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The scalability of thin-film transistors has been well documented, but there have been very few
investigations into of the effects of device scalability in Schottky diodes. Indium-gallium-zinc-oxide
(IGZO) Schottky diodes were fabricated with IGZO thicknesses of 50, 150 and 250 nm. Despite the
same IGZO-Pt interface and Schottky barrier being formed in all devices, reducing the IGZO thick-
ness caused a dramatic deterioration of the current-voltage characteristics, most notably increasing
the reverse current by nearly five orders of magnitude. Furthermore, the forward characteristics
display an increase in ideality factor and a reduction in barrier height. The origins of this phe-
nomenon have been elucidated using device simulations. Firstly, when the semiconductor layer is
fully depleted, the electric field increases with reducing thickness, leading to an increased diffusion
current. However, the effects of diffusion only offer a small contribution to the huge variations in
reverse current seen in the experiments. To fully explain this effect the role of inhomogeneities in the
Schottky barrier height has been considered. Contributions from lower barrier regions (LBRs) are
found to dominate the reverse current. The conduction band minimum below these LBRs is strongly
dependent upon thickness and bias, leading to reverse current variations as large as several orders
of magnitude. Finally, it is demonstrated that the thickness dependence of the reverse current is
exacerbated as the magnitude of the inhomogeneities is increased, and alleviated in the limit where
the LBRs are large enough not to be influenced by the adjacent higher barrier regions.

In recent years, efforts to realise large-area flexible thin-
film electronics have branched out to incorporate the use
of a large variety of materials [1–3]. Oxide semicon-
ductors, particularly indium-gallium-zinc-oxide (IGZO),
have emerged as leading candidates for application in fu-
ture display technology [4]. IGZO has demonstrated ex-
cellent mobility and transparency [5], and can also be
deposited at room temperature, making it compatible
with flexible substrates [6]. Initially, most studies were
focussed on thin-film transistors (TFTs) [7, 8]. How-
ever, there is now a growing body of literature on IGZO
Schottky diodes [9–12]. These efforts have led to the re-
alisation of excellent electronic properties such as rectifi-
cation ratios > 107, barrier heights > 0.9 eV and ideality
factors close to unity. Notable achievements include fab-
ricating devices on flexible substrates [9], exhibiting giga-
hertz operating frequencies [12, 13] and the combination
of these two [14], thus demonstrating the potential of
IGZO Schottky diodes for applications in future mobile
technology. IGZO Schottky junctions have also found
use in other thin-film device architectures and applica-
tions including metal-semiconductor field-effect transis-
tors (MESFETs) [15], memory storage [16, 17] and en-
ergy harvesting [18].
Unlike TFTs, where scaling phenomena such as the

short-channel effect are well documented [19, 20], the ef-
fects of device scalability on IGZO Schottky diodes has
received limited attention. So far, studies of IGZO Schot-
tky diodes have been focused on the forward current, ex-
cept work regarding the reverse breakdown voltage [21].

∗ Please address correspondence to A.Song@manchester.ac.uk

Reducing the thickness of the IGZO should be beneficial
for the rectification ratio – because of an increase in the
forward current – as well as for potential device flexibil-
ity due to a reduction in tensile stress for a fixed radius
of curvature. However, some studies show unexplained
evidence of a deterioration of the reverse current with
reducing thickness [14, 21].

In this work, the significant effects of scaling IGZO
thickness upon the current-voltage (J-V ) characteristics
of thin-film Schottky diodes are presented. It was found
that the reverse current was drastically dependent on the
IGZO thickness. With the help of device simulations, the
cause of this dependence is elucidated and attributed to
the inhomogeneous nature of the Schottky barrier height
(ΦB). Finally, the effects of variations in the magnitude
and area of the barrier inhomogeneities on the reverse
current are discussed.

The inset of Fig. 1b shows the structure of the Pt-IGZO
Schottky diodes fabricated in this work. SiO2-Si wafers
were cleaned by sonic agitation in an ultrasonic bath us-
ing DECON 90, de-ionized water, acetone and isopropyl
alcohol, respectively. Using radio-frequency sputtering
with Ar as the working gas, a 100 nm thick Pt layer was
deposited as the Schottky contact. In order to more eas-
ily and clearly replicate the thickness dependence, the
decision was made not to carry out oxygen treatment
of the Schottky contact, a well-documented requirement
for optimising the barrier height of oxide semiconductor
Schottky diodes [22, 23]. This is because the in opti-
mised IGZO-Pt Schottky diodes the reverse current is
often near the resolution limit of the measurement equip-
ment. Following the Pt deposition, an IGZO layer was
sputtered using an IGZO target with a molar ratio of
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FIG. 1. (a) |J |-V characteristics of devices with IGZO thick-
nesses of 50, 150 and 250 nm. (b) C−2-V curve for the 250 nm
thick IGZO diode from which the carrier density ND was ex-
tracted. The inset is the structure of the fabricated IGZO-Pt
Schottky diodes.

1:1:2 (In2O3:Ga2O3:ZnO) under the same conditions as
used for Pt. Three different thicknesses of IGZO were
chosen: 50, 150 and 250 nm. Al was chosen as the ohmic
contact and was deposited via thermal evaporation and
patterned using shadow masks. The J-V properties were
measured using an Agilent E5260B semiconductor an-
alyzer. Capacitance-voltage (C-V ) measurements were
carried out at 100 kHz using Agilent E4980A LCR me-
ter, this high frequency was used as a precaution against
the influence of electron traps.
The resulting |J |-V characteristics, shown in Fig. 1a,

display a drastic thickness dependence despite the same
IGZO-Pt Schottky barrier being present in all devices.
The most notable change is the huge increase in reverse
current; nearly five orders of magnitude for a 200 nm re-
duction in IGZO thickness, amounting to a sharp degra-
dation in the quality of the diodes. Hence, the rectifica-
tion ratio fell from 9.0×104 in the 250 nm diodes to only
2.2 in 50 nm diodes. Similar dependencies on reverse
current can be seen (without explanation) in Fig. 1f of
[14] and Fig. 2a of [21], where the authors focused on
frequency response and reverse breakdown voltage, re-
spectively. Furthermore, there is a significant increase in
ideality factor, n, and a major reduction in ΦB as thick-
ness is reduced. For example, in the diodes with 250 nm
of IGZO, ΦB = 0.64 eV and n = 1.40, but for diodes with
150 nm of IGZO, ΦB = 0.51 eV and n = 1.48. The sharp
deterioration of the |J |-V characteristics meant that no
fitting was possible for the 50 nm devices. An explana-
tion for this thickness dependence is not possible using
thermionic emission theory:

J = A∗T 2 exp

(

−
ΦB

kT

)[

exp

(

qV

nkT

)

− 1

]

(1)

where A∗ = 4πqm∗k2

h3 is the Richardson constant

(≈ 41 A cm−2 K−2 in IGZO), m∗ is the effective mass of
an electron, k is the Boltzmann constant, q is the funda-
mental charge, h is the Planck constant, V is the applied
bias and T is the temperature. According to this equa-
tion, the current should only be dependent upon ΦB and
V (for a set material at room temperature). In addi-

tion, thermionic emission theory presupposes a flat re-
verse current, but between −0.2 V and −1 V the reverse
current increases by 636%, 265% and 169% for the 50,
150 and 250 nm thick cases, respectively. Even when
considering image force effects, such a thickness depen-
dence would not be expected [24]. The only anticipated
thickness dependence in the experimental data is that the
current in the series resistance limited regime (at higher
forward bias) increased with reducing thickness, explain-
able by the fact that thinner films offer less resistance.
In the interest of clarifying the possible origins of this

behaviour, two-dimensional device simulations were car-
ried out using Silvaco Atlas. The modelled diodes have
a width of 100 nm and semiconductor thicknesses of 50,
150 and 250 nm. The Schottky barrier height was set
in accordance with the results extracted from the |J |-
V curve of the 250 nm thick diode (0.64 eV) and the
doping was set in accordance with the experimental re-
sults extracted from the C−2-V curve in Fig. 1b, i.e.,
ND = 6 × 1013 cm−3. The default IGZO parameters
were used as outlined in [25]. The mesh density within
the IGZO layer was finer nearer the Schottky interface
and was fixed for all thicknesses.
Figure 2a shows the simulated |J |-V characteristics of

diodes with different thicknesses of IGZO. In this case,
there is a clear trend showing that for reducing thick-
ness there is an increase in reverse current, but only by
less than one order of magnitude, which is inconsistent
with the experimental results. The comparatively small
variation in reverse current can be accounted for by con-
sidering the diffusion equation [24]:

J ≈ qµNCEmax exp

(

−
ΦB

kT

)[

exp

(

qV

kT

)

− 1

]

. (2)

Here, µ is the carrier mobility, NC is the effective density
of states in the conduction band and Emax is the elec-
tric field at the Schottky interface. Although there is no
change in ΦB for different thicknesses of IGZO, as shown
in Fig. 2b, there is an increase of the gradient of the con-
duction band minimum (EC) with reducing thickness.
As a result, reducing the thickness leads to an increase
in Emax and a subsequent increase in reverse current, but
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FIG. 2. (a) |J |-V curves for simulated diodes with IGZO
thicknesses of 50, 150 and 250 nm. (b) Profiles of the conduc-
tion band minimum for simulated diodes with IGZO thick-
nesses of 50, 150 and 250 nm.
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FIG. 3. (a) Contour plot of |J | in a Schottky diode with
a LBR in the Schottky contact (cross hatched region) and
an IGZO thickness of 250 nm. The diode is under reverse
bias (V = −1 V) and the LBR has a barrier height of
ΦB = Φ0

B −∆ = 0.28 eV. (b) Profiles of EC beneath the LBR
at V = 0 V for Schottky diodes with 50, 150 and 250 nm
thick IGZO layers. (c) The same profiles as in (b) but for
V = −1 V. (d) Corresponding |J |-V curves for the Schottky
diodes in (b) and (c).

the magnitude of this increase is much smaller than that
observed in Fig. 1a.

Further simulations (not shown here) were carried out
to understand the effects of image force lowering, Pt-
IGZO interface roughness and tunnelling. Just as in
Fig. 2, the simulated results displayed trends similar to
the experimental results, but, importantly, the dependen-
cies lacked the strength of those seen in the experimental
results. Thus, we conclude that these phenomena are
not the dominant cause of the thickness variation seen in
Fig. 1a.

It has been recognised that inhomogeneities in Schot-
tky barrier height can lead to non-ideal J-V characteris-
tics [26, 27]. A multitude of experimental methods have
been used to show that the work function of different
crystal faces of the same metal can vary over hundreds
of meV [28–30]. These experimentally observed varia-
tions have been corroborated by theoretical studies and
ab initio calculations [31, 32]. As the Pt Schottky con-
tact deposited in our experiment is likely to be polycrys-
talline, different crystal faces will be exposed, leading
to variations in the Schottky barrier height. Moreover,
in the case of thin-film oxide semiconductors deposited
by sputtering there may be local variations in the elec-
tron affinity and the density of interface states, further
increasing the disorder at the interface. In order to ac-
count (at least qualitatively) for such variations in Schot-
tky barrier height, we have included a lower barrier region
(LBR) in the centre of the simulated Schottky contact.
The LBR is illustrated by the cross hatched region of
Schottky contact in Fig. 3a. In Fig. 3 the LBR has a

width of L0 = 10 nm and in this region the mean bar-
rier height (Φ0

B) is reduced by a value of ∆ = 0.36 eV.
These values for L0 and ∆ represent one of a few different
circumstances that reflect the large variations in current
seen in the experiment while remaining within realistic
variations of metal work function as outlined in the lit-
erature [28, 29]. The effects of varying these parameters
will be discussed later.

Figure 3a shows a contour plot of |J | for a simulated
250 nm thick IGZO device for V = −1 V. It is clear from
this image that the reverse current is dominated by the
contribution from the LBR. Vertical cutlines of the sim-
ulated structures were taken at x = 0.05 ➭m for IGZO
thicknesses of 50, 150 and 250 nm to elucidate the be-
haviour of EC beneath the LBR. While the EC profiles
in the higher barrier regions (HBRs), where ΦB = Φ0

B ,
display the same behaviour as seen in the homogeneous
diode in Fig. 2b, Fig. 3b shows that when V = 0 V, sad-
dle points are formed in the EC profiles below the LBR.
These saddle points in EC are formed due to the potential
below the HBRs influencing the potential below the LBR
[26, 33]. The maximum value of EC (ECM ) will act as an
effective barrier height for the LBR, making it the main
determinant of the current. When V = 0 V, ECM is 0.47,
0.53 and 0.55 eV for the 50, 150 and 250 nm diodes, re-
spectively. Even at zero bias, the built-in electric field in
the 50 nm diode is much higher than those in the thicker
diodes. As such, the thinner diodes will have lower sad-
dle points. A similar trend is displayed in Fig. 3c, where
V = −1 V. In this case, ECM is 0.32, 0.44 and 0.48 eV
for the 50, 150 and 250 nm diodes, respectively. Hence,
in the 250 nm diode, ECM is three-quarters of Φ0

B (the
barrier height in the HBR), but in the 50 nm diode ECM

is only half of Φ0
B . As the reverse current is propor-

tional to exp(−ECM

kT
), the strong thickness dependence

of ECM explains the orders of magnitude differences in
reverse current seen in the corresponding |J |-V curves in
Fig. 3d. Furthermore, changing the bias from V = 0 V
to V = −1 V leads to changes in ECM of 0.14, 0.09 and
0.07 eV for the 50, 150 and 250 nm cases, respectively.
Thus, ECM in thinner diodes is more easily reduced by
increasing reverse bias, which explains the steeper gra-
dients of the reverse current in thinner diodes seen in
Fig. 3d. Similar changes in ECM in forward bias can be
used to explain the thickness dependencies of extracted
values of ΦB and n, but they are far less dramatic.

The simulation results in Fig. 3 qualitatively repro-
duce the trends seen in the experiments in Fig. 1a and in
[14, 21], particularly the orders of magnitude differences
in reverse current. Exact fitting of the experimental re-
sults is hampered by the simplicity of the model. Firstly,
the use of two-dimensional simulations constrains the ac-
curacy of results as the LBR is only pinched off in one
dimension. Furthermore, real diodes are likely to con-
tain many inhomogeneities with a broad distribution of
areas and barrier heights dependent on various factors in-
cluding which Pt crystal faces are exposed and the amor-
phous nature of IGZO. Our simulations (not shown here)
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FIG. 4. Effects of variations in inhomogeneity magnitude and
size upon the reverse biased EC profiles and current densi-
ties of Schottky diodes with IGZO thicknesses of 50, 150 and
250 nm. (a) ECM against ∆ for L0 = 10 nm and V = −1 V.
(b) |J | against ∆ for L0 = 10 nm and V = −1 V. (c) ECM

against L0 for ∆ = 0.36 eV and V = −1 V. (d) |J | against
L0 for ∆ = 0.36 eV and V = −1 V.

indicate that when multiple inhomogeneities are present
the behaviours seen in Fig. 3 are preserved. In fact, if
the LBRs are are close enough together to influence each
other the value of ECM below the LBRs is further re-
duced.
To account for different experimental conditions, we

have considered the effects of varying ∆ and L0 upon
ECM and reverse current. The value of ∆ was varied
from 0 to 0.60 eV in 0.12 eV steps, while five different
values of L0 were used: 2, 5, 10, 20 and 50 nm. Figure 4
demonstrates that increasing the size and reducing the
barrier height of the LBR will give rise to lower values of
ECM and lead to significantly larger current densities in
reverse bias. Such trends have been discussed previously
in the case of Schottky diodes with conventional semi-
conductor layers much thicker than the depletion width
[26, 33], however, Fig. 4 further demonstrates such influ-
ence is far more pronounced in fully depleted thin-film
diodes.
Figure 4a shows that for fully depleted thin-film diodes,

increasing ∆ has a far more significant effect on the ECM

of thinner devices. At low values of ∆, there is a very
weak dependence of ECM on IGZO thickness, but as

∆ increases this thickness dependence grows stronger.
Hence, the thickness dependence of the reverse current
will be exacerbated at higher values of ∆, as shown in
Fig. 4b. Given the orders of magnitude differences in re-
verse current seen in Fig. 1a, it is clear that our results
are more closely described by large values of ∆, i.e., large
variations in barrier height.

Figures 4c and d show that in the limit where L0 is
very small, the thickness dependence of ECM also begins
to become small, hence the thickness dependence of the
reverse current is limited. As L0 gets larger the thick-
ness dependence strengthens, but at very large values of
L0 the transport will tend to a limit where the HBR and
LBR effectively conduct in parallel. This parallel conduc-
tion will lead the reverse current to behave as if it were a
low barrier diode with barrier height ΦB = Φ0

B −∆ and
an area equal to that of the LBR. In this limit there will
be a weak thickness dependence akin to the one shown in
Fig. 2. Thus, as our results display a very strong thick-
ness dependence of the reverse current, they are unlikely
to be in either of these limiting cases.

In summary, we have identified and explained a strong
thickness dependence of the current in thin-film Schot-
tky diodes for semiconductor thicknesses less than the
depletion width. Most notable is the dramatic increase
in reverse current for thinner semiconductor layers. Sim-
ulation results indicate that the main determinants of the
current are saddle points in EC formed due to inhomo-
geneities in Schottky barrier height. These saddle points
are strongly dependent on semiconductor thickness and
bias. Simulation results also demonstrated that thinner
diodes are more sensitive to variations in the magnitude
and size of inhomogeneities, leading to greater reverse
currents. These findings may have implications not only
for diode design and optimisation, but also for other de-
vice structures, such as Schottky barrier transistors and
MESFETs based on IGZO and other thin-film semicon-
ductors.
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