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Imperfections and optical absorption in glow-dischargea-Si:H films:
A study in the visible and near-infrared region
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In the present work, we study the effect of imperfections on the optical spectra of glow-diseh&ige
films in detail. Important features manifested in experimental power-loss and reflectance optical spectra are
given a clear interpretation. Taking imperfections properly into account, we develop an optical method of
analysis by which the absorption coefficient is extracted dowr 16 cmi %, a significant improvement over
conventional optical methods, which hardly reach d® 1. The results are in good agreement with the results
of photothermal deflection spectroscaoi®3DS and the constant photocurrent meti@PM). If measurements
are to be performed at different temperatures, this optical method is important, since the temperature range of
safe use of PDS and CPM is appreciably limited.

I. INTRODUCTION place a serious constrafrin utilization of PDS for measure-
ments at different temperatures. The CPM faiistween 80
Native imperfections, which inevitably accompany theand 200 K: In this temperature range, the Rose factor de-
fabrication of a film, crucially affect the optical spectra in the pends on the photon energy, thus violating an important
visible and near-infrared region, the range of interest to thi§&PM rule.
study. However, in analyzing spectra, it is a common prac- 1he safe use of the proposed optical method at any tem-
tice to neglect imperfections and employ the standard modedl€rature has proved catalytic for successfully measuring the
of an ideal sample. This simplification is often a poor ap_thermal variation of the Urbaqh absorpt|on_edgearr$|:H.
proximation to actual samples that fails to interpret important! "€ results, to be presented in a forthcoming papehal-

features in the spectra. In addition, in extracting the absorp€nd€ the widely accepted viesuggested by Cody. On the

: s ; : ; one hand, the Urbach edge appears to be far less sensitive to
S%Tnzosfggfrntngﬁlrecﬁgg%i Iﬁleszbast;s;;:%:lozofsgs’ thus pro temperature than suggested in Ref. 11. On the other hand, the

. ) - . . Urbach focus is detected at 3.3 and not at 2.1 eV. The former
Despite many publicatiohs® on imperfections, there is

no work to our knowledge that effectively treats the fore O_value, uniike the latter, is quite close to 3.5 eV, the energy
: . €dg ) y 9 corresponding to the first direct optical transition GnSi.
ing failings of the optical analysis. In the present work, aim

: 4 . . " This result bridges a large discrepancy between theory and
ing at an improved analysis, we proceed to an examination xperiment, since theory does predfican Urbach focus at
imperfections in detail. Even though developed &ISi:H

y : ; - this very energy.

films, this study is appraised to have a more general value The present study is organized into three main sections. In

that goes beyond the scope of the specific considerations. gec. || we consider the effect of imperfections on reflectance
To deal with imperfections, we have developed models byspectra and in Sec. IIl their effect on power-loss spectra.

which surface roughness and nonparallel interfaces as well g@snally, in Sec. IV we present and examine the efficiency of

the inhomogeneous material properties are properly takeour optical method of analysis.

into account. Within these models, important features mani-

fested in reflectance and power-loss experimental spectra are

given a clear interpretation. Applying this understanding of  |I. REFLECTANCE SPECTRA IN THE PRESENCE

the role of imperfections, we have also developed an optical OF IMPERFECTIONS

method of analysis. The method allows us to extract the ab-

sorption coefficient down te-10 cm %, while conventional

optical methods hardly reach 4ém . Good agreement In this section, we calculate reflectance, dealing with im-

with the results of photothermal deflection spectros€opy perfections in terms of normal inhomogeneity and lateral in-

(PDS and the constant photocurrent meth¢@PM) is veri-  homogeneity. By normal inhomogeneity, we mean changes

fied at room temperatures, thus lending support to the opticahat occur in the properties of the film along théirection,

method developed. the direction of growth. Such changes are due to the forma-
It is important to stress that successful utilization of thetion of thin layers, inhomogeneity layers, which grow at the

proposed method does not depend on the temperature emds of the film during fabrication. Inhomogeneity layers

which measurements are to be performed. This is a greatiffer from the bulk in composition and structure. Experi-

advantage over the CPM and PDS, which lack this importanmental evidence from hydrogen profiling experiméhts

property. The necessity of a thermally index-sensitive deshows that their typical size is 100 nm. By lateral inhomo-

flecting medium, as well as the requirement of lack of anygeneity, we mean changes that occur in the properties of the

nonuniform heating-induced turbulence in that mediumfilm in the directionsx andy, the directions normal to the

A. Analytical and numerical treatment of reflectance
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direction of growth. Such changes are due to either the gezal treatment in that it always favors a direct and clear in-
ometry of the interfaces or the microstructure inside the filmsight into the effects studied. As we shall see below,
Nonparallel interfaces and surface roughness, as well as scathomogeneity, either normal or lateral, crucially affects re-
terers with typical sizes that range from 1 to 10 rililke  flectance spectra and, especially, their envelopes. Prompted
voids, microcrystallites, islands of material with different by this, we have derived approximate analytical expressions
properties from the rest of the bulk, etaconstitute a variety for reflectance envelopes. The derivation is as follows.
of factors that give rise to lateral inhomogeneity. First, takingA¢e small as compared to the width of one
We model the foregoing two types of imperfection as fol- fringe, i.e., forA <7, we cast Eq(1c) into the form
lows. In dealing with normal inhomogeneity, we consider the
bulk of the film embedded between two inhomogeneity lay- , 1 9’R¥(®) )
ers; one near the free surface of the film and another near the R(®)=RH(®)+ 6 (9—902A9° : @
interface with the substrate. For obvious reasons we call the
former a front inhomogeneity layeiFiL) and the latter a The first term is the contribution of normal inhomogeneity
back inhomogeneity laye(BIL). Let n;,_ be the refractive and the second term the contribution of lateral inhomogene-
index of the FIL,ny that of the bulk,ng, that of the BIL,  ity. Then, assuming that the moduli of the Fresnel reflection
andng,,cthat of the substrate. These indices, along with thecoefficients rpyr and ryype are small compared to
respective layer thickness@g, , Dy, Dgi, and Dg,,s  Unity, we deriveR?. Finally, applying the ordinary condi-
form a particular index profile. To calculate the reflectancetions for interference extrema to E@2), we obtain the
R? for this particular profile, we employ the transfer matrix reflectance-maxima envelop&,,, and the reflectance-
method® The finite size of the film produces fringes in the minima envelop&Ry,,. In particular, we apply the condition
calculatedR? spectra, which are decorated, however, with{®=q7+ /2, ge N} to obtainR,, and the conditio{ ®
finer fringes produced by the finite substrate. In any experi=qm, ge N} to obtain Ry;,. Aiming at a clearer under-
ment, the wavelength resolution of the light beam incidentstanding of the inhomogeneity-induced effects, we have
on the film cannot be so fine as to allow the substrate fringegmitted absorption in the foregoing derivation. Our assump-
to be detected, and, in fact, they need not be detected. In tA®NSAe<, |rpywr| <1, and|ryyei| <1 are justified for
calculations, we take this into account by averaging thenthe systems studied.

out!® The analytical expressions derived 1.« and R, are
In dealing with lateral inhomogeneity, we consider that
the only effect it produces is phase incoherence induced by Rimax= Rinax— CTL (1~ Ria) Ag]? (33

small optical-thickness variations. As long as lateral inhomo- q
geneity is missingl, the optical thickneSof the film, has a "

definite value L= nF”_D F|L+ nbu|kau|k+ nBILDBlL . The 5z z 2 2

same is also true fap, the phase thicknedsf the film. As ¢ Rnin= Rinin+ CT(1~ Rinin) A ] (30)

_bears a simple relation top=2m(E/hc)l, its definite value  The net contribution of normal inhomogeneity reads
is

E RE —1-— 4X1Nsubs 8X1nsubixi_ ngubs)
O=2m L, (1 T (L) (NGpetXa) (1 X0)2(NG et Xa)
whereE is the photon energyy Planck’s constant, andthe X{Opi+ OpiL} (30
speed of light. Upon introducing lateral inhomogeneity, wegnq
treatl and, as a consequenge as randomly varying quan-
tities. Let us considet to be uniformly distributed about A%N 8XoNgypd N2 0 X3)
L: I=L+Al. Theng is also uniformiy distributed about ~ RZ%, =1— 2_subs 2SS subs T2
®: @=b+Ag, where (1+X2)(N5pstX2) (14 X2)“(Ngypst X2)
E X{OpL—Ogy}, (3d)
A(,DZZ’TTRAL (1b) where
The resulting incoherence-induced effect on reflectance is NgiL
taken into account by the following averaging: (Xl,X2)=(nBu_nFu_ : H) (39
1 d+Ap
R@)= 512 [ Reonde. a0 OFL= Tt COS 2 ), (3
—Ag

It should be noted that in Eqlc) integration is performed
only over the total phase thlcknes§ of the_ film. All other OpiL =T puii/aiL COS(2P gy ). (39)
parameters are kept constant upon integration.

The averaging given by Eqlc), along with the transfer ®g, and®g, are the phase thicknesses of the FIL and the
matrix method employed in the calculation Rf, provide a  BIL, respectively. The prefactd€? present in Eqs(3a) and
handy mathematical tool for performing numerical simula-(3b) in the terms of lateral inhomogeneity depends on normal
tions. However, one cannot disregard the value of an analytinhomogeneity only. It takes the simple form
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osf (a) foregoing two oscillatory modes survives as, in each case,
only one inhomogeneity layer is considered. Inferences
“ drawn above about envelope oscillations are valid not only in
04r . . .
the simple case of one front-back inhomogeneity layer. It can
be proved that they hold in the general case of arbitrary
00} | , , . , front-back index profiles, since, even then, E@s) and(3d)
0shF (b) keep the same form.
3 I Figure Xc) illustrates the effect of lateral inhomogeneity.
5 04l / In order to have a clear view, the envelopes before the intro-
é : | W‘ W‘W‘Wﬂ duction of_ lateral inhomc_Jgeneity are shown by dashed Iines_.
) I As seen, interference fringes become damped. The effect is
oo . sizable on the minima. However, it is negligible on the
08Fl maxima. This difference is clearly understood through the
help of Eqg.(1c). An R? spectrum has fringes that are sharper
04l around minima and broader around maxima, scdRhealues
) that enter the averaging of E@lc) are spread within an
interval that is appreciably larger in the case of the minima
0o than it is in the case of the maxima.

04 08 12 16 20 Surface roughness, as a type of lateral inhomogeneity, is
expected to affect reflectance in the manner seen in Fg. 1
but it does not. A rigorous treatméraf roughness predicts,
Jot rising, but lowering of the reflectance-minima envelope.

FIG. 1. Reflectance spectra in the presence of imperfection ) : ; -
Absorption is omitted. Full spectra, depicted by thin solid lines, are>0 for this particular type of lateral inhomogeneity E#c)

the exact numerical results of the transfer matrix method. EnvelS invalid. Anyway, for the cases of interest to this study, the
lopes, depicted by bold solid lines, are the results of the approxifypical rms height of surface irregularities is sufficiently
mate analytical expression8a—(3h). (a) Net effect of normal small for the effect on reflectance to be negligible and thus
inhomogeneity. The only imperfection is one front inhomogeneityignored.
layer.ngy =4 andDg, = 150 nm. (b) Net effect of normal inhomo- The results of the approximate expressi¢da and(3b),
geneity. The only imperfection is one back inhomogeneity layershown by the bold solid lines, successfully reproduce exact
ng. =3 and Dg, =200 nm. (c) Combined effect of normal and numerical data. Several tests, equally successful, give these
lateral inhomogeneityAl =50 nm. Normal inhomogeneity is iden- expressions a validity that unambiguously covers all of the
tical to that of(b). To have a clear view of the separate effects of cases of interest to this study.
normal and lateral inhomogeneity, the envelopes in the absence of
lateral inhomogeneity A1 =0) are shown as dashed lines. For all o .
ilustrated caseS)qy 1.5, Npy—3.5, andD py=2 sem. C. A nontrivial experimental case
In this section, we focus on the experimental spectrum of
_ 2 a glow-dischargea-Si:H film. The specific spectrum is
_ (T X) (XaXo™ Niupd (3 shown in Fig. 2a). Between 1.2 and 1.6 eV, in the region of
12%1X2Nsubs low absorption, fringes are sizable. F&>1.6eV, they
. . ) . shrink dramatically due to increasing absorption until they
if the boundaries of the film are much more reflective than,anish altogether. However, what makes this particular spec-
the interfaces formed inside the film between the bulk angym interesting is not this expected behavior but the unusual
the inhomogeneity layers. behavior of its envelopes. As seen, the minima envelope ex-
hibits an oscillatory behavior. On the other hand, the maxima
B. Imperfection-induced effects on reflectance spectra envelope does not oscillate at all, having a constant value in

The net effect of normal inhomogeneity on reflectancethe entire range of low absorption. This different behavior

spectra is illustrated for two particular cases in the graphs between minima and maxima can be explained through Egs.

. . . ) (3c) and (3d). As regards maxima, the oscillatory terms
and(b) of Fig. 1. Evidently, mhqmogenelty layers cause .theoriginating from the FgIL and BIL interfere destructi\)//ely:
envelopes of reflectance to oscillate. Note that for an entirely
homogeneous film envelopes are free of any oscillations. Ow + Oy =0 @)
They are straight lines parallel to the energy axis. In the FIL T EBIL
cases illustrated in Figs.(d) and Xb), we observe two par- But then, as regards minima, these terms necessarily interfere
ticular envelope oscillatory modes: in-phase oscillations an@onstructively, thus giving a sizable oscillation. The validity

completely out-of-phase oscillations. A trivial exploration of of Eq. (4) within the whole range of low absorption entails
Egs.(3c) and (3d) reveals that final envelopes always resultthat

from the superposition of these two particular modes. More

specifically, if the FIL contributes an in-phase oscillatory b =Dpg, (5
mode, the BIL, necessarily, contributes a completely out-of-

phase oscillatory mode, and vice versa. Which of the twand

possibilities occurs depends on the sign ¥ nZ,,) (N2,s ,

—x3). In either of the graphga) and (b), only one of the Npui=NBILNFIL - (6)

CZ
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0.8 where ¢;;=3.70x10 °nm 2 and cp,=6.41x10 °nm 2,

I (a) ®) On substituting the corresponding experimental values for

Rmin(E=1.20eV) andr,,n(E=1.58 eV), the set of Eq¥5),

(6), (9), and(10) gives multiple solutions for the inhomoge-

04 - h neity parameters. However, only one solution survives under
g specific criteria. Equatioii6) implies that eithemg, <np,x

<nNgL Or Ng >Ny gL - However, it is only with the

latter combination that we obtain a physically meaningful

Reflectance

02 solution. On the other han®, appearing in Eq(8), deter-
. mines the number of local extrema manifested on the enve-

sxperiment theory lope Ry,in Within a given energy range. ®>1, we have,
o1 . . e contrary to the experimental result, more than one local ex-

11 14 1.7 20 1.1 14 1.7 20 tremum manifested between 1.2 and 1.58 eV on the calcu-
E lated envelope. IQ=0, the solutions obtained faorg, and
V) ng, are meaningless. Therefo@=1. The calculated indi-

FIG. 2. (8) The experimental reflectance spectrum of a glow-C€S and thicknesses of the inhomogeneity layersngfe
dischargea-Si:H film is illustrated.(b) The theoretical reproduction = 3-96, Ng. =3.40, D¢ =149 nm, andDg =173 nm. The
of that spectrum, the solid line, is shown. FEBs1.58 eV, the calculated half width of the Optical'thiCkneSS distribution
constant index values as calculated in Sec. Il C were employed. Adl =68 nm.
higher energiesng, , Npuk, andng, were given typical disper- It is apparent in Fig. @) that the foregoing parameter
sions. The absorption coefficient used was derived in the way devalues reproduce the features of the experimental envelopes
tailed in Sec. IV of the text. To have a clear view of the separaten all the details. To have a clear view of the separate effects
effects of normal and lateral inhomogeneity, the calculated minimaf normal and lateral inhomogeneity, the calculated minima
envelope in the absence of lateral inhomogeneity is illustrated as thenvelope in the absence of lateral inhomogeneity is shown as
dashed line. the dashed line. It should be noted that the wavelength spec-

o ) . tral width of the polychromatic light incident on the film is

As shown in Fig. Ic) and discussed in Sec. I B, the secondioy small A\N~1nm) to cause any measurable fringe
term of Eq.(3a), the term of lateral inhomogeneity, produces gamping® Thus, it is fully justified to attribute the whole
a negligible effect orRy,. By neglecting this term and us- damping to intrinsic properties of the film, namely, lateral

ing Egs.(30), (3e), (4), and(6), we obtain inhomogeneity.
an? - n Experimental evidencg from Ref. 1_5 shows thfit the gen-
Ria=1— . b“'kZS“bS — 7) eral trend is a decrease in the refractive index with increase
(14 nEu) (NSups™ Nbui) in hydrogen concentration. In interpreting the calculated in-

dex profile exclusively in terms of hydrogen concentration,
we conclude that, within a distance of 149 nm from the air/
film interface, the hydrogen concentration is lower than the
concentration in the bulk. This conclusion agrees with the
results of other investigatiort$, which map the hydrogen
concentration profile using a method based on nuclear reac-
Eggﬁ?;ec% ggrtegl:ﬁen%yngogifué\éjl'e eV and has val- tions. _Within 173 nm from 'Fhe substrate/ﬁlm_ir_wte_rface, the

At E=1.58eV. due to the local méximum of the experi- material seems to be rlchgr in hydroge.n than it is in the bulk.
mental env.elop(R, at this energy, it holds that Howev_er, _such an assertion is decepuve, as the value of the

min ’ refractive index near the interface with the substrate reflects

cog 2dp (E=1.58eV)] not only the effect of hydrogen content but also that of lower
density and nonrelaxed stresses, the latter being especially
strong in this specific area.

Substituting the value 1.53 farg s and the corresponding
experimental value forR,.. in Eq. (7), we calculate a
frequency-independemt,,, in the region of low absorption,
Npuik=3.67. This is a good approximation, since it is well
known that the refractive index &-Si:H bears a weak de-

= —le{dp (E=1.58 e\/)=g+Q7r, QeN|. (8

By neglecting any weak dispersion of the refractive index in Ill. POWER-LOSS SPECTRA IN THE PRESENCE
the low-absorption region, we have two additional valid OF IMPERFECTIONS
equations, derived from Egélc), (3b), and(8): A Methods of calculation
Rmin(E=1.20 eV} —R%, [P =(1.20/1.58(7/2+ Q)] When light interacts with an inhomogeneous film, it dis-
CH1—R%, [Dpy = (1.20/1.58( w/2+ Qm)]}2 sipates power in absorption and diffuse scattering. Then the
m resulting loss of poweP is given by
=CoiAl? ©)
and P=1-R-T, (11

Rmin(E=1.58 eV)—R%. (Op =72+ Qm)

min

CH 1= Ry PryL=7/2+Qm)]?

whereR andT are the reflectance and transmittance, respec-
tively, in the so-called speculfaf directions. Strictly speak-
(10 ing, P in Eq. (11) is the loss of power normalized to the

:Co2A|2,
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incident power. From now on, whenever we use the term Taking this approximation into account, and applying a
“power,” we mean the normalized power. incoherence treatment ¥ to consider the effects of non-
In order to deriveP given in Eq.(11), we need to cope parallel interfaces and microstructure, we get
with the different factors of inhomogeneity and dissipation
present in the film. Let us consider normal inhomogeneity as P(P)=P1(P)+Py(P), (133
in Sec. Il and deal with absorption through a spatially inde~, o0
pendent absorption coefficieat At this stage, the calculated
loss of powerP? is specified by this particular absorption 1 9°P¥ D)
coefficient and the particular index profile introduced by nor- Py(®)=P%(®)+ ¢ TASDZ (13b)
mal inhomogeneity. ¢
Next, let us consider lateral inhomogeneity. At this stageand
special attention is required as this patricular type of inho- oy
mogeneity needs special treatment. Lateral inhomogeneity, p.(@)=| DX 19°Dy(®)
through the microstructure inside the film and the surface 2(®)={ DU(P)+ 6 dp°
roughness, dissipates power in diffuse scattering. In good- _ _ )
quality glow-discharge-Si:H films, and in the wavelength N P1 we recognize an absorption term andAp a diffuse-
range of interest to this study, the microstructure dissipateScattering term. Both dissipative terms bear the indirect in-
negligiblé®1” power. Thus, the only underlying reason for fluence of th'e fgctors of normal mhomo.genelty apéhco-
diffuse scattering is surface roughness. In taking this intd'€rénce, which in themselves are nondissipative.
account, we deal with the two foregoing factors of lateral
inhomogeneity in different ways. While we tackle the micro- B. Imperfection-induced effects on power-loss spectra
structure just as @ incoherence source through an averaging | this section, we demonstrate the effect the different
similar to that of Eq.(1c), we treat surface roughness as ajnhomogeneity and dissipation factors have on power-loss
diffuse-scattering source through the employment of scalagpectra. We start by considering the effect of absorption for
diffraction theory? One should note that @ incoherence an entirely homogeneous film and next we consider the
treatment like that of Eqilc) is a power-nondissipative op- changes that occur on introducing normal inhomogeneity,
eration in itself. As such, it is inadequate to account for anyincoherence, and surface roughness. As we shall see below,
diffuse-scattering losses and thus inappropriate to represeghsorption and surface roughness are the factors that most

the effect of roughness. The calculated loss of poRef  ¢cially affect power-loss spectra. This is natural, as, unlike
derived from applying scalar diffraction theory to all three | other factors, they dissipate power.

interfaces of the film-substrate system considered is given by The spectrum shown by the solid line in FighBdem-
S o oy o onstrates the effect of absorption for an entirely homoge-
P#7=P?+Djoi+D305+ D505 (120 neous film. The absorption coefficieafE) producing this
spectrum is illustrated in Fig.(8). In the lower-energy re-

o stands for the rms height of surface irregularities. Theyion, the dissipative mechanism of absorption is very weak
subscript 1 labels the air/film interface, subscript 2 the film/gy,e to extremely smalk, so P~0. At higher energiesP

substrate interface, and subscript 3 the substrate/air interfacgcreases sinca increases. However, as well as this overall
The derivation of Eq.(12) presupposes thafoj/N<1, | rend, one observes an oscillatory behavior. Unambiguously,
=1,2,3, where is the wavelength of light. On the other the smooth and featureless energy dependenaghyf itself,
hand, for a scalar approach to be valid, the radius of curvagoyld never explain such behavior. This is an interference-
ture of surface irregularities should be much larger than thg,quced effect explained as follows.
wavelength of light. This entails thék o /£7<1,j=1,2,3, In the absence of absorptiafi,q,ng, the amount of energy
where¢; is the autocorrelation length of surface irregularitiespound inside the film, is adjusted by the interference of
at interfacej. For typical value¥' of the parameters; and  waves that come and go between the air/film and the film/
&, both of the foregoing conditions are fulfiled in the wave- substrate interfaces. Because of constructive interference,
length range of interest, thus justifying the chosen treatmeng, | . is maximized at{®=qm, qeN}, while because of
of roughness. destructive interference it is minimized &b=qn+ 7/2, q

In Eq. (12, Dfo? equals the power diffusely scattered at e N}. Upon introducing absorption, the mofiess Epoungis
interfacej. DJ-Z are complicated functions of the index pro- available in the film, the moréless energy the absorption
file. Consequently, diffuse-scattering losses are determinedissipates, In the higher-energy regi¢hreaches a plateau.
not only by o; but also by the index profile. Anyway, the In this region, due to large, light penetrates only an epider-
important thing to be noted is that losses at an interface deamic slice near the air/film interface. Then it is well known
pend greatly on the refractive-index contrast at that interfacethat P~1—[(n—1)/(n+1)]?, wheren is the refractive in-
The higher the contrast, or, which is equivalent, the reflecdex of this epidermic slice. The observed plateau reflects just
tivity, of an interface the larger the amount of power dif- the constann. As light penetrates a small distance inside the
fusely scattered. Air/film is the most highly reflective inter- film, no light reaches the film/substrate interface. Thus no
face, and also the roughéét.The main contribution to wave interference takes place and, consequently, no fringes
diffuse scattering coming from this interface, one can omitappear.
in Eq. (12), the negligible contributions from the other two.  The solid line in Fig. 8) changes into the dash-dotted
The square dependenceRf” on g lends further supportto  line upon introducing normal inhomogeneity apdncoher-
this approximation. ence. Either inhomogeneity factor is nondissipative on its

A ¢? O'i. (130
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12 14 16 18 20 22 thickness of the film is 1.2um. The solid line is the theoretical
E V) simulation. The input simulation parameters were obtained from

analyzing the experimental spectrum in the way detailed in Sec. IV

FIG. 3. The absorption coefficient shown {a) is typical of  of the text. Use of the square root Bfwas prompted by the inten-
a-Si:H and was employed in the calculation of the power-loss spection to emphasize oscillations in the lower-energy region. These
tra depicted in(b) and(c). In (b), the solid line corresponds to an oscillations are a distinctive sign of a selective, roughness-induced,
entirely homogeneous film and the dash-dotted line to an inhomodiffuse scattering.
geneous film in which normal inhomogeneity apdincoherence
have been introduced. Surface roughness is ab&grtorresponds
to a fully inhomogeneous film. Normal inhomogeneity apéhco-
herence as well as surface roughness are all taken into account.
all calculations the total thickneds, D=Dg + D+ Dg, as

the lower-energy region, however, absorption is very weak
and the effect is clearly visible. Evidently, surface roughness
H}oduces oscillations. This peculiar behavior is a clear sign
well as the average retractive index n= (N Dy + Moy of diffuse—S(_:attering losses, Which occur in.a sglectivg man-

’ ulk=buk —ner, According to the graph, diffuse scattering is maximized

+ng, Dg)D "%, are taken to be identicain=3.7 and D = I S .
=2.4um. The same is also true of the index of the substrate;at{q)_qw’ ge N}, whereas it is minimized, almost vanish-

Newe=1.5. The other input parameters are 1, dash-dotted line, N9 at {®=qm+m/2, e N}. The physical interpretation
NeL =4, Ngy =3.4, Dy =Dg, =200 nm, andAl=50nm; in (c) underlymg_tms interesting be_hawor is as follpws. Diffuse
o,=3 nm with all other parameters identical to those of the dashScattering is produced by thaisorderly positioning of the

dotted curve of(b). Use of the square root ¢ was prompted by  €lectric dipol_e moments which are indgce_d at tbegh sur-
the intention to emphasize oscillations in the lower-energy region oface of the air/film interface. The electric field of the electro-

(c). These oscillations are a distinctive sign of a selective,magnetic radiation provides the necessary driving force that
roughness-induced, diffuse scattering. induces these moments. Due to wave interference inside the

o ] film, the amplitude of the electric field exhibits spatial oscil-
own, so when the only dissipative mechanism, namely, theysions. Whend =g, the electric field amplitude takes a

absorption, becomes very wedks=0. This is the case in the  aximum value at the air/film interface, thus giving a con-
lower-energy region, where the dash-dotted line coincidegjgeraple boostlarge oscillation amplitudeto the dipole

with the solid one. At higher energies, we observe smallyoments, which in turn produce a sizable diffuse-scattering
differences. The dash-dotted line appears to be shifted relasfect. However whenb =g+ /2, the electric field am-

tively to the solid, and its interference fringes are damped iryjiyude almost vanishes at the air/film interface. Then the
comparison. Damping is due tp incoherence and shift 10 gihge moments are little activatggmall oscillation ampli-

normal i_nhom_ogeneity. Shift results in_ lowering of the _pla- tude, and, naturally, produce a negligible diffuse-scattering
teau, evident in the higher-energy region. As we mentionedect This peculiar behavior gains in significance as it is

above, in this region> depends only on the refractive index .qrroporated by experiment. Figure 4 provides indisputable
near the air/film interface. Thus the lowering of the plateauyigence on that point.

reflects just the different indices near the air/film interface
for the two cases depicted.

One should note that power loss is little affected by intro- IV. EXTRACTION OF THE ABSORPTION COEFFICIENT
ducing normal inhomogeneity and incoherence. This is
especially true in the lower-energy region. This picture is in
complete contrast with the picture we obtained about reflec- In analyzing optical spectra to extraaE), it is a com-
tance in Sec. Il. mon practice to neglect imperfections and deal with an ideal

In the spectrum shown in Fig(®, we consider the effect specimen. Within the limits of this simplification, several
of surface roughness. In the intermediate- and higher-energyethods have been proposed. Amongst them, the best seems
region, this effect is obscured by the effect of absorption. Irfo be that® employing the transmittance-maxima envelope

A. The optical method
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FIG. 5. (a) The solid line is the absorption coefficient extracted
from analyzing the calculated power-loss spectrum illustrated in
Fig. 3(c). Open circles demonstrate the true absorption coefficient

that was used to generate the spectrum. The method of analysis is
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detailed in Sec. IV of the text. Intense fluctuations observed on the |G, 6. The solid line is the absorption coefficient extracted

solid line in the lower-energy region demarcate the application lim-om the analysis of the experimental power-loss spectrum depicted
its of the method. The arrows show points at which the analysisyy open squares in Fig. 4. The method used is detailed in Sec. IV of
induced errors almost vanidlerror-free points The result of the  ne text. Error-free points are illustrated by solid squares. The result

conventional method of analysis, the dotted line, is given for com+f the conventional method of analysis, the dotted line, is given for
parison.(b) The solid line is the absorption coefficient extracted comparison.

from analysis of the calculated power-loss spectrum depicted by the
dash-dotted line in Fig.(8). Open circles and dashed line have the
same meaning as i@®).

where

Tmax t0 extracta(E). Tax IS highly sensitive to absorption.
However, it is highly sensitive to all kinds of imperfections
too. The former sensitivity constitutes a good reason for us-

ing the method. The latter, however, proves a serious handand

cap that greatly harms its efficiency, especially in the region
of low absorption. This is clearly demonstrated in the two
graphs of Fig. 5. In either graph, the dashed linea(&)
obtained from applying the foregoing method to calculated
optical spectra. Note the large deviation from the true ab-
sorption coefficient, the open circles. That deviation is due to
the disregard of imperfections in the analysis. Evidently, the
region most seriously affected is the region of low absorp-
tion. There, the dashed lines show a thoroughly false behav-
ior by ending in long absorption tails. An identical false be-
havior is obtained from the analysis of experimental spectra
also, as evident in Figs. 6 and 7.

On facing this problem, we developed an improved opti-
cal method, employind® instead ofT,,,,. This choice was
prompted by a simple but important observation, which
promised a beneficial simplification. The observation is that
P, unlike T,y is little affected by normal inhomogeneity
and ¢ incoherence. This is especially true in the critical re-
gion of low absorption. Indeed, noting thBt,,,~1—Rqin, IN
this region, Figs. 1 and 2 leave no doubt about the large
effect onT,,a; ON the other hand, Fig.(B) clearly shows a
small effect onP. Thus, in employingP in the analysis of
optical spectra, one is tempted to disregard normal inhomo-

the efficiency of the method.

P(E)=P%E)+DJ(E)o?, (149
PO(E) = Po(n(E)ya(E)unsubSaD) (14b)
D(E)=DJ(N(E),a(E),Ngyps D) (140
10“E
10°F
‘TE [
=
10°F

1.7 l 1.9
E (V)

C _ : FIG. 7. The solid line is the absorption coefficient extracted
geneity andp incoherence. As we shall see in Secs. IV B andfrom analyzing the experimental power-loss spectrum of an un-
IV C, this beneficial S|mpI|f|cat|0n is of relatlvely low cost to doped glow-discharga-Si:H film. The thickness of the film is 4

pum. The method of analysis is detailed in Sec. IV of the text.

Disregarding in Egqs(13a—(130) the inhomogeneity fac- Error-free points are depicted by solid squares. The result of the
tors in question, we deal with the following simplified ex- conventional method of analysis, the dotted line, is given for com-
pression forP: parison.
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The superscript 0 denotes the complete absence of normalo terms of Eq.(139. One is then curious about whether
inhomogeneity. P(E) depends on the following param- the simplification made upoR; and the simplification made
eters:n(E), the refractive index of the filmg,;,s, the refrac-  upon P, are both equally responsible for the artifact of the
tive index of the substratd), the thickness of the filmg, fluctuations. In order to find out, we analyze the spectrum
the rms roughness at the air/film interface; aa(@), the depicted by the dash-dotted line in FigbB Note that for
absorption coefficient. Note that the only imperfection takerthis particular spectruna;=0, or, which is equivalentP,
into account is surface roughness at the air/film interface. In=0. SinceP, is missing,P; remains as the only term gen-
analyzingP(E), ng,,sis considered to be a known parameter erating that spectrum. Analysis gives the absorption coeffi-
as, in practice, it can always be measuaegkiori in a sepa- cient depicted by the solid line in Fig(5. Evidently, the
rate experiment. The remaining unknown parameters are déine is in excellent agreement with the true absorption coef-
termined as follows. In the first place, one calculat¢k) ficient, the open circles, within the entire energy range con-
andD by using a methald based on the equations governing sidered. That means that, as farRasis concerned, the sim-
interference extrema. Next, one calculates from the  plification of disregarding normal inhomogeneity angl
amount of the power diffusely scattered. This amount is deincoherence in the analysis is of no cost to the extracted
rived from Eq.(14a by puttinga=0. Noting thatP®=0 for ~ a(E). Thus, it is that same simplification, but imposed on
a=0, we get P,, that produces the artifact of the fluctuations. Note that
this conclusion has a general value, as it was verified not
P(E)=D{(N(E),Ngyps D) 5. (15  only in the case considered here but in many different cases.
At certain points, shown by arrows in Fig&, very good
greement with the true absorption coefficient persists, de-
pite fluctuations. At these pointB=q#w+ /2, qe N. As
xplained at the end of Sec. Il B, diffuse scattering almost
vanishes at thes® values, thus implying thalP,~0. Con-
sequently, the reason for the artifact being missing, the error
in the extracteda is missing. Note that at the specifib

in Figs. 3 and 4, the diffusely scattered power is maximize
at specific energy positions. By choosing the Iowest—energ%
P maximum, which is safely free of any contributions com-
ing from absorption, we calculate; through Eq.(15). Fi-
nally, the only unknown parameter left, name8(E), is

extra_cted by using Ec{14a)._ . . . values the analysis gives excellent results by just treating the
It is very important to notice that, in analyzing experimen- g, .-« i it were ideal

tal da.ta,. thg efficiency of this. method crucially depends on As well asa(E), the analysis also estimates,. The
the elimination of a ;ystematlc error from' the measured re's'mplifications made introduce a small error of less than
flectance. The latter is defined as the ratio of the measured 1 nor in its estimation.

flux reflected off the film to the measured flux incident on the

film. The problem arises from the fact that incident and re-

flected fluxes reach the photodiode following different paths. C. Analysis of experimental optical spectra
Fluxes are directed toward and are finally focused on the _ -
The experimental power-loss spectrum, shown in Fig. 4

active area of the photodiode by different sets of mirrors. . .
Qy open squares, was taken from measuring a slightly boron-

Because of this, it is necessary to correct the measured r S . ) . .
flectance by a factor taking into account the different reflec:doPeda-Si:H film with thickness 1.2um. Analysis of this

tivities of the two mirror sets. By removing this systematic spectrum giv_es the z_absorption coefficient depiqted _by the
error, the previoust 0.5x 10-2 experimental error irP is solid line in Fig. 6. Evidently, all the features obtained in the

reduced ta 0.5 10~3. Note that the reflectance correction 2121¥Sis of calculated spectra are obtained again herle. The
verall linear dependence obtained between 10 addr0

factor is wavelength dependent. The proper way to measurd/ral fin X S
it will be presented elsewhef8. is indicative of good.results. Flgctuatlons, clearly visible in
the lower-energy region, are a sign of the presence of normal
inhomogeneity ang incoherence. To exclude the possibility
of this artifact being merely a random effect produced by
Before analyzing experimental spectra, we test the effiexperimental noise, we repeated measurements. In analyzing
ciency of the method detailed in the previous section orthem, we got again an identical spectrum. This coinci-
calculated spectra. The power-loss spectrum of Fg) 3  dence, being contradictory to the random nature of noise,
very appropriate. All of the normal inhomogeneity,inco-  excludes the possibility of noise being the origin of the arti-
herence, and surface roughness were taken into account in fi&ct.
calculation. Analysis of this particular spectrum produces the Regarding roughness, the analysis givgs- 1.3 nm. This
absorption coefficient depicted by the solid line in Figg)5 value is in very good agreement with the true value
The first positive indication is the significantly increased ef-=1.2 nm, which was measured by atomic force microscopy.
ficiency of this method as opposed to the inefficiency of theSuch a good agreement was obtained in all cases examined,
conventional method. Evidently, the solid line is much closero; always deviating by less than10% from the true value.
to the true absorption coefficient than the dashed line. The An important prediction of the analysis finds experimental
false absorption tail is removed. However, intense fluctuasupport in Fig. 7. The spectrum shown by the solid line is
tions, observed in the lower-energy region of the spectrumextracted from the analysis of data that were taken by mea-
demarcate the success limits of the method. These fluctuauring an undoped-Si:H film with thickness 4um. Solid
tions are indisputably due to the disregard of normal inhosquares lie in positions wherk =g+ 7/2, ge N. Notice
mogeneity andp incoherence in the analysis of the data. Lettheir extremely low scattering in comparison to the ampli-
us recall that this simplification is made iy and P,, the  tude of the fluctuations themselves. They all lie in an almost

As discussed in detail in Sec. llI B and clearly demonstratetdﬁ

B. Analysis of calculated optical spectra
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perfectly straight line. As explained in Sec. IVB, 4t TABLE I. Eq(meV) derived in order to compare the current
= qﬂ-+ 77-/21 ge N, the extracted is essentia”y error-free. Opth&' methoc{COM) with PDS and CPM. In denvm&o frcirln the

In Fig. 7, the low scattering of the solid squares corroborate§©OM we use(@ the full a-spectrum between 10 and@m, (b)
this very fact. only the error-free points detected within the same range.

In the region extending froma~10 cm ! to a~10°

cm 1 that is, the Urbach region, the exponential character of Meéh(c)u:\lﬂ PDS CPM
the absorption edge gives rise to an important parameter that

is a measure of the total disorderstatic and thermal, Film (@ (b)

present in the film. This is the so-called Urbach parametet -

E,. The sharper the absorption edge, the sméajgrand, in Boron-dopeda- Si:H 56 53 >4
turn, the smaller the disorder present in the film. In the Ur- Undopeda-Si:H 53 47 49

bach region, by applying linear regression t@(g), we de-

rive Eo from the slope of that linear regressionEy s 2021 These artifacts, again manifested as fluctuations

_ 71 . . . .

=(9Ina/dE) . As evident in Table I, artifacts induce a j, yhe exiractech(E), are averaged oftin order to give a
small uncertainty in the derivelfl,. The most accurate value 0 her curve. Given that the CPM and PDS are normal-
is expected _vvhen the linear regressmn.cqnﬁder; only theq to the optical measurement in the high-absorption re-
error-free points a® =qm+ m/2, ge N. This is possible as  gion E provides a safe criterion of comparison. As evident

long as the film under investigation is not too thib,  j, 1apie |, our optical method is in good agreement with
=1.5um. Then the number of error-free points detected,q i, the CPM and PDS.

within the Urbach region is sufficiently larde=3) to make it
feasible for linear regression to apply.

In order to assure indisputable evidence of the efficiency
of the current method, we compare its results with those of The author thanks Professor Helmut Fritzche and Profes-
photothermal deflection spectrosco83DS as well as those sor Pere Roca i Cabarrocas for providing the films measured,
of the constant photocurrent methé@PM). It should be and Professor Petros Ditsas for useful comments on the final
noticed that the CPM and PDS are also not free frompresentation of this paper.
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