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Hydrogen-mediated structural changes of amorphous and microcrystalline silicon
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Amorphous (a-Si:H) and microcrystalline silicon (mc-Si:H! samples were exposed to a hydrogen plasma in
a clean electron-cyclotron-resonance system. We present unequivocal experimental evidence for hydrogen-
induced crystallization ofa-Si:H. A 60-min post-hydrogenation at 325 °C resulted in an increase of the
crystalline fraction by 10–15 %. Similar H plasma treatments performed onmc-Si:H caused a decrease of the
crystalline fractionXC by up to 20%. The lack of an amorphous phase in posthydrogenatedc-Si shows that the
presence of grain boundaries is required to observe hydrogen-induced conversion of crystalline to amorphous
silicon. We propose that the driving force for the decrease ofXC is the minimization of the lattice-strain
energy.@S0163-1829~98!50928-9#
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Usually, the growth of hydrogenated microcrystalline s
con ~mc-Si:H! is achieved either by hydrogen dilution o
silane1 or by the layer-by-layer deposition technique.2 In the
latter technique, hydrogenated amorphous silicon (a-Si:H!
deposition and hydrogen plasma treatments are carried
alternately. Until recently it was widely believed that a h
drogen plasma treatment of thea-Si:H layer caused struc
tural rearrangements thereby leading to the formation of
crocrystalline silicon.2,3 However, Saitohet al.4 showed that
microcrystalline growth using the layer-by-layer technique
due to chemical transport from the coated cathode to
substrate. Hydrogen etches thea-Si:H film on the cathode
and thus produces silane related molecules and radicals
ing to identical conditions for the growth ofmc-Si:H as in
case of high hydrogen dilution. On the other hand, usin
clean cathode, the hydrogen plasma treatment resulted
in etching of thea-Si:H layer.4

In this paper we present unequivocal experimental e
dence for hydrogen-induced crystallization of amorpho
silicon. Hydrogen plasma treatments ofa-Si:H for 60 min
resulted in an increase of the crystalline fraction by 10
15%. On the other hand, similar H plasma treatments p
formed on hydrogenated microcrystalline silicon at a s
strate temperature of 325 °C caused a pronounced dec
of the crystalline fraction by up to 20%. Moreover, our e
perimental results demonstrate that the latter transforma
requires some degree of disorder as it is commonly foun
grain boundaries.

Amorphous and microcrystalline silicon films were d
posited in an electron-cyclotron-resonance chemical-va
deposition~ECRCVD! system. In order to achieve micro
crystalline growth silane was diluted with 75 to 99.5% h
drogen. The microcrystalline silicon films were deposited
a substrate temperature of 325 °C and a pressure of 5 t
mTorr. The plasma was ignited using a microwave freque
of 2.45 GHz, a microwave power to 1000 W, and a magne
field of 875 G. The average grain size was determined fr
cross-sectional transmission-electron-microscopy~TEM! mi-
crographs and amounts to 150 Å for specimens with a c
PRB 580163-1829/98/58~4!/1718~4!/$15.00
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talline fraction larger than 60%. Subsequently, the deposi
system was cleaned and the specimens were exposed
pure ECR hydrogen plasma at various temperatures for u
2 h. Before and after each hydrogen plasma treatment
samples were characterized by Raman backscattering m
surements performed at room temperature with a 632.8
laser line and a power of 15 mW. Also, the etching rate
the H plasma treatment was determined by measuring
change in thickness using a mechanical stylus.

The crystalline fractionXC was obtained by the following
procedure. The Raman spectra were fitted using three Ga
ian curves with peaks at 480, 510, and 520 cm21. The peaks
at 480 and 520 cm21 represent the amorphous and the cry
talline contributions to the Raman backscattering spectra
spectively, while the peak at 510 cm21 is commonly attrib-
uted to the presence of tensile strained Si-Si bonds at g
boundaries.5,6 XC is given by the ratio of the integrated in
tensities of the Gaussian curves at 510 and 520 cm21 to the
total integrated intensity of the TO mode taking into accou
the ratio of the Raman backscattering cross sections of
crystalline to the amorphous contributions.7 An increase~de-
crease! of XC is due to either an increase~decrease! of the
grain size or a decrease~increase! of the volume of the amor-
phous matrix.

In Fig. 1 the change of the crystalline fractionDXC
caused by posthydrogenation at 325 °C for 1 h isplotted as a
function of the initial crystalline fractionXC

init . The effect of
the H plasma treatment depends strongly on the struct
properties of the starting material. For hydrogenated am
phous silicon (XC

init'0) an increase of the crystalline fractio
of 10 to 15% is observed. Since vacuum anneals at subs
temperatures of 400 and 465 °C for 1 h did not result in an
increase of the crystalline fraction, this result is an unequi
cal experimental observation of a hydrogen-induced trans
mation from amorphous to microcrystalline silicon. On t
other hand, the same plasma treatment performed on sp
mens withXC

init.30% resulted in a pronounced decrease
XC . The largest decrease of the crystalline fraction (DXC
5220%) was observed in microcrystalline samples w
XC

init'100%.
R1718 © 1998 The American Physical Society
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Hydrogen plasma treatments of silicon can result in s
nificant etching of the specimens.1,4 Since most preparation
techniques producemc-Si:H with an inhomogeneous distr
bution of the crystalline fraction with respect to the sam
thickness, it is conceivable that the observed decrease oXC
is due to etching of themc-Si:H specimens. Therefore,
series ofmc-Si:H samples with a thickness varying betwe
0.05 to 1 mm was deposited and characterized by Ram
measurements. The circles and triangles in the inset of F
depict the dependence ofXC as a function of the sampl
thickness. The lack of a thickness dependence ofXC is char-
acteristic for mc-Si:H deposited in an ECRCVD system
This result is corroborated by cross-sectional TEM mic
graphs revealing that microcrystalline growth starts at
interface. No evidence of an amorphous layer was found;
layer is commonly observed in specimens prepared by c
ventional plasma-enhanced chemical-vapor deposi
~PECVD! techniques.8

The time and temperature dependence of the chang
XC was investigated usingmc-Si:H samples withXC

init

572%. Initially the sample surface is coated with a nat
oxide that imposes a barrier for H indiffusion.9 Therefore,
etching and structural changes of the microcrystall
samples will not occur instantaneously after the H plasm
ignited. Initially, the H plasma removes the native oxid
which can take several minutes depending on the ox
thickness. Since a new sample was used for each experim
a better measure for the change ofXC is obtained when plot-
ting the data with respect to the 30-min H plasma treatm
The squares and circles in Fig. 2 show the change of
crystalline fraction after a 1 and 2 h hydrogen plasma trea

FIG. 1. Change of the crystalline fractionDXC as a function of
the initial crystalline fractionXC

init , after posthydrogenation a
325 °C for 1 h. The influence of the sample thickness on the c
talline fraction is depicted in the inset. The triangles and circ
represent two sets of samples deposited at 8 mTorr using a hy
gen dilution of 95 and 99%, respectively.
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ment at 325 °C with respect toXC ~30 min!, respectively.
Both sets of data indicate a maximum ofDXC at 325 °C and
show a pronounced decrease at higher and lower subs
temperatures.

An important factor for understanding this behavior is t
influence of the etching rater etch. The temperature depen
dence of the etching rate is plotted in Fig. 3. Analogous
the data shown in Fig. 2 the etching rate was determi
from the decrease of the sample thickness between a 30-
120-min hydrogen plasma treatment. With increasing s
strate temperaturer etch decreases monotonically to values
approximately 0.07 Å/s at 465 °C. This suggests that at

s-
s
ro-

FIG. 2. Temperature dependence of the change in crysta
fraction. The squares and circles represent the change ofXC after
hydrogen plasma treatments for 1 and 2 h with respect toXC ~30
min!, respectively. The as-deposited specimens exhibited a cry
line fraction ofXC572%.

FIG. 3. Temperature dependence of the etching rater etch. The
etching rate was determined from the decrease in sample thick
between a 30-min and a 120-min H plasma treatment.
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temperatures the small decrease ofXC is due to enhanced
etching of the specimens. Hydrogen-mediated struct
changes advance from the surface and are diffusion limi
Thus, at low substrate temperatures the H-induced loss o
crystalline fraction occurs slowly because of a very sm
diffusion coefficient. Simultaneously, most of the structu
ally converted material is removed from the surface due
high etching rate. Therefore, the measurable decreas
DXC is small. With increasing temperature the H concent
tion in the specimen and in the plasma above the speci
decreases.10 Secondary-ion-mass spectrometry measu
ments show a decrease of the H concentration that is m
pronounced at higher temperatures. In addition, the hydro
diffusion coefficient increases causing H to migrate m
quickly into and out of the bulk. This leads to a decrease
the H concentration below a threshold value at which str
tural changes such as a decrease ofXC ~Fig. 2! and etching
~Fig. 3! occur.

In order to illuminate the origin of the hydrogen-mediat
structural changes the Raman spectra were further anal
by computing the time dependence of the integrated inte
ties of the crystalline, intermediate, and amorphous contr
tions. The change of the integrated intensitiesDI 520, DI 510,
andDI 480 versus the hydrogen exposure timetH is plotted in
Fig. 4. With increasing hydrogenation time,DI 520 ~crystal-
line contribution! decreases monotonically. The intensity
the intermediate peak, however, increases somewhat at
exposure times (tH530 min! and then reveals a monoton
decrease. On the other hand, the integrated intensity of
peak at 480 cm21 shows a pronounced increase indicati
that the crystalline fraction of this specimen decreased

FIG. 4. Change of the integrated Raman intensities of the pe
at 480, 510, and 520 cm21 vs hydrogenation timetH . The data are
normalized to the total integrated intensity of the TO mode. T
hydrogen plasma exposures were performed at 325 °C. The
deposited microcrystalline-silicon samples revealed a crysta
fraction of 72%.
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contrast to previous reports,11 similar H plasma treatment
performed on single crystalline silicon did not result in t
formation of an amorphous surface layer. However, H sta
lized platelets were observed in cross-sectional TE
micrographs.12 These results demonstrate that the prese
of grain boundaries is required to observe a hydrog
mediated decrease of the crystalline fraction in microcrys
line silicon.

The results shown in Figs. 1–4 have some important
plications for the preparation of microcrystalline silicon. Th
recent report that a pure hydrogen plasma does not c
crystallization ofa-Si:H ~Ref. 4! is valid only for conven-
tional rf power PECVD deposition systems. Our results
Fig. 1 clearly demonstrate that post-hydrogenation at mod
ate temperatures in aclean ECR system causes crystalliza
tion of a-Si:H. There are three different models explainin
this effect:~i! The etching model suggests the formation
crystallites by a balance between deposition and etching
the growing surface;1 ~ii ! the growth-zone model propose
structural relaxation of the amorphous phase followed b
transition to the crystalline phase in the subsurface regio13

and~iii ! the surface-reaction model suggests that the sur
diffusivity of precursors is enhanced due to H termination
the surface.14 The latter model cannot explain our resu
since the phase transition from amorphous to crystalline
curred in a post-hydrogen plasma treatment.

The hydrogen-induced phase transition depends stro
on the structural properties of the starting material. When
initial crystalline fractionXC

init exceeds 20% the post hydro
genation treatment, causes an adverse effect, effectively
ducing the crystalline fraction. Material with a small crysta
line fraction is mainly composed of crystallites embedded
an amorphous matrix. For these samples the growth zone
the etching model predict a further increase ofXC . This,
however, is not the case. The data in Fig. 1 clearly indic
the presence of an additional mechanism causing the
crease of the crystalline fraction. One possible explanatio
plasma damage. However, according to cross-sectional T
micrographs the plasma treatment did not introduce surf
or subsurface damage inc-Si samples but generated hydr
gen stabilized platelets.12 The lack of an amorphous phase
post-hydrogenatedc-Si indicates that for a H-induced con
version of crystalline to amorphous silicon, the presence
grain boundaries is required.

The analysis of the Raman spectra as a function of
hydrogenation time provides an important insight in the m
croscopic mechanism responsible for the decrease of
crystalline fraction inmc-Si:H ~Fig. 4!. In the first 30 min of
the H plasma treatment the phase transformation from c
talline to grain-boundary material occurs concurrently w
an increase of the amorphous phase. This indicates tha
phase transformation originates at the grain boundaries.

A good measure for the average strain energy per netw
bond is the Urbach slope.15 The Urbach energy fora-Si:H is
about 50 meV. A good estimate of the strain energy at gr
boundaries can be obtained from polycrystalline silic
~poly-Si! since it does not contain an amorphous phase
hydrogen passivated poly-Si a typical value for the slope
the Urbach edge is 85 meV.16 Thus, although the degree o
disorder at grain boundaries is smaller than in amorph
silicon, since these two-dimensional interfaces reveal lo
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range order,17 the average strain energy per network bond
roughly 35 meV larger at grain boundaries.

The introduction of hydrogen intomc-Si:H will cause a
reduction of the strain energy at the grain boundaries
eliminating unfavorable bonding configurations such
strained Si-Si bonds. Once a steady state between strain
nihilation and creation is reached a local reduction of str
will cause the generation of strain somewhere else in
lattice; the internal strain propagates within the network.15 In
the amorphous regions strain propagation will occur imm
diately. It is conceivable that this mechanism causes st
accumulation at the perimeter of crystallites leading to bo
distortions of strong Si-Si bonds. The accumulated strain
then be reduced by inserting H atoms into strained S
bonds causing the formation of Si-H and/or silicon dangl
bonds. Eventually, this mechanism leads to an increas
disorder,6 however, with a smaller average strain energy
network bond. Inmc-Si:H with an amorphous matrix a larg
amount of strain can propagate within this matrix witho
ever reaching a grain. Thus, with decreasing volume of
amorphous tissue the amount of propagating strain endin
at the perimeter of a grain increases and therefore the
crease ofXC becomes more pronounced~Fig. 1!. Hence, we
propose that the driving force for the decrease of the crys
line fraction is the minimization of the lattice strain ener
by migrating H atoms.
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In summary, amorphous and microcrystalline silic
samples were exposed to a hydrogen plasma in acleanECR
system. We presented unequivocal experimental evidenc
hydrogen-induced crystallization ofa-Si:H. A 60-min post-
hydrogenation at 325 °C resulted in an increase of the c
talline fraction by 10–15%. On the other hand, simil
plasma treatments performed on samples withXC

init.20%
caused a decrease ofXC . The largest decrease of'20% was
obtained atXC

init5100% and a hydrogenation temperature
325 °C. At lower temperatures the dominant process is e
ing, while at higher temperaturesDXC decreases because
a decrease of the H concentration and enhanced H diffu
ity. The lack of an amorphous phase in post-hydrogena
c-Si indicates that the presence of grain boundaries is
quired to observe H-induced conversion of crystalline
amorphous silicon. Based on the difference of the aver
strain energy in amorphous and polycrystalline silicon
propose that the driving force for the decrease ofXC is the
minimization of the lattice strain energy by migrating H a
oms. This is consistent with previous results obtained
amorphous silicon showing that internal strain propaga
within the network and can be generated or reduced by
grating hydrogen.15
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