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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(edrfiétt-20% with
respect to hydrogenated amorphous silicon films deposited at the same temp&gaur@olymorphous
silicon films have a high density, which is related to their very low void fraction.
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I. INTRODUCTION in their electronic properties such as a very low defect den-
sity and higher diffusion length of minority carriers com-
Plasma deposition of silicon thin films is an expandingpared toa-Si:H.***2Thus, a detailed characterization of the
field driven by an increasing number of applications. Theyfilm structure is necessary to better understand the origin of
relay on the possibility of producing materials covering athe improved transport properties.
wide range of optical and electrical properties ranging from UV-visible spectroscopic ellipsomet(BE) is a powerful
disordered materials such as amorphous siliG@S(H) to ~ technique commonly used to characterizeSi:H and
more ordered films such as microcrystalline _silicon #¢-Si:H materials:®!*However, its application to films con-

(uc-Si:H). Recently, there has been a strong interest in pro'gaining small amounts of nanometer sized silicon particles in
ducing materials at’ the border line betwearSi:H and & silicon matrix has failed so far. Moreover, the use of effec-

uc-SitH. In particular polymorphous silicofpm-Si:H), 2 tive medium models to describe the dielectric function of

protocrystalline silicorf, and paracrystalline silicchBased mixed phase materials faqes the_: problem of havmg an .mde'
on in situ ellipsometry studies we have shown that polymor_pendent measure of the dielectric function o_f the |ncIL_JS|ons_.

) o . X Few attempts have been made to determine the dielectric
phous and protocrystalline silicon are different materials, th

diff lting f h h & I Qunction of small crystallites and the reported values are
ifference resulting from the growth procesBrotocrystal- o ohapiy jargely dependent on the film deposition metfod.

line silicon corresponds to an intermediate state in the dygesides the small amount of crystallites, pm-Si:H films have
namic process of the formation of microcrystalline silicon, 5 higher hydrogen content and some specific hydrogen bands
i.e., for fixed plasma conditions, protocrystalline films can begetected by infrared and hydrogen  evolution
achieved only in a certain thickness rarfgén the contrary measurement€ However, in the modeling of the dielectric
homogenous pm-Si:H films can be achieved at any thicknesginction, the effect of hydrogen is generally omitted. Never-
(up to 10 microns’ As these materials are intermediate be-theless hydrogen has many effects in silicon films sucfi)as
tween amorphous and microcrystalline, the main difficulty isthe reconstruction of weak Si—Si bonds) the local densi-

to find an adequate way of characterizing their particulafication of the amorphous network due to shorter length of
structure. From optical transmission measurements it hage Si—H bond in comparison to the Si—Si bortii,) the
been shown that pm-Si:H films have a higher refractive indowering of network cross-linking due to an enhancement of
dex and wider optical gap thamSi:H,® while with Raman  void formation, andiv) an increase of the density of states
spectroscopy it has been possible to detect the presence ofrathe conduction band due to the antibonding states of the
small volume fraction of nanometer size crystallitaghich ~ Si—H bond. All these effects will influence the film dielectric
have also been detected in high resolution transmission eleéunction as observed experimentaliynd thus the effect of
tron microscopy studie¥. These subtle changes in the struc- hydrogen should be considered in a detailed modeling of the
ture of pm-Si:H films contrast with the larger ones observedilm dielectric function.
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In this paper we present a comprehensive study of the TABLE I. Scaling parameters used by Meli al. in the calcula-
dielectric function of amorphous and polymorphous silicontion of the dielectric function of the three types of hydrogenated
thin films using the tetrahedron modféand the Bruggeman tetrahedra.
effective medium approximatiofBEMA).® This approach

has been already applied to amorphous silicon fifhasmd Tetrahedra Cin Can
allows the quantification of hydrogen, void, and crystalline Si—Sj, 1 1
fractions of the films, which we compare to the hydrogen Si—SiH 0.864 0.786

content and film density deduced from elastic recoil detec-
tion analysis(ERDA) and Rutherford backscattering spec-
troscopy(RBS) measurements.

The structure of the paper is as follows: the experiments

are described in Sec. Il. In Sec. lll we present a detailedy s deduced. In the case of ERDA. the sample was bom-
description of the tetrahedron model and the methodology,, qed with a monokinetic beam of FT,eionS at 3 MeV. The

used in the analysis of the dielectric function. The proposedy,mper of ejected hydrogen atoms is proportional to the con-
methodology is validated for amorphous silicon filt&ec. — conration of hydrogen in the sample. The proportionality

IVA), where the results of the model are checked again ; ;
' ctor was calculated before each experiment by measuring
those deduced from RBS and ERDA measurements, and thefle nymper of recoils from a reference sample, whose hydro-

extend(_ed to pm-Si:H and protocrystalline films with low gen concentration is known.
crystalline fractions(Sec. IVB). In Sec. V we discuss the
benefits of the proposed methodology to model the dielectric
function of silicon thin films at the edge of crystallization as

well as the particular features of polymorphous films. Fi-  The tetrahedron model was first derived by Miial. to
nally, Sec. VI summarizes the results. understand the role of hydrogen in the optical properties of
hydrogenated amorphous silich?? The network ofa- Si:H
is assumed to consist of an ensemble of voids and silicon
centered tetrahedra, whose vertices can be either silicon or
Silicon thin films were deposited by plasma enhancechydrogen atoms, and symbolized by: SizS$H, (n
chemical vapor deposition. Standard hydrogenated amor=0,1,2,3), SiH being excluded from the model. The dielec-
phous silicon &-Si:H) was obtained by the decomposition tric function of then-hydrogenated tetrahedrs, , is derived
of pure silane at low pressure and low rf powé&rPa and 17 by the scaling relation,
mW/cn?). In order to vary the hydrogen and void contents, a
series of films was deposited at different substrate tempera- en—=1=C1p(&asi(Con.E) —1). (1)
tures ranging from 50°C to 300 °C. Protocrystalline and . . . .
polymorphous silicon were produced by the dissociation ofaSi 'S the dielectric function of hydrogen free and dense
6% silane in hydrogen gas mixtures under an rf power of 10@mqrphpus silicon, which Is t"’."‘e” as the dielectric function
mWi/cn?. The total gas pressure was varied between 53 an8f S'_.S"" .Cl" andC,, are scaling parameters, whose values
240 Pa. Both electrodes were maintained at 250 °C. At thi&f€ 9!ven in Table |, taken from_ REf'. 18. .
dilution and temperature, the transition frqae-Si:H to pm- Figure 1 shows the real and imaginary parts of the dielec-

Si:H takes place at80 Pa. All the films were measured after tric functions ofa-Si, Si-SgH, and Si-SjH, derived from

deposition by spectroscopic ellipsometry at room temperalliS Scaling relation. Replacing Si-Si bonds by stronger

ture. The dielectric function of the films was analyzed using>'—H Ponds shifts the spectra to higher energies and slightly

the Tauc-Lorentz model. From this parametric modeling Wéowersfihe \éaluesl of thfe mfaxim:? of tEe real and imaginary
obtained the dielectric function of the films, their thicknessP2't 0f €. The volume fraction of each tetrahedra is calcu-
and roughness. To obtain quantitative information on the hylated as a function of the compositierof the Si_ ,Hy film.

drogen content and the crystalline fraction we combined th& St the probabilityP, of presence of each type of tetrahe-

BEMA with the tetrahedron model as shown in the next secdron is calculated as a function &f assuming a random

tion. distribution of bonded hydrogen. Then, the voluig of
Rutherford backscattering spectroscdRBS) and elastic e_achn tetrahedrc_m is derived from simpl_e g_eometric rela-

recoil detection analysi$ERDA) measurements were per- 1ONs on the basis of the bond |ength$SI—.Sl):1.176A

formed to obtain the density and hydrogen content of thé"d r(Sl—H)=.O.7.4/3\. The volume fractionf, of an

films. For an accurate determination of the density, the filmd¥-tétrahedron is given by

were deposited on a 400 A thin chromium layer thermally -

evaporated on a crystalline silicon substrate. This allows us 00— Pn-Vn @)

to separate in the RBS spectra the response of silicon atoms 2Py,

of the film from those of the silicon substrate. A monokinetic

beam of Hé ions at 1.5 MeV was used for RBS. The peak In Fig. 2.a the probability of presende,(x) of each

integration provides the number of Si atoms peftypcom-  Si—Si,_,H,, tetrahedra as a function of the hydrogen content

parison to a standard sample. Knowing the thickness of th& of the film is shown. For hydrogen contents lower than

silicon film from ellipsometry measurements, the density25% the concentration of Si—$i is much higher than that

Si—SiH, 0.681 0.6
Si-Sik, 0.493 0.445

Ill. THE TETRAHEDRON MODEL

Il. EXPERIMENTS
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FIG. 1. Real and imaginary parts of the dielectric function of the
tetrahedra containing 0, 1, and 2 hydrogen atoms.

FIG. 2. Probability of presence of each SizSjH, tetrahedra
as a function of the atomic hydrogen conté®t and atomic hydro-
gen content of the film as a function of the volume fraction of
R R, R Si—SgH (b).
of Si—SpH, and Si—SiH, and only Si—SjH has an effect 5H ()
on the optical properties. At higher hydrogen contents, thgjecrease of,, but also to a shift of the maximum of both

proportions of Si-$H, and Si-SiH become larger and . ange. 1o higher photon energies. Because of their dif-
have to be taken into account when simulating the opticatgrent effect on the dielectric function, both voids and
properties of the film. Above 65% of hydrogen, the network,,qeq-hydrogen contents can be determined independently.
is not continuous anymore and a solid film cannot exist. In Methodology for the analysis the dielectric functidn
our samples with hydrogen contents up to 25%, we will conyhis section we give a detailed example of the methodology
sider that most of the hydrogen is bonded in SgHSietra- e have developed. Spectroscopic ellipsometry measure-
hedral units. Thus, combining the tetrahedron model with thenents of thin films provide information from different depths
BEMA, the effect of the incorporation of hydrogen into the o the sample structure. For example, at low photon energies,
silicon network can be calculated by consideram®i:H asa  he penetration depth can be larger than the film thickness,
mixture of a-Si, Si—SgH and voids. In this way, we can \yhich leads to interference fringes as shown in Fita).5
obtain the vplume fraction of Si—gHl units, which is rglated With increasing photon energy, the penetration depth de-
to the atomic hydrogen content by E@). Such relation is  ¢reases until the film is opaque and the influence of the sur-
plotted in Fig. Zb). , _ , face roughness becomes dominant. The optical response of
While the observation of a high void fraction has often yhe muylilayer structure is calculated by the generalization of
been associated with a high hydrogen contéftthe tetra-  the Fresnel law?® The SE data are analyzed taking into
hedron model offers the possibility to distinguish between,.cqunt the substrate, the thin film, and its surface rough-
the effects of hydrogen and voids on the dielectric function,ess. Each layer has its own dielectric function, and that of
and thus to quantify their respective fractions. As an exthe substrate is known or determined by SE measurements
ample, Fig. 3 shows the effect of the void fraction on the realyerformed before deposition. The surface roughness is con-
and imaginary parts of the dielectric function of amorphousgjqered as an overlayer formed by a mixture of 50% bulk

silicon. The dielectric function given by As_pnzéshas been  material and 50% voids. To describe the dielectric function
taken as a reference. We can see that the increase of the VQielihe pulk two approaches can be used:

volume fraction leads to a decrease of the amplitude of the
imaginary part of the dielectric function without any shift. (i)
On the contrary, the increase of the bonded hydrogen content
should lead to an opening of the gap. This is clearly seen in
Fig. 4 where we plot the effect of the hydrogen content on(ii)
the real and imaginary parts of the dielectric function. Indeed
Fig. 4 shows that the increase of hydrogen leads to a slight

To use dispersion laws. In the case of amorphous sili-
con, the Tauc-Lorentz model allows to achieve excel-
lent fit of the dielectric function.

Bruggemann effective medium approximation in
which the measured pseudodielectric function is de-
scribed by the sum of the dielectric function of the
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FIG. 4. Effect of the hydrogen content on the dielectric function
‘ of hydrogenated amorphous silicon simulated combining the

3l0 3'5 4'0 45 BEMA and the tetrahedron model. The arrows indicate the shift of
) ) s ’ the dielectric function.
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FIG. 3. Effect of the void fraction on the dielectric function of only _a Si_ngle trgnsition, t_he _imaginary pa_rt of the dielectric
amorphous silicon simulated with BEMA. The dielectric function fun(_:tlon is obtained m_ultlplylng the eq_uz_itlon of f{he Lorentz
used as the reference faSi is the one reported by AspnedRef. oscillator by the equation of the Tauc joint density of states,

25). which gives:
. . . — 2
film constituents averaged by their respective volume emTL(E)= A 2E° C Z(E 59)2 . 1 E>Eq, (3)
fractions. The dielectric function of each constituent (E°~Ey)°+C™E° E
is taken from a library’
emTL(E)=0 Es<Eq, (4)

While BEMA is well adapted in cases where the dielectricwhereE, is the peak transition energl, is the gap energy,
function of the constituents is precisely known, it is lessand C a broadening parameter, which can be related to the
accurate for materials like hydrogenated amorphous andegree of disorder in the materidh is another parameter
polymorphous silicon whose dielectric function is strongly which is proportional to the height &fy,, related to the film
dependent on their hydrogen content. In Fig. 5 we compardensity. There is an additional parameter, it is the value of
the two approaches: the standard BEMA where the dielectrithe real part ok at infinite energyg e, .., Which is related
function of the bulk layer is considered as a mixture of 95%to ¢;,, through the Kramers-Kronig relation. In the example
amorphous silicoff and 5% voids, and the Tauc-Lorentz of Fig. 5a) the values of the parameters d&g=1.70eV,
where we calculate the exact dielectric function of the film.eeq..=0.22,Eq=3.62 eV,A=229, andC=2.13 eV.

As shown in Fig. §a) the standard BEMA approach does not  In Fig. 5b) we compare the dielectric function of the film
reproduce the experimental data, particularly in the low endeduced from both approaches. The differences between
ergy part of the spectrum. On the contrary, the use of a disbothz are evident, particularly in the region of the absorp-
persion law for the dielectric function allows a perfect fit to tion edge and the maximum. We can see that the BEMA
the experimental data. In this case, the dielectric function isnodel without hydrogen gives a redshifted absorption edge,
described by the Tauc-Lorentz dispersion fAwConsidering  which is not the case with the use of the Tauc-Lorentz dis-
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tion in terms of the film constituents. In our study, we will

30r use the dielectric function of our standeaadSi:H deposited
20t at 250 °C as a reference. This choice is motivated by the fact
that this film has the highest density and lowest hydrogen
A 101 content.
\75— ok In summary, our method consists of three main steps:

(1) Derivation of the dielectric function of the film using the

10 *  Experimental data Tauc-Lorentz relation.
-207 °  BEMA T (2) Simulation of the obtained bulk as a mixture of our
302 ) ) — Tauc-Lorentz a-Si:H reference, Si—§H and voids in order to calcu-
15 20 25 30 35 40 45 late the relative increase in hydrogen and void fraction.
Photon energy (eV) Moreover a volume crystalline fraction can be added to
model the dielectric function of films deposited close to
— ; microcrystalline conditions. As shown below, the im-
30 M Tb':ﬁ‘k("f)s ) Zxo)"gh"ess = N b)‘ proved description of the dielectric function achieved by
25;BEMA s o the introduction of hydrogen allows the detection of
Tauc-Lorentz 1413 15 small crystalline fractions.
g 20 (3) Calculation of the absolute hydrogen and void concen-
w- 15 tration of the sample.
10+ As an example, the dielectric function of the film shown
in Fig. 5 was modeled as a mixture of 92.5% of the reference
Sr g ) ) a-Si:H, 7% of Si—SjH, and 0.5% of voids. This gives an
7 " Tauc-Lorentz dispersion law | absolute hydrogen concentration of 14.4%, in very good

Q== . . . . .
15 20 25 30 35 40 4.5 agreement with the 15% obtained by elastic recoil detection

. . . . analysis measurements.
FIG. 5. Imaginary part of the pseudodielectric function of a

polymorphous silicon thin film on glass measured by spectroscopic V. RESULT
ellipsometry (black squargsand the results of two models: The - RESULTS
open circles represent the model obtained with the standard BEMA | the next sections amorphous, polymorphous, and pro-

using a reference faa-Si and voids; and the gray line the results yocrystalline silicon thin films are studied using the method
obtained using the Tauc-Lorentz dispersion lav From the analy- oy iained above. The structure of each section is the follow-
sis, the thickness of the film and its roughness can be deduced. Tri‘ﬁg' first, we present the experimental spectroscopic ellip-
results of the two kindS.Of analySis are Shown.in theﬁ inse@ﬁ sorﬁetry,data. Second, we apply the Tauc-Lorentz model to
where we compare the imaginary part of the dielectric function ofdeduce the thickness ,the surface roughness and the param-
the film obtained with the Tauc-Lorentz dispersion law and theete of the model ,h'ch allow to obtain the true dielectric
reference dielectric function af-Si. rs_ ’V.V : . W al ue di fl
function of the material. Third, we apply the BEMA model to
the calculated dielectric functions to determine the hydrogen
aéontent, the void fraction and the crystalline fraction of the

: ) . . . K . films. Finally, the hydrogen contents deduced from SE are
obtain a blueshift of the dielectric functiqeee Fig. 3, while compared to these deduced from ERDA and the void frac-

one should expect a shift to high ener@ig. 4) if the film 51546 the film densities deduced from RBS measurements
has hydrogen. The thickness of the film deduced from bothI I . . . '

approaches is shown in the inset of Figh)5It is remarkable
that in the standard approach, even using an inéadtthe
bulk layer, the thickness has only a 7% discrepancy. This Figure 6 shows the effect of the substrate temperature on
slight effect contrasts with the differences in the calculatedhe imaginary part of the pseudodielectric function of hydro-
dielectric function. genated amorphous silicon films. We can see that decreasing
Therefore, for a more accurate analysis of the spectrothe temperature results in a marked decrease of the amplitude
scopic ellipsometry data we propose the following method-of {&;.,), in particular around 3.55 eV, along with a shift of
ology: first, to obtain the dielectric function of the film by the the absorption edgénergy region between 2.5 and 3.5)eV
Tauc-Lorentz model, which then will be used to compare tato high energy, even though this effect is partly masked by
the dielectric function of materials prepared under differenthe overall decrease on the amplitude. The observed decrease
conditions. In this way the effects of the substrate and surin the values of ¢;,,) with decreasing substrate temperature
face roughness can be eliminated and thus the true dielectr@an be due tdi) an increase of the roughness) a decrease
function of the material obtained. Second, to combine theof the density of the film, andiii) to an increase in the
Bruggeman effective medium approximation and the tetrahehydrogen content. The parameters of the dielectric function
dron model to take into account the effect of hydrogen on thésee Eq.(2)] the thickness of the films and their roughness
dielectric function, and thus achieve a more accurate descrigre obtained by the analysis of the spectra using the Tauc-

in the BEMA model, with onlya-Si and voids, we cannot

A. Application to hydrogenated amorphous silicon films
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FIG. 6. Effect of the substrate temperature on the imaginary part 25¢
of the pseudodielectric function of hydrogenated amorphous silicon 20l
thin films deposited under standard conditions.
O@E 15}
Lorentz model. The values of the various parameters are re-
ported in Table Il and the dielectric function of the films is 101
shown in Fig. 7.
As expected, the disorder in the films, characterized by St
the parametelC, decreases with increasing substrate tem- Qboooc® .. . . .
perature. The highest amplitude of the dielectric functién 15 20 25 3.0 35 40 45
corresponds to the- Si:H deposited at 250 °C. In this cage, Photon energy (eV)

is also the most shifted to the low energies, corresponding to _ i
the lowest values oE,. As we will see by means of the FIQ. 7. Effect pf thg s_ubstrate temperature on the dielectric
tetrahedron model, this is related to the higher density ané“nn;t'gir; gi :EZae-xSI;:ithéztg‘nngt:e?gg::tgzjom lt:r;e Eauc'l‘oremz
lower hydrogen content of the material. For the othe®i:H 4 P P g

films shown in_Fig. 7, we qbserve a d(_ecrea_se of the amp”fraction deduced from this approach are shown in Table IlI
tude and a shift ok to higher energies with decreasing \pere they are also compared to the results of ERDA and
substrate temperature. As we will see in the following, this iSRBS measurements. We obtain a good correlation between
related to a higher hydrogen content and void fraction withy,o 1y qrogen contents deduced from ellipsometry and those
decreasing deposition temperature. However, the imaginary,e s red by ERDA. Also the increase of the void fraction
part of the dielectric function of the film deposited at 300 occorresponds to a decrease in the film density measured by

has a slightly lower amplitude than the one deposited a8kBS. In summar : ; L fi
R L . . y, by the analysis of a seriesebi:H films
250°C. This is explained by the fact that hydrogen desorbgesited at various temperatures we have validated our

during deposition at temperatures higher than 250 °C, whiCly a0 1o quantify the hydrogen content and void fraction of

Iea_lc_is toba more ﬂlsqrdtlargd an.d !ess c:equee‘ﬂlm, amorphous silicon. In the following section we apply it to a
0 obtain a physical description of film microstructure, .\ material. polymorphous silicon.

the dielectric function was modeled combining the BEMA
and the tetrahedron model. The hydrogen content and void TABLE Il The hydrogen content and void fractions of the

a-Si:H films deduced from the analysis of the ellipsometry spectra

TABLE Il. Effect of deposition temperature on the Tauc-Lorentz by combining the Bruggeman effective medium approximation and

parameters of the dielectric function afSi:H thin films obtained tetrahedron model, compared to these deduced from ERDA and

by the decomposition of 6.7 Pa of pure silane. RBS, respectively.
Sample Thickness E, Eq Substrate Deduced Deduced ERDA RBS
Ref. T4 (°C) A) eV) e. A (ev) C temp (°C) %H % void %H Dens.(g/cnT)

904141 50 211415 165 046 194 3.68 244 50 18.5 11 17 2.110.03
904151 100 198515 1.65 0.24 201 3.66 2.39 100 16 9 16 2.16:0.03
904143 150 154815 1.62 0.34 205 3.65 219 150 12 3 13 2.380.03
904144 200 170815 1.66 0.17 216 3.62 2.29 200 12.5 5 12 2.290.03
010091 300 214715 1.62 0.29 219 3.61 2.27 250 Reference 0 8 2.320.03
904132 250 145815 1.65 0.01 228 3.60 2.16 300 9.5 2 9 2.260.03
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B. Application to polymorphous silicon

Polymorphous silicon is a nanostructured material con- FI_G. 9. Eff(_act of the pressure on the dielectric function_ of _sili-
sisting of 3—4 nm size crystallites embedded in an amorcon films obtained from the analysis of the spectra shown in Fig. 8.
phous matrix. The crystallites have been observed by high
resolution transmission microscopy in a concentration The same procedure for the analysis of the dielectric func-
~3%3! It has been previously shown that their nucleationtion of a-Si:H in the previous section was applied to the
does not take place in the film itself but in the plasmamodeling of the spectra of Fig. 8. The real and imaginary
phase’>33 Because of the low crystalline fraction we could parts of the dielectric function are shown in Fig. 9. The di-
not detect it by spectroscopic ellipsometry before the develelectric function of ara- Si:H film deposited at 250 °C is also
opment of the tetrahedron model and has been hardly deslotted as a reference. TReof the films deposited at higher
tected via Raman measuremehts. pressuregpm-Si:H) look essentially the same as tBeof

Figure 8 shows the imaginary part of the pseudodielectria-Si:H, but shifted to higher energies. At low press(8é
function, {(&;), of the films deposited under high silane di- and 93 Pathe films are protocrystalline and the amplitude of
lution conditions at various total pressures. For comparisorg is significantly lower. The values of the Tauc-Lorentz pa-
(eim) Of a-Si:H deposited at 250 °C is also plotted. At pres-rameters corresponding to tBeplotted in Fig. 9 are shown
sures ranging from 53 to 93 Pa, the material is protocrystalin Table IV. It is interesting to note that the valueskf and
line, which means that thicker films deposited under theE, of pm-Si:H films can be, respectively, up to 0.05 eV and
same conditions would be.c-Si:H. Indeed, a crystalline 0.04 eV higher than the referenaeSi:H films (010091 and
fraction of the order of 17% and 23% is obtained for these010092 deposited at the same temperature. Moreover, the
films. Such low values of the crystalline fraction cannot bebroadening paramet€}, related to the disorder in the film, is
detected by the standard analysis of the SE measurements.the same magnitude or slightly lower for pm-Si:H com-
Here we show, for the first time, that smaller fractions can bepared to the optimized-Si:H.
detected if the dielectric function is modeled more precisely The dielectric functions were modeled combining the
by the introduction of the tetrahedron model. BEMA and the tetrahedron model, as explained in Sec. lll.

At pressures higher than 93 Pa, there is a change in thEhe results concerning the hydrogen content and void frac-
plasma regime, which modifies the nature of the species corion deduced by this model are shown in Table V, where they
tributing to the growth and results in the obtaining of poly- are compared to the results of ERDA and RBS measure-
morphous silicon films3 Nevertheless, the shape and thements. As in the case c-Si:H films (see Table IIJ, we
amplitude of(e;,,) shown in Fig. 8 are very similar to these obtain a good correlation of the hydrogen content deduced
of a-Si:H, but the maximum is shifted by 0.15 eV to higher by ellipsometry with those deduced from ERDA measure-
energies. We might also note that the amplitudes of the inments. Moreover in some cases, like the sample deposited at
terference fringes corresponding to pm-Si:H films are highed87 Pa, a low crystalline fraction of 8% had to be added for
than those corresponding & Si:H. This is due to a lower the correct simulation of the dielectric functiofsee Table
absorption at low energies in the case of pm-Si:H. V). We would like to emphasize that, to our knowledge, this
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TABLE IV. Effect of pressure on the Tauc-Lorentz parameters T T
protocrystalline silicon — m ”,

of the dielectric function of silicon thin films obtained by the de- Ui 25¢ P
composition a mixture of 3% of silane in hydrogen at 250 °C. The & .« ¢
values fora-Si:H deposited from the decomposition of 6.7 Pa of - 20 -8
pure silane are also given for comparison. % 15 8,

Ve

°
Sample Pressure Thickness E, Eo S 10 . s
Ref.  (Pa R eV) ey A (V) C g 0
° iH
010043 240 253815 1.72 0.23 233 3.63 2.15 I 5 P 7 o a-SLSH‘H
010042 213 166615 170 022 229 3.62 2.13 E L2 Pk
010036 187 144515 171 024 229 364 214 o &5 10 15 20 25
0,

010032 93 191215 174 070 214 3.69 2.08 %o H measured by ERDA

010031 80 187615 176 078 209 369 211 FIG. 10. Correlation between the hydrogen content deduced

010024 80 220315 1.75 0.88 218 3.67 210 gom the analysis of the spectroscopic ellipsometry data and that
010023 67 187615 175 028 205 378 213 gpained by ERDA measurements.

010022 53 189¢15 176 0.39 207 3.78 2.12

010091 6.7 146615 1.65 001 228 360 216 ) ) )
010092 6.7 146115 1.66 000 229 361 220 Si—SkH;islow and has no influence on the dielectric func-

tion [see Fig. 2a)].
The results on hydrogen content and void fraction pre-
is the first time that such low values of crystalline fraction S€ntéd in Tables lll and V show an excellent agreement be-

are deduced from spectroscopic ellipsometry measurement¥/€en the hydrogen content deduced from ellipsometry and
that deduced from ERDA measurements except for the films

with a crystalline fraction of 17% and 23%, which can be
V. DISCUSSION considered as protocrystalline. This is further illustrated in
Fig. 10, where we have summarized the results on the hy-
drogen content for the amorphous and polymorphous films.
ﬁndeed, we obtain a linear relatidwith a slope of 1 be-

Modeling the dielectric function ofa-Si:H films by
BEMA gives an accurate description of the optical propertie

of the films. = However, the effect of hydrogen on the dielec- tween the hydrogen content deduced from the analysis of the

tric function is not negligible as shown by the studies of . ; )
films produced by sputtering in which the hydrogen Contentspectroscoplc ellipsometry data and the hydrogen content de

. - duced from ERDA measurements. Thus for homogeneous

4 -
g?encttr)ii cliﬁggtci):)lrelahagnbtgeenOtnhl(e;Ejglzrc]idLlltssineﬁ?f?; %gt:gﬁeﬂroﬂlms with hydrogen content up to 20% the tetrahedron
9 model provides a simple way for an accurate estimation of

20 ;
(r;on?gilhe:jnv\tﬂﬁ trr)wipglrEVMveA gavfoiismegtitgne it:}t(;?gs:jtrgnmgggle{he hydrogen content. As indicated above, there is a devia-
pp tion from the linear relation for the protocrystalline silicon

Egg;ﬁ:ﬁgg ;ﬁ{gfnlgf gmo;%mg:jﬂgglyo'?C;L%h?gtsraineddfégfilms as well as for the amorphous silicon sample deposited
model only the Si—SH tetrahedron has been used and theat 50°C with a hydrogen content of 18.5% and a void frac-
. tion of 11%. This is attributed to hydrogen bonded at the
|n.flue'nce of more hydrogenated. tetrahedron . such urface of the crystallites or at the surface of voids in the low
Si—SpH, have been neglected. This approach gives goo

} R emperaturea-Si:H, which is in the form of Si—-$H, and
results only in cases where hydro_gen is distributed ra.ndomlyesults in a overestimation of the hydrogen content. The ex-
throughout the silicon network, i.e., when the fraction of

cellent agreement obtained for the pm-Si:H films with hydro-
gen content up to 14.5% supports the hypothesis of an ho-

TABLE V. Hydrogen content and void fractions of the films of mogeneous structure for this material which has a dense
Table IV obained by ellipsometry, compared to the hydrogen con- . . . : :
tent and film density deduced from ERDA and RBS measurement network in spite of its high hydrogen content. This contrasts

with our standard-Si:H films (see Table Il) as well as with

respectively. the dependence found far Si:H films prepared by hot wire
Total CVD.**The high density of pm-Si:H films is corroborated by
Pressure Deduced Deduced Deduced ERDA RBS the very low void fraction deduced from spectroscopic ellip-
(Pa %H % Cryst. %void %H Dens.(g/cn®) ~ Sometry. o
The obtaining of a dense network with high hydrogen
240 15 0 0 content must be related to the differences in the growth
213 13 0 0.5 15 2.220.03 mechanisms between amorphous, polymorphous, and micro-
187 14.5 8 1 15 2.210.03 crystalline silicon films. Indeed, microcrystalline silicon is an
93 18 13 3.7 20 2.240.03 evolving material and the crystallites nucleate in a highly
80 19 15 55 20 2.280.03 hydrogenated matri¥¢ where hydrogen is concentrated in
67 25 23 45 19 2.240.03 platelets most likely in the Si—i—lform.37 On the other side,
53 25 17 4.5 19 2.240.03 amorphous and polymorphous silicon grow in a homoge-

neous way resulting from the incorporation of radicals, clus-
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ters and nanocrystals formed in the plasma. Moreover, thbydrogen-rich silicon network in which a small fraction of
dense network of pm-Si:H films results in a slower hydrogercrystallites are embedded. The increase of pressure from 187
diffusion®® required of the growth of the crystallites in the to 213 Pa does not result in a significant change in the hy-
bulk 3*4°Therefore, the silicon nanocrystals produced in thedrogen content but results in a decrease of the crystalline
plasma and incorporated in the amorphous matrix are frozefraction from 8% to 0%. The ellipsometry analysis suggests
and the properties of pm-Si:H films are independent of theithat the high hydrogen conte(i5%—-20% in pm-Si:H films
thickness, in contrast to microcrystalline films for which theis randomly distributed throughout the silicon network. As
crystalline fraction increases with film thickness. opposed toa-Si:H, pm-Si:H films have a high hydrogen
The small size and fraction of the plasma produced silicorcontent along with a high density, resulting from a different
crystals makes their detection challenging. Up to now theigrowth mechanism. This is consistent with our previous
unambiguous detection could only be done by HRTEM,studies showing that, as opposed to proto and microcrystal-
which requires quite tedious sample preparation and skilletine materials, the dielectric function of pm-Si:H films does
interpretation. For the first time small silicon crystalline frac- not change during growth.
tions ~8% have been detected by SE measurements. The use As a conclusion, the use of the tetrahedron model com-
of the tetrahedron model combined with the BEMA approxi-bined with BEMA gives a detailed description of amorphous
mation opens the possibility for an easy characterization. and polymorphous silicon films, confirmed by nuclear mea-
surements. We have shown that this simple approach can be
VI. SUMMARY AND CONCLUSIONS applied to silicon thin films with a wide range of hydrogen
) ) ] content. The unique structure of polymorphous silicon films
The dielectric functions of amorphous and polymorphouss characterized by a high density and high hydrogen content,

silicon films measulred yvith spectroscopic ellipsometry havea|ong with the presence of a small crystalline fraction.
been modeled taking into account the effect of hydrogen

through the use of the tetrahedron model. The results in
terms of hydrogen content and void fracti@ensity have
been checked against these deduced from ERDA and RBS This study was partly supported by the European Com-
measurements. Moreover, the introduction of the dielectrienunity under contractH-Alpha Solar N.ERK6-CT-1999-
function of Si—SjH allows a more precise description of the 00004 and by the Center National de la Recherche Scienti-
dielectric function of pm-Si:H and thus the detection of crys-fique (CNRS and the French Agency for Environment and
talline fraction values as low as 8%. The analysis suggestEnergy ManagemenfADEME-Agence de I'Environnement
that the structure of pm-Si:H films consists of a denseet de la Matrise de I'Energie.
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