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Model for optical absorption in porous silicon
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In this paper we analyze the optical absorption in porous silicon. This is the first attempt to explicitly
demonstrate that it is not possible to extract the band gap of low-dimensional nanostructures like porous silicon
from a Tauc plot ofyafiw vs iw. SO we model the absorption process assuming that porous silicon is a
pseudo-one-dimensional material system having a distribution of band gaps. We show that in order to explain
the absorption we specifically need to invoke the followi@k is not conserved in optical transitior(§) the
oscillator strength of these transitions depends on the size of the nanostructure in which absorption takes place,
and(c) the distribution of band gaps significantly influences the optical absorption. A natural explanation of the
temperature dependence of absorption in porous silicon also follows from our model.
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. INTRODUCTION the density of statg(E)=N/\E (N is a constantthan the

. o ) common practice of using a 3D density of state. Clearly the

The discovery of efficient photoluminescefiédrom po-  jp0g in PS is expected to be different from that of bulk
rous silicon (PS has attr_acted the attention of many re- c-silicon. For a 1D system having a single direct band gap
searchers. The photolummescer_u_:e peak occurs at an ener, y7 it is easy to show that the JDOS is proportional to
greater than the band gap ofsilicon and can be tuned 9’ ————
through the visible spectrum by changing the preparatior{\” (E—Eg). In such a case, a plot Of(E) Vs E should
conditions. Canharh,proposed that PS is a nanostructuredP®@K atEq. On the other hand, for an indirect band-gap
material and the band gap of these nanostructures is eflaterial(@ssuming that the momentukis not conserved in
hanced due to quantum size effects. He argued that thi§iS pseudo-1D system in an optical transilioin is easy to
would account for the fact that the luminescence energy ishow that the JDOS is a constant and independent of incident
greater than the band gap ofilicon. Evidence for the in- energy(following Ref. 14. Therefore, in either casgaf
crease in the band gap was first reported by Lehmann—froris not linearly related withhw at all. Clearly the use of Eq.
optical-absorption measuremeAtsransmission electron mi- (1) to extract the band gap is not justified for PS.
croscopy measurements reveal that the diameter of the co- (2) The nanostructures that make up PS have a
lumnar nanostructures that make up PS depends on prepaudistributiorf>® of diametergd). If the band gap is related to
tion conditions and can be as small as 2—44MPS can  quantum size effects, then it is clear that the energy upshift
hence be thought of as an assembly of pseudo-onexE (which can be written adE=C/d¥) is different for
dimensional(1D) quantum wires. The progress in this areaeach of the nanostructures that make up PShe value of
has been the subject of many recent reviéWsn this paper X in the simplest approximation is 2; further details of this
we confine ourselves to the understanding of the opticalare discussed in Sec. Mllin PS, we are actually dealing with
absorption process in PS. a heterogeneous system with a distribution of band gaps.

There have been many attempts to obtain the band gap efence it may not be meaningful to visualize PS as having a
PS from optical-absorption measuremehts.In these mea- single band gap and that this can be extracted from(Bq.
surements the authors assume that the absorption coefficient At this junction, we would also like to point out that the

(a) of PS satisfies the same relation as in three-dimensionalpove objections against the common practice of dgﬁg

(3D) bulk c-silicon, viz., (1) to get the band gap are equally valid in case of other
) low-dimensional systems like quantum dots, etc.
Vahio=D(ho—Ey). 1 In an attempt to address these questions we have investi-

gated the optical absorption in PS specifically using the 1D
The Tauc plot(Vah o vs fw) is a straight line and the density of states. In this paper we clarify the absorption pro-
intercept on the energy axis gives the band Bgp The use cess in PS assuming that it has a distribution of band gaps.
of this equation for a one-dimensional system like PS sufferSection Il contains the experimental results which will be
from the following criticisms. used for comparing our simulations. Here we report a non-
(1) In general, the absorption coefficient depends on thelestructive way of measuring the porosity of PS thin films
joint density of states$JDOS of the material. Equatiofil) is  using transmission measurements and effective-medium
valid only when the density of statggE) varies* with en-  theory. Section Ill outlines the model used for calculating
ergy near the band edges @&)=M JE, whereE is mea- optical absorption and Sec. IV gives the results of our simu-
sured from the band edge aMlis a constant. If we treat PS lations. On the basis of the simulations we will further con-
as a 1D materialup to a first approximation assuming para- solidate our viewpoint that the Tauc plot cannot be used to
bolic band structureit would be more appropriate to write determine the band gap of low-dimensional systems. We
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also show that we can easily explain the temperature depen- T T
dence of the absorption in PS using our model. Finally we |
summarize our conclusions in Sec. V. 0

O

Il. EXPERIMENTAL RESULTS 1000 - o> g

We have done some experiments to facilitate the compari-
son of our simulations with real experimental data. PS is
made by electrochemical etching ptypec-Siin a 1:1 HF:
ethanol solution at a current density between 10-50
mA/cn?. Free-standing samples are lifted off the substrate by
increasing the current density 16200 mA/cnf. The samples
are then washed in water to get rid of HF, rinsed in 100 = .
n-pentane, and finally air dried on a glass substrate for trans- ]
mission measurements. L

Transmission measurements are carried out using a CVI 1.5 20 25
240 Digikrom monochromator with a tungsten lamp as a
source, silicon detector, and SR 530 lock-in amplifier. For
some samples we also use a Cary 1756 spectrometer. We
have checked that internal multiple scattering does not domi- FIG. 2. Temperature dependence of the absorption spectrum of
nate the absorption in our samples. This is done by makin%_type porous silicon. (a) 300 K and(b) 100 K.
two PS samples of two different thicknesg&sand 10um,
respectively and ensuring that the transmission curves are
the same for both samples at low absorpfibn.

The absorption coefficien#(\) as a function of wave-
length X is obtained from the normalized transmittarige.)

a(E) (cm-1)

Energy (eV)

The porosity of PS is usually determined by gravimetric
measurements which destroy the sample. We now show that
the optical transmission experiment allows us to measure

using™* porosity in a nondestructive fashion.
) The normalized transmittandén Eqg. (2)] for a=0 re-
Toy= (1-R)“exfd —a(M)(1-P)t] (7 ducesto
- 1-R?exg —2a(M\)(1-P)t] "
_(1-R) C1-T
The reflectivity(R) is obtained in the lowx region using TL_(1+ R %' R= 1+T.° &

the relationR=(1—T)/(1+T). Pis the porosity of the layer
andt is its thickness. If nis the real part of the refractive index, then we can

also write for the reflectivityfor «=0) as

1-0 L LA L L DL DL R L B B 2
I S 4
> 09 O (a) 1 I (4)
‘D 0.8 - O (b) - o
o L It follows from Eq. (4) that the refractive indexng of
o 0.7 . PSis
Q L
b~ - —
g 0.6 i 1+ \/ﬁ .
Nps=—~—.
% 0.5 i 'e) _ PS 1_ \/ﬁ
> L _
ko] 0.4 L We model PS as consisting of two media—{diaving a
% 03 — refractive index 6,,=1)] and crystalline silicon rfg;
S r =3.44). It was shown earlitt that in the framework of the
o 02T ] effective-medium approximation one can write
@©
0.1 i
© (eps—1)/(3ep = (1= P)[(es— 1)/ (2epst €], (6)
0-0 YR NN SR NN WU N SN TR NN TR N SR ST SO ST S N . . . .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 where P is the porosity and the dielectric constagt n?

FIG. 1. Porosity calculateldising Eq.(7)] from the transmission

Experimental value of porosity

Therefore,

P=1-[(2€pst€s)(eps— 1)/ (e5—1)(3€pgd].  (7)
The porosity can now be obtained using E@B.to (7).

curves is plotted against the corresponding gravimetrically deter- To check the validity of Eq(7), we calculate the porosity
mined values of porosity. The points fall nearly on a straight line offusing Eq.(7)] and compare it with the corresponding values
slope one(a) Data from Ref. 9 andb) data from Ref. 16.

of P obtained gravimetrically. Figure 1 is a plot of the po-
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rosity determined from the transmission curves and the cor- 10— 7
responding experimentally determined porosity by gravimet-
ric measurements as reported in the literaftfeWe see
from Fig. 1 that the points nearly fit a straight line with slope
one. We hence conclude that optical transmission measure-
ments can reliably be used to obtain the porosity of porous
silicon in a nondestructive fashion.

Figure 2 is a plot ofa(E) vs E at 300 and 100 K. The
absorption at low temperature is reduced with respect to that
at room temperature. We see that the two curves exhibit a
rigid shift in agreement with other resul3 An explanation
of this phenomena on the basis of our simulated results is
given in Sec. IV.

We now attempt to understand the optical-absorption pro-
cess in PS with the help of some model calculations and
simulations, assuming that these 1D materials have a distri-
bution of band gaps.

P(d) (arb.units)

Ill. A MODEL FOR ABSORPTION IN PS o
HAVING A DISTRIBUTION OF BAND GAPS (d)A

We mo_del the nanostructures that_ make up PS to be 1D FIG. 3. Size distribution of the column widtlig) for a Gaussian
parallelopipeds of square cross sections of sid#nd con-  41qp) for a lognormal distribution of widths, havirgy=30 A and
stant lengthL. Sinced is typically 20-40 A, the band gap of ,—4 A
the material is enhanced due to quantum size effects. We
assume that the effective band gépwvest energy gapfor a

particular parallelopiped is the minimum separation between |5 our model we have considered two possible distribu-
the conduction-band and the valence-band states for quantuiidn of sizes. One is Gaussian and the other is logndimal
numbersn,=1 andn,=1. We also assume that the absorp-gistribution given byPS(d) andP"(d), respectively,

tion takes place in the bulk.

The absorption coefficient(E) for a particular value of 1 (d—dg)?
incident energyE can be written as PC(d)= —exp( - —;) 9)
(V2Ilo) 20

a(E):f p(E—Eg)F(Eg)P(Eg)dEg, ®) whered, is the mean size and thethe standard deviation,
G

PH(d)= ) (10

1 ex;{ [In(d)—mg]?
where the integration is done over all the band of i T o2
the system bel%w the incident energyln Eq. (8),?)%)t(he ULd\/ﬁ 2ot
joint density of statesi-(Eg) the oscillator strength for the \yhere my=In(d,), and o =In(c), do being the mean size
optical transition, and®(Eg) the distribution of band gaps and o the standard deviation.
Eg in the material. We now discuss E@) in some detail. Electron microscopy measuremeritd? suggest that for
We have already pointed out in Sec. ,gtE)=N/\E  pPS,d, is around 30 A andr~4 A. Figure 3 shows the

then the JDOS () is proportional to E—Eg)~". The distribution of sizes for lognormal and Gaussian distributions
value of W depends on whether PS is a direct or an indirecfor dy=30A ando=4 A.

band-gap material. For direct band-gap matétat 0.5 and The energy up shift for the confinemehE can be writ-
for indirect band gap materia/=0. ten as

F(Eg) is the oscillator strength governing the absorption.
For indirect band-gap material, the oscillator strehgtian AE:EG—E9=C/dX, (1)

be enhanced for smatl. This happens because the overlap

between the electron and hole wave functionskispace whereE, is the crystalline Si fundamental indirect band gap

increases as a result of quantum confinement and contributesl.17 eV andE is the increased band gap due to quantum

to an increase in the oscillator strength at smgllargeEg) confinement.

and can be writte!¥!° as F=f/d”, wherey=5 to 6. This The value ofX is 2 in the usual effective-mass approxi-

manifests itself as the dominant no-phonon line which hasgnation. However, for nanocrystals, the effective mass itself

been seen recently in the luminescence spectra ¢f PS. becomes size dependent and the exponéhias been re-
The third term in Eq(8), viz., P(Eg), is the distribution  ported to vary from 1.2—1.8 and becomes 2 at large ‘$iz2.

of band gaps in PS. The band-gap distribution is obtained b{for the purpose of our simulation we consider two ca&®s:

assuming a distribution of sizes fdrand a relation govern- X=2, C=486eV/A? (Eg,=1.71¢eV ford=30A) (Refs. 22

ing the upshift in energ E with the sized (due to quantum and 24 and (b) X=1.4, C=126 eV/A*(Eg,=2.25¢eV for

confinement d=30A) (Ref. 23.
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of dipole oscillators in each case. We now make a change of
variable fromd to E¢ (usingEg=E4+ C/d”) to get the cor-
responding distributiof?(Eg) of the band gaps.

For a Gaussian distribution of sizg&g. (9)]—the distri-

1.00

0.75 - i i
E I bution of band gaps is
c
_3 i PS(Eg)=Po(Eg— Eg)(—x—s)/x
< 050 (EGO— Eg\¥* 12
m » xXexp —A | ———| —-1] 1, 12
2 W’ Ec—Eg } (12
o

where P, is a normalization constanf=0.5(d,/0)?, and
Ep is the maximum value o .

Following a similar procedure for the lognormal distribu-
tion [Eq. (10)] we have

0.25 |

0.0 0.5 1.0 15 2.0 PY(Eg)=Ro(Eg—Eg) X2yt

In(C/Eg—Eg) ™™ L
In(C/Ego—Eg) ™™

2

, (13

AE (ev) X exp[ -B
FIG. 4. Band-gap distribution for corresponding size distribu-
tion given in(a) and(b) are for Gaussian distribution fot=2 and whereR, is the normalization constarB,zO.S(mo/oL)z.
1.4, respectively. (¢ and(d) are for the lognormal distribution for Figure 4 shows the distribution of band gapE ) when
X=2 and 1.4, respectively. the energy upshift is given fot=1.4 and 2. For the lognor-
mal case, we see thB{(Eg) peaks close to the band gap of
The interaction volume of the column structures with in-c-si. Equationg8), (12), and(13) are used to calculate(E)
cident light isV(d)=Ld?. The resulting distributiorR(d) for each incident energf =% w.
=P(d) X V(d) is properly normalized to have equal number «(E) for a Gaussian distribution of sizes is given by

EGO_ Eg l/)(_:L
Ec—Eg

2
ozG(E):aofEb(E—EG)*W(EG—EQ)W*H)’X exp[ ~A ]dEG, (14)
0

where «g is a normalization constant.

For a lognormal distribution of sizes(E) is
Ep IN(C/Eg—Eg4)** 2
L _ _ -W, _ [(y=X-2)/IX] .—1 . g .
a-(E) ,Bofo (E-Eg) "(Ec—Ey) oL exl{ B(In(C/EGO—Eg)l’X 1

dEg, (15)

where B, is a normalization constant. Equatiofisd) and  basis of the above model. The values of various exponents
(15) are used to simulate various possible absorption profor different physical situations are summarized in Table I.
cesses.

A. Direct band gap

IV. RESULTS OF THE SIMULATION . .
Figure 5 showsy(fiw) vs fiw for a direct band gap mate-

In this section we present the results for the absorptiomial wherek is conserved in the optical transition and no size
coefficient as a function of energy for different cases on thalependence of the oscillator strengths=0) is considered

TABLE I. We have considered these physical situations in the model for the optical absorption in porous
silicon for direct transitionsVV=0.5 and indirect transition®¥V=0. The value ofy is taken as 6.0 for
size-dependent oscillator strengths and zero for the size-independent case.

Gaussian distribution i Lognormal distribution ind
Case Value o Nature of transition Case Value of Nature of transition
1 2.0 Direct 5 2.0 Direct

2 2.0 Indirect 6 2.0 Indirect
3 1.4 Direct 7 1.4 Direct
4 1.4 Indirect 8 1.4 Indirect
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FIG. 5. Simulateda(E) vs E plot for direct transitions ¥ FIG. 6. Simulatedx(E) vs E plot for indirect transitions. (a)
=0). Plots(a) and(b) are for case$l) and(3) in Table I. Plots(c) and (b) correspond to cas€) in Table | for y=0 and 6, respec-
and(d) are for case$5) and(7) in Table I. tively. (c) and(d) correspond to cas@) in Table | for y=0 and

6, respectively. (e) Measureda(E) vs E plot for p-type PS.

(cases 1 and 3 and cases 5 and 7 in Tapldd facilitate
comparison between various cases, we have normalized thgowever, P(Eg) falls off as Eg increases. Nanostructures
absorption to its peak value in each case. We see from thgaving a band gapH;;) above a certain cutoff in enerdin
figure that the absorption tends to fall off at high enefigy  the high-energy tail of the distributiordo not contribute
sharp contrast with the experimental dafghese results of = significantly to a«(fw) [as P(Eg) is very small. This gives
the simulation can be easily understood as follows. rise to the saturation ok(E) in Figs. §a) and Gc). This

For a 1D system, the JDOS has a singularitfeatEs  saturation is more obvious in Figs(aJ and 7c) because
and falls off forE>Eg . The dominant contributiofto each  p(E) falls off very rapidly for a lognormal distribution of
a(E)] is hence only from a particular set of nanostructuressizes. These results also do not agree with the experimental
with band gapEg, whereE=Eg and all otherEg’s have  data.
almost no contribution. So the simulated E) vs E plot The situation is not remedied even if we include higher
mimics P(Eg). We hence conclude from the simulation and excited statesr(,=2, n,=1, etc) in the energy range con-

the experimental data that PS is not a direct band-gap mateidered in our calculation. Based on the above discussion, we
rial and we will not consider this case further.

6000 — 11—
B. Indirect band gap s

We now consider the case when momentdn is not 5000 |-
conserved for the optical transition. Here we discuss two
cases—size-independent oscillator strengths=0) and
size-dependent oscillator strengilassumingy=6).

We first consider the situation where the oscillator
strength has no size dependence. FigufewBves(a) and
(c)] is a plot of the calculated vs #w for a Gaussian distri- X
bution of sizegcases 2 and 4 of Table. IFigure 7[curves 2000 -
(a) and(c)] is a plot of the calculated vs A for a lognor- I
mal distribution of sizeqcases 6 and 8 of Table.lAlso
shown in the figures is a plot of the experimental curve for a
p-type PS.(The dip in @ near 2.2 eV in the experimental i
curve is an artifact related to a filter chang&o facilitate 0
comparison, the calculated is scaled to match the experi-
mental curve near 3 eV. We see from the plaf@) Gnd Gc)
that « initially increases with energy and then saturates—at Energy (eV)
variance with the experimental results. We understand this
result qualitatively as follows. In Sec. I, we have already F|G. 7. Simulatedx(E) vs E plot for indirect transitions. (a)
mentioned that the JDOS is a constant independent of energynd (b) correspond to casés) in Table | for y=0 and 6, respec-
for hw>Eg and zero forhw<Eg. Hence foriw>Eg, a tively. (c) and(d) correspond to cas@) in Table | for y=0 and
given nanostructure contributes equally at all energies.to 6, respectively(e) Measuredx(E) vs E plot for p-type PS.

4000 |

3000 |

o(E) (arb.units)

1000 |
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FIG. 8. (a) Simulateda(E) vs E plot for broad Gaussian distri- FIG. 9. Simulated plots of % )2 vs fiw for (@) y=5, (b) y

bution of band gapsEy,=2.25eV andog=0.75 €V} with indirect
transitions,X=1.4 and y=6. (b) Measureda(E) vs E plot for
p-type PS.

=5.5,(c) y=6.0, and(d) corresponding plot for the experimental
data onp-type PS.

temperature luminescence of PS excited near the peak of the

see that for to increase withia, it is necessary to increase Proad luminescence spectrum exhibits steps which have been
the contribution toa from the nanostructures in the high- @ssociated with the characteristic TO modecefilicon:
energy region ofe(E). This is possible if the oscillator More recently® well-resolved peaks corresponding to the
strength is enhanced for the nanostructures with ld&tge 1O mode of Si have been reported for luminescence of PS,
(smaller sizes suggesting that PS is an indirect band-gap semiconductor.

We now consider the case wh&{Eg) varies asf/d”. The observed dominant zero phonon component of lumines-
Figure 6[curves(b) and(d) for cases 2 and 4 in Tabl¢ oand  cence constitutes direct evidence for the enhancement of the
Fig. 7[curves(b) and(d) for cases 6 and 8 Tablg &re plots oscillator strength due to strong quantum confinement at
of a(fiw) vs hiw for y=6. For the Gaussian distribution that smaller sizes.
we have chosen, we see that the absorption still saturates We now comment on the validity of the procedure for
although the onset of saturation moves to slightly higher enobtaining the band gap of PS froffeh w Vs fo. Figure 9 is
ergy. This is a measure of the contribution of Uimégh en- 3 simulated plot of/afiw vs#iw (case 8 in Table)lfor three
ergy) tail of P(Eg) for the Gaussian case to the total absorp-gitferent values ofy and the experimental data qmtype
tion. For the lognormal distribution, we see from Fig. 7 samples. First, we note that the intercept of the linear portion
[curves(b) and(d)] thata(fiw) vsfiw now qualitatively l00ks ¢ each of the simulated curves is neither coincident with the
like the experimental curve. peak position(near 1.3 eV of the corresponding band-gap

From a comparison of Fig. 6 and 7, we find that in order . __ . = . : A
to get the absorption coefficient to increase with incidentdlstrIbUtlon (see Figure jnor close to the mean band-gap

energy, it is important that the contributions éofrom the energy E.O_.2'25 ev. S.O we see tha_t It is ver)_/_dlfﬂcult to
low-energy regions oP(Eg) do not dominate the optical relate_ thls mtercept with such physwal quaqtltles. Thgre-
absorption at largéw. This is also satisfied if the distribu- [Or€: It IS not obvious how to interpret the intercept with
tion of band gap®(Eg) is sufficiently broad. We illustrate SOMe kind “effective band gap.” We also note that the in-
this in Fig. 8 where we plot the calculated value fofor a  tercept depends on the choiceyoMe hence believe that the
Gaussian distribution of band gaps with the mean energy dftercept does not have the simple interpretation of a band
2.25 eV and a variance of 0.75 eV. Hence we find that th&Jap as defined for a homogeneous system. We would like to
nature of the band-gap distributioR(Eg) plays a crucial point out that for such a heterogeneous system the gap can be
role in determining the shape of the absorption spectrum. interpreted only in an operational sense likg; or Eq, (the

We conclude that to properly account for the optical ab-energy at whicha=10% and 1d cm™*, respectively de-
sorption in PS we need to assur® PS is a pseudo-1D pending on the value of the absorption coefficigfter cor-
indirect band-gap semiconductd®) the oscillator strength recting for the sample porosity
is size dependent and is given by a power l&d”; (3) the Finally we try to understand the temperature dependence
distribution P(Eg) also plays an important role. Lognormal of the band gap. To explain the rigid shift of the absorption
distribution of the nanostructures diameters in porous silicorturve with temperaturéto lower «), we argue thatg of
seems to naturally account for the absorption spectrum. each of the nanostructures follows a relatiég(T)=Egg

All these considerations are in general agreement with the- yT, whereE g, is the band gap at zero degrees Kelvin. We
results of luminescence experiments on PS. The lowassume that the change of the band gap with temperature is a
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T T T T T T V. CONCLUSIONS

OOO In this paper we have investigated and clarified the ab-
O O sorption process in free-standing thin films of PS. We have
o 0O o elaborately discussed that one cannot use (Eqto obtain
0O gQ O AAAA: the band gap of porous silicon. We point out that these ob-

o A 1 jections are also true for other low-dimensional nanostruc-

1000 -

1 tures like quantum wires, quantum dots, etc. One can easily
e} A ] generalize our resulf€Egs. (8), (14), (15)] and use them to
analyze the absorption process for other nanostructured ma-
100 50 o o (a) E terials too. For that purpose one just has to put the appropri-
AA O (b) ] ate density of states function and the size distribution in
i those equations.
A (c) 1 We have calculated the absorption coefficient as a func-
1 tion of energy assuming that PS can be modeled as a
10 | . | . | . pseudo-1D system having a distribution of band gaps. From
1.8 21 24 27 our calculations, we show that it is necessary to look at PS as
) ) ) ) an indirect band-gap material. To satisfactorily account for
the absorption, we need to invoke that the oscillator strengths
Energy (eV) has a size dependence. We also show that a lognormal dis-
tribution of diameters of the nanostructures that make up PS
FIG. 10. Simulatedx(E) vs E plots for various temperatures appears to account for the measured absorption spectrum of
(for case 8 withy=6). (8) C=126=Co, (b) C=1.25C,, () C  p PS. We can explain the temperature dependence of the
=1.5C,. Curves are rigidly shifted vertically from one another. absorption in PS on the basis of our model, too. We have
also shown that porosity can be inferred nondestructively
from a transmission measurement in the region of low ab-
consequence, like in bulk semiconductors, of the electronsorption.
phonon interaction and take=0.5meV/K. In our model,
changing temperature is equivalent to changing the value of ACKNOWLEDGMENTS
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