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Deposition and Characterization of Transparent Thin
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Undoped and Bi/Sb doped highly transparent ZnO films were grown adopting metal organic
chemical vapor deposition with suitable combinations of Zn(CsF¢HO;),:2H,0-(CH3;OCH,-
CH,),0, Bi(CsHs)3, and Sb(CsHs)s precursors. Hexagonal ZnO phases were always found.
Doping levels ranged from 1.4 to 7.4 and from 0.2 t01.8 atomic % for Bi and Sb, respectively.
UV—vis measurements indicated that the film transmittance was usually as high as 90%
in the visible and near-infrared region. Dopant surface segregation was found in X-ray
photoelectron spectroscopy experiments. Preliminary resistivity measurements indicated that
lightly doped ZnO films are semiconducting while greater doping levels could result in

potential varistor properties.

Introduction

Zinc oxide (ZnO) thin films have a large number of
useful opto- and acousto-electric properties! and are
adopted in a variety of devices, including surface
acoustic wave transducers,? optical waveguides,? varis-
tors,*® lasers,®’ gas sensors,®® photoluminescent
devices,10-12 etc. More recently, they have been consid-
ered as an alternative to tin-doped indium oxide in solar
cell windows due to the low cost and absence of any
toxicity.13-17

ZnO represents an optical transparent conducting
material®14-1517 (TCO) due to the wide band-gap (~3.3
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eV) and propensity to defects or impurities.1218-21
Crystal defects, controlled by the syntheses procedures,
strongly affect both optical'® and electric properties.2!
Finally, n-type doping represents another convenient
way to modify conduction properties.®5~17 Bi-doped
ZnO represents, to date, the most important material
for fabrication of varistors (ceramic variable resistors)
whose technological applications are of growing rel-
evance due to their highly nonlinear electrical charac-
teristics. Since 1971, Matsuoka has described the es-
sential features of semiconducting ZnO varistors on the
basis of the addition of Bi»03.22 Alternative sets of
dopant have been also adopted. Nevertheless, Bi,O3 has
maintained a dominant role. Only one exception, based
on Pr-doped ZnO, has been reported.2® Moreover, small
guantities of additional dopants increase the nonlinear
electrical characteristics.824727 In particular, there is
evidence that dopants affect the grain growth and
introduce defect states that control the overall varistor
characteristics.?4~32
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Thin Films of Zinc Oxide Doped with Bi and Sb

Table 1. MOCVD Conditions
substrate temperature 320 °C

total pressure 2—6 Torr

O, gas flow rate 100 sccm

Ar gas flow rate 70—100 sccm
source sublimation temperature 120—-125°C
deposition time 30—60 min

Thin films of ZnO have been grown using a large
variety of techniques, including metal organic chemical
vapor deposition (MOCVD).2® Recently, we have re-
ported on MOCVD of ZnO films from the novel Zn(CsF¢-
HO>)2-2H,0+(CH30CH,>CH;),O liquid precursor and
discussed the accurate reproducibility associated with
constant evaporation (hence, constant mass-transport)
rates for given source temperatures.33

In the present study, we report on MOCVD fabrica-
tion of Bi-doped ZnO, low Sb-doped ZnO, and, finally,
Bi-doped ZnO with a low Sb content. In particular, our
efforts have been focused on a simple route adopting a
single multicomponent source in a monocomponent
MOCVD reactor.

Experimental Details

The Zn(CsFsHO,)2:2H,0+(CH30CH,CH>),0 adduct (hereaf-
ter Zn(hfa)*2H,0-diglyme, hfa = 1,1,1,5,5,5-hexafluoro-2,4-
pentanedionate ligand and diglyme = bis(2-methoxyethyl)-
ether), was synthesized, purified, and characterized as already
reported.® Bi(CsHs)s and Sb(CsHs)s (Alfa Products) (hereafter,
Bi®; and Shd; respectively) were used after sublimation in a
vacuum.34

The thermal behavior of Bi®; and Sb®; was investigated
by thermal gravimetric analysis (TGA) and differential TG
(DTG), under prepurified nitrogen, using a 1 °C/min. heating
rate, by means of a Mettler TA 4000 system equipped with a
DSC-30 cell, a TG 50 thermobalance, and a TC 11 processor.
A few milligrams of samples were accurately weighed and
examined in the 30—450 °C range.

The MOCVD experiments were performed using an hori-
zontal hot-wall reactor,% under reduced pressure. Appropriate
mixtures of precursors were kept in recrystallized alumina
boats. Optical transparent SiO, was used as substrate after
cleaning in an ultrasonic bath with isopropyl alcohol. Pure Ar
and O, were used as carrier and reaction gases respectively
(Table 1). Moreover, additional H,O vapors were used in order
to facilitate the fluorine removal. The total pressure, main-
tained in the 3—5 Torr range, was measured using a MKS
Baratron 122AAX system. Flow rates were controlled within
42 sccem using MKS flow controllers and a MKS 147 Multi
gas Controller.

Grain sizes were determined using XRD data and the
Scherrer and Warren equation: S = 0.94/(B cos ¥g),*® where
S is the grain size of the crystallite, 4 is the wavelength of the
X-ray source, and 9g is the Bragg angle of the considered XRD
peaks. B represents the fwhm line broadening obtained as
follows: B? = B, — B2 where B2, is the fwhm line broadening
of the material and B? represents the fwhm line broadening
of the standard (a-Al,03).%°

Doping levels were quantified by energy-dispersive X-ray
(EDX) with a Link system.

X-ray diffraction (XRD) powder data were recorded on a
Bruker D-5005 diffractometer operating in a §—260 geometry
(Cu Ko radiation 30 mA and 40 kV).

X-ray photoelectron spectroscopy (XPS) measurements were
made with a PHI 5600 Multi Technique System (base pressure
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Figure 1. DTG (a) and TG (b) of both Bi®; (dashed line) and
Sb®; (solid line) precursors.
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Figure 2. Arrhenius plot of the evaporation rates vs the

reciprocal of evaporation temperatures of Zn, Bi, and Sb
precursors.

of the main chamber, 3 x 1071° Torr). Resolution, correction
for satellite contributions, and background removal have been
described elsewhere.® XPS measurements required recovery
of the 1071° Torr base pressure in the analysis chamber due
to some film outgassing during the sample loading.3¢

UV—vis spectra were recorded with a Perkin-Elmer Lambda
19 spectrophotometer.

Results and Discussion

We have already reported on the thermal behavior of
the Zn(hfa),-2H,0-diglyme adduct and results are con-
sistent with its melting at 37.2 °C and evaporation of
only one species, namely, the Zn(hfa),-diglyme, with a
peak temperature of 166.7 °C.33

TG and DTG analyses of Bi®3; and Sbd3 precursors
both show (Figure 1) only one distinct peak at 226.0 and
264.3 °C, respectively. They account for sublimation
processes. Some Bi,O3 residue (6%) has been found at
430 °C in the case of Bi®3. Almost no residue has been
found in the case of Shds.

Figure 2 shows the Arrhenius plots of evaporation
processes®’ of Zn(hfa),-diglyme, Bi®3, and Shds. Linear

(36) Gulino, A.; La Delfa, S.; Fragala, 1.; Egdell, R. G. Chem. Mater.
1996, 8, 1287.
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Figure 3. X-ray diffraction patterns, over a 30° < 26 < 70°
angular range, for SiO,-supported, Bi—ZnO as-deposited thin
films: (a) 1.6%, (b) 5.5%, and (c) 7.4% doping levels.

Table 2. EDX Quantitative Analyses

nominal doping

level % in
the mixture
composition 1 3 5 10
Metallic Atomic % from EDX

Zn 98.4 96.9 94.5 92.6
Bi 1.6 3.1 5.5 7.4
Zn 99.8 99.4 99.2
Sb 0.2 0.6 0.8
Zn 98.2 95.7 94.1
Bi 1.4 3.7 4.1
Sb 0.4 0.6 1.8

correlations are always observed with 53.2, 54.5, and
59.5 kJ/mol activation energies, respectively, for the Zn,
Bi, and Sb precursors. In this context, note that the
lower volatility of both Bi®; and Sb®; render the
precursors well suited for light MOCVD doping of ZnO
films.

Bi-doped ZnO films were deposited using suitable
mixtures of the Zn(hfa),-2H,0-diglyme and Bi®3. Depo-
sition parameters are listed in Table 1. The crude Zn-
(hfa),-2H,0-diglyme adduct has been shown to self-
generate the liquid Zn source that melts at 37.2 °C33
and dissolves the quantities of Bi®s, as required in the
present experiments. The control of doping levels (atomic
Bi/Zn %) has been satisfactory achieved by varying the
composition of the mixed source precursors as well as
by optimizing the evaporation temperature. In present
experiments, source precursors were evaporated at
constant 120 °C during MOCVD of Bi—2zZnO films, since
in the narrow 120 4+ 5 °C range the Bi doping level of
deposited films depends on the composition of the
source. EDX data (Table 2) agree well with this obser-
vation. In all experiments, the substrate temperature
was maintained at 320 °C, and the deposition time was
30—60 min. The evaporation rate of source mixtures
under these conditions was 1.1 £ 0.1 -1072 g/min.

Sb-doped ZnO films were deposited using similar
mixtures of the Zn precursor and Sh®; in identical
MOCVD conditions. EDX compositional data of low Sb

(37) Garcia G.; Casado J.; Llibre J.; Figueras A. J. Cryst. Growth
1995, 156, 426.
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Figure 4. X-ray diffraction patterns, over a 30° < 26 < 70°

angular range, for SiO,-supported, Sb—ZnO as-deposited thin
films: (a) 0.2%, (b) 0.6%, and (c) 0.8% doping levels.
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Figure 5. X-ray diffraction patterns, over a 30° < 260 < 70°
angular range, for SiO;-supported, Bi/Sb—ZnO as-deposited
thin films: (a) 1.4/0.4%, (b) 3.7/0.6%, and (c) 4.1/1.8% doping

levels.

doped films are correlated to compositions of source
precursors in Table 2.

Mixed Bi/Sb doped ZnO films were fabricated by
combining deposition parameters of single-dopant films.
Thus, adopting 125 °C evaporation temperatures for
multicomponent sources having nominal atomic com-
positions in the 0.5:0.5:99—5:5:90 Bi:Sh:Zn range, the
Bi content in the films ranges from 1.4 to 4.1 atom %,
while the Sb % is confined between 0.4 and 1.8 atom %.
Relevant EDX data of films are compared to related
source compositions in Table 2.

In all the present (as deposited) films, the fluorine
and carbon contaminants, probed by EDX remain below
2%.

XRD measurements (Figures 3—5) of all as-deposited
doped films provide evidence of hexagonal ZnO crystal-
lites.33:38 Moreover, the predominance of (002), (102),
and (103) reflections points to some texturing.3338

There is no XRD evidence of any Bi,O3; or Sb,03
phases even at high doping levels. Note, in this context,
that despite similarity of the ionic radii of Zn?* and Sh3+

(38) American Society for Testing and Material. Powder Diffraction
Files; Joint Committee on Powder Diffraction Standards: Swarthmore,
PA, pp 3—888.
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Figure 6. UV—vis transmission spectrum for 1.6% Bi-doped
(heavy solid line a), 0.2% Sb-doped (light solid line b), and 1.4/
0.4 Bi/Sb-doped (dashed line ¢) ZnO thin films on SiO;
substrate.

(0.74 and 0.76 A),3° the lattice parameters a and ¢ (3.253
and 5.220 A, respectively) measured in Sb-doped ZnO
can be compared with a = 3.249 and ¢ = 5.206 A in pure
Zn0.%8 In the case of Bi-doping (ionic radius of Bi®™ =
0.96 A),32 some cell expansion might be expected. In fact,
values up to 3.258 and 5.220 A were obtained for the
lattice parameters a and ¢ in Bi and Sb/Bi-doped ZnO.
In particular, the hexagonal unit cell volume monotoni-
cally increases with the increasing of the doping level.
In fact, values of 47.74, 47.75, and 47.79 A3 have been
obtained for 0.2%, 0.6%, and 0.8% Sb-doped ZnO,
respectively, while the 47.59 A3 value has been reported
for pure Zn0.38 For 1.6%, 5.5%, and 7.4% Bi-doped ZnO,
values of 47.70, 47.76, and 47.87 A3, respectively, have
been obtained. Sh/Bi-doped films show values almost
identical, within the experimental uncertainty (+0.02),
to those of Bi-doped analogues. In all cases, the increase
in the unit cell volume indicates substitutional incor-
poration of the dopants into the ZnO host lattice.
Moreover, the increased conductivity (o = 4.64 x 10?2 Q
cm) of Bi-doped ZnO films (vide infra) is a further
indication of substitutional alloying.

The crystallite sizes in doped ZnO films (determined
from XRD)?3® deposited at 320 °C substrate temperature
decrease from 21 to 17 (+2) nm upon increasing the Bi
content both in Bi- and Bi/Sb-doped films. A similar
behavior was previously observed for Bi/Sbh-doped ZnO
powders?” as well as in Bi-doped ZrO, powders.3¢ Sb-
doped ZnO films have crystallite sizes of 28—29 (£2)
nm and do not show relevant variation which depends
on the different Sb-doping levels. In this context, the
predominance of reflections (00I,h0l) perpendicular to
the c¢ axis in the diffraction patterns implies that the
width of the dominant Bragg peaks mainly depends on
the grain thickness in the c direction. In textured
materials, the grain shape is usually anisotropic, there-
fore present values are to be considered only qualitative
and not conclusive.

The deposited films are all transparent and their
UV—vis spectra (Figure 6) find counterparts in earlier

(39) CRC Handbook of Chemistry and Physics, 65th ed; CRC: Boca
Raton, FL, 1985.
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Figure 7. Al Ko-excited XPS of a 1.6% Bi-doped ZnO film
measured in the (a) Zn 2p, (b) O 1s, and (c) Bi 4f energy
regions. Structures due to satellite radiation havebeen sub-
tracted from the spectra.

reported data.31471517.40-43 |n particular, transmittance
always has a minimum at 4 = 370—377 nm (the
absorption edge) and increases to 90% in the visible and
near-infrared range. The inferred band-gap lies within
3.30—3.35 eV. This observation appears to be of par-
ticular relevance for solar cell applications.!

The film thickness d was evaluated from UV—vis data
using the classical equation** where n; and n, are the

4= Ahy
2(An, — A5Ny)

refractive indices at two adjacent maxima or minima
at 11 and 4, wavelengths. Assuming n; = n, = 2.0 for
hexagonal ZnO films,33 the calculated d values are 950
and 1660—1700 nm for 30 and 60 min deposition
experiments, respectively. The inferred growth rate of
doped ZnO films is, therefore, 29 nm/min.

Figure 7 shows relevant XPS data of the 1.6%
Bi-doped ZnO films. The Zn 2p features consist of the
main 2ps2, 2p1z spin—orbit components at 1021.4 and
1044.5 eV, respectively. The O 1s peak lies at 530.13
eV and shows a shoulder at 532.13 eV, possibly due to
the presence of hydroxide species on the surface.33:45-47
These features are identical to those already reported
for related ZnO systems.3345-47 |n the Bi 4f binding
energy (B.E.) region, the B.E. values associated with the
main peaks (4f;, = 159.2 eV and 4fs;, = 164.5 eV) and
the spin—orbit splitting (5.3 eV) value are in good
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Figure 8. Al Ka-excited XPS of a 0.6% Sbh-doped ZnO film
measured in the Sb 3d—0O 1s energy regions. Structures due
to satellite radiation have been subtracted from the spectra.
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Figure 9. Al Ko-excited XPS of a 1.6% Bi-doped ZnO film
measured in the C 1s and F 1s energy regions. Structures due
to satellite radiation have been subtracted from the spectra.

agreement with data for both Bi,O3; powders*® and
vacuum-deposited Bi oxide films.*® Two lower energy
asymmetries are, however, apparent, and the associated
B.E. values (157.2 and 162.3 eV) might be consistent
with a surface phase already described as BiO.3649 As
expected,0~538 XPS spectra of the 0.6% Sb-doped ZnO
films (Figure 8) have in the 525—545 eV region almost
totally overlapped Sb 3ds, and O 1s peaks. The Sb 3ds/,
peak is, therefore, left for quantification of the surface
Sb content.°-5* No relevant differences were observed
in the XPS spectra of ZnO films doped with both Bi and
Sb cations.

XPS spectra of all samples show, in addition, sizable
features due to fluorine and carbon surface contami-
nants (Figure 9) which are almost ubiquitous in simi-
larly MOCVD fabricated materials.*%5455
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Zn 2psp, Bi 4f, Sb 3dsp, O 1s, F 1s, and C 1s peaks,
taken at 45° emission relative to the surface plane, were
used to evaluate the effective surface atomic composition
of as-deposited films, making due allowance for the
relevant atomic sensitivity factors.>* Remarkable Bi and
Sb surface segregation were observed in all films with
dopant surface atomic concentrations in the 15—30%
range.>® Greater segregation effects are observed for
higher doping levels. This observation may be of some
importance in view of varistor applications?42® since
there is evidence that the varistor properties of ZnO do
not depend on the amount of Bi3* substitution. Rather,
it is important that grain boundaries have adsorbed
Bi,O3 layers.5"%8 Finally, quantification of the surface
C and F contaminants results in 9 and 7 atom %
contents, respectively, compared to the 2% probed by
EDX in the bulk. Further film annealing at 400 °C in
air brings down also the surface contaminants to less
than 2%, leaving unaltered the XRD patterns.

Preliminary resistivity values, of air annealed films
(with negligible contamination) were measured with a
four probe system in the +100 V range. There is
evidence that undoped ZnO films are always insulating.
The 1.6% Bi-doped ZnO films have 2.9 MQ resistance.
Making the due allowance for the 1.6 um thickness, the
resulting 4.6 x 102 Q cm resistivity points to semicon-
ducting films.1516.17.24.26.27.41 Similar results (~10%2 Q cm)
were obtained for 1.4% Bi/0.4%Sb-doped ZnO films. In
contrast, higher doping levels result in insulating ZnO
films. A similar, counterintuitive observation has al-
ready been reported for ZnO powders having similar Bi
and Sh doping levels and has been related to the smaller
grain size associated to higher doping levels.2” Moreover,
it has been previously reported that 0.8% Al-doped ZnO
thin films exhibit the lowest resistivity (7 x 107 Q cm)
while, resistivities up to 10% Q cm have been observed
upon increasing Al-doping levels (up to 4%).17 Finally,
opposite conductivity changes, which occur while in-
creasing the doping level, have been previously reported
also for other doped oxides.19:5051.59-61 |n fact, ceramic
pellets of 8% V-doped SnO, show a resistance of 3 x
107 Q while, undoped SnO; pellets show a 7 x 10° Q
resistance value.%®

Present highly doped films show greater dopant
surface segregation which result in insulating Bi,O3/
Sb,Oj3 surface layers and may also result in an increased
resistivity.%2 This behavior is fundamental in view of
varistor applications. In fact, highly insulating materials
in the pre-switch region are required.?*
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Thin Films of Zinc Oxide Doped with Bi and Sb

Conclusion

Highly transparent doped ZnO films have been suc-
cessfully obtained by MOCVD using a liquid multicom-
ponent source. Selection of suitable operating MOCVD
condition proved capable of a fine control of the doping
levels. All the as-deposited films consist of hexagonal
crystallites with no Bi»,O3 and Sb,O3 precipitates. Large
transmittance properties (90%) have been found in the
visible and near-infrared frequency region. Present
films, therefore, are good candidates for large volume
applications such as solar cells, flat-panel display, heat-
reflecting coatings, etc. XPS measurements have shown
dopant surface segregation, and this behavior appears
of some importance in view of varistor applications.
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Preliminary resistivity measurements indicate that low
doped ZnO films are semiconducting while higher
doping levels result in insulating ZnO films. This
observation clearly suggests that lightly doped films
should behave as TCO while highly doped films repre-
sent potential ZnO varistors. Finally, to our knowledge,
the present study represents the first example of
MOCVD fabrication of Bi/Sh-doped ZnO.
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