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Abstract Thin films of gallium-doped zinc oxide (ZnO:Ga) were deposited on Corning glass substrates by rf
diode sputtering and then implanted with 180 keV nitrogen ions in the dose range of 1x 105 +2x10'® cm™2.
After the ion implantation, the films were annealed under oxygen and nitrogen ambient, at different
temperatures and time, and the effect on their microstructure, type and range of conductivity, and optical
properties was investigated. Post-implantation annealing at 550 °C resulted in n-type conductivity films
with the highest electron concentration of 1.4 x 10%° cm™3. It was found that the annealing parameters had
a profound impact on the film’s properties. A p-type conductivity (a hole concentration of 2.8 x 10'® cm™3,
mobility of 0.6 cm?/V s) was observed in a sample implanted with 1 x 10'® cm™? after a rapid thermal
annealing (RTA) in N2 at 400 °C. Optical transmittance of all films was >84% in the wavelength range of
390-1100 nm. The SIMS depth profile of the complex *°*NO~ ions reproduces well a Gaussian profile of ion
implantation. XRD patterns reveal a polycrystalline structure of N-implanted ZnO:Ga films with a c-axis
preferred orientation of the crystallites. Depending on the annealing conditions, the estimated crystallite

size increased 25 <+ 42 nm and average micro-strains decreased 1.19 x 1072 = 6.5 x 10™2 respectively.

1 Introduction

At present, impurity-doped ZnO thin films with high
conductivity and transparency are used as an electrode
material for amorphous silicon (a-Si) and Cu(In, Ga)Se,
(CIGS) photovoltaic devices (PV), and have been inves-
tigated for electrodes for organic PV and organic light-
emitting diodes (OLEDs) [1,2]. A ZnO semiconductor
(a wide direct band gap of 3.37 eV at room tempera-
ture and a large exciton binding energy of 60 meV) has
the potential to create new transparent electronics prod-
ucts, such as transparent thin film transistors (TTFT)
and light-emitting diodes (LED) [3]. The major obstacle
to ZnO device applications is the impossibility for con-
trollable and reproducible p-type doping. Main reasons of
failure to dope ZnO p-type are: (1) the low or limited
solubility of the acceptor dopants; (2) the high activa-
tion energies of these dopants; (3) the tendency to form
spontaneously compensating defects; and (4) hydrogen or
other impurities, acting as unintentional extrinsic donors
in ZnO. Among others, nitrogen has been investigated
as a promising acceptor dopant and a number of groups,
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including ours, reported p-type conductivity in nitrogen-
doped ZnO films (ZnO:N) [4,5]. The use of ion implan-
tation to dope semiconductors has become increasingly
important. In comparison to diffusion, ion implantation
offers the precise process control (doping levels and dop-
ing uniformity, extreme purity of the dopant) and there-
fore, has been used for device fabrication. Moreover, ion
implantation enables the introduction of dopants that are
not soluble or diffusible, and hence, provides better oppor-
tunities for p-type doping in ZnO. Although there were few
reports on p-type doping in ZnO via nitrogen implanta-
tion [6,7], more studies are needed to understand phenom-
ena and optimize parameters of the ion implantation pro-
cessing (energy, dose). Implantation causes damage and
disorder that have to be annealed to improve the material
quality. Therefore, the right choice of post-implantation
annealing parameters (ambient, temperature, time), is an
important step to prepare a good quality material.

In this work we investigated influence of the post-
implantation annealing parameters (ambient, tempera-
ture, time), on the physical properties of sputtered
N-implanted ZnO:Ga thin films, and the possibility for

p-type doping.
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2 Experimental methods

In this study were used ZnO:Ga thin films deposited on
Corning 7059 (a baria alumina borosilicate composition,
an alkali level of <0.3%) glass substrates by rf diode sput-
tering from a ceramic ZnO:Gaz03 (98 wt%:2 wt%) target,
a mixture of ZnO (99.99% purity) and GazOg3 (99.99% pu-
rity). The film thickness of ~500 nm was determined by
Dektak 150 instrument. The ZnO:Ga films were n-type
conductivity with the highest electron concentration of
7.2 x 101 em ™3 and mobility of ~1.2 ¢cm?/V s measured
from a Hall-effect system with a magnetic field of 0.15 T at
a room temperature (RT). Nitrogen ions were implanted
at 180 keV under normal incidence into the sputtered
7Zn0:Ga films with doses of 1 x 10', 5 x 10'®, 1 x 106
and 2 x 10'6 cm~2. Prior to implantation, the theoretical
nitrogen profiles were calculated by means of Monte Carlo
simulations using the SRIM code for the various doses [8].
The projected range (Rp) at 180 keV was determined
to be 340 nm. Post-implantation annealing was done un-
der an oxygen (O2) (at 550 °C for 30 min) and nitrogen
(N2) (at 400 and 550 °C for 10 s) ambient. The structure
and preferred orientation of crystallites were evaluated by
X-ray diffraction (XRD) on X’pert Pro powder diffrac-
tometer (symmetric 9-9 geometry) equipped with an
ultra-fast linear semiconductor detector PIXcel using
CuKa radiation (A = 0.154 nm). Secondary ion mass spec-
trometry (SIMS) depth profiles of the various ionic species
were acquired with a TOF-SIMS IV analyzer, product of
ION TOF GmbH, Muenster, using a Cs™ primary ion
beam with energy of 2 keV. Optical spectrophotometry
measurements were carried out from the UV region to
the near IR region by an Ava Spec-2048 Fiber Optic
Spectrometer.

3 Results and discussions

All non-implanted ZnO:Ga films showed a c-axis pre-
ferred orientation of crystallites with a dominant (002)
diffraction line at 260 = 34.29°, and weak lines at 26 of
31.53° and 35.76° that corresponds to (100) and (101)
crystal planes of ZnO. They were n-type conductivity with
quite uniform parameters, an electron concentration in the
range of 5 x 10" + 7.2 x 10" c¢cm™3, mobility of 1.2 +
1.6 cm?/V s and resistivity of 7.6 x 1072+-7.8 x 1072 Q cm.

The resistivity of the films increased and the carrier
concentration decreased after nitrogen implantation. The
higher resistivity in implanted samples can be explained
with: (1) nitrogen introduction and formation of No ac-
ceptors that partly compensate donor defects in the film,
and (2) the damage caused by ion implantation. Some
support for this first assumption is the unstable p-type
conductivity in some samples implanted with low nitro-
gen doses before annealing. It indicates that the implanted
nitrogen produces holes which compensate electrons, and
hence the carrier concentration is reduced. Calculations
based on the first-principles pseudo potential method
within the local-density functional approximation (LDA)
show that the type of the donors that compensate nitrogen
acceptors depends on the nitrogen doping level and the
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Fig. 1. Resistivity of N-implanted ZnO:Ga films, annealed in
O3 at 550 °C for 30 min, and in Ng at 400 °C for 10 s, as a
function of the dose.

type of the nitrogen source [9]. At low nitrogen doping lev-
els, nitrogen acceptors are compensated mostly by oxygen
vacancies, whereas at high doping levels, the major com-
pensating donors are nitrogen composed donors. Hence,
n-type conductivity in samples implanted with high ni-
trogen doses can be explained with self-compensation of
the No acceptors by nitrogen composed donors, such as
nitrogen molecules and donor defect complexes. Further-
more, implantation of high nitrogen doses can introduce
a considerable amount of nitrogen interstitials in the film
that may become a source of electrons as well as holes.
During implantation, N ions penetrate the sample with
high energy. Their collisions with the native atoms can
displace some of these atoms and thus provide additional
donor defects.

The electrical parameters of N-implanted and annealed
Zn0:Ga thin films are listed in Table 1. It was found that
the annealing parameters had a profound impact on the
electrical properties of the film. The resistivity fell and the
carrier mobility increased after annealing in O5 at 550 °C
for 30 min, but all samples were n-type as determined by
room temperature Hall-effect measurements. These out-
come can arise from the activation of gallium atoms that
move from interstitial to Zn sites and become effective
surplus donors to the native donors in ZnO [10,11]. The
conversion of the conduction type from n- to p-type was
not observed in N annealed samples either, when the an-
nealing was performed at 550 °C for a reduced time of 10 s.
As observed from other groups [12,13], the low tempera-
tures are more favorable for nitrogen incorporation in the
ZnO lattice. Therefore, next annealing experiments have
been carried out in No atmosphere at 400 for 10 s. The re-
sistivity of the N-implanted ZnO:Ga films increased after
annealing in Ng at 400 °C for 10 s compared to the resis-
tivity of the films annealed in Og at 550 °C (Fig. 1). The
electron concentration did not change significantly while
their mobility decreased more than one order of magni-
tude (Tab. 1), most likely due to the structural defects
that could not be completely removed at the lower an-
nealing temperature. The carrier mobility depends on the
scattering events that take place inside the semiconductor.
In case of polycrystalline and other high defect materials,
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Table 1. Dependence of the properties of N-implanted ZnO:Ga films on the annealing treatment.

Dose Annealing Resistivity =~ Concentration Mobility Type Transmittance

(cm™2) conditions (© cm) (cm™3) (em?/V s) (%)

L1015 Nz 400 °C, 10's 0.1 1 x 10%° 0,5 n 83

02, 550 °C, 30 min 3.5 x 10™° 7.6 x 10" 23 n 87

51015 N2, 400 °C,10s 0.16 5 x 10" 0.7 n 85

8 02, 550 °C, 30 min 4 x 107 6.4 x 10 23 n 87

1 % 1016 N2, 400 °C, 10 s 0.46 2.8 x 10*? 0.6 P 90

02, 550 °C, 30 min 4.8 x 10™° 6 x 10" 21 n 87

N3, 400 °C, 10 s 0.23 9 x 10" 0.3 n 84

2 x 1016 Ns, 550 °C, 10 s 43 %1073 1.4 x 10%° 11 n 85

02, 550 °C, 30 min 5.8 x 10™° 5.1 x 10" 21 n 87
5x10* — 210" om? are preferentially c-axis oriented. The post-implantation
n S ——annealed in 0, 550°C annealing reduced the structure damage. The higher inte-
o X107 ——annealed in N,, 550°C grated intensity of a (002) diffraction line suggests more
§ T textured structure after annealing in Oy for 30 min than
3 3x10°4 after annealing in Ny for 10 s. The peaks’ positions are
> T shifted toward higher 20 angles and their values for the
= 2x10°4 corresponding diffraction lines are as follow: 31.79°/(100),
E 1 34.47°/(002), and 36.27°/(101). A shift to higher 26 angles
£ 1x10°+ corresponds to the reduction of the interplanar spacing d
1 most likely due to Ga atoms that occupy the Zn lattice
0 raeagpt® 7 ewnn site. This assumption is supported from the rise in the car-
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29 [degrees]

Fig. 2. X-ray diffraction patterns of ZnO:Ga films implanted
with 2 x 10'® cm ™2, annealed in O2 at 550 °C for 30 min and
N3 at 550 °C for 10 s.

ionized impurity scattering and scattering by neutral im-
purity atoms and defects tend to dominate. Impurities and
defects can alter the physical parameters of semiconduc-
tors and, in some case, can dominate these parameters. At
low annealing temperatures, some impurity atoms remain
on interstitial positions. Elevating the annealing temper-
ature can activate some of the impurity gallium atoms to
move from interstitial to Zn sites, making them effective
donors, and/or some of the interstitial impurity nitrogen
atoms to substitute for an O atom, thus, becoming accep-
tors. Hence, with increasing annealing temperature, scat-
tering by neutral impurity atoms and defects decreases,
which causes the increase in mobility. The simultaneous
formation of donors and acceptors, and prevalence of the
first ones, can explain n-type conductivity of the film. The
conductivity type was converted to p-type (hole concen-
tration of 2.8 x 10! em™3, mobility of 0.6 cm?/V s, re-
sistivity of 0.46 Q cm) in the sample implanted with a
1 x 10'6 cm ™2 dose. This result suggests that low temper-
ature treatment can be more favorable for p-type doping
in ZnO:Ga films [6], but it is not sufficient to claim the
preparation of p-type ZnO.

The dominant (002) diffraction line in the XRD pat-

terns of N-implanted ZnO:Ga films annealed in Oy and
Ny atmosphere at 550 °C (Fig. 2), shows that these films

rier concentrations, 4x 1017 cm ™3 +5.1 x 10'? cm ™2 after a
post-implantation annealing in O9 (550 °C, 30 min), and
8x 101 ecm ™3 +1.4 x 10%° em~3 after a Ny anneal (550 °C,
10 s). These results demonstrate the relationship between
structural and electrical properties. The reduction of the
interplanar spacing will introduce tensile strains (stress)
into the film. The biaxial lattice stress is given by the
formula [14]

Ed—dy

01+ 09 = ——
podo

(1)

where E is Young’s modulus, u is Poisson’s ratio, dj is the
reference strain-free interplanar spacing and d is the inter-
planar spacing obtained from the experiment. In Figure 3
are compared stresses from a (002) line for annealing in
05 and Ny at 550 °C. It can be seen that annealing in
O, is more favorable with regard to the film crystalline
structure quality. Other authors reported the similar ob-
servations [15]. Depending on the annealing conditions,
the estimated crystallite size in the films doped with a
2x10'6 cm~2 dose increased, 25 nm (not-annealed), 31 nm
(annealed in Oy at 550 °C for 30 min) and 42 nm (an-
nealed in No at 550 °C for 10 s). The crystallite size was
estimated using the Scherrer’s formula:

K\
(D) = (2)
B¢ cos @
where K = 24/In2/m ~ 0.94 is the Scherrer’s constant,

A is the wavelength of the X-rays used, 5£ is the pure
(physical) Cauchy component of integral breadth of the
line taken in radians and © is the Bragg’s angle [16].
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Fig. 3. A biaxial lattice stress from a (002) diffraction line as
a function of the dose for N-implanted ZnO:Ga films, annealed
in Oz at 550 °C for 30 min, and annealed in Ny at 550 °C
for 10 s.
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Fig. 4. X-ray diffraction patterns of ZnO:Ga films implanted
with 1 x 10'® cm™2, annealed in N at 400 and 550 °C.

The integrated intensity decreased and the diffraction
lines position shifts toward lower 26 diffraction angles af-
ter annealing in No at 400 °C (Fig. 4). According to the
Bragg’s law, the reduction of the diffraction angle corre-
sponds to a lattice expansion and an increase of the inter-
planar spacing d that introduces compressive stress into
the film. These structure changes can arise from N atoms
that occupy O sites and create No acceptors, and/or
other nitrogen related defects and defect complexes in the
ZnO lattice. Since, the incorporation of nitrogen atoms
into ZnO is more effective at low temperatures [12], the
low temperature range may provide better conditions for
p-type doping in ZnO. However, it caused the lattice de-
formation due to the formation of nitrogen related defects
in addition to other interstitial and substitution defects
that remain after a low temperature anneal.

Implantation and diffusion behavior of nitrogen in
the sputtered ZnO:Ga thin films were studied through
secondary ion mass spectrometry measurements of non-
implanted and N-implanted ZnO:Ga films, before and af-
ter annealing treatment. Nitrogen in ZnO is evaluated by
monitoring of complex 3°NO~ ions. The depth profiles of
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Fig. 5. SIMS depth profiles of N-implanted ZnO:Ga films an-
nealed in Ng at 400 °C for 10 s.
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Fig. 6. SIMS depth profiles of N-implanted ZnO:Ga films an-
nealed in Oz at 550 °C for 30 min.

30NO~ before and after annealing are roughly Gaussian
and the depth of the concentration peak is close to the cal-
culated value of the projected range (~340 nm) obtained
by SRIM. The depth profile of the complex **NO~ ions in
a p-type film obtained after annealing under Ny at 400 °C
for 10 s is plotted in Figure 5. Figure 6 shows the depth
profiles of the negative ions in an n-type film after anneal-
ing under Oy at 550 °C for 30 min. In addition to *4ZnO,
160 and 3°NO~, all samples contain considerable amounts
of 64Zn™ GaO that can be a source of Ga impurities and
n-type conductivity, since Ga is a donor in ZnQO. It can be
seen that annealing in Ny at 400 °C caused %4Zn" GaO re-
distribution and its reduction that may be the reason for
p-type conductivity in this film. The SIMS results make it
clear that the performed annealing treatments under oxy-
gen or nitrogen, at chosen temperatures and times, do not
lead to the uniform distribution of the nitrogen impurity
in the film. It is in agreement with other authors’ obser-
vations, which have denoted nitrogen as a less diffusible
element in ZnO [17,18]. Hence, the implanted film can be
considered a double-layer structure, which can influence
the determination of the sign of the Hall coefficient, and
the conduction type [19)].

In Figure 7 are compared the optical transmittance
spectra (including the glass substrate) of the as deposited
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Fig. 7. Optical transmittance spectra of: (a) as deposited
ZnO:Ga films (blue line), and N-implanted ZnO:Ga films (im-
plant dose of 2 x 10'® ¢cm™2) (b) not annealed (green line); (c)
annealed in N2 at 400 for 10 s (red line); (c) annealed in N3 at
550 for 10 s (black line).

Zn0O:Ga films and N-implanted ZnO:Ga films (implant
dose of 2 x 10'% cm~2), not annealed and annealed in Ny
at 400 and 550 °C for 10 s. The transmittance data were
acquired over the wavelength range of 200 < A < 1100 nm.
The optical transmittance depends on both, the implant
dose and the annealing conditions (an ambient, time and
temperature). All N-implanted films are highly transpar-
ent with an average transmittance >84% in the wave-
length range of 390-1100 nm. Average transmittance of
87% that was obtained after annealing in Oy at 550 °C
resulted from a better film crystallinity. For the samples
annealed in Ny, average transmittance increased from 84
to 85% as annealing temperature was increased from 400
to 550 °C.

The transmittance data were used to calculate the ab-
sorption coefficients and to determine the optical band
gap of the N-implanted ZnO:Ga films. ZnO is known as
a direct band gap material therefore, the direct electron
transition from valence to conduction bands was assumed
for these calculations. The absorption coefficient was cal-
culated by the following equation:

1.1
a=- In T (3)
where t is the thickness of the film and T is the transmit-
tance. The optical band gap, for allowed direct transitions,
can be expressed by the equation [20]:

ahv = A(hv — E,)"/? (4)

where hv is a photon energy, F, is an optical band gap
and A is a constant. The square of the absorption coeffi-
cient against photon energy is plotted in Figure 8 for as
deposited ZnO:Ga films, and N-implanted ZnO:Ga films
(implant dose of 2 x 10*® cm~2), not annealed and an-
nealed in Ng at 400 and 550 °C for 10 s. The optical band
gap of the films was estimated by extrapolating the linear
portion of each curve. The optical band gap of the not
annealed N-implanted ZnO:Ga film is ~3.19 eV. Anneal-
ing caused widening of the optical band gap. The films

2,0x10" ¥

’

N-implanted ZnO:Ga 1

1 | (2x10"°cm?) ; .

—_ 1,5x10 —=—annealed in N,, 550°C .
& |
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E 2 [
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N’\ =
> as deposited =

'§ 5 0x1013_ —v—2Zn0:Ga
0,0 :

1,0 1,5 2,0 25 3,0 35
Photon Energy [eV]

Fig. 8. Plot of the absorption squared (ahv)? versus phonon
energy for (a) as deposited ZnO:Ga films (blue line), and N-
implanted ZnO:Ga films (implant dose of 2 x 10'® cm™2) (b)
not annealed (green line); (c) annealed in N2 at 400 for 10 s
(red line); (c) annealed in N2 at 550 for 10 s (black line).

annealed in Ny atmosphere at 400 °C exhibited an optical
band gap of 3.23 eV, which widen to 3.3 eV after annealing
at 550 °C.

4 Conclusion

The sputtered ZnO:Ga thin films were implanted with
180 keV N ions with the doses ranging from 1 x 10'°
to 2 x 10'6 ¢cm™2. The SIMS depth profiles of the com-
plex 3°NO~ ions before and after annealing are roughly
Gaussian and the depth of the concentration peak is close
to the calculated value of the projected range obtained by
SRIM. The non-implanted ZnO:Ga films were n-type con-
ductivity with the electron concentration in the range of
5x10"9-7.2x 10" cm ™3 and a c-axis preferred orientation
of the crystallites. It was found that the annealing condi-
tions had a profound impact on the film properties. The
resistivity of the films increased after nitrogen implanta-
tion and it decreased significantly after post-implantation
annealing under both Os and Ny ambient at 550 °C.
Lower temperature annealing in Ny at 400 °C caused
the rise in resistivity mainly as a result from the reduc-
tion in mobility. The conductivity type was converted to
p-type (hole concentration of 2.8 x 1012 cm ™2, mobility of
0.6 cm?/V s, resistivity of 0.46  c¢m) in the sample im-
planted with a 1 x10'% cm ™2 dose, suggesting that anneal-
ing at low temperatures can be more favorable for obtain-
ing p-type ZnO:Ga films via nitrogen implantation. The
dominant (002) diffraction line in the XRD patterns of all
N-implanted and annealed ZnO:Ga films shows that these
films have a c-axis preferred orientation of the crystallites.
The correlation was found between the annealing condi-
tions and the microstructure, electrical and optical prop-
erties of these films. Post-implantation annealing reduces
the structure damages and biaxial lattice stresses. The
transition from compressive to tensile stress was observed
after annealing in O9 and Ng at 550 °C. Hence, the carrier
concentration increased (4 x 1017 cm ™2 +5.1 x 109 cm™3),
resistivity decreased and average transmittance of 87%
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was obtained after post-implantation annealing in Os at
550 °C. These results are consistent with the shift of the
band edge to lower wavelengths and the band gap widen-
ing. The films were under compressive stress and had
higher resistivity due to nitrogen incorporation and for-
mation of N acceptors after annealing in Ny at 400 °C.
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