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Abstract: A series of yttrium-doped CdO (CYO) thin films have been grown on both amorphous glass and
single-crystal MgO(100) substrates at 410 °C by metal—organic chemical vapor deposition (MOCVD), and
their phase structure, microstructure, electrical, and optical properties have been investigated. XRD data
reveal that all as-deposited CYO thin films are phase-pure and polycrystalline, with features assignable to
a cubic CdO-type crystal structure. Epitaxial films grown on single-crystal MgO(100) exhibit biaxial, highly
textured microstructures. These as-deposited CYO thin films exhibit excellent optical transparency, with
an average transmittance of >80% in the visible range. Y doping widens the optical band gap from 2.86
to 3.27 eV via a Burstein—Moss shift. Room temperature thin film conductivities of 8540 and 17 800 S/cm
on glass and MgO(100), respectively, are obtained at an optimum Y doping level of 1.2—1.3%. Finally,
electronic band structure calculations are carried out to systematically compare the structural, electronic,
and optical properties of the In-, Sc-, and Y-doped CdO systems. Both experimental and theoretical results
reveal that dopant ionic radius and electronic structure have a significant influence on the CdO-based
TCO crystal and band structure: (1) lattice parameters contract as a function of dopant ionic radii in the
order Y (1.09 A) < In (0.94 A) < Sc (0.89 A); (2) the carrier mobilities and doping efficiencies decrease in
the order In > Y > Sc; (3) the dopant d state has substantial influence on the position and width of the
s-based conduction band, which ultimately determines the intrinsic charge transport characteristics.

Introduction and (4) chemical instability in certain device structures (e.g.,
corrosion in organic light-emitting diode (OLED) devices). In
view of these issues, intense research has been focused on
understanding fundamental TCO crystal structtfilen micro-
structure-electronic structurecharge transportoptical trans-
parency relationships and on searching for ITO alternatives that
are less expensive and possess comparable or higher conductiv-
ity and/or wider optical transparency windows.

Recently, CdO-based TCOs have been of interest due to their
relatively simple crystal structures, high carrier mobilities, and
sometimes nearly metallic conductivitie$.” Epitaxial growth
of Sn-doped CdO thin films on MgO(111) by pulsed laser
deposition (PLD) has achieved impressive mobilities and
conductivities as high as 607 éM-s and 42 000 S/cm,
respectively, rendering them the most conductive TCO thin films

Transparent conducting oxides (TCOs) have attracted increas-
ing attention over the last two decades as critical components
of flat panel displays, solar cells, and low-emissivity windéw&s.

At present, tin-doped indium oxide (ITO), with a typical
electrical conductivity of 35 x 10° S/cm and 8590%
transparency in the visible region, is employed on a huge scale
as a transparent electrode in many display technologies.
However, there are several drawbacks that cloud its future
applicability: (1) the limited availability and high cost of
indium; (2) the relatively low conductivity (not suitable for
large-area displays); (3) significant optical absorption in the
blue—green region (not suitable for many full-color displays);
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 Materials Research Center. with the highest carrier mobility discovered to déte.addition,
S Department of Physics and Astronomy. ChSnQ, CdinO4 and CdG-ZnO thin films have been
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CO, 2001, Oct. 1417, pp 4748. (c) Kawamura, K.; Takahashi, M.; Peck, W. F., Jr.; Rapkine, D. HAppl. Phys. Lett1995 67, 2246. (f) Ott,
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fabricated with impressive conductivities and good optical
transparencies for photovoltaic applicatidmdthough the band
gap of bulk CdO is only 2.3 eV¥,leading to relatively poor

close to that of Cd (1.09 A), has been suggested as an efficient
n-type dopant in the case of bulk CdO materl&1t has been
reported that for bulk CdO, light Y doping {11.5 atom %)

optical transparency in the short wavelength range, aliovalent increases the carrier density and thus results in lower resistivities

metal doping offers the possibility of tuning the electronic

in CYO and CdSnQ, with respect to the undoped analogues.

structure and the optical band gap through a carrier density However, CYO thin films have never been prepared and studied.

dependent BursteinMoss shift>° For all these reasons, CdO

To further investigate dopant ion size and electronic structure

with a simple cubic rock-salt crystal structure and small effects on the charge transport properties and electronic band
conduction electron effective mass represents an ideal modelstructures of CdO-based TCOs, a series of Y-doped CdO (CYO)
material in which to study the effects of doping on TCO band thin films have been grown on both amorphous glass and single-
structure, crystal chemistry, and charge transport. crystal MgO(100) substrates by MOCVD, and their electrical
Various deposition techniques, such as reactive evapordtion, and optical properties have been characterized and compared
solution growth! spray pyrolysis? sputtering'® PLD.® and with those of In- and Sc-doped CdO thin films. It will be seen
MOCVD,>"14have been employed to grow CdO and CdO-based that phase-pure CYO thin films with conductivities of 8540 and
thin films. For device fabrication, chemical vapor deposition 17 800 S/cm on glass and MgO(100), respectively, are obtained
offers many attractive features, such as in situ growth under aat an optimum Y doping level of 1:21.3%. To better
variety of atmospheres, low-cost equipment, amenability to large understand these trends, we report first-principles full potential
area coverage with high throughput, conformal coverage, easylinear augmented plane wave (FLAPW) electronic band structure

control of growth chemistry, and the possibility of creating
metastable phasés.In previous work from this laboratory,
undoped and doped CdO thin films were successfully grown
by MOCVD using optimized Cd precursdrén-doped CdO thin
films grown on glass by MOCVD exhibit conductivities as high
as 16 800 S/cri? In addition, recent studies of Sc-doped CdO
thin films reveal that Sc doping significantly contracts the CdO
lattice parameter due to its smaller six-coordinate ionic radius,
0.89 versus 1.09 A for Cd.16 Compared to In-doped CdO
films, Sc-doped CdO films exhibit appreciably lower carrier
mobilities and concentrations due to the lack of hybridization
between the Cd 5s conduction band and Sc 4s staégium-

(I1) with a six-coordinate ionic radius of 1.04 A, which is very

(4) (a) Kammler, D. R.; Mason, T. O.; Young, D. L.; Coutts, T. J.; Ko, D,;
Poeppelmeier, K. R.; Williamson, D. LJ. Appl. Phys2001, 90, 5979-
5985. (b) Mason, T. O.; Gonzalez, G. B.; Kammler, D. R.; Mansourian-
Hadavi, N.; Ingram, B. JThin Solid Films2002 411, 106-114.

(5) (a) Babcock, J. R.; Wang, A.; Metz, A. W.; Edleman, N. L.; Metz, M. V.;
Lane, M. A.; Kannewurf, C. R.; Marks, T. €Chem. Vap. Depositio2001,

7, 239. (b) Wang, A.; Babcock, J. R.; Edleman, N. L.; Metz, A. W.; Lane,
M. A.; Asahi, R.; Dravid, V. P.; Kannewurf, C. R.; Freeman, A. J.; Marks,
T. J. Proc. Natl. Acad. Sci. U.S.£001, 98, 7113-7116. (c) Asahi, R.;
Wang, A.; Babcock, J. R.; Edleman, N. L.; Metz, A. W.; Lane, M. A.;
Dravid, V. P.; Kannewurf, C. R.; Freeman, A. J.; Marks, TTHin Solid
Films 2002 411, 101—-105. (d) 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.; Poeppelmeier, K. R.; Marks, T.JJAm. Chem.
Soc.2004 126, 8477. (e) Jin, S.; Yang, Y.; Medvedeva, J. E.; Ireland, J.
R.; Metz, A. W.; Ni, J.; Kannewurf, C. R.; Freeman, A. R.; Marks, T. J.
J. Am. Chem. So@004 126, 13787.

(6) Yan, M.; Lane, M.; Kannewurf, C. R.; Chang, R. P. Appl. Phys. Lett.
2001, 78, 2342-2344.

(7) Zhao, Z.; Morel, D. L.; Ferekides, C. $hin Solid Films2002 413 203—
211.

(8) Koffyberg, F. P.Phys. Re. B 1976 13, 4470.

(9) (a) Burstein, EPhys. Re. 1954 93, 632. (b) Moss, T. SProc. Phys. Soc.

A 1954 382 775.

(10) (a) Ramakrishna Reddy, K. T.; Sravani, C.; Miles, R.J/Cryst. Growth
1998 184, 1031-1034. (b) Phatak, G.; Lal, RThin Solid Films1994
245 17.

(11) Matsuura, N.; Johnson, D. J.; Amm, D. Thin Solid Films1997, 295,
260

(12) (a) Vigil, O.; Vaillant, L.; Cruz, F.; Santana, G.; Morales-Acevedo, A;
Contreras-Puente, Ghin Solid Films200Q 361, 53. (b) Murthy, L. C.
S.; Rao, K. S. R. KBull. Mater. Sci.1999 22, 953.

(13) (a) Subramanyam, T. K.; Uthanna, S.; Srinivasulu Naid®sica Scripta
1998 57, 317. (b) Lewin, R.; Howson, R. P.; Bishop, C. A.; Ridge, M. I.
Vacuum1986 36, 95-98. (c) Gurumurugan, K.; Mangalarj, D.; Narayan-
dass, S. K.; Nakanishi, Y.; Hatanaka, Xppl. Surf. Sci1997, 114, 422.
(d) Chu, T. L.; Chu, S. SJ. Electron. Mater199Q 19, 1003-1005.

(14) (a) Gulino, A.; Castelli, F.; Dapporto, P.; Rossi, P.; Fragal@dhem. Mater.
2002 14, 704-709. (b) Gulino, A.; Dapporto, P.; Rossi, P.; Fragdla
Chem. Mater2002 14, 1441-1444. (c) Gulino, A.; Dapporto, P.; Rossi,
P.; Fragalal. Chem. Mater2002 14, 4955.

(15) Schulz, D. L.; Marks, T. J. I€VD of Non-Metals Rees, W. S., Ed,;
VCH: New York; pp 39-150.

(16) Shannon, R. DActa Crystallogr.1976 A32 751.

calculations within the screened exchange local density ap-
proximation (sX-LDA) to systematically compare the structure,
electronic, and optical properties of the In-, Sc-, and Y-doped
CdO series. Finally, clues for optimizing TCO optical and
electrical properties are elucidated from these experimental and
theoretical results.

Experimental Section

MOCVD Precursors and Thin Film Growth. CdO-based thin film
growth was carried out in the previously described horizontal, cold-
wall MOCVD reactor?® The volatile metat-organic Cd precursor, Cd-
(hfa)(N,N-DE-N',N'-DMEDA) (1) (hfa = hexafluoroacetylacetonate,
N,N-DE-N',N'-DMEDA = N,N-diethylI\',N'-dimethylethylenediamine),
was prepared from high-purity Cd(Ni2-4H,0 (99.999%, Aldrich) as
described previous¥ and was triply vacuum-sublimed. Y (dps(R)
(dpm dipivaloymethanate) was prepared from Y(H$4H.0
(99.999%, Aldrich) by a literature procedufeFor pure CdO and
Y-doped CdO thin film growth, precursor temperature/Ar carrier gas
flow rates were optimized by experimentation at: Cd(}{fa)\-DE-
N',N'-DMEDA), 85 °C/18 sccm; Y(dpmy) 90—-105°C/10 sccm. The
0O, oxidizing gas was introduced at 400 sccm by bubbling through
distilled water. A system operating pressure of £2.1 Torr and a
substrate temperature of 41Q established by experimentation were
maintained during the thin film deposition. Corning 1737F glass and
polished MgO(100) substrates were purchased from Precision Glass
and Optics and MTI Corporation, respectively. Both the glass and the
MgO(100) substrate surfaces were cleaned with acetone prior to the
film deposition and placed side-by-side on the SiC-coated MOCVD
susceptor for simultaneous growth experiments.

Film Physical Characterization Measurements. Composition
analyses were carried out using inductively coupled plasma atomic
emission spectrometry (ICP-AES). Optical transparency measurements
were carried out with a Cary 500 UWis—NIR spectrophotometer.
Film thicknesses were measured with a Tencor P-10 profilometer after
etching a step in the film using 5% HCI solution. X-ray diffraction
6-20 scans of CdO films on glass were obtained with a Rigaku
DMAX-A powder diffractometer using Ni-filtered Cu dradiation and
were calibrated in situ with polycrystalline silicon. Rocking curves and
¢ scans of the epitaxial thin films on MgO(100) substrates were obtained

(17) (a) Dou, Y.; Egdell, R. G.; Walker, T.; Law, D. S. L.; Beamson,Sarf.

Sci. 1998 398 241-258. (b) Dou, Y.; Fishlock, T.; Egdell, R. G.; Law,
D. S. L.; Beamson, GPhys. Re. B 1997 55, R13381-R13384.

(18) Gulino A.; Fragalal. J. Mater. Chem1999 9, 2837-2841.

(19) 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, D.Mater.
Res.1997 12, 1214.

(20) Rees, W. S., Jr.; Carris, M. Vlhorg. Synth.1997, 31, 302-306.
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on a home-built Rigaku four-circle diffractometer with detector-selected  (A)

Cu Ka radiation. Film surface morphology was examined using a E §

Digital Instruments Nanoscope Il atomic force microscope (AFM) g g =
operating in the contact mode. Film microstructure was imaged on a 3 g aq
Hitachi S4500 FE scanning electron microscope (SEM). Four-probe % § %
charge transport data were collected on Bio-Rad HL5500 Hall-effect J b1 Uﬂ 3 0%Y

measurement system at ambient temperature. Variable-temperature Hall A
effect and four-probe conductivity data were collected between 77 and | J G W Vo 15%Y
340 K using instrumentation described previolly. Vi © S sany

Theoretical Methods / 7 sy

First-principles electronic band structure calculations on 12.5 atom Jlu' J 7 i AThRY
% In-, Y-, and Sc-doped CdO were performed using the highly precise —— %0 - %o - ITO 20
all-electron full potential linearized augmented plane wave (FLAPW) 20 (o)
method? that has no shape approximation for the potential and charge
density. The exchangecorrelation energies were treated via the local
density approximation (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.
The equilibrium relaxed geometries of the crystal structures were
determined via total energy and atomic forces minimization for the
lattice parametea and the internal atomic positions. Furthermore, to
determine accurately the excited-state band structures of In-, Y-, and
Sc-doped CdO, we employed the self-consistent screened-exchange
local density approximation (sX-LDAJ which is known to provide a
considerably improved description of the optical properties as compared
to the LDA?? Cutoff parameters of 10.24 Ry in the wave vectors and
| = 3 inside the muffin-tin spheres were used. Summations over the
Brillouin zone were carried out using 10 specialpoints in the
irreducible wedge.

—
oe)
el

4.70
m  Y-doped CdO

® In-doped CdO
[ | A Sc-doped CdO

B
2]
©

>
o
e

4.67

Lattice Parameter (Angstrom)

00 20 40 60 80 10.0
, , o Doping Level (atom %)
we .fl.rSt describe Y-doped CdO (CYO) thlp film growt.h. by Figure 1. (A) 6-260 X-ray diffractograms of CYO thin films grown on
an efficient MQCVD process. Then_’ CYO film comeS|t|0n, glass at '4100 by MOCVD as a function of Y doping level (given in atom
morphology, microstructure, and epitaxy are characterized as a). (B) Lattice parameter changes as a function of dopant size and doping
function of doping level using a broad array of complementary level for Y-, In-, and Sc-doped CdO thin films grown on glass. Lines through
physical techniques. In addition, film optical and electrical he data points are drawn as a guide to the eye.
properties are investigated and compared with those of the 'n'crystalline fcc CdO structure. No 205 or other phases are
and Sc-doped CdO analogues grown by the same techniquegetected by XRD, indicating ¥ substitutes for the Cd in
Finally, first-principles full potential linear augmented plane he |attice instead of forming a new phase. This is further
wave (FLAPW) electronic band structure calculations within eyigenced by the fact that the carrier concentration increases
the screened exchange local density approximation (sX-LDA) progressively with increased Y doping level (see below). It is
are carried out to compare the structure, electronic, and opticalsjear that the presently determined solubility of Y in CdO thin
properties of the In-, Sc-, and Y-doped CdO systems. films (~4.2%) is somewhat greater than that possible in the
Film Growth. A series of conductive CYO thin films were  cdo bulk material (3.5%)7:18 Furthermore, note that at low
grown on 1737F glass and single-crystal MgO(100) at Z10  goping levels (Y= 2.4%), films on glass grow preferentially
and under a 400 sccmy@low rate fa 2 h byMOCVD. The  yjth the (100) planes parallel to the surface; while at higher
growth rates of the film are-1.5 nm/min on glass an¢3.0 doping levels (Y > 2.4%), (111) reflections dominate. At
nm/min on MgO(100), which are similar to those established present, the reason for the change of preferred growth orientation
for In-24and Sc-doped Cd&.The Y doping percentage can be s not immediately evident.
varied from 0 to 4.2% by varying the Y precursor reservoir  ysing polycrystalline silicon as an internal calibration refer-
temperature. ence, the precise lattice parameters of the MOCVD-derived
Film Composition, Morphology, Microstructure, and CYO thin films on glass were determined (Figure 1B). It is
Epitaxy. X-ray diffraction 6-26 scans were carried out from  found that the lattice parameters are essentially invariant with
20 = 25 to 80. Figure 1A shows XRD data as a function of Y increasing Y doping level. Note that with the introduction of
doping level. As can be seen from the figure, all of the films vy the |attice dimensions are not expected to change greatly or
with Y doping levels up to 4.2% are phase-pure, with a highly should shrink slightly, if ¥+ ions replace C& in the lattice
instead of forming a new phase, since six-coordinatée with

Results and Discussion

(21) Lyding, J. W.; Marcy, H. O.; Marks, T. J.; Kannewurf, C.IREE Trans.

Instrum. Meas1988 37, 76. an ionic radius of 1.04 A is slightly smaller than €d(1.09
(22) \Z’L’li”grgf“ E.; Krakauer, H.; Weinert, M.; Freeman, APys. Re. B198], A).16 In addition, the ¥*-induced contraction may be coun-
(23) Asahi, R.; Mannstadt, W.; Freeman, A.Rhys. Re. B 1999 59, 7486 teracted by an antibonding expansion mechanism (see theoretical
and references therein. discussion below). On the other hand3irand Sé* dopants,

(24) In-doped CdO: Jin, S.; Yang, Y.; Medvedeva, J. E.; Ireland, J. R.; Metz, . . . S .
A.W.; Ni, J.; Hersam, M. C.; Freeman, A. R.; Marks, T. J. To be published. having smaller six-coordinate ionic radii of 0.94 and 0.89 A,
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(A) 'a, 0% Y SEM surface images in Figure 3 show that the as-deposited
—06%Y CYO thin films grown on glass are densely packed with a
—1.0% Y heavily grained structure. At low Y doping levels1.5%), films
—1.5%Y on glass and MgO(100) are all very uniform with rounded grains
3.3%Y]| in plan view. With the Y doping increased to 2.4 and 4.2%, the
—42%Y grains of the films on glass are largely triangular in shape,
suggesting that the (111) planes are parallel to the surface, which
agrees well with the XRD analysis alluded to above. Further-
more, the SEM images reveal that the grain size decreases with
increased Y doping level, similar to the AFM images discussed
below. As for the epitaxial films on MgO(100), the films with
doping levels<1.5% are featureless (single-grained) under SEM
. . and found to be very smooth and uniform under AFM. As the
16 18 o 20 22 Y doping level is increased ta2.4%, a grained structure is
a)( ) clearly visible. Contact-mode AFM images of the CYO thin
films are shown in Figure 4. AFM images reveal that all the
(B) thin films on glass are uniform and smooth, with root-mean-
- | :g?’é% square (RMS) roughnesses of B nm over a 5um x 5 um
- _ —1.0% 1 area (Figure 4A,C,E). Similar to the SEM observations, the AFM
—1.5% | images show that the grain size of the films decreases with
. -3.3% increasing Y doping levels. As for the CYO films grown on
—42% MgO(100), the surface roughness of the films is strongly
dependent on the doping level. The RMS roughness is found
to be -2 nm when the doping level is1.5% (Figure 4B,D)
and 4-7 nm when the doping level i581.5% (Figure 4F).

. ' Film Optical and Electrical Properties. All as-grown CdO
films are light-yellow to the eye but highly transparent. The
| | ,ﬁl JJL color becomes lighter with increased Y doping as the band edge
T T T T : T " shifts to higher energies. Optical transmission spectra of CYO
0 90 13% 270 360 thin films grown on glass are shown in Figure 5A. For CYO
¢ ( ) thin films with thicknesses 0f200 nm, the average transmit-
Figure 2. XRD texture analyses of CYO thin films grown on single-crystal tance at 550 nm is-85%. With an increase OT Y doping Ievgl,
MgO(100) as a function of Y doping level: (A) rocking curves measured the band edges are found to be dramatically blue-shifted,
on the CdO(200) XRD peak; (B) in-planescans measured on the CdO-  doubtless due to the BursteiVioss effec Simultaneously,
(111) XRD peak withy = 54.7. Y doping level given in atom %. the plasma edges shift to the blue, owing to the increase of free
) i ) . o . carrier concentration with increased doping level. Band gap
respectlvely, shrink the lattice monotonlcally with INCreases in - egtimates were derived from the optical transmission spectra
doping levef?eHowever, the shrinkages caused by progressive by extrapolating the linear portion of the plot aft)? versus

In and Sc doping are not as large as estimated from simple, g o = o (Figure 5B). It is found that the band gap increases

Vegard's law considerations, likely due to compensation by the ., 5 g6 19 3.27 eV with an increase in Y doping from 0 to
antibonding character of the conduction band formed from Cd 4 59,

5s and O 2p states (see theoretical discus$foif)?>

In contrast to the above results for growth on amorphous glass
substrates, all CYO thin films grown on MgO(100) exhibit a
highly (200) textured microstructure at all doping levels less
than 4.2%. The texture of the thin films is shown in Figure 2.
As can be seen from Figure 2A, the rocking curves of the films
show good out-of-plane alignment. The full-width at half-
maximum (fwhm) increases from 0.%or pure CdO films to
1.0° at 3.3 atom % Y doping, and to 3.&t 4.2 atom % Y
doping, indicating that the crystallinity decreases with the
increase in Y doping. The in-plane orientation was investigated
by ¢ scans of the CdO(111) reflection at= 54.7, and data
are shown in Figure 2B. The clear 4-fold rotational symmetry
of the CdO(111) reflections together with the small fwhm values
(0.8 for pure CdO, 1.2for CYO at 3.3% Y doping) reveals
excellent in-plane orientation of the films. The orientation ) o - ) )
relations between the CYO thin films and the MgO(100) Electrical conductivity, mobility, and carrier concentration

Normallized Intensi

Normalized Intensi

As in other aliovalent metal-doped CdO materials investigated
to date, all of the Y-doped CdO film samples exhibitype
conductivity as determined by negative Hall coefficients. Figure
6 shows the temperature dependence of thin film charge
transport properties for a 1.3 atom % CYO film on MgO(100),
which achieves the highest observed conductivity of 17 800
S/cm. Similar to In- and Sc-doped Cd¥¥the mobilities and
conductivities of CYO films are independent of temperature in
the low-temperature region<L00 K), suggesting that neutral
impurity scattering (NIS) and/or ionized impurity scattering (IIS)
processes are dominant (see below). In the high-temperature
region (> 100 K), the mobility and conductivity decrease with
increasing temperature, suggesting that lattice vibration scat-
tering (LVS), which is temperature-dependent, has now become
an important scattering contributor.

substrates is therefore CdO(10B)gO(100). data for as-grown CdO thin films as a function of Y, In, and Sc
doping levels are compared in Figure 7. For the present Y-doped
(25) Medvedeva, J. E.; Freeman, A. J. To be published. CdO films, with the increase of Y doping, the carrier concentra-
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Figure 4. AFM images of CYO thin films as a function of Y doping level (given in atom %): (A) 0.6% Y-doped CdO on glass, RMS roughieas
nm; (B) 0.6% Y-doped CdO on MgO(100), RMS roughnes$.9 nm; (C) 1.5% Y-doped CdO on glass, RMS roughre$s1 nm; (D) 1.5% Y-doped CdO
MgO(100), RMS roughness 1.1 nm; (E) 2.4% Y-doped CdO on glass, RMS roughre$s9 nm; (F) 2.4% Y-doped CdO on MgO(100), RMS roughness
= 5.7 nm.
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—

2 crystal YSZ26 In addition, the comparison of charge transport
-g e properties for In-, Y-, and Sc-doped CdO given in Figure 7
- 0- 8 = 3-2 v 36 shows that the carrier mobilities and doping efficiencies decrease

. . - in the order In> Y > Sc.

Photon Energy (eV) Band Structure Calculations. The to'tall energy FLAPW
Figure 5. Optical characterization of MOCVD-derived CYO thin films method was used to carry Ogt full optlmlzatlon of the CYO
grown on glass as a function of Y doping: (A) optical transmission spectra; CTyStal structure (both the lattice and internal parameters were
(B) band gap estimations. optimized) at 12.5 atm % Y doping. We find that the CYO

lattice parametera = 4.67 A, is slightly larger than that of

tion increases from 2.% 10?° cm~2 for pure CdO thin films pure CdO (4.66 A, as obtained from a separate calculation),
on glass to 7.0« 10?°cm 3 at~2.4% Y doping. The mobility, despite the fact that the six-coordinate ionic radius f {1.04
however, drops precipitously with increased Y doping. Itis clear A) is somewhat smaller than that of &d1.09 A). This finding
from these data that 3 ions behave as effective dopants by can be explained by comparison of the calculated structural and
replacing Cé" sites in the lattice and donating electrons to act electronic properties of In-, Y-, and Sc-doped CdO. In Table 1,
as charge carriers. However, at doping levels greater than 2.4%we present the LDA-optimized lattice parameters and relaxed
the carrier density plateaus and the mobilities decline substan-distances between the Cd or X €In, Y, or Sc) atom and its
tially, indicating that some of the Y dopant sites may not readily nearest O neighborBcq-o andDx—o, for In-, Y-, and Sc-doped
be ionized and/or do not contribute to the mobile charge carriers. CdO. It can be seen that the calculated change in the lattice
In addition, excess Y doping appears to degrade the thin film parameter for different dopants correlates well with their ionic
crystallinity and increase carrier scattering, thereby decreasingradii, namely, ¥* (1.04 A) > In3* (0.94 A) > S¢* (0.89 A).
carrier mobility and conductivity. Compared with In and Sc Furthermore, it is found that smaller dopant ionic radii result
doping, much less Y can be effectively doped into the CdO in weaker Cd 55O 2p hybridization due to relaxation of the
lattice. Thin films with maximum conductivities of 8540 and ©oxide anions around the dopant cations. Therefore, any shrinkage
17 800 S/cm on glass and MgO(100), respectively, are obtainedin the lattice parameter due to the large?"Yion is well
at 1.2-1.3% Y doping. Compared with films on glass, CYO compensated by the aforementioned antibonding expansion
films on MgO(100), at the same doping level, exhibit similar mechanism, in contrast to Sc-doped CdO, where the lattice is
doping level-dependent trends but exhibit much greater carrier Significantly compressed due to the very much smaller ionic
concentrations and mobilities (Figure 7), indicating that the radius of Se&*, hence again inducing diminisheet hybridiza-
epitaxial films possess fewer scattering centers and highertion between the Cd 5s and O 2p orbitals. These results are in
doping efficiency due to their highly textured microstructure/ 900d agreement with the experimental findings reported above
en_han_ced crystalline perfection, simil_ar t_o behavior f(_)und for (26) Taga, N.: Odaka, H.: Shigesato, Y - Yasui, |.: Kamei, M.: Haynes, T. E.
epitaxial CdO on MgO(108Y and epitaxial ITO on single- Appl. Phys.1996 80, 978-984.
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Figure 7. Room temperature four-probe charge transport measurements for Y-, In-, and Sc-doped CdO thin films on glass: (A) carrier concentration, (B)
mobility, (C) conductivity; and on MgO(100): (D) carrier concentration, (E) mobility, (F) electrical conductivity. Lines are a guide to the eyes.

Table 1. Calculated Optimized Lattice Parameters (a); Relaxed 10 —
Distances between the Cd (X = In, Y, or Sc) Atom and Its Nearest ?K% v>%
O Neighbors (Dcd-o0, Dx—o); Optical Band Gap Values (&) in the Y 5s
(A) [100], (A) [110], and (%) [111] Directions; Width of the Single
Dispersed Band (E); Electron Velocities (V) at the Fermi Level in 5 _\§§i
the (A) [100], (A) [110], and () [111] Directions; and Density of 7 L i
States at the Fermi Level (N(Eg)) for In-, Y-, and Sc-Doped CdO — T Y 4d
dopant In Y Sc @ >§
a A 4.66 4.67 4.63 g o Cd 5s
Dx-o, A 2.24 2.28 2.18 g
Dca-o, A 2.42 2.39 2.45 )
Es (A), eV 3.03 3.38 3.02
Eq (A), eV 3.68 4.04 3.65
Ey (), eV 3.83 4.17 3.76
AE, eV 3.91 3.36 2.57
v(A), x10P m/s 0.42 0.36 0.19
v(A), x1P m/s 0.23 0.21 0.17 >
u(Z), x10° m/s 0.12 0.12 0.10 T X W K T L
N(Eg) 1.16 1.34 2.00

Figure 8. Band structure of 12.5 atom % Y-doped CdO calculated within
the sX-LDA formalism along the high-symmetry directions in the Brillouin

) ) zone. The origin of the energy is taken at the Fermi level.
and with previous structural results for the In- and Y-doped

Cdo bulk materiald?27 respectively. We next compare the sX-LDA results for CYO

The band structure of CYO at 12.5 ato% Y doping with those for In- and Sc-doped CdO obtained at the same
calculated within the sX-LDA formalism is shown in Figure 8. dOping level of 12.5 atom %. In both cases, smaller band gap
Despite a rather small (indirect) band gap-ef eV in pure energies are found, namely, 3.03, 3.68, and 3.83 eV for In
CdO5¢ Y doping results in a BursteifMoss shift which ~ doping and 3.02, 3.65, and 3.76 eV for Sc doping in [100],
significantly widens the optical transparency window so that [110]. and [111] directions, respectively. This result correlates
the energies of the intense interband transitions from the valenceell with the larger calculated distances between the Cd atom
band are above the visible range in energy: the calculated sx-&nd its neighboring O atoms in In- (2.42 A) and Sc (2.45 A)-
LDA band gap energies, (cf. Table 1), which determine the ~ doped CdO as compared to those in CYO (2.39 A). Thus, we
optical transparency of CYO, are found to be 3.38, 4.04, and con_clude that a larger ionic ra_d|us_dopar_1t ion results in a Ia_rger
4.17 eV in the [100], [110], and [111] directions, respectively. OPtical band gap. More detailed investigations of the optical
The minimum band gap value is in good agreement with the Properties of the In-, Y-, and Sc-doped CdO, including the
present experimental result (3.27 eV). As expected, LDA alone calculations of the transition matrix elements, will be published
is found to underestimate the band gap energies, yielding 2.51,elsewheré®

3.13, and 3.17 eV in the [100], [110], and [111] directions, _ Similar to the cases of In- and Sc-doped CetOSthe highly
dispersed CYO single conduction band, derived mainly from

(27) Morozova, L. V.; Komarov, A. VRuss. J. Appl. Cheni995 68, 1240. the 5s states of Cd, crosses the Fermi level in the [180] (
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- (100)

Figure 9. Calculated charge density distribution in teplane within the energy window of 0.027 eV below the Fermi level for the In-, Y-, and Sc-doped
CdO. Atoms within one unit cell are labeled.

[110] (A), and [111] E) directions (cf. Figure 8). However, in 2

marked contrast to the case of In doping, the Y 5s and Sc 4s

states are found to lie high in the conduction band-<(@&i0 and | .

~9.5 eV, respectively) and thus do not hybridize with the Cd s—In- doped CdO
5s states. Therefore, the uniform electronic charge density 1
distribution associated with the energy-compatible s-orbital of
the In ion is not possible in the Y and Sc cases where the [ f | emm==t= Sc- doped CdO;
d-orbitals of the dopant ions hybridize only with the p-orbitals
of the nearest oxygen neighbors (cf. Figure 9). Consequently,
we find that the relative contributions from the oxygen neighbors
of the dopant ions to the conduction band, calculated within
the energy window from 0.027 eV below the Fermi level,
decrease significantly in the order lmY > Sc (namely, 24,

22, and 12% for the In-, Y-, and Sc-doped CdO, respectively),
resulting in charge redistribution and its localization on the Cd
ions which contribute 38, 39, and 48% for the In-, Y-, and Sc- 2 ’,;
doped CdO, respectively. A comparison of the dispersion of r
the free-electron-like band for In-, Y-, and Sc-doped CdO, given
in Figure 10, shows that the width of the bamxk (Table 1),
significantly narrows in the order Ir Y > Sc. This can be L | |
explained by the fact that the width of the dispersed band is r X WK r L
strongly affected by the presence of the Y 4d or Sc 3d states rjgyre 10. Comparison of the single band dispersion of 12.5 atom % In-
near the bottom of the conduction band which lies at 3.4 and at doped CdO (solid line), Y-doped CdO (dashed line), and Sc-doped CdO
2.0 eV for Y- and Sc-doped Cdo, respectively, in contrast to (dotted _Iine) calculated Withi_n the sX-LDA formalism. The origin of the
the In case, where the 4d states are fully occupied and lie at®"e'% s taken at the Fermi level.

—15 eV. Importantly, this dependence of the band dispersion
on the dopant identity suggests a decrease in the conductivity,
o, for the above sequence. The conductivity can be expresse
asineq1l:

Y-doped CdO

—~
>
(]
~—
-
[=11]
-
Q
=
aa)

tivity reported above and in previous stud@gzinally, note
hat for all dopants considered, the largest velocity is in the
100] (A) direction, while considerably smaller values are
obtained for the [110]4) and [111] &) directions.

o(e) = GZZN(G)Vi(G)T(G) 1) Conclusions

Highly conductive and transparent CYO thin films have been
wheree is the electron chargé the wave vector¢ the band grown on glass and single-crystal MgO(100) substrates at 410
energy,N(¢) the density of statesy(e¢) the group velocity, and °C by low pressure MOCVD. The as-deposited CYO thin films
7(€) the relaxation time. Assuming(e) is similar for Y-, In-, exhibit good optical transparency, with an average transmittance
and Sc-doped CdO, we can calculate the electron velocities, of 85% in the visible region. As in the cases of In and Sc doping,
at the Fermi level in theX) [100], (A) [110], and E) [111] Y doping significantly increases the electrical conductivity and
directions (Table 1). It is found that despite the increase in the widens the optical band gap. Thin films with maximum
density of states at the Fermi levBl(Eg) (Table 1), associated  conductivities of 8540 and 17 800 S/cm on glass and MgO-
with the lower dispersion of the single band, the electron (100), respectively, are obtainetl@aY doping level of 1.2
velocities decrease significantly in the order 3nY > Sc, 1.3%. Y doping widens the band gap from 2.86 to 3.27 eV via
leading to a pronounced decrease of the conductivity for this a Burstein-Moss (B—M) shift. Epitaxial films grown on MgO-
sequence. These findings are in excellent agreement with(100) also exhibit a biaxial, highly textured microstructure,
experimental observations on the carrier mobility and conduc- leading to higher doping efficiency and fewer scattering centers,
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which is suggested to be responsible for the higher conductivity CdO matrix. However, the doping efficiency is strongly
versus the films on glass. Both experimental and theoretical dependent on the degree of orbital hybridization between the
results reveal that dopant ion size and electronic configuration dopant orbital and Cd 5s states. On the basis of the computa-
have significant influence on the CdO-based TCO crystal and tional result$5 we find that dopant ions whose s-orbital states
band structures, as well as on the optical and electrical are empty and close to the Cd 5s state in energy, suchs Sn
properties. First, If (0.94 A) and S&' (0.89 A), with smaller  and SE*, should be more effective than those with empty
ion sizes than that of Gd(1.09 A), shrink the lattice parameters; d-orbitals, such as 2 and NI¥*. These implications should
while Y3* (1.04 A), with similar ion size to that of Cd, does  pe applicable to other doped TCO materials, as well, and are
not significantly alter the lattice parameter. Second, in marked ¢ renily under investigation. In conclusion, we find that dopant
contrast to In-doped CdO, in the cases of Y and Sc doping, the,, sj,e and electronic configuration have substantial influence
Cd 5s states dq not hyb_r|d|ze significantly with Y 5s and Sc 4s on the CdO crystal and band structure, especially on the
states, respectively. Third, the presence of the "d states” of ¥ energetic position and width of the highly dispersed conduction

anql Sc significantly affe_cts the d|spe_r sion of the smgl_e_ band band, which provide necessary conditions for creating transpar-
which crosses the Fermi level, resulting in lower mobility as . . ) .
ent conducting behavior with doping.

compared to In-doped CdO, which agrees well with experi-
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