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Electrical and magnetotransport properties have been studied on pulsed laser deposition grown
amorphous InGaZnO4 thin films exhibiting different disorder. A crossover from strong to weak
localization was observed as disorder (quantified by a parameter kf l) decreases. The sample with kf l
value 0.04 showed strong localization behavior whereas for the sample with kf l > 1, electron
transport is governed by weak localization. The samples with kf l > 1 showed negative
magnetoresistance (MR) because of the suppression of weak localization. From the MR study, we
estimated the phase coherence length which scales with temperature as T3=4. The maximum phase
coherence length was found to be 130 nm at 5 K for the sample with kf l ¼ 1.71 and this can
significantly influence the spintronic research in amorphous semiconductors. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4978530]

In view of device applications, amorphous oxide semiconductors (AOS) have several advantages over their crystalline counterpart, such as lower growth temperature and
uniformity over large area.1–4 Amorphous indium gallium
zinc oxide (a-IGZO) is a promising material for next generation displays owing to its high mobility (>10 cm2/V s) and
very low off current.5,6 By controlling the growth parameter,
the conductivity of a-IGZO can be tuned over a wide range.
The wide bandgap 3.1 eV (hence transparent) of IGZO
adds another advantage to use as a transparent conducting
oxide (TCO) layer.2
Transport phenomena of AOS are of great interest
because the electronic wavefunction is greatly affected by the
random potential.7 Therefore, it is imperative to study the
effect of disorder on the transport properties of AOS. In amorphous indium oxide thin films, disorder induced metalinsulator transition (MIT) has been reported by Givan and
Ovadyahu.8 They observed MIT near the kFl value of 0.3
which is far from the Ioffe–Regel criterion (kf l  1). To quantify the disorder, a dimensionless parameter (kf l) was introduced, given by, kf l ¼ ð3p2 Þ2=3 hr=e2 n1=3 where kF is the
Fermi wavenumber and l is the mean free path. According to
Ioffe–Regel criterion, the MIT takes place if kf l is close to
unity.9 In addition, Makise et al.31 reported MIT on a series
of a-IGZO thin films of different carrier concentrations.
Moreover, MIT in crystalline InGa(ZnO)5 was reported by
Nomura et al.5
On the metallic side of MIT, the transport property is
mainly attributed to the weak localization (WL) phenomena.8,10 In a weakly disorder system, the modification of a
single electron wavefunction and the interactions among the
electrons in the random potential need to be considered.
However, with increasing disorder, extended states become
localized. For sufficiently strong disorder, all electron states
become localized as pointed out by Anderson.11 The best
way to distinguish between the localization behaviors (strong
a)
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and weak) is the investigation of magnetoresistance (MR).
Till date there is no report on the magnetotransport behavior
of a-IGZO thin films.
In the present study, we investigate the electrical and
magnetotransport properties of IGZO thin films with different
kf l values. Temperature dependent electrical and magnetotransport study confirms that the sample with kf l ¼ 0.04 shows
strong localization (SL) whereas the sample with kf l > 1
exhibits WL. We observe a maximum phase coherence length
of 130 nm at 5 K and this result is expected to influence the
spintronic research in amorphous semiconductors.
IGZO thin films were deposited on (001) sapphire substrates (5 mm  5 mm) using pulsed laser deposition (PLD).
The 3rd harmonic (k ¼ 355 nm) of a Nd:YAG pulsed laser
was used with an energy fluence 2.0 J/cm2 and repetition rate
10 Hz for the deposition of the films. Four samples were
deposited at different substrate temperatures viz. 100  C,
250  C, 400  C, and 550  C. The primary motivation of varying the substrate temperature was to generate different disorders in the films. Thicknesses of the films were measured to
be 450 nm. Electrical resistivity, Hall effect, and magnetoresistance measurements were carried out in Physical Property
Measurement System (Quantum Design, USA).
To investigate the effect of disorder on the electrical transport properties of a-IGZO thin films, temperature dependent
electrical resistivity measurements were performed from 300 K
down to 4 K. Electrical resistivity (q), carrier concentration
(n), mobility (l), and kf l values at 300 K of all the thin films
are tabulated in Table I. Resistivity (q) of the sample grown
at lowest substrate temperature (100  C) was found to be
0.31 X cm. Resistivity was found to drop to 3.43  103 X cm
as the substrate temperature increased to 250  C. This may be
attributed to the increase in l and n as q is inversely proportional to l and n. Resistivity remains almost similar for the
sample grown at a substrate temperature of 400  C and slightly
decreased in the film grown at 550  C.12 The kf l values of all
the samples were calculated at 300 K. Here onwards samples
will be assigned with their respective kf l value.
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TABLE I. The list of resistivity at 300 K (q300), electron concentration (n),
mobility (l), and kf l values at 300 K of IGZO thin films grown at different
substrate temperatures.
Substrate temperature
(  C)
q300(X cm)

q4/q300

0.31
2  103
3
3.43  10
1.02
3.39  103
0.98
4.7  103
0.85

100
250
400
550

n(cm3)

l(cm2/V s)

kf l

3.7  1019
4.6  1020
3.0  1020
4.4  1020

0.55
4.0
6.1
3.0

0.04
1.48
1.73
1.1

Figure 1(a) depicts the temperature dependent resistivity
behavior of the sample with kf l ¼ 0.04. The resistivity
increases as temperature is lowered down, confirming the
semiconducting behavior. Germs et al. have explained the
charge transport mechanism of a-IGZO with the help of
mobility edge model including the variable range hopping
(VRH) mechanism.13 Usually at high temperature regime,
the transport is mainly governed by thermally activated band
conduction. Arrhenius fit in the high temperature regime
(300–200 K) yields the activation energy of 41 meV (See
inset of Fig. 2). A sharp increase in q has been observed in
the low temperature regime, below 90 K. At low temperature, thermal energy is insufficient to activate the carriers,
and the conduction process mainly takes place through the
VRH mechanism.14–16 The conductivity of a 3D system for
VRH mechanism is given by,17

1=4
T0
rðT Þ ¼ r0 exp 
;
T

(1)

where, r0 is a pre-exponent constant, and T0 is the characteristic temperature. The parameters r0 and T0 are defined as18,19
2

r0 ¼ 3e ph



N ðE F Þ
8pakB T

1=2

and

T0 ¼

16a3
;
k B N ðE F Þ

where, cph is the phonon frequency at Debye temperature,
kB is the Boltzman’s constant, N(EF) is the density of the

pﬃﬃﬃ
FIG. 2. lnðr T Þ vs. T1=4 plot (90 K to 20 K) of the sample with kf l ¼ 0.04.
The linear behavior indicates the presence of VRH mechanism. Instet shows
the behavior of ln(r) vs. 1/T in the high temperature regime (300 – 200 K)
confirming the presence of thermally activated band conduction.

localized electrons near the Fermi level, and a is the inverse
pﬃﬃﬃ
localization length. Figure 2 displays the variation of lnðr T Þ
vs. T1=4 of the sample with kf l ¼ 0.04 in the temperature range
of 90 to 20 K. The linear behavior (red solid line in Fig. 2) indicates that the VRH mechanism is dominant in the conduction
below 90 K. The values of T0, a, and N(EF) are found to be
2.02  105 K, 9.09  105 cm1, and 6.9  1017 eV1cm3,
respectively. The Mott parameters, i.e., average hopping
distance (R) and average hopping energy (W), were extracted
from the following expressions and calculated to be
1=4

9
and
40 nm and 5.3 meV, respectively. R ¼ 8pakB TN
ð EF Þ

W ¼ 4pR3 N3 ðEF Þ. The other conditions to confirm the presence
of VRH mechanism are that aR > 1 and W > kBT. In the present study, both of these conditions are satisfied. Hence, for
the sample with kf l value 0.04, the analysis of the temperature
dependent resistivity data provides evidence for the VRH
mechanism below 90 K, which is a clear signature for SL.
Figures 1(b)–1(d) depict the resistivity vs. temperature
plots of the samples with kf l > 1. For the samples with
kf l ¼ 1.73 and 1.48, as the temperature is cooled down, the
resistivity decreases up to a certain value, and then increases.
The minimum in the resistivity plot was found at 115 K and
145 K for the sample with kf l values 1.73 and 1.48, respectively. However, for the sample with kf l ¼ 1.1, the resistivity
increases slowly as temperature goes down showing a negative temperature coefficient of resistivity.
Temperature dependent resistivity data of the samples
with kf l > 1 were analyzed using quantum corrections to conductivity (QCC) model.10,20,21 The effects of single electron
wavefunction in a random media, i.e., WL, as well as the
interaction between electrons named as electron-electroninteraction (EEI) have been considered in the QCC model.
According to the QCC model the resistivity is described
as7,10,20,21
qðT Þ ¼

FIG. 1. Temperature dependent resistivity of IGZO thin films of (a) kf l
¼ 0.04, (b) kf l ¼ 1.1, (c) kf l ¼ 1.48, and (d) kf l ¼ 1.73. Note that the y-axis of
(a) is in logarithmic scale. Red solid lines are the fit of the data with Eq. (2).

1
1
¼
þ CT 2 ;
rðT Þ r0 þ AT 1=2 þ BT

(2)

where, r0 is the residual conductivity, and AT1=2 represents
the EEI. The term BT describes the WL effect and the term
CT2 represents the high temperature electron-electron collisions. As the disorder strength increases, the residual conductivity r0 (conductivity at T ! 0 K) decreases due to
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FIG. 3. Carrier concentration (n) as a function of temperature of IGZO thin
films with different kf l values. The negligible dependence of n on temperature for the samples with kf l > 1 confirms the presence of WL phenomenon.
Inset shows the same for the sample with kf l ¼ 0.04. The decrement of n
with temperature provides evidence for the band conduction mechanism.

enhanced scattering of the electrons. The solid red curve in
Figs. 1(b)–1(d) represents the fitting of the data with Eq. (2).
In order to further investigate the localization phenomena, Hall effect measurements were carried out as a function
of temperature and represented in Fig. 3. All the samples
exhibited n-type conduction which may be due to oxygen
vacancies. Due to very low mobility, Hall effect measurements could not be performed below 175 K for the sample
with kf l ¼ 0.04. With temperature variation from 300 K to
175 K, the carrier concentration (n) for the sample with
kf l ¼ 0.04 has been found to decrease significantly, as shown
in the inset of Fig. 3. The decrement in the n implies the
presence of thermally activated band conduction. However,
n is almost independent of temperature for samples with
kf l > 1. The almost constant n provides further evidence for
the WL phenomena.7
An important way to probe the localization behavior is
the magnetoresistance (MR) study at low temperatures.14,22
Figure 4 represents the MR behavior of the sample with
kf l ¼ 0.04. Due to the very high resistance of this sample,
MR measurements could not be performed below 20 K. A
small negative MR is observed at higher temperature above
100 K. As temperature decreases to 50 K, the MR turns to
become positive. For this sample below 90 K, the transport is
governed by the VRH mechanism which was confirmed
from the temperature dependent resistivity measurement. In
a strong magnetic field, the electronic wavefunctions are
shrunk in the transverse direction which leads to decrease in
the overlap of the wavefunction tails and hence the resistance

FIG. 4. Magnetoresistance of IGZO thin films with kFl value 0.04 at different temperatures. MR is negative at the temperatures 150 K and 100 K and it
becomes positive as temperature decreases.
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increases.23 The MR data at 20 K (as shown in the inset of
Fig. 4(a)) are negative in low field (<300 mT) and become
positive at higher field.
The samples with kf l > 1 showed negative MR at all
temperatures as illustrated in Fig. 5. The negative MR arises
owing to the suppression of WL in the presence of an external magnetic field.10,22,24 From Fig. 5, it can be observed
that there is no positive counterpart in the MR data indicating the absence of spin-orbit scattering.22 A maximum MR
of 2.1% was observed for the sample with kf l ¼ 1.1 at 5 K.
The magnitude of MR decreases as kf l value increases. As kf l
increases, the disorder decreases which lowers the strength
of the localization, resulting in a lower amplitude in MR.10
The MR data for the samples with kf l > 1 were analyzed by
considering the WL in 3D system as described by Kawabata.
As the thickness of our sample is 450 nm, it is expected to
exhibit 3D behavior. According to the Kawabata’s model,
the MR is given by25
䉭q
qe2
MR ¼
¼ a
2hp2
q

rﬃﬃﬃﬃﬃﬃ
eB
f ðd Þ;
h

(3)

where, a represents the Coulomb screening, q is the resistivity, e is the electronic charge, h is the reduced Plank’s constant, B is the applied magnetic field, and f(d) is the Hurwitz
zeta function given by10,22,25

FIG. 5. Magnetoresistance of the samples with kf l values (a) 1.1, (b) 1.48,
and (c) 1.73. The negative MR is due to the suppression of weak localization
by external magnetic field. Red solid lines are fit with Eq. (3).
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electron scattering as the dominating mechanism in the
phase breaking phenomenon. The maximum observed phase
coherence length was 130 nm at 5 K for the sample with
kf l ¼ 1.73 which is comparable with other wide bandgap
semiconductors.

FIG. 6. Logarithmic plot of phase coherence length vs. temperature of the
IGZO thin films with kf l ¼ 1.73, 1.48, and 1.1. Solid black line is a reference
representing the T3=4 behavior.
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1

f ðdÞ ¼

1
X
N¼0

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2 N þ 1 þ d  N þ d  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
N þ 1=2 þ d
!

h
where, d ¼ 4eBl
2 , and l/ is the phase coherence length. The
/

experimental data were fitted to Eq. (3) and an excellent
agreement was found, as can be realized from Fig. 5. From
the fitting, we observe that a is independent of temperature.26
However, the phase coherence length ðl/ Þ is highly sensitive
to the disorder present in the system and decreases rapidly as
disorder increases.27 The maximum l/ at 5 K was observed
to be 130 nm for the sample with kf l ¼ 1.73 and decreases to
56 nm for the sample with kf l ¼ 1.1. These values are comparable to the previous reports.10,22,28 Saha et al. have estimated l/ as 15–200 nm in Al doped ZnO thin films of
different disorder at 5 K.10 Also, Likovich et al. have measured the l/ in the range of 50 to 100 nm at 1.9 K on ZnO
nanoplates.22 Again, at 5 K Stefanowicz et al. have reported
the l/ value 150 nm in Si doped GaN thin films.28 Further,
the measured l/ is found to be decreased with increasing
temperature as presented in Fig. 6. The decrement of l/ can
be attributed to the strengthening of the inelastic scattering
mechanism in high temperature regime. There are mainly
two different inelastic scattering mechanisms responsible for
phase breaking phenomenon which are electron-phonon and
electron-electron scattering. In our case, l/ scales close to
T3=4 indicating that the electron-electron scattering mechanism is dominant in the phase breaking mechanism.29,30
Similar temperature dependence (T3=4) of l/ has been
observed in earlier reports.22,28
In summary, we investigated the electrical and magnetotransport properties of IGZO thin films with different disorders grown by PLD. From temperature dependent resistivity,
Hall effect, and magnetoresistance study, we conclude that
IGZO thin film with kf l ¼ 0.04 shows strong localization
behavior; whereas the samples with kf l > 1 exhibit WL phenomenon. For the samples with kf l > 1, the observed negative
MR due to WL effect is well described by the Kawabata’s
model. The phase coherence length was estimated and found
to scale with temperature as T3=4 indicating the electron-
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