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Abstract: A series of Sc-doped CdO (CSO) thin films have been grown on both amorphous glass and
single-crystal MgO(100) substrates at 400 °C by MOCVD. Both the experimental data and theoretical
calculations indicate that Sc®* doping shrinks the CdO lattice parameters due to its relatively small six-
coordinate ionic radius, 0.89 A, vs 1.09 A for Cd2*. Conductivities as high as 18100 S/cm are achieved for
CSO films grown on MgO(100) at a Sc doping level of 1.8 atom %. The CSO thin films exhibit an average
transmittance >80% in the visible range. Sc* doping widens the optical band gap from 2.7 to 3.4 eV via
a Burstein—Moss energy level shift, in agreement with the results of band structure calculations within the
sX-LDA (screened-exchange local density approximation) formalism. Epitaxial CSO films on single-crystal
MgO(100) exhibit significantly higher mobilities (up to 217 cm?/(V-s)) and carrier concentrations than films
on glass, arguing that the epitaxial CSO films possess fewer scattering centers and higher doping efficiencies
due to the highly textured microstructure. Finally, the band structure calculations provide a microscopic
explanation for the observed dopant size effects on the structural, electronic, and optical properties of
CSO.

metallic conductivities, and relatively simple crystal structdres.
Sn doping of CdO thin films grown epitaxially on MgO(111)

Introduction

Transparent conducting oxides (TCOs), a fascinating classb lsed | p . hieved thin il bilit
of materials that are both optically transparent and electrically y pulsed laser deposition (PLD) achieved thin film mobilities

conductive, are finding increasing application in optoelectronic and conductivities as high as 607 #(Ws) and 42000 S/cm,
devices such as flat panel displays (FPDs), OLEDSs, photovol- respectively, rendering them the most conductive TCO thin films
taics, solar cells, heat reflectors, de-icers, and energy-efficient With the highest carrier mobilities grown to ddtén addition,
windows. Advances in all of these technologies would greatly CgIzS Q, CdInO4, and CdGZnQ t,h'n films have been grown
benefit from new TCO materials with, among other character- with good to excellent conductivities (up to 8300 S/cm) and

istics, greater charge transport capacities and broader transparexcellent optical transparen(;es (band gaps as large as 3.7 eV)
ency windows: 2 Recently, CdO-based TCOs received much for photovoltaic application%8 Although the optical band gap

attention due to their exceptional carrier mobilities, nearly °f Pure bulk CdO is only 2.3 eV leading to relatively poor
optical transparency in the short-wavelength range, aliovalent
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tion-dependent BursteirMoss (B—M) energy level shift? Sc(dpm} (2) (dpm = dipivaloylmethanate) was prepared from:Gg
CdO, with a simple cubic rock salt structure, broadly dispersed (99.99%, Alfa Aesar) by a literature procedufe.

s-like conduction bands, and a small carrier effective mass, is Foc
3

seen to represent an ideal model material in which to study the Bul
effects of doping on TCO band structure, crystal chemistry, and \/ o)‘:_-\>—CF3 But o>"_-\>/'3u
charge transport. EN\CL/O &0\3[:/0

In our previous work, undoped and doped CdO thin films NS0 50" 0,
were successfully grown by MOCVD using optimized metal f ) °>\;,>’°F3 Bu °\:_ _,'> Bu
organic Cd precursofs? In-doped CdO thin films grown on FaC But
glass by MOCVD exhibit conductivities as high as 16800 Sfcm.
It was found that In doping dramatically alters the CdO band 1 2

structure by extensive mixing of In 5s and Cd 5s states, also

yielding a hybridization gap in the conduction band. Our  CSO thin film growth was carried out in a previously described
continued interest in CdO-based TCOs focuses on understandindnorizontal, cold-wall MOCVD reacto® For CdO and Sc-doped CdO
crystal structure-charge transport relationships by doping CdO thin film growth, the precursor reservoir temperatures/Ar carrier gas
with a wide variety of dopants which (1) offer controlled lattice flow rates were optimized atl) 85 °C/15 sccm and2) 110°C/5-50
parameter excursions via varying ionic radius, (2) offer varying SCcm- The QOX|d|Z|_ng_gas was introduced upstream at 400 sccm after
degrees of orbital overlap betweenXdonduction band states bubbling through distilled water. A system operating pressure of 4.0

and dopant ions, and (3) contribute varying formal numbers of = -1 TOrr and a substrate temperature of 40Gvas maintained during
. . . . the thin film deposition. Corning 1737F glass and polished single-crystal
conduction band electrons to increase the effective carrier

. e MgO(100) @ = 4.216 A) substrates were purchased from Precision
density by substituting for Cd. For all these reasons, 8¢ Gjass and Optics and MTI Corp., respectively. Both the glass and the
with a six-coordinate ionic radius of 0.89 ‘A, which is

> MgO(100) substrate surfaces were cleaned with acetone prior to the
substantially smaller than that of €d 1.09 A, would be of  fim deposition, and were placed side-by-side on a SiC-coated susceptor

great interest in the study of dopant size effects. In addition, in the growth reactor for simultaneous growth experiments.
compared with I&™ and Si*, SE&* does not have an energeti- Film Physical Characterization Measurements. Composition
cally comparable s state that can hybridize with the Cd 5s statesanalyses were carried out using inductively coupled plasma atomic
in the conduction bant? Hence, Sc-doped CdO would also be ~emission spectrometry (ICP-AES). Fluorine and carbon contamination
of great interest to probe orbital hybridization effects by (atom %) were quantitatively analyzed using an Omicron ESCA probe

. . . ) ) . X-ray photoelectron spectrometer. Optical transparency measurements
ﬁlorrr;r;parlson with the corresponding In- and Sn-doped CdO thin were carried out in the range of 368300 nm with a Cary 500 U¥

) vis—near-IR spectrophotometer. Film thicknesses were measured using
In this paper, we report the growth of Sc-doped CdO (CSO) 4 Tencor P-10 profilometer after a step in the film was etched using

thin films on amorphous glass and single-crystal MgO(100) by 59 HCI solution. X-ray diffractiorf—26 scans of CdO films on glass
MOCVD. The CSO thin film phase structure, microstructure, were obtained with a Rigaku DMAX-A powder diffractometer using
and electrical and optical properties are investigated in detail. Ni-filtered Cu Ko radiation. Rocking curves arglscans of the epitaxial

In addition, we report first-principles full-potential linear thin films on MgO(100) substrates were obtained on a home-built
augmented plane wave (FLAP%#$13electronic band structure F_Qigakl_J four-circle diffractometer Wi_th detecto_r-select_eq CGu tédia-
calculations within the screened-exchange local density ap- tion. Film surface mf)rphologywas imaged using nggltaI Instruments
proximation (sX-LDA) to treat both the ground and the excited Nanoscope Il atomic force microscope operating in the contact mode.

states. which allow us to compare and contrast the structural Film microstructure was imaged on a Hitachi S4500 FE scanning
’ P "electron microscope. Ambient-temperature four-probe charge transport

electronic, "f‘nd optical properti_es of In- and Sc—doped Cdo data were acquired on a Bio-Rad HL5500 Hall-effect measurement
systems. Itis fqur?d both experimentally a}nd thepretlcally that gystem. Variable-temperature Hall-effect and four-probe conductivity
(as might, a priori, be expected) Sc doping shrinks the CdO gata were collected between 77 and 330 K using the instrumentation

lattice parameter substantially due to its smaller ionic radius.

As-deposited CSO thin films are highly conductive and trans-
parent, with an average transmittarcc0% in the visible range.
Thin film conductivities as high as 18100 S/cm on MgO(100)
are obtained at the optimum Sc doping level of 1.8 atom %.
This conductivity is roughly 5 times greater than that of
commercial ITO.

Experimental Section

MOCVD Precursors and Thin Film Growth. The volatile metat
organic Cd precursor Cd(ht#N,N-DE-N',N'-DMEDA) (1) (hfa =
hexafluoroacetylacetonatéy,N-DE-N',N'-DMEDA N,N'-diethyl-
N,N'-dimethylethylenediamine) was prepared from high-purity Cd-
(NO3)24H,0 (99.999%, Aldrich)i* and was triply vacuum-sublimed.
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described previously.
Theoretical Methods

First-principles electronic band structure calculations were performed
using the highly precise all-electron FLAPW metfutiat has no shape
approximation for the potential and charge density. The exchange-
correlation energies were treated via the LDA. Cutoffs of the plane-
wave basis (14.4 Ry) and potential representation (81.0 Ry) and
expansion in terms of spherical harmonics With 8 inside the muffin-
tin spheres were used. To overcome the shortcomings of LDA for the
determination of the excited-state band structure and optical properties

(14) Metz, A. W,; Ireland, J. R.; Zheng, J. G.; Lobo, R. P. S. M.; Yang, Y.; Ni,
J.; Stern, C. L.; Dravid, V. P.; Bontemps, N.; Kannewurf, C. R,
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5, 261.

(16) Hinds, B. J.; McNeely, R. J.; Studebaker, D. B.; Marks, T. J.; Hogan, T.
P.; Schindler, J. L.; Kannewurf, C. R.; Zhang, X. F.; Miller, DJJMater.
Res.1997 12, 1214.
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of CSO, we used the self-consistent sX-LDA metlodith cutoff =
parameters of 10.24 Ry in the wave vectors bad3 inside the muffin- @
tin spheres. Summations over the Brillouin zone were carried out using Q =
10 speciak points in the irreducible wedge. © g o §
= o

Results and Discussion ’f g g g

We first describe a simple, effective, low-pressure MOCVD § l J _A____LM’
growth process for Sc-doped CdO (CSO) thin films. Then, CSO o [ J I )\ 1-2%Sc
film composition, morphology, microstructure, and epitaxy are bt \ L 23 %Sc
characterized as a function of doping level using a broad array I I \ 5.0% Sc
of complementary physical techniques. In addition, the optical ol L |89 % Sc
and electrical properties of as-deposited CSO thin films are K N . 15.0% Sc

investigated in detail, and microstructureharge transpott
optical properties relationships discussed. Finally, band structure o
calculations using the highly precise sX-LDA formalism are 20(’)
used to help understand CSO structural, electronic, and opticalFigure 1. 6—26 X-ray diffractograms of CSO thin films grown on glass
properties. at 400°C by MOCVD as a function of Sc doping level (atom %).

Film Growth. A series of CSO thin films was grown on 1737
F glass and single-crystal MgO(100) at £Dby low-pressure
MOCVD using the metatorganic Cd precursct and the Sc
precursor2. Thin films with a thickness of~180 nm on glass
and~350 nm on MgO(100) are obtained aft& h of growth,
at a growth rate ofv1.5 nm/min on glass an¢3 nm/min on
MgO(100). The CSO thin film growth rate on single-crystal
MgO(100) is more rapid than that on amorphous glass sub-

strates, presumably due to epitaxy effects. Film growth is found structure®® No SeO#! of other contaminating phases are

ver nsitiv h r mperature anpb@ial )
to be very sensitive to the substrate temperature a detected by XRD, even at the 15 atom % Sc doping level,

ressure. At a given Cd precursor delivery rate (precursor. .~ . . . ‘
tpemperature/Ar cglrrier gas fFow rate of 835/15 syccm) tﬁlrc)e film indicating that Sﬁ substitutes un|f0rm|¥ for Cit in the lattice
growth rate decreases with increasing substrate temperature overrather than forming a second phase. Itis clear that the presently

e fange 300400C. T s because CO sl s ey (-2 S0P O 501 G40 tn ime s om0,
volatile ° leading to competition between the CdO film deposi- P polycry

tion and evaporation on the substrate at higher '[empera'[ures.MOCVD'de”V(ad CSQ thin films grown on amorphous glass

. . substrates, all the epitaxial CSO thin films grown on single-
Films could only be deposited at temperatures below 425 - . .
. - crystal MgO(100) exhibit a highly (200) textured microstructure,
under the present reactor conditions. More importantly, low

. ) 2’ = even though the lattice mismatch between the MgO(100)
precursor delivery rates proved to be highly effective in .
- - o L o substrate and CdO crystal structure is 10.2%. The textured
obtaining highly epitaxial thin films (see below). In addition, : I
. ) . . structure of the as-deposited thin films was further assessed by
as-deposited films grown at low delivery rates1(5 nm/min) : . .
L CY . o rocking curves ang-scans (Figure 2). The rocking curves of
exhibit larger grain sizes and higher measured mobilities (Seethe films show good out-of-plane alignment (Figure 2A). The
below) than films grown at higher delivery rates .5 nm/ 9 P 9 9 )

min). These as-grown films are uniformly pale-yellow in color full width at half-maximum (fwhm) is increased from O.fr
Ny . . undoped CdO films to 1%for CSO at 6.4 atom % Sc doping,
but exhibit good optical transparency. The Sc doping level can

. . . suggesting that the crystallite alignment decreases slightly with
be mcrgmentally varied from 0.7 to 15 atom % by varying the incgrgasengc doping.yThe in-pIa%e orientation was afc']so i):wes-
A:e:::ﬁ:!g: gas flow rate and reservoir temperature of the Sc tigated by¢-scans of the CdO(111) reflection gt= 54.7
P Film C.omposition Morphology, Microstructure, and (Figure 2B). The clear 4-fold rotational symmetry of the CdO-
Epitaxy. Fluorine and carbon contamination in the CSO films (111) reflections along with the small fwhms (0f6r pure CdO,

titatively i tinated by X hotoelect 0.7 for CSO at 1.8 atom % Sc doping) reveals excellent in-
;Nas quan)l(gévedy m;/e?hlga € ]}/ l-:ray pt otoelectron spec- plane orientation of the films. The orientation relation between
roscopy ( ) due to the use o a r-con a|n_|_ng—©d;;an|c CSO thin films and the MgO(100) substrates is therefore CdO-
MOCVD precursor. To analyze the film composition, the surface (100)IMgO(100)

layer (35 nm) exposed to air was first removed by Ar ion Using polycrystalline silicon as an internal calibration refer-

sputtering (2 kV, 1QuA; §putter|ng rate'w.s Afmin). There. are ence, the precise lattice parameters of the MOCVD-derived CSO
no detectable changes in th_e composition or the chemmal_statethin films on glass were calculated. It is found that the lattice
of the C_:d, Sc, and O COﬂStItU((E)ntS after 10, 20, antg 40 min of parameters decrease linearly with increasing Sc doping level
sputtering. Less than 0.5 am% F and 2.5 atom % C are (Figure 3), indicating that the lattice dimensions contract

.d?tegte(i n .the .afs-d(Tpozlteﬁ Cljo :hm ?Irgsi ar)d _rf'.encfl' I:monotonically with the introduction of 8¢, having a smaller
introduction 1s minimal and should not contribute sighilicantly iy _cqordinate ionic radius, 0.89 A, vs 1.09 A for £dIn

addition, the lattice parameters of the CSO films on MgO(100)

30 40 50 60 70 80

as a doping mechanism for the high conductivity. Previous SIMS
analyses on CdO films grown under similar MOCVD conditions
using an analogous hfa precursor indicated F levels of 0.26 atom
%.14

X-ray diffraction 6—26 scans of CSO thin films grown on
glass were carried out betweefl 2 25° and 2 = 80°. Figure
1 shows the XRD data as a function of Sc doping level. All of
the films are phase-pure and polycrystalline, with the fcc CdO

(18) Asahi, R.; Mannstadt, W.; Freeman, A.Rhys. Re. B 1999 59, 7486
and references therein.

(19) Lamoreaux, R. H.; Hildenbrand, D. L.; Brewer, IL. Phys. Chem. Ref. (20) JCPDS-International Centre for Diffraction Data, CdO: 05-0640.
Data, 1987, 16, 419. (21) JCPDS-International Centre for Diffraction Data,@¢ 05-0629.
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) = — 0%
= =] —0.7%
5 s % 1.2%
—1.8%
8 a 2 -2.3%
— e —5.0%
> ] 3 ——64%
k7]
c
] LA .
')
£ 16 17 18 19 20 21 22
0
o (°)
30 40 50 60 70 80 Figure 4. SEM images of CSO thin films on glass as a function of Sc
29(0) doping level (atom %): (A) 0.0; (B) 1.2; (C) 2.3; (D) 5.0; (E) 6.4.
B) of the S&" and Cd* ionic radii (Figure 3%3 One possible
explanation is that some of the ¥cdopant ions exist as
Py {1 #Sen o interstitial ions instead of directly substituting for €dn the
= CdO(111) : i T . :
8 20= 33.03° ——1.2% lattice. Another possibility is that the Seinduced doping
o 1 |z=547 —_;‘gx shrinkage is compensated by an expansion mechanism which
= — 50% originates from the antibonding character of the conduction band
- 1 ——64% formed from Cd 5s and O 2p states. This interesting phenom-
ﬂ ] enon was proposed for In- and Y-doped CdO bulk materials
T by Morozova et al?* and Dou et al?> who reported that the
e i In- and Y-doped CdO lattice parameters increase with increasing
S doping levels, even though the dopant ionsf land Y3* (radii
z - y , . . of 0.94 and 1.04 A, respectively), are again smaller thatt Cd
0 90 182 270 360 This issue will be discussed further in the theory section (Band
é() Structure Calculations). Besides these possibilities, an expansion

Figure 2. XRD texture analyses of CSO thin films grown on MgO(100) Mechanism involving CH reduction to Cd that could com-
by MOCVD as a function of Sc doping level: (4)—26 X-ray diffracto- pensate for the St-induced doping shrinkage was proposed

grams (inset: rocking curves measured on the CdO(200) XRD peak); (B) by Cimino et aPk® This issue will also be discussed below.
in-plane ¢-scans measured on the CdO(111) XRD peak it 54.7. . . o
The Sc doping level is given in atom percent. The surface morphologies of the as-deposited CSO thin films

were examined by scanning electron microscopy (SEM) and
atomic force microscopy (AFM). SEM surface images show
that the as-deposited thin films on glass are densely packed with
a grained structure (Figure 4). At low doping levels, the films
on glass have grains with rounded shapes. As the doping levels
. increase to greater than 2.8 atom %, the grains of the films on
{® CSOonMgO(100) =, - glass become triangular in shape, consistent with high in-plane

b
-
S

o
8

Lattice Parameter (A)
-
&

4841, Estimated values . .
as2l® €SO on glass order and with (111) planes parallel to the surface, in agreement
o0 20 40 60 with the above XRD analysis (Figure 1). The thin films on glass

Sc Doping Level (atom %) exhibit a root-mean-square (RMS) roughness ranging from 4.5
Figure 3. Lattice parameter changes as a function of Sc doping level for to 8.2 nm over a 25¢m2 area (Figure 5A), as determined by

CSO thin films. Estimated Vegard's law lattice parameter values are h L f the fil h
calculated according to the following equaticRssimate= acad(rcd(Cd%) contact mode AFM. The average grain size of the films on the

+ rs{Sc%))/€cq)], whereacqo is the CdO lattice parameter (4.696 Ayg glass is 106-150 nm (Figure 5A). Low doping leve(2 atom
is the six-coordinate ionic radius of Cd, Cd% is the Cd atomic percentage, %) films on MgO(100) are featureless by SEM, and their surface

rsc is the six-coordinate ionic radius of Sc, and Sc% is the Sc atomic . -
percentage (Cd% Sc%= 1). Lines through the data points are drawn as morphology is found to be very smooth and uniform by AFM

a guide to the eye. (Figure 5B). The RMS roughness of the films on MgO(100)
lculated using th flecti . | ranges from 1.6 to 1.9 nm at low doping levets atom %),
were calculated using the MgO(200) reflection as an interna indicating that the CSO thin films grown on MgO(100), with a

e 0 :
rgfere'nce. When S.t doplng is 2.8 atom %, there is no nearly single grained structure, are significantly smoother than
significant change in lattice parameters, doubtless reflecting CSO films grown on glass substrates

epitaxy effects. However, the lattice parameters decrease

preCIpltOUSIy Wlth.further s C.iOpmg’ reaChlng 4.653 A at 6.4 (22) Ambrosini, A.; Duarte, A.; Poeppelmeier, K. R.; Lane, M.; Kannewurf, C.
atom % doping (Figure 3). It will be seen below that these results R.; Mason, T. OJ. Solid State Chen200Q 153 41.

i i i ini (23) Vegard, L.Z. Phys.1921, 5, 17.
are in good agreement Wlth.the FLAPW calculations. Ambros!m (24) Morozova. L. V. Komarov, A. VRuss. J. Appl. Chen1995 68, 1240.
et al. observed a similar lattice shrinkage trend upon introducing (25) (a) Dou, Y.; Egdell, R. G.; Walker, T.; Law, D. S. L.; Beamson,Sairf.

i 2 i H Sci.1998 398 241. (b) Dou, Y.; Fishlock, T.; Egdell, R. G.; Law, D. S.
Sc into bulk InO3 sample$2 However, the shrinkage is not as L Beamson. GPhys. Re. B 1997 55, 13381.

large as estimated from a simple Vegard’s law weighted average(26) Cimino, A.; Marezio, MJ. Phys. Chem. Solids96Q 17, 57.
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A) B) A) : gacs:(swoj B)
- 50um g 5.0 um 9 =
= v = M w "Fg 0 a) a E 6.0 |
b "l: - a‘c_ -“‘—/-
: = ' " Z 55
2.5 2.5 s 4 : : .5 ——
5 POV @ 300
21001 "aay, % 250 |
5_ 10 . < 200
' . 0 = P i " sl ]
0 25 50um 0 25 5.0 um v 30000
. - = 1049 am E 25000/
Figure 5. AFM images of 2.3 atom % Sc-doped CdO thin films: (A) on E dgrme, 3
glass; (B) on MgO(100). Bk . o 200001
° 100l " . 15000
A) B) 0 2 4 6 8 10 100 200 300
100 100 Sc doping level (atom %) Tarrlperature [K]
) T Figure 7. (A) Room-temperature four-probe charge transport measurements
P 8o § 8o for CSO thin films on glass and MgO(100): (a) carrier concentration; (b)
2 sollll- class 2 eol I mg mobility; (¢) conductivity. (B) Variable-temperature conductivity and Hall-
g . 0% i + 0% effect measurements for a 1.8 atom % CSO thin film on MgO(100).
‘= aodlll ¢ 07% 'E 40 < 07%
5 v 1.2% 5 v 12% ) ) )
S 2off - 8% E 2041 ;-g% doping. On MgO(100) substrates, the carrier concentration
BN B — s B4% NN increases from 1.% 10 for pure CdO thin films to 18.%
600 1200 1800 2400 3000 600 1200 1800 2400 3000

10?0 at~5.0 atom % Sc doping. This indicates that most of the
Sc* substitutes uniformly for Cit in the lattice as an effective
n-type dopant rather than forming a second phase. Beyond 5.0
atom % Sc doping, the carrier concentration does not increase
with increasing Sc doping, suggesting that som& Stay exist

as interstitial ions or as free scandium oxide, which, however,
is still below the XRD detection limit. The mobility, however,
drops rapidly with increased Scdoping. Compared to In-doped
CdO on glas$;® the present CSO thin films on glass exhibit
lower carrier mobilities and concentrations, likely due to the
lack of significant orbital hybridization between the Cd 5s
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Figure 6. Optical characterization of CSO thin films as a function of Sc
doping: (A) optical transmission spectra of CSO on glass; (B) optical

transmission spectra of CSO on MgO(100); (C) band gap estimations of
CSO on glass; (D) band gap estimations of CSO on MgO (100). Sc doping

levels are given in atom percent.

conduction band and the Sc 4s states (see more below).
Thin films with conductivities of 6000 and 18100 S/cm on

glass and MgO(100), respecitively, are achieved a2 atom

% Sc doping on glass and 1.8 atom % Sc doping on MgO-

(100). Compared to films on glass, CSO films on MgO(100) at

Film Optical and Electrical Properties. The as-grown CSO  the same Sc doping level and with similar grain sizes exhibit
films are pale-yellow but highly transparent. The color of the much greater carrier mobilities and carrier concentrations (Figure
CSO films becomes lighter with increased®Sdoping as the ~ 7), arguing that the highly textured structure possesses fewer
band edge shifts to higher energies. CSO thin films with Scattering centers and greater doping efficiency. Whett Sc
thicknesses of 180 nm on glass and 350 nm on MgO(100) doping levels are greater than2.8 atom %, the carrier
exhibit an average transmittance at 550 nne®@0% (Figure concentration plateaus and the mobilities decline precipitously.
6A,B). As the Sc doping level increases, the band edges blue-Although the lattice parameters are further compressed, the
shift dramatically, doubtless due to the—B! band-filling increased doping does not contribute additional free carriers.
effectl® Band gap estimates were derived from the optical This explanation is consistent with the plasma edge trend: at
transmittance spectra by extrapolating the linear portion of the the highest doping levels, further blue-shifting of the plasma
plot of (ahw)? vs hv to oo = O (Figure 6C,D). The band gap €dges is negligible.
increases from 2.7 to 3.4 eV with an increase if"Stoping. Figure 7B shows the temperature dependence of CSO film
Simultaneously, the plasma edge shifts to the blue due to thecharge transport properties obtained from four-probe conductiv-
increased free carrier scattering with the increased levels of Scity and Hall-effect measurements for a 1.8 atom % Sc-doped
doping. film on MgO(100), which achieves the highest conductivity of

All CSO thin films exhibit n-type conductivity as determined 18100 S/cm at room temperature. In the low-temperature region
by negative Hall coefficients. The charge transport properties (<100 K), the mobility and conductivity are essentially inde-
of the as-grown thin films as a function of Sc doping are shown pendent of temperature, suggesting that neutral impurity scat-
in Figure 7. For undoped CdO thin films, carrier mobilities as tering (NIS) and/or ionized impurity scattering (IIS) are
high as 141 and 217 dfV-s) are achieved on glass and MgO- dominant (the former mechanism is supported by the mobility
(100), respectively, which are more than 5 times greater than vs carrier concentration results of Figure'¥$527In the high-
those of commercial ITO films. With increased Sc doping, the
carrier concentration increases from 2310?° for undoped
CdO thin films on glass to 6.% 10?° at ~5.0 atom % Sc

(27) (a) Dingle, R. BPhilos. Mag.1955 46, 831. (b) Erginsoy, CPhys. Re.
195Q 79, 1013. (c) Frank, G.; Koestlin, HAppl. Phys. A: Solids Surf.
1982 A27, 197.
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Figure 8. (A) Calculated charge density distribution for 12.5 atom % Sc-doped CdO iattp&ane. (B) Comparison of the charge density along (010) for
pure and Sc (or In) doped cases. Results for pure CdO and 12.5 atom % In-doped CdO were obtained from additional calculations.

temperature range>(L00 K), the mobility and conductivity 10
decrease significantly with increasing temperature, reminiscent
of metal-like character, and suggesting that lattice vibration
scattering (LVS) has now become an important scattering
contributor?82930a|n the present study, the highly textured
epitaxial CSO thin films grown on MgO(100), having carrier
concentrations higher than and grain sizes similar to those of
films grown in parallel on glass, possess significantly higher
carrier mobilities, which is most likely attributable to a reduction
in NIS caused by improved epitaxy-induced crystalliditi-he
importance of grain boundary scattering (GBS) is an incom-
pletely resolved mechanistic issue in most CdO-based TCOs.
It has been argued that GBS is insignificant because the carrier
mean-free paths of highly degenerate TCOs are typically much
smaller than the grain sizes of typical filr#s?8:3°Qur recent
microstructure-charge transportoptical reflectivity results on
undoped MOCVD-derived CdO thin films also argue that GBS
is not a dominant process, even in high-quality epitaxial CdO 1% Cd 4d

films with modest carrier concentrations and small grain sizes, -10

2 x 10%° cm2 and ~100 nm, respectively# However, it is L

conceivable that reduced large-angle grain boundary scatteringFigure 9. Calculated sX-LDA band structure for 12.5 atom % Sc-doped
and better inergrain contact i the epitaxial thin fims, due to- 0 Aona e Rafeymmery drecions 7 e Stloun zone The g
the highly ordered grain alignment, may contribute in some

degree to the greater observed carrier mobilities. in weaker Cd 550 2p hybridization due to relaxation of the
Band Structure Calculations. The FLAPW total energy full ,,. 0xide anions around the dopant cations. Therefore, in the case
structure optimization for CSO was performed at 12.5 atom % ¢ |n3+ ang Y&+, whose ionic radii are relatively close to that

Sc doping. The lattice para_meter,,an_d the internal structure ¢ CcP*, the antibonding expansion mechanism is dominant,
relaxation due to the Sc doping were first calculated. The smaller,, 10 5@+ has a sufficiently small ionic radius to weaken the

lattice parameter of CSO found at 12.5 atom % dopengs s—p hybridization and, hence, to compress the lattice. In
4.63 A, than that of pure CdO (4.66 A, obtained from a separate addition, the reduced ionic radius of Sc and the oxygen

calculation) is found to be in agreement with the experimental relaxation are clearly seen in the calculated FLAPW charge
findings discussed above. From similar band structure CaICU|a'density distribution plot (Figure 8). Note here that we find
tions for Ga-, Sc-, In-, and Y-doped CdO to be discussed

elsewheré? we find that a smaller dopant ionic radius results

" Cd 5s

Energy (eV)
o
%

5 L

;OZp

negligible changes in the effective ionic radius of Cd for dopant
concentrations as large as 12.5 atom % (Figure 8), so that the
(28) Chen, M.; Pei, Z. L; Wang, X.. YU, Y. H.; Liu, X. H.. Sun, C.. wen, L. "eéduction from C&" to Cd" as proposed by Cimino et #.

S.J. Phys. D: Appl. Phys200Q 33, 2538. seems unlikely.
(29) Bardeen, J.; Shockley, ViPhys. Re. 195Q 80, 72. .
(30) (a) Zhang, D. H.; Ma, H. LAppl. Phys. A: Solids Surl996 A62, 487. The band structure of CSO at 12.5 atom % Sc doping
(b) Gilmore, A. S.; Al-Kaoud, A.; Kaydanov, V.; Ohno, T. Rlater. Res. it _ B ; i
Soc. Symp. Pro@001, 666 F3.10/1. (c) Tahar, R. B. H.; Tahar, N.B. . calculated within the sX-LDA method is shown in Figure 9.
J. Appl. Phys2002 92, 4498. The prominent, highly dispersed single band, derived mainly
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from the 5s states of Cd, crosses the Fermi level in the [100] of our band structure calculations for Ga-, Sc-, In-, and Y-doped
(A), [110] &), and [111] () directions. Similar electronic ~ CdO, originates from the antibonding character of the conduction
features were obtainéfbr In-doped CdO. However, in marked band formed from the Cd 5s and O 2p states. Thin film
contrast to the case of In doping, the Sc 4s states in CSO areconductivities as high as 6000 S/cm are obtained on glass
found to lie high up in the conduction band (a8.5 eV) and substrates at 1.2 atom % Sc doping. Compared to In-doped CdO,
so do not hybridize with the Cd 5s states. On the other hand, the CSO films on glass exhibit lower carrier mobilities and
the free-electron-like band is now separated away from the Scconcentrations, due to the lack of energetically comparable Sc
3d states by a second band gap (Figure 9) which effectively s states that can hybridize with the Cd 5s conduction band and
decreases the dispersion of the s-type band. Indeed, we findthe lower dispersion of this s-type bands revealed by first-
that in CSO the width of the dispersed band (2.6 eVyiseV principles FLAPW electronic band structure calculations. CSO
narrower than that in the In-doped C8e%:*2Together with  thin films on MgO(100) with & maximum conductivity of 18100
the lack of hybridization between Cd 5s and Sc 4s states, thiSg/cm are obtained at a Sc doping levehef.8 atom %, which
convincingly explains the observed lower carrier mobilities in j5 tg date the most conductive transparent conducting oxide
Sc-doped CdO as compared to the In-doped CdO materials.material grown by MOCVD. These epitaxial films grown on
Finally, we find that the Sc doping results in a BursteMoss MgO(100) exhibit a biaxial, highly textured microstructure,
shift which significantly widens the optical transparency |eading to higher doping efficiency than on glass and with fewer
window, in agreement with the experimental results discussed gottering centers. This is likely responsible for the higher
above. As expected, the LDA is found to underestimate the band . q,ctivity compared to that of the films on glass. All of these
gap energies which determine optical tra_nsparency in the V'S'bIeMOCVD-derived thin films exhibit good optical transparency,
range, yielding 2.27, 2.89, and 2.92 eV in the [100], [110], and with an average transmittance80% in the visible range. Sc

[111] directions, respectively. Strikingly, the calculated sX-LDA doping widens the band gap from 2.7 to 3.4 eV via a Burstein
band gap energies are found to be 3.02, 3.65, and 3.76 eV in ping wi gap ' ' N el

the [100], [110], and [111] directions, respectiveiyn good
agreement with the present experimental optical band gap energ
(3.4 eV).

Moss band-filling shift, in agreement with sX-LDA calculations.
The high electrical conductivity and optical transparency render
MocvD-derived CSO thin films attractive candidates for next-
generation transparent electrodes for a variety of optoelectronic
Conclusions devices.

Highly conductive and transparent CSO thin films have been
grown on glass and single-crystal MgO(100) substrates at 400

°C by an MOCVD process. XRD data reveal that all of these 0201767), and the NSF-MRSEC program (Grant DMR-

a?t'r‘]’ ?5533'::? ;;io nfggl]: t?)rtehghcasbe.(;pg(;%andehlcghgaclgftftlmrz'00760097) at the Northwestern Materials Research Center. We
Wi u '9 uol “ype cry UCHIE- thank Dr. J. Carsello for his assistance with X-ray diffraction

CdO lattice dimensions are found to contract with the introduc- . . .
. N . . measurements and Dr. N. Wu for his assistance with XPS
tion of S&*, in agreement with the FLAPW calculations. .

. . . measurements at Keck-1I/NUANCE facility.
However, the observed lattice shrinkage is to some degree
compensated by an expansion mechanism, which, on the basigA0467925
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