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Abstract

Polycrystalline silicon (poly-Si) thin film is expected as one of the most
promising materials for the next generation solar cell with the advantages of low-cost and
stable high efficiency. The performance of poly-Si thin film solar cells can be influenced and
limited by the crystalline defects including grain boundaries because they act as
recombination centers of photo-generated carriers, therefore it is indispensable to reduce such
defects in poly-Si thin films to improve the photovoltaic properties. In this study, the
deposition and treatment techniques of poly-Si thin films on foreign alumina substrate were
developed in order to obtain poly-Si thin films with less crystalline defects and high electronic
properties heading for the solar cell application. For the improvement of poly-Si thin film
properties, mainly two methods were applied; grain size enlargement during the deposition of
poly-Si thin films and passivation by high-pressure water vapor heat treatment (HWT). These
poly-Si thin films were investigated from the points of view of the crystallinity, i.e., the
amount of crystalline disorder, and macro- and microscopic electronic properties. And related
cell fabrication processes were also developed with the final goal of development of poly-Si
thin film solar cells on foreign substrates with high photovoltaic performances.

In Chapter 2, poly-Si thin films with thickness of 10 um were deposited on
alumina substrates and reference silicon substrates by atmospheric pressure thermal chemical
vapor deposition method at approximately 1100 °C. In order to decrease the influence of
crystallographic defects, especially grain boundaries, the larger grain size is desirable. In

order to control the grain size of poly-Si thin film directly in deposition time, 2-step
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deposition with the intermittent source gas supplying was applied. By changing the
intermittent ratio, the grain size of poly-Si thin films on alumina was controlled in the range
of a few um to over 10 pm, with the same tendency as the case of deposition on silicon
substrate.

The defect passivation treatment after the deposition is also important. As the less
complicated passivation method, HWT was applied to both poly-Si thin films and bulk silicon
solar cells in Chapter 4. This method has advantages such as very easy to be performed and
free from the large-scale apparatus and dangerous chemical gases are suitable to low-cost
solar cell production.

In Chapter 3 and 4, the crystallographic properties of poly-Si thin films were
investigated by Raman scattering, X-ray diffraction, and Photoluminescence measurement.
The full-width at half maximum and peak position of Raman peak (at 520 cm™) showed that
poly-Si thin films with small grains on alumina substrates gave very large shift from
crystalline silicon’s value. These shifts from crystalline silicon indicate the large internal
compressive stress and large amount of disorders in poly-Si thin films on alumina, caused by
the difference of thermal expansion coefficient between silicon film and alumina substrate.
However, these values became closer to crystalline silicon by grain size enlargement and
HWT. Grain size enlargement and HWT can be effective to internal stress relaxation, resulting
in crystallinity improvement. The other measurements showed the same tendency. For the
analysis of macro- and microscopic electronic properties of poly-Si thin films, Hall effect
measurement and Kelvin force microscopy were performed, and they suggested that grain size
enlargement and HWT caused the decrease of potential barrier height at grain boundaries,
indicating the reduction of crystallographic defects.

In Chapter 5, the interdigitated-type poly-Si thin film solar cells on alumina

it
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substrates were fabricated by the way of trial. In fabrication process of poly-Si thin film solar
cells, p-n junction formation is one important thing to be considered. As a new impurity
doping process, laser doping technique was introduced and developed in poly-Si thin film
solar cell process as well as bulk crystalline silicon solar cell process. The precise controlling
of doping conditions, especially doping depth, was achieved by changing laser output power.
The fabricated interdigitated-type poly-Si thin film solar cells on alumina substrates using
laser doping method certainly showed the photovoltaic performance and the improvements by

grain size enlargement and HWT were confirmed.
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Chapter 1
Introduction

1.1. Background and introduction of poly-Si thin film

1.1.1. Background

Securing the supply of reliable and sustainable energy is one of the biggest issues
in the future of human prosperity. The world primary energy demand is predicted to grow by
1.6% per year on average during 2006-2030, from 11 billion toe (tonne oil equivalent) to over
17 billion toe [1.1]. However, fossil fuels, especially oil, which are the world’s vital energy
sources today, have two risks; a lack of resources and uncertain price depended on
investments. In addition, gases like CO,, NOy, or SO emitted by the consumption of fossil
fuels are said to cause the acid rain, air pollution, and climate change followed by the
secondary problems such as sea-level rise, vegetation disturbance, and desertification. In
concrete terms, the CO, concentration in the atmosphere has increased to over 380 ppm from
280 ppm before the industrial revolution, and average temperature and sea-level have been
risen 0.3-0.6 °C and 10-20 cm, respectively [1.2]. In order to meet future’s energy demand
reliably without stressing the global environment, the role of renewable and clean energy
production will become more important.

The most important forms of renewable energy are hydropower, biomass, wind
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power and solar energy. “New” renewable energies (wind, “new” biomass, and solar energy)
account at the moment for about 8% of primary energy production in Japan [1.3], and all
scenarios predict that this share is going to increase. Among them, photovoltaic conversion
(PV, in other words: Solar Cell) is especially expected to play one of the most important roles
because of its attractive advantages. The solar energy soured to the earth is virtually unlimited
and quite huge (1.8x10"* kW), and distributed to over the globe. In addition, solar cell is a
converter, which can transform the sunlight to the electric power directly by the photovoltaic
effect, without any pollutions, noises, and vibrations. This feature brings other advantages;
easy to be maintained, set locally, operated without manpower.

Recently, solar cell production and installation has been dramatically increasing
all over the world. The total production of solar cells has grown at the annual rate of over 45%
in the last five years, and in 2007 it exceeded 3.5 GW [1.4]. The growth is predicted to
continue by 27% till 2012 [1.5]. The conversion efficiency of modules of wafer-based
multicrystalline silicon solar cell, today’s dominant type of solar cell, has improved by about
15% and the power generating cost has reduced to around 45 yen/kWh [1.6]. However, in
spite of the progress, this power generating cost is still much higher than other conventional
electricity cost as shown in Table 1.1 [1.7], and the present contribution of the solar cells to
the primary energy production is very small. For the goal that photovoltaic conversion covers
10% of electricity by 2030, which was raised in “PV Roadmap 2030 (PV2030)” by New
Energy and Industrial Development Organization (NEDO), the comparable power generation
cost of 5-10 yen/kWh has to be accomplished [1.6]. Of course, large investment and
mass-production lead to the reduction of the power generation cost, however, some

technological developments are necessary for the drastic progress.
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Table 1.1: Power generation cost and CO; emission amount of different energy source [1.7].

Power generation cost CO; emission amount
Energy source
(yen/kWh) (g-CO/kWh)
oil 10.0-17.3 742
coal 5.0-6.5 975
LNG 5.8-7.1 519-608
water 8.2-13.3 11
atomic 4.8-6.2 22-25
solar 45 53
wind 10-14 29
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1.1.2. Poly-Si thin film solar cells

Today’s solar cell market is largely based on the bulk crystalline silicon
technology, with a share of more than 95% (monocrystalline silicon cells; 36%,
multicrystalline silicon cells; 58%) [1.4]. Bulk silicon cells combine an impressive number of
advantages such as high performance, stability, abundance and no toxicity, therefore they will
keep playing the most important roles even other materials will be proposed and developed.
To reduce the power generation cost of conventional (c-Si) solar cell, material cost reduction
by means of material volume reducing is one promising strategy. In conventional fabrication
of 250-um-thick multicrystalline silicon solar modules, approximately a half of the fabrication
cost consists of the cost of silicon substrates [1.8]. Hence, reduction of silicon materials is
effective for low cost fabrication of solar modules. Additionally, there’s an issue of limitation
of silicon feed stock for solar cells. Certainly, it is very important to develop the thinner
(50-100 um) silicon solar cells with high efficiency, however, the wafer-based technology
includes the costly silicon ingot fabrication and kerf-loss in slicing step. Then, the impact to
power generation cost reduction is not so large (mentioned in detail at later section).

Here, crystalline silicon, especially polycrystalline silicon (poly-Si), thin films
solar cells based on direct deposition technology are one of the promising future directions,
which have the potential of low-cost and relatively high and stable performance. By
fabricating the thin film silicon with 5 to 50 pm thickness directly on foreign cheap substrates
without any kerf-loss, the impact to power generation cost reduction is quite big. And it is
crystalline phase silicon, therefore there’s no light degradation observed in amorphous silicon
(a-Si) solar cell (Stabler-Wronski effect [1.9]), and can apply the well-established cell
fabrication techniques for bulk crystalline silicon with a little change. The potential of

crystalline silicon thin film solar cells has been proved theoretically and the expected
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performance of poly-Si thin film solar cell has been calculated [1.10-1.14].

There are several techniques to create poly-Si thin films on foreign substrates
heading for photovoltaic applications. Direct deposition at low temperature (below 700 °C)
using low pressure chemical vapor deposition (LPCVD), plasma enhanced chemical vapor
deposition (PECVD), or hot-wire CVD typically creates poly-Si thin films with grain size of
sub-micron or less (complicated-mixed phase with a-Si [1.15]). Yamamoto et al. reported a
best conversion efficiency of 10.1% using PECVD method [1.16], but these techniques have
the problem of low process speed. Other low temperature approaches consist of deposition of
a-Si layer by LPCVD, PECVD, hot-wire CVD, sputtering, or evaporation followed by the
crystallization step like solid phase crystallization (SPC) [1.17-1.19], aluminum induced
crystallization (AIC) [1.20, 1.21], layered laser crystallization (LLC) [1.22], or flash lamp
annealing [1.23]. Recently CSG Solar Corporation started production of silicon thin films
prepared by SPC on glass followed by rapid thermal annealing (RTA), for which the solar cell
efficiency achieved around 10% [1.17]. Another approach to obtain poly-Si thin films is a
high temperature process over 700 °C using thermal CVD [1.24, 1.25], AIC [1.26, 1.27], or
zone melting re-crystallization (ZMR) [1.28-1.31]. Some of these researches are arranged in
Table 1.2 and Fig. 1.1 which shows the relationship between grain size and open circuit
voltage [1.32].

Among them, thermal CVD method seems most suitable for thin film poly-Si
solar cells for following reasons. First, high deposition rates (several microns per minute) are
possible and routinely achieved. Second, if carried out in the right conditions, it yields the
relatively high quality poly-Si layers reproducing the underlying crystallographic structure,
without any re-crystallization step which needs long time. And poly-Si thin films deposited

directly on foreign substrates by the higher temperature CVD have the columnar structure and
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Table 1.2: Techniques to fabricate poly-Si thin film and its cell properties [1.32].

Institute/
Substrate Technique Voe (MV) Eff. (%)
Company
CGS Solar [1.17] Borosilicate glass SPC + RTA 497 10.0
Sanyo [1.18] Metal SPC 553 9.2
UNSW [1.19] Borosilicate glass SPC + RTA 517 1.5
UNSW [1.20] Borosilicate glass AIC + epi. 441 3.0
HMI [1.21] Borosilicate glass AIC + CVD 378 1.3
IPHT [1.22] Borosilicate glass LLC 510 3.6
IMEC [1.26] Ceramic AIC + CVD 533 8.0
InESS [1.27] Ceramic (AIC)+ CVD 410 ~3
500 —
E c5p - microcrystalline ® Sanyo
o Se0ITEEETEIIE Lk e __
= imec 2006a LN S::Irme"' 2006b
g IPHT®
= 500 CSG »
£ ETL®
5 .
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Fig. 1.1: Comparison of the best open-circuit values of fabricated poly-Si thin film solar cells,

plotted as a function of the grain size [1.32].
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preferential orientation of the grains, which is suitable for solar cell application [1.24].
However, hydrogen can easily diffuse out of the film during the deposition and therefore it is
not possible to deposit poly-Si films with enough hydrogen for passivation of the defects and
grain boundaries (GBs). This is the main disadvantage in comparison with the low
temperature processes. Given all these features, high temperature thermal CVD technique was

applied to deposit poly-Si thin films on foreign substrates in this study.

1.2. Purpose and outline of this thesis

It was proved that poly-Si thin films directly deposited on cheap foreign
substrates by thermal CVD could achieve 15-18% solar cell efficiency by effective light
trapping and passivation of defects [1.33]. And it is revealed that the power generation cost
could be improved by 50% even with conversion efficiency of 10%, as mentioned in next
section. However, still there is no report of directly-deposited poly-Si thin film solar cells
which reached these efficiencies [1.24, 1.25]. Improvement of poly-Si thin films solar cell’s
efficiency is strongly required.

The final goal of this kind of research is of course to achieve the poly-Si thin film
solar cells with enough conversion efficiency, but this thesis concentrates on the improvement
of poly-Si thin films’ crystallographic and electronic properties for solar cell applications. And
the collateral development of techniques related to the poly-Si solar cell fabrication is also
described.

To reduce the crystalline disorders in poly-Si thin film is essential for the

improvement of poly-Si thin film solar cell. Poly-Si thin film includes certain numbers of
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crystalline defects, especially at GBs. These defects influence the charge carrier transport
properties, acting as recombination centers for the photo-generated minority carriers. The
target values related to crystallographic properties are set with roughly assumptions as follows,
referring the work by Yamazaki using 2-demantional simulation [1.34]. The simulation model
and results are shown in Fig.1.2 and Fig. 1.3, respectively. It has been revealed that in order to
achieve the conversion efficiency of over 10%, effective and conceivable value in poly-Si thin
film solar cells with thickness of 10 um, the factor L,/2S¢p (L,: grain size, Sgp: surface
recombination velocity at GBs) should be higher than 5%x10® s with the assumption of
minority carrier life time within grain of 0.3 us.

In order to obtain enough small number of crystalline defects that meet the values
mentioned above, mainly two points are focused for investigation; the grain size enlargement
and the defect passivation. The enlargement of the grains, which can reduce GBs, is
demonstrated directly-during the deposition step on cheap alumina substrate and reference
silicon wafer using an intermittent source gas supply method. For the defects passivation,
high-pressure H,O vapor heat treatment (HWT) as a new simple and low-cost defect
passivation is proposed and demonstrated on poly-Si thin films. The roles of grain size
enlargement and HWT in poly-Si thin films are investigated in detail from the view points of
crystallographic properties in relation to electronic properties.

Following the general introduction and purpose describing in Chapter 1,
experimental results are reported in Chapters 2-5. The Chapters correspond to thematic blocks,
so each of them contains a short introduction and a summary in order to make them
self-contained.

In Chapter 1, it is also briefly simulated the cost performance of poly-Si thin film

solar cells, emphasizing the utility of poly-Si thin film solar cells.
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In Chapter 2, to fabricate high-quality poly-Si thin films with high deposition rate,
thermal CVD in atmospheric pressure (thermal-APCVD) method is employed for poly-Si thin
films deposition on foreign alumina substrates as well as on reference silicon wafers. And in
order to enlarge the grain size directly in deposition process, an intermittent source gas supply
method is applied. After the introduction of deposition technique, the condition of poly-Si thin
films’ grain size is investigated, concentrating on the source gas supplying condition and
substrate type.

In Chapter 3, the crystallographic and electronic properties of grain
size-controlled poly-Si thin films is characterized by means of Raman scattering measurement,
X-ray diffraction measurement, photoluminescence measurement, Hall effect measurement
and atomic force microscopy measurement. The dependency of these results on grain size and
substrate type is discussed, concerning the internal stress involved in poly-Si thin films and
defect densities.

In Chapter 4, the effect of HWT as a new and simple defect passivation method
for poly-Si thin films is investigated as well as applying to bulk crystalline silicon solar cells.
For poly-Si thin films, the crystallographic and electronic characterization is applied in the
same way as Chapter 3, and bulk crystalline silicon solar cells are evaluated by means of
photovoltaic performance and related properties, revealing the effect of HWT.

In Chapter 3, it is described about the trail fabrication of poly-Si thin film solar
cells on alumina substrates. And as a new and suitable technique for the p-n junction
formation in poly-Si thin film solar cell fabrication, laser doping method, which can from the
shallow emitter, is introduced and developed as well as in bulk crystalline silicon solar cell
fabrication, investigating the doping conditions and photovoltaic properties.

Finally, conclusions and outlooks of this research are summarized in Chapter 6.
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1.3. Economical aspects of poly-Si thin film solar cells

In order to clarify the impact of poly-Si thin film solar cells on economic aspects,
some calculations which leads to the power generation cost of poly-Si thin film solar cells
fabricated on cheap foreign substrates are arranged with some assumptions in this section.
The power generation cost of conventional multicrystalline silicon solar cells are also

discussed with the comparison with poly-Si thin film solar cells.

1.3.1. Substrate selection

The choice of the substrate is one of the most important issues in poly-Si thin
film solar cell for not only technological reasons but also economic reasons. Simple
production methods and cheap source materials are essential. In high temperature deposition
process (from 800 °C to 1200 °C), choice of substrate material is limited, which is too high
for most standard glasses. Substrates should fulfill a number of other requirements. To avoid
excessive stress from the differential contraction due to cooling down after the deposition,
thermal expansion coefficient of the substrate material should be matched to the value of
silicon (4.2x10° K™). Also substrate should contain as little impurities as possible in order to
eliminate contamination of the silicon thin films [1.35]. Conceivable candidates are arranged
and compared with each other in Table 1.3 [1.36].

Alumina is a ceramic material consisting of small grains of aluminum oxide
AlLOs. It is widely used in the electronic packaging industry and is produced on an industrial
scale with the tape casting process, and its high reflectance is expected to have Back Surface
Reflectance effect [1.37, 1.38]. Mullite is a related ceramic material, which is formed as a

solid state solution of Al;O3 and SiO, within a certain concentration ratio. Graphite is a
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common material consisting of parallel planes of C-atoms arranged in a hexagonal form
which leads to its use in electrical equipment. Silicon carbide (SiC) is a refractory
polycrystalline material produced mainly by sintering and reaction bonding of SiC powders.
Among them, mullite seems to be most suitable with both physical and economical reasons,
but unfortunately it is much less widespread than alumina, and today produced by very few
companies. Therefore, alumina substrate was applied as foreign substrates in this cost

calculation and the research of whole this thesis.

1.3.2. Deposition cost

In this cost evaluation, two options; with or without re-crystallization step, are
discussed and compared with each other [1.36]. Process without re-crystallization consist just
two steps; substrate preparation and active layer deposition. If alumina is used as a substrate,
both substrate cost and deposition cost share total cost approximately half and half. On the
other hand, process with re-crystallization needs ever so six steps; substrate preparation,
seeding layer deposition, capping layer deposition, re-crystallization, stripping of capping
layer, and active layer deposition. Re-crystallization cost is almost equal to deposition cost, so
total cost of with re-crystallization case is approximately twice as without re-crystallization
case because there are two times of deposition. This suggests how favorable avoiding the

re-crystallization is.

1.3.3. Comparison with conventional multicrystalline silicon solar cells

The power generation cost of photovoltaic system (gcpy) can be calculated using

the equation,
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> AC,
gCp =+ , (1.1)
pef

where p,yis total power genetation per year determined by module efficiency and total amount
of solar radiation per year, and ACy is total cost of each component per year given from
production scale, durable years, module capacity, initial cost, installation cost, maintenance
cost, money interest, shipping price coefficient, and so on [1.8]. Assuming the case of
conventional multicrystalline silicon solar modules with annual production scale of 1 GW,
module capacity of 3.5 kW, module efficiency of 15%, durable years of 20 years, and other
parameters of typical values, the power generation cost is calculated as 44.6 yen/kWh. In this
case, approximately 70% of power generation cost, around 30 yen/kWh, is module fabrication
cost. And in module fabrication, Solar Grade Silicon (SOG-Si) purification, silicon wafer
fabrication, cell processing, and module assembling account 15-20%, 20-25%, 15-25%, and
25-50% in total module fabrication cost, respectively [1.8]. Therefore, it can be confirmed
that technological developments which reduce silicon material cost are essential for power
generation cost as well as mass-producing by large investment. However, the simple thinning
of silicon wafer doesn’t have a drastic impact to total cost reduction because it cannot avoid
the costly silicon ingot fabrication and kerf-loss in slicing step; only less than 5 yen/kWh
could be reduced if silicon thickness would be 100 um from 250 pm, assuming the kerf-loss
of 300 um (typical value today) and the same value of other parameters [1.8].

Poly-Si thin film with thickness of 10 um directly deposited on foreign cheap
substrate has the dramatic advantage to cost reduction by means of not only silicon volume
reduction but also avoiding the costly silicon ingot fabrication and kerf-loss. The comparison

of power generation cost between multicrystalline silicon solar cell and poly-Si thin film solar
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cell is arranged in Table 1.4 [1.36], with the same fabrication and installation condition except
for silicon material preparation. Although the smaller conversion efficiency is expected in
poly-Si case because of lower material quality and decreased length of light path in active
layer, the comparable or improved power generation cost could be obtained even with
conversion efficiency of less than 8%. When conversion efficiency gets higher than 10%,
more than 50% of power generation cost reduction would be expected. Further technological
progresses which achieve the poly-Si thin film solar cells with over 20% efficiency will bring
in the generation cost of less than 15 yen/kWh which can be competitive in commonly-used

electricity generation.
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Table 1.3: Relevant properties of the main candidate materials for the substrate of poly-Si thin

film deposition [1.36].

Relative price of raw Heat resistant up  Thermal expansion

Material ) ‘ o " Conductive
material (99.9% purity) to 1400 °C coefficient (K™)
Alumina 1 yes 8x10° no
Mullite 1-2 yes 5%10° no
Graphite 1-5 yes 4.5%10° yes
SiC 2-7 yes 4x10° yes/no

Table 1.4: Comparison between the material cost per unit electrical power for a bulk

multicrystalline silicon cell and poly-Si thin film cell on foreign substrate.

Cell type Conventional mc-Si Poly-Si thin film
electrodes
electrodes Poly-Si thin film
sketch
mc-Si Non-Si substrate
(Alumina)
Silicon thickness 250 100 10
Relative cost for
1 0.87 0.38
material
Assumed
15 15 8 10 20
efficiency (%)
Relative power
1 0.88-0.95 0.71 0.56 0.36
generation cost
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Chapter 2

Deposition of poly-Si thin
films on foreign substrates
with In-situ grain size
controlling

2.1. Introduction

Polycrystalline silicon (poly-Si) thin film includes certain number of grain
boundaries (GBs) which influence the charge carrier transport properties. GBs act as potential
barriers for majority carrier transportation, and act as recombination centers for minority
carrier. Particularly, in solar cell devices, less GBs are desirable to obtain the higher
photovoltaic performance. In order to decrease the influence of GBs, it is necessary to enlarge
grains as well as passivate the defects at GBs. In order to enlarge and control grain size of
poly-Si thin films, several methods were proposed such as zone melting re-crystallization
[2.1-2.4] or aluminum induced crystallization [2.5-2.8]. However, these methods present a
disadvantage for solar cell production as an additional time-consuming step, as described in
Chapter 1. If the grain size could be enlarged during a deposition, it might be possible to

achieve high efficiency poly-Si thin films solar cells without any additional processes. To
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enlarge grain size during deposition, an intermittent gas supply in APCVD [2.9, 2.10] was
employed in this thesis.

In this Chapter, high temperature process of poly-Si thin films by thermal
chemical vapor deposition in atmospheric pressure (thermal-APCVD) with direct grain size
control in the deposition process is described. The possibility to fabricate poly-Si thin films with
size-controlled grain on alumina substrates is discussed and compared with reference substrates of

oxidized silicon wafers.

2.2. Deposition technique

2.2.1. Thermal-APCVD

A thermal-APCVD system was employed to deposit poly-Si thin films [2.9, 2.10].
Figure 2.1 shows the photograph and schematic image of cold-wall APCVD apparatus used in
this thesis. The reactor was a quartz tube whose inner diameter was 71.5 mm. Temperature
was controlled by as induction heating coil with the feedback of measured temperature by
infrared thermo-camera. Dichlorosilane (SiH,Cl,: DCS), BCls/Ar (99.7 ppm) and H, were
used as a silicon source gas, doping gas and carrier/reduction gas, respectively. DCS was used
as a source gas instead of the more popular silane (SiH,) because of easier gas handling and
lower gas cost. Another advantage of DCS is the decrease of the defect density in silicon due
to etching by chlorine during decomposition of source gas [2.11]. Mass flow controller was
used to regulate the silicon source gas supply. H, gas was flowed through a purifier to avoid
contamination. The samples were set on a SiC-coated graphite susceptor and installed into the

furnace.
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Cold wall reactor

_1-(
|

Sample
p Exhaust
H, DCS BCl/Ar MFC: Mass Flow Controller

Fig. 2.1: Thermal-APCVD apparatus used in this study (upper: photograph of overview,

down: schematic diagram).
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The decomposition process of DCS is given by [2.12],

SiH,Cl, (gas) — SiCl, (gas) + H; (gas), 2-1)
SiCl, (gas) — SiCl, (site), (2-2)
SiCl, (site) + Hy (gas) — Si (site) + 2HCI (gas), (2-3)

where the first equation describes the thermal decomposition of the DCS, the second equation
means the adhesion on an active site on the substrate and the third equation shows that the
gaseous HCI is released. The schematic sketch of the deposition process discussed above is
shown as Fig. 2.2. The surface- and cross-sectional-image of scanning electron microscope
(SEM) of a typical poly-Si thin film fabricated by thermal-APCVD with thickness of around

10 um are shown in Fig. 2.3.

2.2.2. 2-step deposition with intermittent source gas supplying

In order to enlarge and control grain size of poly-Si thin films during a deposition
time, controlling the density of silicon nuclei formed at the initial stage of the deposition
period is very important.

To control the nucleation density at the initial stage of deposition, a 2-step
deposition method with intermittent source gas supply was employed in thermal-APCVD. In
this deposition technique, two kinds of deposition temperature were introduced; the first step
for silicon nucleation at 950-1000 °C and the second step for film growth with high
deposition rate (0.6-0.7 um/min) at 1000-1150 °C, as shown in Fig. 2.4. In this Chapter, CVD
temperatures were decided as 950 °C in first step and 1050 °C in second step. In order to

control the silicon nucleation density, the intermittent source gas supply method was
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introduced in the first step. Figure 2.5 shows schematic illustrations of 2-step deposition
technique with the flow sequence of DCS and H, in the first step where DCS was supplied
intermittently while H, flowed continuously. The period of one cycle is denoted as T and the
flowing time of DCS in one cycle is denoted as D. The intermittence ratio D/T was varied
from 100% (continuous flow of DCS) to 10% by changing D from 10 s to 1 s while T was
fixed. The total time of D was adjusted to 3 min by changing the number of cycles. The
source gas density (DSC/H;) was fixed to 0.1 %. After the first step, the high-rate growth
(0.6-0.7 um/min) of poly-Si thin films was performed on the nucleation-controlled substrates,
supplying DCS continuously with DSC/H,=0.3% in the second step. The obtained film
thickness was adjusted to approximately 10 um. The poly-Si thin films were simultaneously
doped into p-type in the second step thanks to boron incorporation from BCl3, and the carrier
(hole) concentration was adjusted to around 10" cm™. Also, direct deposition of poly-Si thin
films with the same condition as that of second step mentioned above without the first step
was performed (denoted as 1-step). These CVD conditions of poly-Si deposition are

summarized in Table 2.1.

2.2.3. Substrate preparation

A choice of the substrate is one of the most important material issues in the
poly-Si thin film solar cell research and conceivable candidates are discussed in Chapter 1. In
the course of this research, commercially available alumina substrates with features shown in
Table 2.2 were applied as true ‘foreign’ substrates for the deposition of poly-Si thin films.
Alumina is widely used in the electronic packaging industry and is produced on an industrial
scale with the tape casting process. Alumina substrates have an additional advantage of a large

reflection, serving for light trapping as a back surface reflector (BSR). Poly-Si thin film solar
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Fig. 2.3: Surface- and cross-SEM images of a typical poly-Si thin film fabricated by 1-step

thermal-APCVD.
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Fig. 2.5: Scheme of an intermittent source gas supply method.
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Table 2.1: Conditions of poly-Si thin film deposition using thermal-APCVD.

Parameters

Conditions

Substrate

Intermittent ratio D/T (%)

Temperature (°C)

Pressure

Time (min)

DCS flow rate (sccm)

BCIl3/Ar flow rate (sccm)

H, flow rate (slm)

Alumina or silicon wafer

10-100 or 1-step

First step: 950-1000
Second step: 1000-1150

Atmospheric

First step: 3 (total of DSC supplying time)
Second step: 15-20

First step: 20
Second step: 60

15 (only in second step)

20
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Table 2.2: Features of alumina substrate.

Parameters Conditions
Purity (%) 99.9
Density (g/cm3) 3.97
Vending strength at 25 °C (MPa) 660
Thermal expansion coefficient at 25-800 °C (1/K) 8x10°
Thermal conductivity at 25 °C (W/m-K) 33
Resistivity (2-cm) 10
Relative permittivity at 25 °C, 10 GHz 10
Roughness (um) ~0.02
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cells on highly reflective alumina substrate have been researched and achieved high short
circuit current density [2.13, 2.14]. Impurities in alumina are chemically strongly bound and
stayed in a matrix of substrate, so that only a very limited amount of contamination is released
during deposition process. Poly-Si thin film solar cells on alumina substrate were already
investigated [2.15]. However, crystallographic and electronic properties of poly-Si thin film
itself on alumina substrate have not been reported.

Poly-Si thin films on ceramic substrates may have different structure and
electronic properties (nucleation density, in-grain crystallinity, grain boundaries and tail states,
carrier concentration, Hall mobility and so on) from ones deposited on silicon substrates.
These different properties might be influenced by the difference of thermal expansion
coefficients between alumina and silicon. Thermal expansion coefficients of alumina
substrates and silicon are 8x10° and 4.2x10° [K™], respectively. Poly-Si thin films were
deposited both on alumina substrates and reference silicon wafers, comparing with each case.
Surface of silicon substrates was very smooth, while RMS roughness of surface of alumina
substrates was relatively high (given feature: ~200 nm, measured value: 380 nm). Before the
use of silicon substrate, RCA cleaning of silicon wafer was carried out as shown in Table 2.2.
On the other hand, alumina substrates were cleaned by ultrasonic wave cleaning in acceton
liquid in 2 min at room temperature.

When the ceramics are used as the substrate, some buffer intermediate layers
should be employed in order to prevent some metal impurities included in substrates from
diffusing into a poly-Si layer during the high temperature deposition period. The intermediate
layers such as SiOy, SiNy, SiC, and etc. has been proposed [2.13-2.17], and in this Chapter,
SiOx and SiNx layers deposited by plasma-enhanced CVD (PECVD) were adapted as

intermediate layers. In addition, SiO, layer obtained by thermal oxidation of silicon wafer was
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No Process Chemicals Conditions
H,SO4 (97%) 15 min at 80 °C
1 SPM
— 1:1 of H,SO4 (97%):H,0, (30%) — 10 min at 80 °C
2 Rinse Deionised H,O (18M) 1 min at 20 °C
3 HF HF (5%) 1 min at 20 °C
4 Rinse Deionised H,O (18M) 1 min at 20 °C
RCA-1
5 1:5:1 of NH3 (27%): H,O: H,O, (30%) 5 min at 80 °C
(SC-1)
6 Rinse Deionised H,O (18M) 1 min at 20 °C
7 HF HF (5%) 1 min at 20 °C
RCA-2
8 1:5:1 of HCI (27%):H,0O:H,0, (30%) 5 min at 80 °C
(8C-2)
9 Rinse Deionised H,O (18M) 1 min at 20 °C
10 HF HF (5%) 1 min at 20 °C
Rinse
11 Deionised H,O (18M) 1 min at 20 °C
& dry
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Table 2.4: PECVD conditions for plasma-SiOx and SiNy formation.

Parameters Si04 SiNy

RF power (W) 75 40

Gas flow rate TEOS: 7 SiH4/N»: 50
(sccm) 0,: 300 NH;: 80

Time (min) 7.5 10
Temperature (°C) 300 300

Pressure (Pa) 80 80
Film thickness (nm) ~500 ~400

Table 2.5: Oxidation conditions for thermal-SiO, formation.

Parameters Conditions
Temperature (°C) 1000
Oxidation time (min) 90
O, flow rate (slm) 0.5
Film thickness (nm) ~500
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also employed as the reference. Each intermediate layer is denoted as plasma-SiOy,
plasma-SiNy, and thermal-SiO,, respectively, and the conditions of formation are arranged in

Table 2.3 and 2.4.

2.3. Grain size controlling

Before the deposition on alumina substrates, poly-Si thin films were deposited on
silicon wafers with thermal-SiO,, as a standard model for the investigation of deposition itself.
In this section, the conditions of nucleation and grain size of poly-Si thin films deposited by
an intermittent source gas supply method on silicon wafers with thermal-SiO, intermediate

layers are discussed.

2.3.1. Nucleation density and grain size controlling

Figure 2.6 shows the surface-SEM pictures of silicon nuclei after the first step
with different intermittent ratio, D/T. The density of the silicon nuclei clearly decreased with
reducing D/T. The nucleation density could be controlled in the range from 10° to 10'° cm™.

Figure 2.7 show the surface- and cross-SEM images of poly-Si thin films after
the second step of deposition with different intermittent ratio D/T at the prior first step. It can
be clearly observed that the grain size was enlarged with reducing D/T. Average grain size by
the deposition at D/T of 100% was 2-3 um. On the other hand, grain sizes were enlarged from
2-3 to 15-20 um by an intermittent source gas supply with decrease of D/T from 100 to 10%.
Relationship between the nucleation density and D/T, and grain size and D/T are shown in Fig.

2.8 and 2.9, respectively.
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(@) D/T=10% 10 um

(b) D/T=30% 10 pm

Fig. 2.6: SEM images of the silicon nuclei after the first step with different intermittent ratio

D/T.
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(@) D/T=10% 0pm o) preion 10 um

(b) D/T=30% 10pm ) pr30% 10 pm

Fig. 2.7: Surface- and cross-SEM images of poly-Si thin films after second step with different

intermittent ratio D/T.
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Fig. 2.8: Nucleus density after the first step as a function of D/T.
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Fig. 2.9: Grain size of poly-Si thin films as a function of D/T.
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2.3.2. Discussion of grain size controlling mechanism

When heterogeneous nucleation of silicon occurs on the surface of a foreign
substrate which does not allow epitaxy, growth takes place in island mode (also called
Volmer-Weber mode). Three-dimensional grains are formed, and they retain the shape until
they coalesce with each other. The grain size in poly-Si thin films is determined on one hand
by the early phase deposition, i.e., the nucleation phase, and on the other hand by competitive
grain growth. During the nucleation phase, nuclei are formed and start capturing free silicon
atoms on the substrate surface. While these existing grains grow, new ones may be formed in
the spaces between them. After coalescence however, grains grow further epitaxially,
continuing the underlying crystalline structure throughout the layer. Therefore, they form GBs
when they reach each other. The relationship between the nucleation density (V,;) and the

grain size (L,) can be roughly approximated by [2.9, 2.10, and 2.18],

Ny =1/L2(cm™?)- (2.4)

Hence, the smaller nucleation density is desirable to accomplish the grain-size enlargement.

In order to understand the fundamental mechanisms of nucleation, ‘“atomic
nucleation theories” seems to be suitable. The most complete treatment of the nucleation
processes is probably Venables’s rate equation approach [2.19], which not only covers
nucleation itself, but also takes other phenomena into account like coalescence and mobility
of nuclei. The theory after simplification leads to the following factors. The first factor is the
evolution of density of adatoms in time. Here, adatoms are defined as single atoms that are
adhered at the surface of the substrate but diffuse freely along the surface. The evolution of

adatom density in time is determined by the rate of arrival of adatoms, the frequency of
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removal of adatoms, the fraction of surface which is already covered, the density of stable
nuclei, and the capture number of these nuclei. In steady state, the atoms appearing on the
surface either to get caught by the stable nuclei or are removed after an average residence
time. At the given temperature in CVD, the removal rate does not change irrespective of the
other parameters, and is likely to be determined by surface reactions. During the deposition of

silicon with chlorinated species like this study, the etching reaction,

Si (site) + 2HCI (gas) — SiCl, (gas) + H; (gas), (2-5)

plays a crucial role. The second factor is the increase of stable nuclei per unit time, which is
equal to the nucleation rate minus the rate at which the number of stable clusters decreases
through merging processes. Third factor describes how the coverage increases when the stable
nuclei grow.

The intermittent source gas supply method is the deposition technique actively
utilizes the function of the etching reaction by HCI. In conventional 1-step deposition with the
given temperature and silicon source gas supplying rate, the approaching rate of atoms on
surface and the growth rate of stable nuclei are much larger than the atoms’ removal rate, thus
the nucleation occurs everywhere the surface and the nucleation density becomes high. When
silicon grains contacted the neighbor grains already in the initial stage of deposition, the
grains grew only in the perpendicular direction to the substrate. On the other hand, by
introducing the intermittent supply method, some of the very small and unstable silicon
clusters are desorbed and/or etched away during the intermission time because the etching
becomes dominant. Once some nuclei start to grow, the nuclei are likely to preferentially

adsorb precursors. Therefore, the size of the individual nuclei was enlarged with reducing D/T,
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while the number of the nuclei decreased. In the case of lower D/T, it could be seen that the
individual grains grew much larger to lateral direction because the isolated grains can
continue to grow until colliding with the other grains due to the low nucleation density.

Figure 2.10 shows the X-ray diffraction (XRD) patterns of poly-Si thin films
fabricated with different D/T. The poly-Si thin film obtained by 1-step deposition showed a
strong (220) preferential orientation peak in XRD pattern. This result corresponds to many
reports of silicon deposited on foreign substrates, which mentioned that poly-Si thin films
have a strong [110] preferential orientation [2.20]. The dominance of this orientation was
linked to some properties of <110> grains, which make them highly successful in competitive
growth, namely the high growth rate of the {110} planes and a low probability of developing
slow growing {111} facets. With reducing the intermittent ratio D/T, intensity of (220)
preferential orientation decreased and (111) orientation dominated. This explains that (111)
plane remains without desorbed during the intermission time because (111) plane is more

stable to etching than (220) plane relating to the difference of surface energy [2.21].

2.4. Substrate type dependency

2.4.1. Intermediate layer dependency

One more cushion before depositing on alumina substrates, the influences of
intermediate layers, thermal-Si0O,, plasma-SiOyx and plasma-SiNy layers, were investigated on
silicon wafers. As shown in the SEM images of Fig. 2.11, the nucleus density on the
plasma-SiNy layer was extremely larger than that on both thermal-SiO, and plasma-SiOy
layers.
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Fig. 2.10: XRD patterns for poly-Si thin films fabricated with different intermittent ratio.
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(&) D/T=10%

On plasma-SiO,

On plasma-SiN,

Fig 2.11: SEM images of the silicon nuclei after the first step with different D/T" on

plasma-SiOy and SiNy intermediate layers.
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On SiO; layers, silicon precursors adhered on the surface of the substrate are

likely to react with SiO, and be evaporated as SiO that has high vapor pressure [2.12], as give

by,

Si+8i0, »28i0T 2.6)

Then, the nucleus density would be relatively small on the SiO; layers. Since the
reaction expressed by equation above cannot be shown on the SiNy layer [2.12], the nucleus
density on the SiNy layer became so large. Additionally, the nucleus density on the
plasma-SiO, layer was markedly larger than that on the thermal-SiO,. It might be caused by
the difference of chemical composition of Si and O between thermal-Si0; and plasma-SiOy. It
was reported that the deposited SiOy are likely to have Si-rich surface rather than
stoichiometric composition of thermal grown SiO, [2.12], and silicon clusters likely adhere
onto substrate to form silicon nuclei in plasma-SiOy case.

Figure 2.12 shows SEM images of poly-Si thin films after second step of
deposition onto different intermediate layers with different intermittent ratio D/T. The
nucleation density and grain size as a function of D/T on each intermediate layer is shown in
Fig. 2.13 and 2.14, respectively. From the view point of the range of grain size controlling,
thermal-Si0; layer is ideal as an intermediate layer, but obviously it can not be applied when
the substrate is not silicon. The nucleus density on the SiNy layer was so large that the layer
would be difficult to use as an intermediate layer for the deposition of large grain poly-Si thin
films. Hence, plasma-SiOy is expected as the proper intermediate layer for the deposition of

poly-Si thin films with grain size controlling deposited on foreign substrates.
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On plasma-SiO, On plasma-SiN,

Fig 2.12: SEM images of the poly-Si thin films after the second step with different D/T" on

plasma-SiOy and SiNy intermediate layers.
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Fig 2.14: Grain size of poly-Si thin films on different intermediate layers as a function of D/T.
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2.4.2. Deposition on alumina substrate

The poly-Si thin films were deposited by thermal-APCVD on alumina substrates
with and without a plasma-SiOy intermediate layer using the intermittent source gas supply
method. The grain size of poly-Si thin film would depend on the intermittent ratio D/T and on
existence or nonexistence of an intermediate layer. Fig. 2.15 shows SEM images of the surface
morphology of poly-Si thin films on alumina substrates with and without a plasma-SiOyx
intermediate layer with different intermittent ratio D/T. Grain size of poly-Si thin films on
alumina with a plasma-SiOy intermediate layer was successfully controlled by the intermittent
gas supply as well as the case of the deposition on silicon substrate as shown in Fig. 2.16,
while no significant change of grain size was observed in the case of without a plasma-SiOy
intermediate layer. The tendency of orientation was also almost the same as the case of
deposition on silicon substrates if grain size controlling could be applied as shown in Fig. 2.17.
These results imply that the nucleation density can be determined by the D/T and the
existence of SiOy intermediate layer rather than by the surface roughness of alumina substrate
(RMS roughness was around 380 nm). In case of deposition on plasma-SiOx with D/T=10%,
the well-grain-enlarged poly-Si thin film, whose grain size was comparable to 10 um, was
obtained. This would lead to the high efficient poly-Si thin film solar cells fabricated on the
cheaper foreign substrates.

Finally, Fig. 2.18 shows the result of secondary ion mass spectroscopy (SIMS)
which reveals the impurities incorporated into poly-Si thin films. By introducing the
plasma-SiOy intermediate layer, the diffusion of undesirable atoms such as oxygen and iron
was suppressed very well by the factor of 1/4. Provably, more improvement can be expected

by changing the quality of SiOy layer such as film density.
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With plasma-SiO,
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Fig. 2.15: SEM images of poly-Si thin films deposited on alumina substrates with and without

a plasma-SiOy intermediate layer with different D/T.
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with the case of deposition on silicon wafer.
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2.5. Summary

The grain size of poly-Si thin films could be successfully controlled directly in
deposition period by the 2-step deposition method with nucleation controlling using the
intermittent source gas supply technique. The nucleus density could be controlled in the range
from 10° to 10'° cm™ on both silicon and alumina substrates with SiOy intermediate layers.
Then, the grain size could be controlled in the range from a few pm to over 10 um, the
suitable value for solar cell designing. It can be concluded that the deposition of large grain
poly-Si thin films fabricated by using the intermittent source gas supply method is applicable

effectively to the low-cost processing of poly-Si thin film solar cells.
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Chapter 3

Crystallographic and
electronic properties of grain
size-controlled poly-Si thin
films

3.1. Introduction

Performance of polycrystalline silicon (poly-Si) thin film devices largely depends
on charge carrier transport properties dominated by the grain boundaries (GBs), as discussed
in previous Chapters. In order to decrease the influence of GBs, it is necessary to enlarge
grains to sizes larger than the film thickness, and particularly in solar cell devices, the grain
size of poly-Si has strong effect on solar cell performance. In Chapter 2, to enlarge grain size,
an intermittent gas supply was employed for the nucleation controlling in thermal chemical
vapor deposition in atmospheric pressure (thermal-APCVD) and the grain size of poly-Si thin
films with thickness of around 10 um deposited both on alumina and silicon substrates with
SiOy intermediate buffer layers was completely controlled in the range from a few um to over

10 um by changing the source gas supplying condition.
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In this Chapter, enlargement of grain size was evaluated from the point of view of
the crystallinity, i.e., the amount of crystalline disorders. In fact, there’s no significant report
which investigates about crystallographic properties of poly-Si thin films fabricated on
alumina substrates in detail. The possibility to fabricate poly-Si thin films with controlled
grain size on different substrates is discussed, comparing with standard substrates of silicon

wafers.

3.2. Role of the deposition temperature in APCVD

In Chapter 2, the deposition temperature was fixed at 950 °C in the first step and
1050 °C in the second step to focus on investigating the source gas supply conditions of
poly-Si deposition. However, it is considerable that the deposition temperature has influences
to the crystalline quality. Thus, the role of deposition temperature to crystalline quality was
investigated in this section. Deposition temperature was varied from 1000 °C to 1150°C in 1
step deposition on oxidized silicon. Obtained grain size was around 2-3 um in all poly-Si thin
films and film thickness of each case was almost the same at around 10 pum. The crystallinity
of the poly-Si thin films was investigated by Raman scattering spectroscopy with Ar laser at
514 nm excitation, and X-ray diffraction (XRD) measurement with diffractometer Bruker D8
CuKa with energy dispersive SOL-X detector. Raman spectra were numerically fitted by
Lorentzian curve to extract the TO-LO (transverse optical mode, longitudinal optical mode)
band parameters.

Figure 3.1 shows full width at half maximum (FWHM) of TO-LO phonon band

of Raman spectra of poly-Si thin films as a function of deposition temperature. With an
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increase of the deposition temperature, FWHM of the TO-LO phonon band became narrower,
becoming close to that of crystalline silicon (c-Si) due to improvement of crystallinity. At the
deposition temperature of 1000 °C, Raman band becomes much wider, which means the
resulting silicon lattice contained higher disorder for which higher defect density can be
expected. Peak position of TO-LO phonon band was not shifted as a function of deposition
temperature.

Lattice constant was also influenced by the deposition temperature. Lattice
constant of the poly-Si thin films and the stress measured by XRD as a function of the
deposition temperature are shown in Fig. 3.2. At low temperature, lattice constant was smaller
than that of the standard c-Si lattice constant (5.4309 A), and it became closer to the c-Si
value with increasing the deposition temperature. Residual stress can be determined from the

shift of a diffraction line according to [3.1]:

0,%0, =~E (du—dyidy (3.1)
Vv

Where E is the Young’s modulus, v is the Poisson’s ratio and d,,, is the lattice spacing
obtained from the XRD results. The determined stress is the sum of the two main stress tensor
components g;+0; in the plane of the poly-Si thin films. The stress was calculated using a
value of 165.9x10° Pa for the Young modulus and the Poisson’s ratio of 0.217 [3.1]. Thermal
stress due to the difference of the thermal expansion coefficients between the SiO, (5.0x107
K™) and poly-Si thin films (4.2x10° K') was not considered in this estimation because the no
significant effect could be assumed when SiO, layer was enough thin. Thus, internal stress of

poly-Si thin films was caused by internal factors.
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Fig. 3.1: FWHM of TO-LO phonon band of poly-Si thin films as a function of deposition
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Fig.3.2: Lattice constant of poly-Si thin films and the measured value of lattice stress in

poly-Si thin films as a function of deposition temperature.
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The internal stress can have several origins such as; 1. incorporation of atoms,
residual gases or chemical reaction, 2. differences of the lattice constant of the crystalline
substrate and the film during epitaxial growth, 3. variation of grain size, 4. re-crystallization
processes, 5. microscopic voids and special arrangement, and 6. phase transformation. Stress
in poly-Si thin films would be caused by a combination of several above mentioned factors,
e.g., silicon atoms could not find stable sites during crystal growth at 1000 °C, resulting in
crystalline disorder, i.e., dangling bonds or dislocation formation. These are origin of
broadening of the FWHM of TO-LO phonon Raman band, shrinking of the lattice constant
and probably also in weaker (220) preferential orientation

Deposition temperature could strongly influence the character of poly-Si thin
films. For later experiments in this thesis, the deposition temperature was fixed at 1100 °C in
second-step because the better electronic properties may be expected without stressing the
CVD apparatus. And in this case, it was also confirmed that deposition temperature of
1000 °C in the first step would bring the effective grain size controlling as well as mentioned

in Chapter 2.

3.3. Crystalline quality of poly-Si thin films with different grain

size

A series of measurements by means of Raman scattering measurement, XRD
measurement, and photoluminescence (PL) measurement were performed in order to
investigate the crystallographic properties of grain size-controlled poly-Si thin films deposited

on alumina and silicon substrates with plasma-SiOy intermediate layers. The PL measurement
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was done at 7 K with a excitation laser with wavelength of 980 nm and power of 40 mW/cm?,

using Ge detector and lock-in amplifier.

3.3.1. Results of measurements

Figure 3.3 shows lattice constant calculated from XRD data of grain
size-controlled poly-Si thin films on alumina and silicon substrates. Lattice constant was
influenced by enlargement of grain size of poly-Si thin films on alumina substrates, while it
was almost constant regardless of the grain size in the case of deposition on silicon substrates.
The lattice constant of poly-Si thin films on alumina substrates showed large shift from c-Si
value in the case of small grain size and was dramatically improved with an increase of grain
size, becoming closer to that of c-Si.

Figure 3.4 shows the result of Raman scattering measurement; FWHM and peak
position of the TO-LO phonon band (at 520.5 cm™ in ¢-Si) as a function of the grain size.
Peak position and FWHM of poly-Si thin film with small grains on alumina substrate were
shifted to higher wave number (524.5 cm'l) and became broader (5.5 cm'l). With an increase
of grain size, FWHM and peak position of the TO-LO phonon band were drastically shifted to
those of c-Si values, just the same tendency as lattice constant from XRD. Even in case of
poly-Si thin films on silicon substrates, the slight shift of FWHM and peak position from c-Si
and improvement by grain size enlargement were observed.

Figure 3.5 and 3.6 show PL spectra of the poly-Si thin films with different
intermittent ratio D/T (different grain size) deposited on silicon and alumina substrates,
respectively. All PL spectra are normalized by peak intensity of the tail-to-tail part (around
0.95-1.0 eV). The most remarkable feature is the difference of peaks at around 1.08 eV among
samples. This peak indicates TO phonon replica of bound excitons (BE) at B atoms [3.2], and

57



Chapter 3

c-Si = 5.4309

BT e e o B I I

- T ]

5.444 o @ on Si wafer |

ot - [(Jon Alumina | ]

- - — ,

§ 5440 - —

= — N
7

g i .

S 5436 - —

o C _

= - _

: - —

S 5432 - oS

(O T T ——@—— ]

5.428_""l""l""l""l""l""_

)

5 10 15 20 25 30
Grain size (um)

Fig. 3.3: Lattice constant of poly-Si thin films with different grain size on silicon and alumina

substrates with SiOy intermediated layer as a function of grain size.
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in the case of silicon substrates, started to be appear and increased with the grain size
enlargement. Moreover, peak position of TO-BE peak became closer to that of c-Si (1.092
eV) with an increase of the grain size. In addition, peak at around 1.12 eV which is related to
transverse acoustic (TA) phonon replica of BE [3.2, 3.3] could be observed in poly-Si thin
film on silicon with the largest grain size. On the other hand, poly-Si thin films on alumina
substrates showed no TA-BE peaks and very small TO-BE peak only in the case of biggest
grain size. This tendency of peak appearance and sharpening with grain size enlargement was
also seen in so called D1 peak (around 0.80 eV) which is related to dislocations. As one more
interesting thing in the case of alumina substrates, large peak shift of tail-to-tail peak to higher

energy (0.926 to 0.986 eV) was observed with an increase of grain size.

3.3.2. Discussion

By using the intermittent source gas supply method, grain size of poly-Si thin
films was controlled in the range from a few um to over 10 um in the case of deposition
temperature at 1000 °C in the first step and 1100 °C in the second step. The result of XRD
and Raman scattering measurement showed the same tendency; poly-Si thin film with small
grains on alumina substrate gave very large shift from c-Si value and became closer to that of
c-Si with grain size enlargement. The shifts of these values from c-Si indicate the large
internal compressive stress and large amount of disorders in poly-Si thin films with small
grains on alumina. The internal stress would be caused by the difference of thermal expansion
coefficient. The theoretical thermal stress (o) due to the different thermal expansion

coefficients is given by,
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Fig. 3.5: PL spectra of poly-Si thin films on silicon substrates fabricated with different
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Fig. 3.7: Calculated inner stress from Raman peak shift of poly-Si thin films on alumina

substrate with SiOy intermediate layer as a function of grain size.
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O-th = E : (al - aZ) ’ (T;aw

_T;ligh)/(l_v) (32)
where E is the Young’s modulus, a; and a; are the thermal expansion coefficients of different
materials, 77, and Ty, are low and high temperature in process and v is the Poisson’s ratio
[3.4]. The calculated thermal stress was around 1.1 GPa during temperature cycles from
1100 °C to room temperature. And the internal stress (oi,) of poly-Si thin films could be

calculated from the shift (A) of Raman TO-LO peak using the equation [3.5, 3.6],
Oin =-250xA, (3.3)

as shown in Fig. 3.7. The internal stress of poly-Si thin films with small grains on alumina
substrate was almost the same as the thermal stress. Grain size enlargement can be said to be
effective not only to grain boundary reduction but to internal stress relaxation, resulting in
crystallinity improvement within the grains. This is probably due to the reduction of
interaction between grains such as collision.

PL result reflects the crystallinity related to photo-generated carrier’s activity,
therefore, it is very important for photovoltaic application. The appearance, sharpening and
position shift of TO-BE, TA-BE, D1 and tail-to-tail peaks can be used to judge the crystalline
quality of poly-Si thin films, because they will be shifted to lower energy and broadened by
residual strain which results from dislocations and point defects [3.2, 3.7-3.11]. In the case of
poly-Si thin films on silicon substrates, TO-BE peak clearly increased with grain size
enlargement as shown in Fig. 3.5, confirming the crystallinity improvement in agreement with
Raman and XRD results. Large shift to lower energy of tail-to-tail peak and difficulty of

appearance of other peaks in poly-Si thin films with small grains on alumina substrates
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explained poor crystallinity due to large stress discussed above, however, grain size

enlargement could be the help or must be applied to improve the crystallinity.

3.4. Electronic properties of poly-Si thin films with different

grain size

3.4.1. Macroscopic analysis (Hall effect measurement)

Electronic properties as a function of grain size are discussed in this section.
Figure 3.8 shows carrier concentration and Hall mobility as a function of grain size on silicon
and alumina substrate, measured by using Van der Paw method. Carrier concentration of the
samples was 1x10"" cm™. It was reported that the relation between acceptor concentration and
the hole carrier concentration is almost 100% [3.12]. But poly-Si thin films with smallest
grain size on alumina substrate have lower carrier concentration down to 4x10'® cm™ in spite
of the coinstantaneous deposition on silicon and alumina substrates. Poly-Si thin films with
small grain size on alumina substrate have largest stress and crystalline disorder as discussed
above. Stress might influence relation between the acceptor concentration and the hole
concentration, making acceptors inactive. The correlation between the stress and carrier
doping efficiency is still unknown and it should be further investigated. Hall mobility was
improved with an increase of the grain size in poly-Si thin films on both substrates due to the
decrease of the number of grain boundaries. Hall mobility of poly-Si thin films on silicon was
larger than that of poly-Si thin films on alumina substrate in spite of almost the same grain
size, due to the fact that the poly-Si thin films on alumina substrate had deep tail states and

deteriorated grain quality.
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Fig. 3.8: Carrier concentration (upper) and Hall mobility (down) of poly-Si thin films with
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function of grain size.
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The mobility of majority carriers in poly-Si thin film would be largely dominated
by the carrier scattering at the potential barriers due to defects especially at grain boundaries
[3.13]. For the photovoltaic application, the relation ship between crystallographic defects and

minority carrier transport property should be investigated in further study.

3.4.2. Microscopic analysis (KFM measurement)

In order to make the microscopic characterization at the local point of GBs,
Kelvin Force Microscopy (KFM) was performed. For the KFM measurement, poly-Si thin
film samples with a special structure with base contact were fabricated as follows and as
shown in Fig. 3. 9. In this structure, the plasma-SiOy intermediate buffer layer formed on a
low resistivity (0.004 Q-cm) silicon wafer was used as a substrate. Before the deposition of a
poly-Si thin film, 80-um-diameter holes were opened at an interval of 450 pm in the SiOy
film by a photolithography process. The holes act as the base contact. The p-type poly-Si thin
films were deposited by 1-step method at 1100 °C. In this structure, grain size enlarging by an
intermittent source gas supply method could not work effectively because the epitaxial growth
of silicon at contact holes dominated rather than silicon nuclei formation in first-step. Finally,
an Al electrode was formed to the rear side of silicon substrate.

These fabricated poly-Si thin films were evaluated by KFM measurement at
room temperature and ambient conditions using Veeco Dimension 3100. Pt/Ir coated
cantilever with resonance frequency of 75 kHz was used. Figure 3.10 shows the two images
from KFM measurement; local topography and KFM potential image. Potential image
showed the contrast at GBs as relative higher surface potential. Figure 3.11 shows line
profiles of height and surface potential at a distinctive GB as indicated points between A and

B in Fig. 3.9. At GB, the potential clearly increased by 40-60 mV higher than inner grain.
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1. SiO, thin layer formation
by TEOS PE-CVD

1 ~500 nm

Low-resistivity p* c-Si

2. Contact Holes formation
by photolithography

Diameter: 80 um
Interval: 450 um

3. Poly-Si thin film deposition
by thermal AP-CVD

Fig. 3.9: Schematic illustration of process sequence of poly-Si thin film sample fabrication for

KFM measurement.
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Fig. 3.10: Topography (left) and KFM potential image (right) of poly-Si thin film.
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Fig. 3.11: Line profiles of height (left) and surface potential (right) at a distinctive GB as

indicated points between A and B in Fig. 3.10 in poly-Si thin film.
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In the measurement in this study, the absolute value is not calibrated, however, it
is possible to compare potential values at several GBs in one KFM image. Figure 3.12 shows
the band diagram of p-type poly-Si within the grain and at a GB in the case of KFM
measurement using Pt coated cantilever. Work function of Pt is approximately 5.4 eV, while
for p-type silicon it is around 4.3 eV. The larger surface potential obtained from KFM
measurement corresponds to larger contact potential difference, i.e., the band bending to
valence band.

This potential bending to valence band would be caused by the interface states at
GBs. The interface state at GBs is fully occupied by majority carriers when the Fermi level at
GBs lies closer to a band edge than the interface state level [3.13]. Then, in p-type poly-Si
thin films, the GBs are generally positive charged. The positively charged GBs will induce the
band bending as shown in Fig. 3. 12. The barrier height of potential bending (¢,) is described

as [3.14],

@, =qN,” I8N, (3.4)

where ¢ is elementary electric charge, ¢ the dielectric permittivity, N, the acceptor
concentration and N, the interface state density at GBs. The interface states at GBs act also as
recombination center for minority carriers as well as induce the potential barrier for majority
carriers. Then, the inter face recombination velocity at GBs (Sgp) can be estimated from N, as
follows,

Ses =0V, N, , (3.5)

n’th
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measurement using Pt cantilever.
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where o, is the capture cross section and vy, is the thermal velocity.

Using equation (3.4) and (3.5), Ny and Sgp are calculated with the assuming that
N,, o,, and vy, are 1.0x10" cm'3, 1.0x10% cmz, and 2.0x10’ cm/s, respectively [3.15, 3.16].
The results of arbitrary 50 GBs are arranged in histograms in Fig. 3.13. The average Ny and
Scp are 3.52x10"! cm'z, and 7.04x10° cm/s, respectively, in this case of poly-Si thin film with
small grains on silicon substrate and the value L/2S¢z equals to 1.42x10” s, much less than
the target of 5.0x10™ s. Unfortunately the measurement of large grain poly-Si thin film has
not been performed yet, but the simple assumption of just the difference of grain size (of
course it is not true) brings one order higher value of Ly/2Ssp in case of poly-Si thin film with
enlarged grain. Additionally, the quality of intra grain would be improved as already shown in
this Chapter. However it is expected that poly-Si thin films on alumina substrate has much

less quality, so more and more improvement is necessary.

3.5. Summary

Grain size of poly-Si thin films was successfully enlarged by intermittent gas
supply method up to 20 um. With an increase of the grain size, crystalline quality of poly-Si
thin films was improved, as shown by Raman and PL results. Hall mobility was improved up
to 60 cm?/Vs in the case of the biggest grain size due to the decrease of the number of the
grain boundaries. Grain size of poly-Si thin films on alumina substrates with SiOy buffer layer
could be controlled by the same intermittent gas supply method. Poly-Si thin films on alumina
substrate have larger compressive stress caused by difference of the thermal expansion

coefficients between alumina substrate and silicon thin films. With an increase of grain size
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on alumina substrate, crystalline disorder and stress were improved. The improvement was
dramatically larger than in the case of poly-Si thin films on silicon substrates.

Stress and crystalline disorder of poly-Si thin films on alumina substrates are
larger than those on silicon in spite of almost the same grain size. According to Raman and
XRD results, stress and crystalline disorder could be mainly caused at GBs. As a result, Hall
mobility of poly-Si thin films on alumina substrate is deteriorated. GBs condition influenced
by stress and crystalline disorder suppressed improvement of electronic properties. It can be
concluded that enlargement of grain size is essential in order to achieve good electronic
properties.

KFM measurement for microscopic characterization revealed that the value
L/2S8sp equals to 1.42x1071° s, much less than the target of 5.0x10°® s, in this case of poly-Si
thin film with small grains on silicon substrates. The simple assumption of just the difference
of grain size brings one order higher value of L2555 in case of the poly-Si thin film with
enlarged grain. Additionally, the quality of intra grain would be improved. However, poly-Si
thin films on alumina substrate were expected to be much less quality, therefore, more

improvement of crystallinity is necessary.
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Defect passivation by
high-pressure water vapor
heat treatment

4.1. Introduction

Passivation of defects at grain boundaries (GBs) and/or in grains is essential for
obtaining high polycrystalline silicon (poly-Si) thin films solar cell performance. Plasma
hydrogenation or hydrogen diffusion from SiN:H layer are widely employed in PV industry
[4.1-4.8]. Although these passivation methods are well-established, they have disadvantages.
Both methods need expensive high vacuum systems, and then they present a barrier for
reducing PV cost. Moreover, prolonged hydrogenation also creates new defects on the surface.
Development of new simple passivation methods is strongly required. In this Chapter, the
high-pressure water vapor heat treatment (HWT) as a new and simple method for passivation
of poly-Si-thin films as well as bulk-silicon solar cells was proposed and developed. This
method has been developed originally for the improvement of electrical performances of
polycrystalline silicon thin film transistors [4.9-4.13], but its advantages, such as ease of

performance and the lack of a need for large-scale apparatus or dangerous chemical gases, are
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suitable for low-cost solar cell production.

In this Chapter, the effect of HWT at approximately 300 °C is investigated on
poly-Si thin films deposited on alumina or silicon substrates with SiOy intermediate layers by
using thermal chemical vapor deposition in atmospheric pressure (thermal-APCVD) with an
intermittent source gas supplying method, as well as the mono- and multicrystalline silicon
solar cells with SiOx or SiNy passivation layers formed by PECVD at 300 °C. Firstly, the
enhancement of passivation layers of bulk silicon solar cells by HWT is confirmed and
discussed. Secondly it is applied to poly-Si thin films, discussing its effect to crystallinity and

electronic properties in main.

4.2. HWT experimental method

The detail explanation and conditions of HWT are mentioned as followings
[4.9-4.13]. Figure 4.1 shows the image of the chamber for HWT and its schematic
experimental setup. Samples were placed in a pressure-proof stainless-steel chamber with 1 cc
of pure-water ice. In this study, no vacuuming or gas replacement of the chamber was carried
out. By heating the chamber, the water evaporated and the pressure inside the chamber
increased. The treatment temperature was varied in the range from 150 to 350 °C, and the
pressure inside the chamber changed from 0.62 to 1.65 MPa, depending on the treatment

temperature. The treatment time was fixed at 60 min.
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Fig. 4.1: Photograph (left) and schematic image (left) of HWT instrument.
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4.3. Applying to bulk crystalline silicon solar cells

Surface and defect passivation technologies are very important for silicon solar
cells. For the passivation of p-type silicon wafers, excellent passivation with a very low
surface recombination velocity (SRV) has been realized by the combination of a SiO, layer
grown at high temperature (over 900 °C) with an evaporated and annealed aluminum film
(so-called “alneal”) [4.14]. However, this passivation method is difficult to integrate into
industrial cell fabrication because thermal processes above 900 °C typically lead to a
significant degradation of the bulk lifetime [4.15]. Therefore, low-temperature passivation
methods are highly desirable. Recently, plasma-enhanced chemical vapor deposition
(PECVD) at approximately 400 °C has become the dominant method for low-temperature
passivation, and SRVs lower than 100 cm/s have been reported with silicon oxide (SiOy),
hydrogenated silicon nitride (SiNx:H), and hydrogenated amorphous silicon (a-Si:H)
passivation films formed by PECVD. Moreover, several additional treatments have been
proposed to improve these films’ passivation effect. For example, Rinio ef al. reported that
rapid firing at 800 °C or hydrogenation improves the effective lifetime of minority carriers of
SiNx-passivated silicon substrates, especially at grain boundaries [4.16]. However, to achieve
low-cost silicon solar cell fabrication, simpler passivation methods at lower temperatures are

preferable.

4.3.1. Experimental
As silicon substrates, p-type Float-Zone (FZ)-grown monocrystalline substrates
with a resistivity of 1-5 Q-cm and a thickness of 300 pm, and p-type Cast-grown

multicrystalline substrates with a resistivity of 1-4 Q-cm and a thickness of 300 um, were
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used. Each sample’s size was 1x1 cm?. For samples used for lifetime measurement, SiOy thin
layers (thickness: approximately 150 nm) were deposited on both surfaces of silicon
substrates by PECVD at 300 °C. For solar cell fabrication, an n'-type emitter layer was
formed by POCIl; gas-phase diffusion followed by the evaporation of grid-type electrodes on
both sides. Then, SiOx or SiNx passivation films (thickness: approximately 150 nm) were
formed by PECVD at 300 °C with masks on the electrodes. Note that no other improvement
techniques such as texturization or back surface field (BSF) were employed in this study,

allowing us to focus on the passivation effect.

4.3.2. Lifetime properties

The effective minority carrier lifetime (z.5) before and after HWT was evaluated
by the microwave photoconductance decay (u-PCD) method with excitation by a laser diode
(wavelength: 904 nm) and a microwave frequency of 10 GHz. In the case of monocrystalline

substrates, the effective SRV (S.4) was calculated from 7.4 using a simple equation:

1teg = Vo + 2Sof/W, 4.1)

where 7. is effective lifetime, 7,k 1s bulk lifetime, S.4 is effective SRV and W is substrate
thickness. 7,,4=249.0 pus was obtained using chemical passivation with an ethyl alcohol
solution containing 3 wt.% iodine.

Figure 4.2 shows the average 7. of mono- and multicrystalline silicon substrates
with SiOy layers and the calculated S, of monocrystalline samples, as a function of HWT

temperature. The dashed lines indicate the average values of 16 mono- and 16 multicrystalline
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Fig. 4.2: Effective lifetime of SiOy passivated mono- and multicrystalline silicon substrates

and effective SRV of monocrystalline samples, as a function of HWT temperature.
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samples before HWT. HWT at each temperature was performed on 2 monocrystalline and 2
multicrystalline samples, except in the case of an HWT temperature of 300 °C, where 8
monocrystalline and 8 multicrystalline samples were used. There was little difference among
the samples in the same condition. At temperatures below 250 °C, no significant change in 7.4
by HWT was observed, while 7,4 was markedly increased by 3- to 5-fold by HWT at over
300 °C (over 1.52 MPa) regardless of substrate type. In monocrystalline samples, S,y was also
improved to less than 500 cm/s by HWT at over 300 °C (over 1.52 MPa). Thus, a temperature
of 300 °C and a pressure of 1.52 MPa were the lowest treatment temperature and pressure that

caused passivation enhancement in this experiment.

4.3.3. Solar cell properties

Table 4.1 shows the photovoltaic properties of mono- and multicrystalline silicon
solar cells with SiOy or SiNy passivation layers before and after HW'T at 1.52 MPa and 300 °C,
and Fig. 4.3 shows the illuminated current-voltage characteristics of a typical sample
(monocrystalline silicon solar cell with SiOy). Although the photovoltaic performances of
these cells were not satisfactory because of the absence of other improvement structures like
texturing or BSF, all photovoltaic parameters, open circuit voltage (V,.), short circuit current
density (Jy), and fill factor (F.F.) were improved by HWT both for mono- and multicrystalline
silicon cells with SiOy or SiNy passivation layers. The improvement of V,. means the
reduction of saturation current Jy, which suggests the reduction of carrier recombination.
Combined with the improvement of J, it can be considered that the recombination centers on
the silicon surface were reduced by HWT. The improvement in V,., which could be observed
in samples with SiOy passivation layers, was greater than that observed in samples with SiNy.

Hence, HWT can be assumed to have a stronger relation to the mechanism of SiOy
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passivation than that of SiNy passivation. On the other hand, with regard to the substrate type,
multicrystalline silicon cells exhibited a larger increase in V,. than monocrystalline silicon
cells with the same passivation layers. This suggests the possibility of defect passivation
including grain boundaries in addition to surface passivation.

To determine whether the effect was caused by ‘high-pressure water vapor’ or by
‘heat’, annealing in atmospheric N, at 300 °C was also performed. As a result, only FF.
increased owing to contact enhancement between substrate and electrodes upon heating, but
no improvements in V,. and J;. were obtained. Thus, it can be considered that ‘high-pressure
water vapor’ is essential and effective for improving photovoltaic properties.

The HWT effect was also investigated two-dimensionally using the
electroluminescence (EL) imaging method [4.17, 4.18]. The EL emission intensity relates to
the effective diffusion length of minority carriers. Therefore, by EL intensity mapping, we can
investigate the minority carrier diffusion length distribution and, thus, can detect cracks,
electrode breakages, and electronically active crystallographic defects such as grain
boundaries, dislocation clusters, and precipitates as dark areas in EL images. Figure 4.4 shows
EL images of the fabricated multicrystalline silicon solar cell with a SiOx passivation layer
before and after HWT at 1.52 MPa and 300 °C. The images were obtained using a cooled Si
charge-coupled device infrared camera with a 1 sec exposure, applying a 100 mA/cm’
forward current. After HWT, the EL intensity of the entire cell area markedly increased from
5.4x10° to 8.6x10° counts. The crystallographic defects clearly detected in the image before
HWT became less contrast after HWT (for example, the circled area in Fig. 4.4). Combined
with the increase in the point intensity from 4.4x10° to 7.0x10’ counts at the defect indicated
by an arrow in the Fig. 4.4, the crystallographic defects as well as the surface could be

passivated effectively by HWT.
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Table 4.1: Photovoltaic properties of mono- and multicrystalline silicon solar cells with SiOy

or SiNy passivation layer before and after HWT at 1.52 MPa and 300 °C.

Substrate Voo Jse FF. Eff.
HWT

(passivation) (mV) (mA/cm?) (%) (%)
Mono Before 574 26.9 70.6 10.9
(SiOy) After 580 27.8 72.5 11.7
Multi Before 572 24.9 73.3 104
(SiOy) After 580 26.2 69.5 10.6
Mono Before 579 25.3 68.2 11.6
(SiNy) After 582 29.3 72.8 12.1
Multi Before 5717 28.3 69.5 11.6
(SiNy) After 582 28.5 72.8 12.4
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Fig. 4.3: Illuminated current-voltage characteristics of a monocrystalline silicon solar cell

with SiOy before and after HWT at 1.52 MPa and 300 °C.

Before HWT

After HWT

Fig. 4.4: EL images of multicrystalline silicon solar cell with SiOy passivation layer before

(left) and after HWT at 1.52 MPa 300 °C (right).
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4.3.4. Discussion of HWT mechanism

To investigate the effect of HWT on the bonding status of passivation films,
optical absorption spectra of SiOy films were obtained using Fourier transform infrared
spectrometry (FT-IR). For the measurement, SiOy films were deposited by PECVD (denoted
as PECVD-SiOy) on both sides of monocrystalline silicon substrates with high resistivity, and
then the change in absorption spectra induced by HWT was investigated. As a reference, a
Si0; layer with almost the same thickness was grown by thermal oxidation of the substrate at
1100 °C (denoted as thermal-SiO,).

Figure 4.5 shows the FT-IR spectra of three samples, thermal-SiO,, PECVD-SiOy
before HW'T, and PECVD-SiOy after HWT at 1.52 MPa and 300 °C. The main peak, observed
at approximately 1000 cm, is the optical absorption band caused by the Si-O-Si
antisymmetric = stretching vibration mode. In comparison with that of thermal-SiO,,
PECVD-SiOy showed a smaller and broader absorption band at a lower wavenumber. This
indicates that the PECVD-SiOy film initially had Si-O-Si bonding with low and widely
distributed angles with an open and susceptible network. After HWT, the peak wavenumber,
peak absorption, and full width at half maximum (FWHM) of the absorption band approached
those of thermal-SiO,. In HWT with a suitable temperature and pressure, a reaction between
water vapor and SiOy is considered to occur as follows. Water was incorporated into the film
and caused breakage of the weak Si-O-Si bonds with low bonding angles, resulting in Si-O-H
bond formation [4.19]. Then, two Si-O-H groups combined to form more stable Si-O-Si
bonds with a larger bonding angle. During formation of this stable Si-O-Si bonding network,
the silicon dangling bonds are terminated, and then photovoltaic properties and carrier
lifetime are improved because of less surface recombination. In addition, the EL results for

multicrystalline silicon revealed that the crystallographic defects were also passivated. This is
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Fig. 4.5: Optical absorption for PECVD-SiOy samples before and after HWT. The dashed

curve is a reference spectrum of thermal-SiO,.
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probably due to the diffusion of activated oxygen or hydrogen atoms along the line or plane
defects and the termination of silicon dangling bonds. The mechanism of SiNy passivation
layer enhancement may be complicated, but termination by oxygen or hydrogen atoms at the

interface and at the defects can also be assumed.

4.4. Applying to poly-Si thin films

The utility of HWT to bulk crystalline silicon substrate as well as solar cell
device was confirmed in previous section. Especially, it is very important HWT is effective
for GB passivation as shown in Fig. 4.4. The defect passivation is more important in poly-Si
thin films than in bulk multycrystalline silicon substrates, because the amount of defects
including GBs contained in materials is much larger. The dominant technique for the
passivation of poly-Si thin films is the plasma-induced hydrogenation [4.1-4.8], however, this
method requires a large-scaled, complicated and dangerous apparatus with the need of
vacuuming. If HWT could replace the hydrogenation, it would have very impressive impact to
poly-Si thin film solar cell fabrication.

HWT (60 min, 300 °C, 1.52 MPa) was performed on poly-Si thin films deposited
on alumina and silicon substrates with SiOy intermediate layers. In this study, the treatment
was demonstrated on 10-pm-thick poly-Si thin films with different grain sizes fabricated by
two-step thermal-APCVD with an intermittent source gas supply method as described in
previous Chapters. Note that these poly-Si thin films had no surface passivation layers,

allowing us to concentrate on the defect passivation.
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4.4.1. Crystallographic properties

Figure 4.6 shows the results of a Raman scattering measurement using excitation
laser of a Cd-He laser of wavelength of 442 nm. The full-width at half maximum (FWHM)
and peal position of the TO-LO (transverse optical mode, longitudinal optical mode) phonon
band with and without HWT at 1.52 MPa and 300 °C as a function of grain size are shown.
Both FWHM and peak position of poly-Si on alumina substrate with each grain size became
closer to crystalline silicon (c-Si) value by HWT, indicating the passivation effect which
reduces the crystalline defects [4.20-4.22]. However, no significant change could be seen in
the case of excitation laser of 785-nm wavelength as shown in Fig. 4.7. The difference of
wavelength of excitation laser reflects the information about depth factor by the difference of
penetration depth into silicon (442 nm: less than 1 pm, 785 nm: about 10 um). This indicates
HWT is much effective at near surface than deep inside the silicon.

Figure 4.8 shows the photoluminescence (PL) spectra of poly-Si thin films on
alumina substrates with small (2-3 um) and large (10- um) with and without HWT. The whole
intensity of each PL signal was increased by HWT, showing the sharpening of D1 peak at
around 0.8 eV, which indicates higher crystallinity as mentioned in Chapter 3 [4.23-4.28].
And the position of tail-to-tail peak shifted a little toward higher energy. These facts would be

the evidence of defect passivation by HWT in poly-Si thin films.

4.4.2. Electronic properties

Figure 4.9 shows the relationship between grain size and Hall mobility. The Hall
mobility was increased with increasing grain size and improved by HWT at 1.52 MPa and
300 °C for all samples, showing more than 20-cm*/Vs improvements. The Hall mobility of
poly-Si thin film is determined by scattering at GBs, the potential barrier height (¢,) [4.29].
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Fig. 4.6: Peak position (upper) and FWHM (down) of TO-LO phonon band of poly-Si thin
films with different grain size on silicon and alumina substrates with and without HWT at

1.52 MPa and 300 °C, as a function of grain size, measured with 442 nm He-Cd laser.
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Fig. 4.8: PL spectra of poly-Si thin films with different grain size on alumina substrates with

and without HWT at 1.52 MPa and 300 °C.
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This improvement of the Hall mobility would result from the reduction of ¢, at
GBs caused by the defect passivation. As the reference, the result of Hall mobility
improvement of poly-Si thin films by conventional plasma-induced hydrogenation [4.30] is
also shown in Fig. 4.10. The degree of improvements is almost the same between the case of
HWT and the case of hydrogenation. Thus, HWT can be said to be very effective and
promising method and have a potential to replace the conventional hydrogenation method.

The KFM microscopic characterization at the local point of GBs was also
performed, in the same manner as Chapter 3. Figure 4.11 shows the two images of poly-Si
thin film after HWT at 1.52 MPa and 300 °C; local topography and KFM potential image.
And Fig. 4.12 shows line profiles of height and surface potential at a distinctive GB as
indicated points between A and B in Fig. 4.11. At GB, the potential clearly increased by 10-30
mV higher than that of inner grain, but @, showed relatively decreased values after HWT. The
@, and calculated Nr and Sgp of arbitrary 50 GBs are arranged in histograms in Fig. 4.13,
with the comparison to before HWT. The distributions of ¢,, Ny and Sgp were clearly shifted
to lower values after HWT. The average @, Nr and S after HWT are 17.8 meV, 2.88x10"
cm”, and 5.77x10° cm/s, respectively [4.31-4.33]. In the case of poly-Si thin film with small
grains on silicon substrate and the value Ly/2Ssp increased to 1.74x107 s by HWT at 1.52
MPa and 300 °C, assuming that L,=2 ym. When assuming L,=14 um, the value L,/2Ssp can
be expected to improve to 1.25x10® s. This value leads to the estimation of poly-Si thin film

solar cells with efficiency of approximately 8% from the simulation of Fig. 1.3.

4.4.3. Discussion of HWT mechanism in poly-Si thin film passivation
The basic idea of the passivation mechanism of HWT for poly-Si thin film can be

considered to be the same as the case of bulk crystalline silicon discussed in previous section.
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Topography KFM potential image

Fig. 4.11: Topography (left) and KFM potential image (right) of poly-Si thin film after HWT

at 1.52 MPa and 300 °C.
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Fig. 4.12: Line profiles of height (left) and surface potential (right) at a distinctive GB as

indicated points between A and B in Fig. 4.12 in poly-Si thin film after HW'T.
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The dangling bonds were terminated by the stable Si-O-Si bonding network formation at
defects. However, in poly-Si thin film, the effect of the diffusion of activated oxygen or
hydrogen atoms along GBs is expected to have much larger influence. The diffusion
coefficient is much larger at GBs than within the grain [4.34].

Figure 4.14 shows the depth profiles of contained oxygen atoms in poly-Si thin
film with or without HWT at 1.52 MPa and 300 °C, measured by secondary ion mass
spectroscopy (SIMS). From SIMS result, it was revealed that the poly-Si thin film after HWT
contained more oxygen atoms at around surface. These oxygen atoms would passivate the
crystalline defects, resulting in the improvements of measurements discussed above. The
increase of oxygen was seen within only near surface (-200 nm), which corresponds to the
results of Raman with 2 different-wavelength lasers. Of course, it is desirable that whole body
of poly-Si thin film is passivated effectively, but conditions near surface is especially

important if p-n junction will be formed in this region.

4.5. Summary

As a new technique of passivation with advantages of simple, safe, and at low
temperature, HWT was proposed and demonstrated on both bulk crystalline silicon solar cells
with SiOx and SiNy passivation layers, and poly-Si thin films. By the treatment at 1.52 MPa
and 300 °C and, a Si-O-Si bonding network formation which would terminate the silicon
dangling bonds was confirmed from FT-IR and SIMS measurement. For bulk crystalline
silicon solar cells with SiO and SiNy passivation layers, the reduction of the recombination

centers improved the photovoltaic performances, increasing the efficiency by about 1%. From
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Fig. 4.14: SIMS profiles showing the contents of oxygen in poly-Si thin films before and after

HWT at 1.52 MPa and 300 °C.
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the investigation of EL emission intensity, the effect of passivation of bulk defect such as
grain boundaries was confirmed as well as the surface passivation. The effects of HWT to
poly-Si thin films were also observed in improvements of crystallinity, and Hall mobility, and
reduction of potential barrier height at GBs. The distributions of ¢,, Ny and Sgp were clearly
shifted to lower values by HWT. More investigations and optimizations will prove that HWT
is one of the promising methods for the passivation method of not only bulk crystalline silicon

solar cells but also thin film poly-Si solar cells.
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Development of poly-Si thin
film solar cells on alumina
substrates

5.1. Introduction

Much attention has been gathered for poly-Si thin film heading for the
photovoltaic applications in view of crystalline quality when fabricated on foreign cheap
substrates; alumina. The conversion efficiency over 10% is estimated according to the
simulation results for 10-um-thick poly-Si thin film solar cells when the value L,/2S¢3 is over
5.0x10™ s, as mentioned in Chapter 1. In this Chapter, poly-Si thin films investigated in
previous Chapters are applied to the solar cell structure. Especially, the profile of p-n junction
which strongly affects the photovoltaic performance should be investigated carefully.
Particularly in polycrystalline materials, the preferential diffusion of dopant atoms along grain
boundaries (GBs) is often observed in conventional technique of emitter formation at a high
temperature, which forms p-n junctions along GBs perpendicular to the substrate plane
[5.1-5.4]. However, it was reported this kind of perpendicular p-n junction would cause the

deterioration of the diode properties [5.5]. Hence, a new process for p-n junction formation
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without high temperature processing is indispensable for obtaining high efficiency poly-Si
thin film solar cells.

In this Chapter, a laser doping (LD) technique for p-n junction formation is
proposed as a low temperature processing. First of all, fabrication of bulk crystalline silicon
(c-Si) solar cell with LD is investigated and discussed. Next, the interdigitated-electrode
structure solar cells using poly-Si thin films on alumina substrates are described and discussed

as the trial fabrication.

5.2. Development of laser doping technique in c-Si solar cells

5.2.1. Introduction of this section

Now, laser processing in silicon solar cell fabrication is gathering much attention
not only in the field of thin film materials but also bulk c-Si. From the standpoint of cost
reduction of silicon solar cells, it is requested to use thinner silicon substrates (under 100 um).
However, in conventional processes of metallization, lithography with wet chemical etching
or high temperature annealing in furnaces, the thinner substrates cannot stand the mechanical
or thermal stress, resulting in deterioration of fabrication yield. Then, the establishment of
new processes suitable for thinner silicon solar cell is necessary. Laser processing is one
answer with a lot of advantages; it can be performed at room temperature and in the
atmosphere and can form the selective structure directly and easily. Several techniques using
lasers such as Laser Fired Contact [5.6], Laser Texturing [5.7], Laser Grooved Buried Contact
[5.8] and dielectric layer removal [5.9] have been proposed and developed.

LD technique is also the promising laser process in crystalline silicon solar cell
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fabrication. Laser doping itself was introduced more than 2 decades ago in the transistor
fabrication process for ultra shallow doping using an excimer laser [5.10, 5.11]. However,
now it is gathering many attentions as an attractive alternative method to form doping area in
silicon solar cell instead of the conventional thermal diffusion (at over 800 °C) method. With
the advantages of laser processing, LD can be performed at room temperature and in the
atmosphere and can form the selective doping area easily without any lithography processes.
The possibility of LD has been studied widely [5.12-5.18] from full surface doping for
emitters to selective area doping for highly doped regions underneath electrodes or complex
n" and p* regions at a rear surface for the back contact type structure. Silicon solar cells with
laser-doped emitter so far resulted in efficiencies up to 15.4% [5.14].

In order to extend the LD utility for further applications such as shallow emitter
or back surface field (BSF) formation which are favorable for high efficiency silicon solar
cells, several doping areas with different conditions should be formed. Therefore, in this study,
we applied a pulsed laser with 355-nm wavelength for the doping of both phosphorous and
boron atoms into p-type monocrystalline silicon and tried to control the doping conditions by
changing the laser output power. By using the short wavelength laser instead of a
commonly-used green laser (wavelength of 532 nm), controlling of doping profiles at
shallower region would be expected, depending on the penetration depth of light into silicon
substrate. Also we tried to develop the silicon solar cell fabrication process at very low
temperature (below 100 °C) using this LD technique and solar cell properties were

investigated relating to the doping conditions.

5.2.2. Experimental

As monocrystalline silicon substrates, p-type Czochralski-grown substrates with
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a thickness of 150 um and a resistivity of 1-4 Q-cm were used. After cutting into 1x1 cm? size
and RCA cleaning, the dopant contained liquids were spin-coated onto the polished surface.
The phosphorus contained liquid and boron contained liquid were used for n* emitter and p*
BSF formation, respectively. Then, they were subsequently dried on a hotplate at 100 °C to
obtain the solid phase doping precursors, phosphorus silicate glass (PSG) or boron silicate
glass (BSG). Then, PSG- or BSG-coated samples were irradiated by the laser at room
temperature in the atmosphere as shown in Fig. 5.1. In this study, a Nd*:YAG pulsed laser
with wavelength of 355 nm and duration time of 15 ns was used. Doping area was decided by
moving the stage on which a sample was mounted during laser irradiation. In this study, full
surface area doping was performed as follows; an x-y-translation stage moved in x-direction
from edge to edge of the sample then shifted in y-direction and this cycle was repeated in
whole sample surface. The reputation frequency, diameter of laser spot on the sample surface
(round shape), stage scanning speed and stage shift value in y-direction were adjustable, and
fixed as 30 kHz, 50 um, 10 mm/s and 25 um, respectively in a typical experimental condition.
The overlap rate between pulses could be calculated as 99.3% in x-direction and 50% in
y-direction. The laser output power was varied in the range of 0.30 to 0.55 W (corresponding
laser energy density per one pulse of 0.51 to 0.93 J/cm?). As the reference, a conventional
solid phase thermal diffusion (TD) was also performed to form the emitter in the condition of
at 900 °C, 30 min, in N, ambient.

After the formation of n* region on front surface as emitter and p* region on back
surface as BSF, Ag/Ti grid electrode (front) and Al full-surface electrode (rear) were
evaporated. Finally, SiN layer as anti-reflecting coating and passivation was deposited on
front surface by plasma enhanced chemical vapor deposition (PECVD) with NH3 plasma pre-

treatment at 100 °C [5.19]. Note that this PECVD step was not applied to samples with laser-
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Fig. 5.1: Schematic image of LD technique (upper) and photograph of laser system (down).
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doped BSF and any texurization was not applied in this study. It should be emphasized that
the highest substrate temperature in this cell fabrication process was 100 °C in the drying step

and PECVD.

5.2.3. Doping conditions

As the investigation of doping concentration and depth, the secondary ion mass
spectrometry (SIMS) measurement was performed. The profiles of phosphorous and boron
atoms doped into p-type silicon substrates with different laser output power were shown in
Fig. 5.2 and 5.3, respectively. The highest doping concentration at near silicon surface was
around 10%°-10?' cm™ for phosphorus doping and 10"-10*” cm™ for boron doping. Doping
depth was controlled by changing the laser output power in the shallower region than 0.3 pm.

The mechanism of LD would be explained as follows [5.20]. Laser irradiation
causes the melting of silicon and simultaneously creates dopant atoms by photolysis or
pyrolysis of the solid phase doping precursor. Then dopant atoms are incorporated into the
molten silicon region by the liquid-phase diffusion during the liquid-phase re-crystallization.
At the same time, the activated dopant atoms by the laser would diffuse deeper into silicon
substrate. The depth of silicon melting and energy given to dopant atoms strongly depends on
the energy density applied at silicon surface, so the doping depth could be controlled by
changing laser output power. The difference of phosphorus and boron doping i.e., the
concentration or depth would be caused by the difference of conditions of doping precursors
because the diffusion coefficient of both atoms in silicon are almost the same. The main
difference is the reflectivity of PSG- or BSG-coated silicon samples at 355-nm wavelength,
59.5% in the case of PSG and 10.8% in the case of BSG. However, further investigations will

be needed in order to clarify the key factor which determines the doping profiles.

108



Chapter 5

1022
— 030W

o 107 0.45 W
= 0.50 W
NS 0.55W
g
‘J: 1020 L
2]
=
=
<P]
&
S 1019+
&)

1018 W L

0 50 100 150 200 250 300
Depth (nm)
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The impurity doping was achieved using an ultraviolet laser at room temperature
and in the atmosphere with controlling the doping depth in shallow region, but undesirable
atoms such as oxygen and carbon were incorporated at the same time because of the operation
under atmosphere. SIMS signals of oxygen and carbon atoms in silicon substrates in
phosphorus doping with different laser output power are shown in Fig. 5.4 and 5.5,
respectively. For comparison, the data of the conventional thermal diffusion (TD) are also
included. The larger number of oxygen and carbon atoms were obtained in LD than TD and
the incorporation depth of these atoms followed the laser output power. This is one of the
problems of LD in the atmosphere, which should be solved in the future’s development.

The symbols in Fig. 5.6 show the measured sheet resistances of the n* layers on
p-type substrates formed by phosphorus doping by LD with different laser output power.
Dashed lines describe the theoretically-calculated sheet resistance of n* layer with Gaussian
profile as a function of the depth factor with different peak carrier concentration (71,¢4). In this
study, the activation ratio of laser-doped phosphorus atoms was not investigated and thus the
exact n,.q of laser-doped sample was unknown. However, sheet resistances of laser-doped n'
layers showed much higher values than the calculations at each depth factor or suitable value
for solar cells (lower than 100 Q/cmz). This indicated that the actual carrier concentration, in
other words, the activation ratio was much lower than assumed, or some additional factors in
LD would increase the sheet resistance. The conceivable factors which would increase the
sheet resistance were crystalline disorder formation during re-crystallization, doping
inhomogeneity and incorporation of oxygen and/or carbon atoms. In further study this high
sheet resistance by LD should be improved by dealing with such problems as well as

revealing the activation ratio.
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5.2.4. Solar cell properties with laser doped-emitter

Figure 5.7 shows the dark current-voltage characteristics of the p-n junctions of
p-type silicon solar cells formed by LD technique, compared with p-n junctions formed by TD.
As all of the laser-doped samples certainly showed the diode characteristic, the formation of
p-n junction by LD at room temperature was confirmed. However, while thermally diffused
sample gave the clear 2-step slope (recombination current region and diffusion current region)
and enough low reverse current, laser-doped samples showed higher reverse current and
recombination current at low forward voltage. In addition, the slope angles of laser-doped
samples at high forward voltage were lower than that of TD, indicating higher series
resistance. Because the carrier moved horizontal to the junction in emitter layer due to the
grid-shaped electrode, this high series resistance could be said to be caused by the high sheet
resistance discussed above. Concentrating on laser output power dependency, lines became
closer to the case of TD with increasing of laser output power except for the case of 0.55 W.
This indicates there should be optimum laser output power for p-n junction formation by LD.

Figure 5.8 shows the average solar cell properties (open circuit voltage: V,., short
circuit current density: Jy., fill factor: F.F. and conversion efficiency: Eff.) of 6 cells with
emitters fabricated by LD as the function of laser output power, as well as that of TD. The red
dashed lines in the graphs are the guides to eye. The comparable efficiencies with that of TD
were obtained at laser output power of 0.45-0.5 W. J,. at each laser output power was
improved rather than TD by the benefit of shallow emitter (TD: 0.5 pm). The remarkable
feature is the dependency of V,. on laser output power; marked best results at 0.45-0.5 W and
deteriorated both at lower and higher laser output power. This is the same tendency as dark
current-voltage curves. At low laser output power, the enough built-in voltage could not be

obtained because an emitter was too shallow [5.21]. Too high laser power caused the ablation
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formed by LD technique, compared with p-n junctions formed by TD.
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of silicon which disturbed the silicon surface and increased the surface recombination, and
there were flaws after laser scanning on silicon surface in the case of higher laser power. The
feature of F F. followed V,., but much decreased when compared with TD. The decrease of F F.
would be related to the high series resistance indicated in Fig. 5.6 and 5.7. Although this
problem of lower F.F. should be cleared in future, silicon solar cell with comparable
efficiency to conventional method could be obtained in process under 100 °C using LD
technique.

Moreover, the electroluminescence (EL) measurement under forward current also
gave the proof of high series resistance in emitters fabricated by LD. Figure 5.9 shows EL
images of solar cells with emitters fabricated by TD and LD at 0.5 W and their line profiles of
EL intensity between indicated points. The images were taken by the cooled (at -55°C) silicon
charge-coupled device infrared camera with 2 sec of exposure time, applying a 200-mA/cm’
forward current. The degree of decrease of EL intensity between grid electrodes was larger in
the case of LD than that of TD; decreased about 20-25% like valleys in laser-doped sample
while it stayed almost the same in thermal-diffused sample. EL intensity reflects the total
number of radiative recombination which is proportional to the total number of minority
carriers (electron) in p-type base layer. The total number of electron in base is determined by
the injected carrier density from junction and the effective diffusion length of electron and
then, EL intensity indicates the emitter or junction condition, assuming there’s no distribution
of effective diffusion length in monocrystalline materials. The decreased EL intensity between
grids showed the less injection of electron to base due to the voltage drop by series resistance.
Thus, the higher degree of EL intensity’s decreasing between grids in the case of LD than that

of TD explained the higher series resistance in emitter by LD [5.22].
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points) of solar cells with emitters fabricated by TD and LD at 0.5 W. The images were taken
by the cooled (at -55°C) Si CCD camera with 2 sec of exposure time, applying a 200 mA/cm’

forward current.
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5.2.5. Back Surface Field formation

In order to enhance the solar cell properties, boron-BSF layers were formed using
LD. As shown in Fig. 5.3, boron atoms could be doped in p-type silicon with the surface
concentration of 10"°-10% cm™ and depth of 100-300 nm, which was suitable for shallow BSF.
Note that the conditions of LD in this section were a little different from former sections;
reputation frequency was 34 kHz and overlap rate in y-direction was 80%, and no ARC-SiN
layers were deposited. Figure 5.10 shows the illuminated current-voltage characteristics of
solar cells with only laser-doped emitter (formed at laser output power of 0.5 W), and with
laser-doped emitter (at 0.5 W) and BSF (at 0.35 W). And by forming the very thin and high
concentrated BSF by LD, all photovoltaic properties including FF. were improved. The
improvement of current density would caused by the driving back effect of carriers by
potential barrier at p* region, the role of BSF. In addition, F.F. would be improved by the
contact resistance reduction. And effect of laser-doped BSF was also confirmed in external
quantum efficiency measurement shown in Fig. 5.11 (in this case, BSF was formed at laser

output power of 0.3 W); the response at rear side (over 900 nm wavelength) was increased.

5.2.6. Laser doping for multicrystalline silicon solar cell

LD was also performed on multicrystalline silicon (mc-Si: 1-4 Q-cm, 300 um
thickness, p-type, Cast-grown wafer) to form n* emitter layer. The condition of LD was the
same as BSF formation as mentioned above and laser output power was 0.5 W. Figure 5.12
shows the illuminated current-voltage characteristics of a fabricated mc-Si solar cell with
emitters fabricated by LD, without any ARC, passivation, or texturization. Compared with
monocrystalline samples, larger decrease of F.F. was obtained, showing much larger influence

of shut elements.

118



Chapter 5

30

25

20

15 [ — emitter: 0.5 W
V,.:545mV, J . : 22.8 mA/cm?,
10 +  FF.:553%,Eff.:6.9%

— emitter: 0.5 W + BSEK: 0.35 W
5 7 v,:555mV, /], : 25.5 mA/em?,
FF. :59.0%, Eff. : 8.3%

| 1 |

Current density (mA/cm?)

0 100 200 300 400 500 600
Voltage (mV)

Fig. 5.10: Illuminated current-voltage characteristics of solar cells with only laser-doped
emitter formed at laser output power of 0.5 W, and with laser-doped emitter formed at 0.5 W

and BSF formed at 0.35 W.
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Figure 5.13 shows the surface images of mc-Si substrate before and after the laser
doping. After the laser irradiation, some scars can be seen on the surface as marked by red
circles and they became serious near (along) the grain boundaries (GBs). Figure 5.14 shows
the Raman scattering spectra of TO-LO-phonon band of the same mc-Si substrates, measured
by the 442-nm and 785-nm lasers. The very surface (in the case of 442-nm laser) of laser
irradiated sample showed poor crystallinity explained by intensity decrease, position shift
from c-Si value (520.5 cm™) and broadening of the peak, while no significant impacts within
material (in the case of 785-nm laser). The mechanism of laser doping is explained as the
local melting of silicon by laser irradiation and instantly local re-crystallization combined
with the liquid phase diffusion of dopant atoms. The crystallinity after re-crystallization
depends on how homogeneous the melting and re-crystallization are. Therefore, if there are
some inhomogeneous points on surface like GBs, it would become easier to form badly
damaged area easily. In addition, there’s a possibility of segregation of incorporated atoms (P,

O, C) at around GBs. These factors would be the reasons of shunt elements.

5.3. Development of poly-Si thin film solar cells on alumina

substrates

The LD technique which had very wide utility suitable to poly-Si thin film solar
cell fabrication as well as bulk c-Si solar cell process were well-investigated as mentioned
above. Using this technique, the interdigitated-type poly-Si thin film solar cells on alumina

substrates were fabricated by way of trial.
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Fig. 5.13: Surface images of mc-Si substrate before and after LD.
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Fig. 5.14: Raman scattering spectra of TO-LO-phonon band of mc-Si before and after LD,

measured with the 442-nm and 785-nm lasers.
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5.3.1. Device structure of poly-Si thin film solar cells

Three types of device structure are available for poly-Si thin film solar cells
considering how to make contacts; a both-side-contact-type, a side-contact-type and an
interdigitated-type, as schematically illustrated in Fig. 5.15. Each structure has advantages
and disadvantages. In the case of the both-side-contact-type, simple and effective processes of
fabrication and integration close to commonly-used ones for the conventional bulk crystalline
silicon are available, but substrate selection becomes difficult. In side-contact-type and
interdigitated-type, non-conductive materials such as alumina (the most useful candidate of
foreign cheap substrate) can be used as substrate, but shading loss by electrodes becomes
higher and fabrication process is somehow complicated. For the integration of cells, the
interdigitated-type has been proved better [5.23], and many institutes or companies employ
this structure [5.24, 5.25]. And LD technique will solve the problem of complicated process of
the interdigitated-type which needs several photolithography steps conventionally. Hence in
this study, the interdigitated-type structure was applied with photolithography process and LD

process.

5.3.2. Fabrication of poly-Si thin film solar cells

The fabrication sequences of poly-Si thin film solar cells on alumina substrates
with the p-n junction formed by a conventional thermal diffusion method with
photolithography technique and by a new laser doping technique are arranged in Table 5.1 and
5.2, respectively. Both processes consist; 1. substrate preparation, 2. poly-Si deposition, 3.
emitter formation (p-n junction formation), 4. contacts formation, and 5. anti-reflection
coating (ARC) deposition. The difference is in the emitter formation step, and other steps

were performed in the same condition.
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Fig. 5.15: Three types of available structure for poly-Si thin film solar cells considering how
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interdigitated-type (down).
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Table 5.1: Fabrication process of poly-Si thin film solar cells with thermal diffusion.

Process Technique Schematic illustration
Substrate | v* Ultrasonic cleaning I';te““ediate plasma-SiO,
preparation | v' SiOy intermediate layer formation by PECVD
Alumina sub.
. p- poly-Si thin film
Poly-Si :
v Thermal APCVD
deposition
Alumina sub. /
v' SiOy diffusion barrier formation by PECVD plasma'sm;: ;g)"lsl't:;;::;; .
v Locally diffusion barrier removal using
photolithography ‘ Alumina sub.
Emitter
formation
v" Solid phase thermal diffusion at 900 °C
v PSG and diffusion barrier removal by dipping in
HF Alumina sub. V
Emitter contact
Contacts
v’ Evaporation of electrodes (A) | e
formation [ | A==
Base contact
Alumina sub. r
_SINARC
57
ARC | v SiN, ARC formation by PECVD .ﬂ’
: y

‘ Alumina sub. ‘
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Table 5.2: Fabrication process of poly-Si thin film solar cells with laser doping.

Process Technique Schematic illustration
Substrate | v* Ultrasonic cleaning I';te““ediate plasma-SiO,
preparation | v' SiOy intermediate layer formation by PECVD
Alumina sub. ‘
p- poly-Si thin film
Poly-Si e
v Thermal APCVD | A r %
deposition | A ;
Alumina sub. /
v" PSG formation by spin coating an drying
Emitter v Laser doping using 355-nm pulse laser
formation (local area doping)
v PSG removal by dipping in HF
Emitter contact
Contacts
v" Evaporation of electrodes (Al)
formation | | A i
Base contact
Alumina sub. r
____SINARC
ARC v SiNx ARC formation by PECVD P =

< - - 7
“i“i“i“i“i“i“i“i“i{{”

Alumina sub.
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As the substrate preparation, alumina substrates were cleaned by ultrasonic
cleaning in acetone liquid in 2 min at room temperature, followed by the intermediate SiOx
layer formation by PECVD in condition shown in Table 2.5. The reference silicon substrates
were also prepared with RCA cleaning. On these substrates, p-type poly-Si thin films were
deposited by thermal-APCVD at 1100 °C with in-situ grain size controlling by an intermittent
source gas supply method. The deposited poly-Si thin film had the thickness of approximately
10 um and carrier concentration of around 10" cm™.

The interdigitated-type emitter was formed by a conventional thermal diffusion
(TD) method with photolithography technique and by LD. In TD, firstly 500-nm-thick SiOy
layer was formed on the surface of poly-Si thin film by PECVD as the diffusion barrier for P,
and subsequently removed at the interdigitate-shaped area for an emitter by using the
photolithography technique. Then, the dopant contained liquid was spin-coated and dried on a
hotplate at 100 °C to obtain the solid phase doping precursor, and thermally-treated in the
furnace at 900 °C, 30 min, in N, ambient; so-called solid phase diffusion. In LD, solid phase
doping precursor was formed directly on full-surface of poly-Si thin film and laser irradiation
was demonstrated locally at the part for an emitter, using a Nd*: YAG pulsed laser with
355-nm wavelength and duration time of 15 ns at room temperature in the atmosphere. The
laser output power, reputation frequency, laser spot diameter, stage scanning speed, x- and
y-overlap rate were 0.5 W, 34 kHz, 50 um, 10 mm/s, 99.3%, and 80%, respectively.

After the emitter formation, the residual PSG and diffusion barrier SiO4 were
removed by dipping in HF solution, followed by the both contact formation of Al by vacuum
evaporation. And then, the SiNy layer with thickness of about 70 nm as ARC was formed by
PECVD. The overview of a fabricated poly-Si thin film solar cell on alumina substrate is

shown in Fig. 5.16.

127



Chapter 5

Fig. 5.16: Overview of the fabricated poly-Si thin film solar cell on alumina substrate with the

interdigitated structure.
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Finally, the fabricated poly-Si thin film solar cells were treated by high-pressure

water vapor heat treatment (HWT) developed in Chapter 4 at 1.52 MPa and 300 °C.

5.3.3. Poly-Si thin film solar cell properties

Figure 5.17 shows open circuit voltage of fabricated poly-Si thin film solar cells.
First of all, each sample showed certain photo-generated voltage. However, they were still
poor properties because the cell fabrication process has not established well.

Poly-Si thin film solar cell on alumina substrates showed reduced voltage than
the case of cells on silicon substrates, as expected. This is due to the higher inner compressive
stress resulted from the difference of thermal expansion coefficient between silicon and
alumina, as discussed in Chapter 3. However, the grain size enlargement from a few um to
6-10 um led to the increase of V,. by 20-60 mV. This is the outcome of reduction of
recombination by decreasing both GBs and internal stress. Comparing the emitter formation
method, the conventional TD still led to the higher value of voltage. There is a possibility that
poly-Si thin film is easier to create laser damages than bulk mc-Si thanks to the large amount
of GBs. No detail investigation could be done on the interdigitated-type p-n junction,
especially formed by LD, and then, more discussion is necessary in further study.

The effect of HWT was clearly shown. V,. was improved by more than 30 mV,
much higher than the case of bulk mc-Si. And the spectral response of poly-Si thin film solar
cell was much improved by HWT, as shown in Fig. 5.18. Especially in short wavelength
region, the drastic increase could be seen, implying the effective defect passivation near p-n
junction. So far it is inevitable that the response above 500 nm is poor because of ‘thin film’,
more improvements are indispensable in further development such as applying the

micro-texturization techniques.
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Fig. 5.17: Open circuit voltage of the interdigitated-type poly-Si thin film solar cells on
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without HWT.
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Fig. 5.18: Normalized spectral response of the interdigitated-type small-grained poly-Si thin

film solar cells on alumina substrates with and without HWT.
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5.4. Summary

In the first part of this Chapter, laser doping technique for crystalline silicon solar
cell fabrication was developed and discussed. In this study, a pulsed laser with 355-nm
wavelength was used for the doping of both phosphorous and boron atoms into p-type mono-
and multi-crystalline silicon with controlling the doping conditions by changing the laser
output power. Crystalline silicon solar cells were fabricated at very low temperature below
100 °C. As the result, doping depth was precisely controlled by changing the laser output
power in shallow region under 0.3 um with high doping concentration at near silicon surface
of 10"-10*' cm™. Although silicon solar cells with laser doped-emitter had the problem of the
high series resistance which deteriorated F.F., comparable values of V,. and J, to
conventional thermal diffusion were obtained. In addition, by forming the very thin and high
concentrated BSF by LD, all photovoltaic properties including F.F. were improved. By the
shallower doping using a short-wavelength laser, the effective formation of emitters and back
surface fields was confirmed. Multicrystalline silicon solar cell showed decreased F.F. value,
which indicates the damage creation at around GBs.

The interdigitated-type poly-Si thin film solar cells on alumina substrates were
fabricated by the way of trial, and certain photo-generated voltage was obtained. Poly-Si thin
film solar cells on alumina substrates showed lower voltage than that of cells fabricated on
silicon, due to the higher inner compressive stress. However, the grain size enlargement led to
the increase of V,. by 20-60 mV, because of decreasing both GBs and internal stress.
Comparing the emitter formation method, the conventional TD still led the higher value of
voltage. The effect of HWT was clearly shown; V,,. and the spectral response were improved,

implying the effective defect passivation near p-n junction.
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Chapter 6
Conclusions

6.1. Summary

Systematic investigation has been carried out for polycrystalline silicon (poly-Si)
thin films fabricated by atmospheric pressure chemical vapor deposition on foreign substrates,
heading for the photovoltaic applications, concentrating on the improvement of poly-Si thin
films’ crystallographic and electronic properties with grain size enlargement and defect
passivation. The target value was set as Ly/2Ssp (Lg: grain size, Sgp: surface recombination
velocity at grain boundaries (GBs)) of over 5.0x10™ s to be competitive as energy source. The
results are summarized as follows.

In Chapter 2, a deposition technique for enlargement of grain size has been
investigated. Poly-Si thin films with large grain size have been deposited directly on foreign
and cheap alumina substrates by an intermittent source gas supply method. The grain size of
poly-Si thin films could be successfully controlled directly in deposition period by the 2-step
deposition method with nucleation controlling. The nucleus density could be controlled in the
range from 10° to 10" ¢m™ on both silicon and alumina substrates with Si0y intermediate
layers. Then, the grain size could be controlled in the range from a few um to over 10 um, the

suitable value for solar cell designing. It can be concluded that the deposition of large grain
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poly-Si thin films fabricated by using the intermittent source gas supply method is applicable
effectively to the low-cost processing of poly-Si thin film solar cells.

In Chapter 3, the crystalline quality of poly-Si thin films was investigated,
concerning the grain size and substrate type. The crystallinity of poly-Si thin films was
improved by grain size enlargement by nucleation control. This was cofirmed by the TO-LO
phonon Raman peak and appearance of the TO-BE phonon band in PL spectra. Large grain
size could relax the stress caused by grain collisions during the film growth. Hall mobility
increased up to 60 cm?’/Vs in poly-Si thin films with grain size of 12 um without any
passivation due to decrease of carrier scattering at grain boundaries. Large compressive stress
was found in poly-Si thin films with small grain size on alumina substrates. Crystalline
disorder and compressive stress was dramatically reduced with an increase of grain size.
Smaller TO-BE PL peak was observed in poly-Si thin films on alumina substrates in spite of
the same grain size of poly-Si thin films on oxidized silicon. Tail-to-tail and D1 peaks were
substantially shifted to higher energy as the grain size enlargement. Deep tail states were
observed in poly-Si thin films on alumina substrates and the deep tail states and/or
deteriorated grain lead to poor electronic properties than that on silicon substrates. KFM
measurement for microscopic characterization revealed that the value Ls/2Sgp equals to
1.42x10™"° s, much less than the target of 5.0x10 s for poly-Si thin films with small grains on
silicon substrates. The simple assumption of the difference of grain size brings one order
higher value of L/2Sgp in case of poly-Si thin films with enlarged grain. Additionally, the
quality of intra-grain would be improved by grain size enlargement, however it is expected
that poly-Si thin films on alumina substrates have poor crystallinity.

In Chapter 4, for a new technique of passivation with advantages of simple, safe,

and at low temperatures, high-pressure water vapor heat treatment (HWT) was proposed and
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demonstrated on both bulk crystalline silicon solar cells with SiOx or SiNy passivation layer,
and poly-Si thin films. By the treatment at 1.52 MPa and 300 °C, a Si-O-Si bonding network
formation, which would terminate the silicon dangling bonds, was confirmed from FT-IR and
SIMS measurement. For bulk crystalline silicon solar cells with SiOx and SiNy passivation
layers, the reduction of recombination centers improved the photovoltaic performances,
increasing the conversion efficiency by approximately 1%. From the investigation of EL
emission intensity, the passivation effect at defects such as GBs was confirmed as well as the
surface passivation. HWT was also effective to poly-Si thin films, and this was confirmed in
improvements of crystallinity, Hall mobility and potential barrier height at GBs (¢,). The
distributions of ¢, the trap density at GBs (N7) and Sgp were clearly shifted to lower values
and the value L,/2Sp increased to 1.74x107° s by HWT.

In Chapter 5, the interdigitated-type poly-Si thin film solar cells on alumina
substrates were fabricated by the way of trial with using the laser doping (LD) technique. First,
LD for bulk crystalline silicon solar cell fabrication was developed with a pulsed laser with
355-nm wavelength and investigated. The doping depth was precisely controlled by changing
the laser output power in shallow region under 0.3 um with high doping concentration at near
silicon surface of 10'-10*' cm™. Although silicon solar cells laser-doped emitter had the
problem of the high series resistance which deteriorated fill factor (¥ F.), comparable values of
open circuit voltage (V,.) and short circuit current density (J,.) to that of cells fabricated with
a conventional thermal diffusion were obtained. And by forming the very thin and high
concentrated back surface fielld by LD, all cell properties including F.F. were improved. By
the shallower doping using a laser with short-wavelength, the effective formation of emitter
and BSF was confirmed. However, a multicrystalline silicon solar cell showed decreased FF.,

which indicates the damage creation at around GBs. Poly-Si thin film solar cells on alumina
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substrates showed lower voltage than that of cells fabricated on silicon, due to the higher
inner compressive stress. However, the grain size enlargement led to the increase of V,. by
20-60 mV, because of decreasing both GBs and internal stress. Comparing the emitter
formation method, the conventional TD still led the higher value of voltage. The effect of
HWT was clearly shown; V,. and the spectral response were improved, implying the effective

defect passivation near p-n junction.

6.2. Outlooks

For further improvement of poly-Si thin film solar cells with high and stable

efficiency by low-cost fabrication, following issues must be cleared.

1. In this work, alumina was applied for the substrate with several reasons. However, the
other candidates should be taken into account, comparing with each other. Each candidate
has advantages and disadvantages for cell applications, but should be investigated from

the point of the quality of poly-Si thin films as in this study.

2. The electronic properties which are related to solar cell properties were estimated with a
lot of assumptions in this study. The measurements that can investigate the action of

photo-generated carriers directly should be introduced.

3. The more optimization of cell fabrication processing is indispensable. Especially, laser

doping technique is still under developing even in bulk crystalline silicon solar cell
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fabrication.

4. High-quality passivation methods of defects are indispensable. High-pressure water vapor
heat treatment proposed in this study in one answer for easy and low-cost passivation
method, however, the effect was not satisfactory established. Some innovative techniques

which lead to the excellent passivation are needed.

5. The junction formation is one big issue in poly-Si thin film solar cells. Recently
heterojunction by a-Si/c-Si has gathered much attention. Further investigation about

junction formation is desirable including laser doping technique.

6. Because of thin silicon material, an effective light trapping structure is necessary.
Texturization techniques which are suitable for poly-Si thin film solar cells should be

researched such as micro-texturing using plasma-etching method.

Combination of the perceptions obtained in this study and new technologies that
solve the problems above will lead to poly-Si thin film solar cells with high-performance,

which play an important role in the society.
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Appendix:
Summary of characterization
methods

1. AFM, C-AFM, KFM

The atomic force microscope (AFM) is a very high-resolution type of scanning
probe microscope, with demonstrated resolution of fractions of a nanometer. The AFM was
invented by Binnig, Quate and Gerber in 1986, and is one of the foremost tools for imaging,
measuring and manipulating matter at the nano-scale [A.1]. AFM can provide illustrative
topography information about the surface of almost any type of materials within the field
view of 100 umx100 um down to the atomic resolution. Traditionally, the sample is mounted
on a piezoelectric tube that can move the sample in the z direction for maintaining a constant
force, and the x and y directions for scanning the sample.

The AFM consists of a micro-scale cantilever with a sharp tip (probe) at its end
that is used to scan the specimen surface. The cantilever is typically silicon or silicon nitride
with a tip radius of curvature on the order of nanometers. When the tip is brought into
proximity of a sample surface, forces between the tip and the sample lead to a deflection of
the cantilever according to Hooke's law. Depending on the situation, forces that are measured
in AFM include mechanical contact force, Van der Waals forces, capillary forces, chemical
bonding, electrostatic forces, magnetic forces, Casimir forces, solvation forces, and so on.

Typically, the deflection is measured using a laser spot reflected from the top surface of the
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cantilever into an array of photodiodes. Other methods that are used include optical
interferometry, capacitive sensing or piezoresistive AFM cantilevers.

The AFM can be operated in a number of modes, depending on the application.
In general, possible imaging modes are divided into static (also called contact) modes and a
variety of dynamic (or non-contact) modes where the cantilever is vibrated.

Combined or current sensing AFM (C-AFM) is suitable for the simultaneous
characterization of electronic properties and topography image [A.2]. This combined AFM
measurement setup is almost the same as standard AFM system. Cantilever, which must be
conductive, is scanning the surface in contact mode, simultaneously detecting the current
passing through the sample induced by applied voltage. By this method, topography and local
current map can be obtained simultaneously.

Kelvin force microscopy (KFM) is AFM variation, which offers another powerful
method for analyzing the surface potential of materials [A.3, A.4]. In KFM measurement, an
AC-voltage (Vsc-sin(w-t)) is applied between the cantilever and the sample, in addition to a

DC-bias (Vpc). The AC-voltage induces oscillatory electrostatic force (F),

F_=-1/2-(C/dz)-V'2> (A.1)

es

and the spectral component at the frequency (F,) of the AC-voltage results to,

F_=(0C/02)-(V,.—CP)-V, .-sin(@-1)> (A.2)

where 0C/0z is the capacitance gradient between cantilever and sample and CP is the contact

potential, the difference in work function of cantilever and sample. The oscillation is detected
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using a lock-in amplifier and a controller is used to reduce the amplitude to zero by adjusting
Vac to match the CP. This Vpe value corresponds to the potential difference between the tip

and sample surface.

2. EL Imaging

The phenomenon of Electroluminescence (EL) in semiconductor, one form of
luminescence following the electric-excitation, is well-investigated from long ago and already
applied to device structures such as Light Emitting Diode or EL display. For solar cell
characterization, EL Imaging is the very powerful and fast tool providing spatially resolved
information about the electrical and optical properties [A.5].

In the case of crystalline silicon solar cells, cell emits infrared light (wavelength:
around 1100 to 1200 nm, corresponding to silicon band gap) under forward bias condition,
whose intensity reflects the total number of radiative recombination. The total radiative
recombination rate is proportional to the total number of minority carriers in active layer, and
the total number (N) of minority carrier (electron in p-type or hole in n-type) is determined by
the diffusion length (L, or L) and the injected carrier density at the edge of junction (7, or

DPn(0)), €xpressed as,
N = E i n,0,€xp(=x/L,)dx=n,, L, (inthe case of p-type active layer). (A.3)

Then, EL intensity indicates the minority carrier diffusion length at the fixed injection
condition. The EL image consist the contrast of intensity, so the darker area corresponds to the
shorten diffusion length region by crystalline defects or less injected region by contact

breakages. Thus, EL imaging technique can be applied to detect the deteriorated regions in a

143



Characterization methods

sample as well as comparison of cell performance among samples very easily and precisely.

3. FT-IR

Infrared spectroscopy (IR spectroscopy) is the subset of spectroscopy that deals
with the infrared region of the electromagnetic spectrum. It covers a range of techniques, the
most common being a form of absorption spectroscopy. As with all spectroscopic techniques,
it can be used to identify compounds or investigate sample composition. Infrared
spectroscopy exploits the fact that molecules have specific frequencies at which they rotate or
vibrate corresponding to discrete energy levels (vibration modes). These resonant frequencies
are determined by the shape of the molecular potential energy surfaces, the masses of the
atoms and, by the associated vibronic coupling. In order for a vibration mode in a molecule to
be IR active, it must be associated with changes in the permanent dipole. The frequency of the
vibrations can be associated with a particular bond type. Simple diatomic molecules have only
one bond, which may stretch. More complex molecules have many bonds, and vibrations can
be conjugated, leading to infrared absorptions at characteristic frequencies that may be related
to chemical groups. For example, the atoms in a CH, group, commonly found in organic
compounds can vibrate in six different ways; symmetrical and antisymmetrical stretching,
scissoring, rocking, wagging and twisting.

The infrared spectrum of a sample is collected by passing a beam of infrared light
through the sample. Examination of the transmitted light reveals how much energy was
absorbed at each wavelength. This can be done with a monochromatic beam, which changes
in wavelength over time, or by using a Fourier transform instrument to measure all
wavelengths at once. From this, a transmittance or absorbance spectrum can be produced,

showing at which IR wavelengths the sample absorbs. Analysis of these absorption
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characteristics reveals details about the molecular structure of the sample.

Fourier transform infrared (FT-IR) spectroscopy is a measurement technique for
collecting infrared spectra. Instead of recording the amount of energy absorbed when the
frequency of the infra-red light is varied (monochromater), the IR light is guided through an
interferometer. After passing through the sample, the measured signal is the interferogram.
Performing a mathematical Fourier transform on this signal results in a spectrum identical to

that from conventional (dispersive) infrared spectroscopy.

4. Hall effect

The basic physical principle underlying the Hall effect is the Lorentz force. When
an electron moves along a direction perpendicular to an applied magnetic field, it experiences
a force acting normal to both directions and moves in response to this force and the force
effected by the internal electric field. For an n-type, the carriers are predominately electrons
of bulk density n. When assuming that a constant current / flows along the x-axis from left to
right in the presence of a z-directed magnetic field, electrons subject to the Lorentz force
initially drift away from the current line toward the negative y-axis, resulting in an excess
surface electrical charge on the side of the sample. This charge results in the Hall voltage, a
potential drop across the two sides of the sample. This transverse voltage is the Hall voltage
Vi and its magnitude is equal to I-B/g-n-W, where I is the current, B is the magnetic field, W is
the sample thickness, and ¢ is the elementary charge. Thus, by measuring the Hall voltage Vy
and from the known values of I, B, and ¢, one can determine the sheet density n; of charge

carriers in semiconductors by,

n=1-Blq-V,. (A.4)
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The sheet resistance R of the semiconductor can be conveniently determined by use of the
van der Pauw resistivity measurement technique. Since sheet resistance involves both sheet

density and mobility, one can determine the Hall mobility (uy) from the equation,

M, =V, IR, -1-B=1/(q-ns-R)- (A.5)

5. Illuminated current-voltage measurement

The current-voltage measurement under illumination is the most basic and
important measurement to characterize the solar cell performance. In the case of the standard
sunlight distribution to which the measurements are referenced is AMI1.5 (air mass)
distribution. Recommended illumination sources for testing are natural sunlight (with certain
constraints on the presence of clouds, air mass, and the variation of intensity), or an
appropriately filtered Xenon lamp whose spectral content is reasonably close to sunlight. The
illumination source must give a collimated light of uniform intensity at a measurement plane
and be stable during the time of measurement, with the total power of 100 mW/cm?. A
four-point contacting scheme is desirable in which voltage and current leads are kept
separated in order to reduce the effect of series resistance.

The relationship between voltage and current of a typical silicon solar cell with

p-n homo- junction bases on the ideal diode law,

J, =J,{exp(qV /kT)—1}, (A.6)

where J; is diode current and J the saturation current density defined as,
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2 D n’
Jy= a2 A5 (A7)
LN, LN,

where A is the cross-sectional area of the diode (the meaning of other symbols are arranged in

List of abbreviations and symbols). When illuminated, the photo-current (J;) is generated as,

J,=qAG, (L, +W+L)), (A.8)

so the total current (J) as the function of voltage equals to J;-J;.
Four parameters are usually used to characterize solar cell outputs. One is the
short circuit current density (J,.), ideally equal to J;. A second parameter is the open circuit

voltage (V,.), obtained by setting J=0,

V.= k—Tln(ﬁ + 1] . (A.9)
q 0

The energy conversion efficiency (7) is then given by,

7] = Pmax 2 Xloo = Vmax ’ Jmax = Voc ’ Jsc ’ FF’ (AlO)
P (=100mA/cm™)

where P;, is the total power in the light incident, P, the maximum output power at (V.

Jmax), and F.F. the fill factor defined as F.F.=V e mad Voo Jse.
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6. u-PCD

The measurement of a carrier lifetime is based on the recombination dynamics of
excess carriers which are normally generated optically. The detailed analysis of the
recombination dynamics is explained by using the continuity equation of the excess minority

carriers,

0An 1dJ
=Gy (8, %) = U (1, %) + ——, (A.11)
ot q dx

where Gy, and Uy, are the generation rate and the recombination rate in the bulk, An the
excess minority carrier density and J, the electron current density. The combination of the
bulk and surface recombination rates into an effective recombination rate (U,y) will define an

effective lifetime (z,4) regardless of the decay time of the illumination source,

an,, (A.12)

Tp = ,
TG, (t1)-0An, (1)/0t

where n,, is the average excess carrier density and G,, the average generation rate, both
calculated over the whole wafer thickness. In the case of the sharp pulse of illumination that is
rapidly turned off and subsequent determination of the excess carrier density without

illumination, the transient condition, equation (A.12) can be simplified to,

An

=——a A.13
Fer 0An_ (1)/0t (A13)
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which is only valid when carrier lifetime is significantly higher than the decay time of the
illumination source.

The microwave-detected Photo Conductance Decay (u-PCD) technique is a pure
transient technique; the effective carrier lifetime being determined form asymptotic decay of
the average excess carrier density following a pulse-like excitation normally by a diode laser.
This decay is monitored via the changes in the sample photo-conductance which in turn is
measured via changes in its microwave reflectance since the microwave reflectance is a
highly non-liner function of free carrier density [A.6, A.7]. The time dependence of the excess

photo-conductance (Aa(t)) of the sample has the relationship with An,,(?) as,

An,, ()= AG()/ q- (1, +11,)- W, (A.14)

where W is the sample thickness and , and , are the electron and hole mobility. As u, and u,
are themselves functions of the carrier density, the determination of An,, requires an iterative
procedure on the basis of a carrier-density-dependent mobility model [A.8]. The use of a laser

for the excitation enables the mapping of lifetimes with high resolution.

Photoluminescence (PL) is a process in which a chemical compound absorbs
photons (electromagnetic radiation), thus being excited to a higher electronic energy state, and
then, radiates photons out, returning to a lower energy state. Quantum mechanically, this can
be described as an excitation to a higher energy state and then a return to a lower energy state
accompanied by the emission of a photon. This is one of many forms of luminescence (light

emission) and is distinguished by photo-excitation (excitation by photons). The period
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between the absorption and emission is typically extremely short, in the order of 10
nanoseconds. The sample illuminated by certain wavelength light emits the luminescence
related with phonon, band-to-band, tail-to-tail and defects recombination process. PL has been
employed for characterization of crystalline silicon for a long time [A.9- A.11]. PL spectra are
sensitive to crystalline quality, density of dislocations and thermal oxygen, carrier

concentration and also the external stress.

8. Raman spectroscopy

Raman spectroscopy is a spectroscopy technique used in condensed matter
physics and chemistry to study vibrational, rotational and other low-frequency modes in a
system. The sample is illuminated by the laser light with a certain frequency, which undergoes
an inelastic scattering generating phonons. The amount of energy loss is then reflected in the
shift of frequency, which is characteristic of the studied material, its structure and chemical
bonds.

For silicon material, the Raman scattering spectroscopy is widely used for
characterization of structure. The ratio of crystalline-phase peak (TO-LO phonon band, 520.5
cm™) and amorphous-phase peak (480 cm™) determines the crystal volume fraction [A.12].
Moreover, Raman spectra contain information about crystalline disorder and stress. FWHM of
Raman spectra and band shape are closely related to the crystalline order. The presence of
crystalline disorder produces a decrease of the phonon lifetime, which broads the
crystalline-phase peak. And the frequency of phonon band depends on the masses and
positions of atoms, the inter-atomic forces and the bond lengths. Any effects altering these
features will produce a change in the frequency of the band, therefore for instance, tensile

stress will determine an increase in lattice spacing and, hence, a decrease in the wavenumber
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of vibrational mode, and in the case of compressive strain, the decrease of lattice parameter
yields a corresponding increase of the vibrational frequency. If the deformation of the
structure follows an elastic behavior, the shift will vary linearly with the magnitude of the
stress, and as the result, the position of the Raman spectra of crystalline silicon is quite
sensitive to the presence of stress. It is well known that sharp Lorentzian band at 520.5 cm™
of the first order Raman spectra of crystalline silicon is quite sensitive to the presence of

stress. For a biaxial stress in elastic regime, the stress g;, in silicon can be obtained from,

Oin =-250XA, (A.15)

where A is the Raman shift wavenumber expressed in cm'l[A.IS, A.14].

9. SEM

The scanning electron microscope (SEM) is a type of electron microscope that
images the sample surface by scanning it with a high-energy beam of electrons in a raster scan
pattern. The electrons interact with the atoms that make up the sample producing signals that
contain information about the sample’s surface topography, composition and other properties
such as electrical conductivity. The types of signals produced by SEM include secondary
electrons, back scattered electrons (BSE), characteristic x-rays, light (cathode-luminescence),
specimen current, and transmitted electrons. These types of signal all require specialized
detectors for their detection that are not usually all present on a single machine.

The signals result from interactions of the electron beam with atoms at or near the
surface of the sample. In the most common detection mode, secondary electron imaging, the

SEM can produce very high-resolution images of a sample surface, revealing details about 1
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to 5 nm in size. Due to the way these images are created, SEM micrographs have a very large
depth of field yielding a characteristic three-dimensional appearance useful for understanding
the surface structure of a sample. A wide range of magnifications is possible, from about x25
(about equivalent to that of a powerful hand-lens) to about x250,000, about 250 times the

magnification limit of the best light microscopes.

10. SIMS

Secondary ion mass spectrometry (SIMS) is a technique to analyze the
composition of solid materials by sputtering the surface of the specimen with a focused
primary ion beam and collecting and analyzing ejected secondary ions. These secondary ions
are measured with a mass spectrometer to determine the elemental, isotopic, or molecular
composition of the surface. SIMS is the most sensitive surface analysis technique, being able
to detect elements present in the parts per billion range. Typically, a secondary ion mass
spectrometer consists of primary ion gun generating the primary ion beam, primary ion
column, accelerating and focusing the beam onto the sample, high vacuum sample chamber
holding the sample, the secondary ion extraction lens, and mass analyzer separating the
secondary ions according to their mass.

There are three basic types of ion guns. In one, ions of gaseous elements are
usually generated with Duo-plasmatrons or by electron ionization for instance oxygen (O,
0,"). A second source type, the surface ionization source, generates Cs* primary ions. A third
source type, the liquid metal ion source, operates with metals or metallic alloys, which are
liquid at room temperature or slightly above. The choice of the ion species and ion gun
respectively depends on the required current (pulsed or continuous), the required beam

dimensions of the primary ion beam and on the sample which is to be analyzed. Oxygen
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primary ions are often used to investigate electropositive elements due to an increase of the
generation probability of positive secondary ions, while cesium primary ions often are used
when electronegative elements are being investigated.

Dependent on the SIMS type, there are three basic analyzers available: sector,
quadrupole, and time-of-flight. A sector field mass spectrometer uses a combination of an
electrostatic analyzer and a magnetic analyzer to separate the secondary ions by their mass to
charge ratio. A quadrupole mass analyzer separates the masses by resonant electric fields,
which allow only the selected masses to pass through. The time of flight mass analyzer
separates the ions in a field-free drift path according to their kinetic energy. It requires pulsed
secondary ion generation using either a pulsed primary ion gun or a pulsed secondary ion
extraction. It is the only analyzer type able to detect all generated secondary ions

simultaneously, and is the standard analyzer for static SIMS instruments.

11. SR, QE

It is very important for solar cells to evaluate how much response can be obtain
to illuminated light with certain wavelength. The rate of obtained short circuit current (/) to
monochromatic light with fixed power (P;,(4)) is called Spectral Response (SR), and the rate
of the number of outputted carriers to the number of illuminated photons is defined as

Quantum Efficiency (QFE). SR and QE as the function of wavelength (1) are expressed as,

_L.AD
SR(A) = X (A.16)
_he I.(A) _ he
QE(A) __ql —Pin A x100 _q/?, SR(A)x100, (A.17)
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where £ is plunk constant, ¢ the light speed.

The QE mentioned above is so-called External Quantum Efficiency (EQE), in
which the photon un-input into solar cell because of surface reflectance is not considered. In
order to obtain the information of photon-electron interaction inside the device, Internal

Quantum Efficiency (IQF) is defined with subtracting the surface reflectance (R) as,

QE(A) _he  1,(A)

TR T e

(A.18)

12. XRD

X-ray diffraction (XRD) finds the geometry or shape of a molecule using X-rays.
X-ray diffraction techniques are based on the elastic scattering of X-rays from structures that
have long range order. The most comprehensive description of scattering from crystals is
given by the dynamical theory of diffraction. In polycrystalline samples, the crystallographic
structure, crystallite size (grain size), and preferred orientation can be characterized. It is
commonly used to identify unknown substances, by comparing diffraction data against a
database maintained by the International Centre for Diffraction Data. It may also be used to
characterize heterogeneous solid mixtures to determine relative abundance of crystalline
compounds and, when coupled with lattice refinement techniques, such as Rietveld
refinement, can provide structural information on unknown materials. XRD is also a common
method for determining strains in crystalline materials. An effect of the finite crystallite sizes
is seen as a broadening of the peaks in an X-ray diffraction. Thin film diffraction and grazing
incidence X-ray diffraction may be used to characterize the crystallographic structure and

preferred orientation of substrate-anchored thin films.
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The sample is exposed to the incident X-ray beam under the angle. If the Bragg’s
law is fulfilled (match of structural plane distance and angle with the X-ray wavelength), an
elastically scattered (diffracted) beam with high intensity can be collected under the same
reflection angle. During the measurement, a selected range of angles is scanned and the
intensity of the diffracted beam is recorded providing an XRD pattern. The positions of the
peaks in the XRD pattern are typical of each crystalline material. Polycrystalline materials

provide pattern with peaks of different intensity.
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