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Optical dispersion relations for crystalline and microcrystalline silicon

H. Touir* and P. Roca i Cabarrocas
Laboratoire de Physique des Interfaces et des Couches Minces (UMR 7647 CNRS), Ecole Polytechnique,
91 128 Palaiseau, Cedex, France
(Received 2 August 2001; revised manuscript received 26 November 2001; published 11 April 2002

A different method is presented to model the optical functions of crystalline and microcrystalline semicon-
ductors. This model incorporates the full electronic band structure and the lifetime broadening, and is appli-
cable at the energies below and above the lowest gap. With the examples of crystalline and microcrystalline
silicon, we demonstrate the good agreement between the simulation and the optical Gmeculalectric
function) and both the realistic electronic band structure and the realistic lifetime broadening. It is shown that
the general change in the optical functions in microcrystalline silicon materials compared to their homologue
crystalline materials is due to the effects of the limited crystallite size and of the medium structural disorder
(i.e., “random” distribution of the texture—size, shape, and crystallographic orientation—of crysjallites
which yields to the change in shape of the electronic conduction bands and the decrease of the lifetime of the
excited states.
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[. INTRODUCTION During the last few years microcrystalline silicong- Si)
films have appeared as a promising material for thin-films
The interpretation of the optical measurements on crystaldevices such as solar cells, sensors, and thin-film transistors.
line and microcrystalline semiconductors, at the energies beAt present the optical characterization of the films, which
low and above the lowest gap, requires a detailed knowledgeéepends strongly on the preparation conditions, has been the
of both the electronic band structure and the wave functionsubject of the considerable studies, but the interpretation of
in relation with the intrinsic structural properties. For crys-the optical data is highly debaté&d® In the visible and the
talline semiconductors, where the electronic states are dewear-infrared regions the optical edge @f-Si films is in-
scribed with the well-known Bloch functions, there are manycreased compared to crystalline silicor$i).*~’ This be-
sophisticated methods for calculating the electronic bandhavior has been attributed either to the absorption by the
structures. As for the case of microcrystalline semiconduc- amorphous fractiorinoncrystallizedl supposed very impor-
tors, where the translation periodicity of the lattice is brokentant in the materidl® or by the stress effect in the microcrys-
and therefore the electronic wave functions are not describeglline network® However, these hypotheses do not com-
by simple Bloch functions, the calculation of the electronicpletely explain the optical edge jmc-Si materials and have
band structure and the wave functions require more sophidseen challenged by the effect of the structural disorder at the
ticated method$2 These methods are not only complicated medium range(due to the variation of the texture—size,
but also are not adequate for the parametrization of the opshape, and crystallographic orientation—of crystallifess
tical functions of crystalline and microcrystalline semicon-for in the ultraviolet and the visible regions either the real
ductors. These parametrizations are indeed useful to interprghrt (g,) or the imaginary partd,) of the dielectric function
the optical functions of thin films. This is particularly true in ¢(E) of wc-Si materials are considerably different from
the case of the spectroscopic ellipsometry measurementshose ofc-Si2 The typical spectrum of the imaginary part of
where one measures the functions of the Fresnel coefficientthe dielectric function foruc-Si materials is characterized
which then must be related to the film parameters such ay (i) a marked decrease in the intensity) greatly weak-
thickness, surface roughness, and dielectric function. ened 3.4-eVE,), 4.2-eV (E,), and 5.4-eV E’,) structures,
The fundamental electronic excitation spectrum of a suband (iii) a pronounced tail below the-Si fundamental-
stance is generally described in terms of the energyabsorption threshold, which depend strongly on the prepara-
dependent complex electronic dielectric functiofE). Ei-  tion conditions. In order to interpret this behavigrc-Si
ther the real part;(E) or the imaginary part,(E) contain  layers have been modeled using the Burggeman effective-
all the desired response information, since causality argumedium approximation, consisting of a mixture of crystalline
ments relates; (E) ande,(E) via the well-known Kramers-  silicon, amorphous silicon, and voifis*°It is worth noticing

Kronig relation: that the modeling using the effective-medium theory can be
, , also achieved by polycrystalline silicop<Si) with large or

e (E)=1+ EP TeEey(E )dE’ fine grains. Nevertheless, this method does not fit very well

T E'2-E? ' the dielectric function and therefore does not provide the

(1)  information about film parameter§.e., thickness, surface

+=E'(e(E")~1) roughness, and dielectric functioh'® This is particularly
g2(E)=— ;Pf —g2_gz dE, true for uc-Si layers with small crystallite size, where their
0 ; ; . :
optical response is considerably different from those-&i
whereP denotes the principal part of the integral. andp-Si®|t is also common practice to simulate the opti-
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cal functions of semiconductors with a dispersionthe center and the radius are equal to the center of the Bril-
formula'~1* These models approximate the interband trandouin zone and Brillouin-zone boundaries in the high sym-
sitions between the band states over all vectors in the Brilmetries, respectively. Then, we have assumed that in each
louin zone(BZ) with the optical response at the critical-point sphere the electronic bands structures are isotrope. Using
structure of the electronic density of states, and do not incorthese approximations, which we call pseudoisotrope approxi-
porate the full band structure in the Brillouin zone. mations, as well as spherical coordinates, we have trans-
In this paper we present a different model for the paramformed Eq.(2) into
etrization of the optical functions of crystalline and microc-

rystalline semiconductors at the energies below and above 2V

the lowest gap. This model incorporates the full electronic ey(E)=4m%e?Y, X f (2—)3|Rich(k)|2

band structure and the lifetime broadening and its parameters b1 Jisziem

are physically significant. With the examples ofSi and X§[Eijc(k)_Eiju(k)_E]47Tk2dky 3)

uc-Si, we shall demonstrate the good agreement between

the simulation and the optical specfiee., dielectric func-  where the sum andj refer to over all pair of bands and to
tion) and both the realistic electronic band structure and thehe axis number of the high symmetries in the Brillouin zone,
realistic lifetime broadening. We shall show that the generatespectively. It is important to notice that our pseudoisotrope
change in the optical functions in a microcrystalline materialapproximation not only allows the simplification of the com-
compared to their homologue crystalline material is due tgutation of the optical functions but also allows the calcula-
the effects of the limited crystallite size and of the mediumtion with a large number of points at eveky which im-
structural disorder (i.e., “random” distribution of the proves the accuracy of the results. It is well known indeed
texture—size, shape, and crystallographic orientation—othat the result accuracy of the numerical computation of the
crystallites, which yields to the change in shape of the con-optical functions depends strongly on the number of points in
duction bands and the decrease of the lifetime of the exciteld spacet®

states.

B. Damping effect

Il. MODEL . . -
It is well known that the optical transitions are strongly

In perfect crystalline semiconductors, the imaginary partaffected by the damping effect due either to the collective
of the dielectric functiors,(E) is given within the first-order vibration of atoms(i.e., phonong due to the thermal agita-
perturbation theory of the radiation field effect on the crystaltion, or to the structural defects of the crystalline network
electronic states, By which decrease the lifetime of the photocreated carriers. The

broadening parameter can be expressed by a sum of two

5 5 2V 5 different contributionsI'(T)=Ty+1I _(T), wherel'j is in-
e(E)=4m’e fBZ(ZT)S|RCv(k)| dependent of the temperature, arising mainly from the lattice
defects, and”_(T) is a contribution through the emission
X 8 Ec(k)—Ey(k)—E]d°K, (2 and the absorption of the phonons of the average energy

) 3. . proportional to[exp(e k)]~ *. This lifetime broadening ef-
whereV is the crystal volumg2V/(2a)° being the density  toc can be easily introduced in a phenomenological manner

of allowedk vectors in the BZ, eis the electron chang&is i, gq (3) by replacing the Dirac function by the Lorentzian
the photon energyi. (E,) is the energy of the conduction ¢,ction. as

(valence state,R., is given byR.,=(C|nR|V), wheren is

the polarization vector of the incident lighR, is the position oy
0per_ator,|V> (IC)) is the wave function of the valenc¢eon- sz(E)=4772622 2 j —5|R”Cv(k)|2
duction band state. In Eq(2) the integral is over alk vec- T T Jisz(2m)

tors in the Brillouin zoneg(BZ). As stressed above, the so- 1 I a-k2dk
phisticated calculation of e,(E) cannot allow the < il

parametrization of the optical functions. The sophisticated 7 [Eije(K) — Eij, (k) —E]*+ T’
calculation of the integraf2) is indeed performed numeri-

cally by sampling the Brillouin zone, which has generally awherel“”- is the linewidth of the Lorentzian function, which
very complicated shape, and computing the energy levels dfan be linked to the lifetime; of the excited stat¢C) via
the valence and the conduction bands at ekeppint. In the  the Heisenberg principlel’;j=7#/27; . It is worth noticing
next sections, we shall provide a number of simplifying ap-that from a theoretical point of view, the lifeime broadening
proximations of Eq(2), which allow the parametrization of for each conduction band depends on thevector in the
the optical functions of crystalline materials as well as mi-BZ.>* For simplicity we have assumed that the lifetime

4

crocrystalline materials. broadenings are constant for each conduction band.
A. Pseudoisotrope approximation C. Optical matrix elements approximation
To simplify the calculation of Eq(2), we have approxi- In this section we develop an analytic expression of the

mated the Brillouin zone by the concentric spheres, whereptical matrix elements. To obtain the analytic expression of

155330-2



OPTICAL DISPERSION RELATIONS F@&.. .. PHYSICAL REVIEW B 65 155330

the optical matrix elementR;;c, as a function of the elec- 5
tronic band structure we multiply Eg4) by the energy and J Eey(E)dE= —E (10
we integrate

whereE [ E,= (i24mNze%/m)*?] is the plasma energy. This

) sum rule is indeed often used to test the consistency of the
Eey(E)dE=4n%e 2 2 Bz(27T approximations involved in phenomenological optical mod-
els. Taking into account the analytic expression of the optical

X[Ejje(K) = Eij, (K) 1|Rijc, (k) [24mk2d k. matrix elementdi.e., Eq.(9)], the imaginary part,(E) of

5) crystalline semiconductors can be expressed as
Here, we have used the approximation _ 1 2 E 1
g,(E)= p : —E.
VBZ i n J ]BZEIJC(k) Eljv(k)
1 r
J ;mf(x)=f(xo)- 1 Ij;4mkdk @

7T(Eljc(k) Eljv(k) E)2+(Flj)
Then, we use the oscillator strendth, .
with

Zm[EIjC(k) EIJU )]|RijCU(k)|2

Fijoc(k)= 22 NG .

4
Eijc(k):ngo Cijank?",  Ejj,(k)= Eo Vijon K2

and its sum rule, . .
Here, the valence and conduction bands are approximated by

2V polynomials. The choice of the even polynomial is dictated
: f Wfijc(k)477k2d k=N, (7) by the numerical approximation of the integral over thg BZ

' jgz(272) where the bands are supposed isotropes.

whereN. is the effective density of the valence electrons.

vectors for a pair of bands and their magnitude is approxi- |n the case of a microcrystalline semiconductor, the opti-
mated byN/n [whereN is the orbital number in each energy cal functions are strongly different from their homologue
band andn is the pair number of the bands intervening to crystalline. Nevertheless, these changes keep the main char-

e(E)], the oscillator strength becomes acteristics. As a consequence, the optical functions of a mi-
5 crocrystalline semiconductor can be deduced from its homo-

fo= 1 Ne (2m) @® logue crystalline keeping into account the structural disorder

ljev n Vg, N 2V ° due to the variation of the texture—size, shape, and crystal-

_ _ _ lographic orientation—of crystallites. This distribution of the
whereVg; is the sum volume of the concentric spheres in thetexture in microcrystalline semiconductors, which we can

Brillouin zone. define as a structural disorder at the medium distance, is
Thus, from Eq(6) and(8), the matrix elements for a pair indeed the intrinsic feature of microcrystalline materials.
of bands become This medium structural disorder yields to the potential fluc-
5 5 tuations and redu_ce; therefore the coherenqe I_ength of the
IR, (k)|2=i %f (2m) h photocreated carrie$.e., the decrease of the lifetime of the
e Vez N 2V 2m[E;jc(K)—Ejj, (k)] photocreated carriexs Interesting conclusions can be de-

(9)  duced from the results of the structural bands calculations by
Kramer?> where the order at the medium distance is relaxed,
This equation shows that the optical matrix eleméfs, the electronic conduction bands change in shape accompa-
and therefore the optical transition probability is proportionalnied by their “blurring” with a negligible effect on the elec-
to the inverse of the energy differencg;{. — E;;,) between tronic valence bands in many materidise., Si, Ge, and
the conduction and the valence bands. This behavior show&e).?>We shall give more details for this point in the case of
that the higher ;o —E;;,) is, the smaller the transition silicon. These results can help us to understand the optical
probability, as it should be because when the valueEf.(  properties of microcrystalline materials and allow us to in-
Eij,) tends to infinity the transition probability tends to troduce a supplementary limited lifetime of the excited states
zero. It is worth noticing that the assumption about the variaand a variation in shape of the structure of the conduction
tion of the oscillator strength for a pair of bands is associatedbands. To take into account the effect of the limited crystal-
with a single optical transition as the classical Lorentz disdite size and the structural medium disorder, the parameters
persion formula for an assembly of weakly photocreated cark,, ¢jj,,, andI'j; can be treated as adjustable in Etf).
riers. It is also important to notice that as a consequence dfhese parameters are characteristic of the medium and are in
the sum rule of the oscillator strength and the optical matrixprinciple physically significant.
elements approximation, the sum ruleeg{ E) is taken into Having found an analytical line shape of the optical di-
account: electric function to simulate the experimentgl(E) spec-
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trum for crystalline and microcrystalline semiconductors, it 50
remains only to discuss how to perform the integration in Eq. °
(11). This integration can be indeed approximated by the 45 °
rectangular rule. Using this approximation Efj1l) becomes 40 - °,
T 1 1 1
e(E)=-E5— 2>, — 2> Ak 35
(B)= 38,2 e A3 B -k
30 |
v 1 F|J4WkJ12 (12) a
7 (Eijio(Kj,) — Eij1o(kj ) —E)2+ ()2’ @ B
whereAk; is the increment for sampling the BAndE;j ,) 20 1
is the energy at thig; point in BZ; taken from the analytical 15 |
conduction(valence bands given in Eq11). In Eq.(12) the
sum 1 refers to over aK;, points in the BZ. Remember that 10 |
the valence-band state is taken from the crystalline case and
should be constant in crystalline and microcrystalline mate- 5
rials.
It is worth noticing that the decrease of the lifetime of the 0 T —
photocreated carriers in microcrystalline materials is also due L5 2 25 3 35 4 45 5 55 6
to the contribution of the recombination process of the pho- Energy (eV)

tocreated carriers on the deep localized states in the energy FIG. 1. The imaginarv part of the dielectric functioss for
gap, due to the dangling bonds in the microcrystalline net- oSi ('sol'id curve a?ld fo)r,c?Si (open curve systems Thefe data
work. These effects traduce partly in the analytic expressiog‘re taken from Ref. 8 P Y '
of the imaginary park, (E) for microcrystalline semicon- T
ductors(i.e., Eq.(12)] by adding to the damping effect & ¢.sj in the 1.5-6-eV region can be identified through the
broadening, due to the decrease of the lifetime of the photayirect transitions in both thEX andT'L directions in the BZ.
created carriers, ab(T)=Io+1'.(T) +I'vsp*+I'o, where  Figyre 1 shows such a spectrum; these data are taken from
I'ysp is the contribution of the medium structural disorder Ref, 8. Three picks are found in the (E) spectrum corre-
andI'p is the contribution of the recombination process ofsponding ta(i) the transitions from the highest valence band
the photocreated carriers on the deep localized states in thg the first conduction band in thEL direction of the BZ
energy gap. . . _ responsible for the peak at 3.4 e, the transitions from
As already mentioned above the optical properties of gne highest valence band to both the first and second conduc-
solid can be described using both the real part and the imagion pands in tha"X direction of the BZ which is associated
nary part of the complex dielectric function. Such functionsyyith the peak at 4.2 eV, andii) the transitions from the
are related via Kramers-Kronig dispersion relatifieg. (1)].  highest valence band to the second conduction band in the
Nevertheless, the use of theses relations requires the know_ girection of the BZ which are associated with the peak at
edge of thee, (E) or thee, (E) spectra in a large spectra 5 4 ev. Figure 1 also shows tig (E) spectrum foruc-Si in
range(i.e., highk values which is not generally the case. In he 1.5-5-eV range; these data are obtained from Ref. 8. The
return, the tails of these spectfee., e, or &) can be ex-  picks |ocated at 3.4 and 4.2 eV found in the (E) spectrum
tended with theoretical functions as the Lorentz or the Drudet ¢_sj picks are also observed in the case of microcrystalline
models depending on the kind of the material. . silicon, which suggest that the optical properties of this ma-
In order to calculate, (E) via Kramers-Kronig relations  terja| can be also deduced from both thi andT'L direc-
for semiconductor materials,, (E) can be extended in the tions in the BZ. Nevertheless, this spectrum is considerably
high-energy range, with a tail as the Lorentz model. In thisgitferent in shape from that af-Si. This spectrum is indeed
classical model only a single transition is consideted(E)  characterized byi) a marked decrease in the intensity with
is given by (i) greatly weakened 3.4-eVE() and 4.2-eV E,) struc-
A.CE tures, andiii ) a pronounced tail below theSi fundamental-
5 212 g (13)  absorption threshold. Note that the peak located at about 5.4
(E°-Ep)“+CE eV for uc-Si material, while not shown in Fig. 1, is also
7 . . .
whereE, is the peak transition energy aiis the broaden- observed. Th_e obseryed variations of the optical response
ing term. It is worth noticing that the assumption aboutP&tweernuc-Siande-Si can be explained by the effect of the
&,(E) for semiconductor materials in the high-energy range?Verage crystallite size from the results of the structural band

is that which is associated with weakly photocreated carrier@lculations by Kraméron ¢-Si where the order at the me-
dium distance is relaxed by the relatiog=a/27, wherer

is the distance from where the order is relaxedis the
crystalline parameter, anglis a constant between 0 and 1. In

Let us now discuss the case ®Si anduc-Si materials.  this work? the electronic properties have been studied within
It is well known that the imaginary pa#, (E) spectrum for  the complex band-structure conce(@BS concept which

g,(E)=

E. c-Si and pc-Si
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FIG. 2. Complex electronic band structure for &) infinite 3
crystal (p=0) and(b) crystal where the order at the medium dis- )
tance is relaxed #=0,05). These curves are taken from Ref. 3. -4 L X

uses the complex energy concept. Figure 2 shows the modi- FIC_;. 4. Elec_tronic _band structure fofSi obtained by fit_ting the
fication of the electronic band structure when we go from arieﬁ’e”mema' dispersion of the, (E) spectrum forc-Si with Eq.
ideal crystal (7=0) to a structure where the order at the( )

medium range is relaxednE= 0.05). This figure shows the

change in shape of the electronic conduction bands which are IIl. ANALYSIS AND DISCUSSION

accompanied by a “blurring”(imaginary part of energy A. c-Si

with a negligible effect on the electronic valence band. This
blurring, which can be interpreted by the limited lifetime of
the excited state, is accompanied by the decrease of the r

part of the coqductlon band energy in the direction, by chosen first the-Si system, where the electronic band struc-
the decrease in energy of the direct gapl'atand by the 16 ang the interpretation of its optical response are well
increase in the energy gap nedrlt is worth noticing that  ynown. The dispersion relatioil2) could in principle fit the
thee, (E) spectrum foruc-Si shown in Fig. 1 is often called experimental dispersion af, (E) by varying the parameters
polycrystalline Si(i.e., p-Si) with fine grains size. The opti- Ep, Cij2n, andT; . As shown in Fig. 3, perfect agreement
cal functions ofp-Si with fine grains can be used to fit in petween the simulation and the (E) spectrum has been
many cases the ellipsometric dataof-Si layers?™° achieved forc-Si using Eq.(12). Interestingly enough the

convergence of the parameters with our model has been suc-
50 cessfully achieved using the conjugate gradient metfiod.
Indeed, the model takes into account the topological consid-
erations, such as the shape and the size of the BZ, which
explains the best convergence and less possibility of finding
false minima in fitting.

After the excellent agreement between the simulation and
the e, (E) spectrum, we should discuss whether the param-
eters of the model are physically significant. The electronic
band structure foc-Si deduced from the fitted parameters
Cij2n IS shown in Fig. 4. For more clarity the valence-band
structure, obtained by fitting the calculated valence bands for
c-Si by varying the parametets;,, of the analytical equa-
tion in Eq. (11), are also shown in this figure. Figure 4
clearly shows that the electronic band structured@®i ob-
tained with our model is in agreement with those obtained
with sophisticated methods. The direct and indirect energy
gaps are indeed equal to 3.4 and 1.1 eV, respectively, in
excellent agreement with the well-known gaps. The excellent
agreement of the conduction bands deduced fromcthg
parameters with the well-known structure bands corroborates
indeed the consistency of the approximations of our model
and demonstrates that the parametgys, of the model are

FIG. 3. The imaginary part of the dielectric functien (open  physically significant.
circle) and its best fi{solid curve, obtained with Eq(12), for c-Si. Let us now discuss the fitted paramet&rs. The values
These data are taken from Ref. 8. found for these parameters are listed in Table I. This table

Let us now confront our assumptions to the experimental
edec/ta. In order to test the consistency of the approximations
iAvolved in our phenomenological optical model, we have

45

40 4

35 1

30 1

25

20 1

15 1

10 1

1.5 2 25 3 35 4 45 5 55 6
Energy (eV)
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TABLE I. The values of the lifetime broadening for each con- 50
duction band il"L andI'X directions of the BZ obtained by fitting
the experimental dispersion of the(E) spectrum forc-Si with the
Eq. (12). 407
I'ix (V) Iy (ev) [,x (eV) [y (eV) 30 4
0.151 0.067 0.343 0.983

20 4

shows that the lifetime broadening increases when we go -
from the first to the second conduction bands, which explains © 101
that the lifetime of the excited states decreases when we go
to the second highest conduction bands in e andI'X 0
directions of the BZ. The nonzero value of the parameters 1
I'j; can be easily explained by the interaction between the 10 4
excited photocreated carriers and the phonons, due to the
thermal agitation, and possibly by the interaction between
the excited photocreated carriers and the structural defects -20 1
(i.e., freeze phononf the crystalline network.

We now turn to the real part of the dielectric function. As 30

stressed before, thg (E) spectrum can be deduced from the

PHYSICAL REVIEW B55 155330

Energy (eV)

g, (E) spectrum, in the low-energy range prolonged in the

high-energy range with the Lorentz model, via the Kramers- FIG. 6. Experimental spectruopen circl¢ and theoretical cal-
Kronig relation[Eqg. (1)]. Figure 5 shows the prolongation of culation(solid curve obtained with the Kramers-Kronig relation of
the e, (E) spectrum from 6 to 7 eV with the Lorentz model. the real part of the dielectric functios, for c-Si. These data are
The parameters of the Lorentz model in this figure are obtaken from Ref. 8.

tained by fitting the experimental dispersion &f (E) with

the Lorentz formula in the 5.5—6-eV range. The theoreticak, (E). For clarity, we have shown in Fig. 5 only the values
curve ofe; (E) deduced from Fig. 5 up to 15 eV, where the up to 7 eV. As shown in Fig. 6, the perfect agreement be-
values are close to zero, using the Kramers-Kronig relationween the calculation and the experimental dispersion of the
could be in principle equal to the experimental dispersion of, (E) spectrum, deduced from data of Fig. 5 up to 15 eV,

50

45 -

000(;,0006D

o 3
oooooooooo°°°° °

40 1

el

35
30 1 o
~ o

25
w

20 1

o

15

10 1

0000 0 o

0

1.5 2 25 3 35 4 45 5 55 6 65 7

explains that the prolongation @f, (E) is valid.

B. pc-Si

After the success obtained with the examplecedi, in
applying the model developed in Sec. Il, we have used the
same set fouc-Si. As shown in Fig. 7, perfect agreement
between the simulation and the (E) spectrum has been
also achieved fop.c-Si using Eq.(12). The band structure
for wuc-Si deduced from the simulation is shown in Fig. 8;
the electronic band structure fofSi of Fig. 4 is also shown
for comparison. As expected, according to the discussion in
Sec. IlE, Fig. 8 shows the modification of the structure of
the electronic conduction bands when we go frofBi to
mc-Si. The direct band gap decreases indeed with the
change in shape of the conduction bands when we go from
c-Si to uc-Si. This effect can be explained by the decrease
of the coherence lengths of the wave functions for the pho-
tocreated carriers, due to the medium structural disdider

TABLE Il. The values of the lifetime broadening for the first
conduction bands in thEL andI'X directions of the BZ obtained
by fitting the experimental dispersion of the(E) spectrum for
uc-Si with Eq. (12).

Energy (eV)
Iix (e Iy (e
FIG. 5. The imaginary part of the dielectric functien pro- wx (&V) u (@V)
longed with the Lorentz model up to 7 eV forSi. These data are 0.203 0.135

taken from Ref. 8.
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40

35 1

30 1

25 1

1.5 2 25 3 35 4 45 5
Energy (eV)

FIG. 7. The imaginary part of the dielectric functien (open
circle) and its best fit(solid curve, obtained with Eq.(12), for
uc-Si. These data are taken from Ref. 8.

“random” distribution of the texture—size, shape, and crys-
tallographic orientation—of crystallitg®f the microcrystal-
line network. Otherwise, this medium structural disorder in-
duces the potential fluctuations in the microcrystalline
network and therefore reduces the lifetimes of the photocre-
ated carriers.

Let us now discuss the values found for the fitted param-
etersl’;; for uc-Si. These parameters are listed in Table I1.
The lifetime broadening ratioI{,;)xc-Si/(I'y;)c-Si and
(T' 1) puc-Si/(I" 1)c-Si are equal to 1.34 and 2.01, respec-
tively, which suggests that the lifetimes of the photocreated
carriers foruc-Si are smaller than foc-Si. These differ-
ences can be essentially explained by the effect of the inter-
action between the excited photocreated carriers and the
freeze phonons, due to the medium structural disofder,
random distribution of the texture—size, shape, and crystal-

-

Energy (eV)
S S R

1
w
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40
30 (a)
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10

1.5 2 25 3 35 4 45 5 55 6 65 7
Energy (eV)

35
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20 1

15
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N5 2 25 3 35 4§45 5 55 6 65

-10

-15
Energy (eV)

FIG. 9. (8 The imaginary part of the dielectric functiosy

(open circle and its best fifsolid curve$ and(b) the real part of the
dielectric functions; (open circlg and its best fi{solid curve$ for
uc-Si. The fitting results are obtained by simultaneously fitting the
parameters of double absorbing oscillator in the 4.5—-5-eV range for
e, (E) spectrum and in the 1.5-5-eV range for the(E) spectrum,
obtained by the Kramers-Kronig transformation.

lographic orientation—of crystallite®f the microcrystalline
network. It is important to remember that the (E) spec-

-4
L X trum for wc-Si has unfortunately measured in a short energy

FIG. 8. Electronic band structure farc-Si obtained by fitting
experimental dispersion af, (E) with Eq. (12); the electronic band
structure of Fig. 5 is shown for comparison.

range(i.e., 1.5-5 eV, where we do not have all the infor-
mation about the transitions from the highest valence band to
the second conduction bands in the andI'X directions of
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the BZ, which contribute on the, (E) spectrum up to 6 eV. als with large grain size. Perfect agreement has been indeed
The accuracy of the results of such bands is poorer than th&chievednot shown in this papgibetween the optical spec-
obtained forc-Si, where thes,(E) spectrum is measured in 1@ _and_ the simulation for polycrystalline silicon with large
the large energy ranggé.e., 1.5-6 eV. For this reason, we 9rain size. . _ _ , ,
have not shown the second conduction bands iftheand As stressed in the introduction, the dispersion formulas
I'X directions of the BZ. are useful to interpret the optical response of thin films. The
As for the calculation for(E) for wc-Si material, the optical response involves @ndeed the film parameters such as
theoretical curve deduced from the(E) spectrum in the thickness, d|el_ectr|c funcuop, and surface roughness. It.|s
1.5-5-eV range extended up to 15 eV with a tail from theCommon practice to approximate the rpu_ghness layer using
Lorentz model using the Kramers-Kronig transformation€ffective-medium apprOX|m_at|c_)[ld consisting of 50% voids
does not agree at all with the experimental dispersion oft"d 50% of dielectric f””_Ct'OF" Moreover, the measure-
&,(E). This disagreement can be easily explained by the fa ent of the m|croc_rystaII|ne sys.tems can be mﬂugnced by
that thee,(E) spectrum, used in the calculation, does nottn€ presence of voids and_ possibly other mechamsms._ The
contain the information about the 5.4-e\E’(;) structure, void ef.fect.can be gpprommateq by the effectlvejmedlum
which is distributed in the full energy range in thg(E) approximation, consisting of a mixture of dense microcrys-
spectrum. According to the Kramers-Kronig relation, eachtalllne silicon and voids.
experimental point of the,(E) spectrum depends indeed on
the whole points ot,(E) in the full energy range. Thus it is
obvious that the lack of the information about the 5.4-eV IV. CONCLUSION

structure in thes,(E) spectrum prolonged with a tail from \ve haye developed a dispersion formula of the optical
the Lorentz model yields the disagreement between the exynctions of both crystalline and microcrystalline semicon-

perimental data and the calculation ©f(E). Nevertheless, 4,ciors at the energies below and above the lowest gap. This
knowing that a part of the information about the 5.4-eV e incorporates the full electronic band structure and the
structure in the experimental dispersionep{(E) is distrib-  |ifetime broadening and its parameters are physically signifi-
uted in the 1.5-5-eV range on thg(E) spectrum, we could  cant. Wwith the example of crystalline silicon, we have dem-
in prlnC|pIe_V|a the gausallty agreement extract therefore thig)\strated the good agreement between the simulation and
part of the information. Indeed, by combining the prolonga-gpiical spectrai.e., dielectric function It is shown that the
tion of the experimental dispersion of the(E) spectrum  glectronic band structure fa-Si obtained from the fitted
with an artificial structure such as a double absorbingyarameters is in agreement with the well-known electronic
oscillator—to take into account the 5.4-eV structure—withyang structure, which demonstrates the consistency of the
the fit of the parameters of this double absorbing oscillator ipproximation of the model. After the success obtained with
the 4.5-5-eV range for the,(E) spectrum and in the 1.5— he example ot-Si, we have used the same set fa-Si. It
5-eV range for the:,(E) spectrum, we can on the one hand js shown that the general change in the optical functions in
obtain the best fit of experimental dispersionsq{E), and  mjicrocrystalline silicon materials compared to their homo-
on the other hand obtain the information about the 5.4-eMpgue crystalline materials is due to the effects of the de-
structure in thee,(E) spectrum. As shown in Fig. 9, the ¢rease of the coherence lengths of the wave functions for the
satisfactory fitting result has been achieved for the theoreticaiotocreated carriers, due to the medium structural disorder
&2(E) inthe 4.5-5-eV range and for the theoretieg{E) in  (j.e., random distribution of the texture—size, shape, and
the 1.5-5-eV range, which explains that the lack of the inrystallographic orientation—of crystallitesvhich yields to
formation about the 5.4-eV structure in the experimental disthe change in shape of the electronic conduction bands and
persion ofe,(E) has been extracted from the experimentalthe decrease of the lifetime of the excited states.
dispersion ofs4(E) in the 1.5-5-eV range via the causality
argument. Note that in this fitting procedure the theoretical
curve ofe4(E) is deduced from the data ef,(E) up to 15
eV, where the values are close to zero. For clarity, we have
shown in Fig. 9 only the values up to 7 eV. The authors wish to thank Dr. B. Drevillon, Dr. R. Ben-
It is worth noticing that our model also allows the param-ferhat, and Dr. M. Stchakovsky, for their interest in this
etrization of the optical functions for polycrystalline materi- work.
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