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ABSTRACT

High quality pc-SiGe:H is a very promising alternative vfor high efficiency photovoltaic
device. The preparation of this material requires very high hydrogen dilution ratio in PECVD
system. The deposition rate was greatly limited by this high hydrogen ratio. In this work,
ECR PECVD technique is used to deposit uc-SiGe:H material. The growth rate can be
greatly enhanced by taking advantage of the high plasma density and low ion energy features
of ECR and extremely high hydrogen dilution ratios are no longer necessary for pc-SiGe:H
growth. Films with good crystallinity were prepared at hydrogen dilution ratio as low as 1:15.
An intensive study has been completed for the pc-SiGe:H with 0 to over 75% Ge
incorporated. The optical bandgap shrinks with the incorporation of Ge into the material.
Raman spectra and the increase of activation energy and photosensitivity indicates the
deterioration of crystallinity by adding Ge to the Si structure. Solar cell devices using pc-
SiGe:H as the active layer were deposited on stainless steel substrates. Fill factors over 55%
were achieved for pc-SiGe devices with less than 35% Ge. An pc-Si buffer layer between n*
and pc-SiGe:H n layer was used in the device design and this buffer layer revealed to be very
beneficial to the device performance and the growth rate of pc-SiGe:H active layer. C-V
measurements showed that the accidental oxygen leakage can raise the doping level to the
order of 1E17cm™. ppm level TMB can be mixed in the source gas to very effectively reduce
the N-type doping brought by oxygen. Short circuit current was increased by the TMB
counter doping. The minority carrier diffusion length was estimated from reversed bias QE

and C-V measurements. In the pc-SiGe:H devices fabricated by ECR PECVD, the hole
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diffusion length is several tenth micrometers. The accidental doping in the pc-SiGe:H
deteriorates the device performance by decreasing the minority carrier diffusion length.
Compensating doping of TMB can increase minority carrier diffusion length L, and improve

short circuit current, and hence improve the conversion efficiency of solar cell device.



CHAPTER 1. INTRODUCTION

Hydrogenated Silicon based materials have attracted extensive attention of research in the
recent years because of the applications in thin film photovoltaic devices. Among these
applications amorphous silicon and amorphous silicon germanium solar cells have been
brought to the threshold of large-scale commercialization. However, the amorphous active
layer in solar cell devices suffers from the light induced degrada'tion effects [1], which
gradually deteriorates the performance of the solar cells. As a possible candidate to avoid this
effect, microcrystalline silicon (uc-Si) has been considered as the next generation thin-film
material for solar cell devices because it exhibit little light-induced degradation like
amorphous silicon [2, 3] Stabilized efficiency of ~12% has already been obtained for a-
Si/poly-Si tandem cell [4]. Unfortunately pc-Si requires a much thicker material (>2 pm) to
absorb sufficient light due to the smaller light absorption coefficient. Very high growth rate
are necessary to produce pc-Si solar cells for practical production. Some research groups
have reported high rate deposition for small size pc-Si solar cells by using Very High
Frequency Plasma Enhanced Chemical Vapor Deposition (VHF-PECVD), microwaves and
so on. However it appears to be difficult to be applied on large substrate size and the product
throughput can still not be improved.

Amorphous Silicon Germanium (a-SiGe) material has shown its advantages in enhancing
the optical absorption of solar spectrum, especially in the near-infrared range for its lower
bandgap compared to a-Si. The bandgap of a-SiGe can be tuned by adjusting the Ge

concentration in the material. So it has been used as the absorption layer in the bottom of a



tandem solar cell to catch the infrared range photons. For its amorphous structure, it again
suffers from the light degradation effects as a-Si does [5].

Either of the two problems, light-induced degradation for a-Si/SiGe or low optical
absorption for pc-Si, exists until a proper combination of the advantages of these materials
can be brought without the disadvantages. In this research project, hydrogenated
microcrystalline silicon germanium (uc-SiGe:H ) is intensively investigated as a solution.
The microcrystalline structure of this material counter vent the light induced degration
problem and ensures the reliability of solar cell application, while the incorporation of Ge
into Si can considerably promote the absorption by lowering the bandgap of the material.
- Therefore, thin film photovoltaic device (typically in p-i-n or n-i-p structures) can absorb the
sunlight efficiently with an active intrinsic layer less than 1lum. Productivity can be improved
and the cost expected to be reduced. Another advantage of pc-SiGe over uc-Si is that the
material’s optical and electrical properties can be precisely controlled by tuning the Ge
content.

Unfortunately, it has been observed that the quality of pc-SiGe films seriously
deteriorates with the incorporation of Ge. How to fabricate device-quality pc-SiGe films and

apply to solar cells with good conversion efficiency is the min objective of this research.

1.1 Microcrystalline Si/SiGe Materials
There are four types of structures for Si based material: crystalline, polycrystalline,
microcrystalline and amorphous. Among them crystalline silicon wafers and poly silicon
films have been used in micro-circuit fabrication for decades. Microcryalline and amorphous

silicon materials have found wide application in thin solar cells and thin film transistor arrays



for flat panel displays. The major difference between these structures is the dimension of the
crystal in the material, as shown in the table below.

Table 1.1 Differences between various Si material structures and properties.

Grain size | Structure Applications
Crystalline Silicon (c-Si) | >100 um | Single crystallites same | Micro-chip
orientation fabrication
Polycrystalline Silicon 1-100 um | Medium size | Micro fabrication,
crystallites at various | TFT display
orientations
Microcrystalline Silicon | <1 um Small size crystallites | TFT display,
(uc-Si) at various orientations | photovoltaic
devices
Amorphous Silicon (a- | <10 nm Random orientation TFT display,
Si) photovoltaic
devices

1.1.1 Structure of microcrystalline Si/SiGe materials

Microcrystalline structure consists of nanometer sized crystal grains, grain boundaries
and amorphous tissues. The crystallites often form columns growing perpendicular to the
substrate surface. Around these columns are nanoscale disordered (amorphous) grain

boundaries. A schematic of the microcrystalline structure is shown in Fig 1.1.

FIG. 1.1 Schematic drawing of microcrystalline material (provided by National
Institute of advanced Industrial Science and Technology).



As a result, the carrier transport in microcrystalline silicon is affected by the carrier
trapping and recombination via defects. Therefore, defects such as dangling bonds (DB) are
efficiency-reducing objects with respect to solar cell applications. However, it appears that
the structure of uc-Si/SiGe materials is largely independent of the method used for

preparation.

1.1.2 Optical properties

The key feature of microcrystalline material is its dependence on the crystallinity of the
structure. For puc-Si:H, at high photon energies (>2 eV), the absorption is lower than that of
a-Si:H owing to there being a smaller volume fraction of amorphous tissue. It is suggested
that at larger photon energies more carrier will be generated in the amorphous than in the
crystalline phase [6]. In the low-energy range (<2 eV), the absorption increases with
increasing crystallinity, indicating an increase in free-carrier absorption.

Raman spectroscopy has shown the different optical responses between microcrystalline
and amorphous materials. The different optical responses root from the different
microstruture. A typical Raman peak for pc-Si is at 520 cm-1 due to the Si-Si bond TO
vibration. In pc-SiGe material, there are three bond configurations: Si-Si, Si-Ge and Ge-Ge,
and three peaks at 520, 400 and 300 cm™. Actually the locations of these peaks in pc-SiGe
material usually shift according to the Ge concentration in the material because the bond
structure changes. For example, more Ge incorporation forms more Ge related bonds and
reduces the Si-Si bonds, and the Si-Si peak will shift to the lower wave numbers due to the

stress caused by the more Ge-Ge and Si-Ge bonds.



1.1.3 Electrical properties

The conductivity of microcrystalline material is also dependant on the crystallinity.
Typical light conductivity values for uc-Si and pc-SiGe material are on the order of 10 to
10 S/cm under 1AM light intensity. However, the dark conductivity can range from 10 to
107" for different material structures such as the crystallinity, the doping level and the Ge
concentration in uc-SiGe.

Due to the lower bandgap of the microcrystalline material, the conductivity activation
energy E, is lower in intrinsic pc-Si/SiGe materials than in a-Si/SiGe. As the bandgap, E4 is
also dependant on the crystallinity level.

Hall mobility is much lower in microcrystalline materials due to the inhomogeneous
struture than in the crystalline counterparts. For intrinsic pc-Si, a typical hole mobility value
is on the order of 1 cm2/(sec-V), much lower compared to 400 cmz/(sec-V) in c-Si wafers.
uc-SiGe carrier mobilities are comparable or even lower than pc-Si. The incorporation of Ge
even randomize the structure and the more inhomogeneous structure hinders the transport of
carriers.

Unlike the carrier transport in amorphous material, the carrier transport in
microcrystalline material is anisotropic. The conductivities parallel and perpendicular to the

substrate differ due to the columnar feature of the crystallites.

1.2 pc-Si/SiGe p-i-n Solar Cell Devices
There are two types of thin film solar cells structures: p-i-n structure and n-i-p structure
[7], depend on the different growth orders and the type of the substrate. Solar cells in p-i-n

structure have shown better conversion efficiency for various reasons such as better interface



. properties and less Boron diffusion problems. A typical p-i-n solar cell structure is shown in

Fig 1.2.

ITO contacts
—

P layer

I layer

N layer

FIG 1.2 A schematic of a typical p-i-n solar cell device

A stainless steel substrate is usually cléaned before loading for film growth. Usually a
conducting textured layer such as ZnO is deposited on the substrate to enhance the photon
absorption and increase the conversion efficiency. A p-doped n* amorphous or
microcrystalline Si layer about 100 nm thick is deposited on the substrate. Then the intrinsic
microcrystalline layer is grown on the top of n* layer and the typical thickness of this layer
varies for pc-Si and pc-SiGe cells. A pc-Si cell needs up to 2 um thick for this main
absorption layer, while pc-SiGe cell only needs about 0.5 um. The fact that an amorphous
incubation layer of about 100 A thick is often grown before the microcrystalline structure
forms, especially on foreign substrate such as glass or amorphous layer. A high quality active
microcrystalline active layer is a must for a high conversion efficiency device.
Recombination rate in this layer should be minimized for the best collection of photo-
generated carriers. Following the intrinsic layer is the Boron doped p+ layer in the cell.

Microcrystalline layer is used for better conductivity. This is the layer where the light enters



the cell. Since the absorption happening here needs to be minimized because the worse
carrier transport in the doped structure, the thickness of the p* layer is limited to about 50 A.
To let more photons come to the intrinsic active layer, a thin Si-C transition is often used as
the window. Also the Si-C layers can be utilized to optimize the interface properties between
p+ and I layer by reducing the Boron diffusion during the deposition process. Contacts of Al
or ITO are evaporated or deposited on the surface using masks.

In microcrystalline solar cell devices, the minority carrier diffusion length is a key
parameter to characterize the carrier transport, unlike in amorphous devices where the
internal electric field dominates the carrier transport.

Due to the fact that oxygen is usually accidentally incorporated in the film growth in the
CVD system, the intended intrinsic microcrystalline layer tends to be O-doped and hence
becomes slightly n-type. Therefore the minority carrier in the active layer is holes. How to
increase the hole diffusion length in the solar cell is a good topic to increase the conversion

efficiency of microcrystalline solar cells.

1.3 Literature Review
A lot of work has been done on uc-Si thin films and solar cell devices, including the
material preparation and characterization, solar cell physics modeling and etc. So far various
deposition techniques have been investigated for uc-Si growth, such as PECVD [8-13], VHF
PECVD [14, 15], ECR PECVD [16] and HW CVD [17, 18]. In most of the deposition
processes, substrate [19], deposition temperature [20, 21] and H, dilution rate [21, 22, and
23] are recognized as the key parameters. The substrate selectivity can be explained on the

basis of a-Si:H nucleation versus homogeneous growth mechanisms. It is expected that pc-Si



formation is favored on the substrates in which deposition proceeds via a nucleation (porous)
phase [19]. The formation of pc-Si:H will first be enhanced by increasing temperature and
then suppressed above 400 °C due to the escape of hydrogen atoms from the growing surface
[24]. It is also found that the H, dilution rate is also one of the most common parameter to
control the structure of the material and the crystalline volume fraction decreases with
increasing SiHy and GeH, flow rates. Very high hydrogen dilution rate facilitates the
microcrystallization and also reduces the deposition rate drastically. However, nears the
transition to the amorphous growth regime the highest solar cell efficiency was achieved
[25]. Real time spectroscope ellipsometry (SE) results revealed the pc-Si nucleation from
hydrogenated amorphous silicon phase, followed by the coalescence of isolated pc-Si:H
grains exposed in growing surfaces. The pc-Si:H nuclei density increases significantly as the
hydrogen dilution ration increases[26]. The role of hydrogen in the crystallization process is
extensively studied and there four growth proposals as to how atomic hydrogen promotes the
formation of uc-Si.

Model 1 by Veprek et al. [27] proposed threat there is a partial chemical equilibrium
during deposition between the pc-Si and a-Si:H. This led to the ides that pc-Si and a-Si:H are
deposited simultaneously from the plasma, but the a-Si:H was selectively etched back to the
plasma by atomic hydrogen.

Model 2 by Matsuda and Tangka [28], Matsuda [29], Saitoh [30] et al., and Kondo et al.
[31] is the surface mobility model, which has been applied to a-Si:H, its alloys and pc-Si. It
was argued that hydrogen dilution provided a higher-surface coverage by Si-H groups.

Thereby increasing the surface diffusion length of the SiH; growth species. This would allow



SiHj; to find more stable growth siteé to give better a-Si:H, and then to find the most stable
growth site to form pc-Si.

A third model is the chemical annealing model of Nakata et al. [32], Shirai et al. [33],
Nakamura [34] and Sriraman et al. [35]. It is observed that there can be subsurface
crystallization of a-Si:H into pc-Si [35, 36, and 37]. It was proposed that hydrogen inserts
into the a-Si:H atomic network, lowering the average coordination number, so that it
becomes sufficiently flexible or floppy for the crystallization to occur.

The fourth model is Robertson’s thermodynamic model of nucleation [38]. It claims that
increasing the hydrogen content of the a-SiHy precufsor phase increases the relative stability
of pc-Si slightly, but strongly increases the driving force for nucleation. The higher stability
of uc-Si is the fundamental origin of the higher etch rates of a-Si:H. while surface mobility
models do not account for subsurface nucleation of pc-Si.

Dalal’s group produced high quality pc-Si thin films and solar cell devices with a low
dilution ration of 8:1. It was found that once the crystallization started, one could decrease
the hydrogen/silane ration and still obtain microcrystalline growth [16] Ion bombardment
effects were studied and it suggested that the ion bombardment, and particularly the
implantation of hydrogen ions, favors the formation of a porous layer where the nucleation of
crystallite takes places [39].

As to the pc-SiGe material, there have not been reported study until 1996 when Ganguly
et al [40] reported the pc-SiGe:H thin films prepared at very low growth rate (0.08A/s to
0.36A/s) using very high H2 dilution by rf PECVD method.. Optical absorption properties
were investigated and it showed that the absorption in the long Waveléngth region was

greatly enhanced by over 10 times. Two years later Ganguly et al studied the growth
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chemistry of pc-SiGe comparing to pc-Si, and found the optimum hydrogen dilution (for a
maximum grain size) decreases with growth temperature and the crystallization on-set
hydrogen dilution was lower for uc-Si. In year 2000, both Dalal’s group [41] and Isomura et
al prepared solar cell devices using pc-SiGe as the active layer. Dalal’s group used low
pressure ECR deposition and Isomura used rf PECVD. These devices are with Ge
concentrations less than 30%. The enhancement of QE in the low energy range was obtained.
Huang and his colleagues investigated the transport properties of pc-SiGe films prepared by
extremely high hydrogen dilution ratio (up to 500). [42] They found that crystallinity and
grain size exerted a big influence on the transport mechanism, especially with very high
hydrogen dilution (R>300), both of conductivity and mobility came to decrease and the
electronic transport properties degrades. Rath, Tichelaar and Schropp prepared uc-SiGe solar
cell device by rf PECVD at a substrate temperature of 195 °C [43]. A current density of 9.44
mA/cm?2 was generated in an I-layer of only 150 nm thick without any back reflector. But no

FF and QE data was reported.

1.4 Scale of Research
All the previous reports on pc-SiGe are incomplete. A full coverage of the Ge% is in
need to investigate the material and device properties. Materials grown at different conditions
are necessary to understand the transport properties. ECR PECVD method, proved to be
beneficial for high quality amorphous/microcrystalline material growth due to the high
density and low energy plasma, is expected to maintain the advantage when used to grow pc-

SiGe at high growth rate.
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There are two main objectives of this research project. First is to explore the optimum
growth conditions using ECR PECVD for high quality uc-SiGe:H material with varying Ge
concentration. By doing this we can study the growth chemistry and transport mechanism by
incorporating different amount of Ge. Second is to make actual solar cell devices using pc-
SiGe active layer of different Ge%. Since the bandgap of uc-SiGe can be tuned precisely by
controlling the Ge concentration, uc-SiGe solar cell can be used in tandem cells for high
conversion efficiency. In this project puc-SiGe solar cell devices grown at different conditions
are also used to investigate the transport properties of microcrystalline; materials.

For all the samples, thin films and n-i-p devices, electrical, optical and structural
measurements, including conductivities, activation energy, optical absorption, crystallinity,

composition, I-V characteristics and Quantum Efficiency etc, were studied.
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CHAPTER 2. ECR PECVD GROWTH OF pc-SIGE

2.1 ECR System Overview

Electron Cyclotron Resonance technique has been widely used in research lab and
industry as the plasma source of plasma deposition or high-density plasma etching. There are
several technical advantages of ECR Plasma deposition compared to conventional glow
discharge deposition. These advantages are: (1) high plasma density caused by the high
ionization ratio; (2) low ion energy which avoids high-energy ion bombardment damaging to
the growing surface; (3) lower operating pressure, which may lead to cleaner processing; (4)
lower substrate temperature. The ECR plasma deposition also enables easy control of the
dissociation of source gases and reduces powered electrode effects such as contamination,

self-biasing and hot electron generation.

Substrate Magnets
Roughing Halder
Pump
ECR
| Conrca
pwave
Generator
. =D 54
Restrict f=2.54G
Turb Orifice

0 ”
Dopant \— Intrinsic

line .
line

FIG. 2.1 ECR PECVD system schematic
A schematic of the ECR PECVD system used in this research project is shown in fig. 2.1.

In this system the plasma source gas is introduced in to the excitation chamber while the
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deposition source gases to the deposition chamber. Two coils surrounding the plasma
excitation chamber generate a magnetic field in the amount of about 880 Gauss in the center
of the chamber. Substrate temperature can be controlled by the electrical heater attached to
the substrate holder. The basic principle is that the excitation chamber operates as a
resonance cavity. The Lorentz Force by the magnetic field forces the electrons moving in a
circular cyclotron track. And the highest plasma production efficiency is achieved when the
frequency of electrons in circular motion reaches the microwave frequency. In this system, a
2.45 GHz microwave was used. The plasma is generated by electron transferring energy to
plasma gas molecules and dissociating them into charged or neutral particles. These include
ionized and excited molecules, neutral molecules and neutral and ionized fragments of
broken-up molecules, including free radicals. Free radicals are electrically neutral species
that have incomplete bonding, that is, they have unpaired electrons. These species are
extremely reactive, and wit other species are absorbed onto the surface, migrate, interact,
rearrange, and chemically recombine to form the film. In addition, ion and electron
bombardment from the plasma onto the growth surface can occur. The plasma was extended
into the deposition chamber by the divergent magnetic field and further dissociates the source
gases in front of the substrate and grow on the substrate. The ECR plasma, because of the
high frequency involved, produces ions of only about 10-15 eV energy [44], considerably
less than the energy of ions in a RF glow discharge reactor, which may approach 50-100 eV
under conditions typically used for microcrystalline growth. Also due to the very high-energy
transfer efficiency between the electrons and the plasma source gas molecules, a very low
pressure as low as 1 mTorr can still maintain stable plasma. The advantage of low pressure is

that there is little reaction in the gas phase between the different radicals generated by the
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plasma and then the higher order radicals such as Si;Hs do not play a role in the growth
which makes the film more homogeneous. Indeed previous work in our group has shown that
only small radicals such as SiHx, GeHx (x =1,2,3) play a role in the ECR growth [45]. More
than 70% of the microwave power can be absorbed in the plasma. The microwave power
required for stable plasma is reduced by one order of magnitude with respect to non-

magnetically confined plasma.

2.2 Thin Film Deposition using ECR PECVD

pc-SiGe thin films are deposited on Corning 7059 glass substrates. The deposition
pressure was chosen to be 5 mTorr and microwave power at 200 W. The reason for the
relatively low pressure is that a higher H*/H, ratio at the substrate is needed to prevent
amorphous growth as opposed to microcrystalline growth. SiH., GeH, and H; are used as the
source and plasma gases for the film growth. Different combinations of the flow rates of
these gases are studied in the experiment. And also different substrate temperatures of 300 —
450 °C are investigated. Two parallel Cr contact bars are thermally evaporated onto the
sample surface for conductivity measurement. Notice that this conductivity measured is only
the parallel conductivity, but not the vertical conductivity which is the case in actual device
operation.

There have been a lot of discussions on the topic of plasma deposition growth chemistry.
[46-49]. 1t is generally believed that the deposition process can be described in four steps: (1)
feed-stock source gases are dissociated in the region in front of the substrate; (2) dissociated
species are adsorbed on the growing surface and attached; (3) strongly bonded species

remain on the surface and forms the layer while weakly bonded species are etched out of the
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surface by the plasma. (4) transport of byproducts out of the deposition region. The
deposition rate can be limited by any of these steps, and like in ordinary CVD technique, the
growth rate can be recognized as mass transfer controlled or surface reaction controlled. In

the ECR PECVD system, there are several reactions happening near the substrate surface:

e+SiH, < SiH,+H"
e+ SiH, < SiH, +H"
e+SiH, & SiH +H*
H* +SiH, < SiH,+H,
e+GeH, & GeH,+H"
e+GeH, & GeH, + H"”
e+GeH, <> GeH + H”
H* +GeH, < GeH,+H,

Since they are several different radicals formed in the plasma, the growth subsurface will
be rough and forms many voids and dangling bonds [50]. One may expect to control the
dominant growth radical to obtain homogeneous film growth. It is generally believed that

SiH; and GeH3 are dominant and the most important radicals for the growth.

Growth models
Basically, the growth models of microcrystalline material including pc-Si and uc-SiGe
can be summarized into the two following types:

i.  “surface”models in which pc-Si results from the details of the interaction of the
plasma species with the growing surface. In these models the chemical
equilibrium between the deposition and hydrogen etching [51] the selective
etching of the amorphous phase of hydrogen atoms [52, 53] and the surface

mobility of the film precursors [54] are considered.
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ii.  “growth zone” models in which the atomic hydrogen interact with the amorphous
phase within a zone extending a few nm below the growth surface and thus
produces its relaxa\t_ion or chemical annealing [55, 56]

In the pc-SiGe deposition using ECR PECVD, the growth chemistry is even more
complicated than in pc-Si growth. The incorporation of Ge radicals in the plasma makes the
growth chemistry much more complicated. Because of the lower dissociation energy of Ge-H
bond, GeH, is much more easier to break than SiH,. This is why the actual Ge concentration
in the material is usually higher than the GeH4 percentage in the feed—stock gas. Another
issue is that Ge atom is much heavier than Si atom, and hence the surface diffusion mobility
is much lower. Ge atoms are more difficult to find the balanced site to bond and from a
homogeneous network. A lot of defect statés come from the voids and Ge-caused dangling
bonds. How to control the growth process with Ge-incorporated plasma still remains a

challenge to PECVD researchers.

2.3 Device Fabrication
All devices are in the conventional h-i-p configuration. As usual a stainless steel substrate
of 1.5 inches by 1.5 inches is used for device growth. To simplify the process no textured
structures were applied on the substrate. The substrate is cleaned using Acetone boiling and
Methanol ultrasonic before loaded into the growth chamber. Up to 10 times N, purges are
necessary to remove the residual gases in the chamber. The base pressure is on the order of
10”7 Torr for deposition. ppm level TMB is used to compensate the possible O, doping during

the growth process.
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In the pc-SiGe device configuration, they are some certain modifications compared to the
uc-Si device. First of all, the main active layer tends to be accidentally doped although they
are supposed intrinsic. Investigation has revealed that this is because of the very tiny amount
of O leakage from outside the chamber. Therefore, the actual active layer of the cell is
slightly n doped. From now on we call our device structure n*-n-p*. Secondly, the doped n*
and p* layers are in amorphous Si, not a-SiGe or pc-SiGe. This is because we want to counter
vent the doping complexity brought by the incorporation of Ge. Also a wider bandgap
material is needed in the p* layer to allow more sunlight coming into the main absorbing
layer of the cell. Since a-Si is used as the n* and p" layers, buffer layers are necessary to
gradually transit from n* to n and from n to p*. Very thin pc-Si layer in the order of 50-100
nm is used for the n-n transition, and n to p* transition was achieved by lowering GeH, flow

rate gradually. So the real device structure of the uc-SiGe solar cell becomes as in fig 2.2.

ITO

.

p+ a-Si

Buffer
layers

n+ a-Si

FIG. 2.2 The device structure of uc-SiGe:H solar cells

To allow photons coming into the cell, three semi-transparent ITO contact dots of about

0.077 cm® were deposited on the top of p' layer using a DC sputtering system. The



18

deposition temperature was 200C and pressure at 5 mTorr. In this process, an ITO target was
sputtered by Ar+ ions and the atoms sputtered out from the target fall onto the device surface.
About 1% O, was mixed in the Ar gas to compensate the possible loss of oxygen in the
sputtering process. The thickness of the ITO contact used in this experiment was about

2500A.

2.4 Device Physics
As mentioned in the previous section, the solar cell devices are in n+-n-p+ structure.
Buffer layers between n+ and n, n and p+ were used during the fabrication process to achieve

higher device performance. A bandgap diagram of the device structure is shown in fig. 2.3.

P+ N N+
buffer
-
- N
—_—p f\_—

light .............................................................

pc-Si buffer

Fig. 2.3 The band diagram of pc-SiGe solar cell device.

As shown in the band diagram, the buffer layer in the p-n interface was used to grade the
bandgap from small bandgap main active uc-SiGe layer to the wider bandgap amorphous SiC
layer in the front end. The wide bandgap a-SiC material is necessary to let more light

absorbed in the main pc-SiGe layer because the minority carriers generated in doped layers
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usually recombine before being collected. Because of the bandgap discontinuity between a-
SiC and pc-SiGe, holes are very easy to get trapped in the valence band notch if there is no
buffer at the interface. The build in electric field produced by the band bending at this
interface can drive the electrons away from the p layer and greatly enhance the collection
efficiency.

We also used thin puc-Si buffer layer at the back interface(n+-n). There are two purposes
of this buffer layer: 1) the incubation a-Si layer grown right on top of the N+ layer can seal
up the possible shorts on the substrate and increase the shunt resistance of the cell; 2) the pc-
Si layer can provide a built-in electric field and helps drive the holes to the p+ layer.

Both of these buffer layers have been shown very useful to improve carrier transport

through the device and hence the solar conversion efficiency.
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CHAPER 3. SAMPLE CHARACTERIZATIONS

Samples are routinely measured in a timely manner to study the optical, electrical and

structural properties.
3.1 Optical Characterization

Optical characterizations include thickness measurement, optical absorption, infrared
optical reflectance and conductivities. A comprehensive review of optical characterization
methods for semiconductor materials can be found in the literature [57].
e Thickness

Reflectance curves were obtained using a UV/VIS/NIR lamda-9 spectrometer. For
thickness measurement, the wavelength range was chosen to be 1000-2500 nm where the
absorption is small enough and very strong reflective constructive and destructive peaks and
valleys can be determined on the curve. Two adjacent peaks or valleys were located by the

wavelengths and the thickness of the film was determined using the following equation:

A x4
" 2n(A, - 4,)

where A1 and A2 are the corresponding wavelengths of the adjacent peaks (valleys) chosen
for thickness calculations; n is the index of refraction of the sample. For pc-Sij Gey, the
index of refraction can vary by different Ge concentration (different x) and at different
wavelength range. In this experiment, we choose the peaks near by about 1200 nm range for
more precise thickness calculation. The n values of different x can be acquired y obtaining

the reflection spectra and solving for n:
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Avg
where Avg (R) is the average reflection in the long wavelength region.
e Optical absorption |
The absorption spectra were obtained by combining the lamda-9 absorption data and the
dual-beam photo-conductivity method developed by Wronski and co-workers [58]. An
overlap of these two methods at 1000nm — 1100 nm was used to calibrate the two methods
and normalize the absorption curve. For high energy photons (waveléngth range of 500 nm -
1100 nm) the spectrometer data can give precise absorption coefficients because the
absorption is strong. For longer wavelength range, the absorption is not so visible in the
spectrometer data because of the strong reflective interferences. And the absorption data was
this range was measured by the dual beam photo-conductivity method. This method can
accurately measure the absorption below 10*cm™. It utilizes a DC light beam to fix the quasi
Fermi levels and hence maintain a constant carrier lifetime. The DC light continuously
creates electron-hole pairs to keep traps filled and the occupancy of mid-gap states constant.
And an ac light (at 13Hz) of low intensity was superimposed on the DC light on the sample
surface and creates more electron-hole pairs. The frequency of the ac light was generated by
an electrically controlled choﬁper in front of the lenses and it should not be multipliers or
dividends of the room light frequency (50Hz) to avoid light interference. Lock-in amplifier
was used to probe the changing photoconductivity caused only by the ac light. The
absorption in the sample was calculated at each wavelength by dividing the signal by a
reference signal and multiplying by the quantum efficiency of the Si and Ge reference

detector. The absorption coefficient can be further calculated from the known thickness of
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the sample. A schematic of the dual beam photoconductivity measurement instrument used in
this experiment was shown in fig 3.1. A quartz lamp was used as the light source of the ac
light and a monochrometer was used for different photon wavelength. The range was chosen
to be 900 nm to 1600 nm for pc-SiGe films. The chopped light produced the ac light at 13
Hz. Two lenses and a highly reflective mirror were used to focus the light onto the small area
between two contact bars on the sample. Three high pass filters at 700, 900 and 1220nm were
used in the experiment to avoid second harmonics from the monochrometor and maintain the

light intensity at a low level.

lens _
mirror
i —>
Li ght Monochrometer _»X
SOUrce
DC
/ light
y
—1
Lock-in S.B. sample

FIG. 3.1 Dual beam photoconductivity measurement instrument

The absorption curve was plotted against photon energy in a log scale. Like in amorphous
materials, the photon energy where the absorption coefficient o is 10*cm™ is called Eqg.
Amorphous silicon has a Eo4 value about 2 eV and microcrystalline silicon about 1.9 eV.
¢ Conductivity

Conductivities of the films were measured by applying 100 V between the two Cr
electrodes and measuring the current at room temperature (25 °C). Since we know the

dimension of the electrodes and the distance between, the conductivity can be calculated by:
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L I
O=—X—
W Vxr

L is the length of the electrode and W is the distance between the electrodes; t is the
thickness of the film; I and V are the current and applied voltage respectively. The current
can be written in the form of carrier densities as following:
I =gnv= qE(,u”n +,upp)
where E is the planar electric field between the electrodes; p, and p, are the drift mobility of
electrons and holes respectively; n and p are the carrier density of electrons and holes in the
material. Photoconductivity can be expressed in the following format:
0, =Anqu = a(l- Rnry,

where An is the excess carrier density generated by photons; a is absorption coefficient and v
the quantum efficiency; 7 is the lifetime of electrons and ®;, is the incident photon intensity.
Since o is always varying with the photon energy, precise determination is taken using
filtered photons. Also high-energy photons are preferred to obtain the op of the bulk instead
of the sample surface.

We can see the photoconductivity is directly proportional to the current generated by the
light shining. Different conductivity values can be produced by different amount of light
intensity on the same material. In our experiment, the photoconductivity 6. was measured

under 1.5 Air-mass (AMS) lamp. A high photoconductivity is usually an indication of good

quality material with low-level defect states. Dark conductivity is related to the intrinsic
carrier density in the material. In 6p measurement, all carriers are thermally excited if the
film is intrinsic. The ratio of 6, over dark conductivity 6p is called photosensitivity. Intrinsic

amorphous Si or SiGe material has a high photosensitivity up to 10° because of the relatively
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high bandgap of the material compared to microcrystalline counterparts. In uc-Si/SiGe
material, the optical bandgap is shifted to the lower photon energy, and there are much more
intrinsic carriers than in amorphous materials (remember there is an exponential relation
between the carrier density and the negative of bandgap). So for good microcrystalline Si or
SiGe material, the photosensitivity can be as low as 1 because the material itself has a large
amount of carriers comparable to or even higher than the photo-generated carrier density.

An measurement of the dark conductivity at different temperatures gives the activation
energy (Ea). Ea is a measure of the difference between Fermi level to the conduction band

edge. In this experiment, the dark conductivity was measured from 200 °C to 100 °C with 10

°C step. Arrhenius plots of op show activated behavior

c=0 exp( EAJ
=0, _Za
kT

E, is about 0.8 eV for a-Si film, and a lower E, value is expected for microcrystalline
material because of the low bandgap. Accidental oxygen doping can also decrease E5 by

moving the Fermi level upwards.
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FIG. 3.2 Activation energy (Ea) measurement by measuring temperature
effect on dark conductivity of thin film samples.
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3.2 Structural Characterization

Structural characterizations were performed to study the crystallinity and composition of
the samples. Raman spectroscopy and X-ray Diffraction were used to determine the
crystallinity and grain size of both the film and devices. Energy Disperse Spectroscopy was
used to get the compositional information in the samples.
e X-ray Diffraction

X-ray Diffraction was measured using a SIEMENS D500 x-ray diffractometer that is
equipped with a diffracted beam monochrometor and a sample spinner. Cu Ko line
(A=1.542A) with step size of 0.05° of 20 was used for this experiment. Microcrystalline
silicon will show prominent peaks from the (111), (220) and (311) planes at about 28.1°,
47.2° and 55.5° respectively. With incorporation of Ge into the material, these peaks almost
remain at the same locations. The average grain size in the material can be estimated using
Scherrer’s formular:

r=094—2
B,,cos6,
where By is the full width in radians at half maximum intensity, if film is thick enough

compared to the wavelength of the x-ray photons used.

e Raman Spectroscopy
Raman spectroscopy is the measurement of the wavelength and intensity of inelastically
scattered light from molecules. The Raman effect arises when the incident light excites

molecules in the sample which subsequently scatter the light. While most of this scattered
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. light is at the same wavelength as the incident light, some is scattered at a different
wavelength. This inelastically scattered light is called Raman scatter. It results from the
molecule changing its molecular motions. |

The energy difference between the incident light (Ei) and the Raman scattered light (Es)
is equal to the energy involved in changing the molecule's vibrational state (i.e. getting the
molecule to vibrate, Ev). This energy difference is called the Raman shift.

Ev=FEi—FEs

Several different Raman shifted signals will often be observed; each being associated
with different vibrational or rotational motions of molecules in the sample. The particular
molecule and it's environment will determine what Raman signals will be observed. A plot of
Raman intensity vs. Raman shift is a Raman spectrum. For pc-Si, the Raman peak is at 520
cm™' associated with the transverse optical (TO) mode of crystal silicon, whereas signals of a-
Si appear around 480 cm™. In actual uc-Si film we can see both the 520 cm™ sharp peak and
the 480 cm™ amorphous bump due to the existence of amorphous grain boundaries. For pc-
SiGe material, there are three Raman peaks associated with three different bonding
conditions: the Si-Si peak at around 510 cm™, the Si-Ge peak around 400 cm™ and the Ge-Ge
peak around 300 cm™. The actual locations of these peaks can shift with different Ge

concentration due to the stress produced by Ge atoms in the material.
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Raman Shift of yc-SiGe:H film with 40% Ge
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FIG. 3.3 Raman shift of pc-SiGe:H thin film with 40% Ge

In this experiment a Micro Raman Spectrometer with an Ar+ laser source was used. Itis
possible to compare the different area on the sample by focusing the laser light on different

sites.

e Energy Dispersive X-ray Spectroscopy

EDS is also sometimes referred to as EDXA (energy dispersive x-ray analysis) or EDAX
(energy dispersive analysis of x-rays). EDS operates by using a crystal of silicon or
germanium to detect the x-rays. Each photon generates multiple electron-hole pairs equal in
total energy to the energy of the photon (each pair has a fixed energy determined by the
crystal). A voltage is applied to the crystal to separate the electrons and holes so that the

charges appear as a small step-change in voltage. Pre-amplifiers and amplifiers process the
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signal and pass it to a multi-channel analyzer (analog-to-digital converter) so that the x-ray
spectrum can eventually be displayed as a histogram of x-ray intensity as a function of
energy.

The EDS samples are thin films of ~1um deposited on stainless steel substrate.

3.3 Electrical Characterization
Electrical characterizations include I-V, C-V and quantum efficiency measurements for
devices. The minority diffusion length can be estimated by combining the QE and C-V

measurements.

e I-V characteristics

I-V behavior is one of the most important measurements for solar cells. It directly tells
how good the device is and gives some information about where the problems are, if there
are some. Our experiment used an ELH quartz lamp operating at 115 V, 2.4 Amp as the light
source for I-V measurement. A typical I-V curve of a solar cell is shown in fig 3.4. In this
figure, V. is the open circuit voltage, I is the short circuit current of the cell and FF is the

fill factor.
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I-V characteristics of solar cell device
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FIG. 3.4 a typical I-V curve of solar cell device

From the equivalent circuit model we discussed in chapter 2, the current-voltage of a

solar cell can be written as:

1V)=1 ':exp( Z:T) -1} ~1,(v)

where I is the saturation current of the diode; A is the diode factor. I is the photo generated
current, also called short circuit current .. It depends on the spectrum of the incident light

and the collection efficiency. It can be written as following:

I, =4 (L= R)Q(E)S(E)E
where R is the reflectance, S(E) is the spectrum of the incident light and Q(E) the collection
efficiency of the solar cell.

The open circuit voltage, Voc, can be obtained from the previous two equations letting

I(V) = 0. therefore we get
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v, = AT ln(’_u 1]
q

5

If we simplify the diode saturation current by

W
Is zﬁ’lL__d_ ,
2T

we can get

q q T 2q

,I ’ E
Voc = Eln[-I—LJ ~ E{ln(g)—ln(";/d JNe Nvﬂ+-i

Wd is the depletion width of the diode junction the n; is the intrinsic carrier density. So the
bandgap E, is the most significant factor to change V.. Other factors affecting Voc include
carrier lifetime, sample thickness and interface surface recombination rates etc.

Fill factor (FF) is the ratio of maxim power output to L.V.. This gives the real
performance of the device used as a power source. High quality pc-Si solar cells can reach
FF of 70% with V. of 0.5V or higher. The V. and FF are both functions of the material
quality of the active layer of the cell, the interface properties and the engineering of the cell
designing. Dangling bonds or other defects in the solar cell can trap and recombine the
photo-generated carriers and greatly reduce V. and FF. Accidental doping in the active layer
also decrease the lifetime of carriers and less carrier collection can be obtained.

Actual solar cell efficiency can be calculated by the ratio of maxim power output to the

total illumination power.

e (C-V characteristics
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The n"-n-p" can be approximated as a one-sided n-p* junction since the p+ doping is

much higher then the doping in n layer. Most of the depletion region is in the lightly doped n-

side.
(a) (b)
W,
P+
+—>
p n n*

FIG. 3.5 (a) stucture schematic of a solar cell device; (b) the band diagram of the p+ layer
and the n layer of the microcrystalline solar cell device

When a reverse bias is applied on the junction (negative voltage on the p+ side), the
depletion width increases and the depletion capacitance decreases. By measuring the
depletion capacitance, one can calculated the depletion width and the doping level by the

following equations:

A 20y, +V,)
C, gN €

In the measurement, a small ac signal of 100 Hz was superimposed on a DC voltage
applied on the sample. It is notable that in amorphous materials, the band tail states which are
deep below the conduction band do not respond to standard measurement frequencies unless

extremely low frequency (as low as 10*Hz) or very high temperature is used. Since the pc-
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SiGe bandgap is generally below 1.1 eV, the mid-gap deep state levels are only about 0.5 eV
from the conduction band. A frequency of 100 Hz should be able to pick up all the defect and
donar density [16].

According to Kimmerling Model, deep states give a different depletion width than
shallow states even if they respond at the frequency of measurement, and low voltages pick
up shallow states which are mainly donars. At high reverse voltages the deep state and
shallow state depletion width approach each other and then gives both deep and shallow

states.

~ & Quantum Efficiency (QE)

Quantum efficiency is defined as the ratio of number of collected carriers to the number
of photons incident on the sample at a particular wavelength. It tells about how well the
device absorbs photons at different wavelengths and how well the photo-generated carriers
can transport through the device and get collected by the contact electrodes. The collection
efficiency is reduced by the internal and surface recombination of carriers during the
transport process. Also any problems in the device design that may inhibit collection of
photo-generated carriers, such as hole trapping at the p-I interface, or the the valence band
notch because of bandgap mismatching from amorphous silicon N+ layer to the active N
layer, can be uncovered. From the QE dependence on the wavelength, such as the QE peak
position, one can have an idea of the composition of the active layer.

A typical QE plot of nc-SiGe device is shown in Fig 3.5. the QE peak locates at 500-600
nm, which is close to a-SiGe device. But the long wavelength range QE values are

significantly higher than in a-SiGe because of the greatly enhanced absorption in pc-SiGe.
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Absolute QE can be estimated by using a laser (~620 nm) source setup as the illuminating
light source. Comparing the current generated by the laser dot on the standard cell and the

current on the sample cell, we can estimate the absolute QE.
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FIG. 3.6 QE of uc-SiGe device compared to uc-Si device showed enhancement of QE in the
long wavelength range. The better QE of pc-Si device indicates the better p-i interface in pc-
Si device

e Minority carrier diffusion length (L)

There have been several reports on the minority diffusion length measurement of
microcrystalline materials and devices. Most well known of them are the Steady State
Photocarrier Grating (SSPG) method for thin film samples [59] and Surface Photo Voltage
(SPV) method for device samples [60]. However in the SPV method the sample was assumed

to be infinitely thick. In this project a new method was developed for the estimation of

minority carrier diffusion length in pc-SiGe p-i-n device.
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The minority carrier diffusion length of pc-SiGe:H device was estimated by combining
the reverse-biased C-V measurement and the QE measurement. Samples were measured
using C-V at various reverse bias conditions and the depletion widths were calculated out.

A diagram of a solar cell under light shining is shown below. The quantum efficiency of

the cell can be calculated by:

=W,

f o _Li aLP —-Lr—(l+aLp)
QE=aW, + [a(Ae e 7dx = oW, + l—e &

+al

0 D
The first term is the collection in the depletion region by assuming all holes generated in the
depletion region are swept to the p* contact and collected. The integral term is the QE of
holes generated below the junction. If the thickness of the cell is much greater than the
depletion width, which is usually the case in our samples, we can simplify the expression of

QE by approximating the integral term:

QF = -
=aW, +
a 1+al

P

Experimental QE results are compared to this theoretical QE calculation to get the Lp
values. Note this method is only a theoretical estimation of the minority diffusion length
because of several reasons: (1) the thickness must be at least three times larger than the
depletion width; (2) surface recombination is not considered in the calculation; (3) must use
long wavelength photons to avoid the requirement for & which is usually unknown in the

experiment. A typical L, measurement plot is shown in Fig 3.7
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FIG. 3.7 Minority carrier diffusion length is measured from the QE (800 nm) change with
reverse bias. The theoretical QE data calculated using this Lp value fit the experimental QE
very well.

After the calculation of Lp we need to go back to the assumptions to see if all the
assumptions are satisfied. If either of the assumptions is not met the calculation is not valid.
Generally our device thickness are around 1.1 um while the Lp were measured to be less than
0.4 um. For most of the devices Lp<<t can be satisfied. If we use 800 nm QE data to estimate

Lp, the aLp<<1 can also be satisfied.
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CHAPTER 4. RESULTS AND DISCUSSIONS

4.1 Film Results

All the thin films samples are measured using the characterization methods discussed in
chapter 3. These films are grown at 350 C using hydrogen plasma. The microwave power is
kept 200W for all depositions and the thickness of the film samples ére about 0.8 um thick.
4.1.1 Ge concentration

pc-SiGe:H films of yarious Ge concentrations were deposited on glass substrates using
ECR PECVD at different deposition conditions, such as different H, dilution rate Ry (Ry =
- (SiH4+GeHy)/H; ) and different GeH,/SiH, flow ratios. Notice that to better control the SiH,
and GeHy flow rates, 10% SiH, and 20% GeHy diluted in H, were used in the experiments.
The H, from the SiH; and GeH4 flows were included in the Ry and GeHy/SiH, ratio
calculations. The real Ge concentrations are calibrated by EDS measurement. The EDS
results of samples deposited at different GeHy/SiH, flow rates are shown in fig. 4.1. In the
low Ge% region (< 20%), the actual Ge% is the same as the GeHy/(SiH4+GeH,) gas flow
ratio. As more GeHy percentage in the source gas mixture, the Ge% becomes more than the
GeH, ratio in the source gas. In the plot 60% GeH. actually produces over 70% Ge in the
material. This can be explained from the different bonding energies between Si-H and Ge-H.
The former bond has much higher bonding energy than the latter, and therefore more Ge
related radicals are produced in the plasma and contribute to the film growth. Another
possible reason of the higher Ge% is that the relatively heavier and easier to form Ge clusters

in the volume and increases the Ge concentration.
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Table 4.1 briefly lists the films’ deposition conditions and their optical properties. The
activation energies are between 0.13 eV to 0.27 eV range, which is much lower than E, of
amorphous SiGe films as shown in ref [61]. Because E, is basically the measure of
difference between E; and E., the increase of E, with the GeH4/SiH, ratio indicates less

crystallinity with the incorporation of Ge into the material. This is confirmed by the UV

FIG. 4.1 EDS results of pc-SiGe:H films.

reflection data shown in fig 4.2.
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Table 4.1 Properties of uc-SiGe:H films at various deposition conditions

GeH, | SiH, E, | En
Sample # | (20%) | (10%) | GeHySiH, | (eV)| (eV) G,/Gy
5995 0 50 0.00 0.13] 1.9 1.04
5996 5 50 0.13 0.16 | 1.93 1.81
5997 5 35 0.18 0.17 | 1.9 1.12
5983 5 25 0.26 0.19 | 1.87 272
5987 5 15 0.43 0221184 9.44
5989 8 15 0.69 0.22]1.73 5.70
6006 12 15 1.03 027 ] 1.6 5.51
6029 12 12 1.29 0271 1.5 1.80
6028 15 12 1.61 0.29 | 1.48 1.47
Reflection of yic-SiGe:H thin films
e | 0% Ge
80 ——20% Ge

% Reflection

200 250 300 350 400 450

Wavelength (nm)

FIG. 4.2 The UV reflection curves of pc-SiGe:H films with different Ge%.
The reflectance peak at about 270 nm is becoming flatter as the
Ge% increases, indicating the worse crystallinity of the films.
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The conductivities of pc-SiGe:H films are on the order of 10°-107 S/cm which are
slightly lower than the 10" S/cm of pc-Si:H material, and the.photosensitivity values are in
the range of 1-10, and also much lower than the photosensitivities of amorphous SiGe films.
Not that the electrical properties are affected not only by the Ge concentration but also by
other factors such as crystallinity, grain size, impurity concentration and hydrogen content.

It is as expected that the optical absorption in long wavelength range is enhanced by
increasing the Ge concentration. Fig 4.3 shows the different absorption curves of puc-SiGe:H
film compared to the absorption of uc-Si films. With about 50% Ge incorporated, the pc-

SiGe:H material shows about 10 times the absorption as in pc-Si material.

Optical absorption of uc-Si and uc-SiGe

1000000

e DIBYOT UX-Si
& 2//6006 uc-SiGe

100000
o
-

10000

1000 : , ; : :
1.2 1.4 16 1.8 2 2.2 2.4

Photon Energy (eV)

Fig. 4.3 Absorption curves of pc-SiGe films with about 50% Ge compared to
the absorption of pc-Si thin films. It shows the enhanced absorption in
uc-SiGe:H films than pc-Si:H in the whole range.
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The optical bandgap shrinks with Ge%. Fig 4.4 shows the trend of Eo, with relation to the
GeH./SiH, flow ratio. The Eo, badgap changes from about 2eV for pc-Si:H to below 1.5 eV

for nc-SiGe:H with about 75% Ge incorporated.

E04 vs GeH4/SiH4
2.2
2
L J
. ¢ * ¢ .
S 1.8
L *
S
o 16 *
¢ .
1.4
1.2 r " r
0.00 0.50 1.00 1.50 2.00
Ge H4/SiH4 flow ratio

Fig. 4.4 Optical bandgap EO4 of mc-SiGe:H films at different Ge
concentrations. The bandgap shrinks almost linearly with Ge% in the
material.

The Raman spectroscopy of uc-SiGe:H thin film is shown in fig. 4.5. The top Raman
peak is sharp and located around 520 cm’',which is the characteristic peak of crystalline Si.
Because there is amorphous phase in the microcrystalline material, the Raman spectrum
shows a bump at 480 cm’l. As the Ge% increases, this Si-Si peak moves toward the lower
wavenumber direction because the Si-Si bonds receive tensile and compressive stress due to
the difference between the bond length of Si and Ge. For the same reason, the Ge-Ge peak
moves toward higher wavenumbers as Ge% increases. The small bump at around 300 cm’
locations is due to the amorphous phase of Ge clusters of small volume in the material. As

the Ge% further increases, another peak at about 400 cm™ becomes more and more dominant
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and this peak is attributed to the Si-Ge bond in the material. At the same time we notice the
Si-Si peak height decreases and further shifts toward the Si-Ge peak. In the 40% Ge spectra
the Ge-Ge peak at 300 cm™ becomes sharp, indicating long-term ordered Ge-Ge bonds are
formed in the material structure. As the Ge concentration is increased to over 55%, the Si-Si
peak disappears and the Ge-Ge bonds become the most dominant bonding configuration in

the material.

Raman Shift of pc-SiGe films

—o— 6587Si

e 5997 ~20% Ge
—a— 5989 ~40% Ge
-3¢ 06029 ~55% Ge
—#— 6028 ~65% Ge

100

Wave number (cm'l)
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Fig. 4.5 Raman spectra of mc-SiGe:H thin films of various Ge concentration. The Si-Ge
and Ge-Ge bondings become more and more dominant as the Ge concentration is
increased in the material.

X-ray diffraction results shows (111) at 20 ~ 28° is the dominant orientation of the

crystals grown on stainless steel substrate. The two other XRD peaks at 47° and 55° can also

be seen in the spectrum shown in fig 4.6. The grain size of the crystals is estimated ~100A

from the (111) peak.
XRD of ye-SiGe film 2/6375

250
200
= 150

8 100 (111)

20
220) (311)
50 , '
0
10 20 30 40 50 60 70
20

Fig. 4.6 X-ray diffraction spectrum of pc-SiGe:H thin film grown on stainless
steel substrate. The dominant crystal orientation is (111).
4.1.2 H, dilution
The hydrogen dilution ratio is one of the most important deposition parameters for pc-
SiGe:H growth. It has been confirmed by Raman spectroscopy in this project that high H2
dilution causes more crystalline material. As mentioned in chapter 1, some other groups
obtained pc-SiGe:H material using RF PECVD deposition but at the extremely high H2

dilution rate (>100). It is shown in fig. 4.7 that high H2 dilution rate causes reduced growth
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rate for the pc-SiGe:H deposition. In this experiment by using ECR PECVD we achieved
much higher growth rate at lower H, dilution rates than reported by other groups. The mc-

SiGe:H films show microcrystalline properties even deposited at dilution rate as low as 1/15.

Growth rate of uc-SiGe:H at different Ho dilution ratio
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Fig. 4.7 Growth rate of mc-SiGe:H material at different H2 dilution rates. It is shown
higher H2 dilution (lower SiH4+GeH4/H2) greatly reduces the deposition rate
of mc-SiGe:H.

The effect of H2 dilution has been discussed by several groups for microcrystalline
material. There are multiple roles of atomic hydrogen in the formation of pc-Si [62] as:
i.  The hydrogen coverage of the growing surfaces enhances the diffusion of the
adsorbed redicals as SiHx (x=1,2,3) [63]

ii.  The weak Si-Si bonds at the growing surface are etched out by hydrogen radicals
and crystallization takes place when chemical equilibrium between deposition and
etching is attained.[64]

iii.  Energetic atomic hydrogen penetrates into several layers below the top surface

and promotes the network propagation reaction [65] by (a) dangling bond



44

compensation, (b) weak bond breaking and reconstruction of strong Si-St bonds,
(c) strain relaxation, and (d) giving chemical potential to the growing surface by
breaking the Si-H bond which is an exothermic process, thereby leading to
structural reorientation for attaining energetically favorable configuration and
hence microcrystallization.

In our pc-SiGe:H case, the role of hydrogen dilution is even more complicated because
more types of radicals are involved during the process. Generally the hydrogen coverage on
the surface enhances the diffusion of the film forming precursors and helps to reach the
energetically favorable sites. Hence the resulting film is homogeneous containing less active
defects. This is especially important for the diffusion of Ge radicals because of they are
heavier than Si radicals. This is .why a higher H2 dilution rate is required for the
crystallization of pc-SiGe alloy. The growth rate data indicates the hydrogen radical assisted
etching of the amorphous part also helps in the formation of microcrystalliation.

In our experiments of device deposition, a high hydrogen dilution ratio was used in the
uc-Si buffer layer to increase the nuclei density and initiate the crystallinzation. To grow a
microcrystalline layer on a foreign substrate requires a neucleation process prior to the real
growth. It has been reported for pc-Si:H grown on glass substrate or on other amorphous
substrate such as a-Si:H included a necessary incubation amorphous silicon layer of about
100A before the onset of microcrystalline growth. In our experiment this incubation layer is
also observed for nc-SiGe:H samples grown on amorphous silicon and on glass substrates.
This incubation amorphous layer can impact both the film properties and the performance of
solar cell devices using a-Si in the n* layer. To improve the crystallinity of the active layer in

uc-SiGe:H device in our experiment, a thin pc-Si “buffer” layer is deposited on the a-Si n+
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. layer prior to the deposition of the real pc-SiGe layer. There are several reasons for this and
results have shown the advantages on both the material growth and the carrier transport. This
issue will be discussed in detail. As soon as the crystallization is initiated, the high hydrogen
dilution ratio is no longer required. We start the real pc-SiGe growth on top of these
crystallized sites and the crystallinity can still be maintained at hydrogen dilution ratio as low

as 1:15.

4.2 Device Results

Devices are prepared using Phosphors doped a-Si layer as the n* layer grown on stainless
steel substrates. The thickness of this n+ layer is about 0.1 um. uc-SiGe:H is the active layer
of the devices and it is deposited on top of ihe n+ layer. Since the n+ layer is also deposited
in the same chamber as the active layer, a lot of purging and evacuation steps are needed
between the deposition of these two layers and an over one hour dummy layer grow a thick
and hard SiC layer on the chamber surface with the shutter closed to cover the residual
dopant atoms and prevent them from coming into the devices. The experiment calibrated the
growth rate of each set of deposition process before using the parameters for device growing
so that the thickness of all deviges are controlled to be close to 1.0 um. As mentioned before,
all the devices used a thin pc-Si buffer layer between n and the real uc-SiGe active layer. The
main purpose is to complete the nucleation and initiate the crystallinization in this buffer
layer and hence we could decrease the hydrogen dilution in the following real active pc-
SiGe:H layer. It has been confirmed by the device performance that this buffer layer is
extremely important both for the crystallinity of pc-SiGe:H in the device but also for the

device engineering itself such as shunting the possible shorts on the substrate.
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For most of the uc-SiGe:H solar cell devices a fill factor over 55% was achieved. A I-V

curve of a pc_SiGe:H device with 40% Ge is shown in fig. 4.8.
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FIG.4.8. 1-V characteristics of a nuc-SiGe device with 40% Ge. It shows Voc of
0.393 V and FF of 57%.

4.2.1 Devices with various Ge concentration

It has been discussed in the previous sub chapter that the bandgap of pc-SiGe material
shrinks with the Ge concentration. As shown in fig. 4.9, Voc and FF also decreases with the
Ge concentration in the active layer of the cell. The decrease of Voc is mainly due to the
decrease of the material bandgap of the active pc-SiGe:H layer with increasing Ge
concentration. The defects created by the Ge atoms in the material also caused the decrease
of Voc. The reducing FF indicates the worse transport of photo-generated carriers in the
device. For the cells with less than 35% of Ge incorporated, the FF are over 55%, and this is
a good achievement for pc-SiGe:H solar cell devices, which may suggest ECR PECVD is a
better choice than regular RF PECVD technique. Also worth to note is that the H, dilution

rates used in the growth of all devices are in the range of 1:20 to 1:50, much lower than
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reported by other groups using RF PECVD technique, and therefore much higher deposition
rates were obtained in this projects. The advantages of using ECR PECVD may come from
the high density and low ion energy features. The high density plasma may have enhanced
the growth rate while the ions with relatively low energy bring less bombardment to the

growth surface and cause less defects in the material.

Voc and FF of uc-SiGe‘H of different Ge%
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FIG. 4.9 The change of Voc and FF with different GeH4/SiH4 flow ratio in the mixture
source gas.

In fig. 4.10 the device normalized QE is plotted for different Ge concentrations. The
curve on the bottom of the plot is the QE of a pc-Si device for comparison. The QE of pc-
SiGe:H cell is much higher in th-c longer wavelength range than pc-Si device. The long
wavelength (low photon energy) QE values shift higher for devices with more Ge%. The QE

at 800 nm was plotted for a better comparison in fig. 4.11.
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QE of pc-SiGe:H devices with different Ge%
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FIG. 4.10 Quantum Efficiency of uc-SiGe:H devices with different Ge concentration.
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FIG. 4.11 The comparison of device QE at 800 nm shows increase of QE with the Ge
concentration in the active pc-SiGe:H layer.
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4.2.2 pe-Si buffer layer effect on pc-SiGe:H device

The pc-Si buffer layer was grown on top of the n+ layer before the growth of real pc-
SiGe active layer. This design of the device turned out to be very beneficial to the solar cell
performance. Fig 4.12 shows the different device I-V characteristics of two devices with and
without this pc-Si buffer layer. The device with pc-Si buffer layer shows much better

performance than the sample without buffer layer in all aspects including Voc, Isc and FF.

Effect of pc-Si buffer layer on device
performance
' - - - -6389n0
—— mc-Si
T ——— buffer
0.6 - e 5401 with
mc-Si
< buff
E urrer
0.2 1
T \
-0.2 .0 0.2 O\ 0i6
\'

FIG 4.12 pc-Si buffer layer effect on uc-SiGe device performance. The device with the
buffer shows much better performance than the one without buffer layer.

The different behaviors of device with and without pc-Si buffer between n+ and active n
layer can be understood in two aspects. First, during the sample growth, because of the
higher hydrogen dilution rate in this buffer layer, the thin pc-Si buffer layer completes the
necessary nucleation and initiate the crystallization process. Therefore the puc-SiGe layer was
actually grown on a crystallized surface instead of on the amorphous n+ layer. This

microcrystallized surface fastened the crystallization in the pc-SiGe and improved the
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. microstructure. Also importantly is that the hydrogen dilution rate can be lowered down
significantly after the nucleation completed in the buffer layer, and the actual growth rate in
the pc-SiGe can be greatly increased by decreasing the hydrogen while keeping good
crystallinity in the material. Constantly good devices were successfully made by this means
at a relatively higher growth rate. Secondly, this buffer layer actually started with a thin
incubation layer from the amorphous n+ layer and passivated the shorts on the substrate and
hence increased the shunt resistance of the device. In this way the performance of the solar

cell device could also be greatly improved.

4.2.3 Carrier transport in devices

All pc-SiGe devices with 30% were sélected to investigate the carrier transport. The
device properties are listed in Table 4.2. The total device thickness is about 1.1 um. Doping
levels in these devices were intentionally changed by including different amount of ppm
level TMB into the source gas mixture during the deposition process. The H2 dilution rate
was maintained at 1:25 and pc-Si buffer layer is used between n+ and pc-SiGe:H layers.
Deposition temperature is kept at 350 °C for the pc-SiGe:H layer in the devices.

The results showed Voc’s in the range of 0.37 to 0.39 V and FF about 45% to 57%.
Since there is no Ge% or H2 dilution change between these devices, the different cell
performances can only be attributed to the different carrier transport. The change of QE at

800 nm also confirms the different carrier transport in these devices.
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Table 4.2 Results of uc-SiGe devices with 30% Ge

sample # | t(um) | Voc(V) Isc(mA) FF(%) |QE (800nm)| Nd (cm™)
6372 1.08 0.377 0.797 55.1 0.066 2.08E+17
6373 1.06 0.388 0.84 50 0.077 1.66E+17
6374 1.04 0.373 1.18 51.6 0.119 6.95E+16
6376 1.06 0.392 0.995 51.7 0.068 1.08E+17
6379 1.05 0.388 0.691 56.6 0.08 3.07E+17
6380 1.11 0.387 0.81 55.2 0.105° 2.09E+17
6384 1.14 0.398 0.851 52.3 0.066 1.44E+17
6389 1.08 0.381 0.742 44.7 0.0745 1.56E+17
6401 1.2 0.395 0.799 57 0.067 1.74E+17
6412 1.16 0.388 0.981 55.6 0.079 9.70E+16
6413 1.15 0.397 0.877 55.7 0.073 1.30E+17
6414 1.1 0.38 0.987 55.2 0.092 7.27E+16
6415 1.19 0.372 1.13 529 0.105 5.51E+16

C-V measurements show that the doping levels are significantly different in the n layers
of the devices, ranging from 5E16/cm’ to over 3E17/cm’. Fig 4.13 is plotting the doping
level in the n layer with the TMB flow rate during the deposition of pc-SiGe:H layer. More
TMB can compensate the accidental O doping in the deposition process and decrease the

doping level in device.
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Nd vs TMB flow rate
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FIG. 4.13 Doping level in pc-SiGe n layer decreases with TMB flow rate suring
deposition.

Fig. 4.14 shows the relation between short circuit current and the TMB flow rate. By
increasing the TMB flow rate from 20% to 60%, the sort circuit current increased by about
40%. This is a significant change since the output power of solar cell is directly related to
how much current the cell provides to the load.

Table 4.3 pc-SiGe device Nd and Lp results
sample # |Nd Lp

6372  |.0SE+170.13
6374  [6.95E+16 0.3
6376 1.08E+17 [0.21
6401 1.74E+17 0.17
6413 1.30E+17 .21
6414  [71.27E+16 0.3

6415 5.51E+16 0.38
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FIG. 4.14 Short circuit current with TMB flow rates

The minority carrier (hole) diffusion length was estimated by the combined QE and C-V
method described in the previous chapter. A summary of the Lp results is shown in table 4.3.

As shown in fig 4.15, minority carrier diffusion length of the cells incfeased from 0.13
um to 0.38 pm while the doping level dropped from over 2E17cm™ to 5.5E16cm™. The
decrease of L, with increasing N4 suggests more recombination centers are created by the
accidental oxygen doping in the devices. The oxygen doping can affect the hole diffusion by
two means: 1) the defect produced by the oxygen atoms can be an effective recombination

center for holes; 2) the increased electron density in the material decrease the hole lifetime.
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FIG. 4.15 Increased doping in the n layer reduces the diffusion length of minority carrier.
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CHAPTER S SUMMARIES AND CONCLUSIONS

Although there have been a lot of work accomplished or on going for uc-Si:H, there was
very few reports on pc-SiGe:H material. The main reason is the difficulty to obtain pc-
SiGe:H samples of good quality at reasonable growth rates. In this work, a different growth
technique - ECR PECVD is used to deposit pc-SiGe:H material using hydrogen plasma. It is
found that the growth rate can be greatly enhanced by taking advant'age of the high plasma
density and low ion energy features of ECR and extremely high hydrogen dilution ratios are
no longer necessary for uc-SiGe:H growth. Films with good crystallinity can still be obtained
at hydrogen dilution ratio as low as 1:15. This is very encouraging for the commercialization
of nuc-SiGe:H solar cell devices.

For the first time ever, an intensive study has been completed for the pc-SiGe:H with a
full Ge% range. EDS shows the actual Ge concentration is higher than the GeHs percentage
in the source gas mixture. The optical bandgap shrinks with the incorporation of Ge into the
material. The increase of activation energy and photosensitivity indicates the deterioration of
crystallinity by bringing Ge to the Si struture and this has been confirmed by Raman spectra.

Solar cell devices using pc-SiGe:H as the active layer were deposited on stainless steel
substrates. Fill factors over 55% were achieved for pc-SiGe devices with less than 35% Ge.
As In amorphous silicon germanium, the device performance deteriorates as more Ge is
incorporated. An buffer layer between n+ and pc-SiGe:H n layer was used in the device
design and this buffer layer revealed to be very beneficial to the device performance because
the neucleation process is completed in this buffer layer and the real growth of pc-SiGe:H on

top of crystallized Si layer is greatly fastened.
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Measurement of fundamental material properties in devices such as donor density, deep
defect density and diffusion lengths of minority carriers were completed for the first time
ever in microcrystalline solar cell system. C-V measurements were used in this project to
discover the doping levels in the active n layer of the devices. It is found that the accidental
oxygen leakage can raise the doping level to the order of 1E17cm™. ppm level TMB can be
mixed in the source gas to very effectively reduce the N-type doping brought by oxygen.
Short circuit current can be increased by the TMB counter doping.

The minority carrier diffusion length was estimated from reversed bias QE and C-V
measurements. In the gc-SiGe:H devices fabricated by ECR PECVD, the hole diffusion
~ length is several tenth micrometers. The transport of photo-generated carriers in the solar cell
devices are investigated in this project and it is found that accidental doping in the pc-SiGe:H
detertorates the device performance by decreasing the minority carrier diffusion length.
Compensating doping of TMB can increase L, and improve short circuit current, and hence
improve the conversion efficiency of solar cell device.

In summary, this project has succeeded in making good quality pc-SiGe:H material and
solar cell devices of various Ge concentrations at improved deposition rate using ECR
PECVD technique. Carrier transport was studied in the devices and accidental doping plays a

key role in microcrystalline device performance.
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