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ABSTRACT

Hydrogenated amorphous silicon germanium films (a-SiGe:H) and devices have been
extensively studied because of the tunable band gap for matching the solar spectrum and
mature the fabrication techniques. a-SiGe:H thin film solar cells have great potential for
commercial manufacture because of very low cost and adaptability to large-scale manu-
facturing. Although it has been demonstrated that a-SiGe:H thin films and devices with
good quality can be produced successfully, some issues regarding growth chemistry have
remained yet unexplored, such as the hydrogen and inert-gas dilution, bornbardment ef-
fect, and chemical annealing, to name a few. The alloving of the SiGe introduces above
an order-of-magnitude higher defect density, which degrades the performance of the a-
SiGe:H thin film solar cells. This degradation becomes worse when high growth-rate
deposition is required. Preferential attachment of hydrogen to silicon, clustering of Ge
and Si, and columnar structure and buried dihydride radicals make the film intolerably
bad. The work presented here uses the Electron-Cyclotron-Resonance Plasma-Enhanced
Chemical Vapor Deposition (ECR-PECVD) technique to fabricate a-SiGe:H films and
devices with high growth rates. Helium gas, together with a small amount of Hj, was
used as the plasma species. Thickness, optical band gap, conductivity, Urbach energy,
mobility-lifetime product, I-V curve, and quantum efficiency were characterized during
the process of -pursuing good materials. The microstructure of the a-(Si,Ge):H material
was probed by Fourier-Transform Infrared spectroscopy. We found that the advantages
of using helium as the main plasma species are: (1)High growth rate. The energetic he-

lium ions break the reactive gas more efficiently than hydrogen ions. (2) Homogeneous



growth. Heavy helium ions impinging on the surface promote the surface mobility of
the reactive radicals, so that heteroepitaxy growth as clustering of Ge and Si, columnar
structure are reduced. (3)Surface hydrogen removal. Heavier and more energetic helium
ions break the Si-H much easier than hydrogen ions. The preferential attachment of Si-H
to Ge-H is reduced. We also found that with the small amount of hydrogen put into the
plasma, the superior properties of a-(Si,Ge):H made from pure hydrogen dilution plasma
were still maintained. These hydrogen ions help to remove the subsurface weakly bonded
hydrogen and buried hydrogen. They also help to passivate the Ge- dangling bond.
High-quality material was successfully fabricated with the ECR-PECVD technique
at high growth rates. Defect density lower than 2 x 16 cm™3eV ™!, Urbach energy less
than 48 meV, and high mobility-lifetime were achieved. High-performance devices were
made in the final state by using the optimal material we made. The device we made
with 1.47 eV band gap has a fill factor of 64%. With the graded band gap and graded
doping techniques, 70% fill factor was achieved when the band gap was graded from 1.75

to 1.47 eV. We also got 68% fill factor with the band gap graded from 1.75 to 1.38 e\



CHAPTER 1. OVERVIEW

In the past years, the physics and technology of hydrogenated amorphous silicon (a-
Si:H ) have reached a degree of maturity which has made possible the use of this unique
semiconducting material for an increasing number of applications [1]. Together with
this development there has also been a growing demand for novel materials which are
compatible with the present amorphous silicon technology. Therefore, the possibility
of alloying amorphous silicon with other elements such as oxygen, nitrogen, carbon, or
germanium has attracted more and more attention [2. 3]. Notably, amorphous silicon-
germanium alloys(a-(Si,Ge):H ) have been of much interest for the production of efficient
solar cells, since the optical gap of these alloys can be easily tuned to match the solar ra-
diation spectrum. Some other key features that make a-Si:H and a-(Si,Ge):H attractive

photovoltaic materials are:

1. They have a very high optical absorption coefficient (> 10°cm~!)over the majority
of the visible spectrum, making extremely thin film (0.1-0.5 pm) devices possible,

which implies low manufacturing cost.

2. A rather simple low-temperature deposition process can be used to coat uniformly

an extremely large area.
3. The raw materials, i.e. silicon, germanium and hydrogen are abundant.

4. The material can be easily doped both p-type and n-type using boron or phospho-

rus sources, respectively.



5. Without the constraints of atomistic periodicity, amorphous materials can be de-

posited onto any foreign substrates with nonepitaxial heterostructure junctions.

6. Since the dangling bonds of amorphous a-Si:H or a-(Si,Ge):H could be compen-
sated by hydrogen or fluorine, it might be possible to decrease the localized state

density.

1.1 Physics of a-(Si,Ge):H alloys

Several deposition processes, such as CVD, PECVD, Photo-CVD, reactive sput-
tering, and others, can be used to produce amorphous silicon and amorphous silicon
germanium for solar cells. In these techniques, hydrogen is either added or released
during processing and incorporated into the deposited film. Hydrogenated films contain
about 1 to 40 atomic percentage of hydrogen and are generally denoted by a-Si:H or

a-(Si,Ge):H . Significant efforts have been made to study the physics of these materials.

1.1.1 Structure

In a perfect crystalline silicon structure, all four covalent bonds of an atom are sat-
urated, and no unpaired spins show up in the ESR measurement. Structural models of
covalently bonded amorphous silicon showed that the average number of next neighbor-
ing atoms is lower than four, so a certain fraction of atoms is only co-ordinated with
three or less nearest neighbors. This model is called the continuous random network {1}
as shown in Fig. 1.1.

In this tetrahedral network model, silicon atoms bond covalently to four neighboring
silicon or germémium atoms with small deviations of the bonding lengths and angles from
those of the crystalline material. The accumulation of the deviations eventually destroys
the symmetry of the structure. Some Si or Ge atoms only have a coordination number of

three, leaving one unpaired electron, which is known as a dangling bond. These dangling



Figure 1.1 Illustration of continuous random network

bonds will act as recombination centers which are detrimental to solar cell performance.
It was shown in the literature that before being passivated by hydrogen, the number
of dangling bonds is about 102° — 10** cm™3, while after the passivation, the number
drops dramatically to about 7 x 10! em™? for the best a-Si:H [4]. Both dangling bonds
and deviations of the bonding lengths and angles will contribute to the formation of a

continuous energy distribution of density of states.

1.1.2 Density of states

In order to obtain more insight into the electronic properties of amorphous silicon
germanium, it is important to determine the distribution of the trap states in the band

gap. Fig. 1.2 shows an electronic density of states of a-(Si,Ge):H obtained by Stutzmann

[5].



D~ (Ge)

D~ (Si)

DP(Ge)

DY(S¥)

Figure 1.2 DOS in a — Sig;Geos : H [3]

The lack of long-range order and distortion of the covalent bonds of fourfold co-
ordinated neutral silicon atom in amorphous structure gives rise to a gradual, approxi-

mately exponential decrease of the density of states, so called band tails, given by

Ey - FE
Nrc = Ngoexp VE (1.1)
Nty = Nygexp E E_’. Ev (1.2)

E.v and E,. are the characteristic widths of the conduction and valence band tails.
The typical values for good a-Si:H are E,=42-45 meV, E,;,=26 meV [6]. These reverse
values of the slope of the band tails are also called the Urbach energy, which can be
used to determine the quality of the material. Low Urbach energy implies less disorder,

which is a very important property of amorphous materials.



Adjacent to the band tail states are several deep-level bands in the lower and upper-
half of the band gap, which are considered to be related to dangling bonds of mainly
threefold co-ordinated silicon and/or germanium atoms. It is mostly assumed that the
upper levels (D~(S%) or D~(Ge)) correspond to the negatively charged dangling bonds,
while the lower levels correspond to the positively charged or neutral dangling bonds.

It is believed that the degradation in properties of a-(Si,Ge):H alloys with decreasing
band gap is due to the increasing micro-structure defects by the incorporation of Ge into
the material. Mahan, Raboisson, and Tsu [8] suggested that in the case of Ge alloying
of a-Si:H , there is a recombination channel other than through midgap defects and they
correlated this excess recombination with the presence of microstructure (local disor-
der) as detected by infrared (IR) vibrational spectroscopy. Features such as columnar
structure, void volume fraction, void size distribution, void shape, and heterostructure,
although of micrometer scale, are often included in the concept of microstructure as
well. Many of these attributes are interrelated, such as dihydride content and void frac-
tion, clustered hydrogen and dihydride bonds, and clustered hydrogen and void fraction.
Another aspect of poor structure is the presence of weak Si-Si, Si-Ge, Ge-Ge, Si-H or
Ge-H bonds. For a-Si:H films deposited from silane, strained or weak Si-Si bonds may
constitute 6-8% of all Si-Si bonds [7]. Breaking such bonds in films as a result of envi-
ronmental factors, such as high temperature or light, deteriorates film quality because
of an increase in dangling bond density; and such bond breaking may be the cause for

the light-induced and thermally-induced instabilities.

1.1.3 Electrical and optical properties

Although a-(Si,Ge):H is currently the best low-band gap material, it has much poorer
electrical and photoelectric properties than a-Si:H (for example, reduced photoconduc-
tivity and photoluminescence, and increased midgap density). The photoelectric prop-

erties deteriorate with increasing Ge content, and the deterioration proceeds rapidly as



the Ge content of the alloy exceeds 40% (corresponding to a band gap of approximately
1.5 eV) [2].

The optical and electrical properties of a-(Si.Ge):H are directly related to the Ge
content of the alloy; as the Ge content, x, of a — Si;_,Ge, : H increases from zero to
100%, there are some principal findings [2, 9, 10]. (1) As x is increased , the energy gap,
Eq, decreases linearly. (2) As x is increased , the magnitude of the photoconductivity
response decreases rapidly.(3) As x is first increased to about 0.37, the magnitude of
the sub band-gap absorption increases, until the effect is obscured at small values of the
energy gap. (4) As x is increased, the infrared-vibrational-absorption spectra changes in
a way suggesting structural alterations. (5) As x is increased, the space-charge limited
current (SCLC) measurements suggests an increase in midgap DOS with increasing Ge
content. The typical characteristics of a-Si:H and a-(Si,Ge):H under normal growth rate,

especially prepared by glow discharge CVD, are listed in Table 1.1 [26].

Table 1.1 Some properties of typical a-Si:H and a-(Si,Ge):H

Property a-Si:H a-SiGe:H
Bandgap 1.7to 1.8 eV 1.0to 1.7eV
Urbach energy 42 to 50 meV > 45 meV

Photoconductivity 10™% S/ecmto 107 S/cm  10™° S/cm to 10~7 S/cm
Dark Conductivity 107 S/emto 10~ S/em 1072 S/cm-10"!!' S/cm
ut (hole) > 1078 cm?/V 1078 to 10719 cm?/V

1.2 a-(Si,Ge):H application in solar cells

Hydrogenated amorphous silicon germanium alloys (a — Si;_.Gey or simply a-SiGe:H)
are , so far, the only type of low-band gap materials used in multiple-junction amorphous
silicon solar cells. The reason for the interest in multi junction devices is their potentially
higher conversion efficiency than that of single-junction devices. For example, to achieve

high efficiency in a-Si:H tandem cell structure with the high band gap material being



~!

the standard 1.75 eV a-Si:H, the low-band gap material should have an optical band
gap of less than 1.5 eV, preferably as I+ as 1 2 eV. Thus the higher-energy portion of
the solar spectrum is absorbed by the top cell while the longer wavelength spectrum s
absorbed by the low gap bottom cell. In a-Si:H single junction cell, the low energy part
is wasted due to the low absorption coefficient. Fig. 1.3 shows the band diagram of the

p-i-n devices(Fig. 1.4).

straight band gap graded band gap

n i P

Figure 1.3 Band diagram of the a-(Si,Ge):H devices

P layer

I layer

N layer

Substrate

Figure 1.4 Structure of a typical p-i-n device

The solar cell devices in this project are fabricated on rough stainless steel substrates
and are all p-i-n type, with light entering from the p side. The device structure consists of
a thick back n a-Si:H layer (about 300-600 nm), followed by a thin graded-gap buffer layer

which varies the band gap from that of a-Si:H to that of a-(Si,Ge):H . Next, an i layer



of a single band gap is deposited to the required thickness. This is followed by a thin,
graded-gap buffer layer to increase the band gap from a-(Si,Ge):H top* —a — (Si,C) : H
layer. A semi-transparent Cr contact completes the structurefll]. The light penetrates
the p layer and is absorbed in the i layer. Electron-hole pairs are excited by the incident
photons. Under the internal electric-field, the electrons are swept to the n layer and

holes to the p layer. Thus the photo current is generated.

1.3 Literature review

Plasma-assisted chemical vapor deposition (CVD), also know as glow-discharge depo-
sition, has become the most common technique used in the deposition of hydrogenated
amorphous silicon(a-Si:H ) material for semiconductor device applications. The best
quality a-Si:H to date is deposited by the glow-discharge technique. Such material has
high photosensitivity(~ 1 x 107), low Urbach energy (42 meV), low midgap density of
states (2 x 10'® cm~3), and low electron-spin-resonance spin density. However, the con-
ventional glow discharge deposition method has its limitations, including low deposition
rates and poor-quality low-band gap alloy materials. In addition, there has been very
little real improvement in recent years in the defect and photo-stability properties of
glow-discharge-deposited a-Si:H films.

M. Stutzmann and co-workers have used RF-glow discharge CVD techniques to pro-
duce a-Si:H materials [5]. These samples were deposited in a capacitively coupled diode
reactor. Pure SiH; and GeH; were employed as the reactive gases and, where applicable,
were diluted with He, Ar, or Ho. Microprobe, Raman, FTIR ,PDS, NMR as well as ESR
were performed to characterize the materials.

By studying the optical properties, the authors claimed that the density of midgap
defect states acting as recombination centers increases strongly with increasing germa-

nium content. The optical gap varies approximately linearly with the alloy composition



x (for Si;_.Ge,). The extent of the band-tail states, as deduced from the optical data
is only weakly dependent on the alloy composition. It increased by about 30meV from
pure a-Si:H towards a — Sig5Gegs : H (maximum chemical disorder).

Electron Spin Resonance (ESR) was used intensively in this research. It was shown
that the decrease in the photoconductive properties of SiGe alloys with decreasing optical
gap is mainly caused by the increase in the Ge dangling bond density. One has to find a
way of avoiding preferential Ge deposition. Strong dilution in inert gases together with
high power levels could help, however, they believed that ion bombardment would allow
the deposition of high quality materials. Thus, it appears that other approaches are
necessary for the deposition of good alloys.

A research group in United Solar System Corp. has produced SiGe:H films and
devices by triode RF CVD [14]. The advantage of the triode configuration is that
bombardment the radicals and dilution gases can be controlled. Ion bombardment of
the film growing surface by applying an electric bias is known to be an effective way to
modify the filim growth mechanism. By controlling the flux and energy of the impinging
ions, reactive species can be energized to find a favorable site and form a denser network.

Both a-Si:H and a-SiGe:H single junction p-i-n devices were deposited in a multi-
chamber reactor using conventional RF plasma-enhanced CVD and triode CVD. In
this study, gas mixtures of Si,Hg + H> and Si;H¢ + GeH; + H, were used for device
depositions, respectively. They have shown that positive ion bombardment does indeed
have a beneficial effect on a-SiGe:H deposition at high growth rates. These materials
have poor quality since the impinging species do not have enough time to find stable
sites. In the diode mode, no appreciable bias effect is observed on the SiGe alloy cells.

However, z;ccording to Matsuda, ion bombardment was detrimental to the film qual-
ity [15]. In their experiments, diode and triode reactors were used for comparison. In the
triode system, the glow-discharge plasma is produced only between the cathode and the

mesh electrode. The substrate electrode is electrically grounded, and a minus dc bias is
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applied on the mesh electrode against the substrate electrode. Thereby, ionic species are
prevented from penetrating the mesh towards the substrate and the RF glow-discharge
plasma is completely confined between the cathode and the mesh. By keeping the dis-
tance between the mesh and the substrate electrodes longer, radicals having shorter
lifetimes such as SiH, (x=0-2) and GeH, (x=0-2) are eliminated through many colli-
sions and only longer-lifetime radicals, SiH3 and GeH; can reach the substrate surface,
namely, the deposition by long-lifetime radicals is realized, which is supposed to result
in more uniform films.

The photo and dark conductivity measurements gave different results for the two
different systems. The photoconductivity of the diode film showed a rapid decrease with
decreasing band gap, while the photoconductivity of the triode films is approximately two
orders of magnitude higher. The infrared transmittance spectra of the films deposited
by the two systems were also studied. The SiH, dihydride stretching-mode absorption
as well as the SiH, scissors-mode absorption were clearly observed at 2100 cm™! and
around 850 cm ™!, respectively, in the diode film. while none of them were in the triode
film. It indicates that the preferential attachment of H to Si atoms is fairly relaxed on
the triode film.

From the discussion above, Matsuda’s and Stutzmann'’s results gave opposite conclu-
sions on the ion bombardment effects. There is a lot of other literature which also gives
controversial conclusions as well . Further experiments in our research are necessary.

Hot-wire CVD is also known as catalytic thermal CVD [18] or evaporative surface
decomposition. It gained much attention in recent years on high-growth-rate depositions.
In this technique, the silane feed gas is decomposed by pyrolitic and catalytic reaction
on a heated ﬁlament at a temperature of 1300-2600°C. The silicon atoms deposited
on the filament are then thermally evaporated onto the substrate located only a few

centimeters away from the filament. Hydrogen atoms are also generated at the filament

surface by thermal and catalytic dissociation of silane and hydrogen molecules. The
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substrate temperature is 200-300°C', which is similar to that used by conventional glow
discharge deposition. The actual deposition is governed by a constant, the pressure
distance (PD) product.

This PD product rule makes some issues on deposition. The PD product is typically
around 30 mT - cm. When the distance(D) is large, polymerization of radicals occurs
before they reach the substrate, while if the distance is short, the temperature of the
substrate is heavily affected by the hotwire, since the hotwire is around 1500°C but
the substrate is only 200-300°C. And, uniformity of the film is hard to achieve due to
the short distance from the filament to the substrate. Another big problem with the
hotwire is that there are no ions in these reactions; thus there is no beneficial effect
of ion bombardment, especially for GeH;. Matsumura {25] claimed that they got high
photoconductivity at band gaps of 1.40 -1.45 eV. However, this result is questionable,
since the tungsten-wire contamination is a big issue in hotwire deposition. And last,
the preferential attchment of H to Si than to Ge is much more prominent in the films

prepared by hotwire, which means that there are more Ge dangling bonds.

1.4 Scope of research

In light of the current state of research on a-(Si,Ge):H solar cells, this research is
focused on the following issues.

Deposition rate is one of the important factors to increase the throughput and reduce
the capital cost for photovoltaic production as previously mentioned in section 1.1. It
is even more crucial for a-(Si,Ge):H because of the large amount of materials used in
the solar cells and the high cost of germane gas. The best a-Si:H -based solar cells
are made at a deposition rate of about 1 A/s. Presently, the properties of the high-
deposition-rate (greater than 1 A/s) materials remain inferior to those deposited at 1

A/s. The efficiency of the high-growth-rate solar cells, as a consequence, is lower than
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that of those made at 1 A/s cells. High growth rate materials, solar cells, and growth
mechanisms have received great attention because of the technical importance. Various
deposition techniques such as electron cyclotron resonance, microwave, modified-VHF,
and HWCVD have been examined [1'. 17, 19.. but cnly a little work has been done.
Hot-wire CVD is a promising method provided that we can solve the PD limitation
and no ion problems which are addressed in the previous section. Another method used
in our group is the ECR-PECVD [20]. By varying the growth condition and looking
inside the growth chemistry, high-growth-rate with high-quality materials and solar cell
devices are expected.

By using the ECR-PECVD to achieve high growth rate, the ion bombardment is
inevitable since inert gas such as helium is used. As mentioned in the last section,
Matsuda and Stutzmann’s group had different results on the ion bombardment effect.
In recent years, Guha [22] and Sugiyama [21] pointed out that the ion bombardment is
beneficial only when the material is less than optimum and heavy bombardment is detri-
mental to the properties of material due to the bombardment-induced defects. However,
if we don’t apply the ion bombardment effect, how can we know that the material can
not be further optimized? One goal of this project is to study how to get optimized
material with the help of ion bombardment. Unlike the regular growth-rate deposition,
less hydrogen is used in the high-growth-rate process. However, hydrogen dilution has
proved to be an important factor affecting the properties of the a-(Si,Ge):H materials
[23, 24]. Little work has been done on the high growth rate which is believed to be
much worse due to the smaller hydrogen dilution. Then another purpose of this research
is to investigate the hydrogen-dilution effect; how does it affect the properties of the
materials. .

As summarized in previous sections, the quality of the materials can be characterized
by three types of important measurements: the Urbach energy, the space-charge limited

current (SCLC) and Fourier-transform infrared spectroscopy (FTIR). The Urbach energy
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deals with the band tails; the SCLC characterizes the density of midgap; and the FTIR
gives a rough image of the microstructure in the materials. In this research, these three
types of measurements were systematically performed. Other important measurements
such as conductivity and u7 product are investigated as well.

The ultimate goal of this research is to fabricate high-performance a-(Si,Ge):H devices.
Various straight band gap and graded band gap devices were made with different Ge
content combining the hydrogen dilution and ion bombardment control to obtain good

a-(Si,Ge):H devices under high-growth-rate.
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CHAPTER 2. SAMPLE PREPARATION

2.1 ECR PECVD system

In recent years, electron cyclotron resonance (ECR) plasma sources have been widely
used in plasma and ion beam technologies. The growing interest in ECR CVD technol-
ogy is motivated by the unique features of the ECR plasma which are superior to those
of conventional RF plasma sources used in PECVD. Fig. 2.1 is a schematic of a typical
syvstem adopted by NTT [27]. A divergent magnetic field generated by coils sur-
rounding the plasma excitation chamber extracts charged species of the plasma from
the excitation chamber into the deposition chamber. The feed-stock gas is introduced
in the deposition chamber where the extracted energetic gas species decompose the feed
gas (indirect feed-gas decomposition). The excitation chamber operates as a microwave
cavity resonator. The magnetic flux density in the excitation chamber is controlled to
achieve the circular motion of electrons (ECR) in a region inside the excitation cham-
ber. The plasma production efficiency is enhanced by satisfying the ECR condition, in
which the electron cyclotron frequency (the frequency of the circular motion) is equal
to the microwave frequency [27]. More than 70% of the microwave power is absorbed
by the plasma. The microwave power required to sustain a stable plasma is reduced
by one order of magnitude with respect to non-magnetically confined plasma. A mi-~
crowave plasma operating under ECR conditions can increase the dissociation rate of
molecular gases with the presence of high-energy electrons, while the gas temperature

remains low because of inefficient energy transfer between electrons and heavier parti-
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cles. The frequency of the microwave energy source is 2.45 GHz, which gives a resonance
for 874-Gauss magnetic flux density.

Both the electron density and the electron temperature for ECR-CVD are high com-
pared to those of a conventional RF glow discharge. The minimum gas pressure allowing
the generation of plasma is much lower under ECR conditions than under conventional
RF discharge. This is because the threshold pressure strongly decreases (by almost an
order of magnitude) as the magnetic field approaches the ECR condition.

The advantage of the ECR microwave remote plasma CVD compared to convention
glow discharge deposition are (1) efficient energy transfer from the microwave field to
the plasma; (2) Easy control of the ion energy (typically 10-50 eV) by the gas pressure to
avoid high-energy particle bombardment of the growing films. Thereby it produces less
stress in the film and less damage to the growing surface; (3) High utilization of feed stock
gases; (4) better control of the dissociation of the deposition gas; (3) lower operating
pressures, which may lead to cleaner processing; (6) lower substrate temperature; (7)
reduced powered electrode effects, such as contamination, self-biasing. and hot electron

generation; (8) high ionization ratio and (9) high plasma density.

2.2 Growth chemistry

Growth chemistry plays a major role in the deposition of high quality material using
plasma deposition [11]- [33]. For high growth rate deposition, one cannot make a good
material without acknowledging the growth chemistry. For example, very high growth
rates were obtained with the hot wire technique [34], but the degradation of high
quality hot wire devices is significantly worse than the degradation of devices deposited
using the glow discharge technique at lower growth rates. Similarly, one can get very
high growth rates with a thermal plasma technique, but the device quality is still not

very good. Achieving high growth rates with standard plasma deposition techniques,
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particularly for a-(Si,Ge):H , presents problems related to stability and poorer device
properties [35] as well, which is usually related to the presence of a high void density. Y.
S. Tsuo at NREL found that films deposited with He dilution of SiH; and GeHj have
higher mobility lifetime product (u7) and longer diffusion length (Lg4) [36]. Similarly,
according to our research efforts, the a‘ldition of inert gas br:nbardment by mixing H
and He or H and Ar in a remote ECR plasma system has been shown to improve the
device properties at high growth rates. The fundamental questions that arise then are
why is it that some techniques seem to work better than others, and how to improve the
growth rates while maintaining device properties.

In the ECR PECVD system, there are several reactions near the surface of the

substrate:

e+ SiH; «—— SiH;+ H*
e+ SiHy —— SiH,+ H*
e+SiH, — SIH+H*
H* + SiH, —— SiH3;+ H,
e+ SiHy «—— SiH;+ H*
e+GeHy; — GeH;+ H™*
e+ GeHy —— GeH,+ H*
e+ SiH, —— GeH + H*

H* +GeHy «— GeH;+ H,

It is believed that SiH; and GeHj; are dominant and the most important radicals (90%).
They have higher surface mobility and low sticking coefficients. If the content of other
radicals, such as SiH, , SiH, ,GeH; or GeH, , is high in the plasma, the surface will be
rough and many dangling bonds and microvoids will be formed [4].

The standard model of a-Si:H growth according to Matsuda [37], Perrin [38], and
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Gallagher [39] states that the growth of a-Si:H and a-(Si,Ge):H is limited primarily by
surface diffusion of a radical such SiH; . When this radical finds an open site, it bonds,
and H is eliminated by breaking of Si-H bonds and subsequent cross-linking of neighbor-
ing hydrogens’ bonded to adjacent Si atoms. However, a silyl radical bonded to a surface
Si is relatively stable; it is almost like a silane molecule. There is no reason for a Si-H
bond to break from such a surface-bonded radical at typical growth temperatures since
the bond breaking energy is around 2.5 eV. Therefore, some other mechanism must be
responsible for removing this H. V. Dalal [32] improved this model. He suggested that
the primary consideration which determines the growth of high quality a-Si:H and alloy
films is not surface diffusion per se, but rather the removal of surface hydrogen, and
this removal takes place not by reactions between neighboring H bonded to adjacent
Si atoms, but rather, by extraction of hydrogen by H radicals and inert gas ions. A
high H dilution leads to a significant concentration of H ions and radicals impinging on
the surface, and these remove the bonded H. The H ions also penetrate deeper into the
lattice, and remove some more bulk H. The role of inert gas ions. such as Ar and He is to
break the surface H bonds. thereby creating a dangling bond. and allowing another silyl
radical to insert itself. The inert gas ions do not penetrate deep into the substrate, but
H ions do. If the surface hydrogen is not removed, and Si not cross-linked, the bonded
Si-H structures get buried, new material grows around it, and a microstructure with a
significant void concentration and clustered silicon-hydrogen bonds form in the lattice.
Such microstructure then leads to rapid degradation.

With the addition of Ge, the degradation becomes worse due to the microstructures
mentioned in the previous sections. It is believed to arise from the following reasons: (1)
Growth from rﬁany radicals; the inhomogeneous growth leads to poor microstructures.
(2) Ge is heavier than Si, so the surface mobility of Ge is very low. This results in the
heterostructure epitaxy. (3) The Si-Si bond (2.3 eV) is stronger than Ge-Ge bond (1.9

eV), so there is a preference for incorporation of Ge over Si, similarly, the Ge-H bond
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(2.99 eV) is weaker than the Si-H bond (3.35 eV), so there are more Ge dangling bonds.

The question that arises is: how does one improve the quality of a-(Si,Ge):H alloy
under high growth rates? Most experiments suggest that the fundamental limitation on
the growth of good-quality a-Si:H is how rapidly the excess H is eliminated from the
surface. Ion bombardment is also critical for improving the mobility of radicals on the
surface, particularly for the case of a-(Si,Ge):H . Bombardment by inert gas ions can
enhance the elimination of excess H at the surface, thereby reducing the probability
of forming microvoids in the films. So far, the basic techniques are hydrogen dilution,
biased substrate (ion bombardment control), inert gas dilution (high growth rate, ion

bombardment) and, of course, some basic process control, such as temperature and

pressure control.

2.3 Modeling of solar cell device
2.3.1 Device configuration

The basic structure of a p-i-n device is discussed in the previous chapter. The detailed
structure is illustrated in Fig. 2.2. The process of device fabrication is called layer by
layer (LBL) technique. The I2 layer is the dominant layer, which absorbs most solar
energy while I1 is a thin and graded SiC layer. The functionality of the I1 layer can be
divided into three categories: (1) The transition layer, which smooths out the band gap
and lattice mismatch with the p* layer which is also SiC. (2) The boron blockage layer.
The p layer is heavily doped with boron, and boron diffusion can cause very serious
problem in modern semiconductor process. For example, extra boron will introduce
defective states in the lattice. Fortunately, SiC is a very good at blocking the diffusion
of boron. (3) High electric field. There is no doubt that the interface (p to i) is very
defective which means that the recombination around this region is very high. The high

electric field caused by a graded band gap could sweep out the excess carriers faster, in
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other words, reduce the probability of recombination close to the interface.

The p layer is also a combination of three thin layers (P1, P2, and P3). In general, the
purpose of P1 is similar to I1 but it is doped with boron. The P2 layer is a low resistivity
microcrystalline layer. According to the circuit model, high resistivity will limit the
output of the solar cell and consume energy. By using high mobility microcrystalline si,
the series resistance is greatly reduced. P3 is also heavily doped with boron to form a
better ohmic contact with Cr metal on top. In this project, a Cr film instead of ITO
is used as electrode. This 100 Alayer will let 20% light through. Above the Cr dot is a
thin and 1000 Athick aluminum bar that acts as a probe point to protect the Cr layer

from been punched through during the electrical measurement.

Cr Contact

Stainless steel Substrate

Figure 2.2 Detailed structure of p-i-n substrate solar cell

2.3.2 Device modeling

The equivalent circuit of the device is shown in Fig. 2.3.2. The ideal model does
not include the shunt and series resistor. JL is the current source which simulates the
generation of t':he photocurrent in the p-i-n junction. The series resistance is due to the
bad p layer or bad metal contact on top of the p layer. The low shunt resistance is
caused by the poor properties of the i layer, such as midgap density and microstructure.

Generally, every device has shunt and series resistance. This research goal, in terms of
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the circuit model, is to reduce the series and increase the shunt resistance. This model
will be used in the later charpter for improving the performance of solar cells.
Rseries

L

JL %Z f Load

Rshunt

Figure 2.3 Equivalent circuit model of p-i-n device
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CHAPTER 3. MATERIAL AND DEVICE
CHARACTERIZATION

The chemical, structural, and electronic properties of the a-(Si,Ge):H films and de-
vices made in this work have been characterized using a variety of techniques . Quan-
titative and qualitative measurements of the a-(Si,Ge):H films were obtained using a
UV/VIS/NIR X — 9 spectrometer, FTIR, dual channel lock-in amplifier, and HP X-Y
recorder. Material properties that were measured include the film thickness, growth
rate, Tauc band gap, Eq¢q band gap, conductivity, hydrogen bonding, absorption coeffi-
cient, Urbach energy, and electrons ut product whereas the solar cell devices properties

that have been measured include the [-V curve, quantum efficiency, defect density, holes

ut product.

3.1 Film characterization methods

Film characterization techniques were used to obtain the properties of the a-(Si,Ge):H thin
films. The film properties measured through optical characterization include the thick-
ness, the conductivity, the absorption, the subgap absorption, the bonding present, as
well as the Eg; and Tauc band gaps. A comprehensive review of optical characterization

methods for sémiconductor materials can be found in the literature [40].
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3.1.1 Thickness

The thickness of the silicon films can be determined from the period of the oscillations

in the transmission versus the wavelength curve in the 1000 to 2500 nm region by using

the equation
] AN
= = 170 3.1
S IAEN T I - %)’ G

where i is the number of complete cycles from A, to A; which are the wavelengths of

peaks of the i cycles. Fig. 3.1 shows the transmission of films which can be used to

extract the thickness.
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Figure 3.1 Thickness extraction by transmission spectroscopy

The index of refraction of the amorphous sample is assumed to be 3.5-3.6 over this

wavelength range. For a — Si;_,Gey , the index varies with x and can be extracted from
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a lookup table or an empirical curve. It is also possible to acquire a more accurate value
for the index of refraction by obtaining the reflection spectra of the film and solving for
n; in the expression

2

(s + 1ol 52

where Avg(R) is the average reflection in the non-absorbing range. Although the index

of refraction varies with wavelength, its variation within this range is small enough to

be considered a constant value.

3.1.2 Optical band gap

The spectral region of major interest for a semiconductor is in the vicinity of the
absorption edge, since it can provide information on the optical gap, Eg, as well as on
the density of states within the gap. Fig. 3.2 illustrates the absorption coefficient versus
photon energy. There are three major regions of interest. A. B and C, as indicated in
Fig. 3.2; these are discussed below and in the next subsection.

In considering region A we recall that in crystalline materials there are two types
of optical transitions that can occur at the fundamental absorption edge, direct and
indirect. Both involve the absorption of an electromagnetic wave by an electron in the
valence band that is raised above the forbidden gap to the conduction band. However,
indirect transitions involve the simultaneous interaction with phonons. For indirect band

material, the absorption coefficient is given by
ahw = B(hw — E,)", (3.3)

where n=2 or 3, depending on whether the transition is quantum mechanically allowed
or forbidden (;Actually, it’s more complicated than this). The prefactor B is a constant
which is determined by the intrinsic properties of the material. Equation (3.3) is gen-
erally used for a-(Si,Ge):H alloys with n=2 and implicitly assumes parabolic bands and

equal matrix elements for all optical transitions for photon energies in excess of the band
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Figure 3.2 Absorption constant, a, as a function of photon energy E deter-
mined from direct measurements of optical density.

gap. Optical band gap deduced by this equation is called the Tauc energy [41] (Eiauc)-
Etauc can be determined by plotting (afiw)!/? as a function of the energy of the incident
photons, hw which is shown in Fig. 3.3. This plot yields a straight line which can be
extrapolated to the x-axis to determine the Tauc gap. Amorphous silicon typically has a
value of 1.75 eV for E,,,c whereas a-(Si,Ge):H tends to have various value from 0.9-1.7eV
depending on the content of germanium.

Another parameter for characterizing the optical band gap is called Eg;. Fig. 3.4
is a typical absorption curve measured by the Perkin Elmer lambda 9 UV/VIS/NIR
spectrometer. The knee of the absorption curve typically occurs around a(E) = 103 to
10%cm™! which is denoted as the Eq3 or Eq; energy gap, respectively [42]. The difference
between Egy and Eg..c is that the former is thickness independent. Typically, there is

0.15-0.2 eV difference between them.
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()

Figure 3.3 Tauc energy derived from absorption coefficient

The absorption coefficient as a function of wavelength can be calculated using the

following expressions for the absorption and transmission as a function of the wavelength

of the incident photons

T(A) = (1 — R(\))e™aMeE, (3.4)
I 1 -
A(A) = log)o T: = logyg T_(,\T (3:5)

where A()) is called optical density, T()) is the transmission and ¢ is the thickness of
the film, and a(A) is the absorption coefficient. The absorption coefficient as a function

of the wavelength can be calculated by combining the expressions for A(A) and T(\)

and solving for the value of a()\), which is found to be

21In(1 — R()\)) + 2.303A(\)

a(A) = :

(3.6)

The Perkin Elmer Lambda 9 UV/VIS/NIR spectrophotometer was used to measure the

reflection, transmission, and absorption characteristics of the a-(Si,Ge):H films that were
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Figure 3.4 EO04 energy derived from absorption coefficient

deposited in this work. The films were deposited onto Corning 7059 glass to perform
measurements using the lambda 9. The transmission spectra of the films were measured
from 1000-2500 nm, and the reflection and optical density spectra were measured over

the 400 to 1100 nm range.

3.1.3 Urbach energy

Most amorphous semiconductors also have an exponential region B, as shown in
Fig. 3.2. This region is referred to as the "Urbach tail” {43] and several mechanisms
have been proposed to explain it, such as band gap variations due to density fluctuations,
broadening of. the band edge, or the presence of excitonic states induced by internal
electric fields. Al Jalali et al. [45], from electro-absorption studies of a-Si:H, suggested
that the absorption edge reflects the tailing of states into the gap region due to the

fluctuations of bond lengths and bond angles. In addition, they proposed that the
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transition probability changes rapidly in the absorption tail as the energy states become
increasingly localized. It has also been suggested by many authors [41]- [44] that this tail
could arise from electronic transitions between (localized) states in the band-edge tails,
the density of which is assumed to fall off exponentially with energy. The expression is

already described as equation 1.1 1.2 which is repeated here,

a = agexp EZET—E;’. (3.7)

The two-beam photo-conductivity sub-band gap absorption technique developed by
Wronski and co-workers [46], accurately probes the absorption sub-gap states below a =
102cm™!. Since the majority of films prepared by the ECR-CVD technique are less than
10 pm thick, thin film geometry limits the accurate determination of a from absorption
and reflection data taken by the spectrophotometer to a’s greater than 102 cm™!.

This two-beam photo-conductivity technique utilizes a DC light beam (or low fre-
quency room light) to fix the quasi Fermi levels (and hence carrier lifetimes), while an

AC light beam of low intensity probes the photoconductivity of the sample (see Fig.

3.5). More specifically, the DC beam continuously creates electron-hole pairs that
Light Coupler
r Lens
Mirror
Source Monochrometer —
: DC light

Triax Cables —\' Y /
Lock~in J

Amplifier

Sample

Figure 3.5 Apparatus for measuring sub-band gap absorption coefficients
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keep the traps filled and the occupancy of the mid-gap states constant. This fixes the
lifetimes of the photo-generated carriers. Meanwhile, the AC beam superimposes on the
DC beam and thus modulates the creation of additional electron-hole pairs that can be
detected by a lock-in amplifier. This photo-generated signal can be used to determine
the absorption coefficient. To enhance the measured signal, a bias of 8 volts is placed
across the sample to improve the transport of electron-hole pairs. The absorption coef-
ficient is 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.

In the experimental apparatus shown in Fig. 3.5, the source is a white light and the
monochromator is used to change the wavelength of the incident photons. The range
of wavelengths used in the measurement is 600nm to 1600 nm for a-(Si,Ge):H films.
Chopping the output of the monochromator at 13.5 Hz creates the AC beam. This
frequency produces a square wave and reduces the noise due to ambient light. High
pass optical filters are added at 700, 900 and 1220 nm to reduce second harmonics
from the monochrometer and to prevent photons of shorter wavelengths from reaching
the sample. The AC beam is collimated using two lenses and focused down onto the
sample between the probe contacts with a mirror. Since the lifetime of the electron-
hole pairs is constant, due to the DC light, the photo current corresponds directly to
the absorption coefficient. Also, since the signal is detected with a lock-in amplifier
only the photo current corresponding to the chopper frequency is detected. The Urbach
energy is obtained by plotting the a(log scale) vs. energy. For a-(Si.Ge):H , since we do
not know the exact composition, the curves are normalized by assuming the absorption
coefficient at Tauc gap is about 1500 cm™!. In this measurement, we assume that the
mobility ﬁfetir;le product (u7 ) of excess carriers are constant, so that the photo current
is proportional to the absorption coefficient. In order to maintain a constant ur, or in
other words, a constant excess carrier density, a neutral density filter was added where

the incident photon energy is close to or above the band gap, since in that range. the
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absorption is prominent and more excess carriers are generated. The film quality can be
qualitatively determined by the Urbach energy. Usually, good films have small values.
For example, the best a-Si:H film has 42 meV, while the best a-(Si,Ge):H varies from 45
meV to 51 meV. Fig. 3.6 shows the absorption curve deduced from this method. The
fluctuation of the curve is due to the thickness interference which can be smooth out

using moving average method.

The region C in Fig. 3.2 is due to the mid-gap states absorption.
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Figure 3.6 The abosorption coefficient vs incident photo energy

3.1.4 Conductivity

The photoconductivity measurement in our lab is performed by measuring the photo

current under 1.5 Air-mass (AMS) lamp. The following equation is used to exact the



conductivity:

L I
W V-d (38)

where L/W is the length to width ratio of the metal contact, d is the thickness of the

Oid =

film and V the applied voltage and I the photo current. Carriers in good films have
less probability to be trapped so that the photoconductivity is large. The ratio of the
photoconductivity to dark-conductivity is called the photo-sensitivity. Photo-sensitivity
is sometimes used to determine whether the material is amorphous or microcrystalline
since our ECR-PECVD is capable of making both of the samples. Microcrystalline ma-
terial has smaller photosensitivity because it has a large intrinsic conductivity (dark
conductivity). The photosensitivity also can help us to determine a material is contami-
nated (doped) or not because doping produces excess carriers, so that it has higher dark
conductivity. However, the photosensitivity is the same or lower because of the defects

introduced by the doping will reduce the lifetime of the excess carriers.

3.1.5 Quantum efficiency mobility and life-time product (nur)

The photo-conductivity normalized against the actual amount of light absorption is
equal to the product of the quantum efficiency, the mobility and the lifetime product.

The simplest form of photoconductivity can be expressed as

oph = Angp, (3.9)
where
An=G-1=a(l — R)nTdin, (3.10)
In other words,
Oph = a1l — R)inqnut. (3.11)

Here, ¢;, is the amount of incident photons and G is the generation rate. Due to the

large amount of surface absorption, the conductivity measurement is not accurate if
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not taken under filters. A band-pass filter can only let specific range wavelength light
pass through which can be calibrated through a standard reference cell. If the passed
photons’ energy is higher than the band gap of the film, the bulk absorption coefficient

is also much large, so that the effect of surface absorption is reduced or minimized.

3.1.6 Fourier-transform infrared (FTIR) measurement

Fourier-transform infrared spectroscopy is a very informative tool to inspect the
composition, the microstructure, and the content of materials. It is used in our lab
to determine the H contentand the silicon-hydrogen and germanium-hydrogen bonding
configurations. When photons in the mid infrared range with wavelengths ranging from
5 to 50 um are incident on a hydrogenated silicon or silicon germanium film, the photons
may be directly absorbed at the band features, by phonons, free charge carriers, or im-
purities. In the mid-infrared region, the interaction with the sample results in rotational
and vibrational transitions of the atoms or molecules. The wavelength of the absorption
peak corresponds to specific chemical bond and mass of atoms. The spectral distribution
of the absorption peaks of various silicon-hydrogen and germanium bonding modes has
been identified by Brodsky [47], Shanks {48], and Cardona [12]. Fig. 3.7 depicts some
typical bonding configurations in a-Si:H . These configurations can be roughly catego-
rized into three modes: (1) the Si-H and SiH, stretching mode (2000-2100 cm™!), (2) the
SiH; and SiH3; bond bending scissors mode (840-890 cm™!), and (3) the Si-H wagging
mode (640 cm~!). Correspondingly, the a-(Si,Ge):H has similar bonding configurations
but with different wavenumber.

The most common method of calculating hydrogen content has been proposed by
Brodsky, Cardona and Cuomo(BCC) [47]. Double-side polished Si substrates were used
for original IR study. This is to prevent diffuse reflection from the backside of the sub-

* strate. The equation used to calculate the hydrogen content was proposed by Cardona
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2000 cm™! 2090cm ™! 2120 cm!

890 cm~! 850cm™!

640 cm !

Figure 3.7 Schematic illustration of the bond-stretching(top row),
bond-bending(middle row), and bond wagging (bottom row)
modes of SiH, SiH, and SiH3 grouping either in hydrogenated
a-Si:H or gaseous silane

and later modified by Lanford [49], Maley, and Szafranek [50] :
Ny=A4A / #d«u (3.12)

where A is an experimentally determined constant, and a(w) was the absorption coeffi-
cient at angular frequency w. The values of A for some of the vibrational modes in Si
and Ge are listed in Table 3.1.

Langford and Mayley found that, for a-Si:H , the hydrogen content determined by

conventional methods from the 630 cm™! absorption peak is overestimated if the film



34

Table 3.1 Parameter A which relates the strength of the infrared bands of
a-Si:H and a-Ge:H to the hydrogen concentration

a-Si:H 640cm=" 840 —890cm~! 2000cm=" 2100cm™! 2100cm ™"
Mode Wag Bending Stretch stretch Stretch
Bonding SiH SiH, SiH SiH SiH,
SiH» SiHj (Isolated) (Clustered)  SiHj;
SiHj
A(10%cm™t) 1.6 20 2.2 17 9.1
a-Ge:H 565cm =" 1895cm=! 1970cm™~!
Mode Wag Stretch Stretch
Bonding GeH GeH GeH - GeH,
GeH2

A(10¥%em™1) 1.1 x5 ~ 14

thickness is less than abut 1 pm. For greater accuracy, IR data should be analyzed
by taking the effects of optical interference into account. In this project, a simple but
very effective method is developed to get rid of the thickness interference. This will be
discussed in the next chapter. For a-(Si,Ge):H , we could see from Table 3.1 that the Ge-
H (clustered) stretching mode overlaps the Si-H (isolated) mode, thus it is not possible
to get the hydrogen content by integration over the 2000 cm~! range. The conventional
and most common used mode to calculate the hydrogen content is the wagging mode.
For this research, the IR data were taken by a Nicolet 510 Fourier transform infrared

spectrometer, with a mid-IR detector using Omnic spectroscopy software.

3.2 Device characterization methods

The ultimate goal of this research is to make high performance a-(Si,Ge):H solar
cell devices. The performance of a solar cell can be characterized by its I-V curve,
quantum efficiency and fill factor. Other techniques such as thickness, hole lifetime (u7)
product, Urbach energy and midgap defect density are also useful characterization tools

to understand the physics of the device.
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3.2.1 I-V curve

The performance of a solar cell under illumination can be described by current voltage
dependence. A typical current-voltage curve of a p-i-n solar cell under illumination is
shown in Fig. 3.8. We can define three parameters that give a rather complete description
of the electrical behavior. These three parameters are usually quoted in literature to
determine a device is good or not. And, we can define the parameters in terms of the

circuit model components. The equivalent circuit is already shown in Fig. 2.3.2. From

Isc
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g wzof TN /
‘é .
; 10.0 :
| % B ;
a 8.0 :
§ maximum power !
3 6.0 :
© !
4.0 : Voc
200 ;
1 | | | | | ' | I
0.2 04 0.6 0.8

Applied Voltage(V)

Figure 3.8 Current voltage characteristics of an illuminated p-i-n diode

the equivalent circuit, the current-voltage characteristics of the device are given by

J(V) = J[e®r —1] - J(V), (3.13)
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where J(V) is the current density at applied voltage V, J, is the saturation current, A
is the diode factor, k the Boltzmann constant, T the temperature and J; the photo
generated current density.

The first parameter is the short circuit current J,., which is the current of the cell
under illumination for V=0. From equation 3.13, it is equal to J;(0). The photo-
generated current, also called the short-circuit current, depends upon the spectrum of
the incident light, the material response to the light and the collection efficiency. Thus
it can be rewritten as

Jo=gq / (1= R)Q(E)S(E)dE, (3.14)

where R is the reflection coefficient, S(E) the spectrum of the light source and Q(E) the

collection efficiency of the structure.

The second parameter is the open-circuit voltage V., which is obtained for J(V)=0.

Thus from equation 3.13 we get
Ve = T In[Z£ +1]. (3.15)

For a diode junction, the saturation current can be expressed as [51]

 qniWa
Js ~ 27_ y (3.16)
where
n; = NcNV&W(ﬁ (3.17)
2kT "
so that
kT . J.. kT qWy E,
~ —In(=)~ — — In(=== - N — 3.18
Voc p In( Js) p (In(JL) — In( o Vv Nc - Nv)] + 3 (3.18)

Here, n; is the intrinsic carrier density, E, the band gap, Wy the depletion width of the
junction. We can see that E, is the dominant factor in the expression for the open-circuit
voltage, while the lifetime and thickness affect the open-circuit voltage as well.

The performance of the solar cell is eventually determined by the fraction of the total

power of incident light can be converted into electrical power. In general, the solar cell
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will be operated under conditions that give maximum power output. The maximum
possible area in Fig. 3.8 for a given current voltage curve determines the fill factor FF,

which is defined by
Vindm
Isc VOC

The more "square-like” the current-voltage curve is, the larger the FF. The fill factor

FF =

provides an indication of the quality of the material used in the i-layer, and how well
the solar cell is designed. A high fill factor requires low loss of photogenerated carriers
in the i layer (i.e. large mobility life-time product p7) and interfaces, strong electric
field in the i layer, and good ohmic contact. High-quality a-Si:H cells with good design
have fill factors of about 66% to 70% with open-circuit voltage around 0.84 V. For a-
(Si,Ge):H devices with straight band gaps, the fill factor is up to 65% for the best devices
at a band gap of 1.5 eV.

The three parameters V.., Js, and FF are sufficient to calculate the energy-conversion
efficiency 7 of the solar cell. It is defined by the ratio of maximum power that is extracted
from the cell to the total illumination power. It is represented by the following equation,

_ FF -V Iy

™ (3.19)

n
where ¢;n is the total incident power of the photons. In this project, the area of the cells

is around 0.08 cm?, the light source used for I-V measurement is an ELH lamp operating

at 115V, 2.4 A.

3.2.2 Quantum efficiency

The quantum efficiency (QE) measurement is another useful diagnostic tool to char-
acterize the performance of solar cell devices. Quantum efficiency is defined as the ratio
of the number of charge carriers collected to the number of photons incident on the
sample at a particular wavelength. QE measurements provide information on how well

the device absorbs photons at various wavelengths, and how well the photo-generated
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carriers are collected under normal forward-bias operating conditions. The internal elec-
tric field is reduced with biasing in the forward direction, and the QE results provide
details as to how this reduction affects the collection of photo-generated carriers. Also,
any problems in the device design that may inhibit collection of excess carriers, such
as hole trapping at the p-i interface, can be uncovered. Finally, the dependence of the
QE at a particular wavelength, on the bias voltage can be used to estimate the material
transport parameters.

The collection efficiency peaks at about 80-90% for wavelengths between 500-600
nm. However, for a-SiGe:H, the lower band gap extends the spectrum to longer wave-
lengths than a-Si:H . The decreasing collection efficiency at shorter wavelengths can be
attributed to several effects. One is the absorption of light in the p layer that is directly
exposed to the incident light. The resulting photo-excited carriers give little contribu-
tion to the charge collection because of the low minority carrier lifetime in the doped
material. Another cause is the back diffusion of the excess electrons generated close the
p layer. Some electrons with high energy could overcome the barrier of the p-i junction.
These back-diffused electrons recombine with holes and reduce the current. The drop
off at the longer wavelength is due to the smaller absorption coefficient.

QE measured at zero bias provides important information about the cell. We can
have an idea about the thickness of the i layer by looking at the QE values at short
wavelengths. Too thick an i layer would lead to a very low QE value and too thin
would result in unreasonably high QE. For a thick i layer, the hole has to travel longer
before it can be collected by the p layer. This increases the chance of recombination
during the transport. Also, the interface between the p and i layers has impact on the
short-wavelength QE. A badly designed buffer layer or defective buffer could reduce the
QE. QE values at long wavelengths tell us about the collection efficiency for low-energy
photons. It is also affected by the quality of the i layer. Photo-generated minority

carriers in the bulk will be trapped by a defective i layer before they can be collected by
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the p* layer.

The QE measured under bias can tell us about the electric field profile inside the
cell. When the solar cell is under forward bias, the internal field is reduced. As a
result, the collection efficiency is reduced since the carrier collection of solar cell relies
on the assistance of the electric field. For high-quality solar cells, the mobility-lifetime
product of the minority carriers is so large that that a small forward bias applied to
the cell will not affect the carrier transport to a great extent. Thus the ratio of the
QE under forward/reverse bias and zero bias can provide information how strong the
internal electric field is and how large u7E is. This issue will be further discussed in
the next section. Fig. 3.9 shows the quantum efficiency curve with and without bias,
and the QE ratio. The quantum efficiency is a relative value. We assume that the peak
value of the quantum efficiency in the range of we are interested in is 0.9 and any other
values are normalized to this peak value. The absolute value of the quantum efficiency
could be obtained by carefully calibrating incident photons and calculating the exposed

area. A TCO contact is also required.
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Quantum efficiency measurement
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Figure 3.9 Quantum efficiency curve and quantum efficiency ratio curve
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3.2.3 Hole ur product

The p7 product of holes is a very important parameter for devices. It is the quantity
which primarily determines the fill factor and the behavior of the QE ratio of the cell.
Large ur means that the holes can drift longer with the assistance of the internal field
and be collected by the p layer before they are trapped and recombine. Therefore, in
order to have a high collection efficiency, the hole range, u7E, must be large compared
to thickness of the i-layer. In a-Si:H solar cells, this condition is easily met; however, in
a-(Si,Ge):H devices, especially fabricated with a high growth rate, the higher defective
density severely reduces both the electric field and u7 product. This results in lower
collection efficiency, particularly under forward bias conditions.

The quantum efficiency measurement gives a convenient way to estimate the 47 product.

The QE can be expressed as
t z 1
QE(\ V) = / a()) -e% . e~ T gz, (3.20)
0

while
Ly(V) = urE(V).

The QE value can be obtained by measurement, but the electric field has to be found
in another way. The simplest way is to assume that the electric field in the bulk is
constant so that it is determined by E = V/d [52]. This assumption works well for
estimation. In real devices, due to the high defect density near the interface, the electric
field is not constant. The AMPS-1D program developed by Penn State University can
simulate the profile of the electric field. It shows that the electric field is high near the
interface and drops down quickly in the middle, but this involves complicated models.
Dalal and Haroon (53] simplified the model by assuming that the charge density drops

down exponentially from both interface and it is symmetric. Poisson’s equation gives

dE(z) _ p(z)
dz € |
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where E(z) is the electric field and p(z) the charge density and e, the permitivity of the
material. As in Dalal’s model,

p(z) = q- N, - exp(az),

where Vg is chosen such that the total charge density N, = [ ezxp(az)dz is compatible

with our space charge limited current measurement(SCLC). We can get

_q-No

E(x) = P erp(az) + €o,
where

Wagq. N, 1

Eo=(Vb='—Vapp-/o Z.s_:'e“dx)'z'

Since we know the electric field, it is not difficult to get um. The basic idea is quite

simple. We measure the quantum efficiency of the device for several wavelengths, as a
function of applied voltage. The QE increases under reverse bias and decreases under
forward bias. If we assume that ur does not change with bias voltage or wavelength,
the QE variation solely comes from the change of the electric field profile. All of these
curves should have the same p7 value. By modeling the electric field and substituting the
ut value into equation 3.20 with the trial and error method, we could get another group
of curves which should match the experimental curves very well. In experiments, we
choose the QE in the long wavelength range where the generated carriers are not affected
by the defective interface states and back diffusion. Fig. 3.10 shows an experimental

result with a simulated result.

3.2.4 Space-Charge-Limited Current (SCLC)

A classical technique used to study the electronic density of states (DOS) contin-
uously distributed in the gap of insulating thin-film materials is the measurement of

the space-charge-limited currents (SCLC) [54, 55]. In this experiment, voltage applied
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Figure 3.10 A simulation result of quantum efficiency against the experi-
mental result

across a thin diode causes an electrode (the "cathode”) to inject a non-equilibrium den-
sity of electronic charge, which populates the empty gap states above the Fermi level
EF in the vicinity of the cathode. When the applied voltage is large enough, this ex-
tra charge extends across the entire sample thickness, and the current collected by the
counter electrode (the "anode™) becomes space-charge-limited. Almost all the charge is
trapped, but an exponentially small fraction is thermally promoted to the conduction
band edge E., increasing the current measured. It is this bulk enhancement mechanism
which is analyzed to provide information about the density of the electronic states above

the equilibrium Fermi level. For the states under the Fermi level, a p* — i — p* structure
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is used to suppress the electrons so that only holes are injected into the bulk. A typical

I-V curve of the SCLC measurement is shown in Fig. 3.11.

Space-charge limited current
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T
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0 s ' i l
2 3
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Figure 3.11 plot of current density J against applied voltage for a symmetric
n* —i—n¥ specimen at room temperature.

The theory behind the measurement was developed by many authors [54, 55, 56].
Ohm'’s law says

g1 = nepVi/L, (3.21)
j2 = naepaVa/L, (3.22)

where j; and j, are the current density values shown oi Fig. 3.11. n; and n, are the

conduction band carrier densities

Ec - EFi)
kT ’

and EF; is the quasi-Fermi level moved by the injected carriers. Assume that the injected

n; = N.exp(— (3.23)

charge is uniformly distributed across the film, the electric field is constant and equal
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to V/L throughout the film. Another assumption is that that the trap distribution
N(FE) is continuous and only slowly varying. Therefore, the trap density of states can

be approximated as
Efrn
Mg — Ny = N(E)dE, (3.24)
EFo

and Poisson’s equation gives

2e,V
eL(ny — ny) = EL . (3.25)
Then, from 3.21, 3.22 and 3.23, we get
2V
AEp = Epy — Epy = kTIn 22 = kTIn 222 (3.26)
ny nVa
We then can rewrite Equation 3.25 as
2,AV Erz _
=elL N(E)dE. (3.27)
L Eg,
The integral in 3.27 can be approximated by
Erz __ —
/ N(E)dE = N, - AEF, (3.28)
Ep
where N; is the average trap density between Er, and Ers. Finally, we get
~ 2e,AV
Ny & ———. 2
Ne™ CIAE; (3:29)

Since N; is the density at a certain energy level, by differentiating the J-V curve, we
could get the density at different energy levels. Fig. 3.12 shows the density map of a
sample.

In this study, the thickness of the sample is more than 1 pum so that the density of
interfaces is ignorable . The measurement is taken in a black box at elevated temperature

to eliminate the photo-generated current and overcome the Shockley barrier.
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CHAPTER 4. RESULTS AND DISCUSSION

4.1 The SCLC measurement results

It is mentioned in chapter 3 that Fourier-Transform Infrared (FTIR) spectroscopy
is an effective diagnostic tool to analysize the microstructure and hydrogen bonding in
amorphous silicon and amorphous silicon germanium materials. It was intensively used
in this project. Several series of hydrogenated amorphous silicon germanium films have
been deposited by the ECR PECVD technique onto double-side polished crystalline sil-
icon substrates. Hydrogen bonding and hydrogen content were examined. Silane and
20% Germane (diluted in H2) were used as the deposition gases. PPM TMB was intro-
duced during the deposition to compensate the contamination of oxygen from the glass
window of the reactor. The plasma species were hydrogen and helium ions, respectively.
The selection of the deposition parameters was based on the design of experiments.
For example, in order to investigate the ion flux effect, all the parameters ware kept
as constant as possible except the pressure, and then another series of samples were
deposited with another set of parameters to make sure the results are only pertain to
the ion-flux effect. Table 4.1 shows the deposition parameters of the samples that FTIR
measurements were performed on.

The 510 Nicolet Fourier-transform infrared (FTIR) spectrometer, with a detector

operated at a resolution of 4 cm™!

resolution was used. For this spectrometer, the
absorptance spectra were first obtained using Omnic spectroscopy software. 10000 scans

were typically averaged to get a high signal to noise ratio. Each spectrum was corrected
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Table 4.1 Substrate deposition pressure, film thickness, Hydrogen content
vs ECR-PECVD film sample number

Sample Pres H; He S§jH4 L(um) Cy FWHM 1890 v(640) v(2100)

number mTorr GeH4 (at %) (2000) 2000

5277 5 60 O 2.5 1.47 3.9 94 0.15 630 N
5278 5 60 O 1.25 2.25 4.5 107 .45 620 N
5279 5 60 O 0.83 2.74 4.25 98 8 610 N
5280 15 60 O 2.5 1.1 3.8 90 .183 630 Y
5281 15 60 O 1.25 1.5 3.2 85 .78 600 Y
5282 15 60 O 0.83 1.82 1.75 91 1.78 590 Y
5283 7 100 O 0.83 2.1 3.85 103 .63 613 N
5284 15 100 O 0.83 1.7 2.25 87 1.36 590 Y
5285 S 7% 0 0.83 1.45 3.52 100 0.67 620 N
5286 20 100 O 0.83
5287 10 10 50 1.25 1.64 1.3 107 0.35 620 N
5288 10 10 50 0.83 2.47 3.5 94 0.64 615 N
5291 20 10 50 0.83 N
5293 10 10 50 2.5 2.18 6.5 100 0.2 633 N
5294 35 10 50 0.83 Y

for H,O and CO, artifacts using previously generated reference spectra, followed by
a manual baseline correction to remove the sinusoidal fringes. The sinusoidal fringes
were caused by the interference of finite thickness of the film. Since the permitivity of
amorphous silicon germanium changes with frequency. the sinusoidal frequency and the
magnitude are not constant. Instead, it changes considerably in the range from 400 to

2500 cm™!. An empirical model for the magnitude of the baseline (y(w)) was developed,

yw) = A(w)sin(k(w)-w + o) + vo,

Alw) = A(l +kw),

k(UJ) = k’o(l + k-zw),
where A(w) is the amplitude of the "sinusoidal wave”, k the period constant which is
close to 7t, t is the thickness of the film. We assume that A(w) and k(w) have linear

relations with wavenumber (w), which is quite accurate for this purpose. The trial and

error method was used with Matlab to determine constants such as kg, k; and Y. In
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order to get precise values for these constants, the film can not be too thin. Otherwise,
there will not be enough peaks to roughly determine the constants and fine tune the

equations. Fig. 4.1 shows the spectra before and after the baseline subtraction.
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Figure 4.1 Illustration of baseline subtraction: The height of the character-
istic peaks, as well as the width of the peaks, have been changed
after the base deduction. The interference fringes are nicely re-
moved. The original data is on the top, the bottom graph is
after baseline subtraction

It has been known for a long time that the hydrogen in the amorphous Si is under-
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estimated or overestimated by using Cardona’s model [47] (BCC method).

Ne=ax [ g, (4.1)

ul w
The errors in the BCC method are primarily a function of the optical path length, i.e.,
the product of index and film thickness. The errors also depend on the film refractive
index and absorption coefficient, although to a less extent. Langford [49] etc., modified

the model by using an empirically determined correction factor,
a = agcc/1.72 — Kuwd. (4.2)

Here, d is in pm, K=0.0011. Note that this correction is an approximation and the
errors in a can still be an order of 10-20% [50]. The manual base subtraction is a little
time consuming, but has higher precision. In Fig. 4.1, the Ge-H stretch peak is only one
half of the Si-H peak on the raw data. However, after the baseline correction, the Ge-H
peak is comparable to that of the Si-H.

From the IR spectra we calculated the absorption coefficient of the Si-H mode (640)
and Ge-H mode (570). However, it is impossible to deconvolute the overlapping bands
of the two peaks but integrate them together by using a corrected constant A. The
proportionality constant A depends on the composition of the a — Si; _.Ge, . A differ-
ential method was developed by assuming that the constant A is a linear function of the

composition ratio r,

A=Asi-g-(1—z)+ Age-n - T (4-3)

The integration in equation 4.1 was calculated in Matlab. The values of hydrogen
content are listed in Table 4.1. The initial observation illustrates that all the values are
well below 10%, which is believed to be in the range of "device quality” [1]. However,
the nuances of the spectra explained the big differences in the material properties and

device performance. Furthermore, it provides us a good chance to study the growth

chemistry of the ECR-PECVD.
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4.1.1 Ion fAlux effect

A lower pressure in the vacuum system results in longer mean free path, thus more hy-
drogen atoms are ionized. From Table 4.1, the results of two series of a-(Si,Ge):H films,
one deposited under 5 mTorr and the other under 15 mTorr are given. The biggest
difference between these two series are the poly-hydride peak at 2100 cm~!. Fig. 4.2

shows the difference. The 5mTorr (top) films doesn’t have this peak although the
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Figure 4.2 The stretch mode and poly-hydride mode of two samples grown
at 15mTorr and SmTorr respectively. The Ge-H stretch mode is
not obvious due to low Ge content.

stretch peak around 2000 cm™! is a little wider. The poly-hydride peak indicates that

the 15 mTorr films have more microvoids and clustered hydrogen, which gives poorer
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electronic properties. Zhiyang Zhou and Dalal [26] showed that the a-(Si,Ge):H films
and devices grown at low pressure in a pure hydrogen plasma have better quality. Opti-
cal and electronic properties, including band gap, Urbach energy and mobility-lifetime
for both electrons and holes were found to be greatly improved at low pressure. In Ta-
ble 4.1, the band gap change due to the variation of pressure is indicated by the shift of
the wag mode peak (around 640 cm™!). The peaks of low-pressure samples are slightly
shifted by 10-20 cm~! toward higher frequency, this means they have higher band gap.
One possible reason is that ions from low pressure have more energy and break the Si-H
bond easily so that more Si is incorporated. Comparing the two spectra, we can find
that the amplitude of the stretch mode (Si-H bond) for the low-pressure sample is much
higher than that of the higher-pressure sample. This surprising result also tells us that
the stretch mode (Si-H and Ge-H) is predominant in the materials grown under optimal

plasma conditions while the higher pressure samples have more microstructures.

4.1.2 He plasma

The initial observation which best illustrates the difference in the He plasma (high
growth rate) films, compared to those of normal (15 mTorr) a-(Si,Ge):H films is also
shown in Table 4.1 and summarized in the following:

1. All the spectra from the He plasma films do not have the 2100 cm™! peak ex-
cept the very high pressure one (35mTorr). It gives a conclusion that the amount of
microstructure is largely removed. The FWHM at 2000 cm™! is close to the SmTorr H,
samples’.

2. The other noticeable difference is the peak value of wag mode. For the same
GeH,/SiH, flow ratio, the He plasma samples have the highest value, which means the
band gaps are higher than that of pure hydrogen dilution plasma samples.

3. The hydrogen content decreases with increasing of GeH4/SiH, ratio. This is
understandable. The Ge-H bond is weaker than the Si-H bond. It has a larger probability



53

of forming a dangling bond, Ge-. The more Ge coming into the alloy, the more dangling
bonds (Ge-H), and the lower the hydrogen content. This is different from the hydrogen
dilution film. In that case, there is more than enough hydrogen ion flux, so that the
dangling bonds get a lot more chances to capture atomic hydrogen and are passivated.
However, if the pressure is too high (e.g., 15 mTorr) , even if there is more than enough
H,, the hydrogen ion flux is insufficient due to the low ionization ratio, which will leave
a lot of dangling bonds. The H content difference in sample 5279 and 5282 supports this
conclusion.

4. Surprisingly, the H content in the helium films as large as the best hydrogen
films. For some time, people believed that the heavier ion bombardment of helium ions
removed a lot of hydrogen from the surface and left a lot of dangling bonds in the bulk.
And this case became worse when germanium was incorporated into the alloy, since
the Ge-H bond is weaker than the Si-H bond. Our results imply that with the ECR-
PECVD technique, we could get a high growth rate without compromising the quality

of the material.

4.1.3 Discussion about the growth chemistry

We roughly discussed the growth model in chapter 2 without supportive experimental
results. As has been mentioned, the hydrogen plays an important role in the growth
chemistry. It enhances the radical selectivity by increasing the fraction of silyl radicals

in the growth chemistry,

H + SiH; «— SiHj, (4.4)
H + SiH «— SiH>. (4.5)
It partially explains why the higher pressure hydrogen dilution films have more mi-

crovoids and poorer properties, because there are more than one kind of radical resulting

in inhomogeneous growth. The hydrogen ions also remove hydrogen from the surface
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and subsurface. H-ions with enough energy can penetrate into the lattice to improve
the microstructure by removing the weakly bonded H and reconstruct the subsurface
structure. This is the biggest difference between the H dilution and He dilution. The
helium dilution plasma could also remove the H from the surface by breaking the Si-H
bonds since it has higher energy and is heavier. However, He is considerably bigger
than H and cannot penetrate the surface. Fig. 4.3 are the spectra of sample 5277 and
5293. These two samples have the same GeH,/SiH4 flow ratio but in a different plasma.
From this figure, we can see that they have almost the same amount of Si-H (stretch
mode) bond, but 5293 has more H than 5277. One possible reason is that there is not
enough hydrogen in the He plasma. The film did not benefit from the subsurface H
reconstruction. With a higher GeH,/SiH4 ratio, this film quality improved a lot, since
the Germane (GeH,) itself is diluted in hydrogen gas (We used 20% GeH, gas). More
GeH; flow ratio will also bring in more H,. Table 4.1 reflects the change: The H content
in samples 5287 and 5288 drops to the same level as these of samples 5277 and 5278.
The hydrogen dilution effect will be further verified in later experiments.

One of the advantages of inert ions is the bombardment. The quality of a-SiGe:H
depends on how uniformly the germanium is incorporated into the alloy. The radical
germyl is very heavy. For low temperature epitaxy growth (200-350 °C), the surface
mobility is very low. This will give rise to clustered and columnar epitaxy growth and
degrade the material. The ion bombardment can promote the diffusion of germyl radicals
on the surface. At the same time, this bombardment helps to break the Si-H or Ge-H
bond so that the Ge and Si atoms are cross-linked. Thus a uniform growth is achieved.
The absence of a SiH, peak in the spectra of He films also proved that He ions are very
effective at removing the excess H and improve the material quality. Actually, a high-
energy H flux can also achieve this aim. In contrast, a high pressure discharge does not
provide enough H ion flux, and the germyl radical does not diffuse readily, giving rise to

a film with Ge clusters and poorer properties.
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Spectra of 5277 and 5293
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Figure 4.3 The spectra of 5277 and 5293. Since the GeH,/SiH; flow ratio
is small, the 1890cm™~! Ge-H peak is not prominent. If take into
account the baseline mismatch of the two curves, we could see
that the two spectra overlap around 2000 cm ™!

One of the concerns about the high-growth-rate deposition of a-(Si,Ge):H film is that
the preferential H-bonding to Si is too large, so that there will be a lot of Ge- dangling
bonds. This is because the Ge-H bonds are weaker than the Si-H bonds and the heavy
inert ions can easily break them. These dangling bonds will behave like excess carrier
traps and severely degrade the lifetime the carriers. It is well known that in PECVD-
grown a-SiGe:H, H bonds preferentially to Si by a factor of at least five [58], while in
high-growth-rate condition, the factor seems to be as large as ten [59]. Therefore, we can
barely see the 1890cm~! Ge-H peak but only the 2000cm ™! Si-H peak. In our films, the
preferential factor is around two to three, which is much better than the other groups’

results. Fig. 4.4 shows the stretch peaks of a-(Si,Ge):H , where the Ge-H is obvious.
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The Ge-H and Si-H stretch bond peaks
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Figure 4.4 FTIR spectrum of a-(Si,Ge):H films grown at high growth rate
conditions, clearly showing the Ge-H peak around 1890cm~! and
the Si-H peak around 2000cm ™. The prefactor can roughly be
determined by the height of the peak.

4.2 General characteristics of a-(Si,Ge):H grown under high

growth rate condition

The FTIR results give us confidence that a-(Si,Ge):H films deposited with a high
growth rate are as good as, if not better than, the normal-growth-rate films. In order
to characterize the optical and electrical properties of the material, films were deposited
on Corning 7059 glass substrates. Various growth conditions such as pressure, hydrogen
dilution, substrate bias, and microwave power have been investigated to find the opti-
mal parameters. Conductivity, band gap, subgap absorption and mobility-lifetime were

systematically measured on these samples.
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4.2.1 The effect of pressure

The pressure affects the mean free path of the electrons and ions which eventually
affect the ionization ratio, ion flux and the energy of ions. As has been mentioned in
previous chapters, low pressure can generate more ions.

Two series of samples were made to study the impact of pressure on the materials.

The parameters are listed in Table 4.2.

Table 4.2 Deposition parameters for pressure investigation

Sample | Temperature | Pressure | Power | H, | He | SiH, | GeH; | TMB
°C mTorr % | % | % % %
2/5496 | 300 10 150W [ 10 | 50 | 10 20 10
2/5491 | 300 15 150W {10 | 50 | 10 20 10
2/5492 | 300 20 150W [ 10 | 50 | 10 20 10
2/5493 | 300 25 150W | 10 | 50 | 10 20 10
2/5521 | 300 10 150W | 10 | 50 | 10 40 10
2/5495 | 300 15 150W | 10 | 50 | 10 40 10
2/5519 | 300 20 150W | 10 | 50 | 10 40 10
2/5520 { 300 25 150W | 10 | 50 | 10 40 10

Photoconductivity, subgap absorption as well as the u7 product were measured. The
results are shown in Fig. 4.5

For this particular set of parameters, 15 mTorr is better than the other pressures.
With higher pressure, there is not enough ion flux or enough ion bombardment, as has
been discussed earlier, and the films’ properties are poorer. However, the 10 mTorr
samples are not good either. This issue will be discussed later.

The calculation of u7 is based on the measurement of photoconductivity; however,
the conductivity under AMS 1.5 is not an accurate method to fulfil this purpose. There-

fore, a precise u7 measurement is performed and described in the following.
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Photoconductivity vs. Pressure
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Figure 4.5 (a) The conductivity vs pressure. (b) The Urbach energy vs.

pressure. All the parameters were fixed except the pressure.
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The regular equation ,
oph = a1l — R)GinqnpT,

cannot give a precise value of 7 mainly due to the following reasons: (1) It doesn’t
take into account the finite thickness limitation, i.e. the thickness interference. (2) It
assumes that ad is very small so that (1 — exp~®?) equals ad, which is not true because
the incident photon energy is higher than the band gap of the material. In other words,
a is above 10*cm™! while d is around 1-2 pm. Fortunately, the Perkin Elmer Lambda
9 UV/VIS/NIR spectrometer can give precise data on transmission and absorption at a

particular wavelength, a simpler equation is then given
Oph = $inq(l — R — T)putn.

where R and T are the reflection and transimission coefficient. The thickness in-
terference is already taken into account. Thus, a quite accurate I psorption i Obtained.
In the above equations, the thickness interference is taken care of by the reflection and
transmission coefficient. Any error related to thickness is eliminated. Fig. 4.6 is the
ut product of two series films.  This figure further verified that 15 mTorr pressure is
better than other pressures. The pressure also affects the growth rate. The growth rate
depends on the ionization ratio of reactive gases, the momentum transfer efficiency of
the plasma gas, the surface sticking coefficients and the speed of surface hydrogen re-
moval. Higher ion flux due to the low pressure gives rise to higher growth rate (Fig. 4.7).

The growth rate keeps increasing with decreasing pressure until the depletion of reactive

gases.
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Figure 4.6 u7 product vs pressure
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The Langmuir probe results showed that the ion potential changes with pressure,
which will affect the dissociation of reactive gases. The Si-H bond is stronger than the
Ge-H and needs more energy to break. With a low-pressure plasma, the preferential
dissociation of silane to germane is improved by higher plasma potential and more Si
incorporated into the alloy, so the band gap increases. Fig. 4.8 shows that the band gap
always increases with decreasing pressure. Another factor that has impact on the band
gap is the species of the plasma. The observation of wagging peak shift in the FTIR
results, which was mentioned before, tells us that He plasma material has a higher band
gap. This is because the helium ions are more energetic than the hydrogen, so that
more Si-H breaks up. Another reason, also mentioned before, is that the elimination of
clustered Ge could also boost the band gap. The clustered Ge in the bulk could absorb

more low energy photons and make the band gap of the films 'look’ lower.

Band gap vs. pressure
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Figure 4.8 Pressure vs band gap. E04 as well as Etauc are given in this
graph
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4.2.2 The effect of substrate bias

Unlike the conventional CVD system, application of voltage on the substrate would
not severely affect the plasma because in an ECR-CVD system the plasma is generated
remotely. However, the biased substrate will repel or attract the radicals and ions since
they are positively charged. The growth rate, as well as the properties of the materials,
is subjected to the changing of substrate bias. Table 4.3 shows several series of samples

grown under different bias conditions.

Table 4.3 Deposition parameters for biased substrate investigation

Sample Temp Pres Power H, He SiH; GeH; Bias

# °C _ (mTorr) (W) (%) (%) (%) (%) (V)
5065 250 10 150 20 S0 20 60 -10
5066 250 10 150 20 50 20 60 -20
5067 250 10 150 20 50 20 60 10
5068 250 10 150 20 50 20 60 20
5074 250 10 150 20 50 20 60 40
5076 250 10 150 20 50 20 60 0
5069 250 10 150 20 50 15 60 20
5070 250 10 150 20 50 15 60 -20
5071 250 10 150 20 50 15 60 -10
5072 250 10 150 20 50 15 60 10
5075 250 10 150 20 50 15 60 40
5077 250 10 150 20 50 15 60 0
5184 300 ) 150 60 O 15 25 0
5185 300 ] 150 60 O 15 25 30
5186 300 3 150 60 O 15 25 20
5187 300 5 150 60 O 15 25 10
5188 300 ) 150 60 O 15 25 -10
5189 300 ) 150 60 O 15 25 -20
5190 300 3 150 60 O 15 25 30

Fig. 4.9 shows the growth rate change with the bias. As a comparison. the result
from pure hydrogen dilution is shown in the same table as well. Theoretically, the growth
rate is mainly influenced by two factors: the incident flux of radicals and the incident

ion flux. Heavier incident plasma species impinging on the surface could remove the
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surface H easily, so the growth rate increases (V. Dalal’s model). In Fig. 4.9, the growth
rate of the hydrogen dilution plasma has only a small change. It slightly increases with
decreasing of bias voltage. Our group’s previous research showed that the growth rate
changed a lot only under very high voltage. For the helium dilution plasma, however,
the growth rate does not change monotonically with bias. Still, we could see that it
decreases with high positive bias and increases with high negative bias. The negative
bias accelerates plasma species and increases the plasma energy and eventually makes
the growth rate shoot up. However, the momentum increase of the incident ions might
impinges on the surface heavily and sputter off the radicals at already bonded on the
surface, which hinders the further growth rate shooting up. Since the hydrogen ions are

very light, this sputtering effect is negligible. What we see is just the monotonic trend.

Growth rate vs substrate bias
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Figure 4.9 The growth rate vs substrate bias

The Space-Charge Limited Current(SCLC) measurement results are depicted in
Fig. 4.10. Similarly, the hydrogen dilution resuits showed a monotonically trend. The
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defect density decreases with the addition of ion bombardment. It indicates that in
a pure hydrogen plasma, ion bombardment is not enough. More energy is needed to
break the hydrogen bonds, clustered Ge, and improve the surface mobility. This is also
verified by Zhiyang Zhou's result [26]. The helium dilution result is different. The de-
fect density reaches a minimum with moderate positive bias. This tells us that at 10
mTorr the ion bombardment due to the energetic helium ions is more than enough if
the substrate is not biased. 10 mTorr growth condition was not optimal. In previous
section, several measurements showed that 15 mTorr is better than 10 mTorr. In terms

of ion bombardment, 15mTorr has the proper amount of bombardment.

Defect density vs bias voltage
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Figure 4.10 The defect density vs substrate bias

4.2.3 The properties of the 15mTorr a-(Si,Ge):H material

Compared to the 10 mTorr results, 15 mTorr still gives us around 5A /s growth rate.
The material grown under this condition has better properties, namely, lower defect
density, higher ur product, lower Urbach energy, high photoconductivity. Most of the

comparisons are given in previous sections. The following graphs are the summary of
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the properties of 15 mTorr materials. These samples were grown at 15 mTorr, with 50%
He and 10% H2 dilution. All the parameters are fixed except the GeH; flow ratio in
order to vary the band gap. As a comparison, the properties of films without H, dilution

are also depicted in the graphs(Fig. 4.11, Fig. 4.12, Fig. 4.13, Fig. 4.14).
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Figure 4.11 Conductivity vs band gap

We could see from the graphs that fillms deposited without H, have degraded prop-
erties because they don’t have the beneficial effect of the subsurface hydrogen etch.
However, too much H, could severely decrease the growth rate. We found that 10% H,
flow rate is enough, since germanium itself can bring in some hydrogen, since it is diluted
in Hy gas. To our surprise, for the band gap (Etauc) from 1.7 to 1.37 eV, the Urbach
energy and defect density do not change too much. This indicates that we could get
high performance a-(Si,Ge):H solar cells with a germanium content of more than 50%.
We have difficulty in making very high Ge-content materials. This is still in process.
Researchers in NREL also encountered the same problem when they tried to get low-gap
a-(Si,Ge):H films with HWCVD. As has been pointed out in the introduction chapter, it

is widely accepted that there are three types of defects: the bond length and bond angle
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Urbach energy vs band gap (Etauc)
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Figure 4.12 Urbach energy vs band gap

distortion, the midgap defect density and the microstructure, although they are strongly
correlated. Subgap absorption, SCLC and FTIR measurements are the three methods
in our lab to deal with these defect characterizations, respectively. All of these kinds
of defects affect the electrical transport properties of the materials. Conductivity mea-
surement as well as the ur are the tool of gauging the comprehensive effect of the three
types of defects. This could explain the fact that the conductivity and p7 product drop
more prominently than the Urbach energy and midgap defect density in the Fig. 4.11
4.12 4.13 4.14.

Unlike a-Si:H , high growth rate a-(Si,Ge):H alloying caught researchers’ attention
only in recent years and only a few data are published. The results of the best films are
scattered in the literatures and few people gave a comprehensive list of all the properties
obtained which makes it very hard to compare. Generally, the criteria for qualifying
a-(Si,Ge):H materials are the properties of films with optical band gap around 1.5 eV
where the Ge content is about 40-60%. This is theoretically supposed to be the worst

case of alloying. The photo-to-dark conductivity ratio of our films at 1.47 eV band gap
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Defect density measured by SCLC method
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Figure 4.13 Defect density vs band gap

is around 1.83 x 10® S/cm. This figure is as good as the best films made by PECVD at
regular deposition rate(>1A/s) (60, 61], but inferior to the very high-hydrogen-dilution
films (very low growth rate) [61]. It is better than the high-growth-rate deposition result
using HWCVD (62] in NREL. The best result for photoconductivity at Etauc=1.5 eV
is around 2.0E-5 S/cm for RFCVD [66], while our result is 1.83E-5 S/cm at a band gap
of 1.47eV. The defect density of our films is around 1.1 to 1.5 x 10cm™3eV~! which
is much better than Hegedus’ [63] result (3 x 10'® cm=3eV~!). Our ur for a band gap
of 1.47 eV is 5.8 x 10~7cm?/V, which is also superior to most of the regular-deposition
results [60, 65].

4.3 Results of the a-(Si,Ge):H devices

The devices were made on stainless steel without a back reflector. In order to mini-

mize the cross contamination, a 0.53-0.55 um n* layer was deposited in a RF PECVD
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MUT vs band gap
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reactor first and then moved into the ECR-PECVD system for the critical i and p* layer

deposition. The parameters for the device fabrication were come from the best films we

made in the previous stage. i.e. All the devices were grown at 15 mTorr with 10% H.

and 50% He flow. Graded band gap and graded doping techniques were also used to

improve the performance of the a-(Si,Ge):H solar cells. Some of the devices we made in

listed in Table 4.4.

Table 4.4 Deposition parameters for high growth rate a-(Si,Ge):H devices

sample SiH; GeH; TMB Thickness Isc Voc FF
(%) (%) (%) (pm) mA V(%)
2-5582 10 40 1¢ 0.75 31 .58 64.6
2-5583 10 60 10 0.74 45 49 60
2-5584 10 20 10 0.74 26 71 Tl
2-5585 10 0-40 0-40 0.75 34 62 71
2-5588 10 80 10 .88 46 43 54
2-5593 10 0-60 0-60 .75 44 .56 68.7
2-5594 10 0-80 0-60 .74 48 42 60

The first observation was the open voltage shrinking with the band gap. This is
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shown in Fig. 4.15. The open voltage decreases linearly with decreasing band gap. This
is because of the smaller band gap drop between the i layer and p* layer. For a certain
wavelength, when the band gap drops, the absorption increases. Thus more carriers are
generated. In Table 4.4, for the same thickness of ¢ layer, the current monotonically
increases when more germanium is put into the device. In the previous section, we have
said that the properties of a material degrades when more germanium is incorporated

into the alloy. As a consequence, the fill factor decreases with shrinking band gap. This

is shown in Fig. 4.16.
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Figure 4.15 The open-circuit voltage changed linearly with band gap. The
thickness of the i layer and other deposition conditions except
for the germane gas flow were kept as constant as possible to
make sure that the open voltage only depends on the band gap.

Quantum efficiency curves of sample 5582 are shown in Fig. 4.17(A). Fig. 4.17(B) is
the quantum efficiency at 420 nm and 700 nm. Higher Ge content enhanced the longer
wavelength absorption. In summary, with more germanium incorporated into the
devices,

1. The open voltage drops due to the band gap shrinking of the i layer when more
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Fill factor vs band gap
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Figure 4.16 The device performance drops due to the degradation of the
materials

Ge is put in.

2. The fill factor drops due to the degraded properties of a-(Si,Ge):H .

3. The photo-current increases because of the higher absorption coefficient.

4. The peak value in quantum efficiency shifts to longer wavelength.

In the effort to get high-performance a-(Si,Ge):H solar cells, graded band gap as
well as graded doping techniques were used in this work. The band gap diagram was
shown in Fig. 4.18. The wide-gap a-Si:H was deposited first on the n-layer and then the
decreasing band gap a-(Si,Ge):H . This structure helps hole collection by placing the
narrowest band gap near the p-i interface. The holes generated in the worst materials do
not need to travel far to the p-layer. Therefore, this design improves the hole collection.
Note that the quality of the materials degrades when more Ge is incorporated into the
film. To further improve the internal electric field, graded doping was also used. This

tilts the band and make it steeper. The dashed line in Fig. 4.18 shows the band diagram
for the non-graded-doping profile.
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Samples 2-5585 and 2-5593 in Table 4.4 show that graded band gap devices are
superior to non-graded band gap devices, especially when the Ge content is very high.
For example, 2-5593 has a fill factor of 68.7% while 2-5582 and 2-5583 have less than 65%.
The [-V curves and quantum efficiency curves of both 2-5585 and 2-5593 are shown in
Fig. 4.19 and Fig. 4.20. The quantum efficiency curves under forward bias are also given.
From the graphs we could see that even under forward bias, the quantum efficiency does
not decrease too much, which means that the internal electric field is very strong and
there is still a big margin for improvement. For example, we could increase the thickness
of the i layer to get higher current while maintaining high fill factor. Researchers in
NREL and United Solar Corp. [19] had also gotten high-growth-rate graded band gap
a-(Si,Ge):H solar cells. Their best device had the band gap graded from 1.75 eV (pure
a-Si:H) to 1.55 eV with a fill factor of less than 68%. In this research, the devices we
fabricated have graded band gaps to as low as 1.37 eV, while still maintaining a good
fill factor of above 68%. This makes more efficient tandem solar cells possible since they

could absorb more low energy photons.
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Figure 4.17 (a) Quantum efficiency and quantum efficiency ratio of sample
5582 which has band gap of 1.47 eV. (b) The quantum efficiency
of devices at 420 nm and 700 nm. With more Ge incorporated

into the devices, the quantum efficiency at longer wavelengths
becomes larger.
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Figure 4.18 Band diagram of graded band gap and graded doping
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CHAPTER 5. CONCLUSION

In this work, we have shown how to make high-quality a-(Si,Ge):H films and high-
performance a-(Si,Ge):H devices with high growth rate by using the ECR-PECVD de-
position technique. Previous work in our group has shown that the ECR technique,
using a hydrogen dilution plasma, can be used to deposit good a-(Si,Ge):H films and
devices. We have extended this work to the fabrication of high quality a-(Si,Ge):H with
high growth rate, and have shown that the devices made from these films are even better
than those made by the normal growth rate with hydrogen dilution.

In order to investigate the microstructure and hydrogen content of a-(Si,Ge):H films,
FTIR measurements were intensively used during this work. For the first time, we found
that the hydrogen content of a-(Si,Ge):H films grown with a high growth rate (helium
dilution) is not less than in the normal growth rate material. We also observed the
Ge-H stretch mode with high-growth-rate materials. The preferential Si-H attachment
to Ge-H is around 2-3, which is less than the figure from the films grown with a normal
PECVD system (around 5), and much less the hotwire-CVD films (larger than 10). We
also noticed that the dihydride mode (around 2100 cm™!) disappeared with inert gas
dilution. All of this observation are cross-verified by themselves and indicates that we
have made very good a-(Si,Ge):H materials.

Our group’s previous work found that negative bias can provide higher ion bom-
bardment and improve the quality of the films. And the growth rate is also increased
because of the higher ion energy. For the helium plasma, we found that sometimes the

ion bombardment is more than enough. Positive ion bombardment is not necessary at



76

10 mTorr. Properly positively biased substrates in 10 mTorr could improve the quality
of films. Our films grown at 10 mTorr are inferior to our 15 mTorr films.

We also found that a small amount of H, added to the inert gas helium improves the
quality of films. This is because H, can yield a subsurface etch and reconstruction while
pure He cannot. Our conductivity, Urbach energy and ur measurements all verified that
hydrogen-diluted films are better than non-diluted films. For the a-(Si,Ge):H films made
at 15 mTorr with 10% H, dilution, the defect density from SCLC measurement is below
3 x 10'6 cm~3eV~!, the ut is above 4 x 10~7 ¢m?/V and the Urbach energy is around
47 meV.

Very high performance devices were made in the final stage. The device we made
with a 1.47 eV bandgap has a fill factor 64%! With the graded bandgap and graded
doping techniques, a 70% fill factor were achieved when the bandgap was graded from
1.75 ev to 1.47 eV. We also got a 68% fill factor with the bandgap graded from 1.75 to
1.38 eV.

In summary, we have succeeded in growing high quality a-(Si,Ge):H material with
high growth rate in an ECR system. High performance a-(Si,Ge):H solar cells were also

successfully made with these materials.
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