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Hydrogenated amorphous silicon deposited at very high growth rates
by an expanding Ar–H 2–SiH4 plasma

W. M. M. Kessels,a) R. J. Severens,b) A. H. M. Smets, and B. A. Korevaar
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

G. J. Adriaenssens
Semiconductor Physics Laboratory, Katholieke Universiteit Leuven, Celestijnenlaan 200 D,
B3001 Heverlee-Leuven, Belgium

D. C. Schram and M. C. M. van de Sandenc)

Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

~Received 1 March 2000; accepted for publication 14 November 2000!

The properties of hydrogenated amorphous silicon (a-Si:H) deposited at very high growth rates
~6–80 nm/s! by means of a remote Ar–H2–SiH4 plasma have been investigated as a function of the
H2 flow in the Ar–H2 operated plasma source. Both the structural and optoelectronic properties of
the films improve with increasing H2 flow, anda-Si:H suitable for the application in solar cells has
been obtained at deposition rates of 10 nm/s for high H2 flows and a substrate temperature of 400 °C.
The ‘‘optimized’’ material has a hole drift mobility which is about a factor of 10 higher than for
standarda-Si:H. The electron drift mobility, however, is slightly lower than for standarda-Si:H.
Furthermore, preliminary results on solar cells with intrinsica-Si:H deposited at 7 nm/s are
presented. Relating the film properties to the SiH4 dissociation reactions reveals that optimum film
quality is obtained for conditions where H from the plasma source governs SiH4 dissociation and
where SiH3 contributes dominantly to film growth. Conditions where ion-induced dissociation
reactions of SiH4 prevail and where the contribution of SiH3 to film growth is much smaller lead to
inferior film properties. A large contribution of very reactive~poly!silane radicals is suggested as the
reason for this inferior film quality. Furthermore, a comparison with film properties and process
conditions of othera-Si:H deposition techniques is presented. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1338985#
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I. INTRODUCTION

Among the presently investigated renewable ene
sources, thin film solar cells based on hydrogenated am
phous and/or microcrystalline silicon technology are a cle
and cost-effective alternative for nowadays fossil fuels.
the research to improve their price/performance ratio, spe
attention has been addressed in the recent years to inc
the deposition rate of the intrinsic silicon layer in these so
cells. A higher deposition rate enables a higher through
without adding more processing equipment and, con
quently, large-scale production can be obtained with a red
tion of the production costs.

Hydrogenated amorphous silicon (a-Si:H) is usually de-
posited by ‘‘conventional’’ radio frequency~13.56 MHz!
plasma enhanced chemical vapor deposition~rf PECVD! at
rates of 0.1–0.3 nm/s. Various efforts has been made to
crease the deposition rate while maintaining~reasonable!
film quality. These efforts range from investigations of mo
‘‘extreme’’ operating conditions~at high power and pres
sure, working in theg regime!,1,2 different reactor geom-

a!Electronic mail: w.m.m.kessels@tue.nl
b!Present address: AKZO-NOBEL Central Research, P.O. Box 93

6800 SB Arnhem, The Netherlands.
c!Electronic mail: m.c.m.v.d.sanden@tue.nl
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etries ~depositing under additional ion bombardment!,3 and
other gas mixtures~admixing noble gases4,5 or using
Si2H6)

1,6 to develop othera-Si:H production techniques. Th
development of these production techniques has been i
ated by the fact that the increase in deposition rate fo
PECVD is limited as it rapidly goes at the expense of t
material quality. A more significant improvement has be
obtained by changing the excitation frequency from 13
MHz to the very high frequency~VHF! range ~30–300
MHz!. For this VHF PECVD technique deposition rates
to 3 nm/s have been reported.7–9 However, for the produc-
tion of solar cell devices the deposition rate is in pract
usually limited to rates below 1 nm/s.10,11

A feature of the aforementioned methods is that they
so-called ‘‘direct plasma’’ techniques. This means th
plasma generation and deposition take place in the sam
gion, which makes it difficult or impossible to vary plasm
parameters independently. For this reason, in the last de
a lot of research has been devoted to remote plasma t
niques, where plasma generation, growth precursor trans
and deposition are geometrically separated. Some exam
are: microwave generated plasmas,12,13 inductively coupled
plasmas~ICP!,14–16 and electron cyclotron resonance~ECR!
plasmas.17–19 The deposition rates obtained by these te
niques seize also up at;1 nm/s. However, for some of th

0,
4 © 2001 American Institute of Physics
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techniques the favorable film properties obtained, such
high stability against light-induced degradation, are of m
interest.12,19

A technique for which both advantages, i.e., high grow
rate and high stability of thea-Si:H deposited, have bee
reported is hot wire chemical vapor deposition~HWCVD!.
With this technique, device qualitya-Si:H has been obtaine
at deposition rates in the range of 0.5–2 nm/s.20–23For films
deposited at high substrate temperatures~;400 °C! good
electronic properties have been obtained20,21while films with
a low H content ~2–3 at. %! exhibit improved stability
against light-induced degradation.24,25 This property, to-
gether with the very different electronic and structu
properties,26–28 are most probably related to the speci
growth conditions of HWCVD, such as a high flux of H,
high substrate temperature, and a lack of energetic par
bombardment.20

This article describes high rate deposition ofa-Si:H us-
ing the expanding thermal plasma~ETP!. For this remote
plasma deposition technique, it has recently been shown
it can produce good qualitya-Si:H at deposition rates up t
10 nm/s.29–31 The technique uses a, in a subatmosphe
plasma source created, Ar–H2 plasma for SiH4 dissociation
in a low-pressure deposition chamber. In this article, the fi
properties of thea-Si:H deposited will be presented as
function of the H2 flow in the plasma source and for tw
different substrate temperatures.

The aim of this article is not only to show thata-Si:H
with properties suitable for the application in solar cells c
be deposited at rates up to 10 nm/s, but also to relate
a-Si:H properties to the plasma processes and to the co
bution of different plasma species to film growth. The pr
duction of Si containing ions and radicals and their contrib
tion to film growth in the expanding thermal plasma has be
studied in detail by the combination of different plasma
agnostics and has been presented in previous work.32–37 It
has been observed that the plasma processes in the d
stream region change drastically when varying the H2 flow in
the plasma source. The dominant SiH4 dissociation process
shifts from ion-induced reactions at zero or low H2 flows to
H abstraction reactions of SiH4 by H atoms at higher H2
flows.32,35,37This causes a transition from film growth with
large contribution of very reactive~poly!silane radicals at
low H2 flows to film growth with a dominant contribution o
SiH3 radicals at higher H2 flows.37 A small contribution of
H-poor cationic Si clusters remains rather constant as a fu
tion of the H2 flow.35 The consequences of this transition
growth precursors for thea-Si:H film properties will be pre-
sented and possible relations indicated.

From this study, more insight into the growth of goo
quality a-Si:H at high deposition rates can be obtained wh
the results are also relevant for other~low-deposition rate!
techniques. From a comparison of the ETP depositeda-Si:H
with a-Si:H deposited by rf PECVD and other techniqu
~HWCVD/other remote plasmas!, it is tried to come to gen-
eral insights with respect toa-Si:H deposition. For example
from similarities in film properties and growth conditions
is possible to address questions such as: ‘‘What is the rol
ion bombardment?,’’ ‘‘Are high substrate temperatures
Downloaded 21 Jul 2008 to 131.155.108.71. Redistribution subject to AIP
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evitable for obtaining good qualitya-Si:H at high deposition
rates?,’’ etc.

II. DEPOSITION SETUP AND FILM DIAGNOSTICS

The ETP deposition technique is schematically rep
sented in Fig. 1. The technique is based on the generatio
an Ar–H2 plasma in a thermal plasma source~a cascaded
arc!, which subsequently expands into a low-pressure ch
ber where it dissociates the injected SiH4 gas. The cascade
arc is operated at a dc current of 45 A and a voltage betw
70 and 140 V depending on the H2 fraction in the gas mix-
ture. The Ar flow used is 55 sccs~standard cm3s21!, while
the H2 flow is varied between 0 and 15 sccs. The plas
source pressure is about 400 mbar. Pure SiH4 is admixed in
the low-pressure~0.2 mbar! chamber just behind the sourc
exit by means of an injection ring. The SiH4 flow is fixed at
10 sccs for the present study.38

Up to three substrates can be mounted on a subs
holder, which is placed on a copper yoke in the deposit
chamber by means of a loadlock system. The yoke is p
tioned at 35 cm from the cascaded arc outlet and is re
tively heated. Accurate substrate temperature control~100–
500 °C! is achieved by means of a He backflow between
yoke and the substrate holder, and between the subs
holder and the substrates.39 For the present study, substra
temperaturesT of 250 and 400 °C have been used. Duri
plasma ignition and admixing of SiH4, the substrates are
screened from the plasma by means of a shutter, whic
opened after stabilization of the gases. More details on
deposition setup can be found in Refs. 32 and 35.

Films with a thickness between 500 and 1000 nm ha
been deposited on 2.532.5 cm2 p-type Si~111! substrates
~10–20 V cm! and on Corning 7059 glass. The refractiv
index and deposition rate of the films have been obtained
in situ ellipsometry~at 632.8 nm! andex situinfrared trans-
mission spectroscopy. From the analysis of the ellipsome
data using an optical model for the film, also the surfa
roughness of the films during deposition has be

FIG. 1. Schematic representation of the ETP deposition system.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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2406 J. Appl. Phys., Vol. 89, No. 4, 15 February 2001 Kessels et al.
obtained.40,41 In the model, the surface roughness is rep
sented by a toplayer with a void fraction of 50%. The
content of the films has been determined from the Si–H
sorption peaks in the infrared transmission data using rec
brated values of the proportionality constants:42 (1.660.2)
31019cm22 for the wagging mode at;640 cm21, (9.0
61.0)31019cm22 and (1.560.2)31020cm22 for the
stretching modes at;2000 and;2100 cm21, respectively.
The intensity of the absorptionI for the two stretching mode
has been used to calculate the microstructure parameteR*
5I 2100/(I 20001I 2100). This yields information on how the H
is bonded, as isolated SiH~absorption centered at;2000
cm21! or as SiH2 and/or clustered SiH on internal surfac
~absorption centered at;2100 cm21!. Raman spectroscop
with 514.5 nm laser radiation of an Ar1 laser has been ap
plied to investigate the lattice disorder.

Concerning the optoelectronic properties, the photoc
ductivity sph has been obtained under air mass~AM ! 1.5
illumination ~100 mW/cm2! using coplanar A1 contacts. Th
dark conductivitysd and its activation energyEact have been
determined in vacuum during the cool down stage after
nealing the films at 160 °C for 30 min. Transmissio
reflection spectroscopy has been used for the analysis o
optical band gap. The Tauc optical band gapETauc has been
determined from Tauc’s equation (aE)1/25B(E2ETauc) and
the Klazes’ or cubic band gapEcubic from the Klazes’ equa-
tion (aE)1/35C(E2Ecubic) with B andC material dependen
constants.43 The electron and hole drift mobilities have be
obtained from standard time-of-flight~TOF! experiments44

using 2–4-mm-thick a-Si:H films sandwiched between a bo
tom Cr substrate and a top semitransparent Cr contact.
electric field applied has been varied between (0.5 and
3104 V cm21 for these measurements.

III. RESULTS

A. Deposition rate and structural film properties

Figure 2 shows the deposition rate of the films depos
at substrate temperatures of 250 and 400 °C for differen2
flows in the cascaded arc plasma source. The deposition

FIG. 2. Deposition rate, determined byex situ infrared transmission spec
troscopy andin situ ellipsometry, as a function of the H2 flow in the cas-
caded arc plasma source for two substrate temperatures.
Downloaded 21 Jul 2008 to 131.155.108.71. Redistribution subject to AIP
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shows first a steep decrease as a function of the H2 flow,
followed by a slight increase at higher H2 flows. This behav-
ior is addressed in other articles,32,35,37where it was shown
that at low H2 flows SiH4 dissociation is governed by ion
induced reactions and at high H2 flows by reactions with
atomic H from the plasma source. The deposition rate va
between 6 and 80 nm/s and is much higher than for ot
deposition techniques. The deposition rate also shows a
pendence on the substrate temperature, especially at low2

flows. This can mainly be attributed to differences in fil
density as can be concluded from Fig. 3, where the refrac
index of the films is given. The Si density or mass density
about linear in the refractive index of the films in th
infrared.42 After correcting for the film density, the depos
tion rate in terms of Si atoms deposited per unit of tim
shows only a slight decrease as a function of the subst
temperature.36 In addition to the fact that the refractive inde
depends on the substrate temperature, it depends also o
H2 flow. At low H2 flows the refractive index is considerab
lower meaning that these films contain more H and/or hav
considerable void fraction.

Figure 4 shows that the H content of the films deposi
at 250 °C is higher than for the films deposited at 400 °
which is in agreement with the difference in refractive inde

FIG. 3. Refractive index of the films as determined fromex situ infrared
transmission spectroscopy.

FIG. 4. The H content of the films determined from the Si–H infrar
absorption peaks.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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For the films deposited at 250 °C the H content is about
at. %, while it is about 7 at. % for the films deposited
400 °C. The microstructure parameterR* , given in Fig. 5,
reveals that mainly the amount of H bonded as clustered
and/or SiH2

45 decreases with increasing temperature. For
different H2 flows, the data show that for both substrate te
peratures the H content is lower and theR* value is higher at
a H2 flow of 0 sccs. Together with the lower refractive inde
this implies that the films deposited with 0 sccs H2 contain a
considerable amount of voids. From these observations
concluded that the films obtained at very low H2 flows have
inferior structural properties compared to those deposite
high H2 flows. As will be addressed in more detail in Se
IV A, this behavior can be attributed to the contribution
different plasma species toa-Si:H growth. At high H2 flows,
film growth is dominated by SiH3 radicals which have a
relatively low surface reaction probability. At very low H2

flows on the other hand, there is a large contribution of ra
cals with surface reaction probabilities close to one. T
transition to radicals with a lower surface reactivity wh
going to higher H2 flows, is also indicated by the decrease
the surface roughness with increasing H2 flow as shown in
Fig. 6.

Compared toa-Si:H deposited by conventional tech
niques such as rf PECVD, the ETP depositeda-Si:H distin-
guishes itself mainly by the much higher deposition ra
Furthermore, a higher substrate temperature is necessar
the ETP technique to obtain the same refractive index an
mass density: rf PECVD yields usually dense films at s
strate temperatures of 250 °C,43,46 whereas for the films de
posited at high rate by the expanding thermal plasma a
strate temperature over 350 °C is required.29,31,47 The H
content and the microstructure parameterR* for the ETP
films deposited at 250 °C are also higher than for ‘‘op
mized’’ rf PECVD films which are usually deposited at th
substrate temperature. These rf PECVD films contain ty
cally ;10–12 at. % H while the value forR* ,0.1.43,46

The H content of the ETP films deposited at 400 °C
lower than for optimized rf PECVD material (T5
;250 °C) while theR* value is still higher. Nevertheless, i
Sec. III B it will be shown that a substrate temperature
400 °C yields the optimized film quality for the ETP tec

FIG. 5. The microstructureR* as determined from the ratio of the inte
grated absorbance at the 2100 and 2000 cm21 Si–H stretching modes.
Downloaded 21 Jul 2008 to 131.155.108.71. Redistribution subject to AIP
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nique. The difference in substrate temperatures yielding
timum film quality leads however to somewhat different o
tical and electronic properties between the two optimiz
materials as will be addressed in Sec. III B.

The last structural property investigated for the very hi
rate depositeda-Si:H is the lattice disorder, which is de
duced from the Raman Si–Si TO linewidth. Raman spec
of films deposited with 10 sccs H2 are given in Fig. 7 for
substrate temperatures of 200 and 450 °C. The spectra s
only a broad feature at;475 cm21 indicating that the mate-
rial is purely amorphous. The half width at half maximum
the Si–Si TO mode is 35 cm21 for the 200 °C sample and 3
cm21 for the 450 °C sample. The corresponding bond-an
distortions48 are 9° and 8.5°, respectively. These values
also typically found for rf PECVDa-Si:H.49

B. Optoelectronic film properties

The AM 1.5 photoconductivitysph and dark conductiv-
ity sd of the films are given in Fig. 8. Bothsph andsd are
higher for the films deposited at 400 °C, but their ra
sph/sd ~photosensitivity! is lower at this temperature. Thi
lower photosensitivity is mainly due to the higher values

FIG. 6. The surface roughness at a film thickness of 500 nm as determ
by in situ ellipsometry for films deposited at 400 °C. The roughness
been derived from the ellipsometry data using an optical model of the film
which the surface roughness corresponds with a toplayer containing
voids.

FIG. 7. Raman spectra for films deposited with 10 sccs H2 at substrate
temperatures of 200 and 450 °C.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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sd at 400 °C. Furthermore, it is clear thatsph decreases for
decreasing H2 flow leading to a very small photosensitivity a
low H2 flows. This implies that also the optoelectronic fil
properties deteriorate for decreasing H2 flow in the cascaded
arc.

In comparison with rf PECVD a-Si:H, the photosensiti
ity of the ETP films is rather low:;104 at 250 °C and;103

at 400 °C. For high quality rf PECVDa-Si:H deposited at
substrate temperatures around 250 °C, a photosensitivit
;105 is usually reported, withsph in the order of
1025 V21 cm21 and sd preferably ,10210V21 cm21.43,46

For the ETP films obtained at 250 °C,sph is about one order
of magnitude smaller. This shows that at the substrate t
peratures typically used fora-Si:H deposition the quality of
the very high rate deposited ETP material is indeed infer
This agrees with the lower Si atomic density obtained
250 °C. The comparison of the ETP films deposited at 400
with rf PECVD films produced at 250 °C is, however, som
what more complicated. The values ofsph are slightly
smaller than for the optimized rf PECVD films, but esp
cially the values ofsd are higher. The higher values ofsd

can~partially! be attributed to the earlier-mentioned lower
content of the ETP depositeda-Si:H. This lower H content
leads to a lower optical band gap,46,50,51and consequently to
a smaller activation energyEact of sd and therefore to highe
values forsd itself. The activation energy ofsd is given in
Fig. 9. The typical value of;0.75 eV at 400 °C is slightly
smaller than the usually reported value of;0.8 eV for rf
PECVD a-Si:H. Becausesd is very sensitive onEact due to
the exponential dependence, the smaller value ofEact is one
reason for the relatively low photosensitivity at 400 °C. F
the 250 °C deposited filmsEact is higher~;0.90 eV! than for
rf PECVD films deposited at this temperature, in agreem
with their higher H content.

The optical gap has only been determined for the con
tion with 10 sccs H2. The Tauc gapETauc is 1.67 eV for films
deposited at 400 °C, which is indeed lower than the typi
values of 1.7–1.8 eV for rf PECVDa-Si:H.43,46For the ETP
films deposited at 250 °C,ETauc is 1.76 eV. The cubic optica
gapEcubic is 1.51 eV for the films deposited at 400 °C, whic
is about twice the value ofEact(0.75 eV). This implies that

FIG. 8. ~a! AM 1.5 photoconductivitysph ~100 mW/cm2! and ~b! dark
conductivitysd as a function of the H2 flow in the cascaded arc.
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the material does not suffer severely from impurities43 as
also concluded from nuclear analysis ofa-Si:H films. Fur-
thermore, the lower bandgap leads to a larger absorption
efficient (a53.83104 cm21 at 2.0 eV!, implying that in so-
lar cells with ETP a-Si:H thinner intrinsic films can be
used.

To obtain more insight into the electronic properties, t
electron and hole drift mobility have been investigated
means of TOF measurements for films deposited w
10 sccs H2. The deposition rate of these films was 10 nm/s38

The mobilities for films deposited at 325 and 450 °C a
shown in Fig. 10 as a function of the TOF-analysis tempe
ture and for an electric field of 104 V cm21. The hole and
electron mobility are very weakly dependent on the elec
field.31,52 For the 325 °C films, the room temperature dr
mobilities are 0.70 cm2 V21 s21 and 3.731023 cm2 V21 s21

for the electrons and holes, respectively, and 0
cm2 V21 s21 and 1.131022 cm2 V21 s21 for the 450 °C films.
The increase of both mobilities with increasing substr
temperature clearly shows that the electronic film proper
improve with increasing substrate temperature. The act
tion energies are 0.29 and 0.24 eV for the electrons at
and 450 °C, respectively, which is higher than the typi
value of 0.15 eV.53 The activation energy of the hole mobi
ity, which is 0.39 eV for both substrate temperatures,
standard.53 Very remarkable is that the hole drift mobility o

FIG. 9. Activation energyEact of the dark conductivity.

FIG. 10. Electron and hole drift mobility of thea-Si:H for an electric field
of 104 V cm21. The H2 flow in the arc was 10 sccs and the substrate te
peratures were 325 and 450 °C.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the ETP material at 450 °C is about one order of magnit
larger than for standarda-Si:H.53 The electron drift mobility,
however, is about a factor 3–6 smaller. The relatively h
hole drift mobility, coupled to the only slightly lower elec
tron drift mobility, results in an increased average carr
mobility and hence a higher recombination rate.54 This yields
a second explanation for the relatively low photosensitiv
of the material compared to rf PECVDa-Si:H.

Finally, it should be mentioned that also the defect d
sity of the ETP a-Si:H deposited at high substrate tempe
tures is reasonably low. Post-transit photocurrent analysi
the TOF experiments, described in detail in Refs. 31 and
yielded a defect density of;1016cm23. In combination with
the enhanced hole drift mobility, this suggests that the E
depositeda-Si:H is suitable for the application in solar cell

C. Solar cells

Attempts on the fabrication of solar cells with an intri
sic a-Si:H layer deposited by the expanding thermal plas
have been carried out. The fact that the best film proper
are obtained at relatively high substrate temperatures com
cates the application of the ETP material in the commo
usedp-i-n solar cell structure. Deposition of the intrinsic film
at substrate temperatures over 300 °C causes severe de
ration of thep layer and consequently zero solar cell perfo
mance. Therefore, two different, single junction solar ce
have been fabricated: ap-i-n cell with thei layer deposited a
300 °C has been produced in cooperation with the Delft U
versity of Technology, and an-i-p cell with the i layer de-
posited at 400 °C in cooperation with Utrecht University.
the n-i-p cell, a thermally stablen layer was used as als
applied in HWCVD deposited solar cells.55 For both cells,
the doped layers were prepared in rf PECVD chambers,
the vacuum was broken to deposit the intrinsica-Si:H films
in the ETP setup. Thei layers were deposited with a H2 flow
of 10 sccs and at a deposition rate of 7 nm/s. Thep-i-n cell
contained a 10-nm-thickp layer deposited on glass wit
Asahi SnO2 and a 20-nm-thickn layer. For then-i-p cell, a
75 nm thickn layer deposited on stainless steel at a subst
temperature of 430 °C has been used. Thep layer was 30 nm
and the cell was finished with a 40-nm-thick indium tin o
ide ~ITO! top contact. The thickness of thei layers was 400
and 500 nm for thep-i-n cell and n-i-p cell, respectively,
while no optimization of these values has taken place.

The performances of the solar cell devices are listed
Table I and the current–voltage curves are given in Fig.
The cell deposited at 300 °C had an initial efficiency of 4.1
~under 100 mW/cm2 AM 1.5 illumination!. This p-i-n cell
suffered already from degradation of thep layer as can also
be concluded from its relatively lowVoc. However, its per-
formance is still better than that of then-i-p cell, which had
an efficiency of 3.3%. This is despite the fact that the pr
erties of the individuali layer at 400 °C are superior. Th
lower efficiency can, among other things, be attributed to
fact that for the 400 °C cell the ITO top contact was n
optimized for optical transmission. As a reference, thep-i-n
cells with thei layer deposited by rf PECVD andn-i-p cells
with the i layer deposited by HWCVD have record initia
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efficiencies of 10%56 and 5.6%,55 respectively.
Considering the fact that no optimization of the so

cells in their entirety has been carried out, such as tuning
the properties of the doped layers and a refinement of
thickness of the intrinsica-Si:H layer, these preliminary re
sults on solar cells deposited at a rate of 7 nm/s are prom
ing. Furthermore, we note that transport through air was
evitable ~total air exposure time.12 h! and that no light
trapping and no special back reflection enhancement te
niques were applied.

IV. DISCUSSION

A. Relation between the film properties and the
growth precursors

In the previous sections, it has been shown that the fi
properties obtained at no or very low H2 flows are inferior to
those obtained at H2 flows within the range of 5–15 sccs
This behavior can be related to a change in the plasma
cesses and film growth precursors when the H2 flow is var-
ied. By detailed investigations using several plas
diagnostics32,34,35,37it is found that for the different H2 flows
two different regions can be distinguished with respect to
SiH4 dissociation process. At low H2 flows, SiH4 is mainly
dissociated by reactions induced by ions emanating from
plasma source. By means of dissociative charge transfe
actions with ions and dissociative recombination reactio
with electrons this leads to a considerable production of Sx

radicals (x<2).34,35,37These radicals have a high~surface!

FIG. 11. I –V curves for solar cells with an intrinsica-Si:H layer deposited
by the expanding thermal plasma at a rate of 7 nm/s. During the depos
of the intrinsic layer the H2 flow in the arc was 10 sccs and the substra
temperature was 300 and 400 °C for thep-i-n andn-i-p cell, respectively.

TABLE I. Performance of single junction solar cells based on two differ
cell structures. The intrinsica-Si:H layer has been deposited by the expan
ing thermal plasma at a rate of 7 nm/s. For thep-i-n cell the thickness was
400 nm, for then-i-p cell 500 nm, and the substrate temperatures were
and 400 °C, respectively.

p-i-n cell n-i-p cell

Open circuit voltageVoc 0.61 V 0.72 V
Short circuit current densityJsc 14.3 mA/cm2 11.2 mA/cm2

Fill-factor FF 0.48 0.42
Efficiency h 4.1% 3.3%
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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2410 J. Appl. Phys., Vol. 89, No. 4, 15 February 2001 Kessels et al.
reactivity, and they contribute either directly to film grow
or react first with SiH4 to create reactive polysilane radica
@such as Si2Hx(x<4), etc.#57 before contributing to growth
When the H2 admixture is increased, the flow of ions fro
the plasma source reduces drastically, whereas the flow
atomic H from the source increases. This leads to more
drogen abstraction reactions between SiH4 and H and conse
quently to an increasing contribution of SiH3 to film growth.
For H2 flows *7.5 sccs, film growth is by far dominated b
SiH3 ~contribution is estimated at;90%!.37 Under these
conditions the amount of H emanating from the source
almost fully consumed37 and the flux of SiH3 towards the
a-Si:H surface is much larger than the flux of H.58 The con-
tribution of Si containing positive ions to film growth is les
than 10%35,37 and rather independent of the H2 flow.35 De-
spite the fact that at low H2 flows SiH4 dissociation is gov-
erned by ions, fast dissociative recombination reactions
the ions with electrons under these conditions lead t
strong reduction of the contribution of the ions at low H2

flows.37

The transition to dominantly SiH3 when increasing the
H2 flow is corroborated by the dependence of the ove
surface reaction probability on the H2 flow. This overall sur-
face reaction probability depends on the fluxes of differ
reactive species to the film and on each of their particu
surface reaction probabilities. The overall surface reac
probability decreases from;0.5 to ;0.3 when increasing
the H2 flow from 0 to 15 sccs.36,37 At the high H2 flows, the
overall surface reaction probability of;0.3 approaches the
values of the surface reaction probability proposed
SiH3(0.2– 0.3).36 At low H2 flows, there is apparently a sig
nificant contribution of reactive SiHx(x<2) and polysilane
radicals. For these radicals, values of the surface reac
probability within the range of 0.6–1 have been propose36

From these results, the poorera-Si:H film quality ob-
tained at low H2 flows can be understood. Radicals with
high surface reaction probability lead easily to a high surf
roughness and columnar film growth because they stick~al-
most! immediately at their position of impact on the surfa
~the ‘‘microscopic-shadowing’’ effect!.59 Radicals with a
lower surface reaction probability on the other hand, c
have multiple reflections on the surface before they actu
stick. Radicals such as SiH3 are therefore capable of filling
up so-called ‘‘valleys’’ at the surface59 causing smoothe
film growth. ~On this point we disagree with Doughtyet al.60

Without underrating the importance of surface diffusion
radical that can undergo several reflections has certain
larger probability of ending up at the ‘‘bottom of a valley.’!
The decreasing surface roughness for increasing H2 flow is
thus in perfect agreement with the increasing contribution
SiH3. Since voids are more easily incorporated when
surface is rough, a higher contribution of very reactive ra
cals explains the lower Si atomic density and higher v
fraction at very low H2 flows.

The improvement of the optoelectronic properties w
increasing H2 flow can be understood from the improveme
of the electronic transport properties with increasing fi
density. Porous films are obviously also more susceptibl
oxidation when exposed to air. It is also expected that
Downloaded 21 Jul 2008 to 131.155.108.71. Redistribution subject to AIP
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defect density of the films depends on the species contri
ing to growth. Furthermore,sph and sd show somewhat
more dependence on the H2 flow than the structural film
properties, especially at a substrate temperature of 400
This suggests that it is easier to compensate for poor st
tural properties~as caused by the growth precursors! by us-
ing high substrate temperatures than for poor electronic
formance.

Because the film properties do not show a correlat
with the contribution of the cationic Si clusters, no relatio
between their contribution and the film properties can
extracted from the data. However, it is not excluded t
these ions have important implications for the film quality,
has also been discussed in Refs. 33 and 35. Despite the
that the contribution of the ions is within the range of 5%
9%, these H poor and compact clusters can easily affect
defect density: their contribution is much larger than the
fect density in high qualitya-Si:H that is in the order of
1026– 1027 of the Si atomic density.43,46

It can be concluded that the type of species contribut
to a-Si:H growth has important implications for the film
properties finally obtained. It has been shown that the qua
of thea-Si:H with respect to solar cell applications improv
with an increasing contribution of SiH3. Such a relation is
already generally accepted fora-Si:H produced at the com
monly used deposition rates, but here this relation is a
found for very high rate depositeda-Si:H. It is important to
realize that the film quality, in terms of electronic propertie
is not necessarily directly related to the contribution of SiH3.
Film properties such as the defect density can also c
pletely be determined by a~small! contribution of other spe-
cies than SiH3. Furthermore, the results obtained with th
ETP technique imply that a dominant contribution of SiH3

only is not sufficient to obtain high qualitya-Si:H at high
deposition rates. Under these conditions, also higher s
strate temperatures are required to obtain films with a su
ciently high mass density. This might be related to the h
deposition rate itself and/or the absence of a~sufficient! ion
bombardment of the film during deposition as will be d
cussed in the following section.

B. Comparison with a-Si:H deposited by other
techniques

In Sec. III, the ETP depositeda-Si:H has been compare
to rf PECVD a-Si:H, typically deposited at substrate tem
peratures between 200 and 300 °C. In this section, we
also compare the material witha-Si:H deposited by other
techniques, where in some cases either the material pro
ties or the process conditions show striking similarities. A
though such a comparison is afflicted with differences
analyzed film parameters, method of analysis, etc., it is
worth trying to come to some general insights regarding
growth and properties ofa-Si:H.

First of all, the relation between the deposition rate a
substrate temperature is considered. In the present stud
has been shown that relatively high substrate temperat
are necessary to obtain dense films with a sufficiently l
R* . This requirement can be caused by the high deposi
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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rate itself47 but it might also be related to the absence
energetic ion bombardment during deposition~sheath poten-
tial ,2 eV!.33,34 That it is possible to deposit high qualit
a-Si:H at lower substrate temperatures when sufficient
bombardment takes place is also suggested by Abelso61

Moreover, a relation between the ion energy and both
film density andR* is indicated by the data of Hamer
et al.62 Using rf and VHF PECVD, it was shown that den
films with R* ,0.1 were obtained when 5 eV ion energy w
available per Si atom deposited. This observation is con
tent with the fact that films with reasonable properties can
obtained at 3 nm/s by rf PECVD when depositing at t
cathode and using somewhat higher substrate tempera
~350 °C! than usually.3 The HWCVD technique on the othe
hand, is capable of producing very dense films withR* 50
at deposition rates up to 2 nm/s and at relatively low s
strate temperatures while ion bombardment
absent.20,23,24,26This absence of energetic ion bombardme
can possibly be compensated by a large flux of ‘‘energet
H that is thermalized at the filament.20 Furthermore, it should
be noted that the substrate temperatures reported
HWCVD are not always reliable because accurate temp
ture control is difficult due to the presence of a h
filament.63,64 In some cases, only the substrate tempera
prior to deposition is reported.65

Another important effect associated with ion bomba
ment is the enhancement of the electron and hole drift m
bility as reported for rf PECVDa-Si:H for ion energies
within an extremely narrow window around 20 eV(T
5250 °C).66,67 The exact values of the mobilities have be
under discussion in Refs. 53 and 68. The enhancement o
mobilities can possibly be associated with the ion-ene
effects observed in Si1 beam epitaxy by Rabalaiset al.69

Low defect density crystalline silicon was obtained for i
energies within a very narrow window (;20610 eV! at low
substrate temperatures~160 °C!. For higher temperatures thi
window broadened out, particularly at the low-energy si
These observations also suggest that ion bombardmen
be interchanged with substrate temperature, at least as
as the typical ion energy is not much larger than the displa
ment threshold energy causing deleterious effects.

Going back to HWCVD, for thea-Si:H produced by this
technique some very interesting properties have been
served. Mahanet al.20 have shown that no severe deterior
tion of the film properties takes place when going to hi
substrate temperatures and to low H concentrations in
films ~down to ,1% for T.400 °C). For increasing sub
strate temperature, bothsph and the electron drift mobility70

showed only a slight decrease, while an improved stab
against light-induced degradation was obtained for films w
a H content of 2–3 at. % (T5400 °C prior to deposition!.65

Furthermore,ETauc andsd of the material remained, respe
tively, high and low when going to low H concentrations.

In comparison with the ETPa-Si:H films deposited at
400 °C, the lower H content and the value ofR* 50 for the
HWCVD films are remarkable. Because the substrate t
perature was 400 °C prior to deposition, this difference s
gests that the substrate temperature during the depositio
the HWCVD films was considerably higher than 400 °
Downloaded 21 Jul 2008 to 131.155.108.71. Redistribution subject to AIP
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Furthermore, some significant differences have been repo
for films deposited by different HWCVD reactors und
similar circumstances. The drastic decrease in H content w
increasing substrate temperature has been reproduced in
eral other studies,64,71 but Feenstraet al. found film proper-
ties improving with increasing substrate temperature wh
the H content remained high~9.5 at. %! up to 430 °C.21 This
material showed also no improved stability compared to
PECVDa-Si:H and values ofR* >0.1 were reported.72 Hei-
ntzeet al. reported similarR* values for films containing 4
at. % H which were obtained at a substrate temperature
400 °C. These films showed only a slightly improve
stability.71

Also the observation by Mahanet al.20 that bothETauc

andsd remained constant when going to films with a low
concentration is remarkable. This behavior is in contrast w
the observations for ETP depositeda-Si:H, but also with the
observations for HWCVDa-Si:H films reported by Nelson
et al.64 and Heintzeet al.71 Mahanet al. has attributed the
fact thatETauc remained constant at a relatively high valu
when going to low H concentrations to improved structu
ordering in the HWCVD films.20,27

Regarding the improved structural ordering in low
content HWCVDa-Si:H,20,27 there might be some similari
ties with the ETP depositeda-Si:H. Although speculative,
the higher hole drift mobility in the ETP material as well a
the appearance of a steep edge in the band tail states31 might
suggest also a different network bonding, while the enhan
hole drift mobility might be related with the relatively larg
ambipolar diffusion length in the low H content HWCVD
a-Si:H films.20 For the moment, it can only be mentione
that both techniques yielda-Si:H with similar values for the
half width at half maximum of the Raman Si–Si TO mode27

values which are also typically found for rf PECVDa-Si:H.
Another aspect related toR* , is the fact that H bonded

as SiH2 in the film has been linked with the contribution o
higher silane related chemical species and subsequently
light-induced degradation ofa-Si:H.73 The fact thatR* in-
creases with increasing deposition rate,51,74,75has been attrib-
uted to the higher contribution of these species to fi
growth, because these kind of species are more create
higher plasma power and/or pressure in rf PECVD~the
method usually applied to increase the deposition rate!.73 For
the optimized plasma conditions in the expanding therm
plasma~i.e., high H2 flow!, film growth is dominated by SiH3
and only a very small fraction of higher silanes has be
observed.32,35 The R* value is nevertheless relatively high
especially at 250 °C. Furthermore, no strong dependenc
R* on the H2 flow has been observed~see Fig. 5!, while the
contribution of polysilane radicals presumably increases
nificantly when going to low H2 flows.

The ETP technique has some similarities with other
mote plasmas, such as the microwave operated ‘‘remote
drogen plasma’’~RHP!12 and the H2 operated electron cyclo
tron resonance plasma~H–ECR!.19 These plasmas use als
H generated in a H2 operated source to dissociate SiH4, and
therefore film growth is presumably also dominated by Si3

in these techniques. Furthermore, in these plasma also
ion bombardment takes place~this is to a smaller extent valid
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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for H–ECR!76 and high substrate temperatures (T5
;400 °C) are typically used as well. The RHP techniq
yields however a relatively high H content at this tempe
ture ~10 at. %!12 while R* 5;0.77 For H–ECR the relatively
high ETauc of 1.74 eV at 450 °C76 suggests also a relativel
high H content. Furthermore, it is suggested that for b
techniques there is a relatively high H flux during depositio
It is therefore intriguing that, under similar circumstances
for HWCVD, also an improved stability for the material ha
been reported.12,19 The HWCVD material, however, has a
content of 2–3 at. %. withR* 5;0,20 while the SiH4 disso-
ciation process and dominant growth precursors are also
different. The SiH4 is decomposed at a filament yieldin
mainly Si and H atoms.63 These radicals can subsequen
react with SiH4 before reaching the substrate. The probabi
for these reactions, however, is limited due to the relativ
low SiH4 pressure and small distance between filament
substrate~typically <5 cm!. It is expected that a considerab
fraction of the~hot! Si atoms can react with SiH4 ~to mainly
H2SiSiH2),

63,78 but this is less evident for H. It is rathe
improbable that H reacts to SiH3 in the gas phase and th
proposed scheme that SiH3 is created at thea-Si:H surface
by H ~i.e., H creates a surface dangling bond by H abstr
tion and this surface dangling bond abstracts subsequen
H atom from SiH4)

78 is also unlikely because of the very lo
reactivity of SiH4 with pristine crystalline Si surfaces.79,80 It
can therefore be excluded that in HWCVD SiH3 contributes
dominantly to film growth. This shows that a dominant co
tribution of SiH3 is not a necessary condition for high quali
a-Si:H growth.

V. CONCLUSION

The film properties ofa-Si:H deposited using the ex
panding thermal plasma have been investigated for diffe
operating conditions of the plasma source and for two diff
ent substrate temperatures. It has been shown that this
nique is capable of depositing low-defect densitya-Si:H at
deposition rates up to 10 nm/s for a substrate temperatur
400 °C and a relatively high H2 flow in the cascaded ar
plasma source. Thea-Si:H obtained for these conditions
suitable for application in solar cells but it has somew
different properties than rf PECVDa-Si:H. The substrate
temperature of 400 °C, necessary to obtain dense film
high deposition rates, leads to a relatively low H content
6–7 at. % and a relatively high microstructure parameterR*
of 0.2. The films have a small Tauc band gap~;1.67 eV!
and a relatively small activation energy of the dark cond
tivity ~;0.75 eV!. This is related with the low H content o
the films and it explains, at least partially, the relatively hi
dark conductivity (;231029 V21 cm21) of the films. The
photoconductivity of the material (;431026 V21 cm21) is
slightly lower than for optimized rf PECVDa-Si:H. This
can most probably be attributed to the enhanced hole
mobility of the material which is about a factor of 10 high
than for optimized rf PECVDa-Si:H. The enhanced hole
drift mobility without the equivalent reduction of the ele
tron drift mobility leads to enhanced recombination.
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The preliminary results on the solar cells with thei layer
deposited at 7 nm/s by the expanding thermal plasma s
also the potential of very high rate depositeda-Si:H. A
simplep-i-n cell with the i layer deposited at 300 °C yielde
an efficiency of 4.1%, despite thermal degradation of thp
layer and a not fully optimized intrinsica-Si:H layer. More-
over, the cell thickness was not optimized and air expos
was inevitable. Then-i-p cell, with a thermally stablen layer
and with higher quality intrinsica-Si:H deposited at 400 °C
yielded an efficiency of 3.3%, despite a nonoptimized IT
top contact. These results are encouraging for further s
cell optimization, which will be done in a recently develope
solar cell deposition system consisting of a rf PECVD re
tor, an expanding thermal plasma reactor, and a sam
transfer chamber.

The film properties obtained for the different operati
conditions of the plasma source have also been related to
SiH4 dissociation reactions and species contributing to fi
growth. The improvement of the properties with increasi
H2 flow added to the Ar in the cascaded arc plasma sou
can be attributed to an increasing contribution of SiH3 to film
growth. The optimum film quality is obtained for condition
in which SiH3 is by far dominant~contribution SiH3 is esti-
mated at;90%!, while conditions with a high contribution
of very reactive~poly!silane radicals lead to inferior prope
ties. The high surface reaction probability of these radic
leads to a high surface roughness and a low film density
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