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ESR observations of paramagnetic centers in intrinsic hydrogenated microcrystalline silicon
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Paramagnetic centers in hydrogenated microcrystalline silicon,mc-Si:H have been studied using dark and
light-induced electron-spin resonance~ESR!. In dark ESR measurements only one center is observed. Theg
values obtained empirically from powder-pattern line-shape simulations aregi52.0096 andg'52.0031. We
suggest that this center may be due to defects in the crystalline phase. During illumination at low temperatures,
an additional ESR signal appears. This signal is best described by two powder patterns indicating the presence
of two centers. One center is asymmetric (gi51.999, g'51.996), while the other is characterized by large,
unresolved broadening such that uniqueg values cannot be obtained. The averageg value for this center is
1.998. The light-induced signal, which we interpret as coming from carriers trapped in the band tails at the
crystalline grain boundaries, remains for at least several minutes after the light is turned off. Although the time
scales of the decay curves are very different for two samples prepared by different techniques, both decays can
be fitted using the assumption of recombination due to distant pairs of electrons and holes trapped in localized
band-tail states.

DOI: 10.1103/PhysRevB.65.235324 PACS number~s!: 61.72.Ji, 71.23.2k, 61.43.2j, 76.30.2v
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I. INTRODUCTION

Over the past few years, hydrogenated microcrystal
silicon, mc-Si:H, has been studied mainly because of its i
portance for potential applications in flat panel displays a
photovoltaic devices. The study of defects inmc-Si:H is par-
ticularly important, because defects limit most of the tra
port properties. A very important tool to investigate the
defects is electron-spin resonance~ESR! spectroscopy. Sys
tematic studies of the paramagnetic centers inmc-Si:H were
first presented in 1994.1 Since the majority of the defect
have g values near to that of free electrons, whereg
52.0023, a unique interpretation of the different centers
difficult and remains controversial. In this work, we provid
additional interpretations for some of the ESR signals pre
ously observed inmc-Si:H.

Hydrogenated microcrystalline silicon as prepared
plasma-enhanced chemical vapor deposition~PECVD! of si-
lane (SiH4) and hydrogen (H2) is a very inhomogeneou
material. Such films typically consist of individual grains
crystalline silicon of '10–20 nm, which aggregate int
larger multigrain structures that can be as large as;1 mm
depending on the processing conditions and the thickne
of the films. In addition, there is always a small compon
of hydrogenated amorphous silicon (a-Si:H) that exists pri-
marily between the aggregated grains. Usually, there is
evidence for a preferred orientation for the individu
grains,2 although recently films with grains exhibiting at lea
partial ^220& ordering have been reported.2

II. EXPERIMENT

Two microcrystalline samples have been studied in t
work. Sample 1 was prepared by PECVD using a 70-M
0163-1829/2002/65~23!/235324~6!/$20.00 65 2353
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plasma excitation frequency and 3% SiH4 in an H2 atmo-
sphere. This sample was deposited on an aluminum foil
removed using dilute HCl, resulting in 39 mg of powde
Further details concerning the preparation conditions for
sample can be found elsewhere.3 Sample 2 was prepare
using a 60-W pulsed-plasma reactor and 1% SiH4 in an H2
atmosphere. Four films were deposited in the same run
quartz substrates (4320 mm2). Raman spectroscopy show
a crystalline fraction higher than 70% for both sample
Above this crystalline fraction, the amorphous peak is t
small for an accurate determination. Atomic force micro
copy ~AFM! measurements4 show that sample 2 has ver
large aggregated grains~;0.3 mm!. These films also exhibit
very good electrical properties, such as high photoconduc
ity, and they have been used to make solar cell devices w
;4% efficiency.5

The ESR experiments were performed using a stand
Bruker spectrometer with anX-band cavity~at ;9.5 GHz!.
Dark ESR experiments were run at 10 K and room tempe
ture at microwave powers, which avoided saturation of
signal. The optically induced studies employed a He-Ne la
~at 632.8 nm! with ;1 mW power. Both dark and light-
induced measurements were made at a magnetic-field m
lation amplitude of 0.1 mT and a modulation frequency
100 kHz.

III. RESULTS

Figure 1 shows the dark ESR signal for sample 1 obtai
at room temperature using 100mW of microwave power.
The asymmetric line shape can be simulated~dotted line!
assuming a powder pattern of a single center withgi
©2002 The American Physical Society24-1
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52.0096,g'52.0031, and a Gaussian broadening of 0
mT. The spin density was estimated to be about
31017 cm23. No other dark ESR signal was observed, ev
at low temperatures. The intensity of the dark ESR sig
multiplied by the temperature~in order to adjust for spin
state population differences produced by changes in temp
ture! as a function of microwave power is shown in Fig. 2 f
10 K and room temperature. The straight line is a line
regression, whose slope is 0.4960.01. For an unsaturate
signal the slope should be 0.5. At room temperature the
nal is not saturated until'1 mW of microwave power. At 10
K, on the other hand, the signal is always saturated, eve
very low microwave power, such as 1mW. The saturation
remains for temperatures as high as 150 K. As compa
with the unsaturated signal at room temperature, the sign

FIG. 1. Dark ESR signal frommc-Si:H ~sample 1! taken at
room temperature using a microwave power of 100mW and a
modulation amplitude of 0.1 mT at a microwave frequency of 9.4
GHz. The dotted line is a simulation assuming a powder pat
with gi52.009 andg'52.003 and Gaussian broadening of 0.3 m

FIG. 2. ESR intensity multiplied by temperature as a function
microwave power at 10 K and room temperature. The dotted
has a slope 0.4960.01 and represents unsaturated behavior.
arrows indicate the spectra shown in the inset. The signals are
malized to display the same unsaturated intensity.
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10 K has a modified line shape, as one can see in the ins
Fig. 2. The dark signal in sample 2 was not studied in de
because it was barely detectable.

Sample 2, which consists of four films on quartz su
strates, contains much less material, and in addition the d
spin density is much smaller (<1016 spins/cm3) than that in
sample 1. Finally, because sample 2 is on a quartz subst
there exists ane8 signal on the substrate that is created d
ing the film deposition.6 This signal partially overlaps the
dark spin signal from themc-Si:H.

Figure 3 shows the light-induced signal in sample 1 w
the dark signal removed by subtraction. The dark signal
the dark-plus-light-induced signal are shown in the inset
Fig. 3 by the dashed and solid curves, respectively. Two
ferent simulations are shown:~1! a single center consisting
of an axially symmetric powder pattern withgi51.999 and
g'51.996 convoluted with Lorentzian broadening of 0.3 m
~dotted line!; and ~2! two centers consisting of the previou
center and a center with ag tensor whose symmetric com
ponent isg51.998 convoluted with Gaussian broadening
0.8 mT ~dashed line!. The g tensor of the second center
assumed to be symmetric for simplicity, since the lar
Gaussian broadening masks any anisotropies ing value. In
addition, the intensities of these two centers are assume
be the same. Although the first simulation very well d
scribes the central portion of the experimental derivat
spectrum, the wings on both sides are not. The major d
culty is the superposition of a sharp central derivative feat
with broad wings. The powder pattern of a single cen
cannot easily account for both the features. On the ot
hand, adding a second center produces a much better fi
mentioned above, the choice of a symmetricg tensor for the
second center is a convenience, since the broadening h

0
n

.

f
e
e
or-

FIG. 3. LESR signal ofmc-Si:H ~sample 1! taken at 15 K using
a microwave power of 10 mW and a modulation amplitude
0.1 mT at a microwave frequency of 9.489 GHz. The dotted line
the result of a simulation using a powder pattern withgi51.999 and
g'51.996 and Lorentzian broadening of 0.3 mT. The dashed
represents a simulation in which a second center withg51.998 is
also included with an equal concentration. The inset shows both
dark signal and the (LESR1dark) signal.
4-2
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any asymmetry in theg values, and the 1:1 ratio between th
two centers was chosen for simplicity but seems roug
correct.

Light-induced ESR~LESR! measurements were also pe
formed on sample 2 and, within the noise, the result w
identical to that displayed in Fig. 3. The LESR signal at 10
did not show saturation with respect to microwave pow
even at 30 mW. This result is probably due to a spin-latti
relaxation mechanism that is enhanced by interactions w
the relatively larger density of optically excited spins. Wi
the light intensity used, the light-induced effect was obser
at temperatures as high as 70 K. However, the photoexc
spin density is reduced noticeably for temperatures hig
than;40 K. As the inset to Fig. 3 shows, there is no cont
bution to the LESR from the lineshape associated with
dark ESR. This result holds independent of the temperat
In addition, there is no change in the LESR line shape a
function of temperature, although the line is barely dete
able at 70 K.

When the illumination is discontinued, the intensity of t
light-induced resonance decreases. However, the signal
not go to zero, remaining around 20% of the original inte
sity for at least several minutes after the light is turned o
Figure 4, shows the growth and decay curves of the lig
induced center for samples 1 and 2 at 15 K. Although,
time scales are completely different~Sample 2, which has
better electronic properties, exhibits a much faster deca!,
the spectra for both samples can be fitted using a mo
discussed by Yanet al.7 for distant-pair recombination via
tunneling between localized states~solid curves in Fig. 4!.

IV. DISCUSSION

Two major signals are usually observed in the dark E
of intrinsic, hydrogenated microcrystalline silicon. One s
nal, often associated with silicon dangling bonds, has a z
crossingg value for the ESR derivative spectrum arou
2.005~close to thea-Si:H dangling bond value!.8 The other
signal, which appears in low electronic quality samples

FIG. 4. Growth and decay curves for the LESR center for t
different samples. Both signal intensities are normalized to 1
before the light is turned off. The solid lines are fits using a dista
pair recombination model discussed in the text.
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under illumination, has ag value of 1.998. The interpretatio
of these centers is still a matter of debate.

Several authors have attributed the asymmetry of thg
52.005 signal to the presence of two different centers.9–13

The first center is supposed to be a Si dangling bond wit
g value of 2.0052. The second center (g52.0043) was ini-
tially attributed to electrons trapped in the conduction ba
tails,9 since its g value is very close to that observed
n-type a-Si:H ~Ref. 10! and in intrinsic a-Si:H under
illumination.11 Another explanation of the second center
the presence of Si dangling bonds in an oxygen-r
environment.12 More recently, Kondo, Yamasaki an
Matsuda13 have attributed the signal near 2.005 and its str
ture to the presence ofPb centers withgi52.0022 andg'

52.0078. However, this interpretation is considered by so
to be ambiguous because the interference of an ESR si
from the amorphous phase results in many adjustable pa
eters in the simulated spectrum.

One reason for controversy in the interpretation of t
dark ESR spectrum is that microcrystalline silicon is a m
terial that shows a very complex morphological structure.
addition to the~usually! randomly oriented crystalline grains
an amorphous phase, boundaries between the amorphou
crystalline phases, and boundaries between different cry
line grains also occur. In principle, the paramagnetic defe
in this material could occur in any of these regions mak
their identification difficult. The paramagnetic defects e
pected in the amorphous phase are the well-known sili
dangling bonds~DB defect!, typically found in a-Si:H. If
oxygen impurities collect at the boundaries, one might
pect the presence ofPb centers that often appear at Si/SiO2
interfaces. In addition, in the crystalline phase one mi
expect various paramagnetic point defects, such as cha
vacancies, divacancies, and larger clusters of vacanc
Table I lists previously publishedg tensors for the following
defects: the DB ina-Si:H,14 the Pb center on surfaces o
c-Si,15,16 and the vacancy.17

The previous attribution of the dark ESR signal to Si da
gling bonds1,9,18 seems unlikely. First, the spin density me
sured is too high to be due only to the small amorpho
fraction or to interfaces between crystalline and amorph
silicon. Due to the hydrogenation, most of the potential s
con dangling bonds will be passivated. Second, the sili
dangling bond ina-Si:H hasgi,g' which leads to an asym

st
t-

TABLE I. g values for relevant defects in crystalline and amo
phous silicon solids: dangling bonds, DB; Si dangling bonds at
SiO2 /c-Si interface,Pb ; and Si vacancy,V.

Defect gi g' Reference

DB in a-Si:H 2.0039 2.0065 14
Pb in c-Si 2.0011 2.0080 15

2.0016 2.0090 16
V2 in c-Si 2.0151 2.0038, 2.0028a 17
V1 in c-Si 2.0087 1.9989 17
mc-Si:H 2.0096 2.0031 This work

aIn these caseg2 is slightly different fromg3 , however this result is
not very far from axial symmetry.
4-3
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metry in the line shape opposite to that found inmc-Si:H.
Similarly, the Pb center has the wrong asymmetry as co
pared with the result shown here. Conversely, theg values
obtained for mc-Si:H in this work ~gi52.0096 andg'

52.0031! are consistent with those reported for charged
cancies in crystalline silicon.

However, the attribution of the dark ESR signal to sing
isolated vacancies is not straightforward, since they ann
out at temperatures well below room temperature~V1

;180 and;60 K!.17 On the other hand, vacancies can co
bine to form more complex structures such as divacanci19

or even larger vacancy clusters20 with different binding en-
ergies and annealing temperatures. In crystalline silic
these defects are usually created by bombardment, and
stability is strongly dependent on temperature.20,21,22For in-
stance, the five-vacancy cluster inc-Si, which can be gener
ated by neutron irradiation, is stable at room temperatur20

Thus, since themc-Si:H is produced under strong nonequ
librium conditions, it is plausible that the crystalline pha
has a relatively high density of stable defects
31017 cm23). Of course, a detailed identification of th
dark ESR signal ofmc-Si:H is very difficult, since there are
many possible aggregates of vacancies. Further inves
tions are needed to refine the microscopic identification
this ESR signal inmc-Si:H

Another important feature that may help to clarify th
origin of the dark ESR signal is its saturation at very lo
microwave powers at low temperatures. Figure 2 sho
clearly that at low temperatures the signal is always satur
because the 10 K data lie below the extrapolated roo
temperature data at all microwave powers. This behavio
probably due to the presence of a distribution of relaxat
times. Even though at low enough microwave power the
ference between the intensities due to saturation is on
factor of 2—a factor that is tolerable for estimations of t
spin density—the changes in the line shape cannot be
nored if one wants to determine properly theg values to
compare with well-known centers. In addition, these chan
in the line shape due to saturation cannot be used a
indication of the presence of two different centers, since
other possible explanation for this behavior is the presenc
an orientational dependence to the relaxation mechanism
to a change in theg values with temperature. For instance,
the above-mentioned five-vacancy cluster the changes in
g values with temperature will produce changes in the ca
lated, powder-pattern lineshapes.20

The identification of the LESR resonance withg around
1.998 is also unclear. Originally, this line was ascribed
free electrons in the conduction band, since its zero-cros
g value is almost the same as that for conduction electron
crystalline silicon.1 In addition, forn-dopedmc-Si:H at low
temperatures a resonance with the sameg value as the LESR
signal has been observed.9,18 Finally, the same broadening i
the line shape has been observed with increasing temper
as that found for conduction electrons in crystalline silicon12

However, others have attributed the LESR signal to electr
trapped in the localized, conduction-band-tail states.23–25

This attribution is supported by a study of the photocond
tivity and the density of LESR states as functions of t
23532
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generation rate.24,25 These results can only be explained
means of localized carriers. Moreover, the asymmetric l
shape is not consistent with free electrons in the conduc
band. More recently, it has been proposed that inmc-Si:H
doped with phosphorous theg51.998 signal is related to
trapped electrons at low doping~and intrinsic! levels and to
free electrons in the conduction band at high dop
levels.26,27

At least for undoped samples, the LESR center seem
be related with photoexcited carriers trapped in the ba
tails. The presence of band-tail states is a natural con
quence of disorder. Thus, inmc-Si:H, band-tail states could
be related with:~1! strained bonds in the amorphous regio
~2! defect states at the grain boundaries between crysta
grains or at crystalline/amorphous interfaces; and, in p
ciple, ~3! defects or impurities in the crystalline phase. Theg
values obtained for the LESR center inmc-Si:H are very
different from those of optically excited carriers trapped
band-tail states ina-Si:H.11 Also, the amorphous phase
only a small volume fraction of the film, and its contributio
to the ESR and LESR is probably unimportant.

Of the two remaining possibilities, it is also unlikely tha
the LESR is due to band-tail states within the crystalli
grains themselves. Although charged impurities, such
those that occur in highly doped and compensated Si,
produce band tails, the level of charged defects~assuming
that the dark ESR is due to positively and negatively char
defects! is too small for significant band tailing to occu
Therefore, the LESR inmc-Si:H is probably due to carriers
trapped in band-tail states at the grain boundaries betw
crystalline grains or at crystalline/amorphous interfaces.

Even though the possibility that the LESR signal is due
only a single center cannot be excluded, the results prese
here are consistent with the presence of a second sign
equal intensity. Although the identification of these two s
nals with electrons and holes trapped at the crystalline in
face is far from obvious~comparisons witha-Si:H are not
very useful here!, the sharpest line is probably due to ele
trons trapped in the conduction band tail, and the broad
is probably associated with holes trapped in the valence b
tail. It is important to point out that ESR signals due to ho
are not very often observed in crystalline silicon. However
the photoexcited holes are trapped in localized, valen
band-tail states, which are not present in single crystals, t
observation is plausible. Ina-Si:H localized holes trapped in
band-tail states are observed at temperatures exceeding
K.28 This interpretation has the advantage that it provide
natural explanation for why no second line attributable
holes has been observed in intrinsicmc-Si:H under
illumination.23,26,27The explanation is simply that the featu
previously attributed to a single line is actually due to t
sum of two.

Previous ESR studies9,18,29 of dopedmc-Si:H are gener-
ally consistent with the above explanation. Inn-type
mc-Si:H a sharp feature withg51.998 appears in the dar
ESR, but in heavily boron-dopedmc-Si:H only a very broad
signal~;50 mT! with g;2.1 is observed. The line shape
this latter signal is probably heavily influenced by the pre
ence of boron through an unresolved hyperfine interactio29

The absence of any signal clearly identified with holes
4-4



n
e
t

h
e

e

h
te

n

n
h
l
t

s
th
n
u

two
fer-
d to

ith
ern

,
ed
zed
zed
cen-

di-

g
ed

as
7-
cy,

ESR OBSERVATIONS OF PARAMAGNETIC CENTERS IN . . . PHYSICAL REVIEW B65 235324
valence-band-tail states in boron-dopedmc-Si:H is not a sur-
prise since the doping process inmc-Si:H is very different
from that ina-Si:H. First, in microcrystalline silicon there is
no autocompensation mechanism as there is in the am
phous material. Second, the doping efficiency is close to
Third, since any localized band-tail states inmc-Si:H prob-
ably exist at interfaces and have much narrower distributio
in energy than ina-Si:H, it is probable that the holes ar
trapped at the relatively deep acceptors in the bulk and no
the band-tail states at the interfaces. Inn-type mc-Si:H the
shallower donors may, in fact, contribute electrons to t
band-tail states at the interfaces. Because the line shap
the g51.998 resonance reported for heavilyn-doped
samples18,27 is broader than the LESR in intrinsic films, on
cannot test the possibility that in then-doped case there is
only a single center ascribed to electrons.

Finally, we discuss the decay of the LESR after the lig
was turned off for samples 1 and 2. Both curves are fit
using the model proposed by Yanet al.7 for the LESR decay
and growth curves due to distant-pair recombination via tu
neling between localized states ina-Si:H. This model is
based on the original ideas of Shoklovskii, Fritzche, a
Baranovskii30 who demonstrate that, at low temperatures, t
simultaneous diffusion and recombination of electron-ho
pairs in amorphous solids does not depend on the form of
density of localized states. In other words, the decay i
universal property. The fact that the decay curves for
LESR in both microcrystalline samples can be fitted usi
this assumption is one more indication that the LESR is d
a
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to carriers trapped in localized band-tail states. Since the
samples have different electronic properties, the large dif
ence in the time scales of the decays is probably relate
differences in the slopes of the band tails.

V. CONCLUSION

The asymmetric, dark ESR signal inmc-Si:H, previously
attributed to silicon dangling bonds, is probably related w
defects in the crystalline grains. Using a powder-patt
simulation of the spectrum, theg values extracted for this
center aregi52.0096 and g'52.0031. Another signal
which is observed only under illumination, is best describ
as due to two different centers. Electrons trapped in locali
conduction-band-tail states and holes trapped in locali
valence-band-tail states are the most likely centers. The
ter with gi51.999 andg'51.996 is tentatively attributed to
electrons, and the center withg51.998 is tentatively attrib-
uted to holes. The decay curves for the LESR provide ad
tional support for this interpretation.

ACKNOWLEDGMENTS

F. Finger is gratefully acknowledged for supplyin
sample 1. C. E. Inglefield and J. L. Conlin are acknowledg
for performing the AFM measurements. This work w
supported by NREL under subcontracts Nos. ZAK-
17619-16 and ADJ-2-30630-23 and by the Brazilian agen
FAPESP.
p.

m-

st.

ids

r-

.

n-
*Present address: Universidade Estadual de Campinas, Unic
Instituto de Fı´sica ‘‘Gleb Wathaghin,’’ Departamento de Fı´sica
Aplicada, Campinas-SP, Brazil, P.O. Box 616
13083-970.

1F. Finger, C. Malten, P. Hapke, R. Carius, R. Flu¨ckiger, and H.
Wagner, Philos. Mag. Lett.70, 247 ~1994!.

2J. J. Gutierrez, C. E. Inglefield, C. P. An, M. C. DeLong, P.
Taylor, S. Morrison, and A. Madan,Amorphous and Heteroge
neous Silicon Based Films, edited by M. Stutzman, J. B. Boyce
J. D. Cohen, R. W. Collins, and J. Hanna, Mater. Res. S
Symp. Proc. No. 664~Materials Research Society, Pittsburg
2001!, A3.4.1.

3P. Hari, P. C. Taylor, and F. Finger, in Amorphous Silicon Tec
nology 1996, edited by M. Hack, E. A. Shiff, S. Wagner, R
Schropp, and A. Matsuda, Mater. Res. Soc. Symp. Proc. No.420
~Materials Research Society, Pittsburgh, 1996!, p. 491.

4C. E. Englefield and J. L. Conlin~unpublished!.
5A. Madan~unpublished!.
6See, for example, P. C. Taylor, inMaterials Issues in Applications

of Amorphous Silicon Technology, edited by D. Adler, A.
Madan, and M. J. Thompson, Mater. Res. Soc. Symp. Proc.
49 ~Materials Research Society, Pittsburgh, 1985!, p. 61.

7B. Yan, N. A. Shultz, A. F. Efros, and P. C. Taylor, Phys. Re
Lett. 84, 4180~2000!.

8M. H. Brodsky and R. S. Title, Phys. Rev. Lett.23, 581
~1969!.

9C. Malten, F. Finger, P. Hapke, T. Kulessa, C. Walker, R. Car
R. Flückiger, and H. Wagner, inMicrocrystalline and Nanocrys-
mp,

,

.

c.
,

-
.

o.

.

s,

talline Semiconductors, edited by L. Brus, M. Hirose,
R. W. Collins, F. Koch, and C. C. Tsai, Mater. Res. Soc. Sym
Proc. No. 358~Material Research Society, Pittsburgh, 1995!,
p. 757.

10R. A. Street, D. K. Biegelsen, and J. C. Knights, Phys. Rev. B24,
969 ~1981!.

11J. C. Knights, D. K. Biegelsen, and I. Solomon, Solid State Co
mun.22, 133 ~1977!.

12J. Muller, F. Finger, C. Malten, and H. Wagner, J. Non-Cry
Solids227–230, 1026~1998!.

13M. Kondo, S. Yamasaki, and A. Matsuda, J. Non-Cryst. Sol
266–269, 544 ~2000!.

14T. Umeda, S. Yamasaki, J. Isoya, and K. Tanaka, Phys. Rev. B59,
4849 ~1999!.

15K. L. Brower, Appl. Phys. Lett.43, 1111~1983!.
16W. E. Carlos, Appl. Phys. Lett.50, 1450~1987!.
17M. Sprenger, S. H. Muller, E. G. Sieverts, and C. A. J. Amme

laan, Phys. Rev. B35, 1566~1987!.
18F. Finger, J. Mu¨ller, C. Malten, R. Carius, and H. Wagner, J

Non-Cryst. Solids266–269, 511 ~2000!.
19G. D. Watkins and J. W. Corbett, Phys. Rev.138, A543

~1965!.
20Y. H. Lee and J. W. Corbett, Phys. Rev. B8, 2810~1973!.
21V. C. Veneziaet al., Appl. Phys. Lett.79, 1273~2001!.
22S. Chakravarthi and S. T. Dunham, J. Appl. Phys.89, 4758

~2001!.
23M. Kondo, T. Nishimiaya, K. Saito, and A. Matsuda, J. No
4-5



B

. B

u,
-

v.

de LIMA, TAYLOR, MORRISON, LEGEUNE, AND MARQUES PHYSICAL REVIEW B65 235324
Cryst. Solids227–230, 1031~1998!.
24W. Fuhs, P. Kanschat, and K. Lips, J. Vac. Sci. Technol. B18,

1792 ~2000!.
25P. Kanschat, K. Lips, and W. Fuhs, J. Non-Cryst. Solids266–269,

524 ~2000!.
26F. Finger, J. Mu¨ller, C. Malten, and H. Wagner, Philos. Mag.

77, 805 ~1998!.
27J. Müller, F. Finger, R. Carius, and H. Wagner, Phys. Rev. B60,

11 666~1999!.
23532
28R. A. Street and D. K. Biegelsen, and J. C. Knights, Phys. Rev
24, 969 ~1981!.

29C. Malten, F. Finger, J. Mu¨ller, and S. Yamasaki, inAmorphous
and Microcrystalline Silicon Technology–1998, edited by S.
Wagner, M. Hack, H. M. Branz, R. Schropp, and I. Shimiz
Mater. Res. Soc. Symp. Proc. No. 507~Materials Research So
ciety, Pittsburgh, 1999!, p. 757.

30B. I. Shklovskii, H. Fritzche, and S. D. Baranovskii, Phys. Re
Lett. 62, 2989~1989!.
4-6


