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Structure and hydrogen content of polymorphous silicon thin films studied
by spectroscopic ellipsometry and nuclear measurements
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The dielectric functions of amorphous and polymorphous silicon films prepared under various plasma
conditions have been deduced from UV-visible spectroscopic ellipsometry measurements. The measured spec-
tra have been first simulated by the use of the Tauc-Lorentz dispersion model and then the compositions of the
films have been obtained by the use of the tetrahedron model combined with the Bruggeman effective medium
approximation. This approach allows us to determine the hydrogen content, the crystalline fraction, and the
void fraction of the films. This is particularly important in the case of polymorphous films in which the low
crystalline fraction~below 10%! can only be detected when an accurate description of the effects of hydrogen
on the dielectric function through the tetrahedron model is considered. The hydrogen content and film porosity
deduced from the analysis of the spectroscopic ellipsometry measurements are in excellent agreement with the
hydrogen content and film density deduced from combined elastic recoil detection analysis and Rutherford
backscattering spectroscopy measurements. Moreover, despite their high hydrogen content~;15%–20%! with
respect to hydrogenated amorphous silicon films deposited at the same temperature~8%!, polymorphous
silicon films have a high density, which is related to their very low void fraction.

DOI: 10.1103/PhysRevB.69.125307 PACS number~s!: 68.55.Nq, 78.20.Bh, 78.40.Fy, 81.15.Gh
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I. INTRODUCTION

Plasma deposition of silicon thin films is an expandi
field driven by an increasing number of applications. Th
relay on the possibility of producing materials covering
wide range of optical and electrical properties ranging fr
disordered materials such as amorphous silicon (a-Si:H) to
more ordered films such as microcrystalline silic
(mc-Si:H). Recently, there has been a strong interest in p
ducing materials at the border line betweena-Si:H and
mc-Si:H. In particular polymorphous silicon~pm-Si:H!,1,2

protocrystalline silicon,3 and paracrystalline silicon.4 Based
on in situ ellipsometry studies we have shown that polym
phous and protocrystalline silicon are different materials,
difference resulting from the growth process.5 Protocrystal-
line silicon corresponds to an intermediate state in the
namic process of the formation of microcrystalline silico
i.e., for fixed plasma conditions, protocrystalline films can
achieved only in a certain thickness range.6 On the contrary
homogenous pm-Si:H films can be achieved at any thickn
~up to 10 microns!.7 As these materials are intermediate b
tween amorphous and microcrystalline, the main difficulty
to find an adequate way of characterizing their particu
structure. From optical transmission measurements it
been shown that pm-Si:H films have a higher refractive
dex and wider optical gap thana-Si:H,8 while with Raman
spectroscopy it has been possible to detect the presence
small volume fraction of nanometer size crystallites,9 which
have also been detected in high resolution transmission e
tron microscopy studies.10 These subtle changes in the stru
ture of pm-Si:H films contrast with the larger ones observ
0163-1829/2004/69~12!/125307~10!/$22.50 69 1253
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in their electronic properties such as a very low defect d
sity and higher diffusion length of minority carriers com
pared toa-Si:H.11,12 Thus, a detailed characterization of th
film structure is necessary to better understand the origin
the improved transport properties.

UV-visible spectroscopic ellipsometry~SE! is a powerful
technique commonly used to characterizea-Si:H and
mc-Si:H materials.13,14However, its application to films con
taining small amounts of nanometer sized silicon particles
a silicon matrix has failed so far. Moreover, the use of effe
tive medium models to describe the dielectric function
mixed phase materials faces the problem of having an in
pendent measure of the dielectric function of the inclusio
Few attempts have been made to determine the diele
function of small crystallites and the reported values
probably largely dependent on the film deposition method15

Besides the small amount of crystallites, pm-Si:H films ha
a higher hydrogen content and some specific hydrogen ba
detected by infrared and hydrogen evolutio
measurements.16 However, in the modeling of the dielectri
function, the effect of hydrogen is generally omitted. Nev
theless hydrogen has many effects in silicon films such a~i!
the reconstruction of weak Si–Si bonds,~ii ! the local densi-
fication of the amorphous network due to shorter length
the Si–H bond in comparison to the Si–Si bond,~iii ! the
lowering of network cross-linking due to an enhancement
void formation, and~iv! an increase of the density of state
in the conduction band due to the antibonding states of
Si–H bond. All these effects will influence the film dielectr
function as observed experimentally17 and thus the effect of
hydrogen should be considered in a detailed modeling of
film dielectric function.
©2004 The American Physical Society07-1
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In this paper we present a comprehensive study of
dielectric function of amorphous and polymorphous silic
thin films using the tetrahedron model18 and the Bruggeman
effective medium approximation~BEMA!.19 This approach
has been already applied to amorphous silicon films20 and
allows the quantification of hydrogen, void, and crystalli
fractions of the films, which we compare to the hydrog
content and film density deduced from elastic recoil det
tion analysis~ERDA! and Rutherford backscattering spe
troscopy~RBS! measurements.

The structure of the paper is as follows: the experime
are described in Sec. II. In Sec. III we present a deta
description of the tetrahedron model and the methodol
used in the analysis of the dielectric function. The propo
methodology is validated for amorphous silicon films~Sec.
IV A !, where the results of the model are checked aga
those deduced from RBS and ERDA measurements, and
extended to pm-Si:H and protocrystalline films with lo
crystalline fractions~Sec. IV B!. In Sec. V we discuss the
benefits of the proposed methodology to model the dielec
function of silicon thin films at the edge of crystallization
well as the particular features of polymorphous films.
nally, Sec. VI summarizes the results.

II. EXPERIMENTS

Silicon thin films were deposited by plasma enhanc
chemical vapor deposition. Standard hydrogenated am
phous silicon (a-Si:H) was obtained by the decompositio
of pure silane at low pressure and low rf power~6 Pa and 17
mW/cm2!. In order to vary the hydrogen and void contents
series of films was deposited at different substrate temp
tures ranging from 50 °C to 300 °C. Protocrystalline a
polymorphous silicon were produced by the dissociation
6% silane in hydrogen gas mixtures under an rf power of 1
mW/cm2. The total gas pressure was varied between 53
240 Pa. Both electrodes were maintained at 250 °C. At
dilution and temperature, the transition frommc-Si:H to pm-
Si:H takes place at;80 Pa. All the films were measured aft
deposition by spectroscopic ellipsometry at room tempe
ture. The dielectric function of the films was analyzed us
the Tauc-Lorentz model. From this parametric modeling
obtained the dielectric function of the films, their thickne
and roughness. To obtain quantitative information on the
drogen content and the crystalline fraction we combined
BEMA with the tetrahedron model as shown in the next s
tion.

Rutherford backscattering spectroscopy~RBS! and elastic
recoil detection analysis~ERDA! measurements were pe
formed to obtain the density and hydrogen content of
films. For an accurate determination of the density, the fi
were deposited on a 400 Å thin chromium layer therma
evaporated on a crystalline silicon substrate. This allows
to separate in the RBS spectra the response of silicon a
of the film from those of the silicon substrate. A monokine
beam of He1 ions at 1.5 MeV was used for RBS. The pe
integration provides the number of Si atoms per cm2 by com-
parison to a standard sample. Knowing the thickness of
silicon film from ellipsometry measurements, the dens
12530
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was deduced. In the case of ERDA, the sample was b
barded with a monokinetic beam of He21 ions at 3 MeV. The
number of ejected hydrogen atoms is proportional to the c
centration of hydrogen in the sample. The proportiona
factor was calculated before each experiment by measu
the number of recoils from a reference sample, whose hyd
gen concentration is known.

III. THE TETRAHEDRON MODEL

The tetrahedron model was first derived by Muiet al. to
understand the role of hydrogen in the optical properties
hydrogenated amorphous silicon.21,22The network ofa-Si:H
is assumed to consist of an ensemble of voids and sili
centered tetrahedra, whose vertices can be either silico
hydrogen atoms, and symbolized by: Si–Si42nHn (n
50,1,2,3), SiH4 being excluded from the model. The diele
tric function of then-hydrogenated tetrahedra,«n , is derived
by the scaling relation,

«̃n215C1n~Ea-Si~C2n .E!21!. ~1!

Ea-Si is the dielectric function of hydrogen free and den
amorphous silicon, which is taken as the dielectric funct
of Si–Si4 . C1n andC2n are scaling parameters, whose valu
are given in Table I, taken from Ref. 18.

Figure 1 shows the real and imaginary parts of the diel
tric functions ofa-Si, Si–Si3H, and Si–Si2H2 derived from
this scaling relation. Replacing Si–Si bonds by strong
Si–H bonds shifts the spectra to higher energies and slig
lowers the values of the maxima of the real and imagin
part of «̃. The volume fraction of each tetrahedra is calc
lated as a function of the compositionx of the Si12xHx film.
First, the probabilityPn of presence of each type of tetrah
dron is calculated as a function ofx, assuming a random
distribution of bonded hydrogen. Then, the volumeVn of
eachn tetrahedron is derived from simple geometric re
tions on the basis of the bond lengths:r (Si–Si)51.176 Å
and r (Si–H)50.74 Å. The volume fraction f n of an
n-tetrahedron is given by

f n
~x!5

Pn
~x!
•Vn

(nPn•Vn
. ~2!

In Fig. 2.a the probability of presencePn(x) of each
Si–Si42nHn tetrahedra as a function of the hydrogen cont
x of the film is shown. For hydrogen contents lower th
25% the concentration of Si–Si3H is much higher than tha

TABLE I. Scaling parameters used by Muiet al. in the calcula-
tion of the dielectric function of the three types of hydrogena
tetrahedra.

Tetrahedra C1n C2n

Si–Si4 1 1
Si–Si3H 0.864 0.786
Si–Si2H2 0.681 0.6
Si–SiH3 0.493 0.445
7-2
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STRUCTURE AND HYDROGEN CONTENT OF . . . PHYSICAL REVIEW B 69, 125307 ~2004!
of Si–Si2H2 and Si–SiH3 , and only Si–Si3H has an effect
on the optical properties. At higher hydrogen contents,
proportions of Si–Si2H2 and Si–SiH3 become larger and
have to be taken into account when simulating the opt
properties of the film. Above 65% of hydrogen, the netwo
is not continuous anymore and a solid film cannot exist.
our samples with hydrogen contents up to 25%, we will co
sider that most of the hydrogen is bonded in Si–Si3H tetra-
hedral units. Thus, combining the tetrahedron model with
BEMA, the effect of the incorporation of hydrogen into th
silicon network can be calculated by consideringa-Si:H as a
mixture of a-Si, Si–Si3H and voids. In this way, we can
obtain the volume fraction of Si–Si3H units, which is related
to the atomic hydrogen content by Eq.~2!. Such relation is
plotted in Fig. 2~b!.

While the observation of a high void fraction has oft
been associated with a high hydrogen content,23,24 the tetra-
hedron model offers the possibility to distinguish betwe
the effects of hydrogen and voids on the dielectric funct
and thus to quantify their respective fractions. As an
ample, Fig. 3 shows the effect of the void fraction on the r
and imaginary parts of the dielectric function of amorpho
silicon. The dielectric function given by Aspnes25 has been
taken as a reference. We can see that the increase of the
volume fraction leads to a decrease of the amplitude of
imaginary part of the dielectric function without any shi
On the contrary, the increase of the bonded hydrogen con
should lead to an opening of the gap. This is clearly see
Fig. 4 where we plot the effect of the hydrogen content
the real and imaginary parts of the dielectric function. Inde
Fig. 4 shows that the increase of hydrogen leads to a sl

FIG. 1. Real and imaginary parts of the dielectric function of t
tetrahedra containing 0, 1, and 2 hydrogen atoms.
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decrease of« im but also to a shift of the maximum of bot
« real and« im to higher photon energies. Because of their d
ferent effect on the dielectric function, both voids an
bonded-hydrogen contents can be determined independe

Methodology for the analysis the dielectric function: In
this section we give a detailed example of the methodolo
we have developed. Spectroscopic ellipsometry meas
ments of thin films provide information from different depth
of the sample structure. For example, at low photon energ
the penetration depth can be larger than the film thickne
which leads to interference fringes as shown in Fig. 5~a!.
With increasing photon energy, the penetration depth
creases until the film is opaque and the influence of the
face roughness becomes dominant. The optical respons
the multilayer structure is calculated by the generalization
the Fresnel laws.26 The SE data are analyzed taking in
account the substrate, the thin film, and its surface rou
ness. Each layer has its own dielectric function, and tha
the substrate is known or determined by SE measurem
performed before deposition. The surface roughness is c
sidered as an overlayer formed by a mixture of 50% b
material and 50% voids. To describe the dielectric funct
of the bulk two approaches can be used:

~i! To use dispersion laws. In the case of amorphous s
con, the Tauc-Lorentz model allows to achieve exc
lent fit of the dielectric function.

~ii ! Bruggemann effective medium approximation
which the measured pseudodielectric function is d
scribed by the sum of the dielectric function of th

FIG. 2. Probability of presence of each Si–Si42nHn tetrahedra
as a function of the atomic hydrogen content~a!, and atomic hydro-
gen content of the film as a function of the volume fraction
Si–Si3H ~b!.
7-3
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FONTCUBERTA I MORRAL, ROCA I CABARROCAS, AND CLERC PHYSICAL REVIEW B69, 125307 ~2004!
film constituents averaged by their respective volu
fractions. The dielectric function of each constitue
is taken from a library.27

While BEMA is well adapted in cases where the dielect
function of the constituents is precisely known, it is le
accurate for materials like hydrogenated amorphous
polymorphous silicon whose dielectric function is strong
dependent on their hydrogen content. In Fig. 5 we comp
the two approaches: the standard BEMA where the dielec
function of the bulk layer is considered as a mixture of 95
amorphous silicon28 and 5% voids, and the Tauc-Loren
where we calculate the exact dielectric function of the fil
As shown in Fig. 5~a! the standard BEMA approach does n
reproduce the experimental data, particularly in the low
ergy part of the spectrum. On the contrary, the use of a
persion law for the dielectric function allows a perfect fit
the experimental data. In this case, the dielectric functio
described by the Tauc-Lorentz dispersion law.29 Considering

FIG. 3. Effect of the void fraction on the dielectric function o
amorphous silicon simulated with BEMA. The dielectric functio
used as the reference fora-Si is the one reported by Aspness~Ref.
25!.
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only a single transition, the imaginary part of the dielect
function is obtained multiplying the equation of the Loren
oscillator by the equation of the Tauc joint density of stat
which gives:

« im TL~E!5
A•E0•C•~E2Eg!2

~E22Eg!21C2
•E2 •

1

E
E.Eg , ~3!

« im TL~E!50 E<Eg , ~4!

whereE0 is the peak transition energy,Eg is the gap energy,
and C a broadening parameter, which can be related to
degree of disorder in the material.A is another paramete
which is proportional to the height of« im , related to the film
density. There is an additional parameter, it is the value
the real part of«̃ at infinite energy,« real ` , which is related
to « im through the Kramers-Kronig relation. In the examp
of Fig. 5~a! the values of the parameters areEg51.70 eV,
« real `50.22,E053.62 eV,A5229, andC52.13 eV.

In Fig. 5~b! we compare the dielectric function of the film
deduced from both approaches. The differences betw
both «̃ are evident, particularly in the region of the absor
tion edge and the maximum. We can see that the BE
model without hydrogen gives a redshifted absorption ed
which is not the case with the use of the Tauc-Lorentz d

FIG. 4. Effect of the hydrogen content on the dielectric functi
of hydrogenated amorphous silicon simulated combining
BEMA and the tetrahedron model. The arrows indicate the shif
the dielectric function.
7-4
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STRUCTURE AND HYDROGEN CONTENT OF . . . PHYSICAL REVIEW B 69, 125307 ~2004!
persion law. This discrepancy can be related to the fact
in the BEMA model, with onlya-Si and voids, we canno
obtain a blueshift of the dielectric function~see Fig. 3!, while
one should expect a shift to high energy~Fig. 4! if the film
has hydrogen. The thickness of the film deduced from b
approaches is shown in the inset of Fig. 5~b!. It is remarkable
that in the standard approach, even using an inexact«̃ of the
bulk layer, the thickness has only a 7% discrepancy. T
slight effect contrasts with the differences in the calcula
dielectric function.

Therefore, for a more accurate analysis of the spec
scopic ellipsometry data we propose the following meth
ology: first, to obtain the dielectric function of the film by th
Tauc-Lorentz model, which then will be used to compare
the dielectric function of materials prepared under differ
conditions. In this way the effects of the substrate and s
face roughness can be eliminated and thus the true diele
function of the material obtained. Second, to combine
Bruggeman effective medium approximation and the tetra
dron model to take into account the effect of hydrogen on
dielectric function, and thus achieve a more accurate desc

FIG. 5. Imaginary part of the pseudodielectric function of
polymorphous silicon thin film on glass measured by spectrosc
ellipsometry ~black squares! and the results of two models: Th
open circles represent the model obtained with the standard BE
using a reference fora-Si and voids; and the gray line the resu
obtained using the Tauc-Lorentz dispersion law~a!. From the analy-
sis, the thickness of the film and its roughness can be deduced
results of the two kinds of analysis are shown in the inset of~b!,
where we compare the imaginary part of the dielectric function
the film obtained with the Tauc-Lorentz dispersion law and
reference dielectric function ofa-Si.
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tion in terms of the film constituents. In our study, we w
use the dielectric function of our standarda-Si:H deposited
at 250 °C as a reference. This choice is motivated by the
that this film has the highest density and lowest hydrog
content.

In summary, our method consists of three main steps:

~1! Derivation of the dielectric function of the film using th
Tauc-Lorentz relation.

~2! Simulation of the obtained bulk«̃ as a mixture of our
a-Si:H reference, Si–Si3H and voids in order to calcu
late the relative increase in hydrogen and void fractio
Moreover a volume crystalline fraction can be added
model the dielectric function of films deposited close
microcrystalline conditions. As shown below, the im
proved description of the dielectric function achieved
the introduction of hydrogen allows the detection
small crystalline fractions.

~3! Calculation of the absolute hydrogen and void conc
tration of the sample.

As an example, the dielectric function of the film show
in Fig. 5 was modeled as a mixture of 92.5% of the refere
a-Si:H, 7% of Si–Si3H, and 0.5% of voids. This gives a
absolute hydrogen concentration of 14.4%, in very go
agreement with the 15% obtained by elastic recoil detec
analysis measurements.

IV. RESULTS

In the next sections amorphous, polymorphous, and p
tocrystalline silicon thin films are studied using the meth
explained above. The structure of each section is the follo
ing: first, we present the experimental spectroscopic el
sometry data. Second, we apply the Tauc-Lorentz mode
deduce the thickness, the surface roughness and the pa
eters of the model, which allow to obtain the true dielect
function of the material. Third, we apply the BEMA model
the calculated dielectric functions to determine the hydrog
content, the void fraction and the crystalline fraction of t
films. Finally, the hydrogen contents deduced from SE
compared to these deduced from ERDA and the void fr
tions to the film densities deduced from RBS measureme

A. Application to hydrogenated amorphous silicon films

Figure 6 shows the effect of the substrate temperature
the imaginary part of the pseudodielectric function of hyd
genated amorphous silicon films. We can see that decrea
the temperature results in a marked decrease of the ampl
of ^« im&, in particular around 3.55 eV, along with a shift o
the absorption edge~energy region between 2.5 and 3.5 e!
to high energy, even though this effect is partly masked
the overall decrease on the amplitude. The observed decr
in the values of̂ « im& with decreasing substrate temperatu
can be due to~i! an increase of the roughness,~ii ! a decrease
of the density of the film, and~iii ! to an increase in the
hydrogen content. The parameters of the dielectric funct
@see Eq.~2!# the thickness of the films and their roughne
are obtained by the analysis of the spectra using the Ta
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FONTCUBERTA I MORRAL, ROCA I CABARROCAS, AND CLERC PHYSICAL REVIEW B69, 125307 ~2004!
Lorentz model. The values of the various parameters are
ported in Table II and the dielectric function of the films
shown in Fig. 7.

As expected, the disorder in the films, characterized
the parameterC, decreases with increasing substrate te
perature. The highest amplitude of the dielectric function~A!
corresponds to thea-Si:H deposited at 250 °C. In this case,«̃
is also the most shifted to the low energies, correspondin
the lowest values ofE0 . As we will see by means of the
tetrahedron model, this is related to the higher density
lower hydrogen content of the material. For the othera-Si:H
films shown in Fig. 7, we observe a decrease of the am
tude and a shift of« im to higher energies with decreasin
substrate temperature. As we will see in the following, this
related to a higher hydrogen content and void fraction w
decreasing deposition temperature. However, the imagin
part of the dielectric function of the film deposited at 300
has a slightly lower amplitude than the one deposited
250 °C. This is explained by the fact that hydrogen deso
during deposition at temperatures higher than 250 °C, wh
leads to a more disordered and less dense film.30

To obtain a physical description of film microstructur
the dielectric function was modeled combining the BEM
and the tetrahedron model. The hydrogen content and

TABLE II. Effect of deposition temperature on the Tauc-Loren
parameters of the dielectric function ofa-Si:H thin films obtained
by the decomposition of 6.7 Pa of pure silane.

Sample
Ref. Ts ~°C!

Thickness
~Å!

Eg

~eV! «1` A
E0

~eV! C

904141 50 2110615 1.65 0.46 194 3.68 2.44
904151 100 1985615 1.65 0.24 201 3.66 2.39
904143 150 1540615 1.62 0.34 205 3.65 2.19
904144 200 1708615 1.66 0.17 216 3.62 2.29
010091 300 2147615 1.62 0.29 219 3.61 2.27
904132 250 1453615 1.65 0.01 228 3.60 2.16

FIG. 6. Effect of the substrate temperature on the imaginary
of the pseudodielectric function of hydrogenated amorphous sili
thin films deposited under standard conditions.
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fraction deduced from this approach are shown in Table
where they are also compared to the results of ERDA
RBS measurements. We obtain a good correlation betw
the hydrogen contents deduced from ellipsometry and th
measured by ERDA. Also the increase of the void fracti
corresponds to a decrease in the film density measured
RBS. In summary, by the analysis of a series ofa-Si:H films
deposited at various temperatures we have validated
method to quantify the hydrogen content and void fraction
amorphous silicon. In the following section we apply it to
new material, polymorphous silicon.

rt
n

FIG. 7. Effect of the substrate temperature on the dielec
function of thea-Si:H thin films, deduced from the Tauc-Lorent
analysis of the experimental data presented in Fig. 6.

TABLE III. The hydrogen content and void fractions of th
a-Si:H films deduced from the analysis of the ellipsometry spec
by combining the Bruggeman effective medium approximation a
tetrahedron model, compared to these deduced from ERDA
RBS, respectively.

Substrate
temp ~°C!

Deduced
%H

Deduced
% void

ERDA
%H

RBS
Dens.~g/cm3!

50 18.5 11 17 2.1160.03
100 16 9 16 2.1660.03
150 12 3 13 2.3060.03
200 12.5 5 12 2.2960.03
250 Reference 0 8 2.3260.03
300 9.5 2 9 2.2660.03
7-6
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B. Application to polymorphous silicon

Polymorphous silicon is a nanostructured material c
sisting of 3–4 nm size crystallites embedded in an am
phous matrix. The crystallites have been observed by h
resolution transmission microscopy in a concentrat
;3%.31 It has been previously shown that their nucleati
does not take place in the film itself but in the plasm
phase.32,33 Because of the low crystalline fraction we cou
not detect it by spectroscopic ellipsometry before the de
opment of the tetrahedron model and has been hardly
tected via Raman measurements.9

Figure 8 shows the imaginary part of the pseudodielec
function, ^« im&, of the films deposited under high silane d
lution conditions at various total pressures. For comparis
^« im& of a-Si:H deposited at 250 °C is also plotted. At pre
sures ranging from 53 to 93 Pa, the material is protocrys
line, which means that thicker films deposited under
same conditions would bemc-Si:H. Indeed, a crystalline
fraction of the order of 17% and 23% is obtained for the
films. Such low values of the crystalline fraction cannot
detected by the standard analysis of the SE measurem
Here we show, for the first time, that smaller fractions can
detected if the dielectric function is modeled more precis
by the introduction of the tetrahedron model.

At pressures higher than 93 Pa, there is a change in
plasma regime, which modifies the nature of the species c
tributing to the growth and results in the obtaining of po
morphous silicon films.33 Nevertheless, the shape and t
amplitude of^« im& shown in Fig. 8 are very similar to thes
of a-Si:H, but the maximum is shifted by 0.15 eV to high
energies. We might also note that the amplitudes of the
terference fringes corresponding to pm-Si:H films are hig
than those corresponding toa-Si:H. This is due to a lower
absorption at low energies in the case of pm-Si:H.

FIG. 8. Effect of gas pressure on the imaginary part of
pseudodielectric function,̂« im&, of polymorphous silicon films de-
posited at 250 °C. For comparison, the^« im& of a-Si:H deposited at
the same temperature is also plotted.
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The same procedure for the analysis of the dielectric fu
tion of a-Si:H in the previous section was applied to th
modeling of the spectra of Fig. 8. The real and imagina
parts of the dielectric function are shown in Fig. 9. The
electric function of ana-Si:H film deposited at 250 °C is als
plotted as a reference. The«̃ of the films deposited at highe
pressures~pm-Si:H! look essentially the same as the«̃ of
a-Si:H, but shifted to higher energies. At low pressure~80
and 93 Pa! the films are protocrystalline and the amplitude
«̃ is significantly lower. The values of the Tauc-Lorentz p
rameters corresponding to the«̃ plotted in Fig. 9 are shown
in Table IV. It is interesting to note that the values ofEg and
E0 of pm-Si:H films can be, respectively, up to 0.05 eV a
0.04 eV higher than the referencea-Si:H films ~010091 and
010092! deposited at the same temperature. Moreover,
broadening parameterC, related to the disorder in the film, i
of the same magnitude or slightly lower for pm-Si:H com
pared to the optimizeda-Si:H.

The dielectric functions were modeled combining t
BEMA and the tetrahedron model, as explained in Sec.
The results concerning the hydrogen content and void fr
tion deduced by this model are shown in Table V, where th
are compared to the results of ERDA and RBS measu
ments. As in the case ofa-Si:H films ~see Table III!, we
obtain a good correlation of the hydrogen content dedu
by ellipsometry with those deduced from ERDA measu
ments. Moreover in some cases, like the sample deposite
187 Pa, a low crystalline fraction of 8% had to be added
the correct simulation of the dielectric function.~see Table
V!. We would like to emphasize that, to our knowledge, th

e

FIG. 9. Effect of the pressure on the dielectric function of s
con films obtained from the analysis of the spectra shown in Fig
7-7
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FONTCUBERTA I MORRAL, ROCA I CABARROCAS, AND CLERC PHYSICAL REVIEW B69, 125307 ~2004!
is the first time that such low values of crystalline fracti
are deduced from spectroscopic ellipsometry measurem

V. DISCUSSION

Modeling the dielectric function ofa-Si:H films by
BEMA gives an accurate description of the optical propert
of the films.13 However, the effect of hydrogen on the diele
tric function is not negligible as shown by the studies
films produced by sputtering in which the hydrogen cont
can be controlled.34 On the other hand its effect on the d
electric function has been modeled using the tetrahed
model.20 In this paper we have used the tetrahedron mo
combined with the BEMA approximation in order to mod
the dielectric function of amorphous, polymorphous and p
tocrystalline silicon. In our application of the tetrahedr
model only the Si–Si3H tetrahedron has been used and
influence of more hydrogenated tetrahedron such
Si–Si2H2 have been neglected. This approach gives g
results only in cases where hydrogen is distributed rando
throughout the silicon network, i.e., when the fraction

TABLE IV. Effect of pressure on the Tauc-Lorentz paramet
of the dielectric function of silicon thin films obtained by the d
composition a mixture of 3% of silane in hydrogen at 250 °C. T
values fora-Si:H deposited from the decomposition of 6.7 Pa
pure silane are also given for comparison.

Sample
Ref.

Pressure
~Pa!

Thickness
~Å!

Eg

~eV! «1inf A
E0

~eV! C

010043 240 2539615 1.72 0.23 233 3.63 2.15
010042 213 1666615 1.70 0.22 229 3.62 2.13
010036 187 1445615 1.71 0.24 229 3.64 2.14
010032 93 1912615 1.74 0.70 214 3.69 2.08
010031 80 1876615 1.76 0.78 209 3.69 2.11
010024 80 2293615 1.75 0.88 218 3.67 2.10
010023 67 1876615 1.75 0.28 205 3.78 2.13
010022 53 1899615 1.76 0.39 207 3.78 2.12
010091 6.7 1466615 1.65 0.01 228 3.60 2.16
010092 6.7 1461615 1.66 0.00 229 3.61 2.20

TABLE V. Hydrogen content and void fractions of the films o
Table IV obained by ellipsometry, compared to the hydrogen c
tent and film density deduced from ERDA and RBS measureme
respectively.

Total
Pressure

~Pa!
Deduced

%H
Deduced
% Cryst.

Deduced
%void

ERDA
%H

RBS
Dens.~g/cm3!

240 15 0 0 ¯ ¯

213 13 0 0.5 15 2.2260.03
187 14.5 8 1 15 2.2160.03
93 18 13 3.7 20 2.2160.03
80 19 15 5.5 20 2.2360.03
67 25 23 4.5 19 2.2460.03
53 25 17 4.5 19 2.2460.03
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Si–Si2H2 is low and has no influence on the dielectric fun
tion @see Fig. 2~a!#.

The results on hydrogen content and void fraction p
sented in Tables III and V show an excellent agreement
tween the hydrogen content deduced from ellipsometry
that deduced from ERDA measurements except for the fi
with a crystalline fraction of 17% and 23%, which can b
considered as protocrystalline. This is further illustrated
Fig. 10, where we have summarized the results on the
drogen content for the amorphous and polymorphous fil
Indeed, we obtain a linear relation~with a slope of 1! be-
tween the hydrogen content deduced from the analysis of
spectroscopic ellipsometry data and the hydrogen conten
duced from ERDA measurements. Thus for homogene
films with hydrogen content up to 20% the tetrahedr
model provides a simple way for an accurate estimation
the hydrogen content. As indicated above, there is a de
tion from the linear relation for the protocrystalline silico
films as well as for the amorphous silicon sample depos
at 50 °C with a hydrogen content of 18.5% and a void fra
tion of 11%. This is attributed to hydrogen bonded at t
surface of the crystallites or at the surface of voids in the l
temperaturea-Si:H, which is in the form of Si–Si2H2 and
results in a overestimation of the hydrogen content. The
cellent agreement obtained for the pm-Si:H films with hyd
gen content up to 14.5% supports the hypothesis of an
mogeneous structure for this material which has a de
network in spite of its high hydrogen content. This contra
with our standarda-Si:H films ~see Table III! as well as with
the dependence found fora-Si:H films prepared by hot wire
CVD.35 The high density of pm-Si:H films is corroborated b
the very low void fraction deduced from spectroscopic ell
sometry.

The obtaining of a dense network with high hydrog
content must be related to the differences in the grow
mechanisms between amorphous, polymorphous, and m
crystalline silicon films. Indeed, microcrystalline silicon is a
evolving material and the crystallites nucleate in a high
hydrogenated matrix,36 where hydrogen is concentrated
platelets most likely in the Si–H2 form.37 On the other side,
amorphous and polymorphous silicon grow in a homo
neous way resulting from the incorporation of radicals, clu

-
ts,

FIG. 10. Correlation between the hydrogen content dedu
from the analysis of the spectroscopic ellipsometry data and
obtained by ERDA measurements.
7-8
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ters and nanocrystals formed in the plasma. Moreover,
dense network of pm-Si:H films results in a slower hydrog
diffusion,38 required of the growth of the crystallites in th
bulk.39,40 Therefore, the silicon nanocrystals produced in
plasma and incorporated in the amorphous matrix are fro
and the properties of pm-Si:H films are independent of th
thickness, in contrast to microcrystalline films for which t
crystalline fraction increases with film thickness.

The small size and fraction of the plasma produced silic
crystals makes their detection challenging. Up to now th
unambiguous detection could only be done by HRTE
which requires quite tedious sample preparation and ski
interpretation. For the first time small silicon crystalline fra
tions;8% have been detected by SE measurements. The
of the tetrahedron model combined with the BEMA appro
mation opens the possibility for an easy characterization

VI. SUMMARY AND CONCLUSIONS

The dielectric functions of amorphous and polymorpho
silicon films measured with spectroscopic ellipsometry ha
been modeled taking into account the effect of hydrog
through the use of the tetrahedron model. The results
terms of hydrogen content and void fraction~density! have
been checked against these deduced from ERDA and
measurements. Moreover, the introduction of the dielec
function of Si–Si3H allows a more precise description of th
dielectric function of pm-Si:H and thus the detection of cry
talline fraction values as low as 8%. The analysis sugg
that the structure of pm-Si:H films consists of a den

*Author to whom correspondence should be addressed. Electr
address: roca@poly.polytechnique.fr
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hydrogen-rich silicon network in which a small fraction o
crystallites are embedded. The increase of pressure from
to 213 Pa does not result in a significant change in the
drogen content but results in a decrease of the crysta
fraction from 8% to 0%. The ellipsometry analysis sugge
that the high hydrogen content~15%–20%! in pm-Si:H films
is randomly distributed throughout the silicon network. A
opposed toa-Si:H, pm-Si:H films have a high hydroge
content along with a high density, resulting from a differe
growth mechanism. This is consistent with our previo
studies showing that, as opposed to proto and microcrys
line materials, the dielectric function of pm-Si:H films doe
not change during growth.

As a conclusion, the use of the tetrahedron model co
bined with BEMA gives a detailed description of amorpho
and polymorphous silicon films, confirmed by nuclear me
surements. We have shown that this simple approach ca
applied to silicon thin films with a wide range of hydroge
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