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Physical and structural properties of thin films prepared via rf magnetron sputtering of the
transparent conducting oxide spinel .Gdin,_,,Sn0, are compared to those reported for bulk
specimens(prepared via high-temperature solid state reaction at 11)50@tical band gaps
measured on thin films of Gd,In,_,,SnO, were 3.5, 3.70, and 3.65 eV far=0.15, 0.45, and

0.70, which where 0.57, 0.94, and 0.95 eV higher than their bulk counterparts. Thin film Seebeck
coefficients were-18.0, —15.5, and—15.5 uV/K for x=0.15, 0.45, and 0.70, respectively, which
were 27, 24, and 1uV/K smaller in magnitude than their bulk counterparts. Snsstmauer
spectroscopy revealed isomer shifts that averaged 0.2 mm/s for both bulk and thin films specimens.
The presence of quadrupole splitting, which averaged near 0.48 mm/s for film specimens and 0.39
mm/s for bulk specimens, suggests that6im all specimens is in octahedral coordination. The
difference in quadrupole splitting suggests that thin films have a different cation distribution than
their bulk counterparts. The effective mass at the base of the conduction band, measured via the
method-of-four-coefficients, was found to be 0.25, 0.18, 0.21, andnf.2@r x equal to 0.15, 0.45,

0.70, and 1.0, respectively. A model that explains the changes in optical gap and thermopower as a
result of differences in the fundamental band gegsulting from a changing cation distribution
conduction band curvature, and carrier density is presented20@L American Institute of Physics.

[DOI: 10.1063/1.1410882

INTRODUCTION wheree is the electron charge. Since a decrease in the effec-

Transparent conducting oxidéECOS are a class of ma- tive mass reSl_JIt_s in a shift in the free-carrier absorption band
terials that both transmit visible radiation and conduct elecowards the visible spectrum, research efforts need to focus
tricity. These materials find application in numerous device$n increasing the relaxation time by improving existing ma-
such as photovoltaics, flat-panel displays, invisible securitjerials or developing new onés.
circuits, heat reflectors, and deicers. One of the most com- Shannonet al. observed that continuous edge sharing
mon TCOs is indium tin oxidéTO). Commercial grade ITO  octahedra of C&, In*3, and Sri* are a common structural
has been prepared with conductivities of 5600 S/cm, mobilifeature in TCOS. In addition to ITO, examples of such
ties of 28.3 crAV's, and carrier densities of 2210?P/cm®.t ~ TCOs include the spinels, G8nQ,, and CdIRO,. Thin
Given that device area is increasing, and ti& losses scale films of amorphous Cg&nG, were prepared by Nozik with
with device area, future TCOs need to have higher conducconductivities exceeding 1300 S/cm, mobilities of 100
tivities and yet maintain their transparency. Increasing concn/V's, and optical gaps exceeding 2.85 %Maackeet al.
ductivity by increasing the carrier density in a TCO will produced thin films of polycrystalline spinel €hQ, with
result in an increased absorption from free carriers. Mobilityconductivities exceeding 6700 S/cnMore recently, high
(w) is directly proportional to the carrier relaxation tifie  quality films of phase pure polycrystalline £hQ, spinel
and inversely proportional to the carrier effective masswere produced with conductivities as high as 8300 Sfcm,

(m’g),2 optical gaps exceeding 3.7 éVand mobilities near 77

o cm?/V s.1° Thin films of spinel CdlrO, grown by Pisark-
w=—, (1) iewicz et al. had conductivities near 1000 S/cm and optical

me gaps between 2.67 and 3.24 ¥\WVu et al. produced phase

pure spinel CdlgO, films with conductivities of 4300 S/cm

agege 8
Author to whom correspondence should be addressed; electronic maifNd mobilities of 4'4 cr’d\(s. o
t-mason@northwestern.edu We have investigated the interior of the
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CdO-In0;—SnG, phase diagram in search of novel TCOs TABLE I. Cation distribution along the ternary spinel GdIn,_5,SnO;,.
with high mobilities. Previously, we reported a bulk spinel

) . Cation Tetrahedral occupancy  Octahedral occupancy Sum
solid solution Cd,In,_,,Sn0O, (0<x<0.75 at 1175°C —
with conductivities in forming gas (96%JN4% H,) an- cd. 1-x+A-8 2X—A+S 1+x
. . In 1 2—2x—96 2—2X%
nealed specimens that increased from 2200-2300 S/cm t0 g 4 X—\ N "
near 3500 S/cm betweer=0.30 and 0.6 and optical gaps  gym 1 > 3

that decreased from 3.0 to 2.8 eV between0.1 and 0.3?
Bulk Cd,SnQ, crystallizes in an orthorhombic form rather
than in the cubic spinel form, and has poor TCO
properties”*? The high conductivities and wide optical gaps Here Ree is the tetrahedral cation-to-oxygen bond distance,
in Cdy,,In,_,,Sn0, prompted a thin film investigation of R, is the octahedral cation-to-oxygen bond distatads,the
this solution. Thin films of this solid solution were grown by lattice constant, and is the oxygen position parameter.
rf magnetron sputtering of targets with nominal compositions ~ For a simple binary 2/3+ spinel (for example,
corresponding ta=0.15, 0.45, and 0.70. Conductivities ex- CdIn:O4), the two metal cations (Cd, In*®) can be distrib-
ceeding 4000 S/cm fox=0.45 and 0.70, mobilites ap- uted among the tetrahedral and octahedral sites according to
proaching 60 crfiVs (x=0.70), carrier densities near 5.0 +2 o +3vtet ~ 214+ 3 \oc <5<
X 10°%cm® (x=0.45 and 0.7Q and optical gaps as high as (Cdi=5in;*(Cd;7In; 25)°0s - (0=0=1), @
3.7 eV (x=0.45) were obtainetf whered is the inversion parameter. The inversion parameter
Reports that the fundamental band gaps in spinefan be any value between 0 and 1. For the case véied
CdIn,0, and C3dSnQ, are sensitive to the distribution of We have a “normal” spinel, i.e., Ct cations on tetrahedral

cations between tetrahedral and octahedral ]§|Mmpted sites and Iﬁs cations on octahedral Sites, while a value of
an investigaion of the cation distribution in 6=1 corresponds to an “inverse” spinel, i.e., Cdcations

Cdy.,In, SN0, It was determined that the distribution @ndz of the In*® cations on octahedral sites, with the remain-

evolved from primar”y normal CdB@4 to an increasing'y |ng |n+3 cations on the tetrahedral site. In a similar manner,

inverse solution as neared the terminal point of 0.78¢ it is possible to define an inversion parameter,for the
More recently, Sn-Mssbauer spectroscopy was per- 21+/4+ spinel CgSnQ,.

fo_rmed on bulk and_'ghin film polycrystalline specime_ns in (Sqf)\Cd;Z)tet(Srir4Cd;72}\)octo4 (0=A=<1). (5)

this solution. In addition, the thermopower and density-of- _ S _ _ _

states effective mass were measured in thin films in this sol he possible distributions in the ternary spinel solid solution

lution using the method of four coefficieritsIn this article ~ Cdi+xIN2-2xSNO4 can be represented as shown below and

we compare and contrast bulk and thin film optical bandn Table I.

gaps, transport coefficients, and _Sn{Mbauer data. We_ (CdiF_ZX_'_)\_6|n;3sn-<*-_4)\)tet(cdgx2_)\+5|n;_32X_§Sr§-4)octo4

combine these results along with the reported cation

distributiont>® in bulk Cd, . In,_ SN0, to formulate a (0=d<1-x, O=\=Xx). (6)

model of the changing conduction band structure Versug, ye ahove case of a ternary spinel, the additional degree of

composition. freedom from the third cation make use of the words “nor-
mal” and “inverse” confusing. These words are best used for

SPINELS: CRYSTAL STRUCTURE AND CATION the end points (i.e., x=0,1) in the solution

DISTRIBUTIONS Cd; I, »,SNO,. At x=0, & corresponds to the inversion

Spinels are named after Mg, which has space parameter for CdpD,. Whenx=1, A corresponds to the

groude?m, cations at the special positiona 8tetrahedral inversion parameter for GBnQ,. The rows of Table | and

. : : +3
coordination and 1@l (octahedral coordinatignand oxygen thedcsalgan stgbscnpts f|n Ecj?) SUT fto the tot_al ce, Iln ’ ¢
anions on the general positionse3%® The spinel unit cell _?_?] | ca |onfs_|E>et:| olrmudatﬁm ot; anytglve.?hyattquextl i
can be constructed by combining 8 fcc unit subcells with € columns ot 1able | and the Subscripts within ne tetra-

oxygen anions at the verticies. One-half of the octahedrarﬂeqraI and octahedral pare ntheses of @gsum to 1 and 2
ations per formula unit in the tetrahedral and octahedral

sites and 1/8 of the tetrahedral sites are occupied with caf . — .
ions. The oxygen anions can be moved alord ] direc- 3|te§,_respect|vely. Once the st0|ch|ometr_y has been defined
tion and thus an oxygen position parametemust be speci- by fixing x, poth A and_ o mgst_be _known in order to com-
fied to completely define the structuf®The oxygen position Pletely specify the cation distribution.

parameteu varies between 0.24 and 0.2{®r the setting in

which the unit cell origin is at 8m) and over this range the EXPERIMENTAL PROCEDURE
octahedral site has site symmetryn3except foru=0.25 A complete description of the experimental procedure

where it has site symmetrin3m.*® The oxygen position used to produce films of Gd,In,_»,SnO, is published
parameter, lattice constant, and cation radii are relatedisewher&:®® Thin films of Cd . ,In,_»Sn0O, (x=0.15,

through the equations beloW. 0.45, 0.70, and 1)0were prepared by rf magnetron sputter-
Re=av3(u—1) 7 ing of oxide targets hot-pressed by Cerac IfMdilwaukee,
et & WI) from single phase powders of identical compositions.
Roe=a(3u?—2u+ 3)12 (3)  Substrates were>22 in2 1.4 mm thick Corning 7059 glass
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(Corning, New York. Film thickness varied between 0.1 and

w
o

1 um. As-deposited films were subjected to a reduction an- SN L
neal at temperatures between 580 and 660 °C for 20 minin = @ 3¢ / '
atmospheres of Ar or Ar in the presence of a CdS source as o | *
described in a previous papgelhe CdS source was a thin 8 34
film (=800 A) deposited on an identical substrate placed = ]
face-to-face  with  the  as-deposited  film  of _8 32
Cdl+x|n272xsn<o4-20 3 3
Both transmittance and reflectance were measured on © ]
thin films using a Car 5 G UV/VIS/IR spectrophotometer. 28 1
The thin film optical gaps were estimated from the intercept ]
[on a plot of hva)? versushv] determined via least-squares 26 ' ‘ ‘
fitting to the following equation, which assumes a direct 0 02 04 06 08 !
transition between the top of the valence band and the bot- .
tom of the conduction bantt: X in CdyIn,,5,Sn,0,
hvas(hv— Eg)l/Z_ (7) FIG. 1. Optical gaps for bulk specimens reduced in forming(dés H, and

96% N,) and thin film specimens annealed in Ar/CdS.
Herev is the frequency of light in the transmission/reflection
experimentsh is Planck’s constang is the band gap, and
a is the absorption coefficient, which was determined b
solving Eq.(8), which is an approximation that is valid in the
strongly absorbing portion of the spectrim:

ydoublet with equal linewidths and intensities for the pair of
lines. Alternate fits were routinely attempted that included
additional single lines and quadrupole doublets but none of
these resulted in improved fits compared to the single quad-
T=(1-R)?exp— at). (8)  rupole doublet fit.

HereT is the transmittanceR is the reflectancd,is the film
thickness, andk is the absorption coefficient.

Thin film thermopower, relaxation time, and the density-  Figure 1 shows the optical gaps for both previously re-
of-states effective mass were measured using the fouported bulk specimens (reduced in forming gas
coefficient techniqu&!’ In this technique the Hall coeffi- 96% N,:4% H,)*?> and thin film specimengannealed in
cient, thermopower, conductivity, and Nernst coefficient areAr/CdS). The film specimens have substantially larger opti-
measured. The latter is a proportionality constant relating theal gaps than their bulk counterparts. Both data sets show
electric field developed along thedirection in the presence changes in optical gap with composition. The bulk speci-
of a thermal gradient along thedirection and a magnetic mens show a 0.2 eV decrease in optical gap from 3.0 to 2.8
field along thez-direction? Analytical expressions for these eV betweenx=0.1 and 0.3 while the thin film specimens
parameters are then used to solve a system of equations arappear to increase approximately 0.2 eV betwgerD.15
ing from transport theor§.As a result, the carrier density, and 0.45. A variety of factors can influence the size of the
density-of-states effective mass, relaxation time, and a scatneasured optical gap in a TCO, such as the fundamental
tering parameter indicative of the type of scattering dominanband gap, a Burstein—Moss effé&ct®effect i.e., the upward
in the film are obtained. shift in Fermi level with respect to the conduction band as

Mossbauer spectra were acquired in the constant accedtates at the bottom of the conduction band are filladd a
eration mode using a 2 mCi CaSgd'"Sn source. Al mea- negative contribution from band narrowing that is a conse-
surements were made with both source and absdither quence of an electron—electron or electron—impurity
sampleé at room temperature. The films on glass wereinteraction?® Mulligan observed both Burstein-Moss and
mounted and electrically grounded in a conversion electrofband narrowing contributions in the optical gap of spinel
backscatter detector operated with a flow of He-10%@ktt  Cd,SnQ,, but found the Burstein—Moss effect to dominate
an applied voltage of 950 V. Excellent signal-to-noise spectrahe shift? Figure 2 shows thermopower versus composition
were obtained from about Am-thick films in about 48 h for the previously reported bulk speciméhgreduced in
accumulation time per sample. The bulk specimens were finforming gas 96% Bt4% H,) and the thin film specimens
powders mixed with fine powdered sugar and pressed intéannealed in Ar/Cdgin the present study. Assuming these
pellets of 2.5 cm diameter for transmission $4bauer mea- materials are degenerate, the Fermi energy is inversely pro-
surements. The mass of powder was adjusted dependirg orportional to the thermopowér. Consequently, the bulk
to give similar excellent signal-to-noise ratios for all the bulk specimens have a substantially lower carrier density than
specimens with a 24 h accumulation time per sample. Théheir thin film counterparts. This suggests that the large dif-
transmission spectra were acquired with a xenon-filled proference in optical gap between thin film and bulk specimens
portional counter and a 5@m Pd foil to filter the Srx rays s likely due to a Burstein—Moss shift. Figure 2 also shows
from the*®™Sny rays. All isomer shifts are reported relative decreasing thermopower magnitude with increasingboth
to CaSnQ. Each spectrum was least-squares-fitted with éulk and thin film specimens. This thermopower increase is
superposition of Lorentzian line shapes. All spectra could be&onsistent with an increasing carrier density as reported pre-
well-fitted (x? indicator close to unitywith a quadrupole viously for films prepared in Gd In,_,,Sn0,.** This

RESULTS AND DISCUSSION
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FIG. 2. Thermopower for bulk specimens reduced in forming @& H, lated to be 0.8 eV larger than that in inverseZSluQ.ZB
and 96% N) and thin film specimens annealed in Ar/CdS. Based on this calculation and our experimental determination
of the distribution in Cgl, ,In, _,,SnO,, it appears that the
fundamental band gap should decrease with increasing
might explain the increase in optical gap with increasing Figure 4 shows a summary plot of the Sn<dbauer
for thin film specimens but cannot explain the decrease ijjata for both bulk(quenched from 1175 9Cand thin film
optical gap withx observed in bulk Specimens. The funda- Specimengthe Xx=1 data are from a previous Stl.?d.yBOth
mental band gap may be changing witlowing to changes  puylk and thin film specimens show nearly identical chemical
in the cation distribution along the solution. or isomer shifts near 0.2 mm/s, which is consistent with ear-
Wei and Zhang have shown via first principles bandjier measurements of the isomer shift in thin films of spinel
structure calculations that the fundamental band gaps in sped,Sn0,.2%° Although they differ in magnitude, both bulk
nel CdinO, and C4dSnQ, are dependent on the inversion and thin film specimens show measurable quadrupole split-
parametet? Normal CdInO, (calculated to be more stable ting. Quadrupole splitting is a consequence of the interaction
than inverse Cdy0D,) was predicted to have a fundamental of the electric field gradient at the Shsite with the nuclear
band gap 1.07 eV larger than inverse Gy while normal  quadrupole moment it'%n3! Given that the tetrahedral
Cd,SnQ, was calculated to have a fundamental gap 0.14 e\sjtes in spinels have cubic symmetry and consequently no
smaller than inverse GBnQ, (calculated to be more stable electric field gradient? it would appear that the Sl is lo-
than normal CgSnQ,).** Clearly, knowledge of the cation cated solely on the octahedral site in both bulk and thin film
distribution in the solution Cd ,In,_»,SnO, is important  specimens. Attempts to use only single lirfesrresponding
to understand the Change in the fundamental band gap Wltﬂ@ cubic Sﬁ'4 Si'[eg7 or add sing|e lines to the quadrupo|e
composition. doublet fits, always resulted in poorer fits as indicated by the
Previous work using the techniques of transmission elecy 2 indicator. This result is in agreement with our previous
tron microscopy(TEM) atom location by channeling en- TEM and neutron diffraction resultS:*® The fact that the
hanced microanalysi®A\LCHEMI), neutron diffraction, and  thin film quadrupole splitting is slightly larger than the bulk
x-ray diffraction(XRD) showed that the distribution in bulk
H12Cd, ., In,— 2SO, specimen® (quenched from 1175 °C
evolves from primarily normal Cdh®, to increasingly ran- 06

dom 2Cd, ;dng ¢Sy /04 1>1° Using the notation in Egs.

(4)—(6) the distributions could be written as — 051

(M%Clh 6dNo 30 (M Ch 21N1 69°°0,4 (i€, X=A=0, & 2

=0.31) and (**Cdy 74ng 29" (M*Ccly 93N 35 770, (i€, E 04

x=\=0.70, 6= 0.23." Figure 3 shows a summary plot of = ,]

the cation occupancies in ¢d,In,_,,Sn0O, (Ref. 1§ (the 8 i

smooth curves were obtained by fitting the data with the o 02]  #=feresens PR At bt SUUEE SULLLLLEEELIE &
model of O’'Neill and Navrotsky®1°?'The different curves o _ _

in Fig. 3 correspond to the different cells in Talfleand the @ o1y :?I‘:": ::Zr";:r' 2::: :E:l‘:gz::xsz:: :5:-'31':3
subscripts of each cation in E@). Figure 3 shows that up to 0 : : : :

x~0.5 the quantity of C8 and In"3 on the tetrahedral sites 0 02 0.4 06 0.8 1
remains essentially fixed, while 214 cations on octahedral

sites are being replaced by one™@énd one Sh* cation. As Xin Cd1+xln2_2XSnXO4

x nears 1, there is no longer enough reft on the octahe- G, 4. | hift1S) and quadrupole splitingas for bulk as-fred

. . : . . 4. Isomer shi and quadrupole splittin or bulk as-fire
dr_al Slte+2to sustain this trend_‘ Tetrahedraﬁns reAPIaced specimens and thin films annealed in Ar/CdS determined from Sn-
with Cd"™< and OCtahedr_al I? is replaced with SK*. The  wgssbauer spectroscopy data. Isomer shifts are given relative to GaSnO
fundamental band gap in normal CdDy has been calcu- (x=1 data after Ref. @
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TABLE II. Calculated oxygen position parameters based on the radii of 0.4
Shannorf.
035 1 .
Distribution Cdino, Cd,SnQ, “
ST ST u
Normal 0.262 0.246 031 X
Inverse 0.252 0.261 R .
m', °%]
aSee Ref. 32. Y
02 |
0.15 |
values suggests that the local environment around the Sn- [#x=0.15 ¢ =045 4 x=0.70 mx=1.0]
cation is different in bulk and thin film specimens. 0.1 ‘ ' ‘
We have measured an oxygen position parameter be- 0 2 4 6 8
tween 0.262 and 0.263 far=0 and 0.70 via combined x-ray n (x 1020 cm'3)

and neutron diffraction refinement of data collected from

bulk specimens quenched from 1175¥0Vhile no data for  FIG. 5. Effective mass vs carrier density for thin films with compositions
u exists in films of this solutiorfthere is insufficient material ~corresponding ta=0.15, 0.45, 0.70, and 1.0 along £dIn, 5, SnO;.

in a thin film for a neutron diffraction experimenit is pos-

sible to speculate from the Sn-Msbauer data how they 3| 283p2
might differ from their bulk counterparts. Given that the (m*)2=(m* )2+ 4 (_) _

magnitude of the quadrupole splitting is proportional to the ¢ do E,[\87) 2

electric field gradient at the Sn-sitethe larger quadrupole jgre m? is the density-of-states effective mass;, is the
splitting (shown in Fig. 4 observed in the film specimens ygnsity-of-states effective mass at the base of the conduction
suggests that the octahedral sites in thin films may be MOBand,h is Plank’s constant, and, is a constant. This equa-
distorted(i.e., further deviation from cubic symmetry causedjon was used to find the effective mass at the base of the
by oxygen anions moving alonl1D) and have a larger conduction band for each compositiér=0.15, 0.45, 0.70,

oxygen position parameter than their bulk counterpartsang 1.9. The results of these calculations are shown in Fig.
Table Il shows calculated oxygen position parameters using

Egs.(2) and(3) and the ionic radii of Shanndii.For smallx Figure 6 suggests that the curvature at the base of the

(i.e., close to CdlfD,) a largeru corresponds to @ more congyction band shows a slight change with composition in
n_ormal distribution(i.e., x=X~0, §~0) while for largerx Cdy4 4Ny 2,SNO,. It appears that the bands are slightly
(i.e., close to Cg5nQ,) a largeru corresponds to @ MoOre proader forx=0.15 and narrow as increases to 0.45. The
inverse distribution(i.e., x=A~1, ~0). Thus one might pangs may broaden somewhat agaix approaches 1, how-
conclude that the cation distribution in thin films of gyer the size of the error bars makes this conclusion some-
Cdy1 (N2 2SO, evolves from a more normal Cd0,  \hat speculative. The low effective massxat 0.45 might
(-8, Npu=Nfim 5 Spui™ Siiim) 0 inverse CgSNO (for bot? seem to suggest that this composition could yield high mo-
bulk and thin filmg. Thus in the film case Cd and Si*  pjities, however, Fig. 5 shows that the effective mass is near
substitution for Iri® takes place almost entirely on the octa- 0.3m, once sufficient carriers are present to produce reason-
hedral sublatticéas opposed to the bulk case where substimpje conductivities. Furthermore, the relaxation tifewas
tution takes place on both tetrahedral and octahedral sites f@g ;nd to depend on the carrier density, as shown in Fig. 7.

the later half of the solution This stands to reason, given Thg highest relaxation times correspond to the highest carrier
that the equilibrium distributions in the filn{she film distri-

bution will correspond to the annealing temperature of

*
Myo

r.|2/3. (9)

660 °O should be less driven by configurational entropy than 03
their bulk counterpartéthe bulk distribution will correspond 0.28 1
to the quench temperature of 1175°@onsequently, the 0.26 -
change in fundamental band gap withx in 0.24
Cdy ;4 In,_»,Sn O, should be more extreme in films than in m. 0221 !
bulk specimens. do 02
Figure 5 shows the density-of-states effective masgs)( 048 |
measured using the method-of-four-coefficients for films of 0'16 ]
composition corresponding to=0.15, 0.45, 0.70, and 1.0 in '
Cdy,«In,_»,Sn0O,. The different compositions all appear to 0141
show a gradual change imj; with carrier density which 012 1
indicates that the bands are not entirely parabolic. Ybung 0.1 T " T ;
has used a first order nonparabolic approximation to model 0 02 04 06 08 1
conduction bands in TCOs that are ellipsoitkhd not para- X in Cd1+xln2_2XSnXO4

bolic) in shape and found that this model can be used to

* 2 - - 2/3 - .
ShOWZthat (ng)° varies with n“%, with an intercept of g 6 Effective mass at the base of the conduction band along
* .
(MGo)™ Cdl 1IN 5,810y,
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14 across the bulk solution since the films have a cation distri-
bution characteristic of a lower equilibrium temperat(re.,

Spul™ Ssims) than their bulk counterparts. As carriers fill the
o * 5 states at the bottom of the conduction band, the Fermi level
rises and the optical gap increases as a consequence of the
6 ot ¢ Burstein—Moss shift. Since the carrier density is larger near
o the end of the solution, the optical gaps are shifted more for

& larger x. Furthermore, since the curvature of the bands in-
creases slightly with increasing(i.e., mj, is smalley, iden-

tical carrier densities may result in increasing optical gaps

12

10 §

T (x 1019 s)
.,

[#x=0.15 mx=0.45 4 x=0.70 ® x=1]

] 2 4 6 8 with increasingx. The substantial increase in carrier density
in thin films over their bulk counterparts is responsible for
n (x 102 cm3) the increasing optical gap with increasing@bserved in Fig.

1. In the bulk case, the optical gap trend is dominated by the
FIG. 7. Relaxation timer) vs carrier densityn) for x=0.15, 0.45, 0.70,  fyndamental band gap, while the thin film trend is dominated
and 1.0 along Iz, SN0, by the Burstein—Moss shift in optical gap.

densities, where the effective mass is the largest. TherefofeONCLUSIONS

there is a net cancellation of the two principal parameters  The transport coefficients and structural properties of
(i.e., 7 and mg) governing mobility in Eq.(1). Relaxation  pulk and thin film polycrystalline specimens of the spinel
time has been observed to be a strong function of carriefransparent conducting oxide €dlIn,_»,Sn0O, were mea-
density in both spinel G&n0, and CdO TCOs as a conse- syred. Optical gaps of 3.5, 3.70, and 3.65 eV were measured
quence of a change in scattering mecharidm. on thin films forx=0.15, 0.45, and 0.70, respectively. These
Figure 8 shows a schematic of the conduction bandyere 0.57, 0.94, and 0.95 eV greater than their bulk counter-
structure in bulk and thin film specimens that takes into aCparts. Thin film Seebeck coefficients 6f18.0, —15.5, and
count changes in fundamental band gap as a consequence of5 5 uV/IK were measured fox=0.15, 0.45, and 0.70.
the changing cation distribution versus composition, theThese were 27, 24, and ¥v/K smaller in magnitude than
change in curvature of the conduction band across the solyheir bulk counterparts, which suggests that film specimens
tion, and the difference in carrier denSity between thin ﬁlmha\/e Substantia”y h|gher carrier densities than bulk Speci-
and bulk specimens. The different trends in optical gap obmens. Sn-Messbauer data suggest that the octahedral site in
served in Fig. 1 can now be explained. Bulk specimens showhin films of this solution appears to be more heavily dis-
a decrease in optical gap with increasibecause the fun- torted than its bulk counterpart. This may indicate that the
damental band gap associated with primarily normalhin film cation distribution corresponds to a lower tempera-
CdInO, is larger than that associated with inversg®u),.  tyre equilibrium state than the bulk cation distribution in
In addition, the change in fundamental gap across the thi@d1+x|nz—zx5f1<04- This implies that the changes in funda-
film solution is greater than the change in fundamental gapnental band gap with are larger in the film specimens than
their bulk counterparts. The effective mass at the base of the
conduction band drops from 0.2f to 0.18n, asx increases

A Mostly Butk from 0 to 0.45. This change in conduction band curvature,
Normal Inverse along with changes in the size of the fundamental band gap
§=0.31 rA=1 caused by the varying cation distribution between mostly

normal CdInO, and inverse C£5nQ,, has been used to pro-
IAE pose a qualitative picture of changing conduction band in
Cd; 4In,_,,SnO,. This model, when combined with the
-~ 4Eq differing carrier densities between bulk and thin film speci-
= > mens in Cd, ,In,_,,Sn0,, has been used to show that the
L‘I'CJ’ ?\I/I:;ial Thin Films Inverse trends in (_)ptical gap in bulk spe(_:imens are dominated by the
r=1 changes in fundamental gap within Cd;, 4In,_,,SnO,,
<031 AE,, while the changes in thin film optical gaps withare domi-
é !% ‘ nated by a Burstein—Moss shift.
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