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À wavelength m 
e angle 0 

V velocity mis 
V frequency Hz 
E energy eV 
n refraction index I 
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A absorption I 
Q' absorption coeffi.cient cm-1 

k extinction coeffi.cient I 
'f} quanturn efficiency % 
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Abstract 

In this work the basic optica} properties of f.LCSiGe:H films deposited by plasma 
enhanced chemica} vapor deposition are studied. The films are grown at a sub
strate temperature of 350° C. X-ray diffraction has revealed the polycrystallinity 
of the PECVD films and transmission electron microscopy showes the morphology 
of the layers. The germane concentratien is examined by means of Rutherford 
Back Scattering. The absorption coefficient is determined from transmittance 
a.nd reflectance measurements. A metbod to reduce the influence of the interfer
ence fringes on the absorption data is explained. A shift of the absorption curve 
to higher wavelengtbs due to an increasing germane concentratien in the layer is 
seen. The responsivity of f.LCSiGe:H layers is determined. Finally, with the use of 
thin film processing techniques a p-i-metal structure is made an~ the responsiv
ity of this structure is measured. A quanturn efficiency of 42.35% at 1050 nm is 
measured fora detector structure containing f.LCSiGe:H layers with 45% Ge. 
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1 Introduetion 

Micro-Electro-Mechanical Systems (MEMS) is the integration of mechanica} ele
ments, sensors, actuators, and electronics on a common silicon substrate through 
microfabrication technology. While the electronics are fabricated using integrated 
circuit (IC) process sequences (e.g. , CMOS, BIPOLAR or BICMOS processes), 
the micromechanical components are fabricated using compatible "micromachin
ing" processes that selectively etch away parts of the silicon wafer or add new 
structural layers to form the mechanica} and electromechanical devices. MEMS 
promises to revolutionize nearly every product category by bringing together 
silicon-based micro-electronics with micromachining technology, making possible 
the realization of complete systems-on-a-chip. MEMS is an enabling technol
ogy allowing the development of smart products, augmenting the computational 
ability of micro-electronics with the perception and control capabilities of mi
crosensors and microactuators. 

Micro-electronic integrated circuits can be thought of as the "brains" of a 
system and MEMS augments this decision-making capability with "eyes" and 
"arms", to allow microsystems to sense and control the environment. Because 
MEMS devices are manufactured using batch fabrication techniques similar to 
those used for integrated circuits, unprecedented levels of functionality, reliability, 
and sophistication can be placed on a small silicon chip at a relatively low cost. 
The dimensions of a typical MEMS system range from millimeter to micrometer 
( and even nanometer). 

There are numerous possible applications for MEMS and nanotechnology. In 
biotechnology MEMS and nanotechnology are enabling new discoveries in science 
and engineering such as biochips for detection of hazardous chemica! and biologi
ca} agents. In the field of communication, high frequency circuits will benefit con
siderably from the advantages of RF-MEMS technology. Electrical components 
such as inductors and tunable capacitors can be improved significantly compared 
to their integrated counterparts if they are using MEMS and nanotechnology. 
With the integration of such components, the performance of communication cir
cuits will improve, while the total circuit area, power consumption and cost will 
he rerlnced . 

ME:tv1S and nanotechnology is currently used in low- or medium-volume appli
cations. There are some obstacles preventing its wider use. One is the packaging 
of MEMS devices and systems. MEMS packaging is more challenging than IC 
packaging due to the diversity of MEMS devices and the requirement that many 
of these devices should be in contact with their environment. Currently almost 
all MEMS and nano development efforts must develop a new and specialized 
package for each nev,· device. This is expensive and time consuming. 

Polycrystalline Si is a commonly used material in MEMS components. One 
tries to lower the deposition temperature as much as possible to keep the integra
tion with CMOS possible (Fig. 1). That is why poly-SiGe is a good alternative for 
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poly-Si , it has good material properties ( crystallinity, low mechanica! stress and 
low resistivity) at lower deposition temperature than poly-Si . Amorphous layers, 
however, have to be avoided because of the high resistivity and instahilities in 
the layers . 

SlO~ i 

Figure 1: Schematic cross section of MEMS structures integrated on CMOS 
structures [1]. 

Hydrogenated microcrystalline Silicon Germanium (f.LcSiGe:H) is currently 
being investigated at IMEC as a new material for MEMS applications. Mechani
ca! and electrical properties of the structural materials are studied: low resistivity 
layers with low tensile stress and low strain gradient are obtained up to now. This 
material is also expected to be a good material for optical sensors, since the op
tica! properties of SiGe layers can probably be optimized by changing the Ge 
content and/ or the microstructure. pcSiGe:H contains a lot of defects which can 
lead to a very short lifetime of the carriers in the materiaL This can be useful to 
make fast detectors. The low deposition temperature (300°- 400° C) makes the 
integration with CMOS possible. The goal of this project is, thus, to study the 
basic optical properties of f.LCSiGe:H layers - reflection , transmission , absorption 
coefficient and responsivity; and find out what the possible applications can be: is 
it suita.ble to operat.e at the optica! communicat.ion wavelengtbs 1.3 and 1.6 pm? 

The process and deposition techniques of thin films are discussed insection 2. 
These techniques are also used to make a p-i-metal structure. In more detail 
the growing process of low temperature hydrogenated microcrystalline silicon 
germanium(pcSiGe:H) layers is studied in section 3. The different stages in 
which the growth processes happen and the key role of hydragen in obtaining 
crystalline material at relatively low temperatures is explained. The different 
process parameters that influence the growing process are given. The grown lay
ers are characterized by means of X-ray diffraction (XRD), transmission electron 
microscopy (TEM) and Rutherford Back Scattering (RBS) . 



Kris Verheyen 
Characterization of the.optical properties of 

hydrogenated microcrystalline Silicon Germanium (Jl.c5iGe:H} 3 

In section 4 the transmittance and reflectance data of 11cSiGe:H films with 
different Ge content are discussed. These data are used todetermine the absorp
tion coefficient of these films. A metbod to reduce the influence of interference 
fringes in this absorption coefficient data is explained. Next the responsivity of 
these films is measured insection 5. This data is used to get a better idea of the 
materials bandgap. The process flow for the p-i-metal structure is given and the 
responsivity of several structures is measured. 

Finally the overall conclusions are given in the last section. Some possible 
applications and recommendations for future work are mentioned. 
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2 Thin film process techniques 

2.1 Introduetion 

4 

MEMS technology is based on a number of tools and methodologies , which are 
used to form small structures with dimensions in the micrometer scale. There are 
three basic building blocks in MEMS technology, which are the abilit.y to deposit 
thin films of material on a substrate, to apply a patterned mask on top of the 
films by phot.olithographic imaging, and to etch the films selectively to the mask. 
A MEMS process is usually a structured sequence of these operations to form an 
actual device. 

A MEMS device can be made by surface micromachining, bulk micromachin
ing. In surface micromachining the structures are build one layer at a time on 
top of the substrate. The structurallayers, which will form the actual microcom
ponents, are deposited on a sacrificiallayer. This sacrificial layer is etched away 
in another process step, without affecting the structural layers. A free standing 
structure is formed. In bulk micromachining three dimensional structures are 
formed by etching in the bulk of the materiaL For the practical work here, thin 
film process techniques are used. Thin films are processed by several techniques 
to creat.e different structures. The process and deposition techniques of t.hin films 
are discussed in dept in the following sections. 

2.2 Chemica! vapour deposition (CVD) 

In chemica} vapour deposition, the souree materials are brought by a gas phase 
flow into the vicinity of the substrate, where they decompose and react to de
posit a film on the substrate. Caseons by-products are pumped away, as shown 
schematically in Figure 2. The decomposition of the souree gases is induced ei
ther thermally (thermal CVD) or by the use of a plasma (plasma enhanced CVD, 
PECVD) . 

Souree gas 
Flows 

=={> 

=={> 

Gas phase reaction & Desorption 
ditfusion D P .....---I--... 

~ umpaway ~ 

~ Surtace reaction and film growth 

r Substrate 1 

Figure 2: CVD process: both the transport in the gas phase and the surface 
chemica.! reactions and diffusion are important for the film deposition process [5]. 
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2.2.1 Plasma enhanced chemica! vapour deposition (PECVD) 

5 

A plasma is a fully or partially ionized gas composed of ions, electrons, neutrons 
and radicals [2]. A plasma is produced when an electric field of sufficient mag
nitude is applied to a gas, causing the gas to break down and become ionized. 
The plasma is initiated by free electrous that are released by some means such 
as field emission from a negatively biased electrode. The free electrans gain ki
netic energy from the elect.ric field. In the course of their travel through the 
gas, the electrans collide with gas molecules and lose their energy. The energy 
transferred in the collisions causes the gas molecules to be ionized (i.e., convert 
tofree electrans and ions). The freed electrous gain kinetic energy from the field, 
and the process continues. Therefore, when the applied voltage is larger than 
the breakdown potential, a sustained plasma is formed. An ionized gas gener
ated using high electric fields is known as a cold plasma or electrical discharge. 
Electrical discharge is the most practical means of creating and sustaining a low 
temperature plasma in the laboratory. 

Many methods of coupling electrical energy into gases to generate a plasma 
have been developed using both d.c. as wellas a.c. power sources. The two most 
common methods for coupling electrical energy into a gas discharge are through 
capacitive coupling (CCP) (Figure 3 a), or through induction as is done with an 
inductively coupled plasma (ICP) (Figure 3 b) [2]. Inherently different plasma 
conditions are created with CCP and ICP discharges and the choice of ICP or 
CCP discharge depends on the application. 

r.f. 

Pwnps 
(a) 

Gas inlet 

Pressure 

Substrate 
tablc 

r.f. 

Pumps 

(b) 

Figme 3: T~·pical élpparatus for PECVD experiments. a) direct capac-it.iYel~· cou
pled parallel plate reactor, b) remote induc:t.ively coupled plasma [2]. 
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Capacitively coupled plasmas are characterized by a relatively low plasma 
density but a high energy ion bombardment of the substrate surface. Most of 
the chemistry occurs on the substrate surface within the reactor due to the high 
energy ion bombardment. High energy ions causes relatively unselective frag
mentation of the surface adsorbed species. Deposition or etch processes occur 
depending on the power and the involved molecules. These plasmas are typically 
used for thin film deposition \modification. In addition due to the high energy 
uni-directional ions, these plasmas are also useful for high aspect ratio anisotropic 
etching. 

Remote plasma processes (such as ICP) differ from CCP in that they pro
duce higher density plasmas and the souree gases are injected downstream of the 
plasma source. High density and absence of high energy ions at substrate surface 
makes that a higher proportion of the chemistry occurs in the gas phase. These 
sourees are useful in applications where high densities are needed without high 
levels of ion bombardment to the surface. 

Gas discharges are intrinsically none equilibrium systems and consequently 
need to be characterized by several parameters. A plasma is usually described in 
terms of electron and ion temperatures, respectively Te and 1i and the electron 
and ion densities (number of species per cubic meter of gas) , respectively ne and 
ni · Electrous are point charge carriers with no vibrational or rota.tional energy 
levels, therefor their temperature is directly proportional to their translational 
energy which is measured in electron volts ( e V) 1 . 

A low temperature plasma can only be sustained by the continuous power 
input to compensate for losses. In the case of an electrical discharge, this energy 
is used to sustain electric fields that accelerate and hence heat the free electrans 
and ions. For a more thorough description of plasma processing see Chapman [3] 
or Lieberman et al. [4]. 

2.3 Physical vapor deposition (PVD) 

PVD [5] covers a number of deposition technologies in which material is released 
from a souree and transferred to the substrate without a chemica! reaction. The 
two most important technologies are evaporation and sputtering. 

2.3.1 Evaporation 

In evaporation the substrate is placed inside a vacuum chamber, in which a piece 
(source) of the material to be deposited is also located. The souree material 
is then heated to the point where it starts to boil and evaporate. A vacuum 
is required to allow the molecules to evaparate freely in the chamber, and they 
subsequently condense on all surfaces. This principle is the same for all evapora-

1 1 eV = kea = 11604 I< , eis the electron charge and ks the Boltzman constant. 
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ti on technologies, only the method used to heat ( evaparate) the souree material 
differs. 

There are two popular evaporation technologies, namely e-beam evaporation 
and resistive evaporation in which the name refers to the heating method. In 
e-beam evaporation, an electron beam is aimed at the souree material causing 
local heating and evaporation. In resistive evaporation a tungsten boat , contain
ing the souree material, is heated electrically with a high current to make the 
material evaporate. Many materials are restrictive in terms of what evaporation 
method can be used , which typically relates to the phase transition properties 
(the temperature at which the material starts to evaporate) of that materiaL A 
schematic diagram of a typical e-beam evaporation system is shown in figure 4. 

Figure 4: Typical system for e-beam evaporation of materials. The e-beam evap
orates the souree material which condenses on the wafer [6]. 

2.3.2 Sputtering 

Sputtering is a technologyin which the material is released from the souree at a 
much lower temperature than in the evaporation method . The substrate is placed 
in a vacuum chamber with the souree material, named a target, and an inert gas 
is introducedat low pressure. A gas plasma is formed using an RF or DC power 
source, causing the gas to become ionized. The ions are accelerated towards the 
surface of the target, causing atoms of the souree material t.o break off from t.he 
target in vapor form and condens on all surfaces including t.he substrate. As 
for evaporation, the basic principle of sputtering is the same for all sputtering 
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technologies. The differences typically relate to the rnanor in which the ion 
bombardment of the target is realized. A schematic diagram of a typical RF 
sputtering system is shown in figure 5. 

, · F Wafer Counter electrode 
.:, . .;;8.,,a ,:• ,;!(,: 

L~-·1 F--·---' L-···-···--1 ··- . 

l! tE tllr 
Gas inlet Vacuum pump 

Figure 5: Typical RF sputtering system. Loose particles due to ion bombardment 
of the target condens on the wafer [6] . 

2.4 Optical lithography 

Lithography consists of several major steps: 

• Photosensitive film (photoresist) application 

• Alignment of mask and wafer 

• Exposure of the photoresist 

• Development of patterns. 

Opticallithography is basically photography. The original image to be trans
ferred , the photomask, which corresponds to the negative in photography, is set 
in a mask-aligner /exposure tooi. lt is aligned to the photoresist-coated waf er, 
and exposed by UV radiation . The resist is spinned on the wafer, foliowed by a 
pre-exposure baking to remove the solwnt from the photoresist film and to im
prove resist adhesion to the wafer. Exposure changes the photoresist solubility, 
which enables selective remaval of the resist during the development step. For 
positive resist , the exposed regions become more soluble and thus easily removed 
in the development process. The net result is that the patterns formed (also 
called images) in the positive resist are the same as those on the mask. For neg
ative resists , the exposed regions become less soluble, and the patterns formed 
in the negative resist are the reverse of the mask pat.terns . After development, a 
postbaking may be required to increase the adhesion of the resist to the substrate 
and to imprave the resistance to the etching process. 
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This resist pattem can be used as an etch mask. The photoresist is removed 
after etching. The process can then continue with new doping and deposition 
steps, and new lithograpbic steps. The different layers have to be a.ligned to each 
other, such as in multiple exposure photography. Not only in resolution but also 
overlay of successive layers is a critica} factor in lit.hography, . 

The simplest lithograpbic technique is contact lithography. The photomask 
and the resist-covered wafer are brought into intimate contact, and exposed. 
The resolution is determined by mask dimensions and diffraction at mask edges. 
Extremely small pattems can be made in theory. An other technique is proximity 
lithography. Proximity lithography is a modification of contact lithography. A 
small gap is left between the mask and the wafer. The wavefront traversing the 
mask is diffracted by the mask pattems, and Fresnel diffraction formulae have to 
be used to estimate resolution. Both contact and proximity lithography a-e done 
in one and the same machine. Contact/proximity lithography systems are 1 X: 
the image is the same size as the original. A more detailed explanation of optica} 
lithography and lithograpbic pattemscan be found in [21). 

2.4.1 Lift-off 

A related pattem transferprocessis the lift-off technique, shown in Fig. 6. First a 
resist pattem is formed on the substrate (Fig. 6 a and 6 b). The film is deposited 
over the resist and the substrate (Fig. 6 c). The film thickness must be smaller 
than that of the resist . These portions of the film on top of the resist are removed 
by selectively dissolving the resist layer in an appropriate liquid etchant so that 
the overlying film is lifted off and removed (Fig. 6 d). The lift-off technique is 
capable of high resolution. However, it is not as widely applicable for very-large
scale integration, where dry etching is the preferred technique. 

2.5 Etching 

Etching is often divided into two classes, wet etching and dry etching. Most of 
the time plasma etching is used as a synonym for dry etching. But there are 
dry etching methods t.hat do not involve plasma. Wet chemica} etching and dry 
etching will be discussed briefiy. 

2.5.1 Wet chemica} etching 

Wet chemica} etching [7] is used extensively in semiconductor processing. Starting 
from the sawed semiconductor wafers, chemica} etchants are used for lapping 
and polishing to give an optically fiat, damage-free surface. Prior to thermal 
oxidation or epitaxial growth, the semiconductor wafers are chemically cleaned 
and scrubbed t.o remove cont.aminat.ion t.hat. result.s from handling and storing. 
For many discrete devices and integrated circuits of relatively large dimensions 
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hv 

! ! ! ! ! 
--=====--+- Mask 

Resist 

Substrate 

(a) (b) 

(c) (d) 

Figure 6: Lift-off process for pattem transfer. 

JO 

Resist 

(,2: 3p,m), chemica! etching is used to make pattems and to open windows in 
insulating materials. The mechanisms for wet chemical etching involve three 
essential steps: 

• the reactants are transported (e.g., by diffusion) to the reacting surface, 

• chemica! reactions occur at the surface, 

• the products from the surface are transported away (e.g., by diffusion). 

Both agitation and the temperature of the etchant solution will influence the 
etch rate. In IC processing, most wet chemica! etchings proceed by dissalution 
of a material in a solventor by conversion of a material into a soluble compound 
which subsequently dissolves in the etching medium. 

2.5.2 Dry etching 

In pattem transfer operations, a resist pattem is defined by au optical litho
grapbic process to serve as a mask for etching of its underlying layer (see sec
tion 2.4). Most of the layer materials are amorphous or polycrystalline thin films. 
If they are etched in a wet chemical etchant, the etch profile is generally isotropie 
(i.e., t.he lateraland vert.ical etc-h rates are the same as seen in figure 7b). 

The major disadvantage of wet chemica! etching for pattem transfer is the 
undercutting of the layer undemeath the mask, resulting in a loss of resolution in 
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Figure 7: Difference between anisotropic and isotropie etching [6]. 
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the etched pattern. In practice, for isotropie etching the film thickness should be 
about one third or less of the resolution required. If patterns are required with 
resolutions much smaller than the film thickness, anisotropic etching must be 
used.To achieve anisotropic etching, dry etching [8] methods have been developed. 

The dry etching technology can be split in three separate classes called reactive 
ion etching (RIE) , sputter etching, and vapor phase etching. We will have a closer 
look at RIE. In RIE, the substrate is placed inside a reactor in which several 
gases are introduced. A plasma is formed in the gas mixture using an RF power 
source, breaking the gas molecules into ions. The ions are accelerated towards the 
surface of the material being etched. There they react and formanother gaseous 
materiaL This is known as the chemica! part of reactive ion etching. There is 
also a physical part which is similar in nature to the sputtering deposition process 
(see section 2.3.2). If the ions have high enough energy, they can knock atoms 
out of the material to be etched without a chemica! reaction. It is a very complex 
task to develop dry etch processes that balance chemica! and physical etching, 
since there are ma.ny parameters to adjust. By changing the balance it is possible 
to influence t he anisotropy of tlw etching. since the chemica! part is isotropie 
and the physical part highly anisotropic. The combination can form sidewalls 
that have shapes from rounded to vertical. A schematic of a typical reactive ion 
etching system is shown in figure 8. 

A special subclass of RIE is deep RIE (DRIE) . In this process, etch deptbs of 
hundreds of microns eau be achieved withalmost vertical sidewalls. The primary 
technology is based on the so-called "Bosch process" [5], named after the German 
compa.ny Bosch which filed t.he original patent. Two different gas composit.ions 
are alternated in the reactor. The first gas composition creates a polymer on the 
surface of the substrate, and the second gas composition etches the substrate. 
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Figure 8: Typical paraHel-plate reactive ion etching system [6] . 
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The polymer is immediately sputtered away by the physical part of the etching 
but only on the horizontal surfaces and not at the sidewalls. Since the polymer 
only dissolves very slowly in the chemical part of the etching, it builds up on 
the sidewalls and protects them from etching. The process can easily be used to 
etch completely through a silicon substrate (e.g., bulk micromachining), and etch 
rates are 3-4 times higher than for wet etching. 
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3 Growth and characterization 

3.1 Introduetion 

13 

In more detail the growth process of low temperature hydrogenated microcrys
talline silicon germanium(J.LcSiGe:H) layers is studied. The different stages in 
which the growth processes happen and the key role of hydragen in obtaining 
crystalline material at relatively low temperatures is explained. The different 
process parameters that infiuence the growing process are given. 

The grown layers are characterized and the results are discussed. By means 
of X-ray diffraction (XRD) the crystallinity of the thin films is examined. It 
is possible that at low temperatures some parts of the films are still amorphous. 
Transmission electron microscopy (TEM) gives the opportunity to study the cross 
section of the layers. Grain boundaries and individual grains can be detected 
with this technique. The germane content is determined with Rutherford back 
scattering (RBS) and the thickness is measured with a Dektak profilometer. 

3.2 Growth of thin films 

3.2.1 Theoretica} background 

Hydrogenated amorphous and microcrystalline silicon materials are known and 
long time stuclied in the solar cells research field . They are usually deposited by 
PECVD at different temperatures, reactor geometries and with plasmas generated 
over an extremely wide frequency range. In all cases the growth processes can be 
considered to occur in three stages. The first stage is the dissociation of SiH4 into 
a partially ionised reactive mixture. Next, while the mixture is transported to the 
surface of the growing film , there are chemica] reactions continuously accuring 
between the different species. The species arriving at the surface are adsorbed at 
the growing film, where they can react with the film itself and the radicals in the 
gas phase. The resulting by-products (H2 and unreacted silane radicals) desorb 
from or are etched off the surface by the reactive species arriving at it. The main 
precursor in the growth is the SiH3 radical, but other species, such as Si, SiH 
and SiH2 , also re ach t he grmYing surface and luwe <tn effect on the structural 
properties of the materiaL 

Hydragen plays a key role in obtaining crystalline material at relatively low 
temperatures and reducing the defects during growth . On one hand hydragen 
is used for surface coverage. Since a high H-coverage reduces the number of Si 
dangling honds on the growth surface, the surface mobility of the precursors re
sponsible for growth can be effectively increased, which allows the radicals to find 
more stabie sites, promoting so the crystallization [25] [9] [10] . On the other hand , 
experiments have been performeel [10] supporting t.he fad that. hydragen etches 
away less energetically favorable Si-Si honds (typically the amorphous fraction) 
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from the film surface, promoting so the growth of higher quality crystalline ma
terial, reducing in the same time the deposition rate. Indeed, by camparing the 
etch rate of a-Si:H and f.LCSi:H in H2 plasma it was observed that the etch rate of 
f.LCSi :H is 10 times lower that that of a-Si:H. 

Moreover, by camparing a H2 dilution with an inert gas dilution, it was ob
served that under conditions of a high H-radical flux to the surface, growth rates 
were significantly reduced in RF PECVD systems, confirming that etching takes 
place during ftcSi :H deposition [9] [10]. Therefore, a high hydragen dilution is 
required in order to obtain good quality microcrystalline materials at relatively 
low deposition temperatures . Other parameters influencing the deposition rate 
are: the RF power2 , the SiH4 flow3 and the pressure. Microcrystalline mate
rial is deposited under conditions of sufficiently high RF power and low pressure 
[25] [9] [10]. 

The nature of the plasmaand growth processes changes with the introduetion 
of the alloy forming gas, GeH4 , and the p-type dopant B2H6 [11] [12]. We are 
confident, however, that the gas-phase processes and surface reactions during 
f.LCSiGe:H deposition are essentially similar to the ones described above and the 
growth process of f.LCSiGe is influenced by the sameparameters as f.LCSi:H, namely, 
temperature, pressure, RF power, SiH4 and GeH4 flows and H2 dilution. 

3.2.2 Experimental Procedure 

The SiGe films are deposited in an Oxford Plasma Technology (OPT) Plasmalab 
100 cold wall system w hich is a standard parallel plate reactor ( see section 2. 2.1). 
The layers are grown with plasma (PECVD). The reaction gases are a mixture 
of silane, germane, diborane and hydrogen, and are fed into the chamber from 
the top through an electrically isolated showerhead (fig. 9). 

The substrates used are (100) silicon wafers covered with a 250 nm thick 
thermal oxide and also glass wafers are used. A graphite heater heats the chuck to 
the desired temperature. A SiC-covered graphite plate is used as a carrier for the 
wafer to avoid contamination from the chuck at high temperature. This causes a 
difference between the set chuck temperature and actual wafer temperature. The 
calibration for actual wafer temperature is done in hydragen at required process 
pressnre Kith él Kélfer hm·ing SE'\'E'll t hermocouples . A maximum uncert.Rinty of 
1.5° C in the process t.emperat.ure can still be expected, due t.o heat.er wear out. 
over a long period of time and different graphite plates used. 

2Too strong ion bombardment induces lattice distortion , limiting the grain size. 
3The SiH4 flow determines the residence time of the different molecules, affecting the growth 

kinetics. 
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Figure 9: OPT PECVD deposition system [13]. 

3.3 Characterization methods 

3.3.1 X-ray diffraction (XRD) 

15 

Historically, much of our understanding regarding the atomie and molecular ar
rangements in solids has resulted from x-ray diffraction investigations. Further
more, x-rays are still very important in developing new materials. We will now 
give a brief overview of the diffraction phenomenon and how, using x-rays, atomie 
interplanar distauces and crystal structures are deduced. 

The diffraction phenomenon 

Diffraction [14] occurs when a wave encounters a series of regularly spaeed ob
stacles that are capable of scattering the wave, and have spacings that are com
parable in magnitude to the wavelength. Diffraction is also a consequence of 
specific phase relationships established between two or more waves that have 
been scattered by the obstacles. 

Consider waves 1 and 2 in figure 10a which have the same wavelength ().) and 
are in phase at point 0- 0'. Now let us suppose that both waves are scattered 
in such a way that they traverse different paths. The phase relationship between 
the scattered waves, which will depend upon the difference in path length, is 
important. One possibility results when this path length difference is an integral 
number of wavelengths. As noted in figure 10 a, these sca.tt.ered waves (now 
labelled 1' and 2') are still in phase. The~· are said to mutuall~· reinforce ( or 
constructively interfere with) one another. When amplitudes are added, the 
wave shown on the right side of the figure results. This is a manifestation of 
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diffraction, and we refer toa diffracted beam as one composed of a large number 
of scattered waves that mutually reinforce one another. 
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Figure 10: a) Demonstration of how two waves (labelled 1 and 2) that have the 
same wavelength >. and remain in phase aftera scattering event (waves 1' and 2') 
constructin>]y interfere wit h one nnother. The amplitudes of the scat.t.ered adel 
toget.her in t.he result.ant wave. b) Demonst.rat.ion of how two waves ( labelled 3 
and 4) that have the same wavelengt.h and become out of phase after a scattering 
event. (waves 3' and 4') dest.ructively interfere with one anot.her . The amplitudes 
of the two scattered waves cancel one another [14] . 

Other phase relationships are possible between scattered waves that will not 
lead t.o this reinforcement . The other extreme is t.hat demonstrated in figure 10 b. 
wherein the path length differente aft.er scattering is some integralnumber of half 
wavelengths. The scattered waves are out of phase, this means the amplitudes 
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cancel one another or destructively interfere (i.e., the resultant wave has zero 
amplitude), as indicated on the right side of figure 10 b. Phase relationships in 
between these two extremes also exist, resulting in only partial reinforcement. 

X-ray diffraction and Bragg's law 

X-rays are a form of electromagnetic radiation that have high energies and short 
wavelengtbs (see section 4.2 .1) , wavelengtbs on the order of the atomie spacings 
for solids. When a beam of x-rays impinges on a solid material, a portion of 
this beam will be scattered in all directions by the electrons associated with each 
atom or ion that lies within the beam's path. Let us now examine the necessary 
conditions for diffraction of x-rays by a periodic arrangement of atoms. 
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Figure 11: Diffraction of x-rays by planes of atoms (A-A' and B-B') [14]. 

Consider the two parallel planes of atoms A-A' and B-B'in figure 11, which 
have the same h, k and l Milier indices and are separated by the interplanar 
spacing dhkl· Now assume that a parallel, monochromatic, and coherent (in
phase) beam of x-rays of wavelength), is incident on these two planes at an angle 
e. Two rnys in t.his beam, labelled 1 and 2, are sratt.erecl by at.oms P ancl Q. 
Const.ructive int.erference of the scattered rays 1' and 2' occurs also at. an angle 
() to the planes, if the path length difference between 1-P-1 ' and 2-Q-2' (i .e., 
SQ + QT) is equal to a whole number, n, of wavelengths. The condition for 
diffraction is 

(1) 

Of 

n>. = d11kl sin fJ + dhkl sin fJ = 2dhkl sin fJ (2) 

Equation 2 is known as Bragg's law. nis also the order ofreflection, which may 
be any integer (1, 2, 3, ... ) consistent with sinfJ not exceeding unity. Thus, there is 
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a simple expression relating the x-ray wavelengthand interatomie spacing to the 
angle of the diffracted beam. If Bragg's law is not satisfied, then the interference 
will be nonconstructive. 

The magnitude of the distance between two adjacent and parallel planes of 
atoms (i.e. , the interplanar spacing dhkl) is a function of the Milier indices (h, 
k and l) as well as the lattice parameter(s) . For example, for crystal structures 
that have cu bic symmetry, 

d - a 
hkl - -J h 2 + k2 + [2 

(3) 

in which a is the lattice parameter (unit cell edge length). Relationships similar 
to equation 3, but more complex, exist for the other six crystal systems. 

Bragg's law, equation 2, is a necessary but not sufficient condition for diffrac
tion by real crystals. lt specifies when diffraction will occur for unit cells having 
atoms positioned only at cell corners . However, atoms situated at other sites 
(e.g., face and interior unit cell positions) act as extra scattering centers, which 
can produce out-of-phase scattering at certain Bragg angles. The net result is 
the absence of some diffracted beams that, according to equation 2, should be 
present. 

Diffractometer 

A common diffraction technique employs a polycrystalline specimen consisting of 
many fine and randomly oriented particles that are exposed to monochromatic 
x-radiation. Each grain is a crystal, and having a large number of them with 
random orientations ensures that some particles are properly oriented such that 
every possible set of crystallographic planes will be available for diffraction. 

The diffractometer is an apparatus used to determine the angles at which 
diffraction occurs for polycrystalline samples. lts features are represented schemat
ically in figure 12. A sample S in the form of a flat plate is supported so that 
rota ti ons a bout the axis labelled 0 are possible ( this axis is perpendicular to 
the plane of the page) . The monochromatic x-ray beam is generated at point T, 
and the intensities of diffracted beams are detected with a counter labelled C in 
figure 12. The specimen, x-ray souree and counter are coplnnar. 

The counter is mounted on a movable carriage that. may also be rotated about 
the 0 axis. lts angular posit.ion in terms of 28 is marked on a graduated scale4 . 

Carriage and sample are mechanically coupled such that a rotation of the speci
men through 8 is accompanied by a 28 rotation of the counter. This assures that 
the incident and reflection angles are maintained equal to one another (figure 12. 

4 Note that the symbol () bas been used in two different contexts for this discussion. Here. 
() represents the angula.r locations of both x-ray som-ce and counter relative to the specimen 
surface. Previously (e.g. , equation 2,it denoted the angle at which the Bragg criterion for 
diffraction is satisfied. 
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Figure 12: Schematic diagram of an x-ray diffractometer. T=x-ray source, 
S=sample, C=detector and Ü=the axis around which the sample and the de
tector rotate [14]. 

Collimators are incorporated within the beam path to produce a well-defined and 
focused beam. Utilization of a filter provides a near-monochromatic beam.As the 
counter moves at constant angular velocity, a recorder automatically plots the 
diffracted beam intensity (monitored by the counter) as a function of 2(). 2() is 
termed the diffraction angle, which is measured experimentally. 

One of the primary uses of x-ray diffractometry is for the determination of 
the crystal structure. The unit cell size and geometry may be resolved from the 
angular positions of the diffraction peaks, whereas arrangement of atoms within 
the unit cell is associated with the relative intensities of these peaks. 

3.3.2 Transmission Electron Microscopy 

The upper limit to the magnification possible with an optica] microscope is ap
proximately 2000 times. Consequently, some structural elements are too fine or 
small to permit observation using optica! microscopy. Under such circumstances 
the electron microscope. which is capRble of much higher magnifications. ma~· be 
employed. 

The imageseen with a transmission electron microscope (TEM) [14] is formed 
by an electron beam that pRsses through the specimen. Details of internal mi
crostructural features are accessible to observation. Contrasts in the image are 
produced by ditierences in beam scattering or diffraction produced between var
ious elements of the microstructure or defect. Since solid materials are highly 
absorptive to electron beams, a specimen to be examined must be prepared in 
the form of a very thin foil. This ensures transmission through the specimen 
of an appreciable fraction of the incident beam. The transmitted beam is pro
jected onto a fluorescent screen or a photographic film so that the image may be 
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viewed. Magnifications approaching 1,000,000 x are possible with transmission 
electron microscopy. 

3.3.3 Rutherford Backscattering Speetrometry (RBS) 

Rutherford Backscattering Speetrometry (RBS) [5] is basedon collisions between 
atomie nuclei. It involves measuring the number and energy of ions in a beam 
which backscatter after colliding with atoms in the near-surface region of a sam
ple at which the beam has been targeted. With this information, it is possible 
to determine atomie mass and elemental concentrations versus depth below the 
surface. RBS is ideally suited for determining the concentration of trace ele
ments heavier than the major constituents of the substrate. lts sensitivity for 
light masses, and for the makeup of samples well below the surface, is poor. 

When a sample is bombarded with a beam of high energy particles, the ma
jority of particles are implanted into the material and do not escape. This is 
because the diameter of an atomie nucleus is on the order of 10-15 m while the 
spacing between nuclei is on the order of 20-10 m. A small fraction of the incident 
particles do undergo a direct callision with a nucleus of one of the atoms in the 
up per few micrometers of the sample. This "collision" does not actually involve 
direct contact between the projectile ion and target atom. Energy exchange oc
curs because of Coulombic farces between nuclei in close proximity toeach other. 
However, the interaction eau be modeled accurately as an elastic callision using 
classica] physics. 

The energy measured for a partiele backscattering at a given angle depends 
upon two processes. Particles lose energy while they pass through the sample, 
both befare and after a collision. A partiele will also lose energy as the result of 
the callision itself. The collisional loss depends on the masses of the projectile 
and the target atoms. The ratio of the energy of the projectile befare and after 
callision is called the kinematic factor. 

The number of backscattering events that occur from a given element in a 
sample depend upon two factors: the concentration of the element and the effec
tive size of its nucleus. The probability that a material will cause a callision is 
called its scattering cross section. 

All these steps can be h<mdled cakulatingly. si nee RBS is a qmmtitatiw 
method . 

3.3.4 Dektak profilometer 

The Dektak is a surface profile measuring system for measuring step heights or 
trench deptbs on a surface. This is a surface contact measurement technique 
where a very low force stylus (l-40mg) is dragged across a surface. It. accurately 
measures wrtical features ranging in height from 13lpm to 5 nm on a wide variet~· 

of substrate surfaces. The vertical resolution eau go down to rvO.l urn. The lateral 
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resolution can be changed from 0.4 to 40 per J.LID over a range varying from 50 J.Lm 
to 50 mm. A video camera with variable magnification allows manual placement 
of the stylus and the system is programmed for scan length and speed. Data 
leveHing is done in the software. The data can also be saved to a PC for further 
analysis. 

3.4 Results and Discussion 

Layers of J.LCSiGe:H were grown at 1 Torr pressure and a substrate temperature 
between 300° C and 400° C. An RF power densities of 346 m W j cm2 was used. The 
films are in-situ Boron doped. As high hydragen dilution is known to provide an 
alternative souree of energy for crystallization at low deposition temperatures, a 
hydragen dilution of approximately H2/(SiH4 + GeH4 ) = 91 is used . Deposition 
rates vary from 12 to 23 nm/min. The Ge content of the as-deposited J.LCSiGe:H 
layers was investigated by means of RBS (Appendix A). Different Ge concentra
tions are obtained by varying the silane to germane ratio. The thickness of the 
layers is measured, after patterning, with a Dektak profilometer. The Ge concen
tration for the layers deposited on glass measured with RBS and the thickness of 
the grown layer are found in table 1 tagether with the SiH4 jGeH4 flow ratio. The 
structure of the films was investigated by X-ray diffraction (XRD) and transmis
sionelectron microscopy (TEM). The XRD datafora 2 mum thick film deposited 
at 300° C (fig. 13) clearly shows sharp peaks indicating the crystallinity of the 
deposited materiaL The cross sectional TEM images show a colurnnar structure 
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Figure 13: XRD pattem of Si0.35Ge0.65 film as deposited at 300° C [13]. 

and a very smooth Si02 / SiGe interface for the layer deposited at 400° C (fig. 14) , 
whereas for 300° C (fig. 14) deposition temperature crystals of 10-20 nm are ob
served within an amorphous matrix. In Figure 15 cross sectional TEM images 
of layers deposited at 350° C show the variation of the microstructure due to 
t.he variat.ion of t.he germane co11cent.ration. The layer cont.aining 110 germa11e 
(Fig. 15 b) is fully crystallized while the layer co11taini11g 110 silane (Fig. 15 a) is 
completely amorphous. Fig. 15 c shows the cross sectional TEM image of a layer 
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containing 66% Ge. The layer contains colurnnar grains with a small amorphous 
fraction at the Si02/SiGe interface. It is more difficult to forma microcrystalline 
layer with high germane content . 

(a) 300 ·c (b) 4oo·c 

Figure 14: Cross section TEM of as-deposited J.LCSiGe:H [13] : (a) 65% Ge at 
300° C (b) 60% Ge at 400° C. 

For further experiments we choose a substrate temperature of 350° C. This 
is way below 450° C and therefor postprocessing of these SiGe layers on top of 
advanced CMOS with low-permittivity inter-metal dielectrics is still possible. 

3.5 Condusion 

In this section we described the experimental procedure to grow J.LCSiGe:H layers. 
By varying the silane to germane ratio different Ge concentrations are obtained. 
The layers are characterized by means of XRD, TEM, RBS and Dektak mea
surements. The layers which will be used to determine the optica! properties are 
grown on (100) silicon wafers covered with a thermal oxide and on glass wafers. 
The substrate temperature is chosen to be 350° C. 
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Figure 15: Cross section TEM of SiGe layers deposited at 350° C with different 
germane content: (a) 100% Ge (b) 0% Ge (c) 66% Ge. 

Sample number Substrate SiH4j GeH4 Ge[%] thickness [J.Lm] doping 
G8 glass I 0 2.1 B-doped 
G9 glass 6.0 40 2.4 B-doped 
G1 glass 3.9 45 2.0 B-doped 
G4 glass 3.2 60 2.3 B-doped 
G2 glass 1.3 75 2.5 B-doped 
G6 glass 1.0 80 2.5 B-doped 

SSM38 Si/Si02 3.9 44 1.41 B-doped 
SSM39 Si/Si02 2 60 1.91 B-doped 
SSM37 Si/Si02 1.3 70 2.31 B-doped 

69 Si/Si02 2.4 40 ±1 undoped 
68 Si / Si02 1.8 65 ±1 undoped 
76 Si/ Si02 6 35 ±1 B-doped 
75 Si/ Si02 2.6 53 ±1 B-doped 

TS glass 3.2 60 ±1 undoped 
T6 glass 1 80 ±1 undoped 

Table 1: Properties of p.cSiGe deposited at 1 Torr, 350° C substrate temperature 
and hydragen dilution H2/ (8iH4 + GeH4 ) = 91 
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4.1 Introduetion 
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First some of the basic principles and concepts related to the nature of the elec
tromagnetic radiation and its possible interactions with solid materials are ex
plained. The optica! behaviors of materials in terms of their absorption, reflection 
and transmission characteristics are explored. The experimental procedure to 
measure the transmittance and reflectance of self-made samples (Section 3.4) is 
given. The measured T and R data is used to calculate the absorption coefficient 
of the J.LCSiGe:H layers. 

Next. we use a metbod t.o reduce the effect of interference fringes in the ab
sorption coefficient data. This will make the interpretation of this data more 
straight-forward. Finally the results for the absorption coefficient data are com
pared to data found in literature [19]. 

4.2 Theory 

By the term optical property a material's response to exposure to electromag
netic radiation is meant. This section discusses some of the basic principles and 
concepts related to the nature of the electromagnetic radiation and its possible 
interactions withsolid materials. Next to be explored are the optical behaviors of 
materials in terms of their absorption, reflection and transmission characteristics. 
The final sect.ion outlines the photoconductivity. 

4.2.1 Electromagnetic radiation 

In the classica! sense, electromagnetic radiation is considered to be wave-like, con
sisting of electric and magnetic field components that are perpendicular to each 
other and also to the direction of propagation (Figure 16) [14] [15]. Light, heat ( or 
radiant energy), radar, radio waves and x-rays are all forms of electromagnetic 
radiation. Each is characterized primarily by a specific range of wavelengths, and 
also according to tbe technique by whicb it is generated. The electromagnetic 
spectrum of radiation spans the wide range from 1-rays (emitted by radioactive 
mat.erials) having wavelengtl1s on the order of 10-!:2 m (10-3 nm), through x-rays, 
ultraviolet, visible, infrared and finally radio waves witb wavelengtbs as long as 
105 m. This spectrum , on a logarithmic scale, is shown in Figure 17. 

Visible light lies witbin a very narrow region of the spectrum, with wavelengtbs 
ranging between about 0.4 J.Lm and 0. 7 J.Lm. Tbe perceived color is determined 
by wavelength; for example, radiation baving a wavelengtb of approximately 
0.4f.Im appears violet, whereas green and red occur at about 0.5 and 0.65 J.Lm, 
respectively. White light. is simpl~· a mixture of all colors. 
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Figure 16: An electromagnetic wave showing the electric field and the magnetic 
field components and the wavelength À [14]. 

All electromagnetic radiation traverses a vacuum at the same velocity, that 
of light, namely 3x108 mjs. This velocity, c, is related to the electric permittivity 
of a vacuum Eo and the magnetic permeability of a vacuum J.l.o through 

1 
c=---

FoJiö 
(4) 

Thus, there is an relation between the electromagnetic constant c and these elec
trical and magnetic constants. 

Furthermore, the frequency v and the wavelength À of the electromagnetic 
radiation are a function of velocity according to 

C = ÀV (5) 

Frequency is expressed in terms of hertz (Hz), and 1 Hz = 1 cycle per second. 
Ranges of frequency for the various forms of electromagnetic radiation are also 
included in the spectrum (Figure 1 7). 

Sametimes it is more c·onwnient t.o Yiew electromc1gnetic radiat.ion from a 
quantum-mechanical perspect.ive [14]. in t.hat. the radiation, rather than consisting 
of waves, is composed of groups or packets of energy, :which are called photons. 
The energy E of a phot.on is said t.o be quant.ized, or can only have specific values 
defined by the relationship 

he 
E = hv =

À 
(6) 

where h is a universa! constant called Planck's constant, which has a value of 
6.63x10-34 J-s. Thus , pboton energy is proportional t.o the frequency of the ra
diation, or inversely proportional to the wavelengt.h. Photon energies are also 
included in the electromagnetic spectrum (Figure 17) . 



Kris Verheyen 
Characterization of the optica/ properties of 

hydrogenated microcrystalline Silicon Germanium (J.LcSiGe:H) 

Figure 17: The spectrum of electromagnetic radiation [14]. 
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When descrihing optica! phenomena invalving the interactions between radi
ation and matter, an explanation is often facilitated if light is treated in terms of 
photons. On other occasions, a wave treatment is more appropriate. 

4.2.2 Light interactions with solids 

When light proceeds from one medium into another (e.g., from air into asolid 
substance), several things happen. Some of the light radiation may be transmit
ted through the medium, some will be absorbed, and some will be refiected at the 
interface between the two media [15] . The intensity I 0 of the beam incident to the 
surface of the solid medium must equal the sum of the intensities of the trans
mitted, absorbed and refiected beams, denoted as Ir, IA and IR , respectively, 
or 

(7) 
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Radiation intensity, expressed in watts per square meter, corresponds to the 
energy being transmitted per unit of time across a unit area that is perpendicular 
to the direction of propagation. An alternate form of equation 7 is 

T+A+R=l (8) 

where T , A, and R represent, respectively, the transmissivity ( ~ ), absorptivity 

(-};) and refiectivity ( ~) , or the fractions of incident light that are transmitted, 
absorbed and refiected by a materiaL Their sum must equal unity, since all the 
incident light is either transmitted, absorbed or refiected. 

4.2.3 Electron transitions 

The absorption and emission of electromagnetic radiation may involve electron 
transitions from one energy state to another. For the sake of this discussion [14], 
consider an isolated atom, the electron energy diagram for which is represented 
in Figure 18. An electron may be excited from an occupied state at energy E2 

to a vacant and higher-lying one, denoted E4 , by the absorption of a photon. 
The change in energy experienced by the electron, 6.E, depends on the radiation 
frequency as follows: 

6.E = hv (9) 

where h is Planck's constant. At this point it is important that several concepts 
be understood. First, since the energy states for the atom are discrete, only 
specific 6.E's exist between the energy levels. Thus, only photons of frequencies 
conesponding to the possible 6.E's for the atom can be absorbed by electron 
transitions. Furthermore, all of a photon's energy is absorbed in each excitation 
event. 

A second important concept is that a stimulated electron cannot remain in 
an excited state indefinitely. After a short time, it falls or decays back into its 
ground state, or unexcited level, with a re-emission of electromagnetic radiation. 
Several decay paths are possible, these are discussed in section 4.2.6. In any 
case, there must be a conservation of energy for absorption and emission electron 
transitions. 

4.2.4 Refraction 

Mat.erials that are capable of t.ransmitting light of a certain wawlength with rel
atively little absorption and refiection are called transparant for this wavelength. 
Light that is transmitted into the interior of transparent materials experiences a 
decrease in velocity and as a result , is bent at the interface. This phenomenon is 
termed refraction [16]. The index of refraction n of a material is defined as the 
ratio of the wlocity in a Yacuum c t.o the wlocity in the medium 1.', or 

c 
n=

v 
(10) 
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Figure 18: Schematic illustration of pboton absorption, the electron excites from 
one energy state to another. The energy of the pboton (hv42 ) must be equal to 
the difference in energy between the two states (E4 - E2) . 

The magnitude of n ( or the degree of ben ding) will depend on the wavelength of 
the light. This effect is graphically demonstrated by the familiar dispersion or 
separation of a beam of white light into its component colors by a glass prism. 
Each color is deftected by a different amount as it passes into and out of the 
glass, which results in the separation of the colors. Not only does the index 
of refraction affect the optical path of light, but also, as explained in the next 
section, it inftuences the fraction of incident light that is reftected at the surface. 

4.2.5 Reileetion 

When light radiation passes from one medium into another having a different 
index of refraction, some of the light is scattered at the interface between the two 
media even if both are transparent. The reftectivity R represents the fraction of 
the incident light that is reftected at the interface [14][16], or 

R= IR 
la 

(11) 

where Ia and IR are t.he int.ensit.ies of t.he incident. and reftect.ed beams, respec
tively. If the light is normal ( or perpendicular) to the interface, then 

(12) 

where n 1 and n2 are t.he imlices of refradion of t.he t.\vo media. If t.he incident. 
light is not. normal t.o t.he interface, R will depend on t.he angle of incidence. 
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(13) 

since the index of refraction of air is very near to unity. Thus, the higher the 
index of refraction of the solid, the greater is the refiectivity. Just as the index 
of refraction of a solid depends on the wavelength of the incident light, so does 
also the refiectivity vary with wavelength. 

4.2.6 Absorption 

In principle, light radiation is absorbed in nonmetals by two basic mechanisms [14] 
[16], which also infiuence the transmission characteristics of these nonmetals. 
One of these is electronk polarization. Absorption by electronk polarization is 
important only at light frequencies in the vicinity of the relaxation frequency5 of 
the constituent atoms. The other mechanism involves valenee band-conduction 
band electron transitions, which depends on the electron energy band structure 
of the materiaL The band structures for semiconductors will be discussed in 
Section 5.2.1. For now, assume that a band gap separates the conduction band 
and the valenee band. 

Absorption of a pboton of light may occur by the promotion or excitation of an 
electron from the nearly filled valenee band, across the band gap, into an empty 
state within the conduction band, as demonstrated in Figure 19 a. A free electron 
in the conduction band and a hole in the valenee band are created. Again, the 
energy of excitation !lE is related to the absorbed pboton frequency through 
equation 9. These excitations with the accompanying absorption can take place 
only if the pboton energy is greater than that of the band gap Eg. That is if 

or in terms of wavelength, 

hv >Eg 

he 
-:x>Eg 

(14) 

(15) 

Interactions with light radiation can also occur in dielectric solids having 
wide band gaps, invalving other than valenee band-conduction band electron 
transitions. If impurities or other electrically active defects are present, electron 
levels within the band gap may be introduced, such as the donor and acceptor 

5In many practical situations the current that causes the polarization is alternating (ac); 
that is, an applied voltage or electric field changes direction with time. Now consider a dielectric 
material that is subject to polarization by an ac electric field. With each direction reversal , 
the dipoles a.ttempt to reorient with the field in a process requiring some finite time. For each 
polarization type, some minimum reorientation time exists, which depends on the ease with 
which the particular dipoles are capable of realignment. A relaxa.tion frequency is taken as the 
reciprocal of this minimum reorientation time. 
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Figure 19: (a) Mechanism of photon absorption for nonmetallic materialsin which 
an electron is excited across the band gap, leaving behind a höle in the valenee 
band. The energy of the photon absorbed is !:lE, which is necessarily greater 
than the band gap energy E9 . (b) Emission of a photon of light by a direct 
electron transition across the band gap. 

levels (Section 5.2.1), except that they lie closer to the center of the band gap. 
Light radiation of specific wavelengtbs may be emitted as a result of electron 
transitions invalving these levels within the band gap. For example, consider 
Figure 20 a, which shows the valenee band-conduction band electron excitation 
for a material that has one such impurity level. Again, the electromagnetic 
excitation must be dissipated in some manner. Several mechanisms are possible. 
For one, this dissipation may occur via direct electron and hole recombination 
according to the reaction 

electron+ hole____, energy(LlE9 ) ( 16) 

which is represented schematically in Figure 19 b. In a.ddition , multiple-step 
electron transitions may occur, which involve impurity levels lying within t.he 
band gap. One possibility, as indicated in Figure 20 b, is the emission of two 
photons. One is emitted as the electron drops from a state in the conduction 
band to the impurity level, the other as it. decays back into the valenee band. 
Alterna.tivel:v. one of the transit.ions may involve t.he generation of a. phonon 
(Figure 20 b) , wherein the associated energy is dissipated in the form of heat. The 
different recombina.tion processes are discussed in more detail in section 5.2.2. 
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(b) 

Figure 20: (a) Photon absorption via a valenee band-conduction band electron 
excitation for a material that has an impurity level that lies within the band gap. 
(b) Emission of two photons or one phonon and one pboton as an excited electron 
falls first into an impurity level and finally back to its ground state. 

The intensity of the net absorbed radiation is dependent on the character of 
the medium as well as the path length within. The intensity of transmitted or 
nonabsorbed radiation Ir continuously decreases with distance x that the light 
traverses: 

I~= I~e-ax (17) 

where Ib is the intensity of the nonrefl.ected incident radiation and o:, the absorp
tion coefficient (in mm-1 ), is charaderistic of the particular materiaL Further
more, a varies with wavelength of the incident radiation. The distance parameter 
x is measured from the incident surface into the materiaL Materials that have 
large a values are considered to be highly absorptive. 

4.2. 7 Transmission 

The phenomena of absorption, refl.ection and transmission may be applied to 
the passage of light through a transparent solid , as shown in Figure 21. For a.n 
incident beam of intensity 10 that strikes on the front surface of a specimen of 
thickness d and absorption coefficient o:, transmitted light intensity at the back 
face Ir is 

( 18) 
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where R is the reilectance. For this expression [14], it is assumed that the same 
medium exists outside both front and back faces. 

Thus, the fraction of incident light that is transmitted through a transparent 
material depends on the losses that are incurred by absorption and reileetion. 
Again , the sum of the reilectivity R, absorption A and transmissivity T , is unity 
according to equation 8. Also, each of the variables R, A and T depends on light 
wavelength. 

Incident beam 
lo ---~ 

Reflected beam 
IR= loR 

Transmitted beam 
2 .Cl~ 

lr=lo(1-R) e 

Figure 21: The transmission of light through a transparent medium for which 
there is reileetion at front and back faces , as well as absorption in the medium. 

4.2.8 Photoconductivity 

The conductivity of semiconducting materials depends on the number of free 
electrans in the conduction band and also the number of holes in the valenee 
band. Thermal energy associated with lattice vibrations can promate electron 
excitations in which free electrans and/or holes are created. Additional charge 
carriers may be generated as a consequence of photon-induced electron transitions 
in which light is absorbed. The increase in conductivity by absorbing light is 
called photoconductivity [14][16]. Thus, when a specimen of a photoconductive 
material is illuminated, the conductivity increases. The amount of increase in 
conductivity is dependent on the wavelength of the light. 

4.3 Experimental procedure 

The transmission and the reileetion of samples is measured with the spectrale 
response setup (Fig. 22) . The speetral response setup consists uf <l tungst.en 
lamp driven by a programmabie current source, a monochromator, a chopper, a. 
·loek-in amplifier, an integra.ting sphere, a dual detector head with a Si and Ge 
detector and a PC. 

The programmabie current souree is set to 140 W and 6.2 A. The light that 
comes from the tungsten lamp falls into the monochromator. The monochromator 
can be set to a fixed wavelength or it can move from a starting wavelength to a 
stopping wavelength with a fixed step ratio. The monochromator can modulate 
the light from 280 nm to 2200 nm and the minimum step size is 0.9nnL At the 
exit of the monochromator the modulated light is chopped with a fixed frequency. 
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From the chopper it goes into the integrating sphere where it falls onto the white 
target6 (can be removed from the setup) and is reftected. An integrating sphere 
is used in order to avoid error in T and R due to diffuse light scattering of the 
samples. The dual detector head detects the reftected light. The signa} from the 
detector head goes to the lock-in amplifier. The lock-in amplifier recognizes the 
signa! with a frequency equal to the chopping frequency, extracts 7 it and sends 
it toa PC. 

Before the transmittance (T) or the reftectance (R) of a sample can be mea
sured, two things are done. First the lamp is turned on approximately 15 minutes 
before starting with the measurenwnts. This way the light emitted by the lamp 
is more or less stable. Secondly a calibration measurement is done in the vvave
length region of interest. The white target is placed at the back of the integrating 
sphere. The signa} that is transferred to the PC is stored in a calibra.tion file. A 
reftection or a. transmission measurement ca.n be done now. 

For a. reftection measurement, the white target is repla.ced by the sample. 
The incoming light falls onto the sample instead of the white target. Part of the 
light is reftected by the sample a.nd is detected by the dua.l detector hea.d. The 

6The white target contains white powder that reflects all the incoming light. 
7This method is used to diminish the background noise. 
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signal arriving at the PC from this measurement is automatically calibrated by 
use of the previous saved calibration file. The result is the reileetion data. When 
instead of the reflectance, we want to know the transmittance of a sample, the 
white target is placed back and the sample is positioned in between the chopper 
and the entrance of the integrating sphere. Only the light transmitted by the 
sample reaches the white target and is reflected. This light is detected and the 
signa! is send to the PC where it is calibrated by use of the calibration file. The 
outcome is the transmittance data. 

The speetral resolution is 10 nm at 280rv 1800 nm. Few samples are measured 
with a speetral resolution of 2.5 nm at 400"' 1800 nm. 

4.4 Results 

4.4.1 Transmittance and reflectance measurements 

Experimental data of Tof p,cSiGe:H films with different germane concentrations 
deposited on a Si wafer covered with a thermal oxide are shown in Fig. 23. The 
interference effect is visible in the T data. This interference effect is caused by 
light waves reflected from the air/film interface and the film/substrate interface. 
The path differences and phase shifts at the surfaces cause some wavelengtbs of 
light to interfere constructively and others to interfere destructively. There is no 
shift of the onset in the T data due to the variation in germane concentration. 

0.30 l 
0.25 I 
0.20 

f- 0.15 

0.10 

0.05 

0.00 0-0 G0 0 000 ... 

900 1000 1100 

WéNelength (nm) 

1200 

Figure 23: Experimental transmittance of p,cSiGe:H films with different germane 
concentrations grown on a Si wafer covered with a therma.l oxide. The transmit
tance of this substrate is also shown. 
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Experimental data of Tof J.LcSiGe:H films with different germane concentra
tions deposited on glass are shown in Fig. 24. The interference effect is significant 
in T. A clear shift of the onset in the T data due to the variation in germane 
concentratien is visible. There is a clear difference between the T data of the 

0.8 
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0.6 --o%Ge 

0.5 --40%Ge 

1- 0.4 
-·-. - 45%Ge 

--60%.Ge 
0.3 --75%Ge 
0.2 ---80%Ge 

0.1 

0 
550 750 950 1150 1350 1550 
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Figure 24: Experimental transmittance of J.LCSiGe:H films with different germane 
concentrations grown on a glass wafer. 

layers on glass and the layers on Si with the thermal oxide. For the layers on 
Si/Si02 there is no shift of the onset in Tin function of the germane concentra
tien because in the wavelength region where the shift is expected (see Fig. 24) 
the (100) Si wafer is not corupletely transparant. Part of the light transruitted by 
the different J.LCSiGe:H layers is absorbed by the (100) Si wafer. When the onset 
of the T of the different layers on Si/Si02 is corupared to the onset of T of the 
substrate (Fig. 23) it is seen that these two alruost start at the sarue point. This 
rueans that instead of the transmittance of the J.LCSiGe:H layers, the transruit
tanee ofthe substrate is measured. On glass this probleru does not occur, because 
the glass substrate is transparant for the interested wavelength region. Alruost 
all the pcSiGe:H layers on glass start to transmit at lower wavelengths than the 
Si substrate. However the J.LCSiGe:H alloys should have a smaller bandgap than 
the Si substrate and therefore start totransruit at higher wavelengtbs if the sub
strate and the different J.LCSiGe:H layers have equal thickness. Here the substrate 
is 600 J.Lill and the pcSiGe:H layers are 1.8-2.5 J.Llll thick. More light is absorbed at 
a low absorption coeffi.cient when the layer is thicker (see eq. 18). The J.LCSiGe:H 
layers already start to transruit light when the absorption coefficient is approx
iruately 3.104 cm-1 (see Fig. 28) while the Si substrate starts to transruit light 
when a~ 102 cru- 1 . This means that for the Si substrate the light is transruitted 
at wavelengtbs close to the band gap but for the J.LCSiGe:H we are still far froru 
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the bandgap. Therefor it looks like the Si substrate has a smaller bandgap than 
the J..LCSiGe:H layers. 

In Figure 25 the T and R data of the J..LCSi:H layer on glass are plotted together 
with the quantity 1'!:R that is free of interference fringes upto 900 nm and has less 
interference fringes [17] in the wavelength region 900-1800 nm. It is significant 
that this simple calculation almost completely eliminates the interference effect. 
The sample is illuminated from the substrate side and also from the film side 
for refiectance measurements. The reasons for this are explained insection 4.4.2. 
The R data shown in figure 25 is measured while illuminating from the substrate 
si de. 
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Figure 25: Experimental transmittance (T), refiectance (R) and 1'!:R of a 
J..LCSiGe:H film (0% Ge). 

4.4.2 Optical absorbtion 

Optica! absorpt.ion is an important. parameter for charact.erizing trcSi:H anct it.s 
alloys with germanium. Absorption coefficients (a) for photon energies near t.he 
band gap are usually obtained from transmissittance (T) and refiectance (R) 
measurement.s. Accurate determination of o· from T and R measurements is cru
cial in evaluating the materiaL Determining a from T and R by using exact 
equations to account for interference effects in the film is a time consuming pro
cedure which often results in multiple solutions. Using incoherent equations is 
more convenient but does not remove the interference fringes from the a.bsorp
tion spectra. Hishikawa et al.[17] showed t.hat t.he quantit.y T /(1-R)8 is free of 

8The sample is illuminated from the film side for the T and R measurements. 
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interference fringes, but obtaining a from T / (1-R) still requires iterative proce
dures such as the Newton's method. The analysis procedure can be simplified 
considerably if the sample is illuminated from the substrate side for reflectance 
measurements[18]. 

In our experimental situation the substrate is transparant and is also thick 
enough that interference effects are not important for multiple reflections in it. 
In this limit, T, R and R' are given by[18]: 

(19) 

where respectively T and R' are the sample transmittance and reflectance for 
illumination from the film side, while R is the sample reflectance for illumination 
from the substrate side. Tsa and Rsa are the transmission and reflectance of the 
substrate-air interface. T1, R1 and Rr are the transmission and reflectance of 
the film on a semi-infinite substrate and Rr is for illumination from the film side. 
An examination of eq. 19 shows that we can experimentally measure T and R 
(see fig. 25) and easily convert them into T 1 and R1. Here we used Tsa ::=:::: 1 and 
Rsa ::=:::: 0. Such a conversion is not possible if we measure T and R' because for an 
absorbing film R1 -=/= R/ if the refractive indices of the substrate and the incident 
medium are different. 

If the interference effects are ignored in the film also (incoherent limit), T1 
and R1 are given by [18]: 

(20) 

Wh en interference effects are present (coherent limit), the expressions for T1 and 
R1 are given by [18]: 

1 + Rsf Rfae-2o:d + 2r80T fae-o:d cos(2ó) 

Rsf + Rfae-2o:d + 2r8JTfae-o:d cos(2ó) 
1 + RsjRjae- 2ud + 2TsjTjae-ad cos(2ó) 

(21) 

In equations 21 and 20 rsf and r 1a are the Presnel reflection coefficients. R81 , T81 , 
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etc. are the reflection and transmission coefficients and ó is the phase factor 9 . 

The subscripts sf and fa refer to the substrate-film and film-air interfaces. The 
Fresnel reflection coefficient for an interface between media a and b with complex 
refractive indices Na ( = na - ika, where na is the refractive index and ka is the 
extinction coefficient and Oa = 4nkal >.) and Nb is given by 

Na -Nb 
rab =Na+ Nb (22) 

In deriving eq. 20 the assumption is made that r ab is real, i.e., r ab = r~b, its 
complex conjugate. As we will see below, this is quite valid for p,cSiGe:H, for 
which k « n for wavelengtbs (photon energies) near the band gap. 

With the assumptions described above a considerably simplified expression 
forTI I (1- RI) can be derived. Using equations 21 and 20 it is easy to show that 

= 

where 

(n- 1)2 

(n + 1)2 
(23) 

and n is the refractive index of the film. Equation 23 is valid both in the coherent 
and incoherent limits. Obtaining o from eq. 23 is very straightforward if the film 
thickness and refractive index are known. In Figure 26 two curves are plotted 
for the absorption coefficient of p,cSi:H. For the curve named 'old method', the 
absorption coefficient is determined with eq. 18. For the curve 'T1 I (1- R1)' eq. 23 
is used. When the absorption coefficient is determined with the metbod explained 
above, the interference fringes only appear at higher wavelengtbs and are smaller 
compared with the interference fringes in other curve. This means that lower 
values of the absorption coefficient can be determined with more accuracy when 
eq. 23 is used. 

If n and d are not known they can be determined from the interference fringes 
in TI or RI. For example, at wavelengtbs (photon energies) where the films are 
onl~· weakly absorbing (i.e .. T+ R:::::; 1) o can be set to zero ancl eq. 21 is usecl t.o 
det.ermine the relat.ionship between n and t.he minima in Tf (TJ -min) or maxima 
in Rf (RJ-max)· This can be combined with the positions of the minimaand the 
interference condition 

(24) 

to determine d. Here ÀN is the Nth minima in TJ. The positions of Tf-min and 
Rf-max are not always at the same wavelength when measured. By using eq. 24 

9The phase factor is equal to 21rndj À, where n and d are the refractive index and thickness 
of the film and À is the wavelength. 
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Figure 26: The absorption coeffi.cient of a J.LCSi:H film determined by two different 
methods. The thickness of the film is approximately 2.3 J.Lm and the refraction 
index is taken to be 3.5. 

and measured peak positions of Tf-min, a thickness d1 is calculated. Secondly 
the Tf data is shifted by hand untill Tf-min and Rf-max have the same position. 
Again eq. 24 is used to calculate the thickness (d2 ) . The thickness fiuctuation 
in the layer is equal to ld1 - d21. The largest thickness fiuctuation calculated 
this way is 0. 02 J.Lm ( the T1 data had to be shifted 15 J.Lm) . Experimentally the 
average thickness fiuctuation is determined to be 0.05 J.Lm . Thus the mismatch in 
the positions ofTJ-min and Rf-max that sometimes occurs is caused by measuring 
T and R at different spots of the sample. 

The film refractive index at lower wavelengths (higher photon energies) will 
usually be different from that obtained in this fashion. However, at lower wave
lengths Tf -min is affected by absorption in the film and we can not determine n 
from the fringes without using iterative procedures. As noted by Hishikawa et 
al. [17] and Maley [18] and as shown in Fig. 27, a: obtained from eq. 23 is relatively 
insensitive to errors in n and the value obtained at high wavelengt hs can be used 
directly. 

In Figure 28 the absorption coeffi.cients of J.LCSiGe:H layers on glass with differ
ent germane content are plotted . There is a clear shift. in funct.ion of the germane 
content. The curves are cut at a:= 103 , below this value the interference fringes 
make a clear interpretation of the data diffi.cult. This data makes a rough esti
mation of the available wavelength region to operate photodetectors made with 
this material possible. Photodetectors containing J.LcSiGe:H will work somewhere 
in 750-1500nm wavelength region by varying the germane concentration. 
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Figure 27: The dependenee of o: on the value of n used in eq. 23. o: is calculated 
for n = 3.0, 3.5 and 4.0. o: is relative insensitive to errors in n. 

4.5 Discussion 

In Figure 29 the value in eV where o: is equal to 103 is plotted in function of 
the Ge concentration. When the measured data is compared to the data for 
large grain SiGe layers from literature [19] it is clear that our p,cSiGe:H alloys 
tend to have smaller band gaps. The bandgap of the p,cSiGe:H alloys falls in 
between that of poly and amorphous Si Ge. The measured values for low germane 
concentration are not very accurate, because of the interference fringes that are 
already present in the 0% and 45% curves above o: = 103 (see Fig. 28) . There 
also is an uncertainty of 10% in the Ge concentration determined with RBS. 
However the trend of the two curves is very similar. 

To have a closer look in the region where o: is small ( < 103 ), two things can be 
done. The first one is to deposit thicker layers. We would need layers of 5-10 p,m 
thick. This would take several hours to grow these layers and the risk of growing 
non-uniform layers with such a long deposition time is high. The second thing 
is to measure the responsivit.y in order to extrapolat e the él bsorption cnrw' to 
smaller values of o·. This is done in sect.ion 5.6. 

4.6 Condusion 

In this section the reflectance and transmittance data of p,cSiGe:H layers has been 
measured and the absorption coefficient is determined. A method to reduce the 
inftuence of the interference fringes in the absorption coefficient data is explained. 
Th is makes the int.erpret.at.ion of t.he data more straight.- fonvard . lt is seen t hat 
the absorption curve shifts to higher wavelengtbs due to the an increase of t.he 
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Figure 28: The absorption coefficient of J.LCSiGe:H layers on glass with different 
germane content. The absorption coefficient is calculated with the use of eq. 23. 
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Figure 29: The value in eV where a is equal to 103 is plotted in function of the Ge 
concentration. This is done for measured data and data found in literature [19] 
for large grain SiGe layers. 

germane concentration. A first estimation of the available wavelength region to 
operate photodet.ect.ors made wit.h this material is given. 
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This section starts with the outline of the bandtheory of solids, the influence of 
introducing dopants in a semiconductor material, the formation of a depletion 
region and the different recombination processes that can occur in a semiconduc
tor materiaL The general characteristics of a pbotodiade are discussed. In more 
detail the working of a p-i-n pbotodiade is explained. 

Next the process flow of our p-i-metal structure is given. The experimen
tal procedure for measuring the responsivity of the p-i-metal structure and the 
blanket JLCSiGe:H layers is explained. The responsivity data of blanket JLCSiGe:H 
layers is discussed and used to extrapolate the absorption coefficient ( determined 
in Section 4.4.2) to lower values. The result of this extrapolation is compared 
to data found in literature [19] . The responsivity data of the p-i-metal structure 
is used to determine the quanturn efficiency of our detector and is compared to 
data found in literature. 

5.2 Theory 

5.2.1 Bandtheory of solids 

A useful way to visualize the difference between conductors, insuiators and semi
conductors is to plot the available energies for electrans in the materials . Instead 
of having discrete energies as in the case of free atoms, the available energy states 
form bands. Crucial to the conduction process is whether or not there are elec
trans in the conduction band [16]. In insuiators the electrans in the valenee band 
are separated by a large gap from the conduction band (fig. 30a), in conduc
tors like metals the valenee band overlapsthe conduction band (fig. 30 c) , and in 
semiconductors there is a small enough gap between the valenee and conduction 
bands that thermal or other excitations can bridge the gap (fig. 30 b ). With such 
a small gap , the presence a small percentage of a doping material (e.g., p-type or 
n-type doping) can increase the conductivity dramatically. 

An important parameter in the band theory is the Fermi leveL the top of 
the available electron energy levels at absolute zero temperature. The posit.ion 
of the Fenni level with the relation to the conduction band is a crucial factor in 
determining electrical properties. 

For intrinsic (undoped) semiconductors like silicon (fig. 31) and germanium 
the Fermi level is essentially halfway between the valenee and conduction bands 
(fig. 30 b). Although no conduction occurs at 0 K, at higher temperatures a finite 
number of electrans can reach the conduction band and provide some current. 
Metals are unique as good conductors of electricity. This can be seen to be 
a result of their valenee electrans being essentially free. In the band theory, 
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Figure 30: The energy bands fora) an insuiator b) a semiconductor c) a conduc
tor [20] . 

this is depicted as an overlap of the valenee band and the conduction band so 
that at least a fraction of the valenee electrans can move through the material 
(fig. 30c). But mostsolid substances are insuiators (e.g. glass). In termsof the 
banddiagram this implies that there is a large forbidden gap between the energies 
of the valenee electrans and the energy at which the electrans can move freely 
through the material (the conduction band) . 
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Figure 31: The energy bands for Si at 0 K and 300 K. The bandgap of Si is 
1.09 eV [20]. 
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When a semiconductor is doped, energy states are introduced in the band gap [16]. 
If it is doped with donors10 , the energy states are called donor states. Because it 
takes very little energy, much less than the band gap energy, to free the electron 
that inhabits the donor state, the states are shown close to the conduction band. 
Adding donors, therefore, adds more electrons to the conduction band (without 
adding holes to the valenee band) making the semiconductor more conductive. 
This is called n-type doping. 

Acceptor states are introduced into the forbidden gap if the semiconductor is 
doped with acceptors11 . These initially empty states readily accept an electron 
to complete its bonds the neighbors in the crystal. When an electron from the 
valenee band transitions to an acceptor state, it leaves bebind a hole. The energy 
required for an electron to move to an acceptor state is much less than the band 
gap energy so it is shown close to the valenee band. Holes are created without 
creating electrons. This is called p-type doping. 

Depletion region 

When p-type and n-type semiconductor materials are placed in contact with each 
other, the junction behaves very differently than either type of material alone. 
For a p-n junction at equilibrium, the fermi levels match on the two sides of the 
junction (fig 32) and band-bending will occur [26]. Electrous and holes reach an 
equilibrium at the junction and form a depletion region. The depletion region 
has a capacitance per unit area defined as 

C = dQc 
- dV (25) 

where dQc is the incremental increase in charge per unit area upon an incremental 
change of the applied voltage dV. 

5.2.2 Recombination processes 

Recombination is part of a processtorestore equilibriumtoa semiconductor that 
has been perturbed, or disturbed out of equilibrium [26]. Perturbations can be in 
the form of an applied electric field, a change in temperature or exposure to light. 
Recombination occurs when there is an excess of carriers and they are destroyed, 
by recombining. Remember carriers are in the form of a free electron and the 
hole it leaves bebind, or electrons or holes brought in from dopants. When they 
recombine, a negatively charged electron is attracted to a positively charged hole, 

10Donors are atoms that have a valenee electron extra compared to the atom that they 
n'pla.ce. This mea.ns t.hat. one t>lect.ron is not bounded to neighboring at.oms . 

11 Acceptors are atoms that have a valenee electron less compared to the atom that they 
replace. This can be seen as a hole that is weakly bound to the acceptor 
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Figure 32: The energy level sketch is a way to visualize th~ equilibrium condition 
of the p-n junction. Band-bending occurs and a depletion region is formed . The 
open circles on the left side of the junction above represent 'holes' and the solid 
circles on the right of the junction represent electrons. The upward direction in 
the diagram represents increasing electron energy. That implies that you would 
have to supply energy to get an electron to go up on the diagram, and supply 
energy to get a hole togodown [20]. 

and as they get tagether, their charges are cancelled and the electron is part of 
a bond once again. There are three types of recombination. These are band
to-band recombination, trap-assisted or Shockley-Read-Hall recombination and 
Auger recombination. The three recombination mechanisms are similar in the 
fact that they all annihilate an electron and a hole, and that they all produce 
some kind of energy, whether it be heat or light, in the process. However, the steps 
to get to the annihilation of a electron and a hole differ in each recombination 
process. 

Band-to-band recombination is the annihilation of a conduction band electron 
and a valenee band hole. By having the attraction of the negative charge of the 
electron and the positive charge of the hole, they cancel each other out as they 
move in the semiconductor lattice. The energy released during the process usually 
produces a photon and emits light. 

Shockley-Read-Hall recombination occurs when an electron falls into a 'trap', 
an energy level within the bandgap caused by the presence of a foreign atom or 
a structural defect. Once the trap is filled it. can not accept another electron. 
The electron occupying the trap energy can in a secoud step fall into an empty 
state in the valenee band, thereby completing the recombination process. One 
can look at this process either as a two-step transition of an electron from the 
conduction band to the valenee band or also as the annihilation of the electron 
and hole which meet each other in the trap. 

Auger recombination is a type of band-to-band recombination that occurs 



Kris Verheyen 
Characterization of the optica/ properties of 

hydrogenated microcrystalline Siiicon Germanium (J.LcSiGe:H) 46 

when two carriers collide. The callision transfers the energy released farm the 
recombining carrier to the surviving carrier . In other words, one carrier loses 
energy and the other gains it. The one that loses it is recombined, and the one 
that gains it goes to a higher energy level. Eventually, this highly energized 
carrier thermalizes12 . 

5.2.3 Photodiode 

A pbotodiade has a depleted semiconductor region with a high electric field that 
serves to separate photogenerated electron-hole pairs . For high-speed operation, 
the depletion region must be kept thin to reduce the transit time. On the other 
hand, to increase the quantum efficiency (the number of electron-hole pairs gen
erated per incident photon) , the depletion layer must be sufficiently thick to allow 
a large fraction of the incident light to be absorbed. Thus there is a trade-off 
between speed of response and quanturn efficiency. 

The pbotodiade can be operated in a photovoltaic mode, that is, the pho
todiode is unbiased and connected to a laad impedance similar to a solar cell. 
However, the device designs are fundamentally different . Fora pbotodiade only a 
narrow wavelength range centered at the optica! signal wavelength is important , 
whereas for a solar cell, high speetral responses over a braad solar wavelength 
range are required. Photodiodes are small to minimize junction capacitance, 
while solar cells are large-area devices. One of the most important figures of 
merit for photodiodes is the quantum efficiency, whereas the main concern for 
solar cells is the power conversion efficiency13

. 

For the visible and near-infrared range, photodiodes are usually reverse-biased 
with relatively large biasing voltages, because this reduces the carrier transit time 
and lowers the diode capacitance. The reverse voltage is, however, nat large 
enough to cause avalanche breakdown. This biasing condition is in contrast to 
avalanche photodiodes, where an internal current gain is obtained as aresult of 
the impact ionization under avalanche breakdown conditions. The pbotodiade 
family includes 

• p-n junction, 

• p-i-n diode, 

• metal-semiconductor diode (Schottky barrier) , 

• heterojunction diode. 

12The carrier loses energy in small steps through heat producing collisions with the semicon
ductor lattice, until it eventually recombines or gains energy once more. 

13The conversion efficiency is the power delivered to the load per incident solar energy. 
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We shall now briefly consider the general characteristics of a photodiode [26] : 
its quanturn efficiency and response speed. The quanturn efficiency as mentioned 
previously is the number of electron-hole pairs generated per incident photon: 

(26) 

wbere lp is tbe photogenerated current by the absorption of incident optica! power 
P opt at a wavelength À ( eorresponding to a photon energy lw) and q the charge 
of an electron. 

A related figure of merit is the responsivity, which is the ratio of pbotocurrent 
to tbe optica! power: 

(27) 

wbere À is expressed in microns. Tberefore, for a given quanturn efficiency, tbe 
responsivity increases linearly witb wavelengtb. For on ideal pbotodiade (rJ = 1), 

~=~ [A/W]. 
1.24 

(28) 

One of the key factors that determines tbe quanturn efficiency is tbe ab
sorption coefficient. Since a is a strong function of tbe wavelength, for a given 
semiconductor tbe wavelength range in wbicb appreciable pbotocurrent can be 
generated is limited. The long-wavelengtb cutoff Àc14 is establisbed by tbe energy 
gap of tbe semiconductor, for example, about 1.7 /-Lffi for Ge and 1.1 /-Lffi for Si. 
For Wavelengtbs langer tban Àc , tbe values of a are too small to give appreciable 
absorption. There is also a short-wavelength cutoff of the photoresponse due to 
the fact that the values of a for short wavelengtbs are very large (.<:, 105 cm-1 ), 

and the radiation is absorbed very near the surface where the recombination 
time is short . The photocarriers tbus recombine before they are collected in the 
junction of the photodiode. 

The response speed is limited by a combination of three factors: diffusion of 
carriers . drift time in the depletion region, and capadtance of the depletion re
gion . Carriers generated outside tbe depletion region must diffuse to the junction 
resulting in considerable time delay. To minimize tbe diffusion effect, the junction 
should be formed very close to the surface. Most light will be absorbed when t.he 
depletion region is sufficiently wide (of the order of 1/ o·). With sufficient reverse 
bias tbe carriers will drift at their saturation velocities. The depletion layer must 
not be too wide, or transit-time effects will limit the frequency response. It also 
should not be too tbin, or excessive capacitance C will result in a large RC time 
constant, where Ris the load resistance. The optimum campromise occurs wben 

14 For wavelengtbs shorter than Àc, t he incident radiation is absorbed by the semiconductor, 
and hole-electron pairs are generated. 
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the depletion layer is chosen so that the transit time is of the order of one-half 
the modulation period. For example, for a modulation frequency of 10 GHz, the 
optimum depletion layer thickness in Si is about .5 J.Lm. This is rather thick and 
hard to realize. 

The generalized photodetection process [22] is shown in figure ?? a. An op
tica! signal and background radiation are absorbed by the photodiode, whereby 
electron-hole pairs are generated. These electrans and holes are then separated 
by the electric field and drift toward the opposite sides of the junction. In the 
process, a displacement current is induced in the external load resistor. 

p-i-n photodiode 

The p-i-n photodiode is one of the most common photodetectors, because the 
depletion-region (the intrinsic region) can be tailored to optimize the quanturn 
efficiency and frequency response. Figure 33 shows the schematic representation 
of a p-i-n diode and an energy-band diagram under reverse bias conditions to
gether with optical absorption charaderistics [23] . We shall discuss the operation 
of a p-i-n photodiode insome detail with the help of figure 33. Light absorption 
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Figure 33: Operation of photodiode. (a) Cross-sectional view of p-i-n diode. 
(b) Energy-band diagram under reverse bias. ( c) Carrier generation charaderis
ti es. [26] . 
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in the semiconductor produces hole-electron pairs. Pairs produced in the de
pletion region or within a ditfusion length of it will eventually be separated by 
the electric field . This leads to a current flow in the external circuit as carriers 
drift across the depletion layer. U nder steady-state conditions the total current 
density through the reverse-biased depletion layer is given by [24] 

(29) 

where Jdr is the drift current due to carriers generated inside the depletion re
gion and Jdiff is the ditfusion current density due to carriers generated inside 
the bulk of the semiconductor and ditfusing into the reverse-biased junction. We 
shall now derive the total current under the assumptions that the thermal gener
ation current can be neglected and that the surface p layer is much thinner than 
fracla. [26]. Referring to fig. 33c, the hole-electron generation rate G(x) is given 
by 

(30) 

where a is the absorption coefficient and 4J0 is the incident photon flux per unit 
area gi ven by 

(1- R) 
1Jo = Popt Ahv (31) 

Here R is the reflection coefficient and A is the device area. The drift current J dr 

is thus given by 

(32) 

where W is the depletion layer width and q is the elementary charge. For x> W, 
the minority-carrier density (holes), Pn, in the bulk semiconductor is determined 
by the one-dimensional ditfusion equation 

D Ö
2
Pn _ Pn - Pno = O 

P fJx2 T. p 
(33) 

where Dp is the ditfusion coefficient for holes, Tp the lifetime of excess carriers, 
nnd p" o the equilibrium hole density. The solution of equation 33 under the 
boundary conditions Pn = Pno for x = oo and Pn = 0 for x = W is given by 

with 

(34) 

(35) 

(36) 
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The ditfusion current density is given by 

and the total current density is obtained as 

50 

(37) 

(38) 

Under normal operating conditions, the term invalving PnO is much smaller so 
that the total photocurrent is proportional to the photon flux. The quanturn 
efficiency can be obtained from equations 26 and 38, 

rJ = ltotfq = (1- R) (1- e-oW ) 

P aptf Ahv 1 + aLp 
(39) 

For high quanturn efficiency, a low reflection coefficient with a W » 1 is desirable. 
However, for W » 1/et, the transit-time delay may be considerable. 

Since the carriers require a finite time to traverse the depletion layer, a phase 
difference between the photon flux and the photocurrent will appear when the 
incident light intensity is modulated rapidly. The response time of the photode
tector is thus limited by the carrier transit time through the depletion layer. 

5.3 Device structure 

Instead of a p-i-n photodiode we will make a p-i-metal photodiode. The de
vice structure consists of an aluminum bottorn contact , an intrinsic p,cSiGe:H 
layer, a p-doped pcSiGe:H layer and a top contact made with conductive sil
ver paste (Fig. 34) . The starting point is an eight inch Si wafer covered with 
a thermal oxide. The aluminum bottorn contact is formed by sputtering (see 
section 2.3.2) an aluminum layer of 500 nm thick on the oxidized wafer. Next , 
the intrinsic pcSiGe:H layer and the p-doped pcSiGe:H layer are deposited onto 
the aluminum bottam contact. The intrinsic layer is approximat ely 1 pm thick . 
Different germane concentrations are deposited (PECVD) at a substrate tem
perature of 350° C. The p-type layer is deposited directly after depositing the 
intrinsic layer without taking the wafer out of the depositing chamber. This is 
done to minimize the risk of contamination and particles falling onto the surface, 
which can influence the growing process. The p-type layer is boron doped, ap
proximately 0.1 pm thick, has the same germane concentration as the intrinsic 
layer and is deposited at a a substrate temperature of 350° C. 

The following step is to pattem the pcSiGe:H layers. The basic principles of 
patterning are already discussed insection 2.4. To makesure the wafer contains 
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no moisture it is baked for 2 minutes at ll0° C before the spinning of the resist. 
Two different viscous layers are spinned onto the wafer. The first one is hexam
ethyldisilane (HMDS). HMDS is an adhesion promotor. The process parameters 
tospin HMDS are: speed= 3000rpm; acceleration = 500rpmjs; time= 30sec. 
After spinning HMDS the wafer is baked for 2 minutes at 110° C to improve the 
contact between the p-type p,cSiGe:H layer and the HMDS. The second viscous 
layer is IX 845, a positive resist. To spin IX 845 the same process parameters are 
used as for HMDS. Again the wafer is baked baked for 2 minutes at ll0° C, now 
to improve the contact between the resist and the HMDS. Between this step and 
the exposure step, accidental exposure of the resist should be avoided15 

For the exposure contact lithography is used , this means there is a contact 
between the mask and the wafer. The contact is made by applying a small 
pressure, this is ca11ed 'hard contact'. There is no magnification for this kind of 
exposure. The wafer is exposed for 13.5 sec in the exposure tool (Electron Vision 
640). It displays opaque squares of different dimensions. Each square will become 
one device that can be tested. Accidental exposure should still be avoided until 
the wafer is developed. 

Next the wafer is put in a positive resist developer (OPD 262) during 90 seconds. 
Then the wafer goes into the rinsing bath to remove the OPD 262 and developed 
resist from the surface. When it is clean it is blown dry with a nitrogen gun. A 
baking step of 2 minutes at ll0° Cis done to improve even more the adhesion be
tween the resist and the p-type layer and to improve the resistance to the etching 
process. 

The following step is to etch the two p,cSiGe:H layers . A deep reactive ion 
etcher is used (see section 2.5.2) (STS etcher: Surface Technology Systems) . The 
etching time time depends on the material and the thickness of samples. For these 
p,cSiGe:H layers the etching time varied from 1 to 2 minutes. The Aluminum 
bottorn contact is used as etch stop. After etching, the resist on the wafer is 
removed in a heated ultrasonic bath ( 80° C, microstrip). After approximately 
10 minutes the wafer is rinsed with isopropanalethylalcohol (IPA) and put in a 
rinsing bath until the remaining microstrip is removed. The wafer is blown dry 
with a nitrogen gun. 

Finall~· R sqnmf' is cut from the wRfer and t he top contact is made by hand 
with conductive silver paste. The top view of the device is shown in figure 34. It 
is ready to be tested. 

5.4 Experimental procedure 

The same set up used to measure the reflectance and transmittance is used to 
measure the responsivity (Fig. 22). The sample is attached in front of the inte
grating sphere. A load e4ual to the resistance of the sample is placed in series 

15To avoid accidental exposure of the resist , the wafers are placed in special black boxes. 
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Figure 34: The device structure shown in (a) cross section and (b) top view. The 
{LCSiGe:H layers are grown on an aluminum back contact. The top contact is 
made with conductive silver paste. 

with the sample. The light falling onto the sample is chopped like in the T and 
R measurements. The voltage drop over the resistor is measured by the lock-in 
amplifier when the sample is illuminated and when the sample is in the dark. 
These signals are send to the PC, where a signa! in A/W is read out. There is 
also the possibility to apply a bias voltage (forward or reverse). The schematic 
representation is drawn in Fig. 35. The speetral resolution for most of the samples 
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Figure 35: Schematic representation for the responsivity measurement . 

is lünm at 400/ 600rvl800nm. 
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Two different kind of samples are tested. There are the pcSiGe:H layers grown 
on Si/Si02 or glass. These layers can be boron doped or undoped and are ap
proximately 1 J.Lffi thick. On top of the layer two aluminum contacts are made by 
using a shadow mask and e-beam evaporation (see section 2.3.1). The speetral 
response of these samples is measured when a forward bias voltage is applied. 
The second kind of samples tested are the detector struct.ures (see section .5.3). 
The illuminated area is 0.25 cm2 big. The responsivity is measured when no or a 
reverse bias voltage is applied. 

In Figure 36 the responsivity of two undoped f..LCSiGe :H layers on Si/Si02 

,while applying a forward bias voltage of 10 V, is plotted. The shape of the curves 
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Figure 36: Experimentally measured responsivity for two undoped f..LCSiGe:H lay
ers on Si/Si02 . The germane concentration for the two layers is different. A 
forward bias voltage of 10 V is applied during the measurement. 

in Fig. 36 can be explained by looking at the absorption coefficient. At small 
wavelengtbs t.he absorption coeffic:ient is high (see Fig. 28). This means most 
of the light is absorbed very close t.o the surface. The generated electron-hole 
pairs almost immediately recombine due to surface defects (Shockley-Read-Hall 
recombination. Sedion 5.2.2) and collisions withother electron-hole pairs (Auger 
recombination, Section 5.2.2). There are very little electron-hole pairs left to 
generatea current. Therefor the responsivity is almost zero for small wavelengths. 
When we go up in wavelength the absorption coefficient diminishes. The incoming 
light is absorbed more and more to the center of the layer. where it. generat.es 
electron-hole pairs. Some pairs recombine, others are separated by the electric 
field due to the applied forward bias voltage. This leads to a current. flow in the 
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external circuit. At some point the separation of carriers reaches a maximum, the 
responsivity reaches a maximum. When the wavelength is increased even more, 
the responsivity drops again as less light is absorbed to generate many electron
hole pairs. At a certain wavelength none of the light is absorbed anymore and 
the responsivity becomes zero. This point can be used to get a good estimation 
of the band gap. This point will be called the onset of the responsivity. 

The shift of the peaks in Fig. 36 is caused by the different germane content of 
the two layers. The onset of the responsivity however is not shifted. The same 
trend is seen for the doped pcSiGe:H layers (Fig. 37). The responsivity signal 
however is much smaller due to the fact that the dark conductivity for doped 
layers is higher than the dark conductivity for undoped layers . The doping in the 
layers causes already a current when a bias voltage is applied without illuminating 
the sample. 
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Figure 37: Experimentally measured responsivity for two doped J.LCSiGe:H layers 
on Si/Si02 . The germane concentration for the two layers is different. A forward 
bias voltage of 10 V is applied during the measurement. 

The responsivity data for the undoped J.LCSiGe:H layers on glass show a shift 
of the peaks and a shift of both onsets (Fig. 38). The interference fringes that 
were present in the T and R data are also visible in the speetral responq~ data. 

The cantacts made with e-beam evaporation are replaced by cantacts made 
with silver paste. No difference was noticed in the responsivity curve. Therefor 
the initia! plan to make the top cantacts of the p-i-metal structure with lift-offis 
changed and they are made with silver paste. The advantage of the silver paste 
cantacts is they are easy to make. To make cantacts with lift-off 5 more process 
steps need to be inserted (spinning, exposure, developing, depositing the contact 
layer and lift-off). Wh en the dimensions of the detector are scaled down, the 
contacts have to be made with lift-off or another thin film process technique that 
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Figure 38: Experimentally measured responsivity for two undoped J.LCSiGe:H lay
ers on glass. The germane concentration for the two layers is different. A forward 
bias voltage of 10 V is applied during the measurement. 

allows to make very small structures with high accuracy. 
Two detector structures with different germane content are tested. A small 

shift of the peaks is visible in Fig. 5.5, the onsets however do not shift. The 
responsivity can be easily transformed to quanturn efficiency (Fig. 5.5) with help 
of eq. 27. The detector containing 45% Ge has a peak value in quanturn efficiency 
of 42.35% at 1050 nm. For the detector containing 80% Ge, the peak value is 
41.23% at lllOnm. 

5.6 Discussion 

The peak positions of the responsivity for the different samples change when 
the germane concentration is varied. The shift of the peaks is most clear for 
the undoped pcSiGe:H grown on a Si wafer covered with a thermal oxide. Here 
a variation of 25% in germane concentration leads to a shift of the peaks in 
responsivity of approximately 200 nm. 

Only in the responsivity da.t.a for the undoped pcSiGe:H layers grown on a 
glass substrate a shift in the onset is noticeable due to a change in germane 
concentration. Also the amplitude of the responsivity data for the same layers 
grown on glass is much smaller than for the ones grown on Si/Si02 . For the T 
and R measurements the Si substrate made it difficult to interpret the results. 
Here t.he Si subst.rate is cowred with a t.hermal oxide of 250 nm thick and the 
back-side of the substrate is isola.t.ed from the test-circuit . This should block out 
the inftuence of the substrate during the responsivity measurement. Still there is 
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a difference between the responsivity data for the layers deposited on glass and 
deposited on Si/Si02 . This might be due to a change in SiGe microstructure. 

The responsivity data can be used to extra.polate the absorption curve to 
lower values for the absorption coefficient. The responsivity is proportional to 
the generated current in the device (eq. 27). The conductivity (0') is given by 

I 
0' =-

E 
(40) 

where I is the current and E the electric field. Thus, the conductivity is also 
proportional to the current and therefor it is proportional to the responsivity. For 
small absorption coefficients (a < 103) the conductivity can be written as [27] 

( 41) 

where I 0 is the fotonftux, e the charge of an electron, p, the carrier mobility and T 

the carrier lifetime. Equation 41 shows that is allowed to multiply the responsivity 
data by a constant to conneet it with the absorption coefficient data calculated 
from T and R measurements. This is done for p,cSi20Ge80 layer grown on glass. 
The data is plotted in Fig. 40 and compared with data found in literature for a 
large grain Si30Ge70 layer [19]. The total curve of the absorption coefficient for 
the p,cSh0Ge80 layer grown on glass is shifted to higher wavelengths compared 
to curve of the absorption coefficient for a large grain Sh0Ge70 layer. This shift 
is expect.ed due to difference in germane concentration. Determining a from the 
responsivity data makes it possible to go to lower absorption coefficients. This is 
useful to determine the bandgap of the materiaL However, due to the different 
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Figure 39: At the left the experimentally measured responsivity for two detector 
structures is shown. The germane content of the intrinsic p,cSiGe:H layer and the 
p-type p,cSiGe:H layer is varied (45% and 80% Ge) . No bias voltage is applied 
during the measurement. . At the right the calculated quantum efficiency for these 
detector structures is plotted. 
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Figure 40: The absorption coefficient > 103 for J.LcSi20Ge80 layer grown on glass 
is calculated from transmittance and reflectance measurements. a < 103 is de
termined from the responsivity data. Data for a large grain Si30Ge70 layer [19] is 
plotted to compare. 

shape of the curve compared to the literature data and the interference fringes 
which are present in the responsivity data, it is difficult to say something about 
the accuracy of this method. 

5. 7 Condusion 

The responsitivity of J.LCSiGe:H layers grown on Si/Si02 or glass is determined. 
The peak value of the responsivity for J.LcSiGe:H layers deposited on Si/Si02 

and glass can be changed by varying the germane concentration. For J.LcSiGe:H 
deposited on glass also a shift of the onset of the responsivity in function of the 
germane concentration is seen. This data is used to extrapolate the absorption 
coefficient. t.o lower values . The process flow of a p-i-met.a.l st.ruct.ure is explained 
and the reponsivity is measured. Here also the shift of the peak values in the 
responsivity data, due to different germane concentrations, is visible. The onset 
of the re~ponsivity, however, remains equal. A peak value in quantum efficiency 
of 42.35% at 1050 nm is measured fora detector cont.aining 4.5% Ge and -!1.23 % 
at 1110 nm for a detector containing 80% Ge. Looking at this data the available 
wavelength region forthese detectors is somewhere between 1 and 1.2 J.Lm. 
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The goal of this project was to study the basic optical properties of p,cSiGe:H 
layers - refiection, transmission, absorption coefficient and responsivity; and find 
out what the possible applications could be: is it suitable to operate at the optica! 
communication wavelengtbs 1.3 and 1.6 p,m? 

In the beginning we described the experimental procedure to grow p,cSiGe:H 
layers . By varying the silane to germane ratio different Ge concentrations were 
obtained. The layers were characterized by means of XRD, TEM, RBS and 
Dektak measurements. The layers used to determine the optical properties were 
grown on (100) silicon wafers covered with a thermal oxide and on glass wafers. 
The substrate temperature was in both cases 350° C. 

Next the refiectance and transmittance data of p,cSiGe:H layers had been 
measured and the absorption coefficient was determined. A method to reduce 
the infiuence of the interference fringes in the absorption coefficient data was 
explained. This made the interpretation of the data more straight-forward. It 
was seen that the absorption curve shifted to higher wavelengtbs due to the an 
increase of the germane concentration. Using the absorption coefficient data the 
available wavelength region to operate photodetectors made with this material 
was estimated to be somewhere in between 750-1500nm. 

Finally the responsitivity of p,cSiGe:H layers grown on Si/Si02 or glass was 
determined. The peak value of the responsivity for p,cSiGe:H layers deposited on 
Si/Si02 and glass could be changed by varying the germane concentration. For 
p,cSiGe:H deposited on glass also a shift of the onset of the responsivity in function 
of the germane concentration was seen. This data was used to extrapolate the 
absorption coefficient to lower values. The process flow of a p-i-metal structure 
was explained and the reponsivity of this structure was measured. Here also 
the shift of the peak values in the responsivity data, due to different germane 
concentrations, was visible. The onset of the responsivity, however, remained 
equal. A peak value in quanturn efficiency of 42.35% at 1050 nm was measured 
for a detector containing 45 % Ge and 41.23 % at 1110 nm for a detector containing 
80% Ge. 

The detector structure works at À < 1.2 p,m. This means it is not suitable to 
operateat the optica! communiu1 tion wawlengths 1.3 ancll.Gttm. lt can be usecl 
as a near-infrared photodetector. Because of the low deposition temperature of 
the p,cSiGe:H films it can be processed directly on top of CMOS. Therefor this 
material will be well suit.able t.o fabricate imager arrays. 

To get a better idee about possible applications more research neeels to be 
done. One should look for an explanation why the responsivity data of the 
p,cSiGe:H layers on Si/Si02 and glass are so different. Also, one should try to im
prove the quanturn efficiency of the p-i-metal structure by changing the thickness 
of the layers and improving the bott.om contact. It. also can be useful to make 
different detector structures and compare them to each other. Different detec-
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tor structures containing Ge are reported to work at the optica! communication 
wavelengths [28] [29] . So finding the right structure for our !JCSiGe:H layers can 
maybe extend the operabie wavelength region. Sarnething else to try is to scale 
down the detector dimensions to a size that is used commercially and we should 
look at the dark current and carrier lifetime to get an idea about the sensitivity 
and the speed at which the detector can operate. 
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In this appendix the measured RBS curves of 2 samples are shown tagether with 
the fit of the curve. The element which causes the backscattering is determined 
from the peak position and the concentratien of that element in the material is 
determined from the peak amplitude. 
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Figure 41: Measured RBS data (black) tagether with fitted data (red) used to 
determine the Ge concentration in the samples deposited on glass. 


