like for instance PIN structures. When biased, electron-hole pairs (figure 2.1 d) created by 
absorbed light in the active region, are collected at the electrodes. Because of the Schottky 
barriers at both electrodes, the dark current is very low. This will be discussed further on in 
detail . 

Photons with energy levels lower than the bandgap energy of the semiconductor will 
not be absorbed. Therefore, with the current state of technology, the maximum detectable 
wavelength for GaAs MSMs lies around 870 nm. For short distance connections this is no 
problem but it makes them less attractive for long distance fibre optical communications. 

In this chapter some· of the basic properties of MSM structures will be discussed. In 
particular those playing an important role in the design of photoreceivers: dark current, 
responsivity and bandwidth. After this some experiments will be presented with MSM 
detectors, suitable for integration with GaAs based FETs. Also structures on GaAs were 
investigated for detection of longer wavelengths. 

2.1.1 Dark current 

An important property of receiver designs is the signal-to-noise ratio. The noise source at 
the input of the amplifier is mainly formed by the dark current of the detector. For a Metal 
Semiconductor Metal structure the dark current is caused by the leakage current through 
the Schottky barrier of either the anode (positively biased) contact in case of an electron 
current, or the cathode in case of a hole current. The nature of this current is determined 
by the combination of the contact metal and the semiconductor material used. Apart from 
the structure, the bias conditions play also a very important role. Similar to [5], where Sze 
derived the current expressions for silicon based devices, the dark current can be found for 
MSM structures on GaAs. Also the optimal bias condition for MSM photodetectors can 
be estimated from this one-dimensional approach. In this analysis a low background donor 
concentration N D is assumed, but the same applies to p-type material. 

The influence of the applied voltage on the dark current can be investigated by looking 
at the following bias conditions: Zero bias, reach-through and flatband. 

Zero bias 

At zero bias no current will flow. The band diagram of the device is shown in figure 2.2b. 
Here <P Bn and <P Bp are the barrier heights for electrons and holes respectively. In case of a 
symmetrical device one can state: 

q</JBn + q<fJBp = Ec (2.1) 
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a) 

b) 

c) 

Figure 2.2 a) An MSM structure at zero bias. b) Band diagram. c) Electric field. 

where Ec is the energy gap of the semiconductor. W R and W F are the depletion widths at 
the contacts which will be reverse and forward biased: 

(2.2) 

Here € 8 is the dielectric constant of the semiconductor and q is the elementary charge. In case 
of an n-type semiconductor with a background doping N D, or a p-type semiconductor with a 
background doping N A, the built-in voltage vbi is given by: 

Vi A. kT l & . bi 'I' Bn - q n N v , or. 

Vib; A.B - kT ln !f..y_ 
• 'I' p q NA 

T is the temperature and k is the Boltzmann constant. N c and N v are the effective densities 
of states in the conduction and valence bands respectively. As shown in figure 2.2c for zero 
bias, the electric field & is zero between the depletion zones. 

Reach-through 

By increasing the bias voltage V the depleted area at the cathode will grow while at the 
anode side it will shrink a little. A very small current will be injected through the barriers: at 
the positively biased electrode a hole current Jp. and an electron current Jn at the negative 
electrode. The hole barrier at the anode side is higher than the barrier for eletrons at the 
other side. Therefore the total flowing current is mainly the electron current Jn. At the 
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a) 

b) 

c) 

Figure 2.3 a) MSM structure at the point of reach-through. b) Band diagram. c) Electric 
field. 

point of reach-through both depletion areas touch each other and the structure is fully depleted 
(figure 2.3). This occurs at a voltage 

qND 2 
Vnr --s - 2Vb · 

2Es t 

When the electrode spacing s is small enough, full depletion of the device can occur at zero 
bias. Using equation (2.2) with W R + W F = s, or taking Vnr= 0, the spacing would have 
to be: 

Sdep = 

Flatband 

Further increasing of the bias results in a positive electric field from £ 
at the anode side: a flatband situation (figure 2.4) where: 

' 
V - qND s2 

FB - 2£
8 

£ R down to zero 

(2.3) 

For fast operation of the device, the carriers should move with maximum velocity. Therefore 
the electric field is preferably higher than the critical field Ec which is defined as the field 
where the carrier velocity has its maximum: v(£c) =Vmax · The electric field varies throughout 
the MSM structure with a maximum value of: 

(2.4) 
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a) 

fl'R=s 

Figure 2.4 a) MSM structure at flatband. b) Electric field. 

at the reverse biased contact, and a minimum value of: 

£p = V- VFB 
s 

(2.5) 

at the forward-biased contact. To have the carriers experience a field of at least £c from 
contact to contact, a minimum voltage Vmin must be applied: 

(2.6) 

Breakdown phenomena finally limit the maximum field £ < £R <£8 v(figure 2.5). 
Using eqn. (2.4), the maximum applicable voltage becomes: 

Optimal bias 

For fast operation, the optimal bias of the MSM detector lies in a range Vmin < V < VBD· 
In this range the dark current density is given by Sze [5]: 

J = Jn + Jp = A~T2en.(~</>n-<I>Bn) + A~T2en.(~</>p-</>Bp) (2.7) 

with A~,p the effective Richardson constant of electrons and holes. The current increase due 
to the applied voltage is only the result of barrier lowering: 

(2.8) 
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a) 

b) 

Figure 2.5 

~ -------------------

a) Band diagram of an MSM structure at breakdown. b) Electric 

field. 

(2.9) 

where £ R F are given in (2.4) ~d (2.5). For minimum dark current V should be kept at 
Vmin and' the optimal barrier heights can be found by substituting aJ /8¢ Bn = 0 in (2.7), 
using (2.1). Including the barrier lowering t:,.¢n ,p this gives: 

In other words: the total current density is minimal when the contributions of electron and 
hole current are equal. So the optimal (asymptotic) barrier height for electrons becomes: 

1 [ kT AP] ¢ Bn = 2 Eo + t:,.¢n - t:,.¢p - q In A~. (2.10) 

The result agrees well with the intuitive thought that for maximum barrier heights for both 
electrons and holes, and their sum limited by the bandgap energy, they must be equal halfway 
the bandgap. The deviation from this position (see figure 2.6), due to the different Richardson 
constants is for GaAs (Ap = 74.4, A~= 8.16 Afcm2K 2 ) about 28 meV. The deviation as 
a result of the difference in barrier lowering at V = Vm.in can be estimated by using (2.8) 
and (2.9): 
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This value is in practical cases (s ~ 2 J.Lm) for GaAs near 13 meV. So the higher bandgap 
lowering for electrons at the positive electrode partly compensates for the higher thermionic 
emission of holes at the negative electrode. But apart from this slight deviation: 

1 
<f>Bn = ¢Bp ~ 2Ec 

For GaAs this situation can be realised by using WSix electrodes (<f>Bn ~ ¢ Bp = 0.7 eV). 
A survey of different metallisations and corresponding barrier heights has been given in [6]. 
An alternative is found in Til Au contacts ( </> Bn ~ 0.8 e V). This is useful for FET circuit 
integration where, apart from the detector dark current, also the gate leakage current should 
remain low. 

0.50 0.60 0.70 0.80 

Figure 2.6 Electron and hole current densities for a GaAs MSM structure 

calculated as a function of barrier height. N D = 1015
/ em 3, 

V = Vmin = 1.13 V and s = 1 J.Lffi. 

2.1.2 Responsivity 

Generally the responsivity 'R of optical detectors is defined as: 

[ph 
'R=-

Popt 
(2.11) 

the ratio of the light induced photo current ! ph and the incident optical power Popt· If every 
photon with an energy E =hv generates an electron-hole pair that is collected at the electrodes, 
the maximum responsivity is limited by qjhv or, using the commonly used expression: 

.X 
'R < -----, 

1.24 J.Lffi v 
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with a photon wavelength A. When multiplication mechanisms are present, like in avalanche 
photodiodes, the number of collected carriers increases. In this case this expression has to be 
multiplied by internal gain: G. In practice only a fraction of the incident beam will reach the 
active area of the device, and the number of photons that actually creates an electron-hole pair 
is limited. These effects determine the quantum efficiency TJ of the device. Equation (2.11) 
can now be expressed by: 

(2.12) 

The identification of the different contributions for MSM detectors is illustrated in figure 2.7. 
These are transparency, reflection, absorption and gain which are explained below. 

Transparency 

Figure 2.7 Illustration of the different aspects affecting the 

responsivity of MSM detectors. 

For MSMs with non transparent electrodes, with a width w and a spacing s, only a fraction 
8 / w+s of tbe light will reach the semiconductor surface. This problem is inherent to the planar 
electrode pattern. Au electrodes are transparent up to less then 10 nm but they would introduce 
a series resistance in the order of several M n for a usable device geometry. In [7] the use 
of semi transparent InSnO has been compared to more commonly used TiAu electrodes. A 
doubling of the efficiency was obtained here at the cost of a slightly increased dark current. 
Another approach is backside illumination [8]. This requires substrate thinning or backside 
etching to avoid excess loss of signal power, complicating the fabrication considerably. 

Reflection 

A fraction r of the incident beam reaching the semiconductor surface will be reflected: 

(
ns- na) 2 

r = ns + na 
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where ns and na are the refractive indices of the semiconductor and air respectively. In 
this respect, using an anti reflective coating would improve the detector performance. The 
thickness de of this coating is chosen such to obtain zero reflection at a certain wavelength 
.A0 • The optical distance nede of the coating must be equal to a quarter of the wavelength 
so: 

de =~ 
4nc 

with nc the refractive index of the coating. SiNx for instance (ne ~ 1.85) can be used as AR 
coating and can also be used for the passivation of integrated circuits. Also the dark current 
of MSM detectors may benefit from surface passivation [9]. 

Absorption 

For a device with an finite thickness d the amount of light passing through the device decreases 
exponentially with d. So the fraction that is absorbed is 1 - e-o:d . In figure 2.8 (data from 
( 10]) is shown that the refractive index and even more a depends strongly on the optical 
wavelength, with a sharp drop of a at>. = he/ Ec · 

S.o 0.2 0.4 0.6 0.8 

A [f.1111} 

Figure 2.8 GaAs refractive index and absorption coefficient as function of 

the optical wavelength. 

By incorporating all the described effects for MSM detectors, one finds a total quantum 
efficiency of: 

"l = - 8
-(1- r)(l- e-o:d) 

s+w 
In figure 2.9 the quantum efficiency is shown for GaAs, calculated from the data of figure 2.8 
for different thicknesses of the active layer. The finger shading is not included. It is obvious 
that for photon energies near the bandgap, intrinsic absorption degrades and the thickness 
becomes decisive in the detector efficiency. 
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Figure 2.9 Quantum efficiency of GaAs, without anti-reflective coating and 

neglecting electrode shading, for different device thicknesses. 

Internal gain 

Since injection of electrons is prevented by the Schottky barriers, gain as it is found in 
photoconductors is usually absent. However, low-frequency gain is commonly observed with 
MSM detectors and is attributed to charge trapping effects in the electrodes, in the substrate, at 
interfaces and at the semiconductor surface. Application of surface passivation layers and high 
bandgap material to reject carriers from trap sites usually gains the best results [9]. Therefore 
the main cause of photo-induced gain appears to be the presence of traps at the surface [ 11]. 

2.1.3 Dynamical response 

For the dynamical behaviour of MSM detectors two things are important. First, the device 
capacitance together with a load R form an RC-circuit with a -3dB bandwidth of: 

1 
fRc = 2HRC 

R is composed of the externally applied load resistance, increased by the detectors series 
resistance. This will be discussed elsewhere in this section. The dark capacitance Cdm·k of 
the detector is caused by the modulation of the depletion regions at both electrodes. For a bias 
voltage larger than VRT· which is the normal operation mode for MSMs, the whole device 
becomes fully depleted and Cdark remains almost constant at the dielectric value [5] . For a 
coplanar alternating electrode pattern conformal mapping [ 12] should be used to calculate the 
value per unit area: 

Es + Ea K(k) 

w + s K ( v'f=k2) (2.13) 
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with K Legendre's complete elliptic integral of the first kind: 

and: 
2 [7r s ] 

k::tan 4w+s 

In figure 2.10 the dark capacitance is calculated for GaAs MSMs width different finger spacing 
and sizes. In case w = s equation (2.13) becomes: 

€s + €a 
Cdark ~ 0.558--

w+s 
(2.14) 

Contact patterns can be adjusted to the profile of the incident optical beam [13] but this will 
only result in a small reduction (20%) of the parasitic capacitance. 

1;' ~::t 0.1 

~ -.;;;:. 

~ 0.01 1::::::=::±:::::'~ 
~ 

O.OOJ.o1 0.1 10 

s [/.nn] 

Figure 2.10 Dark capacitance per unit area calculated for GaAs MSM 
structures, w and s are finger wid1h and spacing. 

Secondly the response speed is determined by the average transit time Ttr of the generated 
carriers that can be estimated by: 

s 
Ttr ~ --

2Vsat 
(2.15) 

with s again the electrode distance and Vsat the carrier velocity which is assumed to be 
saturated (e > ec). Since holes tend to move slower than electrons, especially at lower 
electric fields, the transit times can differ substantially. Tails in pulse responses resulting 
from lagging holes are observed commonly. To eliminate slow carriers generated deep in the 
substrate, heterostructures have been adopted [ 14]. More often, low carrier lifetime material 
is used for this purpose as will be shown later in this chapter. 
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The overall bandwidth f 3dB of the detector can be estimated by: 

1 
f3dB ~ ----;==== 

211" J R2C2 + rlr 
(2.16) 

For optimal response speed the detector is neither RC nor transit time limited: TtT = RC. 
In practical cases the finger distance is set by lithographical limits. This fixes the transit time 
and sets the maximum detectable area A to: 

A = Ttr ~ s(w + s) 
R · Cdark f.sVsatR 

For a 50 n load and w = s = 1 J.Lm, this would yield a 50 x 50 J.Lm 2 area on GaAs 
(Vsat ~ 1.5 x 105 m/ s) and a bandwidth exceeding 30 GH z. For efficient coupling with 
multimode or graded index fibre-optics, this area is already quite small. Therefore a larger 
detector with a larger finger spacing should be used instead. 

As shown in this example, often the trade-off between responsivity and bandwidth 
determines the eventual detector behaviour. Therefore a common figure of merit used with 
detectors is the Gain-Bandwidth product r B [15]: 

rB = rJGf3dB 

2.1.4 Multi-dimensional considerations 

The analysis performed so far is, as mentioned before, a one-dimensional approach. MSM 
structures are highly multidimensional in their behaviour. The plane of the electrodes is 
perpendicular to the direction of absorption (figure 2.lb and c). In this direction a gradual 
transition of reach-through, flatband and breakdown situation may deflect the current path 
away from the shortest route from contact to contact. 

Apart from the lateral potential variation, also the transversal variation has a great impact 
on the detector response. Photons with relative low energies generate carriers deep in the 
structure because of the high penetration depth of light. Since the electric field strength 
decreases away from the contacts, also the velocity of these carriers is low. 

To get an idea what the effect is of the two dimensional geometry of planar MSM 
structures, 2D simulations with the Atlas and Blaze software packages of Silvaco, version 
2.0.0R, were used. In figure 2.11 the result of a DC simulation of an MSM structure is 
shown. The Poisson equation and the electron and hole current equations were solved in a 
4 x 4J.Lm2 device area. For the carrier velocities the following mobility model was used: 

JL +'!Lull.(t:)k 
JL(e) = a e ~ 

1 + (fJ 
With k = 4 for electrons and unity for holes. The low field mobility fLo was chosen 
8500 cm2 /V s for electrons and 400 cm2 /V s for holes. For the critical electric field ec a 
value of 4 k V /em was used for both electrons and holes. The background doping of the 
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GaAs has an impurity concentration of NA = 3 x 1014/cm3 (p-type). The carrier lifetimes 
used with calculation of Shockley-Read-Hall recombination are 10 ps for both electrons and 
holes. For the photogeneration in the material a refractive index and absorption coefficient 
according to [10] (see figure 2.8) were used. In the simulations the sample was illuminated by 
a 1 W /em 2 light source at 632 nm, but the generated carriers have little effect on the electric 
field deep in the structure. In figure 2.11 the electric field is plotted at different distances from 
the device surface. At 5 V bias the region where the magnitude of the electric field exceeds 
£c is restricted to a small island near the anode contact. The area where the electrons move 
with saturation speed of 1.3 x 105 cmjs (figure 2.12) is less than 3 J.Lm deep. For holes, 
which were simulated with a more silicon-like mobility, this area is even less than 2 micron. 
For long carrier lifetimes this may result in long tailed hole responses as mentioned before. 

Investigation of carrier distributions by photoluminescense microscopy [ 16] also shows 
strong planar variations under and near electrodes of MSM structures. These studies suggest 
the necessity of full three-dimensional analysis of depletion regions in small MSM structures. 
It is clear anyway that experimental results from devices have to be compared to lD models 
with care. 

y=0.1 J.lm 

ec y=2 J.lm 
o y=3 J.lm 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

X {f.liil} 

Figure 2.11 20 Simulation of an MSM structure. The magnitude of the electric 
field is plotted along the transversal x-coordinate at different 

distances y from the device surface. The ground electrode 

ranges from x = 0 J.Lffi to x = 1 J.Lm and the positive electrode 

(V = 5 V) from x = 3 J.Lffi to x = 4 J.Lm. 
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Figure 2.12 Simulation of the electron velocity at a bias of 2 V . 
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Figure 2.13 Simulation of the hole velocity at a bias of 2 V. 
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2.1.5 Device model 

The model which has been used for MSM detectors in circuit simulations is shown in 
figure 2.14. The dark current is represented by a DC current source I dar k> according to 
eqn. (2.7) multiplied by the total contact area. This current source is mainly important 
for noise analysis. In exceptional situations, high dark curr~nts may also influence the bias 
situation of a connected preamplifier. For small-signal simulations this source may just as well 
be replaced by a simple dark resistance Rdark· The detector bias is assumed such that the 
semiconductor between contacts is fully depleted and the dark capacitance Cdar k is restricted 
to the constant dielectric value (see eqn. (2.14)). The elements L 5 and Rs represent the series 
resistance and inductance respectively. For a square interdigitated finger pattern with s = w 
the total ohmic series resistance Rs can be estimated from an average resistance per finger 
Rsf by: 

Rsf = ~:£a , per finger 

Rs = 24T = ~ , total 

with d the thickness and p the characteristic resistance of the metallisation. The number of 
fingers per electrode is N = L/2(w + s). For 0.1 J.Lm thick gold electrodes (p ,...., 22 Dnm) 
the total resistance is approximately 1 D. This value has to be increased by the forward 
Schottky junction resistance. R s is generally much lower compared to Rd and is hard to 
extract from DC dark current measurements. By increasing illumination, or lowering the 
applied voltage the induced photo current will saturate towards a value I ph= Vapp/ R 8 • This 
requires either very low applied voltages or a huge optical power, far away from realistic 
operation conditions. Like the series inductance L 8 , used to model high frequency behaviour 
of the finger electrodes, Rs is much smaller than the total resistance and is therefore best 
derived from RF measurements. 

Figure 2.14 Small-signal equivalent circuit model for an MSM detector. 

19 



The photo current Iph is the response of the detector to a signal with an optical power 
Popt· 'R is the responsivity given by eqn. (2.12) and Tt1• the transit time of (2.15). In 
circuit simulations optical signals can be simulated by a voltage source with a magnitude of 
V = P opt x 1 [V / WJ. In this case I ph becomes a voltage controlled current source ( vccs) 
with a transconductance G R = 'R x 1 [A/VJ . The effect of the carrier transit time Tt,. can 
than be simulated by using a voltage dividing RC -branche. 
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2.2 Experiments 

In the preceding introduction an inventory was given of the different aspects that play a role in 
the performance of MSM photodetectors. The important question is of course how these affect 
the choise of material and design for obtaining optimal devices. Optimal performance means 
a high responsivity and response speed combined with low darkcurrents and capacitances. 

Accessible parameters that control these properties are the design parameters (detection 
area and finger geometry). Independent of these are however limitations set by material 
properties and technological restrictions. Mainly because of the latter two aspects, experiments 
were performed to obtain optimal values. 

The hidden motive for these experiments is obtaining detectors that can be used for 
integration with GaAs FET circuits operating at moderate bias voltages ( < 10 V). According 
to (2.6) this can be controlled for a given background doping level by reducing the electrode 
spacing. The use of photolithography limits nevertheless the minimum finger width and 
spacing to about 1 J.Lm. Using small spacings increases the dark capacitance, which can 
be compensated for by reducing the detection area. Efficient coupling with glassfibre optics 
requires however detection areas of at least 100 J.Lm 2. Combinations of different areas and 
electrode width/spacing are therefore tried to find the optimal conditions. 

A special mask set was developed to enable both on-chip DC and high frequency 
measurements. In figure 2.15 the mask layout is shown. Devices with fmger width and 
a spacing of 1, 2 and 4 J.Lm have been incorporated as well as several active area sizes. For 
low frequency characterisation of the dark current and the responsivity, large area (10-4 em 2) 

detectors were used. The small size versions are used for pulse response measurements. 

D 

Figure 2.15 Mask layout for MSM devices. The labels M x j y indicate 
devices with an active area of A = x 2 and digit widths and 

spacings w = s = y, with x and y in microns. 
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A final property that has not been discussed yet is the choice of metallisation. To guarantee 
full compatibility with MESFET gate processing, titanium-gold fingers are used as discussed 
in the introduction. Experiments with other metal systems have not been performed. 

2.2.1 MSM Structures on GaAs 

MSM detectors were fabricated on GaAs substrates to investigate the feasibility of integration 
with HEMTs. The contact metallisation is performed by photolithography and e-beam 
evaporation of Ti/Au=S0/100 nm, followed by lift-off. 

The photograph in figure 2.16 shows a fabricated 100 x 100 f-Lm2 MSM detector with 
1 f-Lm digits and spacing. The active area is covered with a 90 nm silicon nitride anti
reflective (AR) coating. This coating is deposited by a plasma enhanced chemical vapour 
deposition (PECVD) in an OPT cluster tool at low temperature (100° C). Due to the reduced 
reflectivity the GaAs appears to be much darker than the uncovered GaAs. This is in contrast 
to the bright gold electrodes that have the same reflectivity in all areas. 

Figure 2.16 Picture of a GaAs MSM detector with A A-coating. The active area 

is 100 x 100 f-Lm2
, w = s = 1 f-Lm. 

DC Measurements 

In figure 2.17 the dark current has been measured for three kinds of devices. Before 
metallisation the native oxide on the surface of device a) was removed by diluted ammonia. 
This was not the case for device b). Device c) also has the oxide removed and was covered 
with the AR-coating. For these measurements a HP4141B DC Source/Monitor was used for 
biasing in a range between 1 m V and 10 V . The dark current was measured with a HP4140B 
pA Meter. The samples were measured on-chip using a probe station placed in a dark box. 
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A double-log plot is used to identify VF B. Starting with the normal situation (figure 2.17a) 
one can clearly see the curve bending at the flatband point at approximately 0.6 V alt. From 
(2.3) the background doping can be derived: NA ~ 2 x 1014/cm3 . At about 3 V the hole 
leakage due to barrier lowering starts to dominate the dark current. 

The sensitivity of the dark current to the conditioning of the semiconductor surface can 
be seen from the sample without the native oxide removed (figure 2.17b). The dark current 
is about ten times higher than sample a). Since the current increase is also visible at low 
bias voltages it indicates that the the increase is due to a smaller effective barrier height. 
This barrier reduction is probably caused by surface states within the bandgap. The effect of 
surface currents would have shown an increase for increasing bias voltages. 

The same appears to be the case for the sample with the anti-reflective coating 
(figure 2.17c). This result indicates that the surface is not passivated by the SiNx . During the 
low temperature PECVD deposition some traps may have been introduced at the semiconductor 
surface. 

V[V] 

Figure 2.17 Measurement of the dark current of a S.l. GaAs MSM detectors 
(w = s = 2 J.Lm, A = 100 x 100 J.Lm2). a) S.l. GaAs. 
b) Native oxide. c) With 90 nm SiNx AR-coating 

Responsivity 

The characterisation of DC and low frequency responsivity was performed by directing 
light from a 50 W halogen white light source through a Monospec 600 monochromator 
(1200 lines/mm grating). For longer wavelengths (> 650 nm) a red filter was used to 
block higher order optical modes. Calibrations with a Newport 1835-C Optical Meter and a 
Newport 818-SL detector showed an optical output in the order of 5 J.LW / cm2. The response 
was measured by on chip probing, using an external shunt resistance of 1 kOhm. The light 
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source was chopped at frequencies from 15Hz to 1 kHz. A Philips 2205 digital oscilloscope 
and a PAR 121 lock-in amplifier were used to measure the responsivity. 

In figure 2.18 the responsivity is measured versus the optical wavelength. The drop-off 
at A ~ 870 nm corresponds to the bandgap energy. The responsivity is generally higher than 
calculated values: considering a 50% electrode shading the plot suggests a quantum efficiency 
exceeding 1. Also the effect of the anti reflective coating at short wavelengths is masked by 
the observed gain. This is mainly the result of LF-Gain as can be seen in figure 2.19: for 
low frequencies the responsivity is much higher than expected. For higher frequencies the 
response agrees better with calculated values. 

JL[nm] 

Figure 2.18 DC Responsivityof a 8.1. GaAs MSM detector, with (c) and without 

(a) AR-coating (V = 4 Volt, A= 100 x 100 /Lm2, w = s = 

2 IL m ). The dotted line q A/ he indicates the theoretical limit 

(T} = 1). 

When these results are compared to calculated values from (2.12) (see figure 2.9), the 
gain can be extracted. For the uncoated detector this gain was calculated from the measured 
data of figure 2.18. The result is shown in figure 2.20 where the gain is plotted against the 
photon energy hv. Around the bandgap energy (1.42 e V) the gain is unity indicating intrinsic 
behaviour. With increasing photon energy towards 2Ea the gain increases more than a decade. 
This supports a more generally accepted mechanism for low frequency gain as proposed by Ito 
and Wada [6]. In brief, this mechanism is the creation of an asymmetrical charge distribution 
near the contacts due to photogenerated carriers, trapped at the semiconductor surface (from 
figure 2.19 an average time constant in the order of milliseconds can be seen: a value that is 
common for trapping phenomena). In [ 17], Rogers showed that already a small trap density and 
optical power flux is capable of increasing the electric field considerably near the electrodes. 
This should be enough to enforce a significant tunnel current. Since for long wavelengths the 
light is absorbed deeper inside the semiconductor, this mechanism has little influence. For 
high photon energies the penetration is much smaller and the induced gain becomes larger. 
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Figure 2.19 Responsivity of a S.l. GaAs MSM detector measured at different 

chopping frequencies (A = 100 x 100 J.Lm2
, V = 4 Volt, 

w = s = 2 J.Lm). 
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Figure 2.20 DC Gain of a S.l. GaAs MSM detector (A = 100 x 100 J.Lm2, 

V = 4 Volt, w = s = 2 J.Lm). 
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Pulse response 

The response of MSM detectors fabricated on S.l. GaAs substrates to 10 ps laser pulses from 
a dye laser pumped by a titanium saphire laser at >. = 640 nm have been measured on
chip using a Cascade probe head. The responses were monitored using a Tektronix 11801 
Digital Sampling Oscilloscope and a SD-24 sampling head with a bandwidth of 20 GHz. The 
detectors were biassed through a bias tee with a HF load resistance of 50 Ohm 

The result of this measurement is shown in figure 2.21 where the recorded responses 
have been plotted for different bias voltages. The ringing effect in the response, observed with 
different detector geometries, is probably due to reflections. The data in table 2.1 is extracted 
from figure 2.21. Here r r and r 1 are the 10/90% rise and fall times. F W H M : the full 
width at half maximum is defined as the pulse width at half the peak amplitude. Although 
with increasing voltages the rise time appears to be constant, the fall times increase strongly 
at lower biases. This can be explained (See section 2.1.4) by the fact that the electric field at 
the surface is just high enough (Vmin ~ 1 Volt) to ensure velocity saturation. At low bias 
this is not the case deeper into the structure. Because of long lifetimes in the semi insulating 
substrate, these carriers are collected at much lower speeds and cause the long tail in the 
response. From the rise time of 20 ps at 4 V bias a bandwidth of 18 G H z can be derived. 
Since values from (2.16) are expected to be Ttr = 0.66 ps, TRC = 5 ps and f 3dB = 32 GH z 
the response is probably limited by the sampling head. 

t [psec.] 

Figure 2.21 Pulse response of a S.l. GaAs MSM detector (A ~ 20 x 20 JLm 2 , 

w = s = 1 Jlffi) . 

Incorporating the transfer characteristics of the measurement equipment in a Fourier 
transformed response, the result of figure 2.22 is obtained. The response tail is visible here 
as down going slope. At a bias of 1 V this would indicate a bandwidth below 10 G H z . For 
increasing bias voltages this slope reduces and the bandwidth increases towards ~ 30 G H z 
at 4 V. This value corresponds better to values which can be expected from equation (2.16). 
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v Tr TJ FWHM 

1V 23 ps 120 ps 48 ps 

2V 22 ps 100 ps 35 ps 

4V 20 ps 70 ps 32 ps 

Table 2.1 Data obtained from the pulse response measurements of 
S.l. GaAs MSMs at different bias voltages. 

· ·-··· 
L .. ·'··········•· , .... , .......... .. .. . 
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Figure 2.22 Fourier transformed pulse response of a S.l. GaAs MSM detector 

(A = 20 x 20 J.Lm2
, w = s = 1 J.Lm). 
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2.2.2 Structures on GaAs grown at low temperatures. 

A method to reduce the tail in pulse responses, as observed in the previous section with S.I. 
GaAs, is to use material with short carrier lifetimes. When T n,p < Ttr the carriers generated 
deeper in the structures recombine before they are collected at the electrodes. An option to 
obtain GaAs with very short carrier lifetimes is to use material grown at low temperatures 
[18]. GaAs grown at low temperatures (L.T. GaAs) contains excess arsenic particles causing 
defects. The result is a material with a relative low resistivity and mobility, unsuitable for 
high speed photodetectors. When the samples are annealed however, the arsenic forms small 
metallic islands with overlapping depletion regions making the material highly resistive. The 
As-precipitates are believed to form midgap trapping centres resulting in very low carrier 
lifetimes [ 19]. 

For the experiment a structure was used where a 1 J-Lm GaAs layer was grown on a 
semi insulating GaAs substrate by molecular beam epitaxy at a temperature of 270 degrees 
centigrade. A GaAs capping layer of 120 nm was grown on top for barrier height 
improvement. During growth of this layer the substrate temperature was increased upto 
580 °C. After this, the structure was kept at a constant 580 oc for 30 minutes. With 
this structure MSM devices were fabricated using 50/100 nm Ti!Au contacts. 

Dark current 

In figure 2.23 the dark current of a L.T. GaAs MSM is compared to the detector discussed in 
the previous section. The figure shows no significant increase of the dark current. 

Pulse response 

In figure 2.24 the result from pulse measurements shows no tails in the response. This is in 
contrast with the S.l. GaAs MSM detectors. In table 2.2 the times from these measurements 
also show this improvement. A significant reduction of the fall times can be observed compared 
to the results of S .I. GaAs (table 2.1 ). However, the magnitude of the response is about three 
times lower. This is the consequence of the effective device thickness which is reduced by 
the short carrier lifetime. 
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Figure 2.23 Dark current of MSM detectors on L.T. grown GaAs, compared to 

S.l. GaAs (w = s = 2 f..Lm and A= 100 x 100 f..Lm2) . 
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Figure 2.24 Pulse response measurement of an MSM detector on LT. GaAs 

for different bias conditions (A = 20 x 20 f..Lm 2 , w = s = 
1 f..Lm). 
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v Tr Tj FWHM 

1V 25 ps 20 ps 31 ps 

2V 25 ps 18 ps 30 ps 

4V 22 ps 18 ps 30 ps 

8V 20 ps 16 ps 29 ps 

Table 2.2 Data obtained from the pulse measurements of detectors on 

L.T. GaAs. 



2.2.3 As-implanted GaAs MSM Structures 

Another method of obtaining highly resistive GaAs with short carrier lifetimes is ion 
implantation. Implanted GaAs is very similar to LT grown GaAs: the material exhibits a 
low resistivity and mobility, resulting from implantation induced damage that recovers partly 
by annealing [20]. Arsenic antisite defects appear to be responsible for fast recombination 
with As and, strangely enough, also Ga implanted material. Despite the questions about the 
origin of the trapping mechanisms, it is important to see if the material can be used for MSM 
detectors. 

This method is very attractive in the sense that it can be applied locally. Ions are implanted 
at very high energies (up to MeV's). A robust mask is therefore necessary. 

T[OC] T [ps] 11- [cm21Vs] p [Dcm] 

- < 0.2 < 0.5 2 

500 < 0.2 42 1000 

600 1 2100 5 X 104 

700 5 1300 1.7 X 105 

Table 2.3 Carrier lifetime T, Hall mobility 11- and resistivity p of GaAs 

implanted with 2 MeV As ions at a 1 x 1016 I em 2 dose and 

annealed at different temperatures T. 

A GaAs sample was provided by Hoe Tan from the Australian National University in 
Canberra. One half of this sample was masked and the other half was implanted with arsenide 
at 200 ke V and a dose of 1 x 1016 I em 2. The sample was split in three parts. These 
parts were annealed at 500, 600 and 700 oc for 20 minutes in a Metal Organic Chemical 
Vaporphase Deposition (MOCVD) reactor under an AsH3 ambient. The reason for using these 
temperatures follows from characterisation of implanted material [20] as shown in table 2.3. 
From this table it is obvious that the 600 oc sample has the most promising attributes: a low 
carrier lifetime combined with a high mobility and resistivity. MSM detectors were fabricated 
on each sample with the pattern mask covering both implanted and unimplanted areas. The 
lithographical differences may cause some inequalities for the finger spacing, but it is not 
believed to have much influence on the results of the experiment. All samples have been 
metallised at the same time. 

The resulting dark currents are shown in figure 2.25 where the dashed curve is a reference 
of the unimplanted area of the 500 oc sample. This part of the sample is probably most 
resembling the original semi-insulating GaAs material. The implanted region of the 500 oc 
sample on the other hand is apparently similar to the material right after implantation, before 
annealing. Its dark current is three orders of magnitude larger than the others and the curve is 
ohmic: the Schottky barriers are completely neutralised by the implantation. At 600 oc these 
barriers seem to have recovered to a normal situation while at 700 oc the dark current has its 
lowest value. 
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Figure 2.25 Dark current measurements of MSM detectors on As-implanted 
GaAs with different annealing temperatures (A = 100 x 

100 11-m2
, w = s = 2 tJ-m) . 

In table 2.4 the dark currents of eight detectors were measured at 1 V bias. Also the 
response to a 2 m W j em 2 microscope light was measured to obtain an indication of the effect 
on the responsivity. 

From the dark current point of view the 700 oc has the best results but the unimplanted 
regions have deteriorated considerably. Also the LF Gain in this sample is very high, 
indicating a very high trap density near the surface. This may be prevented by optimising 
the arsenic ambient during annealing. Pulse response measurements have to point out if 
the increase in carrier lifetime is low enough to maintain fast operation speeds. These 
first results indicate that annealing at 600 oc appears to yield the best material for MSM 
detectors. The low responsivity in this case has to be considered a measure of LF optical 
gain since it is of the same order as the unimplanted 500 oc specimen (where G ~ 2.5). 
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I Sample I not implanted I implanted I 
Dark current [nA] 

500 oc 3-4 5-7 

600 oc 5-6 1.8- 2.5 

700 oc 15-80 0.6- 1.5 

DC Responsivity [A/W] 

500 oc 0.5 0.75 

600 oc 1.5 0.35 

700 oc 15 4 

Table 2.4 Dark current and light response at 1 Volt of MSM structures 
on unimplanted and As-implanted areas, annealed at different 
temperatures. 
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2.2.4 InGaAs/GaAs MSM Structures for 1.3 J.lm. detection 

As mentioned earlier, one of the drawbacks of GaAs based structures for MSMs is the 
detection limit caused by the bandgap energy. For long distance fibre optic communications, 
the wavelength is determined by the low-loss windows of glass fibres: around 1.3 and 1.5 f..Lm. 
This sets the bandgap of a proper semiconductor for these detection wavelengths to less than 
0.9 and 0.8 e V respectively. Long wavelength detection of gallium arsenide detectors has been 
reported [21], but the performance appears to be slow and requires additional high voltage 
biassing. A suitable semiconductor can be found in InGaAs ternary and lnGaAsP quartenary 
compounds but two major problems arise. First the lattice constant of these compounds do 
not match GaAs. This makes integration with HEMTs a hard job unless a switch to indium 
phosphide technology is made. There is a second problem however, which is regardless of 
lattice match [22]. Decreasing the bandgap of the active material degrades the Schottky barriers 
of an MSM structure (see eqn. (2.10)). Going from Ec = 1.42 eV (GaAs) to Ec = 0.7 eV 
means in the optimal situation for both the electron and hole barrier a drop off about 0.35 V. 
According to equation (2.7) this leads to an increase of the dark current by eq6 ¢ 8 / kT "' 106 ! 
For application of low bandgap materials it is therefore essential that care is taken for barrier 
enhancement [23,24]. Growing InP (Ec = 1.35 eV) lattice matched on In0.53Gao.47As leads 
to technological problems towards good Schottky contacts. Recently progress has been made 
by using electroplating of platinum on n-InP [25]. In this study only GaAs based technology 
is considered and since there does not seem to be a latticed matched low bandgap material, 
suitable for long wavelength detection, we are stuck to non-lattice matched material. 

To investigate the potential of MSM detectors using non lattice matched InGaAs on GaAs 
material, three different structures were grown by solid source molecular beam epitaxy (MBE). 
Key issue here is to keep the dislocations, which are inevitable, away from the active device 
area as much as possible. Techniques to accomplish this are graded composition growth and the 
application of superlattices. The latter method is used to reduce the propagation of mismatches 
along the growth direction [26]. Table 2.5 shows the layer stack for the different structures. 
All layers are unintentionally doped. The active region of the first structure is formed by a 
GaAslln0.52Ga0.48As superlattice with a total thickness of one micron. The second structure 
uses a graded interface between the GaAs substrate and a 0.5 f..Lm In0.5Gao. 5As active layer. 
A third structure finally combines both methods. All structures have an 80 nm GaAs capping 
layer for barrier enhancement. 
When inspected under an optical microscope, the structures W476 and W478 show the presence 
of dislocations at the surface as observed by [27]. W477 has a rough checkered-like surface 
(figure 2.26), indicating that a lot of the misfits have propagated through the active layer. 

Dark current 

In figure 2.27 can be seen that the dark currents of all three structures are much higher than 
the GaAs reference structure. The form of the dark current plots indicate a tunnel current. 
This is probably due to the dislocations near the barriers, causing degradation. The relatively 
higher current of W477 confirms this explanation. These results are however comparable to 
other similar measurements [28] & [29] which are generally worse than InGaAs structures 
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structure layer purpose thickness 

W476 GaAs capping layer 80 nm 

lno.s2Gao.4sAs 8.1 nm 
} X 60 superlattice 

GaAs 8.3 nm 

S.I. GaAs substrate 300 J..Lffi 

W477 GaAs capping layer 80 nm 

lno.sGao.sAs active layer 0.5 J..Lffi 

Ino .... o.sGai .... o.sAs ramp 3.33 J..Lffi 

S.I. GaAs substrate 300 J..Lm 

W478 GaAs capping layer 80nm 

lno.s2Gao.4sAs 8.1 nm 
} X 60 superlattice 

GaAs 8.3nm 

lno .... o.s2Ga1 .... o.4sAs ramp 1.73 J..Lffi 

S.I. GaAs substrate 300 J..Lffi 

Table 2.5 lnGaAs on GaAs structures for 1.3 J..Lm detection. 

Figure 2.26 Lattice mismatched lnGaAs on GaAs MSM detector (A = 
50 x 50 J..Lm 2) . The vertical pattern on the surface of W477 

clearly shows traces of relaxation. 
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on InP [30]. The results of the different structures, both from visual inspection as well as 
IV-measurements, show that the incorporation of a superlattice in the structure growth reduces 
the amount of dislocations. The use of a graded increase of the indium compound (W478) 
does not seem to have much effect. 
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Figure 2.27 Measurement of the dark current of lattice mismatched lnGaAs 

on GaAs MSM detectors: w = s = 2 J.Lm and A = 150 x 
150 J.Lm2. W476: Super latticed, W477: Graded composition 

and W478: both methods. GaAs: S.l. GaAs reference 

Responsivity 

The important property of the InGaAs MSM detectors is of course the spectral response. In 
figure 2.28 it is shown that the response exceeds the GaAs wavelength of 870 nm. Responses 
beyond 1.3 J.Lm have been measured. The figure also shows that there is almost no difference 
between the response of the 0.5 J.Lm In0.5Gao.5As layer of W477 and the 1 J.Lm super lattice. 
Their total InGaAs thickness is about the same. Again, like GaAs detectors, the LF-Gain is 
visible in the short wavelength region of the plot. In the long wavelength region the efficiency 
is below unity, showing incomplete collection of the carriers. This may also be caused by the 
poor contacts due to dislocations. 

Pulse response 

In figure 2.29 the pulse responses are shown. The data from these measurements 
in table 2.6 indicate response speeds comparable to the L.T. GaAs detectors. 
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Figure 2.28 Measurement of the spectral response of lattice mismatched 
lnGaAs on GaAs MSM detectors (V = 2 V, w = s = 2 J..Lm 
and A = 150 x 150 J..Lm2. W476: Super latticed, W477: Graded 
composition. 
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Figure 2.29 Pulse response measurements of a lnGaAs on GaAs MSM 
detector (A= 20 x 20 J..Lm2 , w = s = 1 J..Lm). 
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v Tr TJ FWHM 

IV 30 ps 18 ps 31 ps 

2V 25 ps 15 ps 29 ps 

4V 22 ps 13 ps 28 ps 

8V 20 ps 13 ps 28 ps 

Table 2.6 Data obtained from the pulse response measurements. 
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2.3 Conclusions 

From the experiments with MSM devices fabricated on different structures as they were 
reviewed in this chapter the following can be concluded. Detectors made on semi-insulating 
GaAs substrates perform more or less according to the physical restrictions derived in the 
theoretical analysis. The problem with these detectors is the low frequency gain caused by 
trapping phenomena and charging, which manifests in the responsivity. More disturbing is 
the effect on the high frequency behaviour where a long tail in the pulse response limits the 
operation speed. 

Improvement in this has been found in the application of low temperature grown GaAs 
that shows little gain and high response speeds. The short carrier lifetime of this material 
however also reduces the responsivity. Application of this material in OEICs should not 
impose much problems since the high resistivity of L.T. GaAs makes it a good material for 
FET buffer layers. The annealing conditions for L.T. GaAs have to be well understood to 
enable growth of a layer stack on top at normal (high) temperatures. 

This sensitivity to annealing conditions also applies to locally As-implanted GaAs. 
Characterisations show properties similar to LT-GaAs. From dark current and responsivity 
measurements it seems that annealing at 600 oc repairs the implantation induced damage to 
its original state. Pulse response measurements have to decide wether this treatment produces 
devices that can compete with LT -GaAs. 

The positive effect of carrier lifetime reduction on the response speed of MSM detectors 
has been found with InGaAs structures grown on GaAs. The amorphous nature of this material, 
and the presence of a large number of dislocations reduce the carrier lifetime as well. The 
detectors fabricated with these structures show a responsivity at wavelengths up to 1300 nm. 
The efficiency is low because of the small effective thickness of lnGaAs in the superlattice 
structures. They show a dark current that is still much higher than desired, despite the GaAs 
cap layer. Improvement of this, as well as other problems with low bandgap materials, may 
be found in barrier enhancement by for instance InAlAs (superlattice) capping layers. In that 
case these structures may become interesting for long distance opto-electronic applications. 
A problem will still be the integration since the active InGaAs layers have to be sufficiently 
thick to achieve enough efficiency. 
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Chapter 3 

High Electron Mobility Transistors 

3.1 Introduction 

Since the first introduction of field-effect transistors (FETs) in the early fifties, a variety of 
device types has evolved. They perform a key role in modem electronics in a wide range of 
both analog and digital applications. The common principle of operation, the field-effect, is 
the control of the carrier density in a resistor structure by applying a voltage to a gate electrode. 
Based on this principle, many different devices have been developed. 

A distinction can be made between gate contact technologies. Junction field effect 
transistors (JFETs) have their gate contact isolated from a highly doped channel layer by 
a reverse-biased p-n junction. Metal Semiconductor transistors (MESFETs) use a Schottky 
barrier for this purpose. The gate potential controls the width of a depletion region between 
the drain and source contacts of the resistor and thus the conduction channel. The main 
advantage over bipolar transistors is the high input impedance of the gate electrode of which 
the voltage swing is limited however by gate leakage. This can be prevented by insertion 
of a thin insulating layer between gate metal and semiconductor (e.g. oxide in MOSFETs). 
Depending on the used dielectric and the occurrence of fringing effects, the input and feedback 
capacitances may increase however and limit the operation speed. 

Another differentiation can be found in the semiconductor material used to realise FETs. 
By far the most frequently used material, nowadays blessed with high technological maturity, 
is silicon. The low-field mobility of silicon however makes it less attractive for high speed 
devices (the electron mobility that is: holes are much slower in most materials, which makes p
type semiconductors not very usable). Transit times for a given device length are determined by 
the carrier velocity which depends on the electric field in the channel. The saturation velocity 
of silicon is not worse than that of other common semiconductors. The electric field required 
is nevertheless much higher. For drift velocities near 105 m Is this is about 4 x 106 VIm: 
ten times higher than the breakdown field . Therefore current saturation in silicon devices may 
be caused by channel pinch-off, before velocity saturation can occur. Thanks to the observed 
velocity peak, similar velocities can be reached in gallium arsenide and indium phosphide at 
much lower electric fields. These materials also have the benefit of a direct bandgap, which 
makes them suitable for efficient electro-optical devices. Therefore, nowadays integrated 
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circuits including both electrical and optical components are made primarily on GaAs, InP 
and their compounds. 

One recent progress in field transistors has been the development of High Electron 
Mobility Transistors (HEMTs) or HFETs (Heterojunction FETs). The heterostructure in this 
device enables high sheet concentrations combined with high carrier velocities in the channel. 
Compared to MESFETs, they exhibit very high gain and operation speeds. Originally, devices 
were made on GaAs but later also lnP and SiGe heterostructures have been developed for 
HEMTs. 

3.1.1 Device structure 

The improved properties of HEMTs compared to conventional MESFETs can be attributed to 
an important feature of the layer structure. The carriers in the conduction channel of the FET 
are separated effectively from ionised donors by a heterojunction. This junction is formed by 
a high bandgap AlGaAs donor layer supplying the carriers, and a low bandgap GaAs buffer 
providing for the channel. A cross-section of this structure is drawn in figure 3.1. The carriers 
in the channel layer are attracted towards the heterojunction and form a thin sheet, which can 
be described as a two dimensional electron gas (2DEG). Thanks to the absence of impurities, 
this carrier sheet exhibits a high mobility resulting in high operation speeds. To minimise the 
scattering of 2DEG electrons (of which the wave function actually extends into the AlGaAs 
layer) with donors, an additional undoped AlGaAs spacer layer is inserted between donor and 
buffer layer, but at the expense of gate control. 

An optimal thickness of this layer is generally found about several nanometers. Finally a 
highly doped GaAs layer is grown on top to reduce the drain and source series resistance, and 
to protect the ALGaAs donor layer from oxidation. High doping also reduces the depletion 
layer thickness beneath the bare GaAs surface. 
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3.1.2 Operation principles 

The operation of HEMTs is at first glance the same as of other FETs: applying a voltage 
between drain and source will result in a current flow through the 2DEG channel. The big 
difference is the mechanism by which the gate electrode modulates the carrier concentration 
in the channel. The band diagram of figure 3.2, in the transversal direction from gate towards 
the substrate, shows this mechanism for three states. 

At a gate voltage near threshold (figure 3.2a) the conduction band at the junction is flat 
and well above the Fermi level. Carriers are pushed into the undoped GaAs buffer layer where 
they cannot cause substantial conduction. By increasing the gate voltage, the conduction band 
drops (figure 3.2b). First it drops below the Fermi level at the GaAs side of the junction. 
Due to the increased bending of the conduction band electrons accumulate in the potential 
well under the heterojunction. The 2DEG channel enables a current flow between source and 
drain. This accumulation progresses with increasing gate voltage. At a certain gate voltage 
however also at the AlGaAs side of the junction the conduction band lowers enough to cause 
charge built up under the gate (figure 3.2c). This charging shields the gate from the channel 
and prevents further modulation. The carrier sheet in the donor layer can also contribute to the 
total drain-source current, much like a conventional MESFET would behave. The mobility in 
the doped AlGaAs is however much lower than in the GaAs buffer, and the resulting loss of 
effective gate control is observed in a drop in the transconductance of the transistor. 
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Figure 3.2 Band diagram of an AIGaAs/GaAs HEMT structure. a) At 
threshold. b) 2DEG conduction. c) Parallel MESFET. 
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3.1.3 Pseudomorphic HEMT 

Many variations on the structure as described above have emerged, some of them are more 
successful than others. An improvement on conventional HEMTs has been the use of an 
InGaAs channel layer resulting in a so-called pseudomorphic structure (figure 3.3). InGaAs is 
grown just below the hetero-interface. Bulk InGaAs exhibits a lattice constant, which is larger 
than that of the GaAs, and this normally prevents lattice-matched crystal growth. For low 
indium contents and when this layer is thin enough c~ 15 nm), the material is strained laterally, 
matching the GaAs without too many dislocations. The lower bandgap of InGaAs enhances 
the confinement of carriers in the 2DEG. Also, the better transport properties of InGaAs: the 
low-field mobility and saturation velocity, result in improved device performance. 
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Figure 3.3 Pseudomorphic HEMT structure. 

3.1.4 Chapter organisation 

AlGaAsllnGaAs/GaAs pseudomorphic HEMTs have been developed based on technological 
knowledge, gained in previous research projects [ 1]. In this chapter a study directed to the 
application of HEMTs in integrated circuits (MMICs and OEICs) is presented. 

First a general analysis of (pseudomorphic) HEMT structures is given by means of both 
explicit and numerical treatment of a one-dimensional model. The goal of this model is to 
relate the parameters of the layerstructure to the electrical properties of HEMTs. 

Based on this numerical model, an empirical circuit model was developed for the 
simulation of HEMTs in integrated circuits. 

After this, technological aspects involved in HEMT fabrication for these circuits are 
addressed. For the application in integrated circuits the emphasis in this work has been the 
improvement of the fabrication process to obtain a sufficient device uniformity and yield. 

Finally the characterisation results of processed devices are presented and the performance 
of the circuit model in predicting the device behaviour is shown. 
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3.2 Numerical structure analysis 

The operating properties of HEMTs are determined by the strong two-dimensional nature of 
this type of device. Laterally, from source to drain electrode, the electron velocity is influenced 
by an electric field, varying along the conduction channel. Like in GaAs MESFETs, this field 
shows a sharp peak at the drain side of the gate, which is connected with the saturation of 
the drain current-voltage characteristic. In the transversal direction, the potential profile from 
the heterointerface to the gate contact fixes the electron distribution. Much of the behaviour 
of HEMTs results from the so-called 'charge control' of the 2DEG concentration by the gate 
electrode. In [2] the original charge-control Jaw was proposed by Delagebeaudeuf: 

Ed 
ns = - d (Vgs- VrH) 

q d 
(3.1) 

where a linear dependency between the 2DEG sheet concentration n 8 and the gate potential 
V98 was derived using a depletion approximation. Vr H is the threshold voltage which will 
be explained later. 

But even if this linear approximation is used, it is almost impossible to combine the 
effects of charge control and velocity saturation, which manifest themselves moreover in 
perpendicular directions, in one analytical expression. Instead, two-dimensional and quasi-
2D numerical methods are used extensively to model the behaviour of HEMTs. They need 
nevertheless much computation power to cope with the main problem of numerical analysis 
of heterostructure devices: the combined solution of the classical semiconductor equations 
and SchrOdinger's equation. For structure design however, one-dimensional simulations can 
still be very clarifying for the effect of structure and material properties on specific device 
characteristics. Furthermore, it provides for the understanding of heterostructure FETs. This 
is necessary for deriving a device circuit model as shown elsewhere in this chapter. The model 
presented here uses a numerical method to calculate the nonlinear charge control in HEMTs 
as a function of the gate voltage. Than, with the solutions from these calculations, the drain 
source current is calculated using an analytical expression for the field-velocity relation. 

3.2.1 Charge Control 

The contributions of both the 2DEG and the parasitic MESFET to the total conduction can be 
calculated numerically, similar to the one-dimensional nonlinear charge control theory reported 
by [3]. The method proposed here calculates the gate-channel voltage for a given sheet carrier 
density V9c(n8 ) instead of n 8 (Vgc) . 

This demands numerical inversion but does not require iterative loops making calculations 
much faster. The method involves solving Poisson's equation: 

d2V(y) = .!i. (n(y)- N (y)) 
dy2 Ed D 

(3.2) 

where V is the potential associated with the difference between the conduction band energy 
E c and the Fermi level EF: 

-qV = Ec- EF 
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n is the carrier concentration, N D (y) and f.d are the doping profile and permittivity of the 
donor layer. They-axis is directed perpendicular to the semiconductor surface (see figure 3.1). 
In figure 3.4 the banddiagram of the analysed pseudomorphic HEMT structure is shown for 
an applied gate-to-channel voltage Vgc· At the heterointerface y = 0 and the gate electrode is 
positionned at y = dd + d 8 • Here dd is the thickness of the AlGaAs donor layer and d 8 the 
thickness of the undoped spacer layer. 

A/GaAs lnGaAs GaAs 

Figure 3.4 Band diagram of a pseudomorphic HEMT structure for an applied voltage Vgc 

between gate and channel. 

When the gate current is assumed zero, the Fermi level E F can be considered to have a 
constant value throughout the structure. Furthermore in equilibrium the drift-diffusion equation 
yields: 

Jn = q (JLnn(y)&(y) + Dn ~~) = 0 

With JLn the electron mobility, e the electric field given by: 

&= _ dV 
dy 

and Dn the electron diffusivity, which is given by the Einstein relation: 

Dn = kTJLn 
q 

The integration of equation (3.3) results in: 
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The pair Vn, nn can be found from a neutrality condition in the donor layer. For a uniform 
doping n(y) = ND(Y) = Nd and: 

with Nc the density of states in the conduction band. For this situation equation (3.4) gives 
nn = N d· In fact, according to the definition of V, taking Vn = 0 implies that E F = Ec 
and thus nn = N c. This shows the employment of Boltzmann statistics, which is of course 
the consequence of using the Einstein relation for the diffusion coefficient. 

Using the expression for n(y) in Poisson's equation 3.2 yields: 

(3.5) 

With this expression, and boundary conditions set at y = 0, the gate voltage can be found by 
integration from heterointerface to gate. 

2DEG calculation 

The boundary conditions at y = 0 are connected with the sheet carrier concentration of the two
dimensional electron gas. Here a triangular potential well approximation is used to calculate 
the sheet carrier concentration. For pseudomorphic HEMTs this triangular shape is valid only 
for strong band bending at high carrier concentrations, presuming that mainly the first two 
energy levels contribute to the total density and the strained layer is thick enough(> 10 nm). 
Near threshold when the well has a rectangular shape (as shown figure 3.4) this approximation 
underestimates the value of the sheet density. In this mode however, the carriers in the channel 
are probably just as well described by 3D distributions. From solving Poisson/Schrodinger 
equations simultaneously, as performed by Ando [4], a discrepancy of about 10 me V between 
the Fermi levels was found for sheet densities of conventional and pseudomorphic structures 
([ 4]: figure 5). The onset of 2DEG channel conduction from calculations here is therefore 
believed to be similar to the behaviour expected from real devices. Using Fermi-Dirac statistics 
the sheet density is found by summation of the occupations of the separate energy states by: 

_ kT ~ [ J....(E -E;)] · _ n 8 -DsqL.J1og 1+ekT. f .~-0,1,2,3, ... 

' 
(3.6) 

Here E f is the Fermi level with respect to the conduction band at the bottom of the well (see 
figure 3.4). D 8 is the 2D density of states. This constant is related to the density of states 
effective mass m~ by: 

qm• 
Ds=--

7rn 
Ei are the levels of the quantised energy states in a triangular well approximated by [2] : 

( h2) 1/3(3 )2/3(· 3)2/3 g f'::j -- -7rq£ ~ + -
' 2m~ 2 4 
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More conveniently this sum up to level I can be approximated by [5]: 

(3.7) 

with E fO = -0.062 e V and 1 = 0.385 x lOll e V m 413 this expression gives a fair value 
in the relevant range of n 8 "' 1012cm-2 . But for low sheet densities (n 8 "' 10-11cm-2 , 

aberrations cause bad simulation in the threshold region. 
For a given n 8 and the corresponding Fenni level from (3.6) the potential at the 

heterointerface with respect to the channel potential is given by: 

- qV(O) =flEe- Ef (3.8) 

With flEe the difference between the conduction band in the channel and donor layer. From 
eqn. (3.4) n(O) can be calculated. Furthermore by integrating Poisson's equation over the 
depletion regions near the heterojunction [2] the electric field E can be solved according to 
GauB' law (using the sign convention of figure 3.4): 

where the index d denotes the A!GaAs donor layer side and the index s the 2DEG side of the 
junction. This results in the condition: 

dV(O) qns 

dy td 
(3.9) 

Depletion approximation 

When the donor layer is considered completely ionised, i.e. using the depletion approximation 
n(y) = 0, an analytical solution can be found. In most cases for HEMT devices, a uniform 
doping Nd in the donor layer, or planar doping n 0 between donor and spacer layers is applied. 
For a combination of these doping profiles: 

(3.10) 

Here 8(y) and c(y) are the Dirac function and its first order integration. With the boundary 
solutions set at y = 0 from (3.9), the electric field is now given by integration of (3.5): 

dVd(y) = .!l...ns- .!J... [n0 + Nd(Y- ds)] c(y- ds) 
y td td 

Integrating this result again with boundary condition for V (0) from (3.8), the potential profile 
is found: 

E 1 - flEe q q [ Nd 2] V(y) = + -nsy-- n 0(y- ds) + -(y- ds) c(y- ds) 
q td td 2 

(3.11) 

For the gate contact position dd+ds the gate-to-channel voltage Vgc is given by (see figure 3.4): 

(3.12) 
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Where </> Bn is the Schottky barrier. With V ( dd + ds) from (3.11) the relation between the 
2DEG sheet density and the gate potential is found : 

or inverting this expression: 

(3.13) 

E jo is the Fermi level for zero n 8 • This is essentially the charge control law in (3.1) as derived 
by Delagebeaudeuf [2]. The difference here however is that the 2DEG Fermi level E f is itself 
also a function of the sheet density. Using expression (3.7) to approximate the 2DEG Fermi 
level, Shey [6] derived a similar expression. In conventional, non pseudomorphic HEMT 
structures, the 2DEG position is shifted from the heterointerface by a distance t:.d which 
would have to be added to d8 in the derivation of V(y). This shift varies with E1 (and thus 
V9c). For pseudomorphic structures this offset is however restricted by the thickness de of 
the channel layer: t:.d ~ dc/2. 

Threshold voltage 

In (3.13) the threshold voltage VrH is found from V(dd + d8 ) by: 

t:.Ec Efo 
VrH = <I>Bn- -q- + q- vdepl. (3.14) 

The threshold voltage Vr H is the gate voltage when the 2DEG concentration is pinched off 
and a flatband condition is considered (£(0) = ns = 0 see figure 3.5a). The term Vdepl. is 
associated with the voltage across the depletion region under the gate. For the doping profile 
of (3.10) this depletion results in: 

(3.15) 

So according to eqn. (3.14) the depletion region is responsible for the quadratic dependency of 
the threshold voltage on the thickness of a uniform doped donor layer, and a linear dependency 
in case of a planar doped donor layer. 

Parallel MESFET conduction 

With increasing gate voltage, the conduction band, which has a parabolic profile according to 
the depletion approximation of (3.11), will touch the Fermi level (figure 3.5b). This situation 
marks the point where the depletion approximation loses its validity and the donor layer starts to 
be neutralised by electrons. From the Poisson equation with n = N D it follows that a change 
in gate potential no longer modulates the field strength at the heterointerface. According to 
(3.9) the 2DEG is shielded from the gate and saturates towards its maximum: n 80• 
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Figure 3.5 Conduction band of a pseudomorphic HEMT structure. a) At threshold. b) At the 

onset of parallel conduction 

An estimate can be made for the onset of the parallel conduction at Vgc = Vp. By 
equating (3.11) with V (y) = 0, and setting the resulting determinant to zero, the corresponding 
maximum sheet density can be estimated: 

n 8 o::::: NJd~+2Nd(~~(6Ec-EJ)-dsn6) -Ndds+n6 (3.16) 

This expression clearly shows the influence of doping and conduction band discontinuity on 
the maximum sheet concentration. This relation however, due to the dependency of E 1 to n 8 , 

has to be solved numerically. From (3.13) then Vp can be estimated by: 

qnso 
Vp:::::VrH+ (d d) (3.17) 

f.d d + s 

Numerical solution 

When the donor layer starts to get filled with free carriers, the depletion approximation is no 
longer valid and a numerical method is required to solve equation (3.5). Expansion of V (y) 
in Taylor series of V (y ± L\y) with center at y, and addition of series for y + L\y and y- L\y 
leads to a two-step integration scheme for solving V at the gate contact: 

d2V( ) 
V(y + L\y) = 2V(y) - V(y- L\y) + 6y2 

2y + 0(6y4
) (3.18) 

dy 

Note that odd order terms cancel out this way. By substituting (3.5) in (3.18) the potential 
profile can now be calculated from heterojunction to gate contact through: 
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(nne-ilt (Vi+1 - Vo ) - ND((i + 1)·6y)) 
f.d 



with Vi = V (0) for i = 0 and the first step calculated with a single second order expansion 
of V(y), by using (3.9): 

qnsf1Y qf1y2 
Vt = Vo- --+--(no- Nv(O)) 

ed 2ed 

From the result at the gate contact position dd + d8 the gate-to-channel voltage can be found 
with (3.12). 

A solution for the electron concentration profile is given in figure 3.6. For these 
calculations a pseudomorphic HEMT structure was used with a In0.15Gao.85As channel layer. 
The simulated Al0.2Gao.sAs donor layer has a thickness of dd = 35 nm and a doping 
Nd = 1.5 x 1018/cm3. The spacer layer was 3 nm thick. It can be seen that for increasing 
gate voltage the carrier concentration starts to adjust to the donor profile. 

d dd~d s s 
10 19 

: N (y) ! 
10 18 . ·····r-~.-..~.~f>~~ .~.- .. ---
10 17 

........, 
";> 10 16 
t: 
~ 
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~ 10 14 
:;: 

10 13 ;· 
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0 5 10 15 20 25 30 35 40 

y [nm} 

Figure 3.6 The electron density profile calculated for a pseudomorphic HEMT structure at 
different gate voltages. The heterointerface is positioned at y = 0, the gate at 

y = 38 nm. The gate to channel potential ranges from -0.7 V to 1.0 V. 

Integrating the carrier proftle from figure 3.6 results in the sheet concentration of the 
parallel channel: np. In figure 3.7 this concentration is calculated for the structure of 
figure 3.6 with n 5 as a function of the gate-channel voltage. It can be seen that with increasing 
gate voltage the free carrier concentration increases similarly to a conventional MESFET. 
This causes the saturation of the 2DEG sheet concentration. Hall-bars were applied on 
pseudomorphic HEMT structures grown by MBE at the Pysiscs Departement at the Eindhoven 
University of Technology (TUE-NV). This group also performed Van der Pauw measurements 
on the structures. These measurements show sheet densities at room temperature, which are 
very close to values calculated here (n5 ~ 0.9 x 1012 / em 2). 

From the analytical expressions (3 .14), (3.17) and (3.16) for this structure the following 
values are found: VrH = -0.71 V , Vp = - 0.20 V and ns,m.ax = 0.92 x 1012/cm2

. These 
values correspond accurately with figure 3.7 
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Figure 3.7 Sheet concentrations in the 2DEG (n.9 ) and in the AIGaAs donor layer (np) of 

the pseudomorphic HEMT structure of the previous figure. 
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Figure 3.8 Maximum electron density measured (crosses) and calculated (solid line) at 
300 K for AIGaAs/GaAs test structures as a function of the spacer layer thickness 



Accuracy 

To get an idea about the accuracy of these calculations, the maximum 2DEG sheet density 
n 80 was calculated for different test structures grown with MBE, again at TUE-NV. These 
structures consist of a 38 nm thick, 1.3 x 1018

/ cm 3 n+ -doped Aio.33Gao.67As layer on 
GaAs, separated by spacer layers with a thickness ranging from 20 to 70 nm. Since for the 
thickness used, the donor layer is fully depleted, the Hall mobility and sheet density measured 
on Hall-bars at 300 K can be attributed to the 2DEG only. The results of these measurements 
are compared to calculation of n 80 with eqn. (3.16) in figure 3.8. The figure shows good 
agreement of the dependency of the sheet density on the spacer layer thickness: the spacer 
drops the Fermi level by a value of d.s · £(0) = q2n 8ods/ f. d (see figure 3.5b). This limits the 
maximum n .so· The measurement error here is 5 to 10 %, nevertheless the magnitude of the 
calculated sheet density is consistently lower than the experimental values. 
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3.2.2 Drain current 

To relate the results of the sheet densities to DC device characteristics, a charge-control 
analysis, used for linear charge-control by Das [7], is applied here to the nonlinear case. 
From the sheet concentrations of 2DEG and donor layer the drain-source current Ids can be 
calculated: 

(3 .19) 

where W is the gate width and Vs and Vp are the average velocities for electrons in the 2DEG 
and the AlGaAs donor layer respectively. 

np is not representing a true sheet concentration (the free carriers are distributed all over 
the donor layer, see figure 3.6). 

Still expression (3.19) can be used for the parallel MESFET contribution Ip when a one 
dimensional channel is assumed. Using a silicon-like mobility model, the electron velocities 
are approximated by: 

(3.20) 

where Jl-n is the low-field electron mobility and Vsat is the saturation velocity. The electric 
field in the x-direction along the channel depends on the channel potential Vcs by: 

£(x) = dVcs(x) 
dx 

(3.21) 

For a general, nonlinear charge control behaviour, integration of (3.19) and (3.20) with respect 
to the channel position x results in: 

Is· (x + ~Vcs(x)) = QJ-LnW fovc.(x)ns(Vgs- V)dV 
(3.22) 

= QJ-LnW [Ns(Vgs)- Ns(Vgs- Vcs(x))] 

Here N.~(Vgc) is the integral of the 2DEG sheet density as a function of the gate-to-channel 
potential. 

When the 2DEG sheet concentrations are considered linear functions with respect to the 
gate-channel potential i.e. using the linear charge-control equation (3.1), and by taking into 
account the potential variation along the channel, one finds: 

QCs ( )2 Ns(Vgc) = 2 Vgs- VrH- Vcs(x) 

where Cs,p is the 2DEG channel capacitance per unit area: 

1 dns Ed 
Cs =---=co= 

- q dVgc (dd + ds) 
(3.23) 

At the drain end of the channel Vcs(L) is equal to the drain-source voltage Vds when series 
resistance are zero. From equation (3.22) this results in the solution as derived by Das [7], 
for the 2DEG channel current part: 

(3.24) 
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Transconductance 

In saturation dis/ dVds=O. Using this condition in (3.22) at Vcs(L ) = Vds gives the saturation 
current: 

(3.25) 

where the saturation voltage Vds,sat has an exact solution for linear charge control, which can 
be assumed (without proof) to be valid also for quasi-linear charge control: 

V ~ L Vsat ( 1 + 2J.Ln(Vgs - VrH ) _ 1) 
ds,sat L 

J.Ln Vsat 
(3.26) 

By back substitution of the drain saturation voltage in (3.24) the transconductance g5 of the 
2DEG can be obtained: 

g = 1 dJ····· 8 - W Vgs qvsat dt
9

• ns(V9s - Vds,sat) , in general 

~ VsatCs(Vgs - vds,sat) . (1 - I) ' for nonlinear charge control 

VsatCo · (1- I) , for linear charge control 
(3.27) 

Note that according to eqn. (3.23), in the nonlinear case c8 is a function of V9 8 • For linear 
charge control this channel capacitance has a constant value c0 . 1 is the channel length 
modulation factor. This factor is the relative change in the drain saturation voltage Vds sat 
with respect to the gate-source voltage (3.26): ' 

avds sat 
I= 8V~s = 

1 

Including the nonlinear sheet functions for the parallel MESFET: 

1 dnp 
Cp = --

- q dVgc 

(3.28) 

the total transconductance can now be calculated from the results of the numerical solution c8 

and Cp in (3.27): 
gm = gs + gp 

The addition of the sheet contribution of the donor layer introduces a conflict in the quasi two
dimensional solution. The carriers in 2DEG and AlGaAs donor layer experience two different 
velocity saturation conditions: Vds sat s > Vds sat p· According to equation (3.25) the 
effective gate-to-channel voltages ha~e to be diffe;ent' while the numerical method calculates 
a uniquely coupled pair: n 5 , np(Vgc). Consequently the (smaller) saturation voltage of the 
2DEG is assumed to impose restrictions upon n 8 which in tum, together with the channel 
potential, fixes np. 

With the same pseudomorphic HEMT structure used for figure 3.6, the transconductance 
is calculated, the result is given in figure 3.9. For these calculations the following values were 
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assumed: 

J.Ln ,s 0.9m2/Vs, V8 at ,s = 1.8 x 105 m/s 

J.Ln ,p 0.2m2/Vs, Vsat ,p = 0.6x105 m/s 

for the two-dimensional electron gas and the electrons in the AlGaAs donor layer respectively. 
The high saturation velocity of the 2DEG accounts for the velocity peak around the critical 
field, which is not incorporated in the mobility model used with (3.21). The figure shows the 
bell curve, which is commonly observed for HEMTs is simulated with realistic values for the 
mobilities and saturation speeds. 
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Figure 3.9 Calculated transconductance of the pseudomorphic HEMT structure in saturation. 

L= lJ.Lm 

Gate capacitance 

The total charge stored under the gate depends on the lateral profile of the potential and the 
sheet density. Therefore it is difficult to fmd and analytical expression. The behaviour of the 
total gate capacitance can be investigated roughly by assuming a uniform charge distribution 
along the channel. In this case the average gate-to-channel capacitance is found by: 

1 dQtot [ dns dnp ] 
Cg s ~ Cgc = W L dVgc = q dVgc + dVgc = Cs + Cp 

These capacitances are calculated as a function of the gate-channel potential and shown in 
figure 3.10. The figure shows that although the source of the charge accumulation changes 
with the gate voltage the total gate-channel capacitance increases more or less gradually. This 
is again the result of the gate shielding: at a certain point charge accumulation by free carriers 
in the donor layer dominates at the expense of the 2DEG charge. 
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Figure 3.10 Gate capacitance calculated for the HEMT structure in saturation. c8 is the 
contribution of the 2DEG, Cp of the parallel MESFET 
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3.3 Circuit Model for High Electron Mobility Transistors 

The possibility to predict the electrical behaviour accurately is important for the application 
of devices in integrated circuits. Modem circuit simulation and design tools have become 
multifunctional packages that are able to perform all kinds of analyses. DC, time and frequency 
domain, analog, logical, thermal analysis etc., are available. The quality of design hinges 
directly on the device model used in the calculations. 

A common way to describe the behaviour of semiconductor devices in circuit design is 
by using an equivalent circuit model. The topology of these models is usually inspired by 
the physical properties of the real device. The problem arising with this method is the need 
to relate the different components to measured data. For a general linear FET model, about 
20 separate linear elements need to be fitted to large amounts of data. For HEMTs, which 
show a strong nonlinear behaviour, the result of linear models is in general very poor. For this 
reason also database models are widely used. The disadvantage of this type of model is its 
limited scalability. When the gate width is used as a design variable, devices with different 
sizes have to be measured and stored in a database. When the influence of gate width on 
different elements is known, equivalent circuit models can easily incorporate this effect Also 
from a scientific and aesthetic point of view, equivalent circuits are more clear and better able 
to predict the impact of physical details of separate devices on the macroscopic behaviour of 
integrated circuits. To obtain a model that is accurate enough for realistic circuit simulations, 
but still has the flexibility of equivalent circuit models, an empirical model is presented here. 

3.3.1 Small-signal model 

The basis of the model are the DC relations between the terminal currents and voltages. For the 
dynamical behaviour, the model is extended with frequency dependent elements like inductors 
and capacitances. For the MMIC and OEIC design in this work, low power conditions are 
considered. The signal fluctuations are assumed small enough to permit a linear description of 
the deviation of electrical quantities from their bias value, i.e. by using small-signal simulations 
to predict IC performance. A widely used model for simulating FETs in circuits is shown in 
figure 3.11. This equivalent circuit model is projected on the structure outline of figure 3.1 
and has an extrinsic and intrinsic group of lumped elements. 

Extrinsic elements 

The extrinsic part models the influence of device terminals: the gate, drain and source series 
resistances R9 , Rd and R 5 • The series resistances of source and drain are composed of two 
parts: first, the contact resistance from metal to semiconductor, and secondly the resistance 
from contact to channel. The latter resistance can be distributed over several semiconductor 
layers. They can be counted among the extrinsic elements only if the assumption is valid that 
the resistivity in the areas from contacts to channel does not change with bias. 

Parasitic effects that determine device behaviour mainly at high frequencies are the 
terminal inductances: £ 9 , Ld and L 8 , and the input and output capacitances: Ci and 
C0 • The feedback capacitance C f is shown here for the sake of completeness, in practice its 
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Figure 3.11 A small-signal equivalent circuit model used for FETs. The 
amplitude of the linear current source is: Im = Gme-jwrd · 1/i. 

value is very small. Also these elements are in fact distributed, but in the lateral direction. 
With these simplifications this model can be used for device dimensions well below the signal 
wavelength: 

W< c 
Jf.eJJf 

Here c is the light speed in vacuum. For an operation frequency f of 10 G Hz and using an 
effective relative permittivity f.eJ f ~ 6, this corresponds to a device width W in the order 
of a millimetre. These sizes are only relevant for high-power devices, which usually have a 
digitated gate pattern to reduce the width of the device. In case of small-signal amplifiers 
(W < 100 p,m) the geometry is less important for the microwave behaviour. 

Intrinsic elements 

The intrinsic part of figure 3.11 simulates the bias dependent device characteristics. The 
channel current modulation by the effective gate voltage is expressed in the transconductance 
Gm. The exponential term expands the transconductance to an admittance that accounts for 
effects of the gate-to-channel delay time Td at high frequencies. The output conductance 
Go specifies the drain voltage dependent conduction. Charging effects are described by the 
gate-source, gate-drain and drain-source capacitances C 98 , C 9d and Cds· The resistance Ri 
accounts for the gate charging time: Ti = RiGgs and determines the effective internal gate 
voltage Vi across C gs. 
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Lg = lg X w Ld = ld/W Ls = ls/W 

Ci = Ci X w Co= Co X w Cf = Cj X w 
Rg = Tg X w Rd = rd/W Rs = rs/W 

Cgs = Cgs X w Cds = Cds X w Cgd = Cgd X w 
Gm = 9m X w Go= 9o X w Ri = ri/W 

Table 3.1 Scaling of parameter values for the device width W. 

Scaling 

For simulation of circuits cons1stmg of devices with different sizes, it is useful to use 
characteristic values of the elements scaled by the device width W as shown in table 3.1. For 
parameters related directly to the device geometry, like 9m and g0 , or the drain and source 
series resistances, this scaling is almost free of problems. When this relation is less apparent, 
in case of the gate series resistance and internal resistance, the linear scalability presumed 
here has only a limited validity. This is also the case for parasitic elements, which show up at 
high frequencies. This applies specially to small devices where fringing effects become more 
pronounced. 

Nonlinear effects 

A small-signal equivalent circuit model as shown in figure 3.11 is able to simulate the 
behaviour of field effect transistors in a wide frequency range. For FETs in general however, 
the elements of the intrinsic part are bias dependent. Particularly HEMTs are subject to 
strongly nonlinear behaviour concerning the drain-to-source current and the gate currents and 
capacitances. Matching of DC data and S parameters can be realised by using nonlinear 
lumped elements as shown in figure 3.12 where the intrinsic part of the equivalent circuit 
model of figure 3.11 is drawn. Here the transconductance and output conductance have been 
replaced by a single voltage controlled current source Id8 (V;_, Vd)· The gate current has been 
modelled by two diodes of which ! 98 represents the current from gate to channel, and I 9d 

the current through the reverse biased Schottky diode between gate and drain. This current is 
also accounts for gate-drain breakdown effects. Finally the capacitances between gate, drain 
and source have been replaced by voltage controlled capacitors to describe nonlinear effects. 
The elements are discussed in detail in the following sections. 
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Figure 3.12 Nonlinear intrinsic model for HEMTs 
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3.3.2 Gate Current 

Thermionic emission 

The gate currents 195 and Idg can be modelled by two Schottky diodes between gate and 
source and gate and drain. The current density J F of a forwardly biased Schottky diode can 
be described by the thermionic emission formula from Sze [8]: 

(3.29) 

Here J s is the saturation current density. For low doping concentrations this current density 
is given by: 

• 2 ~ Js =AnTe •r 

with A~ the effective Richardson constant and <P Bn the Schottky barrier potential for electrons. 
n is the ideality factor in (3.29) defined as: 

(3.30) 

In case of ideal thermionic emission this factor is close to unity. For high donor concentrations 
(N D > > 1017 em - 3) the contribution of tunneling current may, like in ohmic contacts, become 
dominant. In this case, n and J s increase. 

Barrier lowering 

For negative voltages, the diode is reversely biassed and the current density is given by: 

J A
* T 2 -q(<f>sn-ll.<f>n ) 

R= n e kT (3.31) 

In this case the Schottky barrier lowering becomes important for IV I > 3kT / q : 

where e is the electric field under the junction edge: 

and Vbi the built-in voltage. For very low gate currents ( < lJ.LA) surface currents 
may dominate when the semiconductor surface between gate and source is not sufficiently 
passivated. This effect can be simulated by using a simple ohmic relation: 

Vgs _ Lgs R 
I - w ss 
gs,s 

(3.32) 

with L 9 8 the distance between gate and source and W the gate width. R ss describes the 
surface conduction between gate and source. 
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For the modelling of the Schottky gate with a length L and width W, from (3.29), (3.31) 
and (3.32) the following expression can be used for I 98 : 

(3.33) 

For the drain-gate Schottky diode a similar expression can be used for I 9d(V9d) - For both 
junctions a good fit can be obtained as shown in figure 3.13. Here the gate current measured 
for a AlGaAsllnGaAs/GaAs pseudomorphic HEMT was measured and fitted to the model 
from eqn. (3.33). Equation (3.30) was used to obtain n, and the barrier height at low forward 
bias is found from Is: the intersection of the extrapolated current and the y axis of the plot 
in figure 3.13: 

kT WLA*T2 

¢Bn =-In In 
q s 
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Figure 3.13 Measured gate current (L) and model fit (solid line) 
of a 1 x 100 p,m 2 AIGaAsllnGaAs/GaAs Pseudomorphic 
HEMT. For the simulation the following values were used: 

n = 1.2, ¢Bn = 0.9 V, and Rss = 100 Mn. 

Gate breakdown 

For large drain voltages the electric field can become large enough to cause breakdown. In this 
voltage range the gate-drain current can no longer be described by the reverse-biased Schottky 
diode according to (3.31). Breakdown phenomena in HEMTs and MESFETs are very hard to 
describe. The gate current related to the drain-gate junction usually decreases with increasing 
Vg (and decreasing vdg). When the drain voltage is large enough (Vd = vd,BD) this changes 
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to an increasing Igd with decreasing Vdg· Breakdown is therefore commonly attributed to the 
channel, not the gate junction. 

In [9] Canali et al. found that a model for the impact ionisation in MESFET can be 
extended to GaAs/AIGaAs HEMTs. According to this model [10] hot electrons in the channel 
create holes that are collected by the gate electrode. This hole current is related to the drain
source current by: 

(3.34) 

With the impact ionisation coefficients (linear field dependency): ci = 4 X 108m-l and 
Ei = 2.32 x 108V fm. Li is the distance over which the high electric field in the channel is 
caused by a potential drop vd - vd,sat• vd,sat being the saturation voltage. In practice this 
value is found to be about 70% of the nominal gate length L. In figure 3.14 the breakdown 
in a similar HEMT structure is shown. As can be seen, the breakdown effect in a device with 
L ~ 1 f.Lm exceeds the reverse leakage current at voltages higher than 4 V. From the curve at 
Vds = 6 V it can be seen that I dg shows a strong increase while Vdg decreases. For operation 
conditions considered in this study, the drain bias is limited by the output conductance to values 
around 3 V. Therefore in the following the influence of breakdown on the gate current is 
neglected. 
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Figure 3.14 Gate breakdown of a 1 x 40 f.Lm2 AIGaAs/lnGaAs/GaAs 
Pseudomorphic HEMT. The magnitude of the gate current is 

measured at different drain voltages: Vds = 0 V ( 0 ), 2 V ( 6), 

4 V (D), and 6 V (0 ). 



3.3.3 Empirical modelling of the drain current 

Due to the complexity of HEMTs, analytical expressions for the drain current based upon 
the device physics are not available. The amount of computation time required for accurate 
simulations based on physics is usually too high to include these calculations in a model 
for circuit simulations. Another approach is the use of empirical expressions describing the 
nonlinear behaviour of the device. This has led to a variety of models for MESFETs [II, 12, 
13 and 14]. For HEMTs, operating with a different channel modulation mechanisms, they 
are of limited use and show poor agreement with experimental data. The use of polynomials 
[ 15] would have to be extended to describe the highly nonlinear behaviour of HEMTs. This 
technique was used by Angelov and Zirath [ 16] but introduces many parameters that have 
no physical meaning. This is a disadvantage, not only to the understanding of the device 
characteristics, but also from the design point of view. Matching data from many different 
measurements to a single device model is in practice always for a part a matter of intuition, 
which cannot be translated into a numerical algorithm. A logical approach is to use an 
empirical expression based on the physics of the device. 

The model presented here is meant to describe the aspects of the nonlinear charge control 
investigated in the previous section. The approach used here however is empirical such that the 
device model complies with the demands of circuit simulations concerning compactness and 
computation time. In accordance with the numerical analysis, the drain current is expressed 
as the sum of the 2DEG and parallel MESFET contributions. These are the product of the 
average carrier sheet densities n 8 and np with the velocities v8 and vp: 

Ids= Is+ Ip = qW (n.,vs + npvp) 

If the carrier velocities Vs and vp are considered to vary only with the drain potential and only 
differ by size, not by functional form: 

and if the sheet densities are considered to vary only with the gate potential according to: 

the total current can be expressed as: 

Ids= qW [vs,satFs(Vgs) + Vp,satFp(Vgs)] Fv(Vd8 ) (3.35) 
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Figure 3.15 The fit function f v 

Charge control 

The modulation functions F8 and Fp describe the charge control of the HEMT as investigated 
earlier by numerical calculations. To obtain analytical expressions for F8 and Fp. which can 
be applied in circuit simulations, the following function is introduced: 

fv(x) = 11ln (exfv + 1) 

The choise of this fuction is based on the absence of discontinuities, and the shape of the 
first order derivative as shown later. As shown in figure 3.15, for 11 values near zero this 
fit function corresponds to piecewise linear approximation. By increasing 11, the region of 
gradual transition from fv = 0 to fv = x can be controlled. The unit of the function is the 
same as its argument ([/] = [x] = [11]), and for large x the derivative: 

becomes unity. This means that representing the sheet densities as a weighted sum of fv with 
respect to the gate voltage: 

n 

ns,p = L adv,(Vg8 - Vi) 
i=O 

implies that the factors ad q are capacitances. As indicated in figure 3.7 the behaviour of n5 

can be described by: 
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with a2 = -a1 due to the 2DEG saturation, while for the parallel MESFET one term should 
be sufficient: 

np = a3fv3 (Vgs- V3) 

The behaviour at the threshold of the parallel MESFET in the donor layer, according to 
the behaviour exhibited by figure 3.7, suggests that the onset of the parallel conduction 
coincides with the saturation of the 2DEG sheet concentration. This means that, when for 
simplification also the transition regions are assumed equal: v3 = v2 and VJ = V2. For the 
total transconductance the sum of Fs and Fp now results in: 

-0.5 L--~-+-,........;..--+-L..+-H--+-;...:;;= 1.5 
-1.0 -0.5 0.0 0.5 1.0 

X 

Figure 3.16 The normalised transconductance calculated with the fit functions 

f v; ( x - Xi) . In this plot the following values were used: VI = 
0.2, V2 = 0.4, and X 2 = -XI = 0.2. 

As illustrated by figure 3.16, like figure 3.9, for increasing gate voltages the 2DEG 
concentration will saturate due to shielding of the heterojunction from the gate causing the 
2DEG transconductance to drop. Yet at the same time the onset of parallel conduction results 
in an increase of transconductance. This effect is reflected by: 

r = 1- 9p,max 

9m.,max 
(3.36) 

where 9p,max is the maximum transconductance of the parallel MESFET, and Yrn ,max the 
maximum transconductance of the 2DEG. Although figures 3.15 and 3.16 show the flexibility 
by which Ids can be fitted to measured data, the different parameters are related to the physical 
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properties as described in section 3.2: 

VI-Vs"' VrH al = c.~/q"' q(d=~d,) 

v2- 1/p rv Vp a2 = Cp/q 

So for the drain saturation current (Fv = 1) according to (3.35) the following expression can 
be given: 

(3.37) 

with: 

9m,max 

9p,max 

and r from (3.36). For the fit voltages v8 and Vp it is much harder to find a physically based 
expression. Vs is related to the softening of the threshold behaviour caused by the change of 
E f at high 2DEG sheet densities (eqn. (3.7)): 

qvs"' (Ef(ns) - EJ0 ) 

vp is the voltage region in which the 2DEG sheet saturates (and the parallel sheet density 
grows). In general, Vp > v8 is observed in simulations and real devices, with values around 
a few tenths of volts. 

Channel transport 

The behaviour of the drain-source current with respect to the drain voltage, described by 
equation (3.22), resulted in a fair estimate of the transconductance from numerical calculations. 
The restricted modelling of the velocity-field relation, as well as the absence of substrate 
currents, cause this model to be insufficient for device simulations however. For simulation 
of circuits both the DC drain-source current and the output conductance have to be modelled 
accurately. Especially the output conductance of FETs resulting from substrate conduction and 
breakdown are hard to describe. 

To enable a good fit of the drain current Ids in (3.35), again an empirical expression is 
used for Fv: 

(3.38) 

The first term is often used to model the behaviour of GaAs FET devices satisfactorily 
in the linear region and the transition to saturation. The saturation voltage Vds,sat can be 
modelled linearly by: 

vds,sat = vds,sat,O + ')'(Vgs- VrH) 

with ')' the modulation factor (see also expression (3.28)). Vds sat 0 is the drain saturation 
voltage at threshold. ' ' 

The second term is used to model channel breakdown phenomena (not gate breakdown as 
in eqn. (3.34)). It increases the accuracy for the output conductance of the HEMT, calculated 
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at drain voltages beyond Vds,sat· This term can also be used to account for substrate currents. 

Studies of MESFETs [ 17] suggest that these currents are proportional to vv:;:. but in practice 
the output conductance changes gradually from the linear region towards high-field values. 
With 8 the model can be fitted satisfactory to experimental data. Differentiation of equation 
(3.38) gives: 

(3.39) 

Drain feedback 

Similar to the effect of channel length modulation, a dependency is observed between the 
threshold voltage of FETs and the drain voltage. This drain feedback causes a slight decrease 
in the threshold voltage with increasing drain-source bias. Using a linear description for this 
mechanism: 

VrH = VrH,o -lrHVds 

Here Vr H 0 is the measured threshold voltage for zero drain bias. Although the effect on the 
drain curr~nt is very small, it can be well observed in the output conductance where it may 
extend the influence of breakdown effects, specially at low drain voltages: 

go _ 1 (~ + ~ dV•• ) 
- W dV"" dV9 • dVd. 

= g~+ITH9m 

with g~ from (3.39) . It is interesting to see that, when breakdown phenomena and substrate 
conduction are absent, this feedback mainly determines the (low-frequency) open loop voltage 
gain A 0 of amplifying stages: 

Ao = Av(O) = gm = lhrH 
9o 
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3.3.4 High-frequency behaviour 

Matching the parameters of the small-signal model discussed so far, to DC characteristics is 
more or less intuitive and straightforward. A good fit is obtained by choosing parameters that 
can be observed directly from 1-V curves, followed by a numerical optimisation. The problem 
with high-frequency characterisations is that clear relation between measured S-parameters 
and model parameters no longer exists. 

Extraction of intrinsic parameters from measured S-parameters. 

To obtain some insight as to what should be used for the intrinsic equivalent circuit components, 
and to investigate their bias dependency, an extraction scheme has to be used. For this 
parameter extraction,- the measured scattering parameter matrix S is first converted to an 
intrinsic admittance matrix Y,;. After this, the intrinsic components can be derived from the 
matrix elements. This technique was similarly performed for FETs by Minasian [ 18], and by 
Singh and Snowden [ 19] for extraction of intrinsic parameters from physical simulations. 

s 

Figure 3.17 Extraction of intrinsic circuit model parameters. 

The intrinsic admittance matrix Yi can be calculated from the measured S-parameters by 
subtracting the contributions of the parasitic inductances Lg. Ls and Ld (see figure 3.17) 
from the Z-parameter transform of S according to: 

[ 
jw(Lg + L 8 ) jw£8 l 

Ze = Z(S) -
jwL8 jw(Ld + L s ) 

(3.40) 
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resulting in the impedance matrix Ze (3.40). Here Z(S) is the Z-transformation of the S
parameters. 

Transformation to an admittance matrix now enables subtraction of the parasitic 
capacitances: 

Ye=Y(Ze)- [jw(Ci+CJ) -jwCJ l 
-jwCJ jw(Co + Cf) 

This gives the admittance matrix Ye where Y(Ze) is theY-transformation of the Z-parameters. 
Transformation to Z-parameters again enables subtraction of the terminal series resistances: 

zi = Z(Ye) - [ Rg + Rs Rs l 
Rs Rd + Rs 

Transformation back toY-parameters finally results in the desired intrinsic values: 

Yi(w)= [ Yn(w) Y12(w) l = Y(Zi) 
Y21(w) y22(w) 

The scalar values Yii can be identified from the intrinsic equivalent small-signal circuit: 

( ) jwC.. + · C 
Yn w I+jwR,C

9
• JW gd 

Y21(w) 1~J'~n:c;.- jwC9d 

Inversion of these relations yields: 

Cgd = -tim{y12} 

cds = 6Im{yn + Y22} 

Cgs -6Im{l/(yu + Y12)}-1 

IYml 

y12(w) = 
Y22(w) 

-jwC9 d 

Go+ jwCds + jwC9d 

Ym /121 - 1/12 
1- (Yu +Y12)Re{1j (yu +Y12)} 

Gd Re{y22} 

Ri Re{yu + yl2} - 1 

Td _l.LYm 
w 

(3.41) 

These parameters have to be scaled to device width to obtain the characteristic values (see 
table 3.1). The drain conductance Gd is composed of the DC value Go and RF model 
parameters explained later. 

When all extrinsic elements are given, the extraction method derived here will yield all 
the intrinsic values in (3.41). In practice however, most of the extrinsic values are unknown 
while some of the intrinsic parameters can be obtained from DC and/or CV measurements. In 
this case the model should be matched to the S-parameters by setting the known parameters 
fixed and fitting the rest in a frequency sweep simulation. Since the extrinsic parameters are 
assumed to be independent of the terminal voltages, they can be kept constant for other bias 
conditions. 

This is specially useful for obtaining values of bias dependent intrinsic parameters that 
can not be obtained from DC characterisations, like C98 . By choosing extrinsic parameters 
based on earlier results, the intrinsic values can be estimated from (3.41) without numerical 
routines. This gives a better estimate for further gradient optimisation than random guessing, 
and is generally also much faster to perfonn. 
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Intrinsic capacitances 

The dynamic behaviour of HEMTs at high frequencies is mainly determined by the capacitances 
between gate and source C98 , and gate and drain Cgd· From the numerical analysis performed 
in section 3.2 it was shown that the gate-channel capacitance Cgc has a strong bias dependency 
(figure 3.10). Measurements ofHEMTs at high frequencies however, show much less variation 
with bias. This can be seen in figure 3.18 where the different capacitances were extracted 
from S-parameters according to (3.41), measured at 5 G Hz. For the model used here a linear 
dependency with respect to the gate-source voltage is used to describe Cgs in the saturation 
region: 

Cgs = Cgs,o+/gs(Vgs- VrH) 

C gd and C ds, which normally have much lower values, are assumed constant. 

9o.s o.o 0.5 1.0 

Figure 3.18 Measured intrinsic model capacitances of a pseudomorphic 

HEMT (L = 1 J.Lm, W = 80 J.Lm, Vds = 2 V, f = 5 GH z). 

Output impedance 

With the DC model of the drain-source current, the output conductance g0 can be accurately 
fitted to measurements. The values from DC characterisations have been found to conflict 
with values extracted with (3.41) from data measured at high frequencies. For frequencies well 
below 10 G Hz, the influence of C ds and extrinsic parasites is still low. The output impedance 
measured however is normally lower than expected from g0 • Based on measurements of 
the output impedance as a function of the temperature of a pseudomorphic HEMT, in [20] 
Reynoso-Hemandez has attributed this abnormal behaviour to the presence of traps in the 
donor layer and semi-insulating substrate. As proposed by Camacho-Pefialosa [21] this effect 
can be modelled by adding an extra RC-branch between the source and drain of the intrinsic 
model of figure 3.12 as shown in figure 3.19. In this model 1/ Rtr accounts for the output 
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admittance increase at higher frequencies compared to the measured DC value. The value for 
Ctr results from the capture time Ttr of the traps: 

and has no physical meaning. Values found for Ttr are typically in the order of milliseconds. 

l gd 

D 
G 

I 
I 

CIT 
lgs c:q~ 

l ids 

cp (~,, 

Rtr 
R; 

s 

Figure 3.19 Extension of the intrinsic model to include the effect of traps on 

the output impedance. 

The DC output conductance is compared to the value extracted with (3.41) from HEMT 
S-parameter measurements at 5 GHz. In figure 3.20 it is shown that the trap conductance 
1/ Rtr is not constant with respect to the gate potential. For low Vgs. 9d is similar to g0 : at 
threshold, carriers are rejected into the buffer and the traps do not seem to affect the output 
conductance. For higher voltages, when carriers are attracted towards the heterointerface, 
the trap induced conductance appears. This is an indication that traps originate from defects 
at interfaces in the device structure itself, rather than the buffer and substrate. Without 
further physical motivation, the trap conductance is modelled proportionally to the normalised 
transconductance: 

Gtr = gm 1/ Rtr 
9m,max 

This is done purely on an empirical basis according to figure 3.20. 

(3.42) 
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Figure 3.20 Comparison of the DC output conductance Go and the RF 
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at 5 G Hz. The difference GtT is associated with the presence 
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3.4 HEMT processing for MMICs and OEICs 

As mentioned in the introduction of this chapter, the processing techniques for the fabrication 
of HEMTs in this work are based upon the experience of previous work performed by Jan 
van Hassel [1] . But instead of fabricating single devices, here the application of HEMTs 
in MMICs and OEICs is considered. The realisation of integrated circuits imposes an extra 
emphasis on the yield and uniformity. Therefore the process has been adjusted to meet these 
requirements. 

3.4.1 Process overview 

MMlCs and OEICs based on HEMT technology usually also contain other devices like diodes 
and resistors, which are in fact derivations of FETs. Also MSM structures (capacitors and 
photodetectors) can be processed during the formation of the gate contact. The definition of 
the patterns during all process steps is performed using a Karl SiiB MJB 3 mask aligner for 
photolithography (A = 400 nm). Depending on the process step different photoresists were 
used. In the appendix a description is shown of all the steps used in the fabrication process. 
The processing of integrated circuits is therefore basically the same as that of transistors 
and, like many other FETs, consists of four basic steps. They are shown schematically in 
figure 3.21. A detailed outline of the different process steps described below can be found in 
the appendix. 

GaAs cap layer 
onorlayer 
acer layer 

r---~MM!I:annellayer 
erlayer 

a)Mesaetch 

c) Gate recess 

b) Ohmic contacts 

d) Interconnections 

Figure 3.21 Schematic representation of the different steps involved in the 

fabrication process of HEMTs. 
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a) Mesa etching 

Mesa etching is a means to separate different active devices. Since the layers that form 
the transistor are grown on top of a semi-insulating buffer, etching of these layers down to 
the substrate level performs the electrical isolation. The mesa patterning is performed using 
photolithography with AZ 1505 resist. After this, wet chemical etching is performed using 
a solution of H2S04:H20 2 :H20=1:1:60 which has, at a temperature of 20°0, an etchrate of 
about 1. 2 n m / s. Normally this step is not very critical. However, if the etched depth is too 
high, poor step coverage of the metallisation in the final step may cause bad connections or 
even none at all. 

b) Ohmic contact formation 

For the source and drain contacts of the transistor, ohmic contacts are required with a 
low contact resistance. The contacts are formed by defining the proper pattern using 
contact-photolithography with AZ 5206 resist. For low contact resistance, a highly doped 
semiconductor region below the contact is necessary. This is to create sufficient tunneling 
through the contact barrier (see remarks in §3.3.2). Ge/Ni/Au=20/15/150 nm layers are 

· deposited using a Leybold L560UV or an Airco Temescal e-beam evaporation system. A 
lift-off step is used to remove the redundant metal. Finally alloying of the metal system, and 
diffusion of the dopant into the semiconductor is performed using rapid thermal annealing 
(RTA) at 400°0 for 30 s. 

The contact resistance r c can be characterised by transmission line measurements. With 
these measurements the total resistance between two ohmic contacts is measured: 

rc l 
R=2Rp+2-+-Ro 

w w 
(3.43) 

Here Rp is the total parasitic series resistance of the measurement setup (2 "' 3 fl). When 
the measured resistance is plotted against the contact distances l, the sheet resistance Ro is 
obtained from the slope of the curve. From the intersection with the R-axis, and subtraction 
of the parasitics, r c can be obtained for a given transmission line width w. Contact resistances 
achieved with the process described here are typically around 0.2 flmm, comparable with 
other published results. 

c) Gate recess 

For the gate contact of the transistor Schottky contacts are used . Again patterning is performed 
using photolithography and AZ 1505 resist. The gates are placed directly on top of the donor 
layer, after removal of the capping layer with recess etching. This is followed by deposition 
of Ti/Au=50/150nm metal and finally lift-off. A detailed description of the gate recess is 
given elsewere in this section. 
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d) Interconnections 

Finally the separate devices are connected with each other in a final metallisation step. Also 
the patterns for bonding pads and probe heads are defined ouring this step. When again a 
Til Au metallisation is used, this step can be combined with the previous one. 

3.4.2 Epitaxial layer design 

At the basis of any IC fabrication process is the starting material. For GaAs based circuits, 
modern techniques like Molecular Beam Epitaxial (MBE) growth enable the definition of 
layer structures with reasonable accuracy concerning compound composition, doping levels 
and layer thickness. For the design of an MBE structure for pseudomorphic HEMTs according 
to figure 3.3 many different aspects are important of which some are, in the end, mainly a 
matter of experience. Although theoretically a lot of parameters can be adjusted on paper, in 
practice they are limited by side effects. 

Spacer layer 

The thickness of the spacer layer has to be chosen such that the mobility in the 2DEG channel 
is maximal. However, increasing of the spacer thickness reduces the maximum 2DEG sheet 
concentration (eqn. (3.16)). In spite of available models, ultimately it is the experimental 
data that determines the optimal value. In figure 3.22 the mobility and concentration of 
AIGaAs/GaAs reference structures were measured for different spacer layers at the TUE-NV 
group. The plot shows that for 30 nm the mobility is optimal. For thicker spacer layers tl:!e 
maximum sheet density decreases. 
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Figure 3.22 Hall mobility and 2DEG sheet densities of AIGaAs/GaAs test 

structures measured at 300 K for varying spacer thickness. 
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Channel and capping layers 

The composition and thickness of the strained InGaAs channel layer are determined by the 
·maximum tolerated defects caused by the relaxation of the layer. Based on experience an 
indium content of 15% is used with a thickness of 15 nm. Also the thickness and doping level 
of the capping layer are used in accordance with good results from the past: dcap = 70 nm 
and ND,cap = 2 X 1018lcm3

• 

Donor layer 

To design transistors for a given mode, the threshold voltage is norma!Jy fixed to a proper 
value. The depletion voltage (eqn. (3.15)) thus fixes the relation between thickness and 
doping: N D~ = K, for uniformly doped donor layers. This means that the total charge 

supply from the donor layer: ddN D• is proportional to K ..{ii;. For planar doped devices 
this is nli. For high sheet concentrations in the 2DEG, the doping level should therefore be 
as high as possible. The aluminum composition determines fl.Ec, and according to (3.16), 
a high aluminum content is preferred for high sheet densities. Like the doping however, the 
aluminum content is limited due to introduction of traps and the resulting noise. In this study 
devices were used with Al0.2Gao.8As donor layers with a uniform doping concentration of 
Nd = 1.5 x 1018lcm3 , values that are commonly used. 

The donor layer thickness is a relatively flexible parameter, and is in fact the main design 
parameter in the transversal direction. Beside the small effects on series resistance, and as 
mentioned earlier the maximum sheet density, for a fixed doping profile it can be used to 
control the threshold behaviour of the device. According to equations (3.14) and (3.15) the 
threshold voltage can be calculated for a varying thickness of the donor layer. In figure 3.23 
this is shown for pseudomorphic HEMTs with a uniform doping of N Do = 1.5 x 1018 I cm3 

and with a planar doping of n 6 = 2 x 1012 I cm2 (with N Do = 0). The figure shows that 
both depletion and enhancement mode devices can be fabricated by choosing the proper dd. 

The flexibility of dd and its effect on the threshold has an unfavourable influence on the 
uniformity. To determine the mode of the device during processing, rather than during growth, 
the gate contact is often recessed by an etching step prior to metallisation (see figure 3.24a). 
When the original A1GaAs donor layer is thick enough, this gate recess determines the final 
thickness, threshold voltage and operation mode of the transistor. Although MBE growth 
may result in a well controlled layer thickness, the reverse process: etching, generally does 
not. Especially wet chemical etching introduces intolerable variations in the final etched 
depth between different samples, but non-uniformities can also be observed among devices 
on a single chip. HEMTs processed with a gate recess etch in a NH30H:H20 2 :H2 = 1:1 :150 
solution have shown deviations in the threshold voltage up to 0.5 V, which is unacceptable 
for integrated circuits. These variations are caused by different mechanisms. The first kind 
can occur during the start of the etching, when surface oxidation may cause delay and reduces 
the etch rate. This rate is also very susceptible to temperature changes. Variation on a single 
chip is often the result of irregular flows in etch solutions causing stagnation of the transport 
of solvents and reaction products. The use of dry etching processes like reactive ion etching 
(RIE) shows superior uniformity when compared to wet chemical etch processes. The physical 
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Figure 3.23 The threshold voltage calculated as a function of the donor layer 

thickness for an Alo.2Gao.sAs/lno.1sGao.s5As/GaAs HEMT with 

¢ Bn = 1 V . a) For a uniform doping profile N Do = 1.5 x 
1018 I em 3 . b) For a delta doping profile n6 = 2 x 1012 I em 2. 

damage induced by plasmas in general however, as well as chemical passivation of silicon 
donors by hydrogen plasmas, can only be partially undone by thermal annealing [1]. 

3.4.3 Gate recess using selective etching 

For uniform gate recess, wet or dry, it is better to rely on the accuracy of growth rather 
than that of etching. This can be accomplished with the structure shown in figure 3.24b. 
By introducing etch-stop layers with a composition different from the material subject to the 
recess etch, the solubility in the transversal direction can be controlled. This way the etch 
process can be stopped at a predefined position. 

AlAs etch-stop layers 

As shown in the figure, aluminum arsenide etch-stop layers have been used. AlAs shows 
a good chemical contrast with GaAs for several etching solutions. The same applies to 
AlGaAs for low aluminum contents. Etchants with a high selectivity tend to attack GaAs 
with very high etchrates ("-' 10 nml s ). Since gate contact patterns cross the mesa borders for 
interconnections, some of the gate recess takes place on top of the GaAs buffer. To prevent 
the recess from cutting through the buffer, also here an etch-stop layer has been inserted in 
the structure. For selectivities to GaAs of up to a few hundred, the etch-stop layers need to 
be only a few nanometres thick to support a delay time that is sufficient to ensure removal of 
all GaAs. After recess, the remaining AlAs can be removed by a dip in a diluted (10%) HCL 
solution, although leaving the very thin, high bandgap, layer is not believed to affect the gate 
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Gate Gate 

a) Unselective etch b) Selective etch 

Figure 3.24 Gate recess with nonselective and selective etching. 

contact a lot. According to measurements, also the effects on the series resistance are very 
small. The AlAs in the buffer layer is kept away 50nm from the channel layer. This is to 
prevent degradation of the output resistance of the device by possible interface traps. Because 
the buffer is not intentionally doped, simulations show little or no effects on the channel due to 
fermi-level pinning. Also test structures with and without 3 nm AlAs layers in the buffer layer 
show no difference in magnitude and control of the sheet densities. The use of AlAs layers 
and alternating selective etchants permits etching-by-step. By using two steps it is possible to 
grow structures for both enhancement and depletion devices at the same time [22]. 

Selective etching 

Several etchants are available for selective etching of GaAs. The chemical etching mechanism 
is the formation of oxides at the semiconductor surface by hydrogen peroxide, followed by 
dissolving. Selectivity is obtained by using a solvent that attacks gallium oxides but leaves 
aluminum oxides, which finally covers the semiconductor to prevent further oxidation. A 
solution that has been used for selective etching of GaAs for HEMTs is based on citric acid 
[23]. In [24] Tong e.a. compared selective wet chemical etching with citric acid to selective 
RIE etching using a SiC14-based plasma. They achieved good results concerning the threshold 
voltage deviation of submicron HEMT gates ( < 20 m V). The disadvantage of citric acid 
based solutions is that they are rather viscous. This means that special care must be taken to 
avoid variations across a sample when starting the etching process. Also this etchant is very 
sensitive to (organic) contamination, originating from resist layers, which has been found to 
prevent etching from taking place. 

In this respect, better results have been achieved with an ammonia/peroxide solution. 
Although NH40HIH20 2 has been reported to ruin PMMA resist lithography for submicron 
T -gates, here it has been successfully used with Shipley AZ 1505 resist for photolithography. 
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For this purpose NH40H was added to H202 until a pH value of 7.5-8 was reached to achieve 
an etchrate of about 15 nm/ s. Since the etch rate in AlAs is typically less than one percent 
that of GaAs, etching for about twice the time needed to remove the cap layer, has resulted 
in devices with well defined threshold voltages that are reproducible (see the next section). 
Etching too long may however cause underetching of the gates (figure 3.25). 

Figure 3.25 Underetching caused by gate recess with selective wet chemical 

etching. The thin brim around the gate shows a lateral underetch 

of approximately 0.1 J-Lm. 

3.4.4 Mask layout 

The layout of the mask set used for the processing of HEMT devices consists of four main 
masks for each step described earlier, referred to as Mesa, Ohmic, Gate and IC. Offsets in the 
dimensions between mask patterns and final device have been accounted for. The different 
dimensions are shown in figure 3.26. 

Mesa mask 

The largest offset occurs between the mask for defining the mesa size and the actual gate 
width (W mask - W "' 0.5 J-Lm), mainly due to underetch. Since the total gate widths are 
either large(> 20 J-Lm) or noncritical, deviations are expected to be less than 5% of the design 
values. 

Ohmic mask 

Offsets occurring with ohmic contact formations are caused mainly during photolithography 
since the liftoff demands a thick resist. Differences between actual and mask dimension result 
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Figure 3.26 Basic HEMT dimensions subject to process offsets. 

in a reduction of the drain-source distance, typically about 0.5 "' 1 f..Lm. To reduce series 
resistance, l DS has to be kept as small as possible. However, since aligning of the gate mask 
in the following step demands a distance of at least 3 micron, a distance of l DS = 4 f..Lm 
was designed for the mask. For the length lo of the ohmic contacts a safety value of 12 f..Lm 
has been used. Transmission line measuremerus indicate that only about 3 f..Lm is necessary 
to collect currents without increasing the series resistance. 

Gate mask 

Gate lengths are limited by photolithography to approximately one micron. Although 0.8 f..Lm
gates can be processed, this is best performed by adjustment of exposure and development 
conditions during lithography. Mask patterns less than one micron have shown to cause poor 
imaging with a 400 nm light source using the Karl Suss mask aligner. In the designs, values 
of L = 1 f..Lm have been used. 

Interconnection mask 

Like the ohmic contact step, the IC-mask accounts for lithographic offsets for the deposition 
of probe pads and interconnections. For ease of use ample margins (M = 2 f..Lm) are used 
for all masks. 

Probe pads 

In figure 3.27 finally the two basic patterns are shown for HEMTs. Both types are implemented 
with different gate widths . The contact pads are dimensioned such that the can be contacted 
with microwave on-wafer probes. Both configurations, with two transistor parts, can be used 
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for signal-ground-signal probe heads. The type with the T-junction in the gate connection has 
the advantage of full symmetry resulting in identical gate-source spacings in both transistor 
parts, independent of possible alignment errors. The other, the U-type does not, but this 
configuration corresponds to the situation in which devices are positioned in integrated circuits. 
Since the gate contact patterns of the U-type do not include doglegs, the parasitic induction 
is a little smaller which reduces input reflections. 
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Figure 3.27 Mask pattern for HEMTs. a) T-type. b) U-type. 
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3.5 Device characterisation 

Based on the considerations of section 3.4, a structure was designed for fabrication of 
pseudomorphic HEMTs for application in MMICs and OEICs. This has resulted in the 
structure of table 3.2. The donor layer thickness is chosen such that the maximum 
transconductance occurs at about zero gate bias. This is to ensure that maximum gain can 
be obtained without exessive gate leakage (figure 3.13). Instead of using figure 3.23 to find 
the proper dd, numerical simulations have been used to estimate the optimum thickness (see 
figure 3.9). The structure has been grown by MBE at the Physics Departement of Eindhoven 
University of Technology (TUE-NV). Device fabrication was then performed according to the 
process description of section 3.4. 

Layer Composition Thickness (nm] n-Doping (1/cm3] 

cap layer GaAs 70 2 X 1018 

etch-stop layer AlAs 3 2.5 X 1018 

donor layer Alo.2Gao.8As 35 1.5 X 1018 

spacer layer Alo.2Gao.8As 3 

channel layer lno.15Gao.ssAs 15 

buffer layer GaAs 50 

etch-stop layer AlAs 3 

buffer layer GaAs 1000 

super lattice 
Alo.5Gao.5As 

} X 10 10 
GaAs 

buffer layer GaAs 30 

buffer layer GaAs 20 

substrate GaAs 300 J.Lffi . S.I. 

Table 3.2 Layer structure for the pseudomorphic HEMT 

Comparing the results from the numerical simulation of section 3.2 with this structure 
to measurements gives the plot of figure 3.28. In this figure the measured transconductance 
is compared to the one calculated in section 3.2 (figure 3.9). Threshold behaviour, parallel 
MESFET onset, and the position of the transconductance peak show a fair agreement. The 
simulated magnitude of gm,max is somewhat lower than the measured value. This is probably 
the result of substrate currents which have not been included in the numerical model. The 
background doping of the unintentionally doped layers is approximately 3 x 1014/cm3 (p
type). In the following the results from measurements are shown together with a fit of the 
model presented in section 3.3. 
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Figure 3.28 Measurement of the transconductance for 1 x 100 J.Lm 2 devices 

of the given AIGaAs/lnGaAs/GaAs HEMT structure (.6, Vds = 
2 V), compared to simulation (solid line). 

3.5.1 DC measurements 

For characterisation of the DC characteristics of the devices, a HP4141B DC Source/Monitor 
was used for biasing Vds and Vgs and measuring Ids · The gate current was measured with 
a HP4140B pA Meter. The plot in figure 3.13 already showed good agreement between the 
gate current model and the data. 

Uniformity 

Of 16 measured devices across a 1 cm2 size sample, with W = 100 J.Lm, one did not function 
properly due to contamination during processing. From other samples also a yield between 
90 and 100 % has been achieved. In figure 3.29 the drain current and transconductance 
has been measured for devices accros the 1 em 2 size sample. The device widths range 
from 5 J.Lm to W = 100 J.Lm. An increase in current density and transconductance can be 
observed for wider gates, indicating a reduced effective gate width: Wef f = W - !'::. W . 
From the transconductance in figure 3.29 for the 5 J.Lm and 10 J.Lm devices both a value of 
!'::. W = 0.8 J.Lm can be found. This is probably not related to the transversal gate recess but 
results from the underetch involved in the mesa formation("' 0.5 J.Lm), and subsequent lateral 
etching of the AlAs layers during the gate recess("' 0.3 J.Lm). This effect has to be accounted 
for in scaling of (intrinsic) model parameters (see table 3.1). 

The threshold behaviour for wide devices (W > 5 J.Lm) is however very uniform: 
VrH ~ -0.25 V with a standard deviation of !'::.VrH = 20 mV, this corresponds to other 
published results [24]. Compared to previous results from nonselective wet chemical gate 
recess: !'::. Vy H "' 0.5 V, this is an improvement of more than an order of magnitude. 
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Figure 3.29 Measurement of the drain currents and transconductances at 

Vds = 2 V, of 6 AIGaAs/lnGaAs/GaAs HEMTs across a 1 em 2 

sample. The devices widths are 5, 10, 20, 40, 80 and 100 f-Lm . 

Drain current and transconductance 

In figure 3.30 the model is fitted to the drain current and transconductance of a 100 f-Lm wide 
device. The plot in figure 3.30 compares the modelled and measured drain-source current and 
transconductance with respect to the gate-source voltage. For the optimisation of the model 
for this device the values of table 3.3 were found. The values for drain and source series 
resistances were estimated from TLM measurement values (rc ~ 0.16 nmm, Ro ~ 180 n). 
The maximum transconductance shown in table 3.3 represents the extrinsic value. Although 
a value of 312 mS / m m is comparable to other published values for pseudomorphic HEMTs 
with L = 1 f-Lm (e.g. Ketterson in [25]), it is somewhat lower than results reported previously 
from structures without etch-stop layers [1] . But since the final donor layer thickness is 
unknown for these non-selectively recessed gates, a full comparison cannot be made. 

For simulations, in equation (3.37) the intrinsic transconductance is used which is 
corrected for the influence of the source resistance: 9m,in = 9m,max/(1 - 9m,maxrs). 
The figure shows that for the pseudomorphic HEMT a good match with experimental data is 
possible for both the current and the transconductance, for a wide range of the gate-source 
potential. 

Output conductance 

For the same device the drain current and output conductance is fitted to the model. Main 
parameters for this purpose are V8 and 1 in the linear region and, at saturation, IT H for 
the drain feedback and VBD and 8 for breakdown. The parameter values resulting from the 
model optimisation found here are shown in table 3.3. From figures 3.31 and 3.32 it can be 
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Figure 3.30 Measurement (6) and model fit (solid line) of the drain-source 
current and transconductance of a AIGaAs/lnGaAs/GaAs HEMT 

(L = 1 J.Lm, W = 100 J.Lm, Vds = 2 V). 

9m,max 312 mS/mm VrH -0.57 v Vp = 0.22 v 

Ts 0.6 nmm 1/s 0.36 v 1/p 0.40 v 

rd 0.6 nmm r 0.30 

vds,sat 0.2 v I = 0.15 ITH 0.013 

VBD = 3V 8 0.05 

Table 3.3 Parameters used for the model fit as shown in the DC 
characteristics. 
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seen that also here a good match for model and data can be found for a wide operation range: 
both current and output conductance can be fitted satisfactory for the linear and saturation 
operation modes of the device. The output conductance values measured for this structure 
<~ 7.5 mS/mm) are similar to those measured for structures without an etch-stop layer in 
the buffer. 

90 

0.020 

0.5 1.0 1.5 2.0 2.5 3.0 

Vds[V} 

Figure 3.31 Measurement (.6) and model fit (-) of the drain-source current 

of an 80 JLm wide HEMT, as a function of the drain voltage. 
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Figure 3.32 Measurement (.6) and model fit(-) of the output conductance. 



3.5.2 S-parameter measurements 

For the characterisation of the high frequency behaviour of HEMTs, S-parameter measurements 
have been performed according to the circuit diagram of figure 3.33. A HP 85107 A Network 
analyzer system was used to measure the scattering parameters for frequencies ranging from 
45 M Hz to 40 G Hz. DC gate and drain voltages, together with the RF signals from S-ports 
1 and 2 are suplied to the device under test through bias-T's. The same setup is used for 
simulation of the device model. 

OUT 

Bias-T r- ------i 
I 
I 
I 
I 
I 
I 
I 
I 
I 
L 

Figure 3.33 Circuit diagram for both measurement and simulation of bias 

dependent S-parameters of HEMTs. 

Comparing the simulated model behaviour with measured S-parameter data (figure 3.34) 
indicates that a good match is found for the frequency dependence up to 40 GHz. This is 
presented for the same 80 11-m device shown with the DC characterisations earlier. The data 
was measured near the point of maximum gain (L = 1 Ji-m, W = 100 Ji-m, V95 = 0.25 V, 
Vds = 2 V). From the small-signal unity current gain condition we have: 

with h21 the current gain parameter of the hybrid, or mixed mode matrix H. This matrix can be 
transformed from the measured S matrix, and an fr of 21.5 GH z can be observed. Similarly, 
by extrapolation of the unilateral power gain to unity, a maximum frequency of oscillation 
!max of about 43 GH z has been found. These values correspond to those measured on 
previous HEMT structures. 

The parameters found after optimisation of the model are shown in table 3.4. It is clear 
that the model predicts both the DC and S-parameter characteristics quite well. R t,· indicates 
a little discrepancy with figure 3.32: a small difference is found between the DC and RF 
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45.0 MHz f 40.045 GHz 45.0 MHz f 40.045 GHz 

45.0 MHz f 40.045 GHz 45.0 MHz f 40.045 GHz 

Figure 3.34 Measurement (6) and model fit(-) of the S-parameters for frequencies ranging 

from 45 M H z to 40 GH z (V9s = 0.25 V, Vds = 2 V). 

Td = 1.5 ps 

£ 9 = 20 pH 

ci = 6.2 fF 

C9s = 195 fF 

/gs = 35 fF/V 

Rtr = 1.26 kD. Ri = 1.8 D. 

Ld = 78 pH 

Co = 18 fF 

Cds = 1 JF 

Ls = 3.9 pH 

c1 = 8.2 fF 

C9d = 11 fF 

Table 3.4 Parameters used for the model fit to S-parameters for a 1 x 
80 J..Lm2 HEMT at V95 = 0.25 V, and Vds = 2 V. 



output conductance. This indicates the presence of traps, similar to HEMT structures without 
etch stop layers. 

A match as good as in figure 3.34 is observed only in a restricted range around the 
bias point of maximum gain. When the scattering parameters are measured for varying gate
source voltage at different operation frequencies, the simulated data starts to deviate more. 
This effect is shown in figure 3.35 where the magnitude of the transmission parameter s 21 is 
plotted. At voltages near threshold, specially at high frequencies, the model underestimates 
the transmission parameter. A closer investigation of admittance parameters shows that the 
measured transconductance is different for DC and RF conditions. This suggests that, similar 
to the output conductance, a trap related dispersion model has to be used to describe 9m. near 
threshold. For bias points where the gain is larger (V98 > 0), the model is able to give a fair 
prediction of the HEMT behaviour up to 20 G Hz. 
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Figure 3.35 Measurement (.6) and model fit(-) of 1Sz11 as a function of V98 

at different frequencies (W = 80 J.Lm, Vds = 2 V). 

Open loop gain 

As mentioned in the introduction, the prediction of the open loop voltage gain Av is important 
for the application in small-signal circuit simulations. This parameter is the small-signal 
voltage amplification of a single stage, defined as: 

Av(w ) = dvz = Yzi(w) = _1_ 
- dv1 Yzz(w) h12(w) 

(3.44) 

Here y21 and y22 are found by transforming the measured S-parameters to the admittance 
matrix Y , or h 12 from the hybrid matrix H. A comparison of measured and simulated values 
are shown in figure 3.36. The relation with the transmission parameter s 21 is evident. Like 
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figure 3.35, the modelled gain in this plot deviates from the measured data near threshold due 
to small RF values, simulated for 9m· The large error at 45 M Hz is caused by the output 
admittance, which is modelled too large near threshold (see eqn. (3.42)). Also here better 
predictions are observed at higher gain values. 

-
f 

45MHz 1;. 

Pl~~~~~~=r~~~ 10GHz o 

:0.5 . 0.0 0.5 

20 GHz o 

30GHz o 

40GHz v 

1.0 

Figure 3.36 Measurement (6) and model fit (-)of the open loop gain Av ( w) 
as a function of V95 at different frequencies (W = 80 f.Lm, 
Vds = 2 V). 

For w approaching zero the DC amplification becomes related to the transconductance 
and the output conductance according to: 

Av(O) = Ao = gm 
9o 

In figure 3.37 measured and modelled DC values are plotted as a function of the drain voltage. 
In the linear region the model fit is poor, which is caused mainly by 9m· In saturation the 
model is able to predict the behaviour satisfactory. 

In general it can be seen from the comparisons that the model is able to give a fair 
representation of the behaviour of the HEMT. Best results are obtained of course when 
optimization of model parameters is performed arround the bias point of operation. Near 
the point of maximum gain, a good match is found between modelled and measured DC 
characteristics. Also the small signal parameters can be simulated sufficiently accurate up to 
frequencies around f r. 
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Figure 3.37 Measurement (6) and model fit(-) of the DC open loop gain A 0 

as a function of Vds at different gate voltages (W = 80 J.Lm). 
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3.6 Conclusions 

Numerical model 

The model presented in setion 3.2 to describe the carrier densities of the 2DEG and parallel 
MESFET channels in HEMT structures shows a fair agreement with data obtained from Hall 
measurements. Also for simulation of pseudomorphic structures the model is found to provide 
a solution for gate voltages above threshold. 

The results of the numerical model have been related to electrical device properties by 
analytical descriptions of the field-velocity relations in the 2DEG and parallel channels. This 
quasi two-dimensional model is subject to the limitations imposed by the simplifications and 
assumptions used. Still a good estimate is found for the description of the transconductance as 
a function of the gate voltage. With this rriodel, a layer structure could be designed successfully 
with a transconductance peak near zero bias. 

Circuit model 

For simulation of circuits the numerical model is insufficient due to the required computation 
time and inadequate quantitative accuracy. To provide for a model that is able to describe 
the DC and high frequency small-signal behaviour of HEMTs, an empirical model for the 
drain-source current has been developed based on the device physics (section 3.3). By using 
fit functions, a compact model was obtained with a small number of parameters that can be 
easily identified from device characterisations. Although reverse modelling has not been the 
aim of this model, most of the parameters can be related to the device physics. The model is 
capable of describing HEMT DC and RF characteristics well around the point of maximum 
gain. For operation points near threshold, the effects of traps on both the output conductance 
and the transconductance have to be modelled more accurately. 

Technology 

For application of pseudomorphic HEMTs in MMICs and OEICs, the fabrication process has 
been adjusted to obtain sufficient uniformity and yield. In previous work the uniformity has 
been found to be deteriorated mainly by threshold variations, caused during gate recess etching. 

To achieve better uniformity the layer structure has been adjusted to enable selective wet 
chemical etching. Pseudomorphic HEMT structures were grown with AlAs etch stop layers. 
By using an ammonia/peroxide solution to perform the selective gate recess, devices were 
fabricated with a threshold voltage standard deviation of 20 m V across a square centimetre. 
The yield is typically more than 90 %. Lateral attacking of the AlAs etchstop layers during 
selective gate recess is probably the cause of a reduction of the effective device width by about 
0.8 J.Lm . This effect is only important when modelling and designing small devices. 
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Characterisation 

From the DC characterisations values were found for the transconductance, which are 
comparable to other published results. Also the output conductance appears to be unaffected 
by the insertion of the etch-stop layer in the buffer. High frequency characterisation of the 
devices again shows satisfactory results and indicate little or no influence of the structure 
adjustments. 

To summarise it can be concluded that the fabrication process developed is able to provide 
the means to realise integrated circuits. The circuit model presented is needed for the design 
of OEICs and MMICs. This will be shown in the next chapter. 
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Chapter 4 

Receiver Design and Realisation 

4.1 Introduction 

For high speed applications, most detectors are operated in photoconductive mode. This 
means that a voltage is applied to the device, large enough to ensure high carrier speed. It 
also depletes the active detection area, lowering the dark capacitance. In this mode a light 
signal with an optical power Popt will induce a photo current !ph between the electrodes of 
the detector. In general this current has to be converted to a voltage signal V0 implying that 
the following amplifier circuit has the dimension of an impedance. With the responsivity 'R 
defined in (2.11) the total transfer function of the receiver is given by: 

dVo 
HR:dP ='RZ 

opt 
(4.1) 

Here Z is the impedance function of the amplifier. Hardware implementations of amplifiers 
suffer from restrictions in gain and speed imposed by physical limits and parasitic effects. A 
precise analysis is therefore needed to choose a proper device technology and configure an 
optimal circuit topology. For the implementation of the amplifier, optimal gain, bandwidth 
and sensitivity are usually not fully compatible design goals. Moreover, the product in eqn. 
( 4.1) is not optimised simply by looking at the photodetector and amplifier independently. The 
presence of parasitic effects links the performance of both circuit and detector. 

Like the circuit topology, the choice of technology used for implementation of the receiver 
is a complex deliberation of different properties. As discussed in the introduction, the 
wavelength of the system is a decisive factor for the realisation of monolithically integrated 
receivers. For short wavelengths, both electrical and optical devices can be processed on GaAs 
substrates. This has been shown in the previous chapters. For fast optical detection, metal
semiconductor-metal (MSM) structures were fabricated and also pseudomorphic HEMTs on 
GaAs were realised showing their potential for high speed integrated circuits. Still, receiver 
circuits have to be carefully designed to take full advantage of the device capabilities. 
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4.2 Circuit design 

4.2.1 Bandwidth 

The most simple method of converting a photocurrent signal to a voltage signal is by using 
a detector in series with a load resistance. This resistor has to be large enough to achieve 
sufficient gain. Photodetectors are designed to collect a photocurrent in a given detection area, 
by electrodes that are close enough to achieve a high detection speed. This combination means 
that they are always hampered with a parasitic capacitance. In series with the load this forms 
an RC -circuit and the charging time limits the -3 dB bandwidth of the response: 

1 
f3dB = 21f RLCT 

This effect can be avoided by a so-called high impedance design, shown in figure 4.1. 

+ 

Figure 4.1 High impedance receiver topology. 

(4.2) 

The voltage signal across the load resistance R L is fed to a voltage amplifier with an 
open loop voltage gain Av (see also eqn. (3.44)): 

A = dVo 
v- dl/i 

The capacitance Cr is the sum of the detector parasitic capacitance Cd and the amplifier 
input capacitance Ca. The bandwidth of this receiver is still low and is in fact, compared 
to the simple R L termination, deteriorated by the addition of the amplifier input capacitance. 
By adding a subsequent equaliser the bandwidth can be improved. Still a high impedance in 
conjunction with the input capacitance causes integration of the input signal. This voltage 
drift may result in the saturation of the amplifier and thus reduces the dynamic range of the 
receiver. 

In figure 4.2 an alternative is shown that does not suffer from poor dynamic range. In a 
transimpedance design the amplifier with load resistance of figure 4.1 has been replaced by 
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Figure 4.2 Receiver design using a transimpedance 
amplifier. 

an inverting amplifier with a feedback resistance R1. The transimpedance Zr is given by: 

Z (w) = -AvRf 
T Av+l+jwRJCT 

The bandwidth f 3dB of the receiver is now: 

Av + 1 
f3dB = 2rrRJCT 

(4.3) 

(4.4) 

This is an improvement by a factor of about Av compared to the high impedance receiver. 
The same applies to the input resistance Rr of the transimpedance design which is given by: 

_ { d\li } _ Rf 
Rr = Re dlph - Av + 1 

However, a parasitic capacitance C f usually appears parallel to the feedback resistance. When 
transformed to the input of the amplifier, this parasite effectively increases the total input 
capacitance according to: 

(4.5) 

The input voltage drift, associated with the charging of the input capacitance Cr is proportional 
to Rr- For equal gain the dynamic range of the transimpedance amplifier outranks therefore 
the high impedance design. 

This is shown in figure 4.3 where the magnitude of the frequency dependent 
transferimpedances were calculated for the different designs. Z L is the simple resistor 
termination, Z H is the high impedance design and Zr the transimpedance. For the calculations 
R L = R f = 1 k0. and a frequency dependent voltage gain was used according to: 

Ao 
Av(f) = l+jf!fv 
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Figure 4.3 Impedance functions for different receiver types as function of 

the operation frequency. !Z L denotes the simple termination 

with a load resistor, Z H is the high impedance design and Zr 
the transimpedance amplifier. Av is the open loop gain of the 

amplifier. 

with a DC value A 0 = 10, and a bandwidth fv = 30 G Hz. The total input capacitances 
were taken 0.5 pF. The bandwidth improvement of Zr compared to ZL is clearly visible. 
The figure also shows that the high impedance design (Z H) requires equalisation to obtain a 
similar bandwidth. 

4.2.2 Circuit implementation using GaAs technology 

As described in the previous paragraph, the major goal for the implementation of the 
transimpedance amplifier is to design a circuit with a high open loop gain and a low input 
capacitance. The use of GaAs field effect transistors in general and (p)HEMTs in particular 
is an obvious choice for realising high gain at high frequencies. In figure 4.4 two different 
approaches are shown for amplifying stages. A voltage signal on the gate electrode of the 
driving FET induces a drain-source current which in tum generates an output voltage across 
a resistive load (figure 4.4a). 

In most cases an active load (figure 4.4b), which is simply a FET with a zero gate
source voltage, is preferred for designs using a single device type. This reduces the supply 
voltage Vnn needed for the same DC gain as illustrated in figure 4.4c. Also the drain-source 
capacitance of active loads is generally lower than the parasitics of resistor structures. For 
low frequencies the small-signal voltage gain is related to the device parameters by: 
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a) 

Figure 4.4 FET amplifying stage. a) Passive load. Vi and V0 are the input and output 

voltages. W D denotes the gate width of the driver FET. I L is the current flowing 

through the load resistance denoted by R L. V D D is the supply voltage. b) Active 

load. W L is the gate width of the active load FET. c) Driving FET current vs. 

output voltage (solid line) with passive (curve a) and active load (curve b). 9m 
and g0 are the transcondactance and output conductance of the FETs. 

Here 9m is the transconductance, and g0 is the output conductance of the FETs. W L and 
W D are the gate widths of load and driving FET respectively. By taking equal gate widths 
WL = WD = Wa, Ao becomes half the voltage gain factor f-Lv= 9m/g0 • By taking these 
geometries, as shown by figure 4.4c, a biaspoint is obtained where optimal values for 9m 
and g0 can be found simultaneously. Independent of this, HEMTs show higher gain than 
MESFETs with the same size. When also a low gate capacitance is required (for a low Cr ), 
the unity current gain frequency: fr ~ 9m/27rc98 of pseudomorphic HEMTs indicates the 
best possibilities for this FET type in the amplifier circuit. 

The problem with the amplifier stage is the difference between DC input and output 
levels. For connection of the feedback loop a decoupling capacitor could be applied at the 
amplifier stage. This would impose a lower limit to the operation frequency. Matching of the 
DC input and output levels is a common problem in digital applications and has been solved 
for GaAs based technologies by several methods. 

Directly coupled FET logic (DCFL) uses depletion (D) mode (normally on) FETs for the 
load and enhancement (E) type (normally off) devices for the driver. Allthough successfully 
applied to OEICs [I, 2], the use of E/D FETs increases the complexity of layer structure and 
device processing for pHEMTs and is not considered here. 

Another method is used for buffered FET logic (BFL) where the amplifier stage is 
followed by a level shifting buffer stage (figure 4.5). This technique requires the use of 
Schottky diodes which can be manufactured with FETs without adjustments to the fabrication 
process. Therefore in the majority of OEICs, based on GaAs MESFET and HEMT devices, 
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Figure 4.5 Implementation of an inverter using buffered FET 

logic. Va is the voltage level at the amplifier 
output. The diodes of the level shift stage have 

a device area A. 

this method is applied. The buffer stage has a common drain FET with a gate width W D and 
a current source (W L)· The voltage drop across the two diodes performs the level shift. For 
proper operation the power supply Vss requires a negative voltage. The voltage amplification 
of Va in figure 4.5 by this stage is given by: 

(4.6) 
A = Y.. s- v. 
with: a 8 

Here a 8 is the gain reduction caused by the limited conductance of the diodes (g D per unit 
area). For proper operation the anode area A has to be large enough. The high frequency 
admittance can be increased by enlarging the parallel diode capacitance. This can be achieved 
by using interdigitated electrode patterns similarly to those used for MSM structures. 

The feedback resistance can now be inserted directly between the output of the shift stage 
and the input of the amplifier stage. Instead of a passive resistor, a common gate FET is used 
as an active feedback. This has also been applied to monolithical receivers by Ketterson e.a. 
[3] . The use of a HEMT reduces the feedback capacitance C f and its effect on the total 
input capacitance (see eqn. (4.5)). More importantly the value of the DC resistance can be 
controlled by the gate voltage of this FET. This enables adjustments to the high frequency 
transfer of the total receiver. 

Figure 4.6 shows the implementation of the complete transimpedance design with an 
MSM detector and FETs. The feedback transistor is tuned with the feedback voltage V1. At 
the output a buffer stage is added to enable a load at the receiver output without disturbing 
the transimpedance characteristics. Similar to eqn. (4.6) (with a 8 = 1) this stage is basically 
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Figure 4.6 GaAs MSM/FET implementation of the integrated receiver. 

an impedance converter and has a DC gain close to unity. The output resistance is given by: 

With the proper gate width Wb of the buffer stage FETs, the receiver output can be matched 
to a 50 n load. 

4.2.3 Noise behaviour 

The design efforts in this work are directed mainly towards achieving a high receiver 
bandwidth. For proper receiver design however, also the noise behaviour is considered. In 
the absence of available high frequency noise characterisations, only a qualitative treatment is 
used here to get an indication of the influence of different receiver components. 

When the first amplifier stage is assumed to be mainly responsible for the overall noise 
behaviour of the receiver, the noise sources can be identified in figure 4.7. In this simplified 
representation the parasitic capacitances are all assembled in the input capacitance Cr of eqn. 
(4.5). The spectral densities of these current sources ( < x 2 > denotes the average power of 
a GauBian random process x) are given by: 

d<;)> 2qldark 
d<i2> 

2qlg dj- = 

d~y> 4kT 
(4.7) 

Rf 

d~~> = 4kTfgm 

107 



Figure 4.7 Diagram of the different noise sources in a transimpedance 

receiver using a FET front end amplifier. 

The first noise source is the detector input noise, represtented as a current source id parallel to 
the signal current, which originates from the shot noise caused by the detector leakage current 
I dark· Parallel to this source is the input current ii of the amplifier associated with shot noise 
caused by the gate leakage current I g. The feedback resistance R f has a noise current if 
and the output noise current source finally is associated with the channel noise of the FET: 
i 0 • Here r is the noise factor(~ 1) of the FET. 

From the different contributions in ( 4. 7), it is obvious that both detector and dark current 
have to be kept minimal. The value of R f has to be as large as possible to reduce the feedback 
contribution. In this situation the amplifier contribution to the equivalent input noise reaches 
its minimum value proportional to the bit rate B as shown by Smith and Personick [4]: 

d < i~ircuit > ~ 4kTr (27rCr )2 B3 
dj 9m 

(4.8) 

The contribution of a FET front end stage can be minimised, by optimising the ratio 9m/C}. 
This is obtained by choosing a small feedback transistor (CJ "" w1 · Cds) and matching the 
detector contribution to the amplifier and feedback parts of eqn. (4.5). In this respect again 
the influence of the unity current gain frequency appears: JT = 9m/27rc9 , where the gate 
capacitance Wa · c9 dominates Ca. 

From the preceding considerations the global design goals are from a noise point of view: 
a large feedback resistance and amplifier gain, together with small parasitic capacitances for 
detector, feedback and amplifier input. This does not conflict with the goals for a high 
bandwidth design. A large value for R1 (see eq. (4.2)) however does restrict the bandwidth. 
Therefore it is clear that a voltage adjustable active feedback provides a flexible way of 
optimising the circuit performance. 
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4.3 Circuit simulations 

In the previous section a more or less analytical inspection of the main aspects involved in the 
electrical performance of the receiver circuit was presented. This gives a good impression of 
the impact of the various design and device parameters on the final results. In the past, good 
designs have evolved for OEIC designs this way. The small signal approach as performed 
earlier is unable to predict the behaviour of the integrated circuits accurately in a quantitative 
way. The main reason for this is the effect of device parasitics of FETs and other components. 
Also the influence of the interconnects may affect the circuit response at RF frequencies . 

interconnect 
pattern 

GaAs 
substrate 

ground 
plane 

h 

Figure 4.8 GaAs implementation of a microstrip line. 

To tailor the design parameters for the mask layout, RF simulations were performed using 
the HP Microwave Design System (MDS) software package. This package contains models 
for microstrip lines, joints and bends. For the application of GaAs MMICs the configuration 
shown in figure 4.8 was used. Here w represents the width of the interconnection, t is the 
thickness of the metallisation, and h is the thickness of the semi-insulating GaAs substrate. 

4.3.1 Device models 

For simulation of the discrete devices equivalent circuit models were used. In the previous 
chapters models were presented for MSM structures and pHEMTs. The geometries of the 
diodes and resistor structures used in the integrated circuits are shown in figure 4.9, together 
with equivalent circuit models used in simulations. 

The DC current of the diodes is modelled according to thermionic emission, similar to 
the HEMT gate current (see section 3.3.2). The parallel capacitance CD is composed of the 
diode junction capacitance and the parasitic capacitance which is deliberately increased by the 
fingered pattern (typical values: W = 10 f-Lm, L = 20 f-Lm). Values for the capacitance, 
the series resistance Rs and inductance Ls are found from matching the model to measured 
S-parameter data. 

The resistor structure is modelled as a simple transmission line (see eqn. (3.43)). Again 
a parasitic series inductance L S· and a parallel capacitance Co is used to fit the model to the 
high frequency behaviour of measured devices. 
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Figure 4.9 Mask patterns (top) and equivalent circuit models (bottom) used in simulations of 

MMICs. a) Diode. b) Resistor structure. Symbols are explained in the text. 

Figure 4.10 Mask layout of an integrated photoreceiver. 



In figure 4.10 the configuration is shown of the complete integrated circuit. The symbols 
correspond to the main layout design parameters shown earlier in figure 4.6. The basic layout is 
chosen such that the distance between different stages and devices is kept to a minimum without 
introducing bends. The amplifier FETs (denoted by W a) have an alternative arrangement to 
enable a ground connection outside the feedback loop. This way an air bridge can be omitted, 
reducing the number of required process steps. 

In figure 4.11 the equivalent circuit is drawn for simulation of the receiver shown 
in figure 4.10. The circuit models of the different devices are shown as their symbol 
representations, and the interconnects are represented by a series of microstrip components. In 
the final mask design the receiver output is terminated by a contact pad for Cascade probes (see 
also figure 3.27). The effects of parasitics introduced by DC probes have not been considered 
at the design stage and will be discussed further on. 

4.3.2 Simulations 

With the circuit of figure 4.11 simulations were performed to determine the final mask design. 
The device models used in the simulations were fitted to data obtained from DC and RF 
measurements of previously realised devices [5]. These pHEMTs were manufactured with 
different layer structures, and using nonselective gate recess. A discrepancy between modelled 
and real devices is therefore inevitable. This implies that the resulting mask design should be 
considered as an optimal guess rather than an optimal design. The starting point has been an 
output resistance of 50 n. This resulted in an output buffer stage with 80 f.Lm wide pHEMTs. 
The rest of the design was determined for a maximum bandwidth while keeping the noise 
criterium in eqn. (4.8) in mind. The width of the feedback transistor Wf is chosen such 
that contributions from feedback and input are about the same size. For eqn. (4.5) with 
cf ~ WJCds and Ca ~ (Wa + wf )Cgs one finds: 

According from the device data in tables 3.3 (page 89) and 3.4 (page 92) this ratio is roughly 
unity. For an appropriate transimpedance swing around 1 kn, w1 should be something 
like 5 f.Lm . Simulations indicated however that the receiver bandwidth would be reduced 
considerately when the same size was chosen for the amplifier input. The simulations have 
led to the following configuration. 

MSM detectors were used with 2 f.Lm finger width and spacing. The total area was 
20 x 20 f.Lm2 . The following optimal values were found for the pHEMTs of figure 4.6: 
Wa = 20 f.Lm, Ws = 40 f.Lm, Wb = 80 f.Lm and Wf = 5 f.Lm. 

In figure 4.12 the simulation result of the complete design is shown. Here the calculated 
transimpedance is plotted versus the frequency (solid line). For these calculations data were 
used from devices realised with selectively recessed gates. These devices, presented in section 
3.5, showed lower transconductance values than the original 'design' devices. Their high 
frequency behaviour, i.e. the Jr. is still comparable. Also the indicated bandwidth of about 
7 G Hz for a 1 kn transimpedance is similar to values found during design optimisation. 
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Figure 4.11 Circuit diagram used for simulation of the integrated receiver with HP MOS. The 

several rectangular symbols indicate the interconnections and joints, simulated by 

microstrip components. 
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To get an estimate of the impact of the threshold voltage on the final receiver behaviour, 
the standard deviations have also been plotted. The situation with the old pHEMT process 
(El. Vr H = 500 m V), as well as the situation with selective gate recess etch found from 
figure 3.29 (El. Vr H = 20 m V) is shown. These values were found from Monte Carlo 
simulations (40 runs) of the circuit with nominal values for the feedback transistor to maintain 
comparable DC impedance values. The variation of the threshold voltage was simulated using 
a GauBian distribution with a mean value of Vrn = -0.21 V and a sigma as given in the 
figure. The significantly reduced deviation (from more than 500 % to 4 %!) is mainly the 
result of the high sensitivity of the circuit behaviour to bias conditions. This can only be 
partly compensated for by proper adjustment of supply voltages. 

f[GHz] 

Figure 4.12 Simulation of the transimpedance for an optimised receiver 

design (at v1 = -0.1 V). Also indicated are the 

deviations calculated for different threshold conditions. 
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4.4 IC Fabrication 

4.4.1 Mask Layout 

From the results of the simulations presented in the previous section, a mask layout was 
developed. A set of masks for the different process steps has been manufactured using 
the e-beam facilities of Philips Research in Eindhoven. Besides a nominal receiver design 
(figure 4.10), a limited number of design variations were included using different detector 
areas and finger spacings. Also passive feedback with resistors has been incorporated in these 
designs for comparisson with feedback transistors. 

The stages used in the receiver designs, as well as the various devices that were applied, 
have been added to the mask designs. This enables measurements on these test devices for 
verification and modelling purposes. 

4.4.2 Structure Design 

For the receiver fabrication a uniformly doped pseudomorphic HEMT structure was designed 
and grown by MBE at the Solid State Physics group of Eindhoven University of Technology, 
as described earlier in chapter 3 (see table 3.2). The structure was designed for wet chemical 
selective gate recess to obtain sufficient device uniformity. With this structure also devices 
like resistors and diodes, which are directly related to FETs, can be manufactured. Although 
MSM structures are different in a way that they only require highly resistive GaAs, they can 
be processed with FET structures as well. This is shown in the diagram of figure 4.13. 

first AlAs etch
stop layer 

second AlAs 

11\1~; IOaDI!It iAIMI".I~~~ ~~· + - ...--. 

GaAs detector layer 

:=:;:=:====G=aAs~$.,1 """"'""" 
a)pHEMT b)MSM 

Figure 4.13 Monolithic integration of a pHEMT with an MSM detector 

structure. 

The MSM structures are created on top of a semi-insulating GaAs layer, which is separated 
from the substrate by a super-lattice, right beneath the buffer layer of the pseudomorphic 
HEMTs (figure 4.13a). The electrodes of the MSM detector are realised during deposition of 
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the Til Au Schottky metallisation for the pHEMT gates. Because GaAs is selectively removed 
during gate recess prior to the metal deposition, also the GaAs buffer is attacked for patterns 
next to a mesa. Therefore also an etch stop layer is used here. During gate recess the MSM 
electrodes patterns are etched down to the second etch-stop layer. Like the first etch-stop 
layer. the AlAs is then removed in a diluted HCl dip. The remainder of the AlAs between the 
electrodes (figure 4.13b) has no unfavorable effects. In fact this shields the carriers generated 
in the detector structure from the surface, reducing the trapping effects (see section 2.1.2). 

a)Mesaetch 

b) .Ohmic contacts 

Figure 4.14 Schematic representation of the different steps involved in the fabrication 
process of HEMTs and related devices. 

4.4.3 Process steps 

Devices were fabricated using photolithography. Figure 4.14 shows the various process steps 
as discussed earlier for pHEMTs(see section 3.4). With the same process, different related 
devices can be manufactured including diodes, resistors and the MSMs as explained above. 

A full description of the process is given in the appendix. Device seperation was 
performed by etching of a mesa using a sulfuric acid/peroxide solution. The mesa etching was 
stopped just above the second etch-stop layer. After this, ohmic contacts (rc ~ 0.1 ~mm) 
were formed by rapid thermal annealing of a e-beam evaporated Ge/Ni/Au= 20/15/ 150 nm 
layer stack. Prior to a Ti!Au= 50/150 nm metallisation, gate recess was performed using 
selective wet chemical etching with an ammonia/peroxide solution. The AlAs etch-stop layers 
were later removed by a dip in diluted HCL Finally the interconnections were realised using 
a Ti!Au= 50/200 nm metallisation step. 
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4.5 Results 

Receiver circuits have been fabricated as described above. In figure 4.15 a SEM photograph 
shows a photoreceiver with an active feedback . Devices measured on the same chip indicate 
proper operation. In the previous chapter the characterisation of pHEMTs has been discussed. 
The MSM detectors fabricated with the receiver material do not seem to have deteriorated 
(I dark ~ 0.1 J.LA for V M s M = 6 V) compared to devices fabricated on S.l. GaAs (see 
section 2.2.1). Points of interest for the characterisations of the integrated receiver are wether 
the realised circuits meet the project specifications and wether the design procedure has been 
succesful [6]. Therefore the measured characteristics have also been compared to circuit 
simulations. 

Figure 4.15 SEM photograph of a realised photoreceiver. The DC pads on the top and bottom 

are 100 x 100 J.Lm2 in size. The two RF pads on the left and right hand are 

50 x 50 J.Lm2
• 
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4.5.1 DC characterisations 

DC measurements of separate amplifier stages (figure 4.4b) show normal behaviour. In 
figure 4.16 the measured output voltage is plotted for input voltages ranging from -0.5 to 
0.5 V . The calculated voltage amplification corresponds to the expected value: according to 
the optimal values found in the previous chapter 9m/2g0 < 21. 
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Figure 4.16 DC Characterisation of a voltage amplifying stage (Vvv 
2.5 V and WL = Wv = 10 J.Lm). 

As can be seen in figure 4.16, the output voltage at maximum amplification is about half 
the supply voltage VDD· With the level shift stage (figure 4.5) this is reduced towards the 
input level near zero volt. This is shown in figure 4.17. The overal DC amplification is only 
slighly reduced by the shift stage. 

In figure 4.18 finally, the DC characterisation of the complete receiver circuit is shown 
for different feedback voltages. For input currents ranging from 0 to 0.5 mA the output 
voltage varies according to the measured DC transimpedance: Rr- This can be adjusted by 
Vf ranging from Rr = 8 kD. at Vf = -0.4 V toRr = 500 D. at Vf = 0.4 V. For large 
feedback resistances the effective transimpedance changes with varying current values. This 
effect has been attributed to saturation of the amplifier by Ketterson et al. [7]. According 
to eqn. (4.3) this is possible, but a decrease of at least 50 % in the transimpedance requires 
unity voltage gain which, according to figure 4.17, occurs at an input voltage shift of about 
0.1 V. This has not been observed in measurements performed here. Instead, figure 4.19 
shows an increase of the effective transimpedance for large negative (=outflowing) currents. 
At feedback voltages larger than -0.2 V this can only be caused by a conduction decrease of 
the feedback transistor caused by pinch off. At very large negative currents (lin < 0.1 mA 
for Vf = -0.4 V) the input voltage actually starts to shift beyond 0.1 V and here the amplifier 
does saturate. 
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Figure 4.17 DC Characterisation of a BFL inverter(Vnn = 3 V, Vss = 
-2 V and WL = Wn = 10 f..Lm). Vm is the voltage 
measured at the amplifier output and V0 was measured after the 
level shift stage. 

-0.1 

-0.0 0.1 

I.[mA] 
I 

VI 

0.4 v 
0.2V 
o.ov 
-0.2V 

Figure 4.18 DC Characterisation of the receiver circuit for different feedback 

voltages Vf <Vnn = 3.5 V, Vss = -1.5 V). The output 

voltage was measured as a function of the input current. 
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Figure 4.19 The output voltage measured for negative input currents and 

different feedback voltages Vf (VDD = 3.5 V, Vss = 
-1.5 V). 

Figure 4.20 also indicates that the observed saturation has to be attributed to the feedback 
transistor and not the input amplifier stage. Here the measured transimpedance for receivers 
with active and passive feedbacks are compared. The passive feedback does not seem to 
suffer from gain saturation for a wide input current range. This is in contrast with the active 
feedback design which is plotted here for a comparable feedback resistance. 

According to figures 4.18 and 4.19 the dynamic range of the active feedback receiver 
is still in the order of+/- 0.1 mA. For a detector responsivity of about 0.2 A/W this 
would indicate an optical power range of about half a milliwatt which is large enough for 
most applications. 

4.5.2 HF measurements 

For the high frequency characterisation of the receiver response a setup was used as shown 
in figure 4.21. This setup enables on-chip measurements of the electrical behaviour through 
S-parameter measurements similar to those described in section 3.5. Again the HP 85107A 
Network analyzer system was used to measure the scattering parameters for frequencies ranging 
from 45 M Hz to 40 G Hz. A probe station with Cascade RF probes were used to contact 
the receiver output and; through a bias tee, the input. For the power supply voltages VDD and 
Vss. the feedback voltage v,, and the MSM bias voltage VMSM Cascade WPH701 probes 
were used with G(ground)S(signal)GSG and GSX(open)SG configurations. With Vi from the 
bias-T the DC input voltage and current could be monitored. 

Figure 4.22 shows the transimpedance extracted from S-parameter measurements at 
different values of the feedback voltage. As indicated the response meets the design 
specifications: a bandwidth of 6.5 G Hz for a transimpedance of 1 kD.. Also plotted is 
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Figure 4.20 Measured DC transimpedance Rr for a receiver with an active 

<Vt = 0 V) and a passive feedback (R 1 ~ 800 n). 

+ 

Figure 4.21 Diagram of the setup used to measure the electrical RF 
characteristics of the integrated receiver. 
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Figure 4.22 Transimpedance for different values of the the feedback 

voltage from electrical S-parameter characterisations (solid line) 
compared to simulations (\]). 

the transimpedance calculated with the model used for the design. Although the controllable 
transimpedance range ("-' 0.5- 9 kD.) agrees well between measurements and model, it can 
be seen that the model shows some discrepancy for low feedback voltages. This behaviour is 
mainly evident at low frequencies and is also visible with DC simulations. It is mainly caused 
by the difficult modelling of the output conductance of the feedback transistor near threshold. 
This was already observed in chapter 3. But also here the high frequency behaviour shows a 
good match though. The bandwidth of the measurements (like the simulations) show values 
ranging from 1 to 8 GH z. 

To illustrate the effect of the feedback control, figure 4.23 shows some data extracted 
from the DC and RF measurements. A very good agreement is visible between the DC 
measurements of the transimpedance and values measured at 1 G H z, indicating the wide 
dynamic range. 

The plot of the 3dB bandwidth shows the dependency on the feedback resistance. At 
1 kD. the bandwidth is around 6.5 G Hz. The maximum achievable value is 8 G Hz for 
a transimpedance value of 0.5 kD.. Also shown in the figure is the gain-bandwidth product 
TZBW. This figure is often used to indicate the performance of transimpedance receivers. 
It is given by: 

TZBP = f 3dBZT 

Despite relations (4.3) and (4.4) this product is not constant due to the variation of Cy with 
changing Vf. These values (4- 14 TD.Hz, discussed later) can be considered good for this 
receiver type. 

For the electro-optical measurements, characterisation in the frequency domain was 
performed. The electrical input probe has been replaced by an optical step index fibre 
(figure 4.24) of which the tip can be manipulated in front of the detector of the receiver 
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Figure 4.23 DC (.6) and 1 G H z (\7) transimpedance, bandwidth (o) and 
transimpedance-bandwidth product (ZT f _3dB· 0 ) measured as 
a function of the feedback voltage. 
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Figure 4.24 Diagram of the setup used to measure the electro-optical RF 
characteristics of the integrated receiver. 



chip (see figure 4.24). For the electro-optical conversion the input S-port was connected 
through a bias T to a laser diode (A = 855 nm) of which the output beam was coupled to the 
fibre by focussing optics. When cooled down to -25°C this laser diode could be modulated 
up to about 9 G Hz. The problem with this measurement technique in the frequency domain 
is the limited input signal power combined with a large DC laser current (to obtain a large 
bandwidth) resulting in a low modulation index ("-' 4%). 

f[GHz] 

Figure 4.25 Transimpedance for different values of the the feedback voltage 

from electro-optical S-parameter characterisations (solid line). 

821 is the measured forward transmission gain of a single MSM 

detector. 

In figure 4.25 the results from electro-optical characterisations are shown. The 
transimpedance was calculated from the transmission gain coefficients 3 21 . To account for the 
effects of the laser diode and fibre, the measured response of the receiver was compared to the 
response of a single MSM detector (see 3 21 in figure 4.25). This detector response shows a 
corner frequency near 10 G Hz for both 20 x 20 J-Lm 2 and 100 x 100 J-Lm 2 devices. This corner 
frequency could also be fully adjusted bythe laser diode DC current, which determines the 
laser bandwidth. This indicates that the MSM detector has a flat response up to the receiver 
bandwidth, i.e. 3 21 corresponds to the laser spectrum. 

The figure shows that in contrast with figure 4.22 for varying feedback voltages the 
transimpedance can only be adjusted between 0.5 and 1 kfl. This is the result of the small 
modulation index: Due to the high DC light output of the laser diode, the DC current flowing 
through the feedback transistor was measured around 0.3 mA. In figure 4.18 it can be seen 
that for these high values the effective feedback resistance swing is much lower than for 
low currents. Reduction could be obtained by using grayplates, but this way the AC signal 
power level becomes too low. The fact that the measured receiver bandwidth is a bit lower 
(6 G Hz) than with the electrical characterisations is prob;1bly the result of the stray light 
causing deterioration of the amplifier behaviour. 
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4.6 Conclusions 

In this chapter the design and realisation was presented of a monolithically integrated 
photoreceiver. A transimpedance amplifier circuit was implemented using pseudomorphic 
HEMT technology on GaAs. For realisation of a uniform fabrication process the structure 
designed in chapter 3 has been succesfully applied to manufacture pHEMTs and MSM 
photodetector structures. 

A mask set layout was designed using the equivalent circuit model for pHEMTs wich 
was also presented in chapter 3. Measured circuits indicate a bandwidth of 6.5 GH z 
at a 1 kD. transimpedance according to the specified design goals. Comparison between 
RF measurements and simulations show a good agreement, especially at high frequencies. 
Differences are mainly visible at low frequencies and with DC simulations, which can be fully 
attributed to model restrictions discussed earlier. 
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Chapter 5 

Conclusions and Recommendations 

5.1 MSM structures 

In the first chapter of this thesis it was shown that it is possible to realise high speed 
photodetectors on S.l. GaAs by means of MSM structures. The influence of response tails, 
attributed to low frequency gain caused by trapping phenomena, can be largely reduced 
by applying a sufficient bias voltage. For the application in monolithic receiver circuits, 
detectors were made on epitaxial S.l. GaAs. Here the RC-time of detector plus amplifier 
input dominates the response speed. The detector transit time was found to have little effect. 

For future receivers where the bandwidth has to be designed beyond ~ 20 G Hz, the 
transit time limited response may become important. It was shown that the incorporation of 
low temperature grown GaAs, reducing the carrier lifetime, is able to increase the response 
speed. The same mechanism occurs with As-implanted GaAs. Detectors on samples annealed 
at 600 oc showed low darkcurrents and LF-gain. High speed characterisation of these devices 
may demonstrate the usefulness of this technique. 

MSM detectors have been manufactured with InGaAs layers grown on GaAs to extend 
the detectable wavelength beyond 850 nm towards the 1.3 f..Lm range. Devices have shown 
high speed responses. However, for integration with GaAs-based circuits, the contacts must 
be improved to reduce the darkcurrent. Also the effective layer thickness has to be increased 
for improved responsivity without disabling integration. However, the efforts involved in 
solving both these problems are comparable to those experienced with detector structures on 
low bandgap materials. The development of InP-based technologies is therefore important for 
the choice to proceed investigating long wavelength structures on GaAs. 
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5.2 Pseudomorphic HEMTs 

HEMT devices fabricated with the pseudomorphic structure including etch-stop layers show 
satisfactory results. Adaption of the fabrication process with selective wet chemical gate recess 
etching has led to a uniformity that enables the realisation of integrated circuits. Insertion of 
the etchstop layers has not degraded the device performance. 

A numerical model has been used to describe the carrier densities in the 2DEG channel 
and parallel MESFET channel of pseudomorphic HEMTs. Despite different simplifications, 
the data generated by the model agrees with experimental data. With a quasi two-dimensional 
model, which calculates the current-voltage relations in these channels, a good estimate can 
be given for the electrical characteristics of real devices. 

For the design of integrated circuits an equivalent circuit model was derived for simulation 
of the DC and RF small-signal behaviour of pseudomorphic HEMTs. A comparison of 
experimental data from device measurements and the model shows good agreement. A topic 
that needs to be examined more accurately is the transistor behaviour near threshold. When the 
contribution of the 2DEG channel, and the resulting total drain current decreases, the influence 
inflicted by substrate currents and traps become more evident. Therefore, future work should 
be focussed on the trap-related effects on transconductance and output conductance. Either 
by elimination of these effects or by improving the model, the applicability in analog circuit 
simulations should be improved. 

5.3 Receiver performance 

As demonstrated in the previous chapter, the realisation of the receiver circuits has been 
successful. The characterisations show a bandwidth of 6.5 G Hz at a 1 kn transimpedance, 
which is in agreement with the specified design goals. Simulations show that the equivalent 
circuit model presented in chapter 3 is able to give a fair prediction of the circuit performance. 
The low frequency response of the receiver is mainly determined by the conductance of 
the feedback transistor. As can be predicted from the model restrictions around threshold 
mentioned above, the simulations are less accurate for high feedback resistances. Nevertheless, 
the high frequency properties are predicted well. 

To see in what extent the design method applied here has improved the result, a 
comparison is made with other published results. A criterion generally used for photoreceivers 
is the transimpedance-bandwidth product T Z B P. In table 5.1 the reported results of receivers, 
realised with different GaAs based FET technologies and gate lengths are shown. The 
transimpedance values shown here are the effective values into a 50 n load (Zr ~ Zr /2). 
To compare the T Z BP's of these different technologies, one has to take the reported cut-off 
frequencies into account. A comparison between HEMT c.ircuits shows that the results from 
this work (Lg = 1 J.Lm) can compete with results from 0.5 J.Lm devices [2, 3]. Also the 
transimpedance-bandwidth product reported here is high compared to others. Given the fr of 
the transistors used, the transimpedance-bandwidth product measured in this work indicates a 
good quality design. 

Also a very important question is of course wether, and how improvements can be 
obtained. Since the performance of the HEMT devices in the final circuit does not differ 
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Technology Gate length fr zo 
T hdB TZBW ref. 

Jl.ffi GH z kO GH z O · TH z 

MESFET 0.3 40 0.3 5.2 1.5 [1] 

HEMT 0.5 35 0.19* 8.2 2.05 [2] 

pHEMT 0.5 66 0.3- 2.8 5.3- 1.7 1.6- 4.8 [3] 

HEMT 0.3 42 0.19** 14.3 2.7** [4] 

MESFET 0.6 28 0.56 11 6.1 [5] 

pHEMT 0.25 70 0.1-2 14 - 1 1.3- 3 [6] 

pHEMT 1 21 0.26- 4.1 8.0- 1.4 2.1- 7.2 this work 

Table 5.1 Comparison of FET transit frequencies fr and receiver effective 

transimpedance-bandwidth product ZJ.f3dB for different GaAs 
FET technologies. *) estimation. **) Second stage amplification 

excluded. 

substantially from those assumed for the design, it is expected that this first design is near 
its optimum. A second design step with updated values for the measured device parameters, 
especially for the feedback transistor, is likely to produce better results. As long as detectors 
are not transit time limited, drastic improvement of' receiver performance has to be searched 
mainly in better HEMT technologies. An obvious step here is the application of submicron gate 
lengths. In addition, when InP technology provides for transistors as well as high performance 
detectors, the whole design could be transferred to this material system. The circuit models 
derived for the HEMTs, which were used in RF simulations of this design, can also be helpful 
for the development of future photoreceivers. 
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Appendix A 

Process Overview 

For the fabrication process, used to realise the pHEMT devices, the following process 
steps have been used. For the integrated circuits based on this device, the same process has 
been applied. Photolithography was performed using a Karl Suss MJB 3 mask aligner with an 
optical power density of "' 15 m W /em 2 at >. = 400 nm. All process steps are performed 
at room temperature (T "' 21 o C) unless indicated otherwise. 

Frequently used process steps 

Clean t [m:s] T [°C] 

• Rinse in acetone 2:00 

• Rinse in isopropanol 2:00 

• N2 blow dry 

• bake 2:00 105 

Rinse t [m:s] T [°C] 

• Rinse in de-ionised water rv2:00 

• N2 blow dry 

Lift-off t [m:s] T [°C] 

• Ultrasonic acetone bath 

• Rinse in acetone 

• N2 blow dry 
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Photolithography 

AZ 1505 t [m:s] T (°C) 

• Bake 5:00 105 

• N2 blow on spinner 

• AZ 1505 spin 3000 rpm 0:30 

• Bake 5:00 95 

• Mask exposure UV 400 mask 0:05 

• Develop I :1 0:25 

=} Rinse 

AZ 5206 NEPPOS t [m:s] T [°C] 

• Bake 5:00 105 

• N2 blow on spinner 

• AZ 5206 spin 3000 rpm 0:30 

• Bake 5:00 95 

• Flood exposure UV 400 mask 0:00.2 

• Bake 3:00 115 

• Mask exposure UV 400 mask 0:06 

• Develop 1:1 ~2:00 

=} Rinse 
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pHEMT process 

Mesa etch t [m:s] T [°C] 

=} Clean 

=} AZ 1505 

• Nonselective etch: 

H2S04:H202:H20 =( I: I: 120)ml "' 1.3 nm/ s 1:40 20.0 

=} Rinse 

Ohmic contact formation t [m:s] T (°C] 

=} Clean 

=} AZ 5206 NEPPOS 

• Surface deoxidation: 

NH3:H20 = (5:50)ml 0:30 

• Ge/Ni/Au = 20/151150 nm evaporation 

=} Lift-off 

• Resist removal: 

• Flood exposure uv 400 0:30 

• Develop I: I 2:00 

=* Rinse 

=*Clean 

• Rapid Thermal Anneal: 

Purge N2 

Preheat H2:N2 = rv0;40 / 100 
1:2 1/min 

Ramp up 
, rvO; 10 / 400 

Stable 
, 

0:30 400 

Cool 
, 

""2:30 '\. 100 

Purge N2 
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Gate formation t [m :s] T [-C] 

::::} Clean 

::::} AZ 1505 

• Selective GaAs etch: 

NH3:H202, "'PH 8 adjusted "' 10 nm/ s 0:20 21 

::::} Rinse 

• Selective AlAs etch: 

Dip in HCl:H20, 10 % < 0:01 21 

::::} Rinse 

• Ti!Au=501150 nm evaporation 

::::} Lift-off 

Interconnections t [m:s] T [°C] 

::::} Clean 

::::} AZ 5206 NEPPOS 

• Ti!Au=50/200 nm evaporation 

::::} Lift-off 

pHEMT process t [m:s] T [°C] 

::::} Mesa etch 

::::} Ohmic contact fonnation 

::::} Gate formation 

::::} Interconnections 
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Summary 
The progress in computer systems and the continuing increase of clock rates stresses the 

need for fast connections. For the exchange of data between system units, optical interconnects 
have become important tools. With increasing speeds optical connects are required for 
communications on the circuit board level and even between chips. For these ranges the 
losses in the guiding media, if present, are less important than those observed in long distance 
fibre communications. The wavelength of operation can therefore be chosen more freely. The 
transmitter and receiver modules still need to be designed carefully to perform the electro
optical conversions properly. 

In this work the design and realisation of a monolithically integrated photoreceiver for 
these connections are described. For short wavelengths this receiver can be implemented 
using GaAs based technology for both the photodetector and the transistor used in the 
integrated circuits. Metal-semiconductor-metal (MSM) photodetectors with a planar electrode 
pattern enable direct imaging of optical signals between circuit modules. In addition, the 
GaAs/AlGaAs material system has the advantage of a well-developed transistor technology. 
Transistors incorporating heterostructures, especially pseudomorphic high electron mobility 
transistors (pHEMTs), have proven to enable the development of high speed amplifier circuits. 
The monolithic integration of detector and amplifier on a single chip reduces furthermore the 
influence of parasitics on the receiver performance. 

A review of the device physics was given to describe the darkcurrent and response 
characteristics of MSM photodetectors. It was shown that this behaviour is very susceptible 
to the bias conditions and also the two-dimensional nature of the device may determine the 
dynamical response. For the use in integrated receivers, at a time scale well below the transit 
time, a simplified equivalent circuit model can be used. MSM detectors were fabricated 
on different structures. Devices on S.l. GaAs substrates show normal darkcurrents. The 
responsivity of the detectors for photon energies higher than the bandgap energy shows low 
frequency gain. This is an indication for the presence of traps. Optical pulse measurements 
have shown tails in the responses, which are reduced by an appropriate bias voltage. This 
can be explained by the presence of slow carriers deep in the structure, combined with a long 
lifetime. At 4 V the measured bandwidth into a 50 n load was more than 20 G Hz . Structures 
fabricated on low temperature grown GaAs epitaxial layers showed a much faster response 
also at low bias voltages. This shows that the L.T. GaAs effectively reduces the carrier 
lifetime. The same is expected for MSM structures on As-implanted GaAs, which showed 
high resistivity when annealed at 600 °C. MSM structures were also fabricated on amorphous 
InGaAs grown on GaAs substrates. Although the detectable wavelength was extended towards 
1300 nm, the responsivity is low compared to GaAs devices, and the darkcurrent was very 
high. 
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For the application of pseudomorphic High Electron Mobility Transistors in integrated 
circuits, the fabrication process had to be adapted to insure sufficient device uniformity. An 
important role in this is the formation of the gate contact. To obtain a uniform threshold 
voltage, the gate recess step was performed using selective wet chemical etching. For this, 
a layer structure was designed incorporating AlAs etch stop layers. The deviation in the 
threshold voltage was effectively reduced from 500 to 20 m V. The structure design was 
assisted by a quasi two-dimensional numerical model that was derived to relate the electrical 
properties of pseudomorphic HEMTs to structure and material parameters. This model is 
too elaborate for circuit simulations. Therefore, an equivalent circuit model was derived for 
DC and small-signal RF simulations of receiver circuits. The model is able to describe the 
nonlinear DC behaviour and high frequency characteristics of pHEMTs quit accurately. Some 
improvements are still necessary, especially concerning the behaviour around threshold. 

Due to the bandwidth that can be achieved with transimpedance amplifiers, this type 
of topology was chosen for the receiver circuit. A common gate FET was chosen as an 
active feedback device to enable flexible control of the receiver transfer function. For the 
implementation using GaAs MSM/pHEMT technology the circuit design was tuned using 
RF simulations, resulting in a mask set for fabrication. Receiver circuits were manufactured 
and tested. From DC and RF characterisations it can be concluded that the circuit operates 
according to the design. A bandwidth of 6.5 G H z was measured for a 1 k0. transimpedance, 
which meets the design specifications. 
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Sam en vatting 
De ontwikkeling van steeds snellere computersystemen leidt tot de behoefte aan even 

snelle verbindingen. Voor de uitwisseling van gegevens tussen systemen worden optische 
verbindingen dan ook steeds belangerijker. En bij toenemende snelheden zijn deze optische 
verbindingen op steeds kleinere schaal nodig, zelfs voor comrnunicatie tussen chips onderling. 
Bij dergelijke afstanden spelen verliezen, zoals die bij glasvezelverbindingen over lange afstand 
optreden, in mindere mate een rol. De golflengte van het gebruikte Iicht wordt hierdoor dan ook 
niet voorgeschreven. Zenders en ontvangers dienen echter ook voor deze systemen nauwkeurig 
ontworpen te worden om een optimale elektro-optische conversie te garanderen. 

Dit proefschrift beschrijft het antwerp en de realisatie van een monolithisch geYntegreerde 
opto-elektronische ontvanger. Voor korte golflengtes kunnen zowel detectoren als transistoren 
voor deze ontvanger geYmplementeerd worden met technologie gebaseerd op galliumarsenide. 

Metaal-halfgeleider-metaal (MSM) fotodetectoren met een planair elektrodepatroon 
maken de directe afbeelding van optische signalen tussen circuitmodules mogelijk. 
Bovendien beschikt men met het GaAs/ AlGaAs materiaalsysteem over een goed ontwikkelde 
transistortechnologie. Transistoren met heterostructuren, met name pseudomorfe High Electron 
Mobility Transistoren (pHEMTs), maken de ontwikkeling van snelle versterkerschakelingen 
mogelijk. De monolithische integratie van de detector met een versterker op eenzelfde chip 
reduceert bovendien de invloed van parasitaire effecten op de prestaties van de ontvanger. 

Er wordt een overzicht gegeven van de fysische aspecten die een rol spelen bij 
de donkerstroom en responsiviteit van MSM structuren als fotodetectoren. Er word! 
getoond dat dit gedrag zeer afhankelijk is van de aangebrachte spanning en ook het 
tweedimensionale karakter van de detector kan het dynarnisch gedrag belnvloeden. Voor 
toepassing in ge"integreerde ontvangers, waar de tijdschaal kleiner is dan de oversteektijd, 
kan een vereenvoudigd equivalent circuitmodel gebruikt worden. MSM detectoren zijn 
vervaardigd op verschillende materialen. Detectoren op semi-isolerend GaAs substraat 
vertonen donkerstromen welke verwacht mogen worden. De responsiviteit voor fotonenergieen 
grater dan de halfgeleider bandafstand laat versterk.ing zien bij !age frequenties. Dit wijst op 
de aanwezigheid van zgn. traps aan de oppervlakte van het halfgeleidermateriaal. Optische 
pulsmetingen tonen naijlend gedrag in de responsies wat kan worden teruggebracht door 
vergroting van de aangebrachte spanning. Dit kan worden verklaard door de aanwezigheid 
van langzame ladingsdragers dieper in de structuur, in combinatie met een lange levensduur. 
Bij 4 V is de gemeten bandbreedte bij een 50 n belasting meer dan 20 G H z. Structuren 
vervaardigd op epitaxiaal, bij !age temperaturen gegroeid, GaAs tonen een vee! snellere 
responsie, ook bij !age spanningen. Dit toont dat de levensduur van de ladingsdragers in het 
L.T. GaAs duidelijk lager is. Hetzelfde wordt verwacht voor MSM structuren op materiaal 
dat is geYmplanteerd met arsenide. Dit materiaal liet een zeer hoge weerstand zien bij anneal 
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temperatuur van 600 °C. MSM structuren zijn oak gefabriceerd op amorf InGaAs gegroeid 
op GaAs substraten. Hoewel de detecteerbare golflengte is uitgebreid naar 1300 nm, is de 
responsiviteit laag in vergelijking met GaAs detectoren, en is de gemeten donkerstroom veel 
hager. 

Voor de toepassing van pseudomorfe HEMT's in gei"ntegreerde schakelingen is het 
fabricage procede aangepast om voldoende uniforrniteit te kunnen waarborgen. Een belangerijk 
aspect in deze is de vorrning van het gate-contact. Voor een uniforme drempelspanning 
is een selectief natchemische etsproces gebruikt voor de gate recess. Hiervoor is een 
lagenstructuur ontworpen met aluminiumarsenide etsstop lagen. De standaarddeviatie gemeten 
aan de drempelspanning is hierdoor teruggebracht van 500 naar 20 m V. Het antwerp 
van de structuur is uitgevoerd met behulp van een quasi-tweedimensionaal numeriek model 
dat is afgeleid om de elektrische eigenschappen van pseudomorfe HEMTs te relateren aan 
structuur- en materiaalparameters. Voor circuitsimulaties is het model echter te bewerkelijk 
en daarom is een equivalent circuitmodel afgeleid voor de DC en klein-signaal RF simulaties 
van ontvangerschakelingen. Het model is in staat gebleken het niet-lineaire DC gedrag en 
de hoogfrequente karakteristieken van pHEMTs redelijk nauwkeurig te beschrijven. Sommige 
punten dienen echter verbeterd te worden, met name het gedrag rand de drempelspannings. 

Gezien de bandbreedtes die behaald kunnen worden met transimpedantieversterkers, is 
deze topologie gekozen voor de uiteindelijke ontvangerschakeling. Een common-gate FET is 
gebruikt als aktieve terugkoppeling om een flexibele aanpassing van de overdrachtfunctie van 
de ontvanger mogelijk te maken. Voor implementatie door middel van GaAs MSM/pHEMT 
technologie is het circuitontwerp afgestemd met behulp van RF simulaties. Dit heeft geleid 
tot een maskerset voor fabricage. Ontvangerschakelingen zijn vervaardigd en getest. Uit de 
DC en RF karakteriseringen kan worden opgemaakt dat de ontvanger functioneert volgens het 
antwerp. Een bandbreedte van 6.5 GH z is gemeten voor een impedantie van 1 kD., hetgeen 
overeenkomt met de ontwerpspecificaties. 
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