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Abstract

CrossMark

The current—voltage characteristics of an n-ZnO : AI(AZO)/p-Si heterojunction diode is
investigated over a temperature range of 293 and 423 K. The measured current—voltage
characteristics show good rectification behaviour at all temperatures. It is observed that the
AZO/Si heterojunction exhibits different (unusual) types of charge conduction processes in
the temperature range under consideration. In addition, temperature-dependent resistivity
measurements performed on a AZO thin film grown on a glass substrate show metallic-like

conductivity, which is explained on the basis of local annealing of defects, mainly vacancies,
in the AZO layer. Finally, based on our experimental findings, we construct a parametric phase
diagram to elucidate the transition from one to the other conduction mechanism. The present

study will be useful to understand the effect of self-heating for AZO-based devices.

Keywords: thin films, oxide heterostructures electrical transport, vacancy formation

(Some figures may appear in colour only in the online journal)

1. Introduction

ZnO is a good candidate for fabricating solar cells, hetero-
junction diodes, and photodetectors due to its wide band
gap, (E; ~ 3.4 eV at room temperature), large binding energy
(60 meV), and high transparency [1]. Generally, ZnO exhibits
n-type conductivity which can be enhanced up to three to
four orders of magnitude after doping with group-III ele-
ments, especially Al-doping [2—4]. This enhanced conduc-
tivity makes ZnO:Al (AZO) a suitable material not only for
transparent conducting electrodes but also for various other
applications, namely ultra-violet detectors, junction diodes,
etc [4-10]. Generally, AZO-based device fabrication is
studied in the simplest form of an n-AZO/p-Si heterojunction
diode [4] where the performance of the heterojunction mainly
depends on factors like the growth process, Al-doping, and
the working temperature of the devices [2]. Recently, it has
been reported that the charge transport property of ZnO and
doped-ZnO materials changes significantly with temperature.

0022-3727/15/455301+6$33.00

For instance, temperature-dependent metallic-like behaviour
has been reported for ZnO, AZO, and Ga-doped ZnO thin
films deposited on insulating substrates [11, 12]. This unusual
change in resistivity with temperature is expected to play an
important role in the charge transport process of a device
based on doped-ZnO systems. However, the role of temper-
ature-dependent resistivity of AZO in the current—voltage
(I-V) characteristics of an AZO-based heterojunction diode
is still lacking. Thus, in order to use AZO/Si heterojunctions
for device applications, a detailed understanding of changes
occurring in its /-V characteristics due to external heating is
exigent.

In this regard, it may be mentioned that often AZO-based
heterojunctions are operated at high current densities (beyond
the turn-on potential, V), which causes self-heating to occur
in the device. This is expected to bring variation in the junction
characteristics which can affect the device performance to a
significant extent. It is envisaged that changes occurring in the
I-V characteristics of the heterojunction due to self-heating

© 2015 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a), (b) Plan-view SEM images before and after heat treatment, respectively. The insets show the grain size distributions of the

corresponding film.

should be similar to those observed under the influence of
external heating. Therefore, it is important to investigate
temperature-dependent changes in the resistivity of AZO thin
films and its effect on the performance of n-AZO/p-Si hetero-
junction diodes.

In this paper, we investigate the effect of temperature on
the transport mechanism of an n-AZO/p-Si heterojunction
diode. A large variation in the /-V characteristics with temper-
ature is observed. In particular, temperature-dependent transi-
tion from direct tunnelling to thermionic emission is observed
in the /-V characteristics. In order to explain this behaviour,
temperature-dependent resistivity of AZO film, deposited on
soda-lime glass (SLG) substrate, is also investigated. The
measured resistivity reveals a semiconducting nature at low
temperatures (up to 343 K), which subsequently transforms
into a metallic-like behaviour at higher temperatures (>343
K). In addition, we have made use of optical absorption spec-
troscopy before and after temperature treatment, which shows
a reduction in the band gap of the AZO layer. These observa-
tions are discussed in terms of annihilation of oxygen vacan-
cies in the AZO layer.

2. Experimental

AZO films of an optimized thickness of ~60nm were simul-
taneously deposited on ultrasonically cleaned SLG and native
oxide covered p-type Si(100) substrates at room tempera-
ture (RT) using a pulsed dc magnetron sputtering system.
Commercially available 99.99% pure ZnO:AlL,O3; (2 wt%)
target (50.8mm diameter x 6.35mm thick) was used to
deposit AZO thin films. Ultra-pure (99.999%) argon gas was
injected into the chamber with a flow rate of 27 sccm to main-
tain the working pressure of 5 x 10~ mbar during sputtering.
A pulsed dc power of 100W (frequency = 150kHz, reverse
time = 0.4 us) was applied to the AZO target, and the sub-
strates (kept at a fixed target-to-substrate distance of 8cm)
were rotated with a speed of 3rpm to achieve uniform film
thickness.

Microstructural changes in the AZO films before and after
heat treatment were monitored by scanning electron micros-
copy (SEM) (Carl Zeiss) in the plan-view geometry and using
5 keV electrons. The crystallinity and phase identification
of AZO films were performed by x-ray diffraction (XRD)
(Bruker, D8-Discover) studies using the Bragg—Brentano

geometry and the Cu-Ka radiation (A = 0.1542nm). Silver
paste (SPI) was used to make electrical contacts on top of the
AZO film and back side of the Si substrate. An indigenously
developed sample holder assembly (having a heating stage),
whose temperature was precisely controlled (0.5 K) by a
proportional-integral-derivative temperature controller and
sensed by a platinum resistance temperature detector (RDT,
A class) thermocouple, was coupled with a source meter
(Keithley 2410) to perform the temperature-dependent elec-
trical studies. The I~V data were recorded using commercially
available software (Lab-Tracer 2.0) during annealing (293—
423 K) of the AZO/Si heterojunctions in air. In addition, the
optical absorption of AZO films before and after temperature
treatment was measured by a UV-visible-NIR spectropho-
tometer (Shimadzu, 3101PC) in the wavelength range of 300—
700nm. The reproducibility of the results were confirmed on
three different AZO thicknesses, namely 40, 60, and 120 nm.

3. Results and discussion

AZO films were analysed by SEM and XRD to look for a
possible correlation between the charge transport and struc-
tural properties of the films. Figures 1(a) and (b) show SEM
images of an AZO film deposited on Si substrate before and
after the heat treatment. It is observed that in both cases AZO
film shows a granular nature, albeit the average grain size
increases from 30 nm to 35 nm and the width of grain size dis-
tribution decreases (respective inset of figures 1(a) and (b)).
In fact, as the temperature increases, thermal energy increases
the diffusion of atoms and in turn smaller grains merge into a
bigger grain.

Figure 2 shows the XRD pattern of an AZO film grown
on Si which confirms the crystalline nature of the film. The
dominant peak at 20 = 34.1° can be attributed to the (002)
reflection of the hexagonal wurtzite structure, indicating the
formation of highly oriented grains along the c-axis [2, 3, 13].
The average grain size is determined using Scherer’s formula:
D = 0.9\/Bcos § where D is the crystallite size, 3 is the full
width at half maximum, € is Bragg’s angle, and ) is the Cu-Ka
x-ray wavelength [2, 3, 13]. Thus, the average grain size of the
film before and after heat treatment is found to be 17 nm and
21 nm, respectively. Further, a small shift (0.08°) in the peak
positionis observed. Itis known that an XRD peak shift towards
a lower 26 value with respect to the bulk ZnO can be attributed
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Figure 2. XRD patterns of an AZO film before and after heat
treatment.

to the existence of compressive stress in the film, originating
from oxygen implantation during the sputtering process [3].
In-plane film stress is calculated on the basis of the biaxial
strain model: ¢ = [2C3— C33(G1+ G2)/Ci3] X (¢ — co)lcy
where elastic stiffness constants are: C;=2.1x 101 N
m?2 C3=2.1x 10" Nm2 C,=1.2x10" N m2, and
Ci3 = 1.05x 10" N'-m~2[2, 3]. Using the above values, o turns
out to be —4.5 x10'(c — ¢y)/co N m~2. For a hexagonal lat-
tice with (002) orientation, ¢ = 2d, and ¢y = 2dy = 0.5206 nm
where d; is the inter-planar spacing derived from the (002)
peak position and d is the corresponding one for the stress-
free system (0.2603 nm). In addition, one can derive the film
strain using the relation: [(ds — do)/dg] x 100%. The meas-
ured strain and stress values for the as-deposited AZO film are
found to be —4.27 x 10° N m~2 and —0.98%, respectively,
which are in good agreement with our previous report [3].
However, this decreases to —4.20 x 10° N m~2 and —0.92%,
respectively, indicating a relaxation of stress in the film due to
heat treatment. Further, it may be mentioned that similar SEM
and XRD behaviours are observed for the film deposited on
glass substrates (data not shown).

Figure 3(a) shows the /-V characteristics of an n-AZO/p-Si
heterojunction diode at different temperatures, varying from
293 to 423 K, where all I-V curves show the rectifying prop-
erty. It is evident from this figure that both forward and reverse
currents are not only dependent on the applied voltage but also
on the sample temperature. Theoretically, the Vr of a semicon-
ductor heterojunction diode should decrease with increasing
temperature [14]. However, the present /-V data show unusual
variation, where no significant change takes place in V1 with
increasing temperature in the range of 293-343 K, while it
increases beyond 343 K (table 1). The similar trend is observed
in the reverse saturation current (/) as well (table 1). The value
of the ideality factor (n), determined from the slope of the
linear region of the forward bias log (/-V) characteristics [15],
has a typical value of 2.1 £ 0.1. The values of n and series
resistance (Ry) at all temperatures are calculated from the cor-
responding /-V characteristics and are summarized in table 1.

To understand the mechanism behind the variation in I-V
characteristics more clearly, we have plotted the data using

4
— 293K — 363K | AzoIsi
— 303K — 373K
313K — 383K

o 3K —3mk

—333K 403 K
—— 343K — 413K
—353K — 423K

Current (mA)

\W

.35 0.0 3.5 7.0
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1
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Figure 3. (a) Temperature-dependent /-V characteristics of AZO/
Si heterojunction diode, (b) log—log plots of the forward bias
characteristics of (a) where the arrow indicates the direction of
increasing temperature.

a log-log scale [15, 16]. The log—log I~V characteristics of
a heterojunction under forward bias from 293 to 423 K are
shown in figure 3(b). In this figure, two interesting features are
worth noting: (i) the current values at low voltages (<0.5V)
show inconsistency with increasing temperature; and (ii) a
clear hump at higher temperatures is observed for interme-
diate voltages (0.6 < V < 1.2). In fact, the behaviour up to a
certain applied voltage (~0.6V) is Ohmic and thereafter non-
Ohmic behaviour is manifested due to thermal effects which
indicates defect activation and an increase in the electrical
current [17]. For a better clarity, the log—log plot of /-V data,
measured at 373 K, is shown in figure 4. As a result, a change
in the behaviour of the I-V characteristics at different voltages
becomes very clear. In fact, the /-V plot can be divided into
four different regimes as described below. Region-I: current is
linearly dependent on voltage, i.e. Ohmic in nature, region-II:
exponentially dependent on voltage, region-III: shows a power
law dependence, I oc V¢ where a > 1, and region-IV: there is
a sudden enhancement incurrent with voltage [18-20]. These
four regions in the IV characteristics are also strongly influ-
enced by temperature, which is a signature of the thermally
activated charge injection mechanism [18-20]. However, at
lower temperatures (<343 K), the I-V curves show a weak
temperature-dependence, which can be well described by
the tunnelling mechanism [18-20]. Generally, temperature-
dependent /-V characteristics are explained in the framework
of Schottky-type conduction and/or space charge limited con-
duction [18]. However, the anomaly in our results indicates
that possibly different conduction mechanisms are operative
in different voltage—temperature regimes.

Figure 5(a) shows In(7) versus V"2 behaviour to establish
the main current conduction mechanism in the n-AZO/p-Si
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Table 1. Diode parameters extracted from temperature-dependent /-V data.

Sample Turn on Reverse leakage
S.N. temperature (K) potential, Vr (V) current, Iy (mA) Series resistance (£2) Ideality factor, n
1 293 3.48 0.32 444.62 2.04
2 303 345 0.28 342.19 2.05
3 313 345 0.24 317.05 2.06
4 323 3.44 0.19 313.53 2.05
5 333 3.43 0.32 303.24 2.03
6 343 3.50 0.40 309.99 2.03
7 353 3.54 0.50 333.91 2.10
8 363 3.62 0.78 367.11 2.12
9 373 3.71 0.92 444.76 2.15
10 383 3.91 1.02 514.88 2.19
11 393 4.25 1.13 466.79 2.15
12 403 4.56 1.16 372.35 2.14
13 413 5.12 1.01 349.41 2.13
14 423 5.43 1.10 350.46 2.11
-2 -4 "
1071  azossi | — 203k AZOISI
(V) -6
3 4
g 107 1 S
s () <
c =
£ 10 ) £ 109
8 <4
10° 0 121 (a)
. B B S S
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Figure 4. Log-log I-V plot under the forward bias corresponding Temperature (K)
to 373 K where (I), (II), (IIT), and (IV) show different conduction 444 400 364 333 308 286
regimes. 23.2 T —T
@, =042eV (b)
heterojunction diode and these curves are further used to cal- o:," TR SRR
culate the reverse saturation current. It is observed that In(/) ¥ 22384
versus V"2 curves remain linear at lower voltages (<0.6 V) but < Direct tunneling

deviate at higher voltages (>0.6V), ruling out the possibility
of a Schottky-type conduction mechanism at higher volt-
ages [21, 22]. In addition, by extrapolating straight lines (not
shown in the figure) to OV (figure 5(a)), we obtain the leakage
current (/) as a function of temperature, which is further used
to calculate the barrier height (®) at the AZO/Si interface.
For the calculation of ®, In(ly/T?) is plotted as a function of
1000/T in figure 5(b), which reveals a linear relation at higher
temperatures (>383 K). However, the plot remains constant
below 383 K, indicating a weak temperature-dependence at
lower temperatures. In fact, the constant value of In(ly/T?), up
to 383 K, indicates that current at low bias voltages (<0.6V)
is governed by direct tunnelling [21]. For this voltage regime,
the current is described by the relation:

I x Vexp[—2dd2m*<I>B/ﬁ], (1)

where fi is reduced Planck’s constant, m* is effective mass of
the charge carrier, d is the width of the interface barrier, and
®g is the junction barrier height [22, 23]. However, at higher

In1/T2

2l 44%

o (i

2.75 3.00
1000/T (K1)

22.0
2.25

2.50 3.25 3.50

Figure 5. (a) In(/) versus V2 plot, (b) Arrhenius plot extracted
from (a) for the AZO film deposited on the Si substrate.

temperatures, thermionic emission governs the charge trans-
port process. The I-V characteristics in this regime obey the
Richardson—Schottky equation and the current is described by
the relation:

v

I=A*T?exp|—{ Pp —
P B (47reosrd

) ksT |, (2)
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Figure 6. Temperature-dependent resistivity of an AZO film
deposited on the SLG substrate.

where A* is the effective Richardson constant, ¢, is the per-
mittivity of AZO film, ¢y is the permittivity of vacuum, and
q is the electronic charge [18]. The thermionic regime also
shows a variation in the leakage current, /y. A subsequent cal-
culation of the junction barrier height corresponding to the
thermionic regime reveals an activated behaviour due to the
high value of &g = 0.42 eV. In fact, when the temperature
is low (383 K), thermal energy of the charge carriers is low,
which is not sufficient to overcome this barrier height. This
indicates that different mechanisms are operative at different
temperatures [22].

Recently, it has been reported that electrical properties of
ZnO and doped-ZnO change with an increase in temperature,
which play a significant role in electrical transport [11, 12].
To understand the unusual /-V behaviour of the AZO/Si het-
erojunction described above, we have carried out resistivity
measurements of an AZO thin film at different temperatures.
Figure 6 shows the temperature-dependent resistivity of the
AZO film deposited on a glass substrate. Interestingly, the
experimental resistivity values show two different regimes:
initially the resistivity decreases with temperature (<343 K)
and thereafter, it increases at higher temperatures (=343 K).
The initial decreasing trend in regime-I (highlighted by the
cyan-coloured block) can be correlated to the semiconducting
nature of the AZO film, whereas the subsequent trend in
regime-II (highlighted by the yellow-coloured block) is in
contradiction since it resembles the metallic behaviour. It is
observed from this figure that the resistivity of the AZO film
at 423 K is higher in comparison to that at RT (293 K). In
addition, the resistivity of AZO film is also measured after
bringing down the furnace temperature to RT which is found
to be the same as 423 K, indicating the irreversible nature of
the metallic-like behaviour. Interestingly, it is observed that
the AZO film after heat treatment has bigger grain sizes and
less compressive strain and hence should have low resistivity.
However, the resistivity increases after heat treatment which
indicates that some other mechanism is responsible for this
behaviour.

Normally, Al acts as an effective donor either by substi-
tution at the Zn sites or by creating oxygen vacancies after
sitting as an interstitial atom, which in turn leads to the low

1.5
= As-deposited

1.2 Annealed at 423 K
ol
=
< 0.9 azosLe

0.6

(b)
0.3 T T T
2.0 25 3.0 3.5 4.0
hv (eV)

Figure 7. (a) Schematic representation of Burstein—Moss (B—M)
shift, (b) the measured band gap of an AZO film (deposited on the
SLG substrate) before and after heat treatment.

resistivity of AZO films [2, 24]. In addition, these donor elec-
trons (due to Al or oxygen vacancies), normally occupy the
higher (deeper) energy levels in the conduction band, which
in turn can initiate high energy photon absorption during the
optical studies. As a result, the effective band gap (E,) of
an AZO film should be relatively higher when compared to
the separation between the minima (of the conduction band)
and the maxima (of the valence band) of this direct band gap
semiconductor (shown in figure 7(a)). Such a widening in the
band gap is known as a Burstein—-Moss shift which depends
on the carrier density of the film, n, according to n*3 [25]. It is
well-known that electrical transport properties of AZO can be
understood on the basis of optical absorption study. Thus, to
understand the observed metallic-like behaviour of the AZO
film, we have performed the optical absorption before and
after the heat-treatment. Since the heat treatment is performed
in air, oxygen adsorption in AZO film is likely to happen. This
can lead to a more stoichiometric nature of the AZO film due
to the annihilation of oxygen vacancies, causing a decrease in
the carrier concentration [11]. As a consequence, the band gap
of the AZO film after heat treatment should be lower relative
to the as-deposited one. Thus, to understand the reason behind
the metallic-like conductivity, we have measured the energy
gaps of the AZO film from the optical absorption spectra.
It is observed that after annealing at 443 K, the absorption
edge shifts towards a lower energy (3.27 to 3.13eV) (figure
7(b)). This behaviour can be attributed to the fact that at rel-
atively lower temperatures (<383 K), oxygen atoms do not
get absorbed at the surface because of insufficient activation
energy, whereas beyond 383 K, the atmospheric oxygen atoms
interact with the surface and in turn reduce the carrier density
in the films. In fact, due to annealing in open air, electrons
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Figure 8. Voltage versus temperature parametric phase diagram for
a n-AZO/p-Si heterojunction diode.

get accumulated at the AZO surface and can be trapped by
oxygen molecules to form negatively charged oxygen ions
[26]. These trapped electrons lead to a reduction in the effec-
tive donor density within the oxide.

A similar behaviour has been reported in the case of
Ga-doped ZnO after annealing which confirms the reduction
in oxygen vacancies [12]. To fortify this fact, similar heat
treatment on AZO film, deposited on glass substrate, is per-
formed in vacuum (8 x 10~® mbar) and subsequent change
in the band gap (absorption spectra not shown) is measured.
Interestingly, no change in the optical band gap is observed
which confirms that annihilation of oxygen vacancies is
responsible for the metallic-like behaviour of the AZO film
under consideration. Therefore, the variation in resistivity of
the AZO film has a one-to-one correspondence with the I-V
characteristics of n-AZO/p-Si heterojunction. Based on the
above discussion, we can infer that the temperature-dependent
charge conduction mechanism in the AZO/Si heterojunction
diode is primarily governed by the AZO layer.

Based on our experimental observations, we have con-
structed a parametric phase diagram (voltage versus tem-
perature) which defines the dominating charge conduction
mechanism at a fixed temperature (figure 8). It is clear from
this diagram that at lower temperatures the conduction mecha-
nism is governed by diffusion; however, this changes to the
thermionic emission process beyond a certain temperature.
The reproducibility of these results were checked on five
different AZO samples (60nm thick) grown on both Si and
SLG substrates. Interestingly, similar behaviour is observed
for three different AZO film thicknesses, namely 40, 60, and
120 nm, grown on both SLG and p-Si substrate. Thus, we con-
clude that the present study will provide important input to
understand the effect of self-heating of AZO-based devices
operating at high temperatures.

4. Conclusions

In summary, we have deposited AZO films on SLG and p-Si
substrates and performed temperature-dependent /-V studies.

I-V characteristics of n-AZO/p-Si heterojunction diodes at
different temperatures reveal unusual behaviour, which is cor-
related with the temperature-dependent resistivity of the AZO
film deposited on the SLG substrates. At higher temperatures,
an increase in the resistivity takes place which is attributed
to the annihilation oxygen vacancies. The metallic-like con-
ductivity of the AZO film, at relatively higher temperatures,
is concluded to be responsible for the transition of the con-
duction mechanism from diffusion to the thermionic emission
mode. The present study will enable us to address the self-
heating effect on AZO-based devices.
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