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Abstract—The aim of this research project is to develop
technology for thin-film crystalline silicon solar cells on glass,
which combines the high efficiency of crystalline iscon based
solar cells with the low temperature processing ofimorphous
silicon (a-Si) thin films. In this work we focus onthe realization of
device-quality thin-film c-Si on glass by crystallration of thin a-Si
films. Expanding thermal plasma chemical vapor depsition (ETP
CVD) has the potential for fabricating good qualitythin a-Si films
at deposition rates ten times higher than plasma éanced CVD
a-Si layers of similar quality. A-Si films of 2 umwere deposited
by ETP CVD at a deposition rate of 0.8 nm/s. The &i films were
crystallized by means of solid phase crystallizatin

In this work the relation between the a-Si film qudity and the
quality of c-Si film after crystallization was investigated. A series
of a-Si depositions was carried out at temperaturesf 200 °C, 300
°C and 400 °C. The deposition temperature stronglynfluenced
structural properties of the a-Si, such as the hydrgen content.
The silicon films were characterized by Fourier transform
infrared spectrometer and Raman spectroscopy to elsate the
hydrogen content and structural properties before ad after
crystallization. Further evaluation of the crystalline structure of
the c-Si films was carried out by x-ray diffraction

Index Terms—Crystallization, Silicon, Solar Cell, Thin Film

I. INTRODUCTION
N the last decade the production of solar cellsiha®ased

dramatically. Since 2005 this market's average ahnuwith a-Si:H and pc-Si

growth has been 40%, making it one of the fasteswigg
industries [1]. Today’s terrestrial PV market isndpated by
crystalline silicon (c-Si) solar cells based on evakchnology,
known as the “first generation” solar cells, whatcounts for
90% of the world production of solar cells [2]. tmder to
maintain the rapid expansion of the solar cell@getduction
of solar cell costs is required. The cost of c-Sidoles is
dominated by materials costs, mainly the cost & thSi
wafers. A significant cost reduction can be achievsy

thicknesses used in the solar cells are aroundy220These
wafers are sawn from ingots. In the sawing proeakhtional
c-Si material is lost as a waste that amounts tutab0% of
the wafer thickness. One of the main functionshefwafers is
mechanical support. In the upper 30 pm of the wafest of
the optical absorption occurs [2]. This provides gossibility
for reducing the silicon thickness without comprsimj the
high efficiencies. Several approaches have beesidemed to
reduce the amount of crystalline silicon in ceflese include
cutting thinner wafers and thin-film solar cell apach. The
optimization of cutting to reduce the material aomption is
limited by the cutting losses, which are not redues the
wafer thickness decreases.

Thin-film solar cells are known as the “second gatien”
solar cells. A significant decrease in material stonption
makes thin-film solar cells a promising option faost
reduction. Although several photovoltaic matereis suitable
for thin-film solar cells, the most promising mastrfrom
long-term perspective is silicon. Hydrogenated ghous
silicon (a-Si;H) and microcrystalline silicon (ué-Sare
already used in commercial solar cells. A typicauctural
feature of pc-Si is that it has small crystallinaigs (>100
nm). Both materials are commonly fabricated usitasma
enhanced CVD (PECVD) at temperatures below 300
Unfortunately the a-Si:H and pc-Si films cannot pate with
the opto-electrical properties of ¢-Si and therefsolar cells
absorber
performance than solar cells based on c-Si.

If the wafers in solar cells are replaced by thim f
materials, the mechanical load has to be carriecrmther
material. Glass is most used as substrate, becalidts
transparency, stability, and low cost. Unfortunatehe
processing temperature of the glass is limitedtbysoftening
that occurs above 650 °C. As this project dealb ttiin-film
c-Si solar cells on glass, the processing temperasulimited
by 650 °C.

reducing the consumption of highly pure c-Si. Wafer The first goal of the project is to develop devigede
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crystalline silicon thin films. Large-grained potystalline
silicon is required for solar cells. The grainsesinust be
larger than the film thickness and the intra-gramaterial
quality should be comparable to wafer based postatlne
silicon. The last requirement entails that the ghous
fraction between the grains should be minimized &mel
presence of voids is unwanted as these are detaintenthe
solar cell performance. The preparation of sucbeagrained
polycrystalline Si films is a serious challenge dag¢he glass
substrate limitations [2].
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The second goal of the project is to apply the tnystalline
silicon layer as an absorber in a solar cell. ildde applied
in both homo- and heterojunction cells. Due to tbe
temperature processing of the heterojunction tb, type of
cell is preferred. Another reason is the good salef
performance using heterojunction approach on cebers [4].

The crystalline silicon thin film can be made bywa step
process which consists of a deposition of a-Si fdnd its
crystallization. CSG company has applied this apphnoand
developed crystalline silicon on glass solar c@lISG) based
on thermal SPC of PECVD a-Si with conversion edficies
of 10.4% [5]. This technology has been already enmnted
in industrial production [6]. Another method forystallization
is rapid thermal annealling (RTA). RTA is mostlyedsat high
temperatures (800-1100 °C) [6, 7]. Crystallizatioan be
achieved through RTA also at low temperatures, nifiately
it requires prolonged time (200 to 60 hours at B0P[8]. SPC
is used more often at temperatures around 600 R{chvean
induce complete crystallization in 5-7 hours [9dacan be
used in combination with metal induced crystali@af10]. In
this project the Expanding Thermal Plasma (ETP) C¥D
used as a fast deposition of a-Si films that argedufor
crystallization. The a-Si films can be grown at asipion rates
up to 11 nm/s [11]. SPC has been used to crystadhsi films
deposited by other techniques, such as e-beamitlepdd?]
and rf-PECVD deposition [5]. A-Si films depositeg these
methods require long annealing time or have lovegrodition
rates when compared to ETP CVD. A-Si films depasitgy
ETP CVD can be transformed to high crystalline gydilms
by SPC at 650 °C within several hours [11]. Becatkse
combination of ETP CVD with SPC has the possibitifya
higher throughput than alternative methods, thea® t
techniques will be combined in this project.

Il. EXPERIMENTAL METHODS

A. Expanding thermal plasma (ETP) CVD

The deposition of amorphous silicon is carried wuthe
CASCADE deposition set-up (Fig. 1). The ETP CVD nogt
was developed by Eindhoven University of Technolofige
ETP CVD is a remote plasma technique, this meaatsttie
creation of the plasma, the transport, and the sigépo occur
separately in different parts of the set-up.

The dc thermal arc plasma source induces an acbatige
through a channel. The channel is built up of sigper plates
with an orifice in the centre. The plates are eieally isolated
from each other by boron-nitride discs and O-ringibe
plasma is created using three cathodes in theftdgarc and
a copper plate (anode) at the bottom of the ang. (Bi. Non-
depositing gases are used to create the plasmdisttiearge is
controlled by the current. The gasses that are asedirgon
and hydrogen, the current is usually 40 A. The pow
dissipated in the arc is typically within 5 and\&k

The cascaded arc has a high pressure, of appr@tma

chamber. The pressure in the deposition chamber
approximately 20 Pa. The supersonic expansion ewue to
the large pressure difference between the archendhitamber.
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Fig. 1. Schematic of the ETP CVD, Cascade depwoséguipment.

The plasma expands sub-sonically after a statioshogk,
just a few centimeters from the arc outlet. Theowity of the
reactive ionic and atomic species after the shectkypically
1000 m/s. Examples of the ionic and atomic speaiesAr+
and H, and their velocity decreases to zero atsthgnation
point [14][15].
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Fig. 2. Detail of the cascaded arc plasma source.

The current ETP CVD set-up in Delft, called CASCADE
was built in a joint project of Delft and EindhovEimiversities
of Technology. The set-up consists of two reacttbambers
(one for rf PECVD and one for ETP) that are coneéatia a
load lock. The equipment has been used to prodeseel
eqrade a-Si:H films at deposition rates up to 10 shrat
Substrate temperatures below 500 °C [6]. Thesesfimere

tused for thin film a-Si:H based solar cells.

45x10 Pa. The plasma emanates from the arc. It continues

through a conical nozzle and expands into the dépos
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B. Spectroscopic Ellipsometry (SE)

corresponds to monohydride SiH bonding [17], whertee

The CASCADE is equipped with a Spectroscopi@loo Crﬂl mode is Usua”y is associated with dlhydrlde zslH

ellipsometer. Spectroscopic ellipsometry (SE) is aptical
technique based on the interaction of matter
monochromatic polarized light [16]. The techniquees the
reflection of light from the layer surfaces to cheaterize the
dielectric properties of these layers (Fig. 3) Sk the change
in the dielectric function is related to the thieks and
roughness of the deposited layer. The analysibekignal is
based on a comparison of the measured signal with
estimation of change in the dielectric functionisTéstimation
is based on a model that takes into account theeinées of
different layers on the overall dielectric functiofhe results
from the model are compared and fitted to the nreasu
dielectric function. The model is used to evaludte
deposition rate and final thickness of the material

Light source
Detector

Polarizer Analyzer

Fig. 3. The light of the SE source will interadtiweach layer in a material
structure, this sketch shows which layers are ghedufor the interpretation of
the detected SE signal.

The layers for which the changes in dielectric algare
simulated are the substrate material, one layanadrphous
silicon and the surface roughness. The dielectriction of
the substrate material is determined prior to diipos by
measurements at the deposition temperature.
measurements are used to model the behavior cfuibstrate
layer in the multilayer model. The roughness anlin fi
thickness are modeled from experience. By mearsnoéx-
situ reflection and transmission measurement theal fi
thickness is evaluated and compare to the finatkti@ss
calculated by the SE model.

C. Fourier transforminfrared (FTIR) spectrometry

FTIR is used mostly in chemical analysis. The dighat is
measured is the direct Fourier transform of thesfpiectrum;
which is the intensity of IR radiation for a rangé wave

numbers (cil). A computer calculates and plots the actual IR

spectrum. The absorption peaks in the infraredstmission
spectrum correspond to the vibrational mode of ifipec
chemical bonds. The density of these bonds caraloelated
from the area of the peak. The peaks related taolggh
bonds are used to evaluate the amount of hydrogesept in
the material. The vibrational mode at 640'coan be used to
determine the total hydrogen density of the malteais every
hydrogen atom bonded to the silicon network contdb to
this peak. The vibrational mode at 2000 “trmode

bonding, clustered hydrogen and monohydride bonds o

witthternal surfaces of voids [9].

The vibrational modes centered at ~ 1980-2010 a2d79-
2100 cn are called the low stretching mode (LSM) and high
stretching mode (HSM), respectively. The microduie

parameter, R* is a figure of merit for the hydroge
microstructure of a material and is defined as:
a
R* = I HSM (1)
I LSV + I HSM

where [y and iy are the integrated absorption strength of
the low and high stretching modes, respectively.R&nvalue
below 0.1 is generally found in device quality a-5j18, 19].

D. Solid Phase Crystallization (SPC)

The SPC takes place in a horizontal tube furnaesading
at temperatures around 650 °C. Heating rate isitdessp to
20 °C/s. No cooling installation is present. The&ce is used
at low pressure (I1DPa). The tube furnace is not yet equipped
with any in-situ measuring equipment.

E. Raman spectroscopy

Crystalline silicon has a very specific Raman spagtand
for this reason, the Raman spectroscopy is empléyred fast
evaluation of the crystallization of the silicotnfs after SPC.

The Raman effect occurs due to the interactiongbt Wwith
a material. To induce this effect a monochromagjbtisource
(laser) is used excite the electrons in the cryséad a
spectrogram of the scattered light shows the dewisitin
reference to the monochromatic light. These deviatiare the
result of the transition of electrons from theiciad states to

Thég(\g/er energy state of the crystal. So the increiasensity

measured at specific wavelengths is charactefistithe states
present in a crystal structure. In Raman spectmsacshift in
frequency can be observed due to stress in therialabe by
chemical bonding. An increase in frequency candomd with
compressive stress and a decrease with tensilessstre
Crystalline silicon exhibits a typical Raman signal a
frequency of about 520 ¢

Important to note is that the measured intensitiejsendent
on the calibration of the system. This means thatrelative
shifts can be observed with great accuracy, buirdemsity is
not reliable as an absolute measurement [20, 21].

F. X-ray diffraction (XRD)

The theory of X-ray diffraction is based on meamant of
the lattice spacing of crystallites which satisfye tBragg
condition for a particular reflection. The most poonce
peaks of the XRD pattern of c-Si belong to the {11200)
and (311) crystallographic planes. Amorphous maledo not
give sharp peaks in the diffraction spectrum; tfoeee XRD
can be used to evaluate the degree of crystallidy,
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I1l. EXPERIMENTAL DETAILS

A. Deposition and crystallization of silicon films

In these experiments a series of amorphous silfdors
with a thickness of 2 um are deposited by ETP C\4ing the
Cascade set-up, described earlier. The gasses inséuk
deposition are argon, hydrogen, silane, and heliline first
two gases are used primarily for the plasma, siiaused as a
source of silicon and helium is used for a homogaseheat
distribution. The substrate temperature is varedughout the
experiment. The series consists of the depositinasle at
substrate temperatures of 200, 300 and 400 °C.othler
settings remain constant.

The crystallization process is the same for allgam The
procedure consists of a temperature ramp up o€1if until
400 °C is reached, then the heating is continue@ Bg/min
up to 650 °C. At 650 °C the temperature is kepstont for 30
min, after which the samples are left to cool dalawly until
they reach room temperature (25 °C).

A. Characterization

The deposition of amorphous films was monitoreditin by
the SE equipment. The hydrogen content of the anoup
films was determined by FTIR, the results of thdA-Tvere
used to determine the microstructure parameteifR&.degree
of crystallinity after
spectroscopy and XRD.

IV. RESULTS

The deposition
ellipsometry, were approximately constant for thdole
duration of the deposition. The deposition rate \skghtly
lower for higher substrate temperatures.

The hydrogen content and the values for the miarotire
parameter R* obtained from the FTIR are shown liletd. An
example of a raw FTIR spectrum of an amorphous fdm
shown below (Fig. 4).

TABLE |
RESULTS FORTEMPERATURESSERIES OF2 MICROMETERTHICKNESS
Deposition Deposition rate Hydrogen R
temperature (°C) (nm/s) content (at %)
400 0,71 5,33 0,22
300 0,78 7,37 0,20
200 0,79 12,10 0,53

After SPC the films were examined by Raman spectimg

and XRD. The Raman spectrum of each sample showec

strong peak near 520 €ngFig. 5). The XRD results show the
background signal of glass and high intensity peehish are
related to the crystallographic directions of siiqFig. 6).

SPC was examined by Raman

rates, as observed with spectroscopi
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Fig. 4. A raw FTIR spectrum of an amorphous siliddm, which was
deposited at 400 °C substrate temperature, by BB, C
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Fig. 5. Raman spectrum of a crystallized sampléchviwas deposited by
ETP CVD, at 400 °C substrate temperature.
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Fig. 6. The blue line is a XRD spectrum of a aifsted sample on a glass
substrate, which was deposited at 400 °C by ETP .CMi2 red line is a
stress free, mono-crystalline reference samplehowit glass. The numbers
next to the peaks indicate the crystallographieddion of the measured peak.

V. DISCUSSION AND CONCLUSION

The change in the growth rate is related to théewint
substrate temperatures, it decreases with incrgagibstrate
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temperature. The substrate temperature has aremc#uon
both the hydrogen content and the microstructunarpater
R*. The R* of a-Si:H films is larger than deviceality a-Si:H
films used as absorber layers in solar cells [T8]s increase
in R* indicates unfavorable structural propertiefs asSi:H
layers which can affect the degradation behaviosadér cell
with these absorber layers. However, these a-8isfilvith
insufficient quality for a-Si thin film solar cellsight still be
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