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Abstract

The influence of various deposition parameters on the electrical and optical properties and the structure of amorphous and
microcrystalline silicon films was investigated for material prepared by hot-(#i¥) CVD in a new multichamber deposition
system, designed for the development of thin film solar cells. Prior to the material studies, careful measurement of the real
substrate temperature under the influence of additional HW heating was performed. While good electronic quality and solar cell
performance was found for a-Si:H layers, the-Si:H material showed very high spin densities, porosity and a characteristic
structural inhomogeneity along the growth ax@.2001 Elsevier Science B.V. All rights reserved.
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1. Introduction deposition rates were reported for the preparatiopof
Si:H with hot wire (HW) or catalytic (CAT) chemical

With the perspective of a considerable increase in Vapor depositiofCVD) [9-11], a technique which also
conversion efficiencies, the use of microcrystalline sili- could have the potential of an easy up-scaling. However,
con (uc-Si:H) absorber layers in combination with the quality of thewc-Si:H material prepared with HW-
amorphous silicon(a-Si:H) has been suggested, and CVD and the performance of corresponding solar cells
much progress regarding the preparation and perform-SO far is much inferior Compared to material and solar
ance ofp.c-Si:H material and solar cells has been made Cells prepared with PECVIDL0].

[1-6]. For industrial production of solar cells, prepara-  We, therefore, turned our attention to this alternative
tion of wc-Si:H offers an even higher challenge com- deposition technique for the preparation jo-Si:H in
pared to the preparation of a-Si'H Concerning order to compare the potential of the deposition process
development of high deposition rate processes and scaland the resulting material to the already highly devel-
ing-up to |arge areaSMc-Si:H prepared by p|asma Oped PECVDMC'SIH in our Iaboratory. A new multi-
enhanced chemical vapor depositiéRECVD) at RF ~ chamber deposition system, with three PECVD
and VHF frequencies already shows excellent quality chambers for our standardc-Si:H solar cell process
and performance in solar cells. Deposition rates were [4,5] and one HW-CVD chamber, was designed to
considerably improved compared to results obtained aincorporate HW-CVD absorber layers in working solar
few years ago, and the first successful scaling-up of Cell structures prepared by PECVD.

PECVD processes fopc-Si:H were achieved6—g]. In the present paper we report the first results obtained
However, the deposition rates are still too low for using this new deposition system. Amorphous and

commercial production. On the other hand, much higher microcrystalline silicon was prepared from silghe
hydrogen mixtures with a focus on the transition from

* Corresponding author. Tel+ 49-2461-61-2851; fax: 49-2461- amorphous_ to microcrystalline grovvth. In addition solar
61-3735. cells containing HW-CVD material, both amorphous and
E-mail address. s.klein@fz-juelich.d&S. Klein). microcrystalline, were tested. Special attention was
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Fig. 1. Substrate temperatufg as a function of heater temperature
T, for different filament temperaturés, and additional process gases.

devoted to the characterization of the HW-CVD system,
in particular the substrate temperatigunder various
deposition conditions and the homogeneity of the dep-
osition process over an extended substrate area.

2. Experiment

The films investigated in this paper were prepared in
a multichamber deposition system with three PECVD
chambers and one HW-CVD chamber. All chambers
have a radiative substrate heafdiametee=19 cm) 45
mm behind the substrate carrier. The HW set-up can

W), resulting in a substrate temperature of approximate-
ly 450°C.

The solar cells were deposited in the p—i—n sequence
for the amorphous cells, using standard PECVD proc-
esses for the doped layers, and in an n—i—p sequence for
the microcrystalline cell$4,5).

3. Results
3.1. Substrate temperature

Fig. 1 shows the substrate temperafligas a function
of the heater temperatuiig, with the filaments switched
off, and for different filament temperatureg under
vacuum and with different gases. Without filament
heating, there is an almost linear relation betwdgn
andTs with a good temperature homogeneity across the
substrateless than 3T colder towards the ed@gewith
the filaments switched on, there is a strong additional
substrate heating such that at loWw, the substrate
temperature is determined @y yielding Ts=170C for
the conditions used here. The homogeneity improves
with filament heating to only 1 difference between
center and edge of the substrate. Adding process gases
(SiH4, H,) at a given filament temperature leads to a
further increase ofTs while argon only causes little
change inTs. Upon addition of SiHj or H , the filament
heater power has to be increased to kd@emgonstant.
The thermo-resistors are not affected by the process
gases or deposition due to their encapsulation.

This influence of process gases dgis also seen in
the evolution of Tg, with additional filament heating

hold several filaments at an adjustable distance betweernunder various conditions shown in Fig. 2. After a change
40 and 100 mm from the substrate. The homogeneity of of the parameters, such as filament heating or switching
the films and the deposition rate can be improved by process gases, it takes approximately 30 min until the
using more filaments in parallel. Films were prepared new equilibrium temperature at the substrate is reached.
on borosilicate glass, quartz and crystalline silicon. For
the hot wire we have used four tantalJi®] filaments

with 0.5 mm diameter and a length of 18 cm at a typical .

O 320k sifane flow off, i—"’T silane ' ]
distance of 7 cm from the substrate. In this configuration, S argonon ~ ®"e flaments off
deposition rates of 6 A forc-Si:H and more than o FAR argff‘ flow off_~
10 A s™* for a-Si:H were achieved with a homogeneity f, 300F ‘ S ot Tovacum
better than+10% on a substrate size of X0 cn?. 5 e =T Largen

The substrate temperature measurements were per® 280} e ]
formed with three small PT-100 thermo-resist¢size ol " Nargon flow of,
2x2.3 mnt) fixed to a glass substrate. A pyrometer % 260f /¥ sileneon T=1700°C . 1
was used to measure the filament temperaiyrerhe P Yo
samples were characterized by Raman and infrared 240} . N i
(FTIR) spectroscopy, photothermal deflection spectros- i .
copy (PD9), electron spin resonanddeSR) and dark S 550} - filamentsat 1700°C, e e
conductivity and photoconductivity under AM 15 @ __argon flow at 0.1mbar . i
illumination. 0 20 40 60 150 200
The films had a thickness of 1.2-1m and were, time t (min)

if not marked otherwise, prepared at a deposition pres-
sure ofpy=5 Pa, a heater temperature Bf=400C

- Fig. 2. Evolution of substrate temperatdrgunder various deposition
and a filament temperature of=1650C (P,=700

conditions forT,=30CC.
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Fig. 3. Dark- and photoconductivities for different sets of samples as
a function of the silane concentration during deposition.

The reasons for this strong influence of the process gas

on Ts and the different behaviors for different gases can
only be speculated upon at this point. Possible effects

include heat transport, energy losses through chemical

reactions at the HW and changes of the HW surface by
deposition of material.

3.2. Film characterization

3.2.1. Conductivity measurements

In Fig. 3, dark(op) and photoconductivitie$o py,)
are shown for material prepared with different silane
concentrations(SC) and substrate temperatures. The
sharp drop inop indicates the transition betweegrc-
Si:H at low SC and a-Si:H at high SC. This transition
depends strongly on other deposition parameters like
Ts or pg (not shown. In contrast to the behavior of
0p, Opp remains remarkably unaffected by this
transition.

3.2.2. Raman spectroscopy

In Fig. 4, Raman spectra are shown for samples
prepared with different SC at 490 (same samples as
shown in Fig. 3. The spectra are taken with two
different excitation wavelengths: at 488 nm contributions
from the surface part of the film are emphasized, while
at 647 nm homogeneous excitations across themt-
thick sample can be assumed.

The 488-nm spectra show little difference in the film
structure (ratio of intensity at 480 and 520 cm)
between SG 10 and 22% but a prominent contribution
from amorphous phase at S@5%. However, with
647-nm excitation a strong amorphous contribution is
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Fig. 4. Raman spectréaken at two excitation wavelengthef HW
samples prepared with different silane concentratidns=450C).

still seen for the S&19 and 22% samples. This
suggests a structural inhomogeneity along the growth
axis with considerable amorphous regions at the inter-
face. These conclusions are supported by Raman spectra
with excitation through the substrafeot shown, where
already the samples prepared with SC0% show a
broad peak at 480 cnt . Only the sample prepared with
SC=5% showed no sign of amorphicity.

3.2.3. FTIR spectroscopy

The IR spectra for the same sample series are shown
in Fig. 5. We identify the well-known absorption modes
for Si-H at 630’640 cn*, 850890 cnr', 2000
2100 cnT!, and strong absorption bands at 1000-1200
cm~?! due to Si—O. For material prepared with S6-
22%, the characteristic Si—H stretching doublet at 2100

T,=450°C; T71650°C; p,=5Pa
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Fig. 5. Infrared absorption of HW-films grown with different silane
concentrations measured by FT(Rs=450C).
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temperature The good quality of the HW a-Si:H
L B material is confirmed by the solar cell performance
described below.

_ A
N 10PR 3.25. PDS

] N Indications for such high defect densities in the HW-
N ® i CVD uc-Si:H material are also seen in the optical
s e N\ ] absorption spectrdFig. 7). The spectra are distinctly
5Pae\‘\ ] different from spectra ofi.c-Si:H prepared with PECVD,
showing excess absorption over the entire energy range
| .280°C 2Pa \ 1 investigated. But surprisingly, no correlation between
I v \ | the strong variation oNg with SC (Figs. 6 and 7 and
\ the height of the sub-gap absorption can be found. Many
\ samples exhibit a fringe pattern indicating an inhomo-
geneous absorption in the growth direction.
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3.3. Solar cells with HW-i-layer

Fia. 6. Spin densities for different sil rat g Absorption layers prepared by HW-CVD have been
te!%pérat[ﬂ?esenﬂ 'es for different stlane concentrations, pressures and; , slemented into several solar cells, but have not been

optimized so far. For amorphous cells we reached a
maximum efficiency n=7.6% [fill factor (FF) of
69.7%, open circuit voltag¥,.=845 mV, short circuit
current densityl,,=12.9 mA cn?] on an Asahi-U
substrate. These values attest the high quality of the a-

cm~* (Si—H at(111) and {110y surfaceq10,13,14) is
seen and the wagging mode is at 630 ¢ém . With
increasing SC, the stretching mode at 2000 ém  devel-

ops at the cost of the doublet at 2100 tin , indicating Si:H made by HW-CVD. Thawc-Si:H cells made with
increasing amorphous contributions. At S@5% the a -HW—i—Iayer have a r.naximum .ef'ficiency]=2 6%
wagging mode is shifted to 640 cth  and the Si-H (FF=51.6%, V..=348 mV, |.=14.2 mA cnt2) O'n a
surface doublet has disappeared. The Si-O absorptionzhO/Ag substrate for an Sic-layer close to thec/

V.Vh'Ch we co_nS|der an |nd|(_:at|on fo_r porosity of the amorphous transition at medium substrate temperatures
films, is particularly strong in material with higl.c (T, =300°C, SC=6%). The low efficiency is consistent

content. Using the evaluation method developed for a- i the high defect density observed in the absorber.
Si:H we have estimated the hydrogen contgntfrom

the intensity of the absorption line at 63840 cnt?
[15,14. For films prepared ats=45CC (280°C) with
SC=5-22% we findc,=0.8-1.5 at.%(4 at.%9 and 10°

cy=3 at.% at SG25%. Note that this method can ?}:1'6'5'0;(': """ o o N ]
. [ f
only determine the amount of bonded hydrogen. There o[ T =a50°C
are, however, indications for a considerable amount of __ 10 ;'p3=5pa
molecular hydrogen iqc-Si:H [15,17. TE e
O 3L
— 107
3.2.4. Electron spin resonance g i W
All microcrystalline HW films show a very high spin  © 102 [ ovD =
density Ng at a g-value of approximately 2.00%Si s F /{/ v A
dangling bond, which reaches a maximum value of § ] %f 77 N
5x 10" cm 2 atTs=450C and SG-5%. Nsdecreases 2 10 ;\fﬂﬁ/\ L o
with increasing SC, i.e. towards amorphous growth Vhf- v ;20//2 ]
conditions and can be further reduced to a few times i it PECVD 50 3
10*” cm 2 at lowerTg and low deposition pressufas F . . . L

shown in Fig. 8. Still, these values are an order of 0,6 0,9 1,2 1,5 1,8 2,1
magnitude above the spin densities obtained far energy hv (eV)

Si:H prepared with PECVI)18]. For purely amorphous
material, the,Spm_ d_enSIty is probably Well,be|0W110 Fig. 7. Absorption of HW-films measured by PDS. The dotted line
cm~? (detection limit for the present experimental set- shows a high quality VHF-PECVOxc-Si:H film for comparison
up: sample size %#13 mn?, 1 um thickness, room (Ts=450C).
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4. Summary , A. Shah, K.-D. Ufert, P. Giannoules, J. Koehler, Mater. Res.
Soc. Symp. Proc. 4201996 3.

In our new multichamber deDOSition system both [2] K. Saito, M. Sano, K. Matuda, T. Kondo, T. Nishimoto, K.

a-Si:H andu.c-Si:H films are grown at a deposition rate Ogawa, I. Kajita, in: J. Schmid, H.A. Ossenbrink, P. Helm, H.
of up to 10 A s*, with a homogeneity better than Ehmann, E.D. DunlofEds), Proc. 2nd PVSEC World Conf.,
+10% at a substrate size of A0 cnt. European Commission, Ispra, Italy 1998, p. 351.

The influence of the HW filaments on the substrate [3] K. Yamamoto, M. Yoshimi, Y. Tawada, Y. Okamoto, A. Naka-
temperature is rather high, with an additional heating by jima, Technical Digest of the 11th PVSEC, Sapporo, Japan,
up to 200C for some deposition conditions, but a good 1999, p. 225. _
homogeneity across the substrﬁtg 10°C). Long time 4] O. Vetterl, F. Flnger,. R. Carius, P. Hapke, L. Houben, O. Kluth,
constants of approximately 20 min have been found A -@mbertz, A Muck, B. Rech, H. Wagner, Solar Energy
despite the small thermal mass of the substrate carrier. Mater. Solar Cells 622000 97.

We have obtained high quality a-Si:H as judged by [5] O. Vetterl, R. Carius, L. Houben, C. Scholten, M. Luysberg, A.

th terial i I by th | f Lambertz, F. Finger, Presented at Materials Research Society
€ maienial properiies as well as Dy the solar ce Spring Meeting, San Francisco, USA, 2000.
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performance, but thﬂ?'Si:H is_ still (_)f poor quality. In [6] T. Repmann, W. Appenzeller, T. Roschek, B. Rech, H. Wagner,

contrast to our experience witc-Si:H from PECVD Proc. of 28th Photovoltaic Spec. Conf., Anchorage, USA, 2000.

processeq18] and results from other grougd9], we [7] J. Kuske, U. Stephan, O. Steinke, S. Rohlecke, Mater. Res. Soc.
observe a higher DB density for increasing crystallinity. Symp. Proc. 3771995 27.

The sub-gap absorption remains surprisingly unaffected [g] |. sansonnes, A.A. Howling, Ch. Hollenstein, Mater. Res. Soc.

by these changes in the DB density. A§=450C the Symp. Proc. 5071999 541.

wc-Si:H films show a strong structural inhomogeneity [9] H. Matsumura, Jpn. J. Appl. Phys. 7999 3175.

along the growth axis. Only the sample with the lowest [10] J.K. Rath, F.D. Tichelaar, H. Meiling, R.E.l. Schropp, Mater.
SC (=5%) exhibits a complete absence of the amor- Res. Soc. Symp. Proc. 547998 879.

phous phase, but this sample also has the highest DB[11] A.R. Middya, J. Guillet, R. Brenot, J. Perrin, J.E. Bouree, C.
density and the strongest Si—O absorption in IR spec- Longeaud, J.P. Kleider, Mater. Res. Soc. Symp. Proc(4897)
troscopy. At higher SC an amorphous contribution is 271.
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