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Abstract: A series of low-melting, thermally stable cadmium metal—organic chemical vapor deposition
(MOCVD) precursors have been synthesized, structurally and spectroscopically characterized, and
implemented in growth of highly conductive and transparent CdO thin films. One member of the series,
bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionato) (N, N-diethyl-N', N’ -dimethyl-ethylenediamine)cadmium(ll),
Cd(hfa)z(N,N-DE-N',N -DMEDA), represents a particularly significant improvement over previously available
Cd precursors, owing to the low melting point and robust thermal stability. High-quality CdO films were
grown by MOCVD on glass and single-crystal MgO(100) between 300 and 412 °C. Film growth parameters
and substrate surface have large effects on microstructure and electron carrier transport properties.
Enhanced mobilities observed for highly biaxially textured films grown on MgO(100) vs glass are attributed,
on the basis of DC charge transport and microstructure analysis, to a reduction in neutral impurity scattering
and/or to a more densely packed grain microstructure. Although single-grained films grown on MgO(100)
exhibit greater mobilities than analogues with discrete ~100 nm grains and similar texture, this effect is
attributed, on the basis of charge transport and Hall effect measurements as well as optical reflectivity
analysis, to differences in carrier concentration rather than to reduced grain boundary scattering.
Unprecedented conductivities and mobilities as high as 11,000 S/cm and 307 cm?/V-s, respectively, are
obtained for epitaxial single-grained films (X-ray diffraction parameters: fwhm, = 0.30°, fwhm, = 0.27°)
grown in situ on MgO(100) at a relatively low temperature (400 °C).

Introduction physical/optoelectronic nature; although TCOs are used on the
scale of billions of dollars per year, their properties are still

applications such as transparent conducting oXide@COs) poorly understood. Importantly, improved TCO materials could
bp P 9 have an enormous impact on next-generation flat-panel displays

_T_r(]:%gh:stc;\:g::';r(gg?eicctgs d?sy?:s;gi W: d?/sapnrs:g th:Encho and solar energy systems, and progress in this field will require
o P . . ny a - 00y, a dedicated, multidisciplinary effort. For general discussions of
applications has led to the intense investigation of their chemical/ 2 TCO science and technology issues, the reader is referred to a

T Department of Electrical and Computer Engineering, Northwestern number of excellent recent reviews.

Cadmium-containing thin films are used in a wide variety of

University. To realize future optoelectronic device applications, next-
¥ Materials Research Center, Northwestern University. _ generation TCO materials must be far more conductive, while
§ Laboratoire de Physique du Solide, Ecole Sigee de Physique et . . . ¢ d intaini

Chimie Industrielles de Ia Ville de Paris. preserving or improving transparency and maintaining an

(1) (a) Mason, T. O.; Gonzalez, G. B.; Kammler, D. R.; Mansourian-Hadavi, appreciable band gap (for optical transparency). The most

R o o D O A P et 4o, attractive way to achieve these ends is by increasing carrier

3263-3268. (c) Coutts, T. J.; Young, D. L.; Li, Mater. Res. Soc. Symp.  mobility since this has no detrimental effects on optical
Proc. 200Q 623 199-209. (d) Chopra, K. L.; Major, SProc. -

Electrochem. Soc1983 83—11, 346-358. propertles. An optlmum carrier concentration that maximizes
(2) (a) Freeman, A. J.; Poeppelmeier, K. R.; Mason, T. O.; Chang, R. P. H;
Marks, T. JMRS Bull.200Q 25, 45-51. (b) Coutts, T. J.; Young, D. L.; (4) (a) Mathew, X.; Thompson, G. W.; Singh, V. P.; McClure, J. C.; Velumani,
Li, X. MRS Bull.200Q 25, 58—65. (c) Ginley, D. S.; Bright, CMRS Bull. S.; Mathews, N. R.; Sebastian, P.Sbl. Energy Mater2003 76, 293~
200Q 25, 15-21. 303. (b) Marfalng Y.J. Phys. 1V2002 12, 145-154. (c) Martel, A.,
(3) Coutts, T. J.; Young, D. L.; Li, X.; Mulligan, W. P.; Wu, X. Vac. Sci. Caballero-Briones, F., Oliva, A. I., et @hys. Status Solidi B00Q 22Q
Technol., A200Q 18, 2646-2660. 261—-267. (d) Bonnet, D Meyers, 'B. Mater. Res1998 13, 2740-2753.
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the band gap via the carrier concentration-sensitive Moss
Burstein shift® yet maintains a plasma edge removed from the
visible region, is desired and in principle achievable via
aliovalent doping and/or careful control of the film growth
process parametefsThis reasoning has motivated recent

dominant scattering mechanism in TCOs, the roles of neutral
impurity scattering (NIS) and grain boundary scattering (GBS)
are poorly understood. Dismissed as unimportant in some
analysed/~1921.22examples can also be found where R#S®

and GB$420.2627gre reported to have pronounced effects on

advances that achieved exceptional carrier mobilities in CdO carrier mobilities. Given the large mobility and simple face-

films.37~14 Although CdO has a relatively low intrinsic band
gap of 2.28 e\’ its low effective carrier magsallows

centered cubic crystal structure, CdO is an ideally suited model
thin-film material for closer examination of these effects.

increasing the band gap of heavily doped samples to as high as Metal—organic chemical vapor deposition (MOCVD) is used

3.35 e\tb and gives rise to mobilities as high as 6072vhs
in epitaxial, Sn-doped CdO film<.Such a mobility is roughly
20x that of commercial tin-doped indium oxide (ITO).

in many large-volume thin-film manufacturing proceg8esd
is particularly attractive for TCO film growth, owing to the
conformal, large-area deposition that can be achieved in a

Carrier scattering mechanisms and hypothesized limits to relatively simple apparatus, and at closer-to-ambient conditions

TCO film mobility have been the subject of extensive than possible with many physical vapor deposition techniques.
discussiort’—21 Mobile carriers in TCOs arise from lattice However, the need for highly volatile, easy to handle, and
defects created through nonstoichiometry (oxygen vacancies orthermally stable precursors is a prerequisite for efficient growth
cation interstitials) or aliovalent doping (e.g.,“Sron an Ii#* by all MOCVD processes. Our continuing interest in the growth
site). These point defects are generally ionized and scatterof high-mobility, high-transparency CdO-based TCOs of precise
carriers strongly. In other cases, these defects can be compeneomposition has necessitated development of more effective
sated (by cation vacancies or associated oxygen clusters)metal-organic Cd precursors than are currently available. Until
resulting in neutral defects which also can scatter carriers. recently, there have been few alternatives to highly &»xaad
Individual grains in a polycrystalline film are connected by pyrophorié® dimethylcadmium. Our group recently reported the
transitional regions where lattice defects can cause chargefirst cadmium coordination complex to be successfully utilized

accumulation and thus a potential barrier that impedes chargeas an efficient CdO MOCVD precursdé! Cd(hfap(TMEDA).

transport across the grain boundary interface. While it is
generally accepted that ionized impurity scattering (IIS) is the

(5) (a) Grangvist, C. G.; Hultaker, AThin Solid Films2002 411, 1-5. (b)
Hosono, H.; Ohta, H.; Orita, M.; Ueda, K.; Hirano, Macuum2002 66,
419-425. (c) Perkins, J. D.; del Cueto, J. A.; Alleman, J. L.; Warmsingh,
C.; Keyes, B. M.; Gedvilas, L. M.; Parilla, P. A.; To, B.; Readey, D. W.;
Ginley, D. S.Thin Solid Films2002 411, 152-160. (d) Ginley, D.; Coutts,
T.; Perkins, J.; Young, D.; Li, X.; Parilla, P.; Stauber, R.; Readey, D.;
Duncan, CMater. Res. Soc. Symp. Pr&001, 668 H2.7/1-H2.7/15. (e)
Kawazoe, H.; Yanagi, H.; Ueda, K.; Hosono, MRS Bull.200Q 25, 28—

36. (f) Lewis, B. G.; Paine, D. QMRS Bull.200Q 25, 22—27. (g) Minami,
T. MRS Bull.200Q 25, 38—44. (h) Gordon, R. GMRS Bull.200Q 25,

52—57. (i) Coutts, T. J.; Mason, T. O.; Perkins, J. D.; Ginley, DP8c.

- Electrochem. Sod.999 99—11, 274-288. (j) Gordon, R. GMater. Res.
Soc. Symp. Procl996 426, 419-429. (k) Dawar, A. L.; Joshi, J. Cl.

Mater. Sci.1984 19, 1-23. () Jarzebski, Z. MPhys. Status Solidi A982

71, 13-41.

(6) Hamberg, I.; Granqvist, C. G. Appl. Phys1986 60, R123-R159.

(7) 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./£2001, 98, 7113-7116.

(8) Barnes, T. M.; Li, X.; DeHart, C.; Moutinho, H.; Asher, S.; Yan, Y.; Gessert,
T. A. Mater. Res. Soc. Symp. Pr&001, 666, F1.8/1-F1.8/6.

(9) Babcock, J. R.; Wang, A.; Metz, A. W.; Edleman, N. L.; Metz, M. V;
Lane, M. A.; Kannewurf, C. R.; Marks, T. Chem. Vap. DepositioR001,
7,239-242.

(10) 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 Films2002 411, 101—-105.

(11) Asahi, R.; Babcock, J. R.; Edleman, N. L.; Kammler, D. R.; Ko, D.; Lane,
M. A,; Metz, A. W.; Wang, A.; Yan, M.; Chang, R. P. H.; Dravid, V.;
Freeman, A. J.; Kannewurf, C. R.; Marks, T. J.; Mason, T. O.; Poep-
pelmeier, K. R.Proc. - Electrochem. So2001, 2001-10, 333—-348.

(12) Li, X.; Barnes, T. M.; DeHart, C.; King, D.; Asher, S.; Young, M.; Gessert,
T. A,; Coutts, T. JMater. Res. Soc. Symp. Pr&#001, 666, F3.18.11.

(13) (a) Li, X.; Yan, Y.; Mason, A.; Gessert, T. A.; Coultts, T.Electrochem.
Solid-State Lett2001, 4, C66-C68. (b) Li, X.; Young, D. L.; Moutinho,
H.; Yan, Y.; Narayanswamy, C.; Gessert, T. A.; Coutts, Eldctrochem.
Solid-State Lett2001, 4, C43-C46.

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

(15) Ueda, N.; Maeda, H.; Hosono, H.; Kawazoe,JHAppl. Phys1998 84,
6174-6177.

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

(17) Chen, M.; Pei, Z. L.; Wang, X.; Yu, Y. H.; Liu, X. H.; Sun, C.; Wen, L.
S.J. Phys. D: Appl. Phys200Q 33, 2538-2548.

(18) Zhang, D. H.; Ma, H. LAppl. Phys. A1996 A62 487—492.

(19) Chen, M.; Pei, Z.; Wang, X.; Sun, C.; Wen, Mater. Res. Soc. Symp.
Proc. 2001, 666, F2.3/1-F2.3/6.

(20) Minami, T.; Suzuki, S.; Miyata, TMater. Res. Soc. Symp. Prd2001
666, F1.3/1-F1.3/7.

(21) Gilmore, A. S.; Al-Kaoud, A.; Kaydanov, V.; Ohno, T. Rlater. Res.
Soc. Symp. Pro001, 666, F3.10/11F13.10/16.
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Its many attractive characteristics include a straightforward one-
step aqueous synthesis under ambient conditions from com-
mercially available starting materials, excellent volatility, as well
as excellent air and thermal stability. There remains, however,
a need for complexes that are liquids at growth reactor-operating
temperatures, yet are volatile and thermally stable. Solid source
precursors, while easy to handle, are prone to sintering, which
progressively lowers the surface area (for this type of precursor,
deposition is typically diffusion-limited$ and gives rise to time-

(22) Kamei, M.; Yagami, T.; Takaki, S.; Shigesato, Appl. Phys. Lett1994
64, 2712-2714.

(23) Taga, N.; Odaka, H.; Shigesato, Y.; Yasui, |.; Kamei, M.; Haynes, 7. E.

Appl. Phys.1996 80, 978-984.

Tahar, R. B. H.; Tahar, N. B. H. Appl. Phys2002 92, 4498-4501.

)
(24)
5) Young, D. L.; Coutts, T. J.; Kaydanov, V. I.; Gilmore, A. S.; Mulligan,
)
)
)

2
W. P.J. Vac. Sci. Technol., 200Q 18, 2978-2985.

(26) Kim, H.; Horwitz, J. S.; Qadri, S. B.; Chrisey, D. Bhin Solid Films

2002 420-421, 107-111.

Shanthi, E.; Banerjee, A.; Dutta, V.; Chopra, K.1.Appl. Phys1982

53, 1615-1621.

(28) (a) Choy, K. L.Prog. Mater Sci.2003 48, 57—170. (b) Waser, R;
Schneller, T.; Hoffmann-Eifert, S.; Ehrhart, Ptegr. Ferroelectr.2001,

36, 3—20. (c) Just, O.; Rees, W. S., &dv. Mater. Opt. Electron200Q

10, 213-221. (d) Winter, C. HAIldrichimica Acta2000Q 33, 3—12. (e)
Gordon, RJ. Non-Cryst. Solid$997 218 81-91. (f) Schulz, D. L.; Marks,
T. J.CVD Nonmetals996 37—150.

(29) Spiridonova, E. YGig. Tr. Prof. Zabol.1991, 14-17.

(30) Zorin, A. D.; Emélyanova, O. A.; Zanozina, V. F.; Markova, M. L,;
Karataev, Y. N.; Stepanova, L. V.; Feshchenko, |1ZA. Prikl. Spektrosk.
1989 51, 903-906.

(31) Babcock, J. R.; Wang, A.; Edleman, N. L.; Benson, D. D.; Metz, A. W.;
Metz, M. V.; Marks, T. JMater. Res. Soc. Symp. Pr&00Q 623 317—
328.

(32) 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, 1214-1236.

(27
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dependent volatilization rates. In contrast, liquid precursors have hexafluoro-2,4-pentanedione (278 mmol, 2.0 equiv) and NaOH (278
a constant surface area that provides stable precursor défiv&y.  mmol, 2.0 equiv) in methanol/water (10:1) is slowly added under
A Cd(hfap(TMEDA) analogue with a lower melting point ~ constant stirring. A colorless solid precipitates, and the resultant mixture
would be highly desirable if it were a liquid at standard MOCVD is stirred for an additional 60 min. The solid is then collected by
growth reactor-operating temperatures, while maintaining robust filtration using a glass frit, washed W'chB.’ and dried overR)m. n
thermal broperties. It is well-established that appropriate a vacuum desiccator. The crude product is then vacuum sublimed (80
. _p P . . pp P . °Cl/1 x 107“ Torr). A typical purified product yield of>70% is
substitutions at the ligand periphery can be used to tailor melting ..o«
points in related types of Group Il precursors without deleterious

! e Cor 36 Bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionat®(N-diethylethyl-
impact on volatility or thermal stabilit§?-3¢ Complementary enediamine)cadmium(ll), Cd(hfay(N,N-DEEDA) (1). Characteriza-

approaches to low-melting cadmium precursors have Very tion: mp 119-121°C; H NMR (8, CeDs): 0.66 [ t, 6H, GH3], 0.90 [
recently been reported:38 s, 2H, NH], 1.68 [ s, 2H, ENCH], 1.40 [ s, 2H, HNCH;], 2.12 [ s,

In this contribution, we discuss the design, synthesis, and 2H, N(CHH'CHa),], 2.55 [ s, 2H, N(CHH'CHj);], 6.21 [s, 2H, (CO)-
structural characterization of a series of low-melting and CH(CO)]; **C NMR (9, CeDe): 8.23 [CH3], 36.39 [NCHCH:N], 46.08
thermally stable cadmium MOCVD precursors. We then [NCH:CHi], 54.11 [NCHCH:N], 88.89[(COLH(CO)], 118.25 [q,J

. . . . . . .= — - 19 -
demonstrate their efficacious properties with thermogravimetric _72787'2 Hz’i':ﬂ’ 172'39| [q’JI_d?SB H;'('::O]’\’I 3 NdMR (52' C6D6)H
analysis and growth of high-quality CdO films. Detailed 33[s, 6 F, €]. Anal. Calcd for GeHighioN20.Cd: C, 29.90; H,

. . . . 2.82; N, 4.36. Found: C, 29.80; H, 2.77; N, 4.32.
comparison of CdO film microstructure and optical and charge ) . .
. . . Bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionat®(N'-diethyleth-
transport properties for specimens grown in parallel on both

. . . lenediamine)cadmium(ll), Cd(hfa)y(N,N'-DEEDA)(2). Character-
amorphous and single-crystal substrates provides evidence that, ..., mp 54-56 °C; *H NMR (8, C;Dg, T = 80 °C): 0.86 [, 6H

epitaxy can greatly enhance charge carrier mobility in TCO thin cpy), 1.22 [, 2H, 5] 2.05 [s, 4H, NG1:,CHoN 1, 2.34 [s, 4H, NG
films. This mechanistic information provides insight into cHy|, 6.13 [s, 2H, (CO)EI(CO)]; 2*C NMR (8, C:Ds, T = 80 °C):
strategies for producing very high-mobility TCOs for next- 13.69 [CH3], 45.01 [NCH.CH3], 47.67[NCH-CH,N], 89.09[(COXH-
generation optoelectronic applications. Beyond TCO applica- (CO)], 118.48 [q,J = 287.4 Hz,CF3], 179.78 [g,J = 33.3 Hz,CO];
tions, this work provides guidance for tailoring the optoelec- '*F NMR (9, CsDg): —77.34. Anal. Calcd for @HigF12N04Cd: C,
tronic properties of degenerate semiconductors in general and29-90; H, 2.82; N, 4.36. Found: C, 30.23; H, 2.95; N, 4.43.
describes the chemical synthesis of precursors which can be Bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionatdy(N-diethyl-N',N'-
used for the efficient study of a broad range of cadmium-based dimethylethylenediamine)cadmium(il), Cd(hfa)(N,N-DE-N",N'-
materials prepared via MOCVD techniques. DMEDA) (3). Characterization:mp 64-66 °C; *H NMR (9, CsDe):
0.68 [ t, 6H, N(CHCHs3)], 1.79 [m, 2H, NG4,CH,N], 1.90 [m, 2H,
NCH2CH,N], 1.93 [s, 6H, N(Gs)], 2.21[m, 2H, (N(GIH'CH3))],
_ 2.62 [m, 2H (N(CHH'CH3),)], 6.19 [s, 2H, (CO)&I(CO)]; 3C NMR
Reagents.All reagents were used as received. CdgN@H,O (0, CeDe): 8.22 [N(CHCHs)2], 46.41 [NCHa)z], 46.48 [NCH.CH,

(99.999% metal purity) was obtained from Aldrich, 1,1,1,5,5,5 hexafluoro- 51.16[NCH,CH,N], 55.60 [NCH,CH,N], 89.00 [(COXCH(CO)], 118.22
2,2-pentanedione from Oakwood Chemicals, and the diamines from [q, J = 287.2 Hz,CF4], 179.58 [q,d = 33.3 Hz,COJ; °F NMR (9,

Aldrich, Lancaster, or Pfaltz and Bauer. Deuterated NMR solvents were CeDs): —77.42 [CF]. Anal. Calcd for GeHzF12N,04Cd: C, 32.23; H,

Experimental Section

obtained from Cambridge Isotope Laboratories, Inc.
Physical MeasurementsStandard NMR spectra were obtained on
a Varian Inova 500 MHz spectrometer in benzegeVariable-

3.30; N, 4.17. Found: C, 32.34; H, 3.19; N, 4.07.
Bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionat®(N’'-diethyl-N,N'-
dimethylethylenediamine)cadmium(ll), Cd(hfa)(N,N'-DE-N,N'-

temperature (VT) NMR spectra were obtained in toludnezhemical DMEDA) (4). Characterization:mp 79-81 °C; 'H NMR (9, CsDe):
shifts are referenced to the residual protonated solvent resonanceq 75 [ ¢ 6H, N(CHCHs)2], 0.84 [ t, 6H, N(CHCHa)2], 1.49 [ d, 2H,
Elemental analyses were preformed by Midwest Microlabs, Inc. NCH,CH,N], 1.69 [ s, 6H, (NG3)], 1.80 [ m, 2H, (NGHH'CH3)],
(Indianapolis, IN). Melting points were measured in sealed glass 1 gg [ s 6H, (N®3)], 1.96 [ m, 2H N(GHH'CH3),)], 2.00 [ d, 2H,
capillaries with a MelTemp melting point apparatus. Thermogravimetric NCH,CH,N], 2.50 [ m, 2H, (NCHH'CH3)], 2.72 [ m, 2H, (NCH-
analysis was carried out on a TA Instruments SDT 2960 simultaneous H'CH3)], 6.21 [ s, 1H, (CO)E(CO)], 6.24 [ s, 1H, (CO)EI(CO)],
DTA—TGA instrument. All TGA data were collected at a pressure of 13c NMR (9, CoDg): 9.68 [NCHCHs], 10.17 [NCHCH3], 41.03
5.00+ 0.05 Tqrr of N. Weight loss curves were obtained at a ramp [NCH3], 42.25 [NCH3], 52.64 [NCH,CH3], 54.14 [NCH.CH3], 54.65
rate of 1.5C/min. [NCH,CH;N], 89.90 [(COCH(CO)], 118.18 [q,] = 287.4 Hz,CF3,

General Synthetic Procedure for Cd MOCVD Precursors. A 179.55 [g,d = 33.4 Hz, COJ; 1%F NMR (5, CDs): —77.49 [CF],

single-neck, 2-L round-bottom flask is charged with Cd@{H.0 —77.46[CE]. Anal. Calcd for GgHF12N,0,Cd: C, 32.23; H, 3.30;
(99.999% metals purity; 139 mmol), 400 mL of deionizegdH and N, 4.17. Found: C, 32.21; H, 3.19: N, 4.07.

diamine (139 mmol, 1.0 equiv). Next, a 450 mL solution 0f 1,1,1,5,5,5-  gjngle-Crystal X-ray Diffraction Studies. X-ray data were collected

for single crystals of Cd(hfa)N,N-DEEDA) (1) and Cd(hfay(N,N'-
DE-N,N'-DMEDA) (4) [mounted on glass fibers with Paratone-N
(Exxon)] on a SMART-1000 CCD area detector instrument at 153(2)

K with graphite monochromated Modradiation. Colorless platelike
crystals ofl and4 were grown by the slow evaporation of pentane
solutions and had approximate dimensions 0.68 mrf.40 mm x

0.17 mm and 0.10 mnmx 0.28 mm x 0.30 mm, respectively. A
Gaussian face-indexed absorption correction was applied, and data were
corrected for Lorentz and polarization effects. The structures were
solved by direct methods and expanded using Fourier techniques. All
non-hydrogen atoms were refined anisotropically except for disordered
fluorine atoms, which were refined with a group isotropic thermal
parameter. On the basis of systematic absences and successful solution

(33) (a) Yoshida, Y.; Ito, Y.; Hirabayashi, I.; Nagai, H.; Takai, Appl. Phys.
Lett. 1996 69, 845-847. (b) Gordon, R. GProc. - Electrochem. So200Q
2000-13, 248-259.

(34) Edleman, N. L.; Wang, A.; Belot, J. A.; Metz, A. W.; Babcock, J. R;
Kawaoka, A. M.; Ni, J.; Metz, M. V.; Flaschenriem, C. J.; Stern, C. L.;
Liable-Sands, L. M.; Rheingold, A. L.; Markworth, P. R.; Chang, R. P.
H.; Chudzik, M. P.; Kannewurf, C. R.; Marks, T. lhorg. Chem.2002
41, 5005-5023.

(35) Belot, J. A.; Neumayer, D. A.; Reedy, C. J.; Studebaker, D. B.; Hinds, B.
J.; Stern, C. L.; Marks, T. Xhem. Mater1997, 9, 1638-1648.
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Table 1. Selected Bond Distances (A) and Angles (deg) for 330 K, using instrumentation described previo#éQuantitative SIMS
Complexes 1 and 4 analysis was performed by MATS (UK) Ltd. Two PLD-derived CdO
Bond Distances (A) Bond Angles (deg) films, one as-deposited and the second implanted with a known amount
1 4 1 4 of F~ (1E15 ions/cri at 60 keV), were used as standards. Analysis

Cd(1-O(l) 2.276(3) 2.289(a) O(LCAO@) 7934(10) 78.99(14) was then performed ugina 6 keV C$ ion source in a quadrupole

Cd(1-0(2) 2.322(3) 2.290(4) O(HCA-O(3) 89.93(11) 171.18(14)  SIMS instrument.

Cd(1)-0(3) 2.272(3) 2.290(4) O(HCA—O(4) 165.02(11) 94.41(14) Resul

Cd(1-0(4) 2.290(3) 2.270(4) O(BCd-N(1) 92.87(11) 98.38(16) esults

Cd(1)-N(1) 2.388(3) 2.339(5) O(HCd—N(2) 101.25(13) 89.72(17) - N .

CA(1-N(2) 2277(4) 2.337(6) O(2)Cd-0(3) 91.13(11) 94.81(14) MOCVD Precursor Synthesis and Characterlzat!on.Com
O(2-Cd—O(4) 90.03(11) 87.94(19) plexesl—4 were prepared by the ambient synthetic route of eq

O(2)-Cd—N(1) 168.68(11) 90.42(18) 1—a slight modification of our previously reported metRéH

O(2-Cd—-N(2) 94.28(12)  163.5(2) : : ;
O(3)-Cd-O(4) 79.66(11) 78.88(13) using commercially available reagents.
O(3)-Cd-N(1) 97.12(12) 87.98(15) Fe

O(3)-Cd—N(2) 168.30(13) 97.52(18) -
O(4)-Cd—N(1) 99.04(12) 166.56(17) o o Megﬂ o R HCFs
O(4)-Cd-N(2) 89.96(13)  105.1(2)  ynoy, 0 + 2 JA, R R LA M
N(1)-Cd—N(2) 79.07(12) 79.2(2) F3C Fa Ry “~—" 'Ry RT.1h N~ | o,
Ry Ry c.}_‘>—crs
hHEA i ===
Table 2. MOCVD Growth Conditions for CdO Thin Films Collhia)s(N.N-DEEDAY Ry = Rg = Et, Ry = Ry = H (1) :
Cihfa)z(M,N-DEEDA) Ry = Rz = Et, Ry = Ry = H (2)
02 (H20 sat.) flow rate 300 sccm L‘,dthra]jll\l N-DE-N'.N'-JIZ)MEDA]Z: Ry = Ri: EL Ry = Ry = Me (3)
carrier gas (Ar) flow rate 3680 sccm Coinfalo(N,N-DE-N,N-DMEDA): Ry = Ry = Et, Ry = Ry = Me {4)
precursor reservoir temperature B
working pressure 4.1Torr Complexes 1—4 precipitate immediately upon mixing of
substrate temperatures 30025°C irri i i
reagents and, after thorough stirring, are readily isolated b
substrate 1737F glass or MgO(100) 9 9 9 y y

vacuum filtration. Facile purification is accomplished by
subsequent vacuum sublimation. All of the new precursors are
and refinement of the structures, the space groups were determined toCOIorIeSS mmrocrystallmg powders at r9°m te.mperature and are
be Pbca and P2;/c for complexesl and 4, respectively. Important stable to air, water, and light. The melting points of Complexes
crystallographic information is summarized in Tables 1 and S1 in 1—4areé 119-121, 54-56, 64-66, and 79-81°C, respectively.
Supporting Information. Note that the melting points are strongly influenced by the
diamine architecture.

All new complexes were characterized B,13C, 19F, 1H
COSY, andH—1C HMQC NMR spectroscopy. Spectra for
complexesl and 3 are consistent with a single species in
gas flow rate of 46-80 sccm. The precursor stream was mixed with S0lution, although the diamine resonances are fairly broad at
ultrahigh purity Q (flowing at 300 sccm through a water bubbler) "00M temperature and peak multiplicities are not always well-
immediately upstream of the susceptor. A total working pressure of "€solved in théH spectra. For complexesand4, two structures
4.10+ 0.05 Torr was maintained for all depositions. Corning 1737F corresponding to cis and trans dispositions of tialkyl
glass and polished MgO(100) substrates were obtained from PrecisionSubstituents with respect to the chelate ring plane, are in

Glass and Optics and MTI Crystal, respectively. All substrates were Principle possible. The chelate ring conformations are drawn
cleaned with acetone, placed on the susceptor, dried in an oven ataS observed in the crystal structure and are expected in solution

105°C, and immediately placed in the susceptor holder of the MOCVD to interconvert rapidly on the NMR time scefe.
reactor laminar flow chamber. Substrate temperatures during film

Film Growth and Characterization. CdO film growth was carried
out in a previously described horizontal cold-wall reaétand growth
conditions are compiled in Table 2. The glass precursor reservoir
containing3 was maintained at 88C with an ultrahigh purity Ar carrier

. . ) o] 0
growth were varied from 300 to 412 with a growth time of 2 h. | |
Film thickness was measured with a Tencor P-10 step profilometer. ——_ Qg0 _— R _—
X-ray diffraction 6—26 scans of CdO films on glass were obtained /Ng’i\>N\ \/Nﬁ;\\/N\
with a Rigaku DMAX-A diffractometer using Ni-filtered Cu & H o H o H
radiation, whilef—26, w, and¢ scans of CdO films on MgO single- Cis Trans

crystal substrates were obtained on a Scintag XDS 2000 4-circle

diffractometer with detector-selected CuxKadiation. Film surface Variable-temperaturéH NMR spectra of complexe® and 4
microstructure was imaged on a Hitachi S4500 field emission scanning are shown in Figure 1S, and at low temperatures the spectra
electron microscope equipped with a light element energy-dispersive are consistent with two isomers in slow-exchange, with ap-
X-ray spectrometer (EDS). Transmission electron microscopy (TEM) proximate 60:40 population ratios. For compl2x features
images, and selected area electron diffraction (SAED) patterns werewithin the relatively complicated spectrum acquired-dt0 °C
obtained using a Hitachi 8100 microscope operating at 200 keV. Cross-broaden and coalesce significantly by 2&. At 60 °C,
sectional and plan-view samples were prepared by mechanical grinding,interconversion is rapid on the NMR time scale, and peaks are
dimpling, and ion milling. Optical transmittance spectra were acquired readily assignable to a single averaged species. Similar behavior
with a Cary 500 UV-vis—IR spectrophotometer and are referenced to  js observed for comple#, but at much higher temperatures. In

spectra of uncoated substrates. Optical reflectance was measured frony5ch case. the dynamic process must involve stereochemical
100 to 25 000 cm'* on a Bruker IFS66/v Fourier transform spectrom-

eter. Gold (below 10 000 cm) and silver (above 8000 cr¥) mirrors (39) Lyding, J. W.; Marcy, H. O.; Marks, T. J.; Kannewurf, C.IEEE Trans.
were used as 100% reflectivity references. Variable-temperature Hall instrum. Meas198§ 37, 76-80.
y : p (40) Cotton, F. A.; Wilkinson, G.; Bochmann, M.; Murillo, CAdvanced

effect and four-probe conductivity data were collected between 4 and Inorganic Chemistryfth ed.; Wiley: New York, 1998; Chapter 1, p 34.

8480 J. AM. CHEM. SOC. = VOL. 126, NO. 27, 2004



Transparent Conducting Oxides ARTICLES
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(C) iz cn

Cig Cl6 . Cl4
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Figure 1. ORTEP drawing (ellipsoids at 50% confidence level) of the: (A) Cd@ifg§N-DEEDA) (1) molecular structure with atom-labeling scheme.
Non-hydrogen-bonded hydrogen atoms and disordered fluorine atoms are omitted for clarity. (B) Dimer structure with non-hydrogen-bondedtnydrogen
fluorine atoms omitted for clarityC) Cd(hfap(N,N'-DE-N,N'-DMEDA) (4) molecular structure with atom-labeling scheme. Hydrogen atoms and disordered
fluorine atoms are omitted for clarity.
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Figure 2. Reduced pressure TGA analysis of the volatility characteristics of Cd(ifdJEDA) [O], and complexe4 [red O], 2 [greena], 3 [blue V], and
4 [magenta®]. The weight loss (A) and thermal activation (B) data were recorded at a ramp rate W/infh and at 5.00£0.05) Torr N> pressure.

In[sublimation rate(mmollmzs)]

inversion at one of the coordinated diamine nitrogen atoms. As Metrical parameters are summarized in Table 1. The KHEt
expected from the coalescence temperatures, estimated activatiobond distances in the symmetrical diamine of complexre
parameter8 for this process are much lower for complax identical within experimental error (aw 2.338(4) A). The
The Ch; groups of the diamine ethyl substituents are rendered asymmetric substitution of the diamine in complejeads to
magnetically equivalent at 28C (AG* = 14.8 kcal/mol) and  significant lengthening of the diethyl substitutedNt Cd bond

98°C (AG* = 18.3 kcal/mol) for complexeg and4, respec-  distance to 2.388(3) A and a corresponding contraction of the
Fively. .In absence of a labile proton, .compllélfcan only ur_ldergo H,N—Cd bond distance to 2.279(4) A. The €6 bonds trans
inversion preceded by GeN bond dissociatioA? Inversion in to the diamine in complex also exhibit bond length distor-

complex2 may be facilitated by base-catalyzed stereoinversion tions: a short CeO bond trans to the short €dN bond and
which is well-established for secondary amine metal com- a Jong Ca-O bond trans to the long GeN bond. Average
plexest?43 Cd—N and Cd-O bond distances for complexdsand 4 are
Colorless single crystals df and4 were obtained by slow  2.336(2) A and 2.287(1) A, respectively. The present coordina-
evaporation of pentane solutions. Both crystal structures (Figuretion geometries are similar to those observed for Cdghfa)

1) confirm the mononuclearity of the molecular structures, with (TMEDA)® and Cd(hfaymonoglyme}® but with slightly longer
slightly distorted octahedral coordination at the?Cdenter. Cd-ligand contacts.

41) Sandston, .0 © NMR Spect domic P London' N Reduced pressure thermogravimetric analysis (TGA) data for
anastnm, J.Dynamic ectroscopicademic Press: London; New

@ York, 1982. Y P complexesl—4 are compared to those for Cd(hM@MEDA)

(42) Fanizzi, F. P.; Maresca, L.; Natile, G.; Lanfranchi, M.; Manotti-Lanfredi,  jn Figure 2. All precursors exhibit smooth volatilization curves

A. M.; Tiripicchio, A. Inorg. Chem.1988 27, 2422-2431. . L . . S .

(43) (a) Haake, P.; Turley, P. @. Am. Chem. S0d968 90, 2293-2295. (b) without significant residues (Figure 2A), indicative of a single
Buckingham, D. A.; Marzilli, L. G.; Sargeson, A. M. Am. Chem. Soc. qH i i He i e
1967 89, 825-830. (c) Buckingham. D. A : Marzili. L. G.: Sargeson. A. volatilization prqce;s with negllg_lb_le d_ecomp03|_t|on. Arrhenlus
M. J. Am. Chem. Sod.968 90, 6028-6032. type thermal activation plots exhibit a linear relationship between
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0~ | o Figure 3. Representative X-ray diffractioft—26 scans of CdO films grown

with an asterisk«) denote features due to the tungsten cathode of the X-ray

/ 0}_‘/>7CF3 on glass (bottom) and on MgO(100) (top) at £4@ XRD features marked
FsC source.

the natural logarithm of the volatilization rate and inverse S . lect . SEM) i fth t
temperature over standard growth reactor operating temperatures canning electron microscopy ( ) images of the presen

(Figure 2B). All of the present Cd MOCVD precursors have MOCVD-deri_ved Cdo f_ilms (Figure 5) reveal relati\{ely small .
TGA volatilities similar to that of Cd(hfajTMEDA), except (<150 nm), discrete grains for each sample. Comparing the grain
complex1 sizes of pairs of films on each substrate type deposited in parallel

CdO Film Growth and Characterization. Three series of &t the same temperature reveal that, in each case, the grain size

MOCVD-derived CdO films are discussed below. The first two of the films grown on glass is similar to or greater than that of

series were grown simultaneously on Corning 1737F glass the films 9"9""” on MgO(l_OO). .
(softening point: 975C) and MgO(100) single-crystal sub- Transmission electron microscopy (TEM) images and selected

strates over the temperature range 3802 °C to study the area electron diffraction (SAED) patterns of the C_:dO_ films
effects of texture and epitaxy on TCO properties. The third series 9"oWn at 400°C on glass and MgO(100) are shown in Figures
of films was grown on MgO(100) under the same conditions 6and?7, respectlvgly. The dark-field TEM micrographs illustrate
but at a reduced precursor delivery rate (slower growth) to the columnar grain growth mode of both samples. The SAED
induce microstructure changes and hence to investigate grainPattern of the film on glass (Figure 6B) is indicative of a
boundary effects on TCO properties. polycrys_talllr_]e sample W|t_h a wide dlstrlbuthn of crystal-
Glass vs MgO(100)CdO film growth rates were found to ographic orientations, while on MgO(100) (Figure 7B) the
be similar for each substrate type, but highly dependent on the 9rains retain the biaxial (in-plane and out-of-plane) texture of
substrate temperature during film growth. Film growth rates the substrate. It is also clear that _thls high degree of texture
decrease steadily from 0.82m/h to 0.27um/h as substrate allows a more densely packed microstructure than on glass

temperatures increase from 300 to 412. All films are where crystallographic misalignment creates voids between
composed of highly crystalline, phase-pure CdO with the cubic 9"@/NS- _ _
rock-salt crystal structuféas determined from X-ray diffraction Optical transmittance spectra and band gap estirffates

0—26 scans (Figure 3). Diffraction patterns for CdO films on the present CdO films on glass and MgO are compared in
glass are dominated by a strong (200) reflection. The narrowestFigures 8 and 9. The appreciable variation of the visible region
rocking curve fwhm of 12was measured for the (200) reflection ~ transmittance is pnmanl_y a re_sult of differing film thlcknesse_s.
of a film grown at 350°C, indicating that these films have a When normalized to a film thickness of 500 nm, all transmit-
modest out-of-plane texture (preferred crystallographic orienta- t2nces are greater than 80% vs the blank substrate at 550 nm.
tion normal to the substrate surface). The diffraction data for Large red-shifts in the plasma edge, the reflectance due to free
the CdO films on single-crystal MgO(100) reveal only features Carriers:® as deposition temperature increases suggest large
from the (200) and (400) reflections of the substrate and film. d_ecreases in the film carrier cqncentratlon (see fu_rther Dlscu_s-
A high degree of out-of-plane texture is confirmed by the SION below). Band gaps are e_stlmated from the optical transmit-
w-scarfs fwhm for the (200) reflection which decreases from tance spectra, assuming a direct band’gapl decrease from
1.6° to 0.50 as the deposition temperature is increased from 3.05t02.84 eV, and 2.97 to 2.?8 eV with increasing deposition
300 to 400°C (Figure 4A). In-plane texture (preferred crystal- temperature (308~ 412°C) for films on glass and MgO(100),
lographic orientation in the plane of the substrate surface) was 'espectively. Derived CdO band gaps are compiled in Table 3.
investigated using scanf of the (111) reflections (Figure 4B). — : .

The four observed reflections separated by i@@rements and 40 oo g e Oloh Leed o S W et crowtiaons.
coincident with the (111) of the MgO substrate reflections are §55Hl_0g%§#3§ (lJ))_ ?(urgstY XA?JF”S’&?'L tl‘#égozy'é Irigzpairzg% P(Ig)og,
consistent with the four-fold cubic symmetry of the CdO fcc Sawides, N.; Thorley, A.; Gnanarajan, S.; KatsarosThin Solid Films
lattice and indicate good cube-on-cube alignment. In-plane film 2001, 388 177-182. (d) Babcock, J. R, Benson, D. D.; Wang, A.;

. . . . Edleman, N. L.; Belot, J. A.; Metz, M. V.; Marks, T. £hem. Vap.
texture is also enhanced with increasing deposition temperature  Deposition200Q 6, 180-183. (e) Wang, A.; Belot, J. A.; Marks, T. J.;

P i Markworth, P. R.; Chang, R. P. H.; Chudzik, M. P.; Kannewurf, C. R.
as seen from the corresponding narrowing of ghgcan peak Physica C (Amsterdand989 320 154-160. (f) Kang, Y. M. Ku, 3. K.
fwhms from 4.8 to 0.89. Baik, S.J. Appl. Phys1995 78, 2601—2606.
(47) Pankove, JOptical Processes in Semiconductdb®ver: New York, 1976;
(44) Cimino, A.; Marezio, MPhys. Chem. Solid$96Q 17, 57—64. Chapter 3, p 36.
(45) For a detailed discussion of X-ray rocking curves in thin film analysis, (48) (a) Howson, R. PJ. Phys. D: Appl. Phys197Q 3, 863-870. (b)
see: Wie, C. RMater. Sci. Eng., R994 R13 1-58. Rauluszkiewicz, J.; Sniadower, Przegl. Elektron1965 6, 477—487.
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Figure 4. X-ray diffraction texture analysis of CdO films grown on MgO(100). (A) Rocking curves of the (200) reflectionp @pns of the (111)
reflections.(Inset) Expansion of the reflections~a8800°.

Figure 5. SEM images of CdO films grown on 1737F glass deposited at: (A)°80EB) 350°C, (C) 375°C, (D) 400°C, and (E) 412C; on MgO(100)
deposited at: (F) 300C, (G) 350°C, (H) 375°C, (I) 400°C, (J) 412°C.

Figure 6. Cross-sectional TEM of CdO films grown on 1737F glass at 400(A) Dark-field image. (B) Selected area electron diffraction pattern.

Figures 10 and 11 compare the charge transport characteristicgt12 °C. The mobilities and conductivities of the CdO films on
of the CdO films grown on glass and MgO, respectively, as MgO(100) are temperature-independent at low deposition tem-
determined from variable-temperature Hall effect and four-probe peratures, while a negative slope becomes increasingly more
conductivity. All films display temperature-independent carrier noticeable at higher deposition temperatures. Room temperature
concentrations, indicative of degenerate semiconductor behav-/gjues of conductivity, carrier concentration, and mobility are
ior,** and all films aren-type (the majority of charge carriers  symmarized in Table 3. The room-temperature mobilities
are electrons). For films on glass, the mobilities and conductivi- jhcrease with deposition temperature more rapidly than the

ties.gre largely independent of temperature. However, slight -5 rier concentrations decrease, resulting in growth of the most
positive slopes are observed above temperatures of 150 K for.onductive films at 412C.

films deposited at or below 40T, and a slight negative slope ) . )

in the same temperature range is viewed for the film grown at _ S/0W CdO Film Growth on MgO(100) For this series of
films, the Ar carrier gas flow rate through the Cd precursor

(49) Fan, J. C. C.; Goodenough, J. B.Appl. Phys1977, 48, 3524-3531. reservoir was reduced by 50%, resulting in a significant
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Figure 7. Cross-sectional TEM of CdO films grown on MgO(100) at 4@ (A) Dark-field image. (B) Selected area electron diffraction pattern.
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Figure 8. Optical characterization of CdO films grown on Corning 1737F glass: [dckt 300°C [red @], 350 °C [greena], 375 °C [blue v], 400 °C
[black #], 412 °C [solid magenta triangle pointing left]. (A) Optical transmission spectra. (B) Band gap estimations.
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Figure 9. Optical characterization of CdO films grown on MgO(100[] fat 300°C [red O], 350 °C [greena], 375 °C [blue v], 400 °C [black <], 412
°C [open magenta triangle pointing left]. (A) Optical transmission spectra. (B) Band gap estimations.

depression in growth rate. Film growth rates in this series exhibit reflection, which decreases from 1@ 0.3C as the deposition
two distinct regimes. Initially, a decrease in growth rate from temperature is increased from 300 to 40Q0 The biaxial texture
0.32um/h to 0.18«m/h is observed over the increasing substrate of these films was confirmed using scans of the (111)
temperature range 36@75 °C. Then at 400°C, the growth reflections, which reveal four peaks, each separated By 90
rate increases to 0.58n/h and then decreases with increasing increments. A large degree of in-plane-texture with fuyhwn
substrate temperature. As in the case of the CdO films discussed.27 is observed for the film grown at 40TC.

above (Figures 3 and 4), XRD confirms highly crystalline, SEM images (Figure 12) confirm the successful manipulation
phase-pure CdO with the cubic rock-salt crystal structie26 of CdO film microstructure by slowing the growth rate. At low
scans reveal features only from the (200) and (400) reflections deposition temperatures, film microstructure is much like that
of the substrate and film. A slightly greater degree of out-of- of films grown with higher precursor delivery rates. However,
plane texture is observed hy-scan fwhm data for the (200)  grains become elongated and begin to coalesee3@6 °C. At
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Table 3. Summary of Optical and Electrical Properties of CdO — 102 . . : : . :
Films Grown Simultaneously on MgO(100) and Corning 1737F as (A) ? ]
a Function of Deposition Temperature £
deposition thickness  band ga| N "‘9' - Mgo © Mgo 400°C
O;
tenpwp (°C)  substrate (nm) (V) P (S/égr%) (crﬁg’%) (cr#zzlii-s) g v MgO375°C < MgO412°C
300 1737F 1630 3.05 760 1.2410%*  3.80 =
350 1737F 1430 2.99 534 9.8010°  3.40 LA
375 1737F 1240 2.95 1830 6.1410°  18.6 c 1074
400 1737F 940 2.89 2860 3.8210°  46.7 [
412 1737F 530 2.84 4900  2.9410%° 105 g
300 MgO(100) 1690 2.97 - - - o
350 MgO(100) 1400 2.92 3540 1.3810% 187 o
375 MgO(100) 1410 2.88 4830 8.2910°  36.8 =
400 MgO(100) 780 2.85 8590  4.4910%° 119 g 2
412 MgO(100) 510 2.78 7360  2.8410%° 162 = 10 ———— T
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£ A (1 4 Figure 11. Variable-temperature Hall effect and four-probe charge transport
Qo — measurements for CdO films grown on MgO(100) at temperatures of: 350
wn A0 S S S-S SN °C [greena], 375°C [blue V], 400 °C [magental], 412 °C [open black
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S ABA A AAA M AAMAAALALAAMNSIINEIIL 12D reveals the intersection of these two regions. A layer of
T discrete grains is clearly visible with a single grain overgrowth.
c
=] At 400 °C deposition temperatures and higher, the films appear
© "wr— smooth and featureless by SEM. Note that this single-grain
0 50 100 150 200 250 300 growth regime coincides with relaxation of the measured film

Figure 10. Variable-temperature Hall effect and four-probe charge transport

Temperature (K)

lattice parameter to the CdO bulk value and the observed abrupt
increase in growth rate. At lower deposition temperatures, the

measurements for CdO films grown on Corning 1737F glass at temperaturesObServed lattice parameters are smaller than the bulk values due

of: 300°C [red ®], 350 °C [greena], 375°C [blue v], 400 °C [magenta
#], 412 °C [solid black triangle pointing left]. (A) Carrier concentration.

(B) Hall mobility. (C) Conductivity.

to the relatively large lattice mismatch between the MgO
substrate and the CdO crystal structure (10.2%) and scale
approximately with film thickness. Analogous efforts to ma-

393°C, the film morphology is not homogeneous to the naked nipulate the microstructure of films on glass via slow growth
eye, and consists of two distinct regions. The image in Figure achieve no significant increase in grain size.
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Figure 12. SEM images of CdO on MgO(100) deposited at: (A) 300, (B) 335, (C) 375, (D) 393, and (E)GtuAder slow-growth conditions.

500 nm

Figure 13. TEM of CdO films deposited on MgO(100) at 40Q under slow-growth conditions. (A) Bright-field cross-sectional image. (B) Selected area
electron diffraction pattern. (C) Plan-view bright-field image.
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Figure 14. Optical characterization of CdO films grown on MgO(10@)] [at 300, 350, 375, 400, 412C under slow-growth conditions. (A) Optical
transmission spectra. (B) Band gap estimations.

. . Table 4. Summary of Optical and Electrical Properties of CdO
TEM micrographs and SAED patterns of the CdO film grown Films Grown on MgO(100) under Slow-Growth Conditions as a

slowly at 400 °C are shown in Figure 13. The electron Function of Deposition Temperature

diffraction pattern along the [100] zone axis confirms the geposiion thickness  band gap  oneg Nass L2
epitaxial®® cube-on-cube, film/substrate relationship. The cross- temp(°C)  substrate (nm) (ev)  (Slem)  (em™)  (cm?V-s)
sectional bright-field image reveals an abrupt film/substrate 300 MgOEloog 630 2.99 2750 1-961g; 8.76
; : . PR 335 MgO(100 590 3.00 2250 6.891 20.4
interface with no evidence of a seed layer as implied t_)y the oo MgO(100) 350 585 6880 E50510° 850
SEM results on the 393C slow-growth CdO film. Threading 400 MgO(100) 1150 261 11000 2.2310%° 307

dislocations are seen extending from the film/substrate interface 412~ MgO(100) 910 259 9320 207100 281
to the film surface and most likely serve to reduce the lattice
strain caused by the film/substrate lattice mismatch. Although
transparent single-crystal substrates with closer lattice matches,
to CdO are available, the cost of the best candidate, single-
crystal ZnO, prohibits extensive experimentation. Furthermore,
use of MgF, substrates results in randomly oriented polycrys-
talline CdO films with no transfer of texture from the substrate.
The plan-view bright-field image (Figure 13C) confirms the
single-grain nature of the film. No grain boundaries are observe
over a lateral distance on the order of 4.

Optical transmittance spectra and band gap estimates for
slow-growth” CdO films are shown in Figure 14. Again, the
appreciable variation in film transmittance in the visible region
is mostly an artifact of film thickness, and large shifts in the
plasma edge are observed. Band gaps decrease from 2.99 to
2.59 eV with increasing deposition temperature. Derived optical
d parameters are compiled in Table 4.

Figure 15 summarizes the charge transport characteristics of
slow-growth CdO films as determined from variable-temperature
(50) Roy, R.; Guo, R.; Bhalla, A. S.; Cross, L. E.Vac. Sci. Technol., 2994 Hall and four-probe conductivity measurements. All films
12,269-273. display temperature-independent carrier concentrations, indica-
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Figure 15. Variable-temperature Hall effect and four-probe charge transport measurements on CdO films grown on MgO(100) under slow-growth conditions
at temperatures of: 30TC [red circled+], 350 °C [open green triangle up symbol], 376 [open blue triangle down symbol], 40C [black tilted square
with +], 412 °C [open magenta triangle pointing left with]. (A) Carrier concentration. (B) Hall mobility. (C) Conductivity.

1.0¢

50

tive of degenerate semiconductor behavior (Figure 15A) and

e Der , e, o CdO on MgO(100) |
are n-type. Mobllltles and conductivities (Figure 15B,C) are ‘ . FitQ, = 8203.03 -
temperature-independent for low growth temperatures while a 08¢ 3 t= 243x10™s
negative slope becomes increasingly more noticeable at higher = ‘11 o CdO on MgO(100)_ |
growth temperatures. Room-temperature values of conductivity, 2 gl 7 Slow growth) ]
carrier concentration, and mobility are summarized in Table 4. "5 ) FitQ = 10000 cm’
Room-temperature mobility and conductivity reach appreciable @ ! ) ©1=1.39x10" s
maxima at~400 °C (307 cn#/V-s and 11 000 S/cm, respec- S 0.4¢ | % ]
tively), while carrier concentrations decrease across the series. & JT’ DDC‘,

Optical reflectivity measurements for films deposited on 0.2 lg
MgO(100) at 400°C are shown in Figure 16. Plasma frequency '§ Ve
and scattering time derived from a Drude analysis are included 0.0 . At -
in the figure legend. The film with small grains exhibits an 0 2000 4000 6000 8000 10000

~5.7x smaller scattering time than the single-grained film, 2.43 -1

x 1071vs 1.39x 10713 s, respectively. In principle, effective Frequency (cm )

medium approximation calculations should be carried out for Figure 16. Optical reflectance measurements of CdO films grown at 400
the small-grained film, but as a first approximation we neglect € on MgO(100) and on MgO(100) under slow-growth conditions.

it here. Some of the smearing in the small-grain film data can synthesize and handle, and which possesses minimal toxicity.
be attributed to light scattering, owing to surface roughness onwe are not aware of a Cd precursor that fulfills all of these
the order of the grain sizes. We estimate that the true Scatteringrequirementsl The present synthesis of lower-melting analogues
rate in this film could be lower by as much as a factor of 2 (or of Cd(hfay(TMEDA) was achieved by varying the alkyl

a factor of 2 larger scattering time). substituents on the chelating diamine ligand. The result of these
substitutions is successful tailoring of melting points, with
Cd(hfap(diamine) complexe®2—4 fulfilling all of the above
requirements. Of the four new precursors, com@eas chosen

for film-growth experiments because it displays the optimum
combination of low-melting point and high volatility, and is
demonstrated here to be an efficient precursor for growth of
high-quality CdO thin films.

Discussion

Precursors. The synthetic coordination chemistry aspect of
this work was undertaken to provide efficient Cd MOCVD
precursor alternatives to dimethylcadmium. An ideal MOCVD
precursor should be a highly volatile, thermally stable, low-
melting solid, which is air- and moisture-stable, easy to
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Precursor Synthesis, Molecular Structures, and Proper- commercial materials. Facile purification by sublimation allows
ties. When seeking alternative MOCVD precursors to metal large batchesX70 g) to be produced and purified in less than
alkyls, simpleg-diketonates are often the first compounds to 1 day. These complexes are crystalline solids at room temper-
be explored because of their broad chemical versatility, ready ature, meaning that weighing and loading into precursor
accessibility, and ability to saturate the coordination spheres of reservoirs is straightforward, in contrast to compounds which
many metal centers. However, as illustrated by the polymeric are waxy solids or viscous liquids. The tailoring of precursor

crystal structure of [Cd(acag) shown below! metal coordina- melting point is one of the most important aspects of precursor
tion sphere saturation is sometimes not complete in simple development. While precursors which are crystalline solids at
homoleptic metai-diketonate complexes. room temperature are desirable for ease of handling, if they

remain solids at operating temperatures, poor film compositional
control often results. The reason is that solid precursors undergo
sintering at elevated temperatures, giving rise to time-dependent
surface area and hence to time-dependent transport rates. In
coordination complex systems such as the present in which
precursor transport rate, or film growth rate, is largely diffusion-
limited,3? solid sources must often be used with a temperature
ramg® or be periodically removed from the reactor system and
reground (requiring a halt in the growth process) to maintain
temporally constant volatilization rates. However, if a precursor

® Cd is a liquid at reactor-operating temperatures, constant surface
* O area is maintained, assuming the reservoir is of appropriate shape
° C and volume. A strategy for lowering the melting points of these

types of complexes is to reduce molecular symmetry by proper
modification of ligand alkyl subsituents, which disrupt crystal
[Cd(acac):]n packing® If these modifications are effected at the ligand
periphery, there is often little influence on precursor thermal
Oligomerization results in greatly increased molecular weights stability propertie$4-3¢ In this work, tetramethylethylenedi-
and lattice cohesive energies and thus seriously diminishesamine was replaced with the two structural isomers of dieth-
volatility. The use of an additional neutrally charged ancillary - ylethylenediamine and diethyldimethylethylenediamine. Com-
ligand is one strategy for achieving coordinative saturation and plexes 2—4 have significantly lower melting points than
has proven effective for B& precursor§?#>525¢ Our approach  Cd(hfay(TMEDA) and are liquids at temperatures which
for C#* was to combine a volatility- and Lewis acidity- provide sufficient volatilization rates for efficient operation
enhancing fluorinate@-diketonate ligand, hexafluoroacetoac- pressure (+5 Torr) MOCVD reactor.
etonate (hfa), with a bidentate nitrogenous ancillary donor ligand  Trends in precursor melting point and volatility cannot be
to maximize thermal stability while saturating the metal rigorously correlated due to the limited database and many
coordination sphere, hence ensuring thermal stability and variables involved; however, they provide useful qualitative
volatility. The crystal structures of complex&ésand4 (Figure insight into effects substitutions can have. Excluding the
1) show that this approach is successful in saturating the metalpehavior of comple®, which will be discussed later, all trends
coordination sphere, as desired. Furthermore, it is well- are understandable. Complexes containing diamines with lower
established thas-diketonate ligand fluorination ehances the symmetry and larger, unsymmetrical alkyl substituents have
binding strength of neutral ancillary ligands by withdrawing lower melting points than does the TMEDA complex. Similarly,
electron density from the metal center, thus increasing Lewis theN,N-DE-N',N'-DMEDA adduct @) has a lower melting point
acidity > Following the same argument, diamine donors than the complex with the higher symmetry structural isomer,
should enhance thermal stability more than analogous glyme N,N'-DE-N',N'-DMEDA (4) (Chart 1). The anomalous volatility
adducts due to the greater Lewis basicity of amines vs etfers. behavior and melting point of precursbican be explained by
Both concepts are critical to the robust thermal stability of the presence of the NHunctionality. The low NH steric bulk
complex3. This is readily seen by comparing the significant renders this hydrogen-bond donor accessible to neighboring
thermal decomposition of previously reported Cd(dpm) molecules. Examination of the crystal structure packing diagram
(TMEDA)3! and Cd(hfag(monoglymej® complexes in TGA  (shown in Supporting Information) of compléxeveals layers
experiments, versus the present data (Figure 2). of hydrogen-bonded dimer units in which the Midnctionality
The synthesis of complexes-4 is readily accomplished in  serves as a hydrogen-bond donor to F and O atoms of an hfa
a single aqueous medium step under ambient conditions fromligand of the adjacent molecule. Hydrogen-bond distances are
- summarized in Table 5 and are consistent with weak hydrogen
(51) Maslen, E. N.; Greaney, T. M.; Raston, C. L.; White, AJHChem. Soc.,

Dalton Trans.1975 400—402. bonds>®

(52) Gardiner, R.; Brown, D. W.; Kirlin, P. S.; Rheingold, A. Chem. Mater. CdO Film Growth and Characterization. CdO film growth
1991 3, 1053-1059. . e
(53) Gardiner, R. A.; Gordon, D. C.; Stauf, G. T.; Vaartstra, B. A.; Ostrander, by MOCVD was carried out to demonstrate the utility of the

R. L.; Rheingold, A. L.Chem. Mater1994 6, 1967-1970.

(54) Otway, D. J.; Rees, W. S., Zoord. Chem. Re 200Q 210, 279-328. (56) Liang, S.; Chern, C. S.; Shi, Z. Q.; Lu, P.; Lu, Y.; Kear, B.HCryst.
(55) (a) Watson, I. M.; Atwood, M. P.; Haq, Supercond. Sci. Techndl994 Growth 1995 151, 359—-364.
7, 672-680. (b) Malandrino, G.; Richeson, D. S.; Marks, T. J.; DeGroot, (57) Brown, R. J. CJ. Chem. Educ200Q 77, 724-731.
D. C.; Schindler, J. L.; Kannewurf, C. Rppl. Phys. Lett1991 58, 182~ (58) Hamilton, W. C.; Ibers, J. AHydrogen Bonding in Solids, Methods of
184. (c) Timmer, K.; Spee, K. I. M. A.; Mackor, A.; Meinema, H. A,; Molecular Structure Determination (Frontiers in Chemistryjv. A.
Spek, A. L.; Van der Sluis, Anorg. Chim. Actal991, 190, 109-117. Benjamin: New York, 1968.
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Chart 1
FaC FsC FaC FaC
TS S Ve
N, | O N, | O N, | O N, | O
cd< cd cd cd
[N\V |\0 [N’ |\0 [NV |\0 I:,N\r |\0
( H o, “)—cF, /A O>_\,>70F3 (\ o, »—cF HH OQ*CFa
FaC FaC FaC FaC
(2) Cd(hfa),- (3) Cd(hfa),- (4) Cd(hfa),- (1) Cd(hfa),-
(N,N'-DEEDA) (N,N-DE-N',N'DMEDA) (N,N'-DE-N,N'DMEDA) (N,N-DEEDA)
54-56°C 64-66°C 79-81°C 119-121°C )
Melting Point
Table 5. Intermolecular Hydrogen-Bond Distances (A) in CdO Film Microstructure/Morphology Constraints on
Complex 1 Charge Transport. As can be seen in Figure 17, each series
g p g
H-bond DH HA DA of CdO films grown in this study exhibits an increase in carrier
N2—H2D---04 0.90(5) 2.55(5) 3.159(5) mobility that correlates with increasing deposition temperature.
“g—ngg'“glzo 8-2?((2)) ggi’((g)) giggg This correlation between deposition temperature and mobility
N2—H2C-F6 0.87(6) 2.64(6) 2.275(5) was previously observed in MOCVD-derived CdO films on

glas$81213and was attributed primarily to improved intragrain
quality and crystallinity. However, in the cited work, increasing
Cd precursors synthesized in this study as well as to attempt tograin size and decreased carrier concentrations were also
elucidate the effects of epitaxy and microstructure on TCO observed, and all have the potential to effect carrier mobility in
optical and charge transport properties. A better fundamental the following ways: (1) It is well-known that potential energy
understanding of how to tailor the optoelectronic properties of barriers at grain boundaries can limit carrier mobilities in
oxide materials is of broad interest, and the ability to better polycrystalline semiconductors having small graifi’18.6¢2)
tailor degenerate semiconductor carrier mobility is of particular Carriers are generated in conjunction with ionized defects, which
interest to the TCO community. then serve as scattering centers and reduce mobility. Further-
One obvious concern arising from the use of fluorinated More, in materials such as CdO that have nonparabolic conduc-
ligands in the precursor architecture is the possibility of fluoride tion band$’1%%effective carrier mass and therefore mobility
phase formation/contamination/doping (§ubstitution for &") should to some degree be dependent on carrier concenttation.
during the growth process. A well-known method for minimiz- (3) Enhanced film crystallinity, resulting from increased deposi-
ing F~ incorporation is including kD in the oxidant stream as  tion temperatures or from epitaxy, has also been associated with
was done her& For all CdO films grown in this work, F increased carrier mobilit§!32223.2665Gjven that three param-
concentrations were found to be below the detection limits of €ters which may have effects on mobility are varying simulta-
EDS measurements-(L.5%). In addition, quantitative SIMS  neously, it has not previously been possible to rigorously

analysis of CdO films deposited using Cd(RfAMEDA) under differentiate among the relative contributions of these effects.

nearly identical growth conditions (365C, 300 sccm HO This issue in part motivated the systematic experimental design
saturated @ 4 Torr Working pressure) revealed Eoncentra- in the present work where great care is taken to attempt to isolate
tions of ~1 x 10?° cm~3 or 0.26 atomic %. At this level, itis  the individual effects.

unlikely that F- would significantly effect film mircrostructural The temperature dependence of mobility in degenerate

characteristics. There is also no reason to believe any differencesemiconductors/transparent conductors has been discussed
in F~ concentration would be observed in films deposited Previously!#1923An expression for mobility limited only by
simultaneously on different substrate types. Therefore, it is lattice vibration scattering (LVS) is given in ed 2%*revealing
physically reasonable, when comparing films grown in the same the primary temperature dependenceuas] T~
precursor stream at the same temperature, that differences
[amar ™ (FE)
1

observed in charge transport behavior are not due to differencesﬂ =967x 10°
. . . . . L . 2 — T E
in adventitious F contamination. Furthermore, even assuming 10" dyn cm d
the _unlikely extreme o_f 100% doping efficiency in the films 10%%m 3\

having the lowest carrier concentrations, less than half of the I — 2)
observed carriers could derive front Eoping. In a practical ' o . .

sense, any such fortuitous doping provides an efficient method Here G is the longitudinal sound velocity, anHg is the

of maintaining useful carrier concentrations along with ex- deformation potential. Mobilities which are dominated by neutral
tremely high mobilities, something not previously accomplished impurities ) or ionized impurities ;) have been described
in MOCVD-derived CdO films grown using CdM&#812.13.16

n

(60) Seto, J. Y. WJ. Appl. Phys1975 46, 5247-5254.
(61) (a) Koffyberg, F. PCan. J. Phys1971, 49, 435-440. (b) Koffyberg, F.

(59) (a) Pinkas, J.; Huffman, J. C.; Baxter, D. V.; Chisholm, M. H.; Caulton, P.J. Solid State Cheni97Q 2, 176-181.
K. G. Chem. Mater.1995 7, 1589-1596. (b) Kaloyeros, A. E.; Zheng, (62) (a) Taga, N.; Shigesato, Y.; Kamei, Ml.Vac. Sci. Technol., 200Q 18,
B.; Lou, I.; Lau, J.; Hellgeth, J. WThin Solid Films1995 262, 20-30. 1663-1667. (b) Ohta, H.; Orita, M.; Hirano, M.; Tanji, H.; Kawazoe, H.;
(c) Lecohier, B.; Calpini, B.; Philippoz, J. M.; Van den Bergh,HAppl. Hosono, H.Appl. Phys. Lett200Q 76, 2740-2742.
Phys.1992 72, 2022-2026. (63) Bardeen, J.; Shockley, WWPhys. Re. 195Q 80, 72—80.
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Figure 17. Room-temperature Hall effect mobilities as a function of: (A) film growth temperature and (B) carrier concentration for films on 1737F glass
[black squares], MgO(100) [red circles], and MgO(100) under slow-growth conditions [green triangle symbols].
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previously and within these models exhibit essentially temper-
ature-independent behavior (eqs 34%
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= [247°(ee ) Hon)[ €€ 7g(x)Z°n ] @) =
O
where the screening functia(x) is given by eqs 5 and 6, E
g(x) = In(L+ 4K — (1L + x/4)™* (5) =
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o g o
4e’mr = 4 MgO_SG 400°C
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Here, ¢ is the low-frequency relative permittivityny the
concentration of neutral scattering centetsnd n the charge Temperatu re (K)
and concentration of ionized scattering centers, respectively, andFigure 18. Variable-temperature Hall effect mobility measurements on CdO

m* is the effective mass, all of which are assumed to be fi!ms grown at 400°C on 1737F glass [black squa_\r_es], MgO(lOO)_ [red
circles], and MgO(100) under slow-growth conditions [green triangle

temperature-independent. o _ symbols]. Linear regressions are shown (data fit between 200 and 300 K)
The temperature dependence of mobility limited by grain along with the theoretical temperature dependence for mobility limited

boundary scattering is not as straightforward because of two primarily by lattice vibration scattering«(0 T-4).
distinct mechanisms for charge transport across grain boundariesglass, MgO(100) with discrete grains, and MgO(100) with

Application of Fermi-Dirac statistics to the Petritz moéiel  coalesced grains. For a degenerate semiconductor, the mobility
gives eq 7806 of which is governed solely by ionized impurity scattering, no
temperature dependence should be observed. Although all three
| eVa cdo fi les h tially t ture-independent
u;=BT texp— — ) ilm samples have essentially temperature-independen
KT mobilities below 100 K, the observed temperature dependence

above 200 K increases frofi 0% to T-064 along the series
glass— MgO(100) with discrete grains~ MgO(100) with

. . coalesced grains. The strofig* dependence for the samples
Er andE; are the Fermi energy and the lowest conduction band deposited on MgO(100) argues for the importance of LV,

energy, respectively. However, thermionic emission should only Th lati itud f the t : d denci
dominate transport across potential barriers at low carrier in d? rte atlhlvte rrlniﬁn:-? ris ?t reingmpirg l#;e ?tp(rai: er:mes
concentrations and in the degenerate regime, temperature- cate that another temperature-independent scattering mec

independent tunneling currents may make the dominant Con_amsm'has a significant influence in limiting the mob|I|ty.of the
tribution 1867 CdO films on glass and, to a lesser extent, for the films on

. ) . MgO(100).
Figure 18 presents variable-temperature Hall effect carrier N . .
mobility data for the present CdO films grown at 46D on Glass vs MgO(100) as Substrate#\ significant increase in

Hall effect carrier mobility is observed for all CdO films grown

whereB is a constant an¥/, represents an activation energy
related to the barrievy, by the expressioW, = Vp— (Er — E).

(64) (a) Dingle, R. BPhilos. Mag.1955 46, 831—840. (b) Erginsoy, CPhys. on single-crystal MgO(100) compared to those grown in parallel

ﬁzefill%@(j;géllon‘w“- (c) Frank, G.; Koestlin, Fppl. Phys. AL982 on glass. Considering that the films on MgO(100) have, in
(65) Petritz, R. L.Phys. Re. 1956 104, 1508-1516. general, higher carrier concentrations, and similar or smaller
(66) Bruneaux, J.; Cachet, H.; Froment, M.; MessadT i Solid Films1991, grain sizes, it seems unlikely that the mobility differences are
(67) Crowell, C. R; Rideout, V. LAppl. Phys. Lett1969 14, 85-88. solely due to changes in ionized impurity scattering, effective
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mass differences, or GBS. The only remaining major scattering the carrier mean-free-path to a value much smaller than the grain
mechanism which could cause this effect is NIS. Increased size of typical films. The formulation for carrier mean-free-
semiconductor mobilities have previously been attributed to a path is given in eq 8718

reduction in NIS caused by improved crystallinity in several

case$:1322232662The increased mobilities observed in the l=(h)(3n)1/3 )
present study most likely have the same origfims grown H

on single-crystal substrates having enhanced epitaxy-induced

crystalline order. This is especially important in CdO films  Utilizing this relationship, the film deposited at 40C on
owing to their significant volatility, which limits the maximum  MgO(100) with discrete grains has an estimated mean-free-path
deposition temperature that might otherwise be useful in of <18 nm, and therefore, the impact of GBS should be minimal.
improving film crystallinity. Under the present conditions, film  The origin of the increased mobility in the single-grained film
growth attempted above 428 was unsuccessful, with the film  js then best explained by differences in carrier concentration.
growth primarily taking place on the reactor walls, and little  Examination of Figure 17B reveals that all samples exhibit rapid
remaining on the substrate. Another possible contribution to the increases in mobility as the carrier concentration drops below
increased mobility of the biaxially textured CdO films may be 4 x 10?0 cm~3, in agreement with the dependence of mobility
better intergrain contact. The highly ordered alignment of the on carrier concentration expected in an 11S mddé#Extrapo-
columnar grains on MgO substrates allows a more dense andjation of the curves for the second series of film samples
continuous film microstructure. The voids formed by the indicates that the greater mobilities for the single-grained film
misaligned columnar grains on glass may serve as highly are likely a result of the 50% reduction in carrier concentration.

resistive transport pathways limiting charge mobility. The highest conductivity and mobility in this study &
~ Slow Film Growth on MgO(100). While no obvious change 11 000 S/cmu = 307 cn#/V-s) compare favorably with the
in CdO film microstructure is observed at low deposition highest ever reported for CdO films. The highest mobility ever
temperatures, reduction in precursor delivery rate induces grainreported for a CdO-based film is 609 &w-s by Yan et ak*
coalescence beginning between growth temperatures of 350 angh, jightly Sn-doped epitaxial samples grown by PLD. Without
375°C and leading eventually to essentially single-grained films extrinsic doping, the same growth conditions resulted in CdO
at or above 400C. These films have similar degrees of texture fjjms with modest mobilities 0f~120 cn#/V-s. In addition,
and 25-50% lower carrier concentrations than the first series although PLD is an excellent growth technique for laboratory-
of films on MgO(100). Since increases in mobility are not scale materials discovery/investigation, it requires elaborate
observed with similar film microstructures, but only when grain apparatus and cannot be readily scaled up for production
coalescence begins, this would strongly suggest that grainpyrposes. Other noteworthy CdO growth examples are the
boundary scattering is playing a large role in limiting the MoCvVD-derived film samples reported by Barnes et aing
mobility of these films, in agreement with the results of Yan et cqme, and CBrR as the precursors. Films grown on glass at
al. on Sn-doped pulsed laser deposition (PLD)-derived CdO 450°C exhibit impressive mobilities (262 éiV-s). However,
films.14 the growth conditions yielded films with relatively low carrier

Optical reflectivity measurements were carried out to further concentrations, leading to a modest conductivity-6600 S/cm.
assess the role of GBS. Detailed analysis of the plasma edge|n addition, the use of highly toxic precursors such as CgMe
the reflectance within a free electron gas model, can yield is undesirable. To our knowledge, the highest conductivity
information regarding charge transport properties that is comple- previously reported for a CdO film without extrinsic dopants is
mentary to Hall megsurements. Hall measurements are acquired-5000 S/cm in activated reactive evaporation-derived sarfles.
across macroscopic~0.5 cm)-length scales and thus can  The yse of epitaxy and precursor-limited film growth kinetics
potentially be affected by GBS, if significant. In contrast, optical haye led to very high mobility CdO films. The increased
measurements are much less sensitive to grain boundaries 3hobility observed at higher deposition temperatures is ac-
long as carrier mean-free-paths are much smaller than graingompanied by a decrease in band gap. In view of the red-shifting
sizes. Scattering rates measured by optical spectroscopy are thugjasma edge and decreasing carrier concentrations observed in
closer to bulk values. Approximate analysis allows independent o Hall effect measurements, this decrease in band gap can be
determination of scattering times for the films, and data are readily ascribed to a BursteirMoss shift’ 48 While the products
shown in Figure 16. If the higher mobility in the single-grained ¢ this work are very high-quality films from a charge transport
CdO film in fact arises principally from reduction in GBS, then qint of view, the band gap is somewhat smaller than is desired
t_he film should have appr_oxmqtely the same optical scattering ¢, many optical applications. However, having attained ex-
time as the analogous film with small grains. However, the tremely high-quality phase-pure CdO films, doping may provide
reflectivity data clearly indicate that the scattering time of the .o nheeded increases in band gap. For example, we have
slow-growth film is si.gnificantly Iqrger. Therefore, it can pe previously demonstrated in €din,O films? that doping can
concluded that GBS is not a dominant process, even in high- geay increase the band gap through a Burstéloss shift.
quality epitaxial CdO films with modest carrier concentrations ; is reasonable to expect that similar doping can improve film

i i 0 —3 ~ i . . . . .. e

and small grain sizes, 2 10°°cm* and~100 nm, respectively. — ical properties, without dramatically compromising mobility,

This conclusion is in agreement with recent results suggestingto further improve the overall performance of CdO-based TCO
that GBS should be insignificant in TCO films based on films. These efforts are currently underway.

alternative, carrier mean-free-path arguménts:21.23.24Ac-
cc_)rdlng to Zhang and_ M%?’ a_TCO Wl_th a useful CO_”dUCF'V'_tY (68) Johnson, V. A.; Lark-Horovitz, KPhys. Re. 1947 71, 374-375.
will be degenerate with a high carrier concentration, limiting (69) Phatak, G.; Lal, RThin Solid Films1994 245 17—26.
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Summary and Conclusions MgO(100) exhibit greater mobilities than analogues with discrete
~100 nm grains and similar texture, this effect is attributed, on

Four new, highly volatile, temperature- and air-stable cad- .
the basis of charge transport and Hall effect measurements as

mium coordination complexes have been synthesized, character ) o . . : :
ized, and evaluated as potential MOCVD precursors. Complexeswe” as opncal reflectivity anaIyS|s: to. d|fference.s in carrier
2—4 are liquids at CVD growth reactor-operating temperatures, concentra_ltlon rather than to a reduction in G_BS. Epitaxial growth
and Cd(hfa)(N,N-DE-N',N'-DEEDA) has been demonstrated to of CdO films as demonstrated here provides an approach to
be useful in the growth of highly conductive and transparent extremely h'Qh perf_o_rr_nance th|r_1-f_|lm TCO materials for h|gh-
CdO thin films by MOCVD. Reduced-pressure TGA demon- end apphcanons utilizing an efficient and scalable deposition
strates the high thermal stability of all four precursors. These technique.

low-melting precursors will allow careful control of composition Acknowledgment. We thank the NSF MRSEC Program
and growth rates in more complex cadmium-containing oxide through the Northwestern Materials Research Center (DMR-
systems, owing to the constant surface area of a liquid precursoro076097), NSF (CHE-0201767), and the DOE through the
and the elimination of sintering effects detrimental to reproduc- National Renewable Energy Laboratory (Subcontract n.AAD-
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utilizing precursoi3 have conductivities and mobilities as high  for assistance with the VTNMR data collection and Professor
as 11 000 S/cm and 307 éf-s, respectively, the highest yet T. O. Mason for helpful discussions.

reported for undoped CdO films. A reduction in NIS and/or a
more densely packed microstructure of biaxially textured films
grown on MgO(100) are proposed on the basis of optical
reflectivity and variable-temperature Hall and conductivity
measurements to be responsible for enhanced mobilities vs films
grown on glass. Although single-grained films grown on JA039232Z

Supporting Information Available: Detailed crystallographic
information and VT-NMR for selected precursor complexes.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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