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Reai-time spectroscopic ellipsometry study of the growth of amorphous and microcrystalline silicon
thin films prepared by alternating silicon deposition and hydrogen plasma treatment
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The growth of amorphous and microcrystalline silicon (pc-Si) films prepared by alternating the depo-
sition of hydrogenated amorphous silicon (a-Si:H) and hydrogen plasma exposure is studied by in situ
spectroscopic ellipsometry. The deposition and etching sequences are clearly identified in the real-time
ellipsometric trajectories. Insights into the growth of amorphous and microcrystalline silicon materials
are obtained from a detailed study of the effects of varying the deposition and hydrogen plasma treat-
ment times as well as the thickness dependence of the film composition. Indeed, we have found that the
composition of amorphous and microcrystalline films slowly changes with the increasing film thickness.
However, while a-Si:H films become porous and rough with the increasing number of cycles, pc-Si films

become denser and their crystalline volume fraction increases. During growth, the transition from a-
Si:H to pc-Si deposition occurs through an intermediate highly porous a-Si:H phase. We suggest that
this porous phase is a key element in pc-Si nucleation, while both selective etching and chemical anneal-

ing have to be considered in the growth of the crystallites. Our results show that it is possible to increase
the volume fraction of the crystalline phase by reducing the deposition time within one cycle or by in-

creasing the hydrogen plasma treatment time.

I. INTRODUCTION II. EXPERIMENTAL DETAILS

Microcrystalline silicon thin films (pc-Si) present in-
teresting properties for device applications. In particu-
lar, as compared to a-Si:H material, pc-Si exhibits unique
properties like higher doping efticiency and better electri-
cal conductivity and carrier mobility, together with a
lower optical absorption. ' Therefore, many studies have
been devoted to an analysis of the growth mechanisms of
pc-Si to better control and further improve its properties.
While the transition from amorphous to microcrystalline
silicon has been revealed by in situ Raman spectroscopy,
in situ ellipsometry has also been used extensively to pro-
vide a detailed description of the nucleation, growth, and
structure of pc-Si. Despite the large number of stud-
ies, the growth mechanisms and the role of hydrogen
atoms on the formation of pc-Si are not fully understood.

In order to obtain more detailed information on the
processes involved in pc-Si deposition, a-Si:H and pc-Si
films have also been prepared by alternating the deposi-
tion of a few monolayers of a-Si:H and its exposure to a
Hz plasma (layer-by-layer technique). By separating
in time the deposition of a-Si:H from the H2 plasma treat-
IDent sequence, one may expect a simpler plasma chemis-
try and therefore an easier identification of the inhuence
of hydrogen atoms on the growth mechanisms.

Here we report an in situ spectroscopic ellipsometry
analysis of the layer-by-layer (LBL) deposition of amor-
phous and microcrystalline silicon films at 250 C on glass
substrates. Insights into the growth mechanisms are
given. In particular the inhuence of deposition and etch-
ing times on pc-Si deposition is presented.

A. Deposition and etching conditions

We use the layer-by-layer deposition technique in a
capacitively coupled rf (13.56 MHz) glow discharge sys-
tem. This technique consists of repeating a series of suc-
cessive plasmas: deposition of a-Si:H during time Ts; and
its exposure to a Hz plasma during TH (see Fig. 1). T„,
( =90 s) and T„z( =40 s) are the dead times necessary to
adjust the gas pressure before each deposition and etch-
ing sequence, respectively. The films were deposited on
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FIG. 1. Schematic diagram of the deposition of amorphous
and microcrystalline silicon films by alternating sequences of
silane and hydrogen plasmas during Ts; and TH, respectively.
T„,(T,2) represents the waiting time before each etching (depo-
sition) of several monolayers after turning off the H2 (SiH~) plas-
ma, (T„&=90s, T„2=40s). This procedure is repeated N times

0
to obtain = 1000-A-thick films.
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Corning 7059 glass substrates at 250'C. The inAuence of
the substrate on the pc-Si formation is discussed else-
where. The deposition and etching conditions used in
this study are summarized in Table I. We emphasize that
these deposition conditions produce a-Si:H films with a
low defect density at a deposition rate of 0.85 A/s. If the
times Ts; and TH are very short, the LBL technique is
equivalent to a commonly used dilution of silane in hy-
drogen. One may consider the LBL technique as a dilu-
tion in time rather than a dilution obtained by the mixing
of gases.

The structure of the deposited materials (amorphous or
crystalline) has been determined in situ by spectroscopic
ellipsometry and verified, for some samples, by dark con-
ductivity and Raman-scattering measurements.

where Po is the angle of incidence (76 in our experimen-
tal setup). For an opaque film, with a smooth surface, the
pseudodielectric function (e) is equal to the dielectric
function c..

Microcrystalline silicon Alms are usually described as a
mixture of small crystallites embedded in an amorphous
matrix, using a three-phase model: microcrystallites, '

amorphous, ' and voids. More precisely the Bruggeman
efFective-medium approximation (BEMA) (Ref. 17) is
used to describe this kind of material. It allows the deter-
mination of the dielectric function c,ff of the composite
material as a function of the dielectric response of its con-
stituents E; and their relative volume fraction f;:

B. Real-time spectroscopic ellipsometry

In situ spectroscopic ellipsometry is well adapted to
study microcrystalline materials because it provides a
direct identification of the crystallinity from the measure-
ment of the dielectric function. ' '" Spectroscopic ellip-
sometry measurements were taken at different stages of
the layer-by-layer deposition to check for the nature
(amorphous or microcrystalline) of the deposited films
when TH and Ts; were varied. In this way we can follow
in situ and in real time the evolution of the films. The in
situ ellipsometry technique and the computer-controlled
gas handling system turned out to be essential for the
deposition and analysis of a large number of reproducible
layers. More details concerning the experimental setup
and the UV-visible ellipsometer can be found else-
where. ' '

We recall that ellipsometry measures the ratio

rpp= =tan(%) exp(ib, ),
r,

where + and 6 are the conventional ellipsometric angles.
The subscripts p and s refer to the plane-wave electric-
field components, respectively, parallel and perpendicular
to the plane of incidence. '

The pseudodielectric function ( e ) is obtained from the
measurement of p:

A more refined analysis should include shape and
Anite-size effects on the optical functions of the crystal-
lites. ' However, our purpose is to determine general
trends, and these effects are considered of second order
and out of the scope of this study.

III. RESULTS AND DISCUSSION

A. Steady state

In Fig. 2 we present the phase diagram of silicon Alms
deposited on glass substrates at 250 C by the LBL tech-
nique. The nature of the films was deduced from in situ
ellipsometry measurements performed at different stages
of deposition. This allowed us to check that the steady
state was reached (typically for 100-nm-thick films). De-
pending on the thickness of the stacking layers (propor-
tional to Ts; ) and on the ratio R = ( TH /Ts; ), the deposit-
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RF power density (mWcm )

Flow rate of SiH4 (sccm)
Flow rate of H2 (sccm)
Pressure (mTorr)
Substrate temperature ( C)
Plasma exposure time {s)

Deposition

88
3,5

0
100
250
Tsi

Etching

222
0

35
240
250
TH

TABLE I. Deposition and etching conditions used for the
preparation of films by the layer-by-layer technique. The exper-
imental conditions used for a-Si:H deposition produce device

0
quality material at a deposition rate close to 0.85 A/s. FICi. 2. Space of parameters for the growth of amorphous

and microcrystalline silicon films deposited by the layer-by-
layer technique on glass substrates at 250'C. The deposition
time Tsi and the ratio R = TH /Ts; are the main parameters
v hich control the nature of the films. The lines between amor-
phous, microcrystalline, and no deposition conditions are pro-
vided as a guide to the eye. The no film region corresponds to
values of R for which the a-Si:H film deposited during Tsi is ful-

ly removed by the hydrogen plasma of duration T&. The exper-
imental points represent the steady state ( = 1000-A-thi. ck films).
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ed films are amorphous or microcrystalline. For high
values of R no deposition is observed. For short exposure
times to Hz plasma (low values of R) the silicon films
remain amorphous. A sufhcient exposure time TH is
needed to produce the transition from a-Si:H to pc-Si
deposition. This transition time increases as a function of
Ts; (stacking layer thickness). Finally, if TH is too long
no film is deposited. This last trend can be considered as
evidence of the etching effect induced by the hydrogen
plasma. The transition from pc-Si deposition to no film
growth is obtained for R ~6, i.e., at R =6 the etching
rate overtakes that of the deposition and there is no ma-
terial deposited. The experimental results indicate that
the borderline between pc-Si growth and no film occurs
at a constant R. In contrast, the value of R at which the
transition from a-Si:H to pc-Si growth occurs increases as
Ts; increases (Fig. 2). It has to be pointed out that these
boundary values of R are obtained with the experimental
conditions given in Table I, and are not intrinsic ones but
related to the balance between the deposition and etching
rates.

In Fig. 3 we plot the average deposition rate of the
films, deduced from the ratio between the film thickness
and the deposition time, as a function of the hydrogen
plasma exposure time TH. The average deposition rate
can be expressed as U =

Ud Us( TH—/Ts; ) where Ud and vz
are the deposition and etching rates, respectively. It is
clear from Fig. 3 that the average deposition rate de-
creases when the Hz exposure time increases, indepen-
dently of Ts;. The inset in Fig. 3 shows the effective layer.
thickness deposited per cycle, defined by e =

Ud Ts;

—
U TH, as a function of hydrogen exposure time (for

Ts; =20 s). These data indicate that, with respect to the
reference a-Si:H sample, pc-Si films are obtained when
the macroscopic etching is about 30% of the film thick-
ness per cycle; i.e., pc-Si is formed when there is a
sufticient etching of the deposited material. However,
under conditions corresponding to the boundary between
the amorphous to microcrystalline silicon film growth (25
s ~ TH ~ 40 s, in Fig. 3), we remark that there is no
discontinuity between a-Si:H and pc-Si deposition rate.
This may explain some claims about etching not being
important in pc-Si deposition.

For a fixed Ts;, the average deposition rate and the de-
posited layer thickness per cycle should be proportional
to TH. However, the data presented in Fig. 3 do not
show a linear dependence, suggesting that the growth and
etching rates are not constant. This is well understood by
the fact that the etching rate of a-Si:H is higher than that
of crystalline silicon, and also that as TH increases the
crystalline fraction increases, resulting in a decrease of
the etching rate.

B. Study of the transients

Real time s-tudy of deposition and etching

Figure 4 displays the real-time evolution (at three prob-
ing wavelengths) of the ellipsometric angle 6 obtained
during the deposition of pc-Si by the LBL technique with
Ts; =20 s and TH =95 s. In fact, Fig. 4 qualitatively de-
scribes the evolution in time of the film thickness during
the layer-by-layer deposition. Indeed, in the case of thin
films (df ((A, ), the variation of the phase b, is propor-
tional to the variation of the thickness of the sample. '

The deposition and etching sequences are clearly
identified by the real-time trajectories. We notice that
there is no evolution during the plasma-off times, so that
the properties of the films are independent of the dead
times T„,and T,z. This is probably not the case at higher
temperature because of hydrogen desorption and
modification of the surface-hydrogen coverage. In our
study we varied only Ts; and TH, the dead times being
maintained constant.
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FIG. 3. Average deposition rate of materials deposited by the
layer-by-layer technique plotted against TH for different Tsj.
The deposition rate was obtained by dividing the total thickness
by the total deposition time. The average deposition rate de-
creases by increasing the H2 exposure time independently on
Ts;. The inset shows the deposited thickness per cycle as a
function of TH, for Tsj =20 s. The transition from a-Si:H to
pc-Si deposition is accompanied with a macroscopic etching of
about 30%.

2. Layer-by-layer growth unde~ amorphous silicon conditions

Figure 5 shows the imaginary part of the pseudodielec-
tric function (ez) measured at different stages of the
deposition of a-Si:H by the LBL technique at Ts; =20 s

and TH =25 s. Figure 5 reveals that more than 100 cy-
cles (deposition and etching steps) have to be accumulat-
ed before reaching a steady state. Moreover, the overall
decrease in amplitude of ( e2) with an increasing number
of cycles suggests that the porosity of a-Si:H films in-
creases as a function of the film thickness. This evolution
has been found to be reproducible for the deposition of all
a-Si:H films shown in Fig. 2, independently of the value
of Ts;. Hence hydrogen etching leads to the formation of
porous a-Si:H films, as already reported. '

In order to obtain more detailed information on the
evolution of the film properties as a function of thickness,
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the spectroscopic ellipsometry measurements presented
in Fig. 5 have been simulated using BEMA and consider-
ing a model of two layers: the bulk and the surface
roughness. Each layer is assumed to be a homogeneous
mixture of an amorphous phase (volume fraction f, ), and
voids ( 1 f, ).—The results of such an analysis are
presented in Fig. 6. We observe that the amorphous frac-
tion in the bulk decreases down to 80% for a film thick-
ness of 1450 A. At the same time the thickness of the
surface roughness increases and reaches 40 A. At this
thickness the amorphous fraction on the surface is 60%%uo.

The results of Figs. S and 6 indicate that amorphous sil-
icon films prepared by the layer-by-layer technique are
not dense. On the other hand, it has been suggested that
the layer-by-layer technique could be used to prepare
more rigid silicon networks.

More generally, the analysis of the films presented in
Fig. 2 indicates that the increase in porosity is enhanced,
especially under the critical conditions corresponding to
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FIG. S. Evolution of the imaginary part of the pseudodielec-
tric function of an a-Si:H film deposited by the layer-by-layer
technique with Tsi =20 s and TH =2S s.
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the boundary between the amorphous and microcrystal-
line silicon deposition: the deposited a-Si:H material goes
through a highly porous and defective amorphous phase
before reaching the crystallization threshold. As will be
discussed below, this point is essential for understanding
the nucleation mechanisms of pc-Si.

350
360

350
M)

340
CC

330

2.8 eV

II ~~ )L

)I

I I ~ I I I I I i I I I I I I I i I I I I I I I I i I I

3. Layer-by-layer nucleation and growth

offilms under microcrystalline conditions

Figure 7 shows the time evolution of (Ez) for a pc-Si
film deposited at Ts; =20 s and TH =95 s. As in the case
of a-Si:H deposition (Fig. 5), up to 100 cycles are needed
to reach the steady state. In contrast to the deposition
under amorphous conditions there is an increase of (E2)
with the number of cycles, indicating that the film be-
comes denser. We note that this evolution of (e2) is op-
posite to that observed during deposition of pc-Si films
from the decomposition of highly diluted silane in hydro-
gen mixtures, indicating that the LBL technique is
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FIG. 4. Real-time trajectories of the ellipsometric angle 6
with time, at three photon energies, during the deposition of mi-

crocrystalline silicon film by the layer-by-layer technique at
Tsi =20 s and TH =95 s, on glass substrate, at 250'C. Note that
there is no modification of the optical properties during the
waiting times (T„,=90 s and T„2=40s).
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FIG. 6. Evolution of the bulk composition and the thickness
of the surface roughness during the deposition of a-Si:H films by
the layer-by-layer technique (Ts; =20 s, TH =2S s). These re-

sults are deduced from the fitting of spectra of Fig. 5 using
BEMA. analysis.
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phous rather than the crystal formation during the early
stage of deposition, does not prevent the ulterior crystal-
lization of the film down to the interface with the glass
substrate.

(ii) The transition from a-Si:H to pc-Si growth is ac-
companied by an increase in the bulk porosity, up to 24%
for a film thickness of 200 A, and is reduced down to
13%%uo during further film growth. Therefore we observe
the same kind of behavior in both steady-state (Fig. 4)
and transient regimes, i.e., an increase of the film porosity
for films which are at the boundary between a-Si:H and
pc-Si deposition.

(iii) During growth there is an increase of the volume
fraction of crystallites and a decrease of the volume frac-
tion of the amorphous phase, indicating that the increase
of the crystalline phase in the bulk occurs due to the crys-
tallization of the amorphous phase.

(iv) The bulk is much more crystallized than the sur-
face. This difference in structure between the surface and
the bulk has also been observed by Raman spectrosco-
py. These results indicate that the etching is not the
only process responsible for pc-Si growth, and suggest
that the diffusion of atomic hydrogen is probably respon-
sible for the increase of the crystalline phase in the bulk
and the development of the crystallites. This mechanism,
which has been proposed for film thicknesses up to 4
nm, extends under our conditions over some tens of
nanometers. Indeed, some recent reports indicate that
atomic hydrogen can diffuse through long distances be-
fore being trapped.

4. sects of deposition and etching times on inc Si grou-rth

Figure 10 shows the effect of varying TH or Ts; on the
evolution of the crystalline fraction as a function of the
thickness. For a fixed deposition time (Ts;=20 s) and
two values of the ratio R = TH /Ts;, we observe that (i)
there is an incubation period (thickness =100 A) during
which the film is amorphous, and becomes microcrystal-
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FIG. 10. Thickness dependence of the volume fraction of
crystallites in the bulk of pc-Si films deposited by the layer-by-
layer technique at two silicon deposition times (T&; =10 and 20
s) and di6'erent values of the parameter R =(TH/Tsi). Note
that both the decrease of Tsi and the increase of TH, for a given
Ts;, result in a markedly higher crystalline volume fraction.

line for thicknesses & 100 A; (ii) the crystalline fraction
increases with film thickness; and (iii) the film prepared at
R =4.75 displays a markedly higher crystalline volume
fraction in comparison to the one prepared at R =3.
Thus the increase of the hydrogen plasma treatment time
induces an increase of the crystalline volume fraction.
Furthermore, the crystalline fraction is higher for films
deposited at lower values of Ts; ( Ts; = 10 s) and an inter-
mediate value of R. Thinner is the stacking layer, shorter
is the transition time from a-Si:H to pc-Si growth, and
higher is the crystalline fraction. This could be explained
by the lower energy necessary to arrange thinner a-Si:H
layer s.

These results show that it is possible to control the
volume fraction of crystallites in the film by varying the
deposition and etching times in the layer-by-layer tech-
nique. They also show that it is possible to obtain thin
layers ( = 200 A thick) with a high fraction of crystallites,
and suggest that the incubation thickness can be reduced
by reducing Ts;.

C. Microcrystalline silicon growth model

The results of this in situ ellipsometry study bring addi-
tional elements to the current models developed to ex-
plain the deposition of pc-Si films at low temperature by
plasma-enhanced chemical-vapor deposition techniques.
Let us discuss our results in the framework of these mod-
els.

(1) The partial equilibrium model describes the depo-
sition of pc-Si as the result of an equilibrium between
deposition from SiH radicals and etching by atomic hy-
drogen. Indeed, we observe that the transition occurs
when substantial etching (=30%) of the a-Si:H occurs
during the hydrogen plasma exposure. However, it seems
difticult within this model to explain the formation of pc-
Si in 85-A-thick films. The deposition of pc-Si by alter-
nating more than ten atomic layers cannot be considered
as a fast exchange between the surface of the solid and
the plasma. Moreover, this model fails to explain the
evolution of the surface composition, which should
remain constant under equilibrium conditions, and the
increase of the crystalline fraction in the bulk (Fig. 9).
Therefore even though it may be reasonable to apply the
partial chemical equilibrium model under steady-state
conditions, this model does not explain neither the nu-
cleation nor the evolution of the composition in pc-Si
films.

(2) In the case of the selective etching model ' the
growth of pc-Si is explained by the fact that hydrogen
selectively removes the amorphous phase. As an exam-
ple, Fig. 11 clearly demonstrates the selective etching of
a-Si:H. Figure ll (left) shows an a-Si:H sample which
was exposed after its growth to 160-mJ/crn pulses from
an XeC1 laser at a repetition rate of 1 Hz. ' As a conse-
quence the central part of the sample was crystallized,
while the sides remained amorphous. A sample deposited
under the same conditions was exposed to a hydrogen
plasma. As shown in the right side of Fig. 11, the entire
amorphous part was etched by the hydrogen plasma but
the crystalline area remained on the glass substrate.
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FIG. 11. Picture of two silicon films deposited on 1X1-in.
glass substrate, giving experimental evidence of the selective
etching. On the left side, an a-Si:H film was exposed to an exci-
mer laser pulse which induced the crystallization of the central
part of the sample. A similar fiilm (right) was exposed to a hy-
drogen plasma under the conditions used in the layer-by-layer
deposition. The hydrogen plasma completely removed the
amorphous part.

While there is no doubt about the involvement of selec-
tive etching in the deposition of pc-Si films, its impor-
tance has to be carefully considered. Indeed, selective
etching can be used to explain the increase of the crystal-
line fraction on the surface (Fig. 9) but it can hardly ex-
plain the simultaneous decrease of the void fraction.
Moreover, as in the partial equilibrium model, the long-
term evolution of the bulk composition, and the fact that
crystallization takes place down to the interface with the
glass substrate, cannot be explained.

(3) In the case of the hydrogen coverage model one as-
sumes that the film structure is determined by the
diffusion 1ength of the film precursors. At a high-H2 di-
lution ratio, the hydrogen coverage factor increases.
Consequently, the diffusion length of the precursors in-
creases, resulting in pc-Si formation. As in the previous
models, only the processes taking place on the surface of
the growing sample are considered to explain the deposi-
tion of pc-Si films. Therefore, this model has the same
limitations as the partial equilibrium and selective etch-
ing models.

(4) In the chemical annealing model, H atoms from the
gas phase soak into the growth zone and react with SiH
bonds. These chemical reactions are exothermic and the
released energy induces an increase of the effective tem-
perature of the film surface (chemical annealing), favoring
the formation of pc-Si. ' We point out that so far the
chemical annealing has been applied to a relatively thin
growth zone, just below the film growing surface, while
our results indicate that the evolution of the bulk compo-

0
sition takes place down to some hundreds of A. More-
over, the exposure of an a-Si:H film to a hydrogen plasma
does not produce its crystallization but an increase of its
porosity and surface roughness. ' Both deposition and
etching are necessary to the growth of pc-Si. Finally, the
chemical annealing model does not explain the long term
evolution of both the surface and bulk compositions.

To fully account for the deposition of pc-Si film a mod-
el should consider both the nucleation and growth of the
crystalline phase. As far as the nucleation of the crystal-
lites, we observe. that they appear when a highly porous

a-Si:H phase has been formed by the hydrogen plasma
treatment. Indeed, a high degree of porosity seems to be
a good way to release the strain in the dense a-Si:H film.
Moreover, it has been reported that the hydrogen content
of the films increases as the transition from a-Si:H to pc-
Si deposition is approached. ' Therefore, a highly porous
and hydrogen-rich layer seems to be a necessary condi-
tion for the nucleation of the crystallites. The nucleation
of the crystallites within this layer can be attributed ei-
ther to a chemical annealing process or just to the recon-
struction of the silicon network by atomic hydrogen.
Once the nucleation of the crystalline phase has started,
the long term evolution of the film properties can be de-
scribed by a combination of the selective etching and the
rearrangement of the bulk promoted by the diffusion of
atomic hydrogen. While it seems reasonable to apply the
chemical annealing model to a relatively thin growth
zone, the evolution of the bulk composition in a depth
higher than 600 A can be explained by the diffusion of
hydrogen which promotes the breaking of weak Si-Si
bonds and the formation of the crystalline phase.

IV. SUMMARY AND CONCLUSION

The results of an in situ spectroscopic ellipsometry
analysis of the evolution of the composition of a-Si:H and
pc-Si films prepared on glass substrates at 2SO'C by alter-
nating a-Si:H deposition and hydrogen plasma treatment
can be summarized as follows.

(I) The ratio 8 = ( TH /Ts; ) is the principal parameter
which determines the nature of the deposited material.
The etching of the deposited film by the hydrogen plasma
is directly evidenced by the real-time ellipsometry mea-
surements.

(2) Layer-by-layer deposition is not well adapted to the
deposition of dense a-Si:H, specially under the critical
conditions corresponding to the boundary between a-Si:H
and pc-Si. a-Si:H films deposited by I.BL are more
porous and rough, and have a lower dark conductivity
than device quality a-Si:H.

(3) The layer-by-layer technique seems a promising
technique for the deposition of pc-Si because it makes
possible the control of the incubation time and the
volume fraction of crystallites by a proper choice of TH
and Tsi'

(4) The growth of pc-Si films can be explained by com-
bining, on the one hand, the selective etching which ac-
counts for the evolution of the fraction of crysta11ites on
the film surface, and, on the other hand, the diffusion of
hydrogen which explains the development of the crystal-
lites in the bulk.

In conclusion, our results show that the formation of a
highly porous phase is a crucial step in the nucleation of
pc-Si and that both selective etching of the disordered
material on the surface and the atomic hydrogen
diffu'sion in the bulk (few tens of nm) have to be con-
sidered in order to explain the nucleation and growth
mechanisms of microcrystalline silicon films.
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