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We have determined the dielectric functions of ZnO:Ga and In2O3:Sn with different carrier concentrations
by spectroscopic ellipsometry. The dielectric functions have been obtained from ellipsometry analyses using
the Drude and Tauc-Lorentz models. With increasing Hall carrier concentrationNHall in a range from
1019 to 1021 cm−3, the dielectric functions of ZnO:Ga and In2O3:Sn show drastic changes due to increases in
sid free-carrier absorption in a low-energy region andsii d the Burstein-Moss shift in a high-energy region. The
analyses of the dielectric functions revealed reductions in high-frequency dielectric constant«` and increases
in plasma energyEp asNHall in the films increases. From a set of the parameterssNHall , «` , Epd determined
experimentally, effective massm* of ZnO:Ga and In2O3:Sn is extracted. In contrast to previous studies, we
found linear increases inm* with increasingNHall. When the variations ofm* with carrier concentration are
taken into account, carrier concentrations determined optically from spectroscopic ellipsometry show remark-
able agreement with those estimated by Hall measurements. Nevertheless, the electron mobility obtained from
spectroscopic ellipsometry and Hall measurements indicates rather poor agreement. We attributed this to the
presence of grain boundaries in the films. In this article, we discuss various effects of carrier concentration on
the optical properties of transparent conductive oxides.
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I. INTRODUCTION

Transparent conductive oxidessTCO’sd, such as doped
ZnO and In2O3:Sn, have become increasingly important by
recent developments of optoelectronic devices including so-
lar cells.1–3 Although a considerable number of studies have
been made on the TCO’s,4–41 there still has been a funda-
mental requirement for a clear understanding of physical
backgrounds that determine the optical constants of the
TCO’s. Such an understanding is of significant importance
for the interpretation and prediction of optical constants in
various TCO’s.

Nevertheless, the determination of optical constants has
been rather difficult in the TCO’s, mainly owing to three
physical factors includingsid a strong variation of free-carrier
absorption with carrier concentration,6,7,11sii d a shift of band-
edge absorption with carrier concentration,6–8 and siii d a
large dependence of carrier concentration on thin-film
thickness.9–14 In particular, both doped ZnO and In2O3:Sn
incorporated into optoelectronic devices generally have high
carrier concentrations of,1020 cm−3. At these carrier con-
centrations, however, light absorption by free carriers alters
the optical constants significantly in a range extending from
the near-infrared to visible region.6,7,11

In addition, when the carrier concentration in the TCO’s
exceeds the Mott critical densityf1018–1019 cm−3 in ZnO
sRef. 15d and In2O3:Sn sRef. 6dg, a semiconductor-to-metal
transition occurs and conduction band filling with free elec-
trons shifts the onset of band-edge absorption in the ultravio-
let regionsBurstein-Moss shiftd.6–8 Thus, by variations of the
free-carrier absorption and Burstein-Moss shift, the overall
optical constants change drastically in a quite wide range
from the near-infrared to ultraviolet region.6,7

The large dependence of carrier concentration on film
thickness further complicates the characterization of the
TCO’s. This variation is caused primarily by improvements
of polycrystalline grain structures with thin-film
thickness.9,10,13 Deposition methods and the type of doping
atom appear to have weak effects on the variation. In fact, all
polycrystalline ZnO films doped with B,10 Al,10,11 Ga,10,12,13

and In10,14 show a strong thickness dependence of electrical
properties up to a film thickness of,4000 Å.

Fortunately, the optical response of free electrons in the
TCO’s can be expressed successfully by the simple Drude
model.6,7 Moreover, from the analysis of free-carrier absorp-
tion using the Drude model, carrier concentration, mobility,
and conductivity can be deduced without the requirement of
forming metal electrodes on samples.42–44 In multilayered
structures, the characterization of each conductive layer be-
comes possible.45 From a real-time measurement of free-
carrier absorption, the dynamics of carrier generation during
thin-film growth can be determined.44 Thus, the assessment
of free-carrier absorption is quite important not only for the
physical understanding of free-carrier absorption but also for
the optical conductivity measurement.

An important phenomenon that has been observed in the
highly doped TCO’s is an increase in effective mass
m* .5,6,11,16–25Although m* can be extracted from the dielec-
tric function determined experimentally,m* reported for
doped ZnOsRefs. 11 and 16–18d and In2O3:Sn sRefs. 5, 6,
and 19–24d differs significantly. Furthermore, several studies
for doped ZnO sRefs. 18 and 25d and In2O3:Sn sRefs.
21–24d showed different variations ofm* with carrier con-
centration. In the TCO’s, therefore,m* remains highly con-
troversial and needs to be determined accurately. On the
other hand, when the carrier concentration and mobility are
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estimated optically from free carrier absorption,m* is re-
quired in the analysis.42–44 Thus, the variation ofm* with
carrier concentration can best be examined by comparing
carrier concentrations obtained electrically with those ob-
tained optically from free carrier absorption.

So far, in spite of the growing importance of the TCO’s,
the optical constants of doped ZnO and In2O3:Sn have not
been studied extensively. In particular, for the variation of
the optical constants with carrier concentration, only a few
studies have been made.6,7,11 Moreover, most of the optical
constants reported so far have been obtained from rather
thick samples s1000–5000 Åd using transmittance/
reflectancesT/Rd measurements.6,7,11,14,16,23As mentioned
earlier, the optical properties of the TCO’s generally vary
with film thickness, and a simple T/R analysis assuming uni-
form optical constants toward growth direction may lead to
serious errors in estimating the optical constants.

Compared with T/R measurement, spectroscopic ellip-
sometrysSEd allows the straightforward measurement of op-
tical constants, since the two values of optical constants can
be obtained directly from two independent ellipsometry pa-
rameterssC ,Dd.46 In the SE analysis, the variation of optical
constants with film thickness can be incorporated
explicitly.26,29 SE further enables us to measure optical con-
stants of very thin films with high precision. Thus, SE be-
comes quite useful when thin TCO films are characterized to
avoid the thickness variation of the optical constants. So far,
several SE studies have been reported for doped ZnOsRefs.
34–36d and In2O3:Sn sRefs. 26–33d.

In this study, we have determined the dielectric functions
of ZnO:Ga and In2O3:Sn with different carrier concentra-
tions by SE, in an attempt to investigate effects of carrier
concentration on the dielectric function of the TCO’s. To
suppress analysis errors arising from the thickness variation
of the optical constants, thin TCO filmss,700 Åd were
characterized. From the analysis of the dielectric function,
we determinedm* for the TCO’s. Them* in the TCO’s was
found to increase linearly with increasing carrier concentra-
tion. In order to find the validity of the SE analysis, we
further compared carrier transport properties obtained from
SE with those characterized by Hall measurement. As a re-
sult, we found excellent agreement between carrier concen-
trations determined by SE and Hall measurements.

II. EXPERIMENT

We prepared ZnO:Ga and In2O3:Sn thin filmss,700 Åd
at different deposition temperatures from 25 to 240 °C by
magnetron sputtering. The sputtering depositions were per-
formed at an Ar gas pressure of 1 mTorr using a dc power of
200 W sZnO:Gad and an rf power of 100 WsIn2O3:Snd. For
the ZnO:Ga deposition, we used ZnO targets that have dif-
ferent Ga2O3 contents in a range from 0.5 to 5.7 wt %,37

whereas the In2O3:Sn thin films were prepared using a In2O3
target with a fixed SnO2 content of 10 wt %.

The electrical properties of the TCO films were obtained
from ac-Hall measurements in the van der Pauw configura-
tion. For the Hall measurement, we formed Al electrodes on
the samples. In the analyses, film thicknesses determined by

SE were used. The SE spectrasC ,Dd were measured in a
range from 0.7 to 5.0 eV at room temperature using a
rotating-compensator instrumentsJ. A. Woollam, M-2000d.
Since the TCO’s are essentially transparent materials, theD
values in the SE spectra vary in a wide region of −180 °
,Dø180 °. Nevertheless, in a rotating-analyzerspolarizerd
ellipsometer, which has been used more commonly, measure-
ment errors increase drastically whenD approaches to 0° and
180°.47 Thus, for an accurate measurement of the TCO’s,
application of the rotating-compensator ellipsometer is quite
important.

III. SE ANALYSIS

Figure 1 shows an optical model used in SE analyses.
When the TCO’s are formed on glass substrates, complica-
tions arise in the SE analysis by the effect of back-surface
light reflection.48–50Thus, we prepared the TCO thin film on
a Sis100d substrate covered with a thermal oxide layer
s,500 Åd. This SiO2 layer was provided to perform the elec-
trical measurement of the TCO film. To eliminate the back-
surface reflection that still occurs at,1.2 eV in Si,49 rear
surfaces of the Sis100d substrates were roughened.

In Fig. 1, ds, db, and dSiO indicate the thicknesses for
surface roughness layer, bulk layer, and SiO2 layer, respec-
tively. To simplify the SE analysis, we determineddSiO from
SE prior to the TCO deposition using dielectric functions
reported previously.51 We modeled the dielectric function of
the surface roughness layer as a 50/50 vol % mixture of the
TCO bulk layer and voids, applying Bruggeman effective-
medium theory.52,53 The dielectric function of the TCO bulk
layer was modeled by combining the Drude model with the
Tauc-LorentzsTLd model.54 The TL model has been con-
firmed to provide excellent fitting to experimental data in
various TCO’s including SnO2 sRef. 54d and ZnOsRef. 36d.
Several other studies have reported dielectric function mod-
eling by the Lorentz oscillator model,27,28,31,33,34 Cauchy
model,28,32 and Forouhi-Bloomer model,30 instead of the TL
model. Here, we applied the TL model to determineds and
db.

In our model, the dielectric function of the TCO,«sEd
=«1sEd− i«2sEd, is expressed by

FIG. 1. Optical model used for transparent conductive oxide
sTCOd thin films formed on SiO2/Sis100d substrates. The thick-
nesses for surface roughness layer, bulk layer, and SiO2 layer are
denoted asds, db, and dSiO, respectively. The rear surface of the
Sis100d substrate was roughened to eliminate back-side light
reflection.
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«sEd = «TLsEd + «DsEd, s1d

where«TLsEd and«DsEd indicate the dielectric functions cal-
culated by the TL and Drude models, respectively. In the TL
model, the dielectric function is obtained from five param-
etershATL ,C,ET,E0,«1s`dj, which represent the amplitude,
broadening parameter, Tauc optical gap, peak transition en-
ergy, and energy-independent contribution to«1sEd,
respectively.55

The expression for«DsEd is given by

«DsEd = −
AD

E2 − iGDE
= S−

AD

E2 + GD
2 D − iS ADGD

E3 + GD
2 E

D ,

s2d

where the two parameterssAD,GDd show the amplitude and
broadening parameter. In the Drude theory,AD is expressed
by

AD = «`Ep
2, s3d

Ep = "vp = S"2e2Nopt

m*«`«0
D1/2

. s4d

Here,«` and Ep indicate the high-frequency dielectric con-
stant and plasma energy, respectively. In Eq.s4d, vp, e, Nopt,
and«0 show the plasma angular frequency, electron charge,
optical carrier concentration, and free-space permittivity, re-
spectively.

On the other hand,GD in Eq. s2d is given by

GD = "g =
"e

m*mopt
, s5d

whereg andmopt denote the broadening parameter in angular
frequency and optical mobility, respectively. From the two
parameterssAD,GDd, Nopt and mopt can be deduced ifm* is
known. The optical conductivity of the films is also obtained
from sopt=eNoptmopt.

At sufficiently low energies, the real part of«TLsEd shows
the constant value of«`. At this condition, «1sEd can be
written as

«1sEd = «` −
AD

E2 + GD
2 . s6d

Thus, by plotting«1 versus 1/sE2+GD
2 d, «` can be deter-

mined from an intercept.56,57

IV. RESULTS AND DISCUSSION

A. Dielectric functions of ZnO:Ga and In2O3:Sn

Figure 2 showssad Hall carrier concentrationNHall andsbd
Hall mobility mHall of the TCO thin films, plotted as func-
tions of the deposition temperatureTdepo. Although the ob-
tained results do not vary systematically, we found increases
in NHall with increasingTdepo. For the ZnO:Ga,NHall also
increases as the Ga2O3 content in the ZnO targets increases
from 0.5 to 5.7 wt %, as reported previously.12,37 In Fig.
2sbd, the ZnO:Ga films show lower mobility, compared with

the In2O3:Sn films. We performed the SE analyses for the
samples shown in Fig. 2.

Figure 3 shows the SE spectra forsad ZnO:Ga andsbd
In2O3:Sn thin films deposited at 240 °C in Fig. 2. The SE
spectra in Fig. 3 were measured at an incidence angle of
70.6°. In the SE spectra, only one out of every three data
points is shown for clarity. The peak position ofC observed
at E,2 eV represents the TCO film thickness and shifts to-
ward lower energies with increasing film thickness. The
spectral features observed atE,1.5 eV arise from free-
carrier absorption. AtE.3.5 eV, on the other hand, large
differences can be seen between ZnO:Ga and In2O3:Sn due
to differences in band structures.

The solid lines in Fig. 3 show the calculation results ob-
tained from linear regression analyses. To avoid complicated
structures observed in the dielectric functions at higher
energies,6,7,35 we performed the fitting atE,3.5 eV. The
analysis parameters obtained from the fitting are summarized
in Table I. In the analyses, a fixed value of«1s`d=1 was
used. Thus, we performed the fitting using
hds,db,AD,GD,ATL ,C,ET,E0j as free parameters. In the fit-
ting, the parametersAD andATL show relatively large corre-
lations with the broadening parametersGD and C, respec-
tively. The values of cross-correlation parameters between
the Drude modelsAD,GDd and the TL modelhATL ,C,ET,E0j,
however, are low enough to determine these sets of the pa-
rameters accurately. As shown in Fig. 3, our model provides
excellent fitting to the experimental spectra in a wide energy
region.

As shown in Table I, the thickness parameters
sds,db,dSiOd can be determined from SE. When each thick-
ness in the optical model is known, the dielectric function

FIG. 2. sad Hall carrier concentrationNHall andsbd Hall mobility
mHall of ZnO:Ga and In2O3:Sn, plotted as functions of deposition
temperature. In the ZnO:Ga depositions, the Ga2O3 content in ZnO
targets was varied from 0.5 to 5.7 wt %.
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can be extracted directly from the measured SE spectra by
mathematical inversion using Fresnel equations.58 Figure 4
summarizes the dielectric functions ofsad ZnO:Ga andsbd
In2O3:Sn extracted from the mathematical inversion. AtE
,3.0 eV, however, the dielectric functions calculated by Eq.
s1d are shown to eliminate spectral noise that appears at
lower energies. The dielectric functions in Fig. 4 were ob-
tained from the samples having different carrier concentra-
tions andNHall of each sample is indicated in the figure.

In the dielectric functions shown in Fig. 4, the«1 peaks at
,3 eV show clear shifts toward higher energies with in-
creasingNHall due to the Burstein-Moss effect. At lower en-
ergies, on the other hand, the«2 values increase with increas-
ing NHall by the effect of free carrier absorption. It can be
seen that the slight increase in free-carrier absorption leads to
the significant reduction in«1. As indicated in Fig. 4, the
value ofEp can be obtained experimentally from the energy
position where«1sEd=0.

As reported earlier,59–61the«1 and«2 peaks in ZnO origi-
nate from excitonic transition. The«1 peak of the ZnO:Ga in
Fig. 4, however, indicates enhanced broadening asNHall in-
creases. In general, the broadening parameter of a transition
peak is inversely proportional to the lifetime of carriers or
excitons.62,63 Thus, this result implies that the lifetime of
excitons becomes shorter as the electron concentration in-
creases. Such an effect has been explained by the screening

FIG. 3. SE spectra measured forsad ZnO:Ga andsbd In2O3:Sn
thin films deposited at 240 °C. The angle of incidence in the SE
measurement is 70.6°. In the SE spectra, only one out of every three
data points is shown for clarity. Solid lines show fitting results.

TABLE I. Best-fit parameters extracted from the dielectric func-
tion modeling using the Drude modelsAD,GDd and Tauc-Lorentz
model hATL ,C,ET,E0,«1s`dj. The errors of extracted parameters
show uncorrelated 90% confidence limits. The results were obtained
from the ZnO:GasGa2O3 content: 5.7 wt %d and In2O3:Sn thin
films deposited at 240 °C. Thex2 andEp show final fitting quality
sbiased estimatord and plasma energy determined experimentally
from the dielectric functions, respectively. The Hall carrier concen-
tration NHall and Hall mobilitymHall are also indicated.

ZnO:Gas5.7 wt %d In2O3:Sn

ds sÅd 41.3±1.9 35.8±1.6

db sÅd 605.6±1.4 685.7±1.2

dSiO sÅd 519.4±0.1 516.4±0.1

AD seVd 2.537±0.005 3.786±0.007

GD seVd 0.130±0.001 0.102±0.001

ATL seVd 139.4±1.4 111.4±7

C seVd 15.0±3 11.7±2

ET seVd 3.14±0.01 3.13±0.02

E0 seVd 7.3±0.1 9.6±0.2

«1s`d 1 sfixedd 1 sfixedd
x2 17.20 11.26

Ep seVd 0.837 0.970

NHall scm−3d s6.48±0.06d31020 s1.20±0.01d31021

mHall fcm2/ sV sdg 23.1±0.2 31.0±1

FIG. 4. Dielectric functions ofsad ZnO:Ga andsbd In2O3:Sn
obtained from SE analyses. The dielectric functions were extracted
from the TCO films that have different carrier concentrations. In the
figure, Hall carrier concentrationNHall of each sample is indicated
as a–d in sad and a–c in sbd. The Ep="vp in the figure shows
plasma energy defined by the photon energy where«1sEd=0.
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of the Coulomb potential;58,64 in other words, the Coulomb
attraction in an electron-hole pair is screened by free elec-
trons surrounding the exciton, reducing the stability of the
exciton.

Since spectra for refractive indexn and extinction coeffi-
cient k have been used widely in device designing,sn,kd
spectra of the TCO’s are also shown in Fig. 5. These results
have been obtained from simple data conversion using the
dielectric functions shown in Fig. 4. In Fig. 5, the reduction
in n and increase ink by free-carrier absorption can be seen
more clearly.

B. Analysis of dielectric function

Figure 6 shows«1 of the ZnO:Ga, plotted as a function of
1/sE2+GD

2 d. Solid lines indicate linear fits to the experimen-
tal results. As shown in Eq.s6d, «` can be obtained from the
intercept at 1/sE2+GD

2 d=0.56,57 In this analysis, we usedGD

extracted from the SE analysis. TheGD values, however, are
rather smallsGD,0.1 eVd, compared withE, and similar«`

values can also be obtained by plotting«1 versus 1/E2 sRefs.
6 and 7d. As shown in Fig. 6,«1 varies linearly versus
1/sE2+GD

2 d, indicating the validity of the Drude theory. For
NHall=6.531020 cm−3, however, the linear fit deviates
slightly around«1,0. This result indicates that the variation
in «1 differs slightly from the Drude model at aroundEp. It
can be seen clearly that«` decreases with increasingNHall.
Similar plots have been obtained for the In2O3:Sn. It should

be mentioned that«` can also be obtained from the TL
model using the parametershATL, C, ET, E0, «1s`dj. In this
case,«` is simply determined from the real part of«TLsEd at
low energies. The«` values obtained by the analyses, how-
ever, are similar to those determined from the plots shown in
Fig. 6.

Figure 7 shows«` obtained from the analysis, plotted as a
function of NHall. We find that«` of ZnO:Ga and In2O3:Sn
decreases linearly with increasingNHall. The reduction in«`

for the ZnO:Ga, however, is slightly smaller than that for the
In2O3:Sn. Our results shown in Fig. 7 are strong contrasts to
previous reports.6,7,21–23For doped ZnO, Jinet al. reported a
constant value of«`=3.85±0.1 irrespective of the carrier
concentration in a range from 0.9531020 to 4.5
31020 cm−3 sRef. 7d. For In2O3:Sn, a constant value of«`

=4 has also been reported,6,21 whereas other studies reported
relatively large reductions in«` from 4 to 3.22,23 In these
studies, however,«` was determined from thick samples

FIG. 5. sn,kd spectra ofsad ZnO:Ga andsbd In2O3:Sn obtained
from dielectric functions shown in Fig. 4. In the figure, Hall carrier
concentrationNHall of each sample is indicated asa–d in sad and
a–c in sbd.

FIG. 6. Real part of dielectric function for ZnO:Ga, plotted as a
function of 1/sE2+GD

2 d. The GD is a broadening parameter ex-
pressed by Eq.s5d. In the figure, Hall carrier concentrationNHall of
each sample is shown. The high frequency dielectric constant«`

can be obtained from the intercept at 1/sE2+GD
2 d=0.

FIG. 7. High-frequency dielectric constant«` of ZnO:Ga and
In2O3:Sn, plotted as a function of Hall carrier concentrationNHall.
These values have been estimated from the dielectric function
analysis shown in Fig. 6.
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s1000–5000 Åd using the simple T/R analysis. Thus, the
variation of the optical constants with film thickness may
have affected their experimental results.

Figure 8 showsEp
2 plotted as a function ofNHall. Due to

the limited energy region for the SE measurement, only five
data points were obtained in our study. For comparison, the
Ep

2 values reported for doped ZnOsRefs. 7 and 17d and
In2O3:Sn sRefs. 20 and 22d are also shown in Fig. 8. For
doped ZnO, the variation ofEp

2 with NHall observed in this
study is similar to that reported by Jinet al.,7 but is different
from that obtained by Brehmeet al.17 For In2O3:Sn, theEp

2

values determined in this study show reasonable agreement
with those reported by Kostlinet al.,20 but are smaller than
those obtained by Ohhataet al.22 As confirmed from Eq.s4d,
Ep

2 becomes zero when there are no free carriers. Thus, the
result reported from Brehmeet al. appears to include rela-
tively large errors.

If the values of the three parameterssNopt, «` , Epd are
known, m* of the TCO’s can be obtained directly from Eq.
s4d. Thus, assumingNopt=NHall, we determinedm* of
ZnO:Ga and In2O3:Sn. In the calculation, we used«` andEp
shown in Figs. 7 and 8, respectively. Figure 9 showsm* /m0
obtained from this procedure, plotted as a function ofNHall.
Here, m0 denotes the free-electron mass. AtNHall=0, we
show the reported values ofm*sZnOd=0.28m0 sRef. 38d and
m*sIn2O3d=0.30m0 sRef. 5d. As shown in Fig. 9,m* shows
distinct increases withNHall.

So far, several other studies have also reported the in-
crease inm* with carrier concentration.18,21–25 In addition,
the reduction inmHall observed for doped ZnO at highNHall
s.431020 cm−3d has been explained by the increase inm*

sRef. 39d. In contrast to previous studies,18,21–25however, we
found thatm* of the ZnO:Ga and In2O3:Sn increases linearly
with increasingNHall. It should be emphasized thatm* has a
strong relationship with«`, as confirmed from Eq.s4d. In
particular, if Ep

2 increases linearly versusNHall, m* should
change according to the variation of«`, as long as the ex-
perimental data follows the Drude theory. Thus, the linear

reductions in«` shown in Fig. 7 can be correlated with the
linear increases inm* . Although uncertainty remains con-
cerning the linearity ofm*sZnOd owing to the small number
of the data points, the linear reduction in«` supports the
linear increase inm* .

From linear fits to the experimental data shown in Fig. 9,
we determined the variation ofm* with NHall as

m*sZnOd = s0.280 + 0.0103 10−20NHalldm0, s7d

m*sIn2O3:Snd = s0.297 + 0.0113 10−20NHalldm0. s8d

As confirmed from the above equations, the slopes for the
ZnO and In2O3:Sn are rather similar. Compared with other
studies,18,25 m*sZnOd obtained in this study shows smaller
values. For In2O3:Sn, our result is rather similar to the result
reported by Clanget,21 whereas other studies reported higher
or lower values for the variation ofm* with NHall.

22–24 The
increase inm* has also been observed for other TCO’s.40,56

The increase inm* observed in the heavily doped TCO’s
has been explained by the influence of the degeneracy and
the nonparabolicity of the TCO conduction
band.17,18,21–25,38–40According to a theoretical model that as-
sumes the nonparabolic conduction band,40 m* at Fermi level
is given by

m* = m0
*H1 + 2P

"2

m0
* s3p2Noptd2/3J1/2

, s9d

wherem0
* and P are the effective mass at the bottom of the

conduction band and nonparabolicity parameter, respectively.
Dotted lines in Fig. 9 show the result of the theoretical fitting
by Eq.s9d. From the fitting,P for the ZnO:Ga and In2O3:Sn
was determined to be 0.142 eV−1 and 0.180 eV−1, respec-
tively. For the In2O3:Sn, however,m* calculated by this
model shows rather poor agreement withm* obtained experi-
mentally, suggesting that this model is too simple to express
the nonparabolicity of the TCO conduction band.

FIG. 8. Ep
2 of doped ZnO and In2O3:Sn, plotted as a function of

Hall carrier concentrationNHall. The plasma energyEp="vp was
determined from the dielectric function. In the figure, experimental
results reported previously by Kostlinet al. sRef. 20d, Ohhataet al.
sRef. 22d, Jin et al. sRef. 7d, and Brehmeet al. sRef. 17d are also
shown.

FIG. 9. Effective massm* /m0 of ZnO:Ga and In2O3:Sn, plotted
as a function of Hall carrier concentrationNHall. Them0 denotes the
free-electron mass. Solid lines indicate linear fits to the experimen-
tal data. These fitting lines are expressed by Eqs.s7d ands8d. Dotted
lines show calculation results using the theoretical model given by
Eq. s9d.
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In a few studies,m* of doped ZnO sRef. 17d and
In2O3:Sn sRefs. 6 and 20d was obtained assuming«`=4. In
this case, a single value ofm* is determined from the slope
of the plot shown in Fig. 8. Nevertheless, this assumption is
not valid, as confirmed from our result shown in Fig. 7.
Thus,m* deduced assuming«`=4 includes large errors.

C. Correlation with Hall measurement

In order to find the validity of our analyses, we compared
Nopt andmopt determined by SE withNHall andmHall, respec-
tively. As mentioned earlier,Nopt can be obtained from the
two parameterssAD, m*d by applying Eqs.s3d and s4d. Fig-
ure 10 showsNopt obtained from the SE analyses usingsad
m*sZnOd=0.28m0 and m*sIn2O3:Snd=0.30m0 and sbd
m*sZnOd given by Eq.s7d and m*sIn2O3:Snd given by Eq.
s8d, plotted as functions ofNHall. In Fig. 10sad, it can be seen
that the difference betweenNopt andNHall increases asNHall
increases.

In contrast, when the variation ofm* with carrier concen-
tration is taken into account,Nopt shows remarkable agree-
ment withNHall, as shown in Fig. 10sbd. This result confirms
the increase inm* with carrier concentration. It should be
noted thatNopt of the In2O3:Sn shows poorer agreement with
NHall whenm* calculated by Eq.s9d is used, supporting the
linear variation ofm* with NHall. In Sec. IV B, we determined

m* from Eq. s4d assumingNopt=NHall. Obviously, this as-
sumption is valid, as confirmed from the result shown in Fig.
10sbd. As mentioned earlier, in order to obtainm* accurately,
the dependence of«` on NHall has to be included in the
calculation explicitly. Thus, the excellent agreement between
Nopt and NHall strongly supports the validity of our analysis
results.

At lower carrier concentrationssNHall,431020 cm−3d,
however, the SE analysis becomes increasingly difficult ow-
ing to low free-carrier absorption in the TCO films. Sensitiv-
ity for free-carrier absorption can be increased by simply
increasing the film thickness, although the thickness varia-
tion of the optical constants may cause difficulties in the
analysis.

The result of Fig. 10sad shows thatNopt is seriously un-
derestimated when the smallerm* values are used. A similar
result was reported previously for ZnO:Ga.13 This result can
be explained easily from Eqs.s3d ands4d. In particular, for a
constantAD value,Nopt decreases with decreasingm* used in
the analysis. Unfortunately, the above results show that the
analysis ofNopt is difficult when the Hall measurement is not
performed for the same sample, since we determinedm*

from NHall. Thus, we determined correction coefficients for
Nopt. To obtain the correction coefficients, we plotted two
sets ofNopt shown in Fig. 10 and fitted the data points by
second-order polynomials. From this analysis, we obtained
the relation expressed by

Nopt = 0.917Nopt8 + 0.0613 10−20Nopt82 cm−3. s10d

Here, Nopt8 showsNopt determined usingm*sZnOd=0.28m0

andm*sIn2O3:Snd=0.30m0. Thus, trueNopt can be calculated
from Nopt8 using Eq.s10d.

Figure 11 showsmopt obtained from the SE analyses using
sad m*sZnOd=0.28m0 and m*sIn2O3:Snd=0.30m0 and sbd
m*sZnOd given by Eq.s7d and m*sIn2O3:Snd given by Eq.
s8d, plotted as functions ofmHall. We determinedmopt from
the two parameterssGD,m*d using Eq.s5d. As shown in Fig.
11sad, when the values ofm* are fixed, mopt shows poor
agreement withmHall. Whenm* is varied according to Eqs.
s7d and s8d, mopt agrees withmHall in a range ofmHall from
20 to 25 cm2/ sV sd. Thus, the agreement betweenmopt and
mHall improves by considering them* dependence on the car-
rier concentration.

In contrast toNopt, mopt is overestimated when the smaller
m* is used for the calculation, sincemopt increases with de-
creasingm* , as confirmed from Eq.s5d. If Nopt is obtained
from Eq. s10d, one can estimatem* of the TCO’s from Eqs.
s7d and s8d. Thus, from thism* , the truemopt can also be
obtained.

As shown in Fig. 11sbd, mopt shows a constant value of
,25 cm2/ sV sd, while mHall varies in a range from
5 to 45 cm2/ sV sd. Quite interestingly, we find the trends of
mopt.mHall for ZnO:Ga andmopt,mHall for In2O3:Sn. It
should be emphasized thatmopt estimated from free-carrier
absorption represents an average value within grains and
does not include the effects of grain boundaries.42,43 In fact,
in microcrystalline Si films,mopt as determined by free-
carrier absorption shows a substantially higher value, com-

FIG. 10. Optical carrier concentrationNopt obtained from the SE
analyses usingsad m*sZnOd=0.28m0 and m*sIn2O3:Snd=0.30m0

and sbd m*sZnOd given by Eq.s7d andm*sIn2O3:Snd given by Eq.
s8d, plotted as functions of Hall carrier concentrationNHall.
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pared with the one evaluated by Hall measurement, due to
poor carrier transport properties at grain boundaries.42 Thus,
our result shown in Fig. 11sbd indicates that the carrier trans-
ports at grain boundaries are different in ZnO:Ga and
In2O3:Sn.

The trend ofmopt.mHall observed for ZnO:Ga implies
that the carrier transport is hindered by the presence of grain
boundaries. In doped ZnO,mHall has been reported to de-
crease at NHall,431020 cm−3 due to grain boundary
scattering.39 At higher carrier concentrations s.4
31020 cm−3d, however, grain boundary scattering makes a
small contribution since electrons tunnel thin potential barri-
ers formed at grain boundaries.41 In fact, whenNHall of the
ZnO:Ga is high enoughsNHall,631020 cm−3d, we find
mopt,mHall. In these films, electron scattering by ionized im-
purities dominates the carrier transport.10,24,39,41

A similar explanation can also be applied for the
In2O3:Sn.21,24 In particular, we find better agreement be-
tween mopt and mHall for the In2O3:Sn, compared with the
ZnO:Ga, due to higherNHall in the In2O3:Sn. For the
In2O3:Sn deposited at high temperaturessTdepo.200 °C in
Fig. 2d, we observemopt,mHall. Although details are not
clear, we suggest enhanced carrier transport in these films by
percolation of the large polycrystalline grains formed at high
Tdepo.

D. Analysis of band-edge absorption

In a band-edge absorption region, the absorption coeffi-
cient a of the TCO’s is approximated bya=AsE−Egd1/2.

Thus, the optical band gapEg of the TCO’s can be estimated
by plottinga2 versus photon energy.11,22Figure 12 showsa2

versus photon energy for the ZnO:Ga. We obtained thea
spectra from thek spectra shown in Fig. 5sad using a
=4pk/l. In Fig. 12, a fundamental absorption edge shifts
toward higher energies with increasingNHall by the Burstein-
Moss effect. Solid lines show linear fits to the experimental
data andEg was estimated from the intercept ata2=0. As
pointed out previously,6 however, this analysis is not appli-
cable for heavily doped TCO’s, since the conduction band is
not parabolic anymore due to the conduction band filling
with electrons. To determineEg accurately, theoretical treat-
ments are necessary.6 Here, we estimatedEg from the con-
ventional method for comparison with other studies.

The shift ofEg by the Burstein-Moss effect is expressed
by

DEg =
"2

2meh
* s3p2Noptd2/3, s11d

where meh
* is reduced effective mass given bysmeh

* d−1

=sme
*d−1+smh

*d−1 sRef. 6d. Theme
* andmh

* denote the effective
mass for the electron and hole, respectively. According to the
Burstein-Moss theory described in Eq.s11d, Eg shifts linearly
with Nopt

2/3. Figure 13 showsEg obtained from the analysis
shown in Fig. 12, plotted as a function ofNHall

2/3 . A similar
result has been obtained whenEg is plotted versusNopt, since
NHall,Nopt. As shown in Fig. 13,Eg increases withNHall

2/3 .
Nevertheless, our result obtained for the ZnO:Ga shows poor
agreement with the result reported earlier.11 Moreover, we
found rather high Eg for the In2O3:Sn at NHall

2/3 ,8
31013 cm−2, compared with other studies.6

Although band-gap widening by the Burstein-Moss effect
can be calculated from Eq.s11d, the actual shift ofEg does
not follow this equation. This effect has been interpreted by
band-gap shrinkage that occurs simultaneously with band-
gap widening.6,8 The band-gap shrinkage is caused by many-
body effects including electron-electron and electron-ion

FIG. 11. Optical mobilitymopt obtained from the SE analyses
using sad m*sZnOd=0.28m0 and m*sIn2O3:Snd=0.30m0 and sbd
m*sZnOd given by Eq. s7d and m*sIn2O3:Snd given by Eq. s8d,
plotted as functions of Hall mobilitymHall.

FIG. 12. Square of absorption coefficienta2 obtained for
ZnO:Ga, plotted as a function of photon energy. In the figure, Hall
carrier concentrationNHall of each sample is indicated. Solid lines
show linear fits to the experimental data. The intercept ata2=0
shows a band gap of the ZnO:Ga.
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scatterings.8 When the band-gap widening by the Burstein-
Moss effect and the band-gap narrowing by the many-body
effects are considered, the calculated band-gap shift has been
reported to show quite good agreement with a shift observed
in experiment.6,8

E. Construction of the optical database

Our results show clearly that the effects of free carrier
absorption in the TCO’s can be expressed fully by the simple
Drude model. Accordingly, in a low-energy region well be-
low the fundamental absorption edgesE,2 eVd, the optical
constants can be modeled by the three parameters
s«` , AD, GDd. In this case, the optical constants are obtained
from Eq. s1d assuming«TLsEd=«`. When the results shown
in Figs. 7 and 9 are applied, the optical constants are calcu-
lated from the two parameterssNopt, moptd. The modeling can
be simplified further assuming a constantmopt of
,25 cm2/ sV sd.

Unfortunately, dielectric function modeling in the band-
edge absorption region is rather difficult, as the dielectric
functions show the complicated structures in this region.

Nevertheless, a dielectric function model that can be applied
to heavily doped ZnO has been developed recently.64 By ap-
plying this model, the dielectric function of doped ZnO has
been parametrized using a total of nine parameters.35 In ad-
dition, the parametrization of the In2O3:Sn dielectric func-
tion using two Lorentz models has also been reported.33

Thus, the optical database of the TCO’s could be constructed
from these parametrization schemes.

V. CONCLUSION

The dielectric functions of ZnO:Ga and In2O3:Sn with
different carrier concentrations have been obtained by apply-
ing spectroscopic ellipsometry. To minimize analysis errors
that arise from thickness variation of optical constants, we
characterized thin filmss,700 Åd. The dielectric function of
the transparent conductive oxide was modeled using the clas-
sical Drude model combined with the Tauc-Lorentz model.
Using the thickness determined by the model, the dielectric
functions of the TCO’s have been extracted successfully by
mathematical inversion. From the dielectric function analy-
ses, high-frequency dielectric constant«` and plasma energy
Ep are deduced. From these values determined experimen-
tally, effective massm* of the TCO’s is determined. Com-
pared with earlier studies,m* obtained in this study shows
smaller values. We find linear reductions in«` and linear
increases inm* as the carrier concentration of the ZnO:Ga
and In2O3:Sn increases. The effects of carrier concentration
on the dielectric function of the TCO’s can be categorized
into three factors includingsid an increase in free-carrier ab-
sorption with carrier concentration,sii d a shift of band-edge
absorption by the Burstein-Moss effect, andsiii d a reduction
in «` with increasing carrier concentration. We further char-
acterized the optical carrier concentration and mobility from
the SE analyses using the Drude model. The validity of our
analyses has been confirmed from the excellent agreement
between carrier concentrations determined by SE and Hall
measurements. The optical mobility of the TCO’s, however,
shows poor agreement with the Hall mobility. We attributed
this effect to the presence of grain boundaries that affect the
Hall mobility significantly, but not the optical mobility.
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