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Effects of carrier concentration on the dielectric function of ZnO:Ga and In,O3:Sn studied
by spectroscopic ellipsometry: Analysis of free-carrier and band-edge absorption
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We have determined the dielectric functions of ZnO:Ga ap@4nSn 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 concentradigp in a range from
1019 to 1% cmi 3, the dielectric functions of ZnO:Ga and,D5: Sn show drastic changes due to increases in
(i) free-carrier absorption in a low-energy region diglthe Burstein-Moss shift in a high-energy region. The
analyses of the dielectric functions revealed reductions in high-frequency dielectric canstand increases
in plasma energ¥, as Ny, in the films increases. From a set of the parametgy, &.., E,) determined
experimentally, effective mass’ of ZnO:Ga and 1g0;:Sn is extracted. In contrast to previous studies, we
found linear increases im" with increasingN,,.. When the variations ofn” 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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[. INTRODUCTION The large dependence of carrier concentration on film
thickness further complicates the characterization of the
Transparent conductive oxidd3CQO’s), such as doped TCO's. This variation is caused primarily by improvements
ZnO and In03:Sn, have become increasingly important by of  polycrystalline grain  structures with  thin-film
recent developments of optoelectronic devices including sothickness»'%12 Deposition methods and the type of doping
lar cells!—2 Although a considerable number of studies haveatom appear to have weak effects on the variation. In fact, all
been made on the TCO's# there still has been a funda- polycrystalline ZnO films doped with & Al 1011 Gg10.12.13
mental requirement for a clear understanding of physicaand In%14show a strong thickness dependence of electrical
backgrounds that determine the optical constants of theroperties up to a film thickness ef4000 A.
TCO’s. Such an understanding is of significant importance Fortunately, the optical response of free electrons in the
for the interpretation and prediction of optical constants inTCO’s can be expressed successfully by the simple Drude
various TCO’s. model®” Moreover, from the analysis of free-carrier absorp-
Nevertheless, the determination of optical constants hason using the Drude model, carrier concentration, mobility,
been rather difficult in the TCO’s, mainly owing to three and conductivity can be deduced without the requirement of
physical factors including) a strong variation of free-carrier forming metal electrodes on sampf8s?* In multilayered
absorption with carrier concentratiéri;* (i) a shift of band-  structures, the characterization of each conductive layer be-
edge absorption with carrier concentratfoi,and (i) a  comes possibl& From a real-time measurement of free-
large dependence of carrier concentration on thin-filmcarrier absorption, the dynamics of carrier generation during
thickness*4 In particular, both doped ZnO and,@;:Sn  thin-film growth can be determinéd.Thus, the assessment
incorporated into optoelectronic devices generally have higlof free-carrier absorption is quite important not only for the
carrier concentrations of 10°° cmi 3. At these carrier con- physical understanding of free-carrier absorption but also for
centrations, however, light absorption by free carriers altershe optical conductivity measurement.
the optical constants significantly in a range extending from An important phenomenon that has been observed in the
the near-infrared to visible regid. highly doped TCO’s is an increase in effective mass
In addition, when the carrier concentration in the TCO’sm’.5611.16-2%|though m" can be extracted from the dielec-
exceeds the Mott critical densifyl0®—10"° cmi® in ZnO  tric function determined experimentallyn’ reported for
(Ref. 195 and In,03:Sn (Ref. 6], a semiconductor-to-metal doped ZnO(Refs. 11 and 16-28nd In,05:Sn (Refs. 5, 6,
transition occurs and conduction band filling with free elec-and 19-24 differs significantly. Furthermore, several studies
trons shifts the onset of band-edge absorption in the ultraviofor doped ZnO(Refs. 18 and 26 and In0O5:Sn (Refs.
let region(Burstein-Moss shijt®-8 Thus, by variations of the 21-24 showed different variations afh’ with carrier con-
free-carrier absorption and Burstein-Moss shift, the overalcentration. In the TCO’s, therefore) remains highly con-
optical constants change drastically in a quite wide rangéroversial and needs to be determined accurately. On the
from the near-infrared to ultraviolet regi6ri. other hand, when the carrier concentration and mobility are
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estimated optically from free carrier absorptian, is re- i
quired in the analysi& 44 Thus, the variation ofm" with

carrier concentration can best be examined by comparing
carrier concentrations obtained electrically with those ob-

Ig(qmm

tained optically from free carrier absorption. . -

So far, in spite of the growing importance of the TCO’s, S|02 ¢ dSiO ( 500 A)
the optical constants of doped ZnO andQg:Sn have not Si(1 00)
been studied extensively. In particular, for the variation of

the optical constants with carrier concentration, only a few
studies have been ma8é!! Moreover, most of the optical FIG. 1. Optical model used for transparent conductive oxide
constants reported so far have been obtained from rath¢fCO) thin films formed on Si@/Si(100 substrates. The thick-
thick samples (1000—5000 A using transmittance/ nesses for surface roughness layer, bulk layer, ang Biger are
reflectance(T/R) measurements’:11141623As mentioned dgnoted ags, dy, anddsjo, respectively. The. rear surface. of the
earlier, the optical properties of the TCO's generally varyS'(loo)_ substrate was roughened to eliminate back-side light
with film thickness, and a simple T/R analysis assuming unifeflection.
form optical constants toward growth direction may lead to
serious errors in estimating the optical constants. SE were used. The SE spectrf,A) were measured in a

Compared with T/R measurement, spectroscopic elliprange from 0.7 to 5.0 eV at room temperature using a
sometry(SE) allows the straightforward measurement of op-rotating-compensator instrumei. A. Woollam, M-2000.
tical constants, since the two values of optical constants cafiince the TCO’s are essentially transparent materialsAthe
be obtained directly from two independent ellipsometry pa-values in the SE spectra vary in a wide region of —180 °
rametergW,A).%6 In the SE analysis, the variation of optical <A <180 °. Nevertheless, in a rotating-analyzpolarize)
constants with film thickness can be incorporatedellipsometer, which has been used more commonly, measure-
explicitly.26:29 SE further enables us to measure optical con-ment errors increase drastically wh&rapproaches to 0° and
stants of very thin films with high precision. Thus, SE be-180°% Thus, for an accurate measurement of the TCO's,
comes quite useful when thin TCO films are characterized t@pplication of the rotating-compensator ellipsometer is quite
avoid the thickness variation of the optical constants. So faimportant.
several SE studies have been reported for doped &uds.
34-369 and In,O5:Sn (Refs. 26—33

In this study, we have determined the dielectric functions Ill. SE ANALYSIS
of ZnO:Ga and 1p0O5:Sn with different carrier concentra-
tions by SE, in an attempt to investigate effects of carrier Figure 1 shows an optical model used in SE analyses.
concentration on the dielectric function of the TCO’s. To When the TCO's are formed on glass substrates, complica-
suppress analysis errors arising from the thickness variatiotions arise in the SE analysis by the effect of back-surface
of the optical constants, thin TCO film&~700 A) were light reflection*®-5°Thus, we prepared the TCO thin film on
characterized. From the analysis of the dielectric functiona Si100 substrate covered with a thermal oxide layer
we determinedn” for the TCO’s. Them' in the TCO’s was  (~500 A). This SiQ, layer was provided to perform the elec-
found to increase linearly with increasing carrier concentratrical measurement of the TCO film. To eliminate the back-
tion. In order to find the validity of the SE analysis, we surface reflection that still occurs at1.2 eV in Si#° rear
further compared carrier transport properties obtained fronsurfaces of the $100) substrates were roughened.
SE with those characterized by Hall measurement. As a re- In Fig. 1, d, d,, and dg;o indicate the thicknesses for
sult, we found excellent agreement between carrier concersurface roughness layer, bulk layer, and Si&yer, respec-

trations determined by SE and Hall measurements. tively. To simplify the SE analysis, we determindglg from
SE prior to the TCO deposition using dielectric functions
Il EXPERIMENT reported previousl§* We modeled the dielectric function of

the surface roughness layer as a 50/50 vol % mixture of the

We prepared ZnO:Ga and@3: Sn thin films(~700 A) TCO bulk layer and voids, applying Bruggeman effective-
at different deposition temperatures from 25 to 240 °C bymedium theory?53 The dielectric function of the TCO bulk
magnetron sputtering. The sputtering depositions were pefayer was modeled by combining the Drude model with the
formed at an Ar gas pressure of 1 mTorr using a dc power oTauc-Lorentz(TL) model>* The TL model has been con-
200 W (Zn0O:Ga and an rf power of 100 WIn,O3:Sn). For  firmed to provide excellent fitting to experimental data in
the ZnO:Ga deposition, we used ZnO targets that have difvarious TCO’s including Sn©(Ref. 54 and ZnO(Ref. 36.
ferent GaO,; contents in a range from 0.5 to 5.7 wt%, Several other studies have reported dielectric function mod-
whereas the 05:Sn thin films were prepared using @y  eling by the Lorentz oscillator modéf;?8:31:3334Cauchy
target with a fixed Sn@content of 10 wt %. model?832and Forouhi-Bloomer modéf,instead of the TL

The electrical properties of the TCO films were obtainedmodel. Here, we applied the TL model to determaeand
from ac-Hall measurements in the van der Pauw configurad,.
tion. For the Hall measurement, we formed Al electrodes on In our model, the dielectric function of the TCQ(E)
the samples. In the analyses, film thicknesses determined bye,(E) —ie,(E), is expressed by
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e(E) = &7 (E) + ep(E), 1

whereet (E) andep(E) 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-
eters{Aq_,C,Et,Eg,e1(0)}, which represent the amplitude,
broadening parameter, Tauc optical gap, peak transition en-
ergy, and energy-independent contribution te(E),
respectively®

The expression foep(E) is given by

o5
b E?-il'pE E2+T3 ES+T3E)’
)

where the two parameteféy,I’5) show the amplitude and
broadening parameter. In the Drude thedky, is expressed
by

Ap=e. B, )

10

Hall carrier concentration
N (cm?)

[4)]
o

Hall mobility p,,,, (cm?/Vs)

21 |

10°F
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Here, e.. and E, indicate the high-frequency dielectric con-
stant and plasma energy, respectively. In @}, w,, €, Noy,

Deposition temperature (°C)

FIG. 2. (a) Hall carrier concentratiohl,5;, and(b) Hall mobility
Muan Of ZnO:Ga and 1803: Sn, plotted as functions of deposition
temperature. In the ZnO:Ga depositions, the@gacontent in ZnO

and g show the plasma angular frequency, electron chargggrgets was varied from 0.5 to 5.7 wt %.
optical carrier concentration, and free-space permittivity, re-

spectively.
On the other hand, in Eg. (2) is given by

the In,O5:Sn films. We performed the SE analyses for the
samples shown in Fig. 2.

Figure 3 shows the SE spectra f@ ZnO:Ga and(b)
In,O5: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

wherey and uop denote the broadening parameter in angulapoints is shown for clarity. The peak position f observed
frequency and optical mobility, respectively. From the twoat E~ 2 eV represents the TCO film thickness and shifts to-

parametergAp,I'p), Nop and o can be deduced ifn" is

ward lower energies with increasing film thickness. The

known. The optical conductivity of the films is also obtained spectral features observed BEt<1.5 eV arise from free-

from U'opt_zeNoptﬂopt- .
At sufficiently low energies, the real part of (E) shows
the constant value of.. At this condition, £,(E) can be

written as

Thus, by plottinge, versus 1(E*+T'3), .. can be deter-
mined from an intercepf>”

A. Dielectric functions of ZnO:Ga and In,03:Sn

Figure 2 showsa) Hall carrier concentratioM, and(b)
Hall mobility up,, of the TCO thin films, plotted as func-
tions of the deposition temperatuiige,, Although the ob-

IV. RESULTS AND DISCUSSION

carrier absorption. AE>3.5 eV, on the other hand, large
differences can be seen between ZnO:Ga ap@4JrSn 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$,”3> we performed the fitting aE<3.5 eV. The
analysis parameters obtained from the fitting are summarized
in Table I. In the analyses, a fixed value of(«)=1 was
used. Thus, we performed the fitting using
{ds,dp,Ap,I'p,Ar,C,Er,Eo} as free parameters. In the fit-
ting, the parameter8, and Ay show relatively large corre-
lations with the broadening parametdrg and C, respec-
tively. The values of cross-correlation parameters between
the Drude modelAp,T'p) and the TL mode{Aq ,C,Er,Eq},
however, are low enough to determine these sets of the pa-
rameters accurately. As shown in Fig. 3, our model provides

tained results do not vary systematically, we found increasesxcellent fitting to the experimental spectra in a wide energy

in Npgy With increasingTgep, FOr the ZnO:GaNyy, also
increases as the Q@ content in the ZnO targets increases
from 0.5t0 5.7 wt%, as reported previoush?’ In Fig.

region.
As shown in Table I, the thickness parameters
(dg,dp,dsip) can be determined from SE. When each thick-

2(b), the ZnO:Ga films show lower mobility, compared with ness in the optical model is known, the dielectric function
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FIG. 3. SE spectra measured f@ ZnO:Ga andb) In,03:Sn
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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 FIG. 4. Dielectric functions ofa) ZnO:Ga and(b) In,03:Sn

data points is shown for clarity. Solid lines show fitting results.

obtained from SE analyses. The dielectric functions were extracted
from the TCO films that have different carrier concentrations. In the
figure, Hall carrier concentratioNy,;, of each sample is indicated
asa-d in (@ anda—c in (b). The E,=fiw, in the figure shows

TABLE |. Best-fit parameters extracted from the dielectric func- plasma energy defined by the photon energy whe(E)=0.

tion modeling using the Drude modéhp,I'p) and Tauc-Lorentz

model {Ar ,C,Er,Eq,&1(=)}. The errors of extracted parameters Can be extracted directly from the measured SE spectra by
show uncorrelated 90% confidence limits. The results were obtainefathematical inversion using Fresnel equatfShBigure 4

from the ZnO:Ga(G&03 content: 5.7 wt % and InpO3:Sn thin
films deposited at 240 °C. The® and E, show final fitting quality

summarizes the dielectric functions @) ZnO:Ga and(b)
In,O3:Sn extracted from the mathematical inversion. At

(biased estimatorand plasma energy determined experimentally<<3.0 eV, however, the dielectric functions calculated by Eq.
from the dielectric functions, respectively. The Hall carrier concen-(1) are shown to eliminate spectral noise that appears at
tration Ny and Hall mobility w4, are also indicated.

ZnO:Ga(5.7 wt %) In,03:Sn
ds (A) 41.3+1.9 35.8+1.6
dy (A) 605.6+1.4 685.7+1.2
dsio (A) 519.4+0.1 516.4+0.1
Ap (eV) 2.537+0.005 3.786+0.007
I'p (eV) 0.130+0.001 0.102+0.001
A (eV) 139.4+1.4 111.4%7
C (eV) 15.0+3 11.7+2
Er (eV) 3.14+0.01 3.13£0.02
Eo (eV) 7.3%0.1 9.6+0.2
g1() 1 (fixed) 1 (fixed)
X 17.20 11.26
Ep (eV) 0.837 0.970
Ny (cmi-3) (6.48+0.06 X 10%°  (1.20+0.0) x 10
Hnan [emP/(V 9)] 23.1+0.2 31.0+1

lower energies. The dielectric functions in Fig. 4 were ob-
tained from the samples having different carrier concentra-
tions andNy,, of each sample is indicated in the figure.

In the dielectric functions shown in Fig. 4, tlae peaks at
~3 eV show clear shifts toward higher energies with in-
creasingN,, due to the Burstein-Moss effect. At lower en-
ergies, on the other hand, thgvalues increase with increas-
ing Nya by the effect of free carrier absorption. It can be
seen that the slight increase in free-carrier absorption leads to
the significant reduction irx;. As indicated in Fig. 4, the
value of E, can be obtained experimentally from the energy
position wheres;(E)=0.

As reported earliet?-®'the &, ande, peaks in ZnO origi-
nate from excitonic transition. The, peak of the ZnO:Ga in
Fig. 4, however, indicates enhanced broadeninijag in-
creases. In general, the broadening parameter of a transition
peak is inversely proportional to the lifetime of carriers or
excitons®?62 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
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FIG. 6. Real part of dielectric function for ZnO:Ga, plotted as a
15¢ function of 1/(E2+I‘§)). The I'p is a broadening parameter ex-
c b11.0 x pressed by Eq5). In the figure, Hall carrier concentratidyyy, of
10}t YT y— each sample is shown. The high frequency dielectric congtant
b i‘,g 7:2§10m §$4 N los can be obtained from the intercept at#7+T3)=0.
0.5H a8 | c:1.2x102 cm= ‘éza '
s be mentioned that., can also be obtained from the TL
i 100 model using the parametef&y,, C, Er, Eg, &1(0)}. In this
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casege., is simply determined from the real part of (E) at
Wavelength (um)

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 Ny, We find thate., of ZnO:Ga and 1pO5: Sn
decreases linearly with increasiig,,;. The reduction ire,,

: . for the ZnO:Ga, however, is slightly smaller than that for the
8,64 ! ! A .
of the Coulomb potentiaf}®*in other words, the Coulomb In,O5:Sn. Our results shown in Fig. 7 are strong contrasts to

attraction in an electron-hole pair is screened by free elecf)revious report&7-2-23For doped ZnO, Jiret al. reported a

g)(zgioﬁurroundmg the exciton, reducing the stability of thegonsiant value of..=3.85+0.1 irrespective of the carrier

: o . _concentration in a range from 0.85.0°°to 4.5
Since spectra for refractive indexand extinction coeffi- X 107° cni2 (Ref. 7). For In,O5:Sn, a constant value of
cient k have been used widely in device designitig,k) o O iy

, VILE =4 has also been reportéd! whereas other studies reported
spectra of the TCO'’s are also shown in Fig. 5. These resu“ﬁalatively large reductions im.. from 4 to 32223 In these

have been obtained from simple data conversion using th?tudies, howeverg., was determined from thick samples
dielectric functions shown in Fig. 4. In Fig. 5, the reduction

in n and increase ik by free-carrier absorption can be seen 4.4
more clearly. © ZnO:Ga
® In,0:8n

FIG. 5. (n,k) spectra of(a) ZnO:Ga andb) In,O5:Sn obtained
from dielectric functions shown in Fig. 4. In the figure, Hall carrier
concentratiorNy, of each sample is indicated as-d in (a) and
a—c in (b).

42

T
o
L

B. Analysis of dielectric function

Figure 6 shows, of the ZnO:Ga, plotted as a function of
1/(E2+F%). Solid lines indicate linear fits to the experimen- w 4.0} .
tal results. As shown in Ed6), €., can be obtained from the
intercept at 1(E%+1'3)=0.5%57n this analysis, we useHp
extracted from the SE analysis. Thg values, however, are 38
rather smallI'p ~0.1 eV), compared withE, and similare.,
values can also be obtained by plottisgversus 1E? (Refs.

6 and 7. As shown in Fig. 6,e; varies linearly versus 36 6 2 7 é é 1'0 12
1/(E2+T3), indicating the validity of the Drude theory. For
Nyai=6.5X 10°° cm3, however, the linear fit deviates
slightly arounde; ~ 0. This result indicates that the variation  FIG. 7. High-frequency dielectric constaat of ZnO:Ga and

in &, differs slightly from the Drude model at arourtg. It In,O3:Sn, plotted as a function of Hall carrier concentrathg,,.

can be seen clearly that, decreases with increasindyy. These values have been estimated from the dielectric function
Similar plots have been obtained for the@®3:Sn. It should  analysis shown in Fig. 6.

Hall carrier concentration N,,,, (102° cm)
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FIG. 8. Es of doped ZnO and lD3: Sn, plotted as a function of FIG. 9. Effective massn'/m, of ZnO:Ga and Ig03: Sn, plotted
Hall carrier concentratioMy,;. The plasma energi,=%w, was as a function of Hall carrier concentratidi,,,. Them, denotes the
determined from the dielectric function. In the figure, experimentalfree-electron mass. Solid lines indicate linear fits to the experimen-
results reported previously by Kostlat al. (Ref. 20, Ohhataet al. tal data. These fitting lines are expressed by Efsand(8). Dotted
(Ref. 22, Jinet al. (Ref. 7), and Brehmeet al. (Ref. 17 are also  lines show calculation results using the theoretical model given by
shown. Eq. (9).

(1000-5000 A using the simple T/R analysis. Thus, the reductions ine.. shown in Fig. 7 can be correlated with the

variation of the optical constants with film thickness may|inear increases im". Although uncertainty remains con-

have affected their experimental results. cerning the linearity ofn"(ZnO) owing to the small number
Figure 8 showsE, plotted as a function ol Due 0 of the data points, the linear reduction én, supports the

the limited energy region for the SE measurement, only fivgjnear increase im’.

data points were obtained in our study. For comparison, the  From linear fits to the experimental data shown in Fig. 9,

E, values reported for doped Zn(Refs. 7 and 1y and e determined the variation ofi” with Ny, as

In,O5:Sn (Refs. 20 and 2Rare also shown in Fig. 8. For

doped ZnO, the variation d; with Ny observed in this m'(ZnO) = (0.280 + 0.010< 102Nz Mo, (7)

study is similar to that reported by Jat al,’” but is different

from that obtained by Brehmet all’ For In,O3:Sn, theEs

values determined in this study show reasonable agreement

with those reported by Kostliet al,? but are smaller than  As confirmed from the above equations, the slopes for the
those obtained by Ohhag al?? As confirmed from Eq(4), ~ zZnO and I305:Sn are rather similar. Compared with other
Ef) becomes zero when there are no free carriers. Thus, thudies!®2> m'(ZnO) obtained in this study shows smaller
result reported from Brehmet al. appears to include rela- yajues. For 1r05:Sn, our result is rather similar to the result
tively large errors. reported by Clanget whereas other studies reported higher
If the values of the three parameteiyy, e, Ep) are  or lower values for the variation afi’ with Nyjy.22724 The
known, m' of the TCO's can be obtained directly from Eq. increase inm" has also been observed for other TC¢5:8°
(4). Thus, assumingNyy=Ny, We determinedm’ of The increase i’ observed in the heavily doped TCO’s
ZnO:Ga and 1505:Sn. In the calculation, we used andE,  has been explained by the influence of the degeneracy and
shown in Figs. 7 and 8, respectively. Figure 9 shewsm,  the  nonparabolicity of the TCO  conduction
obtained from this procedure, plotted as a functioMpf;.  bandl7.18.21-2538-4Q@ccording to a theoretical model that as-
Here, my denotes the free-electron mass. Wty =0, we  sumes the nonparabolic conduction b4hdy at Fermi level
show the reported values of (Zn0)=0.281, (Ref. 3§ and s given by
m’(In,03)=0.30m, (Ref. 5. As shown in Fig. 9m" shows , "
distinct increases witiNy. . s h
So far, several other studies have also reported the in- m _”10{1+2P,T%(3772N0P‘)2/3} ' 9
crease inm" with carrier concentratiot21-25In addition,
the reduction inuy, observed for doped ZnO at hidth, wheremg and P are the effective mass at the bottom of the
(>4x10%° cm™®) has been explained by the increasemin  conduction band and nonparabolicity parameter, respectively.
(Ref. 39. In contrast to previous studié$?1-25however, we  Dotted lines in Fig. 9 show the result of the theoretical fitting
found thatm” of the ZnO:Ga and kD5: Sn increases linearly by Eq.(9). From the fitting,P for the ZnO:Ga and KD5:Sn
with increasingNy. It should be emphasized thai has a was determined to be 0.142 gVand 0.180 eV, respec-
strong relationship withe.,, as confirmed from Eq(4). In  tively. For the I305:Sn, however,m" calculated by this
particular, if E‘Z, increases linearly versus,,;, m" should model shows rather poor agreement withobtained experi-
change according to the variation of, as long as the ex- mentally, suggesting that this model is too simple to express
perimental data follows the Drude theory. Thus, the lineathe nonparabolicity of the TCO conduction band.

m' (In,05:Sn) = (0.297 + 0.011X 10 °Ny,)my.  (8)

075109-6



EFFECTS OF CARRIER CONCENTRATION ON THE PHYSICAL REVIEW B 71, 075109(2005

m" from Eq. (4) assumingNgp=Ny. Obviously, this as-

21 (a) ] sumption is valid, as confirmed from the result shown in Fig.
10l _ 10(b). As mentioned earlier, in order to obtaim accurately,
g~ the dependence of,, on Ny, has to be included in the
E 8t ® calculation explicitly. Thus, the excellent agreement between
8 ¢ Nopt @nd Ny strongly supports the validity of our analysis
e 6 - 1 results.
z§ . < © ] At lower carrier concentrationgNyy <4 X 1079 cm3),

however, the SE analysis becomes increasingly difficult ow-
2l § o zn0Ga g ing to low free-carrier absorption in the TCO films. Sensitiv-
e In0;5n (m.=0',30nn'fu) ity for free-carrier absorption can be increased by simply

0 s ‘ increasing the film thickness, although the thickness varia-
0 2 4 6 8 10 12 tion of the optical constants may cause difficulties in the
12-(b)' Y analysis.
The result of Fig. 1) shows thatN, is seriously un-
10t o . derestimated when the smalle values are used. A similar
result was reported previously for ZnO:&4This result can
8r . be explained easily from Eq€3) and(4). In particular, for a

constantA, value, N, decreases with decreasing used in
the analysis. Unfortunately, the above results show that the
analysis ofN, is difficult when the Hall measurement is not

N, (102 cm)
»

4+t 4 . .-k
§ performed for the same sample, since we determimed
2| o ZnO:Ga (m*Econst) |- from Nyg. Thus, we determined correction coefficients for
®  In,0,:Sn (m*#const.) Nop TO obtain the correction coefficients, we plotted two
0 e 1 sets 0fNy, shown in Fig. 10 and fitted the data points by
0 6 8 10 second-order polynomials. From this analysis, we obtained
Nian (102 cm) the relation expressed by
FIG. 10. Optical carrier concentratidi,,; obtained from the SE N..=0.91MN .+ 0.061X 10°2°N’2 cni3. (10)
analyses usinga) m'(Zn0)=0.28m, and m"(In,03: SN =0.30m, opt opt opt
and(b) m (znO) given by Eq.(7) andm (In,05:Sn given by EQ.  Here, N}, shows N, determined usingn’(Zn0O)=0.28m,
(8), plotted as functions of Hall carrier concentratip,. andm*(lnzog: Sn)=0.30m,. Thus, trueNopt can be calculated
_ . from N, using Eq.(10).
In a few studies,m of doped ZnO (Ref. 17 and Figure 11 showg,, obtained from the SE analyses using

In,O3:Sn (Refs. 6 and ZDwgs obtained assuming.=4. In (g m'(zZn0)=0.28n, and m"(In,05:SN=0.30m, and (b)
this case, a single value aff is determined from the slope " (zno) given by Eq.(7) andm'(In,04:Sn) given by Eq.
of the plot shown in Fig. 8. Nevertheless, this assumption igg), plotted as functions Ofi,. We determinedkqy from
not valLd, as confirmed from our result shown in Fig. 7.the two parameterd’p,m’) using Eq.(5). As shown in Fig.
Thus,m deduced assuming,.=4 includes large errors. 11(a), when the values ofi" are fixed, pop: ShOWS poOF
agreement withu,,,;. Whenm' is varied according to Egs.
(7) and (8), uopt agrees withuyy in @ range ofuyy from
20 to 25 cm/(V's). Thus, the agreement betwegn,; and

In order to find the validity of our analyses, we comparedg,,,, improves by considering th@" dependence on the car-
Nopt and uqp determined by SE WithNy, and iy, respec-  rier concentration.
tively. As mentioned earlieN,,; can be obtained from the In contrast toNyy, mept IS Overestimated when the smaller
two parameter$A,, m’) by applying Eqs(3) and(4). Fig- m" is used for the calculation, SinQe, increases with de-
ure 10 showsN,, obtained from the SE analyses usi@  creasingm’, as confirmed from Eq(5). If Nopt IS obtained
m'(Zn0)=0.28n, and m'(In,03:SN=0.30n, and (b)  from Eq.(10), one can estimate” of the TCO’s from Egs.
m’(ZnO) given by Eq.(7) and m'(In,05:Sn) given by Eq.  (7) and (8). Thus, from thism’, the true uq, can also be
(8), plotted as functions dfl,y. In Fig. 10a), it can be seen obtained.
that the difference betweeM,, and Ny increases ably As shown in Fig. 1), pu,y, shows a constant value of
increases. ~25 cn?/(V's), while uyy varies in a range from

In contrast, when the variation of with carrier concen- 5 to 45 cn?/(V s). Quite interestingly, we find the trends of
tration is taken into accound,, shows remarkable agree- wqp> upar for ZnO:Ga and uep< ppan for In,05:Sn. It
ment WithNy4, @s shown in Fig. 1®). This result confirms  should be emphasized that,, estimated from free-carrier
the increase irm" with carrier concentration. It should be absorption represents an average value within grains and
noted thalN,, of the In,O5: Sn shows poorer agreement with does not include the effects of grain boundaffe® In fact,
Ny Whenm' calculated by Eq(9) is used, supporting the in microcrystalline Si films, uqp @s determined by free-
linear variation ofm” with Ny In Sec. IV B, we determined carrier absorption shows a substantially higher value, com-

C. Correlation with Hall measurement
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o
S
IS

é (@) o 3.2x10" cm®
g 40t - 1 sl ] ® 1.1x10* em®
Z o = o 4.8x10”cm®
< 30l ¢ % ] £ v 6.5x10% cm”
E- % LS b e"‘ ol Linear fits
g m - 2
E s
8 10+ y 1k
:g_ O ZnO:Ga (m*=0.28m,)
(o) o . .. InZO:‘)I:Sn (m’=?.30mﬂ) ZnO:Ga
0 10 20 30 40 50 0 - g d
- 50 T T T r 2.0 25 3.0 35 4.0 4.5
2 () Photon energy (eV)
E 401 .
3; FIG. 12. Square of absorption coefficieaf obtained for
= 30l o i Zn0O:Ga, plotted as a function of photon energy. In the figure, Hall
> § o carrier concentratioNy,, of each sample is indicated. Solid lines
= 2ol % § o | show linear fits to the experimental data. The interceptr%t0
g . shows a band gap of the ZnO:Ga.
-§ 10r o Zn00a mEeonst))| | Thus, the optical band gdg, of the TCO’s can be estimated
& ®  In,0,:Sn (m*#const.) by plotting o versus photon enerdy:*Figure 12 shows¥
00 10 20 30 40 50 versus photon energy for the ZnO:Ga. We obtained ¢he

spectra from thek spectra shown in Fig. (8 using «
=4zk/\. In Fig. 12, a fundamental absorption edge shifts

FIG. 11. Optical mobility ey Obtained from the SE analyses toward higher energies with increasiNg,, by the Burstein-
using (@) m'(Zn0)=0.28m, and m(In,05:SM)=0.30m, and (b)  Moss effect. Solid lines show linear fits to the experimental
m'(ZnO) given by Eq.(7) and m"(In,O3:Sn) given by Eq.(8), data andEy was estimated from the intercept at=0. As
plotted as functions of Hall mobilitys, . pointed out previousl§,however, this analysis is not appli-

cable for heavily doped TCOQ's, since the conduction band is

pared with the one evaluated by Hall measurement, due tRot parabolic anymore due to the conduction band filling
poor carrier transport properties at grain boundafﬁéléhus, with electrons. To determing, accurately, theoretical treat-
our result shqwn in Fig. I_b) mdmate; that th_e carrier trans- ments are necessdhHere, we estimate@, from the con-
ports at grain boundaries are different in ZnO:Ga andengonal method for comparison with other studies.

In,O3:5n. . i .
The trend of uop™> upa Observed for ZnO:Ga implies byThe shift ofEq by the Burstein-Moss effect is expressed

that the carrier transport is hindered by the presence of grain
boundaries. In doped ZnQu,, has been reported to de- 52

crease atNy, <4x10?°cm™ due to grain boundary AEy= ——(3mNop??, (11)
scattering®® At higher carrier concentrations (>4 2Me,

X 10°° cm™®), however, grain boundary scattering makes &,pare i is reduced effective mass given biyr,)™t
small contribution since electrons tunnel thin potential barri-_(m*e)_lf(%*)_l (Ref. § Them; andrmt denote the effeective
= h - 0. h

ers formed at grain boundari€sin fact, whenNy of the mass for the electron and hole, respectively. According to the

: is hi ~6x10%°°cm3 i _ _ . e
ZnO:Ga s high enoughNy ~6x10°cm ), we find Burstein-Moss theory described in E41), E, shifts linearly

Hopt™ Muan- I these films, electron scattering by ionized im- 23 . .
purities dominates the carrier transpBre39:41 with Ng. Figure 13 showsE; obtained from the analysis

A similar explanation can also be applied for the shown In Fig. 12, plotted as a function N,ﬂa“. A similar

In,05:SNn2L24 In particular, we find better agreement be- 'esult has been obtained whigis plotted versulyy, sir)ce
-t : : I : N2/3
tween fiop and g for the In,Os:Sn, compared with the Nai~Nopr AS shown in Fig. 13E, increases withNy.

ZnO:Ga, due to higheN,, in the InO5:Sn. For the Nevertheless, our result obtained for the ZnO:Ga shows poor
In,O3:Sn deposited at high temperatur(é'gep0> 200 °C in agreement with the result reported earlleMoreover, we
Fig. 2), we observeuq,< . Although details are not found rather high E; for the InOz:Sn at Nﬁ/§|<8
clear, we suggest enhanced carrier transport in these films b>§'1013 cm 2, compared with other studiés.
percolation of the large polycrystalline grains formed at high  Although band-gap widening by the Burstein-Moss effect
Tdepo can be calculated from E@11), the actual shift off; does
_ ) not follow this equation. This effect has been interpreted by
D. Analysis of band-edge absorption band-gap shrinkage that occurs simultaneously with band-
In a band-edge absorption region, the absorption coeffigap widenind® The band-gap shrinkage is caused by many-
cient « of the TCO'’s is approximated byz:A(E—Eg)l/z. body effects including electron-electron and electron-ion

Hall mobility p,,,, (cm?/Vs)
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4.5 - y - - - - Nevertheless, a dielectric function model that can be applied
: IZ"g:?Sa . to heavily doped ZnO has been developed recéftBy ap-
Nz%=N ® e plying this model, the dielectric function of doped ZnO has
been parametrized using a total of nine paraméfens.ad-
dition, the parametrization of the J@5:Sn dielectric func-
o° tion using two Lorentz models has also been repotied.
Thus, the optical database of the TCO'’s could be constructed
o ] from these parametrization schemes.

©e

35

T

Bandgap E, (eV)

V. CONCLUSION

%o

The dielectric functions of ZnO:Ga and,D;:Sn with
0 2 4 é é 1'0 1'2 different carrier concentrations have been obtained by apply-
20 ing spectroscopic ellipsometry. To minimize analysis errors
Nyio (107 em??) that arise from thickness variation of optical constants, we
characterized thin filmé~700 A). The dielectric function of
the transparent conductive oxide was modeled using the clas-
sical Drude model combined with the Tauc-Lorentz model.
) o _Using the thickness determined by the model, the dielectric
scattering$. When the band-gap widening by the Burstein-fnctions of the TCO's have been extracted successfully by
Moss effect and the band-gap narrowing by the many-bodyhathematical inversion. From the dielectric function analy-
effects are considered, the calculated band-gap shift has beggs’ high-frequency dielectric constantand plasma energy
reported to show quite good agreement with a shift observegp are deduced. From these values determined experimen-

3.0

FIG. 13. Band gafEy of ZnO:Ga and 1g03:Sn, plotted as a
function of Hall carrier concentratioNy,; to the power 2/3.

i i 8 . * . .
in experiment tally, effective massn’ of the TCO’s is determined. Com-
pared with earlier studiesn” obtained in this study shows
E. Construction of the optical database smaller values. We find linear reductions én and linear

__increases i’ as the carrier concentration of the ZnO:Ga

Our results show clearly that the effects of free carieryng |n,0,:Sn increases. The effects of carrier concentration
absorption in the TCO's can be expressed fully by the simplé,, the dielectric function of the TCO’s can be categorized
Drude model. Accordingly, in a low-energy region well be- i three factors including) an increase in free-carrier ab-
low the fundamental absorption edge<2 eV), the optical  g4rption with carrier concentratiofij) a shift of band-edge
constants can be modeled by the three parametergysorption by the Burstein-Moss effect, afiid) a reduction
(e, Ap, I'p). In this case, the optical constants are obtainedy, ¢ with increasing carrier concentration. We further char-
from Eq. (1) assuminger, (E)=e... When the results shown acterized the optical carrier concentration and mobility from
in Figs. 7 and 9 are applied, the optical constants are calciyhe SE analyses using the Drude model. The validity of our
lated from the two parametefBlyy, sop). The modeling can  analyses has been confirmed from the excellent agreement
be simplified further assuming a constani,, Of  between carrier concentrations determined by SE and Hall
~25 cn?/(V's). measurements. The optical mobility of the TCO’s, however,

Unfortunately, dielectric function modeling in the band- shows poor agreement with the Hall mobility. We attributed
edge absorption region is rather difficult, as the dielectriahis effect to the presence of grain boundaries that affect the
functions show the complicated structures in this regionHall mobility significantly, but not the optical mobility.
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