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Undoped and Ga- and Al- doped ZnO films were synthesized using sol-gel and spin
coating methods and characterized by X-ray diffraction, high-resolution scanning elec-
tron microscopy (SEM), optical spectroscopy and Hall-effect measurements. SEM
measurements reveal an average grain size of 20 nm and distinct individual layer
structure. Measurable conductivity was not detected in the unprocessed films; how-
ever, annealing in hydrogen or zinc environment induced significant conductivity
(~1072 Q.cm) in most films. Positron annihilation spectroscopy measurements pro-
vided strong evidence that the significant enhancement in conductivity was due to
hydrogen passivation of Zn vacancy related defects or elimination of Zn vacan-
cies by Zn interstitials which suppress their role as deep acceptors. Hydrogen
passivation of cation vacancies is shown to play an important role in tuning
the electrical conductivity of ZnO, similar to its role in passivation of defects
at the Si/SiO2 interface that has been essential for the successful development
of complementary metal-oxide—semiconductor (CMOS) devices. By comparison
with hydrogen effect on other oxides, we suggest that hydrogen may play a
universal role in oxides passivating cation vacancies and modifying their elec-
tronic properties. © 2016 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4962658]

I. INTRODUCTION

Transparent conductive oxides (TCO) have many applications such as transparent electrodes,
window metals in light emitting diodes, flat panel displays, sensors, plasmonics and solar cells.! ZnO
has emerged as a promising material to replace indium tin oxide (ITO),” the dominant TCO in most
applications. Several contributing factors have led to the interest in ZnO including high cost of ITO and
limiting supply of indium. ZnO, on the other hand, is a nontoxic material and can be easily grown>*
using standard techniques such as sputtering, pulsed laser deposition (PLD) and sol-gel as demon-
strated in this letter. Highly transparent conductive ZnO films can be obtained by doping ZnO with
group-III metals such as Al and Ga. They have loosely bound valence electrons, which can be excited
beyond the conduction band minimum at room temperature. Al- and Ga- ZnO films grown by PLD,
molecular beam epitaxay and chemical vapor deposition methods have shown carrier concentrations
on the order of 10%° cm.*> Various wet chemistry coating techniques®'® have also been applied
to synthesize ZnO thin films, but high levels of intrinsic defects make it difficult to control the film
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properties. Despite considerable research on sol-gel ZnO films, no detailed structural information on
film layering, thickness uniformity, and defect nature are available. In this work we use the sol-gel and
spin coating method’~!! to synthesize ZnO films and introduce in them extrinsic shallow donors such
as AI’* and Ga** through precursor solutions, followed by various post processing heat treatment
techniques to tune the film properties. Group III elements such as AI** and Ga** have similar ionic
radius to that of Zn>* and thus can easily replace it with little effect on the lattice structure.®'>!3 The
characterization section of the article focuses on relating the electrical properties of the fabricated
films to their atomic structures and defects using data obtained from high resolution scanning electron
microscopy (SEM) and positron annihilation spectroscopy (PAS) techniques.'* The Doppler broad-
ening of positron annihilation (DBPA) measurements presented in this work reveal strong passivation
of Zn vacancy related defects by hydrogen that immensely alters the electrical conductivity of the
films. Although the enhancement in the conductivity of ZnO by hydrogen anneals has been reported
for films grown by different methods,'” the reason behind it is not understood. A few works have sug-
gested that the enhancement in conductivity may be due to desorption of negatively charged oxygen
species from the grain boundary surfaces.!>~!” We show in this work that hydrogen passivation of Zn
vacancy related defects may be also behind the enhancement in conductivity in the studied films as evi-
dent from PAS measurements. Hydrogen passivation of defects has been recognized to be the major
factor in the successful development of complementary metal-oxide-semiconductor devices.!'3-20
Recent works by one of the authors have also demonstrated that hydrogen passivate cation vacancies
in yttrium aluminum oxide Y3AlsO;; and dramatically modified its optical and electronic proper-
ties.”l">> The current work shows that hydrogen passivates Zn vacancy related defects and plays
an important role in tuning the electrical properties of ZnO films as well. We suggest that hydro-
gen may play a universal role in oxides passivating cation vacancies and modifying their electronic
properties.

Il. EXPERIMENTAL DETAILS AND MEASUREMENTS

Film synthesis: A precursor solution was made using 2-methoxyethanol and ethanolamine (MEA)
as a solvent and stabilizer, respectively. High purity zinc acetate was dissolved ata 1:1 molar ratio with
MEA to obtain a 0.75M transparent homogeneous solution. High purity aluminum nitrate nonahydrate
and gallium nitrate hydrate salts were added to obtain a doping level of 1- 3% in solution. The
prepared solutions were heated to 60°C, stirred for 2 hours, and cooled to room temperature prior
to spin coating onto 1 inch diameter quartz substrates. To improve solution/substrate compatibility,
the substrates were treated in a series of piranha etching baths. The substrate was placed in a 3:1
H,S0O4:H,0; bath at 80°C for 15 minutes, then rinsed with deionized (DI) water, and placed in a 3:1
NH4OH:H;O, bath at 80°C for 15 minutes, rinsed with DI water again, and placed in an oven at about
100°C to dry. During spin coating, the substrate spins at 500 rpm, where 40-50 drops of precursor
solution were dispensed in 15 seconds. The deposited film and substrate were then spun at 3000 rpm
for 30 seconds to obtain an amorphous transparent gel-like thin layer. Next, the deposited film on
the substrate was placed in an oven to dry at 150°C for 10 minutes. The spin coating and drying
processes were repeated to obtain the desired number of layers. Finally, the films were annealed

TABLEI. Hall Effect measurements for doped and undoped ZnO thin films grown by sol-gel spin coating. It lists the film type
and thickness, resistivity, carrier concentration, and mobility. The thicknesses of the films were evaluated from ellipsometry
and SEM measurements. The low values of electron mobility are due to inaccuracy in their measurements.

thickness Resistivity mobility Concentration
(cm) (ohm cm) (cm?/V s) (em)
1% Ga:ZnO 14layers in h2 1hr 8.00E-05 1.03E+01 0.0425 1.43E+19
1% Ga:ZnO 14layers in h2 1 hr, Zn lhr 8.08E-05 1.97E-01 0.221 1.44E+20
1% Al:ZnO 16layers in h2 lhr, Zn lhr, Zn 3 hrs 5.15E-05 1.71E-02 0.121 3.01E+21
ZnO 10 layers in H2/N2 1hr, Zn 3 hrs 6.00E-05 1.83E-01 29.4 1.16E+18

ZnO 12 layers in Zn 1 hr 1.73E-05 1.08E+02 0.31 1.86E+17
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in ambient air at 400°C for 1 hour, which is essential to obtain the ZnO structure. In an effort to
tune the electronic properties, a number of samples were further annealed in various atmospheres
under the following conditions: 1- forming gas of 95%N, and 5% H, at 400°C for 1 hr, 2- H,
flow at 400°C for 1 hr, 3- Zn-rich environment at 400°C for 1 hr. Zn-rich environment was created

(c)

FIG. 1. SEM images for 1% Al:ZnO film annealed first in H, flow and later in Zn-rich environment.
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by wrapping films in pure Zn foil filled with Zn powder while flowing N, or Ar gas to prevent
oxidation.

The crystallographic nature and morphology of the films were investigated by X-ray diffraction
(XRD) and high resolution scanning electron microscopy (SEM). Focused ion beam was employed
in conjunction with SEM to obtain high resolution cross sectional images. The thicknesses of the
films were evaluated from ellipsometry measurements and SEM images and are presented in Table I.
Optical absorption spectra were recorded at room temperature using a double beam Perkin Elmer
UV-VIS-NIR spectrometer from 190 to 1100 nm. Two probe measurements were first carried out to
check the film conductivity; then the resistivity, carrier concentration, and mobility were evaluated
from room temperature van der Pauw Hall-effect measurements.

Depth-resolved Doppler broadening of PAS measurements were performed at the positron facil-
ity at Helmholtz-Zentrum Dresden-Rossendorf (HZDR) in Dresden, Germany using monoenergetic
positron beams from 0.2 keV to 30 keV. The 511 KeV annihilation peak was recorded using a high
purity Ge detector at each beam energy. The Doppler broadening was then characterized by the S
and W parameters'* as explained below.

lll. RESULTS AND DISCUSSION
A. Structural characterization

High-resolution SEM images for 1% Al doped ZnO film annealed in both H, and Zn environments
after air anneal are shown in Fig. 1. The lower magnification images show worm like structures
(Fig. 1a), and at higher magnification round particles with average particle size of 20 nm (Fig. 1b).
A high resolution cross-section image for the film is presented in Fig. Ic; it reveals that the film
is deposited as distinct individual layers (each layer is ~40 nm thick). The image also reveals non-
uniform thickness, with ~25% variation across the film and indicates that it is difficult to obtain
uniform thickness using sol-gel methods. We are not aware of any previous high-resolution cross
section images for sol-gel films. According to the current measurements we anticipate that the distinct
individual layers and the non-uniformity in thickness are inherent of the sol-gel method, but they
may be reduced by further annealing. As shown below none of them hinders the electrical properties
of the films. The distinct individual layers, however, lead to interference effects as shown below in
the optical transmission spectra.

Figure 2 shows the XRD spectra for Al:ZnO films annealed in various ambient conditions.
The XRD pattern indicates that the films are polycrystalline; and shows diffraction peaks belonging

400 T T T T T T T T T T
(101)
350 4
300 4
(1%0002) 1% Al:ZnO in air, H, 1hr, Zn foil 1+3hr
1% Al:ZnO in air, H2 1hr, 5xH2 1hr
250 - | 1% AI:ZnO in air .
2
2
I3 200 .
£
150 4
100 4
50 |- _
L 1 L 1 L 1 L 1 L 1 L
30 40 50 60 70
20 (deg)

FIG. 2. XRD measurements for Al:ZnO films annealed in various atmospheres.
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to (100), (002), and (101) planes in all films. All observed diffraction peaks match the hexagonal
wurtizite ZnO structure indicating the absence of any secondary phases in the films. XRD spectra
were also measured for undoped ZnO films (not shown in the figure) and compared with the spectra
for Al doped films. The comparison illustrated that the peaks of the diffraction pattern of Al doped
films are slightly shifted to right (0.3 degree increase in angle). This indicates that Al incorporation
induces small variation in the lattice constant parameters. Annealing in Zn ambient enhances the
polycrystalline nature of the film, while annealing in H, flow for 2 hours leads to an opposite effect.

B. Optical and electrical characterization

Optical transmission measurements displayed in Fig. 3 show the band gap edge of ZnO and
indicate that the films are highly transparent in the visible range. The individual layers observed within
the film from SEM images lead to interference effects as shown in the optical spectra. Annealing

100+ .
e —— R
80} T T
5
® 60 .
2
€
% 401 -
I: 1% Al:ZnO anneal in air, 5XH,, hr
20 L 1% Al:ZnO anneal in air, H,, 1hr a
1% Al:ZnO anneal in air
0 i
200 400 600 800 1000
Wavelength (nm)
(a)
100
' T — |
80} // -
S 60t 1
‘»
2 40k —— Zn0O annealed in air,
g then Zn 3hrs
c
E 20t —— Zn0 annealed in air
of —— -

200 400 600 800 1000 1200
Wavelength (nm)
(b)

FIG. 3. Optical transmission measurements for: (a) Al:ZnO films before and after hydrogen treatment, (b) undoped ZnO
before and after Zn treatment.
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in H, for longer durations has minimized interference (Fig. 3(a)), which may be an indication for
better overlapping of layers after anneal. Film transparency was also improved after hydrogen anneal.
However, this is not the case after Zn ambient anneals (Fig. 3(b)), which promoted polycrystallinity.

Two-probe measurements showed no measurable conductivity in all as-grown and air-annealed
undoped and doped ZnO films. However, a large conductivity has been induced in the films after Hy
or Zn anneal. Hall Effect measurements on films annealed in different environments are summarized
in Table 1. The lowest electrical resistivity (1x1072Q.cm) and highest carrier concentration were
measured in Al-doped ZnO after both H, and Zn anneals. We emphasize that all the undoped and

Depth (um)
-- 0.00 0.09 0.27 052 0.82 1.18 1.59 2.04 2.53
0.61 — T T T T T T
» ZnO air anneal
< ZnO forming gas anneal
0.60 | S A B
4
¥
. 0.59 | ; -
3 o
o ¥ °
€ 058 1 E
[+ » ©
S
& 8
o 4 P
o»n 057 i . 4
«
43
0.56 | 14*» ® 3 E
« 49
il* o4 ‘
0.55 +

-5 0 5 10 15 20 25 30 35 40
Postitron Energy (keV)

(a)
Depth (um)
- 0.00 0.09 0.27 0.52 082 1.18 1.59 2.04 253
Rl M A N B N A N I
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k -
0.068 |- = L4 _
L
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3 0.066 L4 ) g
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FIG. 4. Depth resolved positron annihilation spectroscopy for Al:ZnO before and after forming gas (H, + Nj) anneal:
(a) S-parameter as a function of positron beam energy and mean positron implantation depth, (b) W-parameter as a function
of positron beam energy and mean positron implantation depth.
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doped ZnO films were highly resistive before H, or Zn anneal. It is well understood that Al and Ga
add donors to ZnO, however, significant conductivity is only induced after those anneals.

C. Positron annihilation spectroscopy

Depth-resolved Doppler broadening of PAS measurements were applied to elucidate the effect
of annealing as PAS is well suited to identify neutral or negatively charged vacancy type defects
in semiconductors and oxides.!*?>-26 Because of the lack of positive ion cores, vacancies form an
attractive potential that traps positrons leading to characteristic changes in the measured positron
annihilation parameters. Many works have applied PAS and identified Zn vacancies in ZnO films
and bulk single crystals.>*>% Here, the measurements were carried on Al:ZnO films before and after
annealing in forming gas of H, and N,. Figures 4(a) and (b) show S and W parameters for the two films
as a function of incident positron energy and mean implantation depth. The S and W parameters”’—>°
represent the annihilation fraction of positrons with valence and core electrons respectively and they
provide an indication about defect density. S was obtained from the 511 keV peak by dividing the
counts in the central peak by the total counts in the peak while W was obtained by dividing the
counts in the wings of the peak by the total counts in the peak. Trapped positrons at defects are
more likely to annihilate with low momentum valence electrons causing an increase in S parameter
and a decrease in W parameter.”’~>° In Fig. 4(a) and (b), the S parameter shows a relatively higher
value and the W-parameter shows a relatively lower value at low positron energy (0- 5) keV, which
is due to positron annihilation at the surface of the films. The graphs show a significant decrease in
S parameter and increase in W parameter after Hp-anneal which can be interpreted ae follows. A Zn
vacancy with its negative charge state is an effective trapping center for positrons while O vacancy
or interstitial defects cannot trap positrons. Therefore the decrease of S-parameter and increase of
W parameter after Hy-anneal is an obvious indication of the reduction or passivation of Zn vacancy
related defects. Annealing in forming gas of H, and N, cannot eliminate Zn vacancies, however
hydrogen can partially or completely fill Zn vacancies modifying their negative charge state, which
prevents positron trapping. Zn interstitials can also fill Zn vacancies and prevent positron trapping.
Figure 5 presents the S versus W parameters plot for ZnO films after air anneal, ZnO films after
forming gas anneal and ZnO bulk single crystals. The points on the graph represent the data points
corresponding to energy values at which positrons annihilate only in the middle of the film without
any influence from the surface or the substrate. The line in the S versus W plot runs through the
bulk value, which is an indication that there is only one dominant defect type in the samples.'*?8
This illustrates that H, anneal did not create new defect but only reduced Zn vacancies, the dominant

S-Wplot
057

Zn0O air annealed
0561

“ Zn0 forming gas annealed
0.55 4 S

0.54

0.53 4

S parameter

0.52 4

0.51 4

0304 ZnO bulk

single crystal

048 T T T T T
0.065 0.070 0.075 0.080 0.085 0.090 0.095

W parameter

FIG. 5. S versus W graph for bulk ZnO single crystal and Al:ZnO films before and after forming gas (H, + N») anneal. The
three points lie on straight line indicting one dominant defect type.
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trapping defect for positrons in ZnO. These measurements showed that Zn vacancy related defects are
dominant in sol-gel ZnO films and provided strong evidence that hydrogen passivates Zn vacancies
eliminating their deep acceptor state which leads to a large increase in carrier concentration and
induce high conductivity in the films. Improving the electrical conductivity of sol-gel ZnO films is
crucial for its applications as TCO.3%-3

IV. CONCLUSIONS

In conclusion, ZnO films doped with Al and Ga were synthesized using sol-gel and spin coating
methods. XRD analysis showed that the films are polycrystalline and do not contain secondary
phases and High-resolution cross section SEM measurements revealed individual layered structure
and nonuniform thickness with 25% variation. The individual layering is expected to be characteristic
of the sol-gel growth, however it does not seem to have a significant effect on the electrical properties.
Measurable conductivity was only induced in the films after annealing in H, or Zn environments. This
dramatic effect of post thermal treatments was studied by PAS which revealed a significant decrease
in the concentration of Zn vacancies. This could be due to filling of Zn vacancies by Zn interstitials or
their passivation by hydrogen which modifies their negative charge state and eliminates their role as
deep acceptors. This work demonstrates the role of Zn vacancies in suppressing the n-conductivity.
It also shows the significant role that hydrogen passivation of cation vacancies play in ZnO and its
immense effects on the electrical properties. This is consistent with the role of hydrogen passivation
of cation vacancies that has been reported in a few semiconducting and dielectric oxides. We suggest
that hydrogen plays a universal role in oxides passivating their cation vacancies and modifying their
electronic properties.
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