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Reverse Leakage Current Transport Mechanisms in
Ni/Au Al0.58Ga0.42N Schottky Type Photodetectors

Guofeng Yang , Member, IEEE, Yan Gu, Yushen Liu, Feng Xie, Yuhang Li, Xiumei Zhang,
Naiyan Lu, and Chun Zhu

Abstract—We successfully fabricated the Al0.58Ga0.42N-based
solar-blind ultraviolet (UV) Schottky type photodetectors (PDs).
The crystalline quality, morphology and dislocation informa-
tion of the Al0.58Ga0.42N epitaxial layer have been obtained
by detailed characterizations of high-resolution X-ray diffraction
(XRD), atomic force microscopy (AFM) and transmission electron
microscope (TEM). In addition, the responsivity of the PD with
cutoff wavelength of 260 nm is 0.15A/W at −5V and 0.12 A/W
at 5 V, respectively. Detailed carrier transport models are ex-
plored to analyze the I-V-T characteristics measured between 300
and 425 K, in order to provide more information for analyz-
ing the reverse leakage mechanisms in the Al0.58Ga0.42N solar-
blind PD. It is convincingly demonstrated that thermionic-field
emission and Poole–Frenkel emission can accurately describe the
low-bias I-V characteristics and the high-bias I-V characteristics,
respectively.

Index Terms—AlGaN, carrier transport, Schottky type,
ultraviolet photodetectors.

I. INTRODUCTION

A S WELL known, Ultraviolet (UV) photodetectors (PDs)
have been rapidly developed due to their potentially sig-

nificant applications for UV-emitter calibration, secure space-
to-space transmission, gas sensing, flame sensors, biological
and chemical sensors, and missile warning systems [1]–[7].
Furthermore, AlGaN-based materials and devices have received
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extensive attention because of their outstanding optoelectronic
properties in the UV wavelength and the tunable forbidden
bandwidth in the range of 3.4 eV∼6.2 eV through variable
Al-content [8]. The solar-blind UV PDs with Al mole fraction
more than 40% possesses the unique ability to be sensitive to
UV adiation with wavelengths shorter than 280 nm, which can
prevent the solar background radiation from deducing detection
sensitivity. In recent years, many studies have reported a variety
of (Al)GaN-based UV PDs with different structures [9]–[13],
such as photoconductive, metal-semiconductor-metal, Schottky
barrier, and p-i-n. In particular, the Schottky barrier detector is
of considerable interest for the advantages of simple manufac-
turing process, no p-type doping, high responsivity and high
frequency characteristics. Although there were many works on
(Al)GaN-based Schottky barrier UV PDs, the solar-blind type
was rarely studied owing to numerous difficulties in obtaining
high-quality AlGaN epi-layer [1]. In addition, the crystal quality
of AlGaN will deteriorate with the increase of Al content, result-
ing in structural defects such as dislocations which are the main
source of reverse leakage current [14], [15] in the AlGaN epi-
layer with high Al-content, and would affect the performance
of the devices. Therefore, it is necessary to investigative the
reverse-bias charge transport mechanisms for Schottky contacts.
Many groups [16]–[20] have performed studies on the dominant
transport model resulting in leakage current based on direct
experimental measurements and observations. Among them,
thermionic-field emission (TFE) is defined as the dominant
mechanisms describing carrier transport under conditions of
reverse bias and intermediate temperature [21], [22], which can
well explain the sharp exponential increase in leakage current
with reverse bias. On the other hand, some researchers suggested
Poole-Frenkel emission (PFE) is the most suitable mechanism
for leakage current at temperatures over 250K for Schottky
contacts [20], [23]. Thus, a comprehensive understanding of the
leakage current transport mechanisms has great importance on
providing guiding suggestions for electronic and optoelectronic
devices.

In this work, a Ni/Au-Al0.58Ga0.42N Schottky type solar-
blind UV PD was fabricated, and the Al0.58Ga0.42N epi-
layer was grown by metal organic chemical vapor deposition
(MOCVD) on sapphire substrate. The crystalline quality of high-
Al-composition Al0.58Ga0.42N epi-layer was characterized by
High-resolution X-ray diffraction (XRD), atomic force mi-
croscopy (AFM) and transmission electron microscope (TEM).
Moreover, the fabricated PD device exhibited outstanding
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Fig. 1. (a) Three-dimensional structural diagram of AlGaN-based Schottky-
type PD. (b) The top-view optical micrograph of the fabricated Schottky-type
solar-blind UV PD with a Schottky contact of 500 μm in diameter.

performances. The temperature-related current-voltage curves
were measured to systematically investigate the reverse leak-
age current carrier transport mechanisms of the Al0.58Ga0.42N
solar-blind PDs.

II. EXPERIMENTAL DETAILS

The AlGaN-based Schottky-type PD structural diagrams are
shown in the Fig. 1. The epitaxial layers shown in Fig. 1(a) con-
sisting of a 1-μm unintentionally doped (UID) Al0.58Ga0.42N
active layer on top of a 1-μm AlN buffer layer were grown on a c-
plane sapphire substrate by MOVCD system. Fig. 1(b) displays
the top-view photograph of electrodes consisting of the circular
Schottky dot with a diameter of 500 μm radially separated from
the ohmic metal by 14 μm. The Ohmic contact was fabricated
by depositing Ti (10 nm)/Al (70 nm)/Ni (10 nm)/Au (100 nm)
metal stack using e-beam evaporation and performing a rapid
thermal annealing process under N2 environment at 750 °C for
about 60 s. The semitransparent Schottky contacts were formed
based on Ni (40 nm)/Au (100 nm) metal stack on the surface of
Al0.58Ga0.42N active layer using e-beam evaporation and pat-
terned by standard photolithography and lift-off technologies.

The characterization and morphology of the Al0.58Ga0.42N
epi-layer were carried out by high-resolution X-ray diffraction
(XRD) and Atomic force microscopy (AFM). The transmission
electron microscope (TEM) measurements were employed to
analyze the crystal information and estimate dislocation den-
sities. The I-V curves at room- and high-temperature were
achieved by probe station with a Keithley 4200 semiconductor
parameter analyzer. Besides, a 500 W xenon lamp was used to
measure the spectral responsivity curves of solar-blind UV PDs.

III. RESULTS AND DISCUSSION

The characterization methods such as XRD, AFM and TEM
were used to describe the crystal structure and crystalline quality
of the MOCVD-grown AlGaN. The ω/θ scan rocking curves
in Fig. 2(a) display the values of full-width at half-maximum
(FWHM) for (0002) and (10-12) planes of AlGaN with high Al-
content are 330 arcsec and 644 arcsec, respectively, indicating
a high crystalline quality of the AlGaN active layer. Besides, it
is obvious from Fig. 2(b) that two diffraction peaks represent
the epi-layers of AlGaN and AlN, respectively. As shown in
Fig. 2(c), the AFM image over a typical area of 5 × 5 μm2

exhibits the surface morphology of AlGaN with a root-mean-
square (RMS) surface roughness value of 1.125 nm. Fig. 2(d)

Fig. 2. XRD spectrums of the epi-layer: (a) ω/θ rocking curves of the (0002)
and (10-12) planes for AlGaN active layer and (b)ω/2θ scan of the (0002) plane.
(c) AFM image of Al0.58Ga0.42N epi-layer with 5μm × 5μm. TEM patterns:
(d) HRTEM image of Al0.58Ga0.42N epi-layer (the red square in the inset shows
magnification of the yellow frame area), (e) SAED image of Al0.58Ga0.42N, (f)
and (g) dark-field cross-sectional TEM micrographs for the AlN/ Al0.58Ga0.42N
epitaxial structure.

Fig. 3. The current-voltage (I-V) curves without light illumination and with
280-nm light illumination under room-temperature. The inset shows the linear
I-V characteristic in dark.

and (e) show the TEM patterns which are used to characterize
the crystal structure of AlGaN in detail. The [0001] and [10-10]
crystal orientations are marked in the high-resolution TEM
(HRTEM) image of AlGaN epi-layer shown in Fig. 2(d). In
addition, from the insert of Fig. 2(d), the Al content of 0.58 has
been obtained by calibrating the c-direction lattice constant of
0.507nm, which agrees with the spacing of the (001) plane of
the Al0.58Ga0.42N (d (0001) ≈ 5.067Å). The single crystalline
wurtzite nature of the Al0.58Ga0.42N has been confirmed ac-
cording to the spotted selected area electron diffraction (SEAD)
pattern displayed in Fig. 2(e), and [11]–[20] and [0001] crystal
planes can be calibrated. The dark-field cross-sectional TEM
micrographs of AlGaN/AlN displayed in Fig. 2(f) and (g) are
employed to analyze the defects of epitaxially grown AlGaN.
It is clear that the distribution of the dislocation lines exists
in the AlGaN epi-layer. The dislocation density estimated by
counting the number of dislocation lines in the cross-sectional
TEM images corresponds to the density of screw and edge
dislocations [23], [24]. Fig. 2(f) shows the morphology of
screw dislocation whose density is estimated to be about
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Fig. 4. Spectral response of the Schottky type PD under (a) reverse and (b) forward bias voltages at room temperature.

3.48× 108 cm−2 under the diffraction vectors g= [0002]. On the
other hand, Fig. 2(f) shows the morphology of edge dislocation,
the density of which is estimated to be about 1.15 × 109 cm−2

under the diffraction vectors g = [11]–[20].
Fig. 3 shows the current-voltage (I-V) characteristic of

the Al0.58Ga0.42N-based solar-blind Schottky-type PD without
light illumination and with 280-nm light illumination at room-
temperature. The fabricated PD exhibits a dark current of only
0.78 nA even at the reverse bias of −50 V, which is attributed
to the low screw dislocation density of the Al0.58Ga0.42N active
layer. Simultaneously, the dark current is 4.1 nA at a forward
voltage of 50 V. In addition, the photocurrent of 14 nA under
forward voltage (50 V) and 1.33 nA under reverse bias voltage
(−50 V) are obtained under 280nm-light illumination. It is
obvious from the inset of Fig. 3 that the dark current of the
device at the forward voltage is much larger than that under
the reverse voltage, demonstrating that the device exhibits rec-
tification characteristics and compound Schottky barrier diode
characteristics.

Fig. 4(a) and (b) show the bias-dependent spectral response
curves at reverse and forward bias voltage calibrated by standard
Si-based PD. The photoresponsivity peak is 0.15A/W at voltage
of -5V with the quantum efficiency reaching 72%. While for the
forward bias voltage, photoresponsivity peak of 0.12A/W can
be obtained with the quantum efficiency of 58.5% at 5V. It is
evident that the peak of the response curves under reverse and
forward bias voltage approximately appear at 255 nm excepting
bias of 0V, −1V, −2V (250nm) due to the electric field and
he experimental environment. Besides, it begins to cut off at
260 nm, which is in good agreement with the bandgap wave-
length of Al0.58Ga0.42N of 259nm estimated based on the band
gap energy given by

Eg(AlxGa1−xN) = 3.4(1− x) + 6.2x− x(1− x) (1)

Fig. 5 shows the dark current depends on both voltage and
temperature ranging from 300 to 425K. It can be seen that the
dark current increases as temperature increases. Since the results
show a strong dependence on bias at all temperatures, it can
be excluded out that carrier emission over the Schottky barrier
formed at the metal-semiconductor interface contributes to the
transport mechanism. In addition, I-V-T curves demonstrate that
the reverse dark current has a sharp exponential dependence
on voltage in the low-bias regime, and then reveals a weak
dependence on high field. As a result, it is essential to discuss

Fig. 5. High-temperature dependent I-V characteristics of Al0.58Ga0.42N-
based Schottky type PD at different temperatures.

possible electrons transport models based on the measured I-V-T
characteristics in the following paragraphs.

The TFE model for tunneling transport mechanism can be
employed to analyze a sharp exponential dependence of the leak-
age current on reverse voltage under low field. The relationship
between current and reverse bias based on TFE model can be
described by [21]

ITFE = Ise

(
− qVR

ε′
)

(2)

where IS is the saturation current, VR is the reverse voltage, and
ε′ is energy parameter associated with temperature, which can
be given by

ε′ =
E00[

E00

kT − tanh(E00

kT )
] (3)

E00 =
�

2

√
ND

m ∗ ε0εs (4)

in which E00 is an energy parameter, k is Boltzmann’s con-
stant, T is the temperature, h̄ is reduced Planck’s constant,
m∗ is effective electron mass, ND is donor density, and εsε0
is dielectric constant of the semiconductor. Fig. 6(a) exhibits
the comparison results between linear fitting curves using (1)
and experimental data of ln(I)-V in a temperature range from
300 to 425K, indicating the validity of this potential mecha-
nism for the Al0.58Ga0.42N-based Schottky type PD. Moreover,
Fig. 6(b) displays variations of energy parameter ε’ and E00

as a function of temperature by extracting the slopes of the
fitting lines and calculating (3). The specific values of ε’, E00
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Fig. 6. (a) The fitting results for ln(I)-V characteristics using TFE as transport model. (b) The values of ε′ and E00 extracted from the slope of the fitting curves.

TABLE I
FITTING PARAMETERS BASED ON TFE

and thermal energy kT can be obtained from Table I at each
temperature. As suggested in the literatures [22], [26], the ratio
of E00 to kT can examine which of TE, FE and TFE is the
main transport mechanism. That is, field emission will dominate
when kT/E00 �1, conversely, thermionic emission will occur
when kT/E00 �1. If kT/E00 ≈1, thermionic-field emission
dominates charge transport. Thus, according to the values of
kT/E00 shown in Table I, which reveals E00 is close to kT at each
temperature, it is confirmed that TFE transport model dominates
tunneling of carrier from metal Fermi level into Al0.58Ga0.42N
conduction band at low reverse-bias.

Given a relatively weak dependence of reverse leakage current
on the high applied bias, linear variety of ln(IPF/E) with respect
to sqrt(�E) can be observed according to PFE as the possible
transport mechanism. The leakage current transport due to PFE
can be described as [27]

IPF = AE exp

[
−q(φt −

√
qE/πεsε0)

kT

]
(5)

and ln(IPF/E) vs sqrt(�E) can be written by

ln(IPF /E) = ln(A)− q

kT
φt +

q

kT

√
qE

πεsε0

≡ a(T ) + b(T )
√
E (6)

a(T ) = − q

kT
φt + ln(A) (7)

Fig. 7. (a) The linear fitting results for ln(IPF/E)-sqrt(�E) characteristics
using PFE transport model. (b) Intercepts a(T) vary with respect to q/kT. (c)
Slopes b(T) vary with respect to q/kT. (d) Energy band diagram with Et located
0.46eV below dislocation-related trap state Edis.

b(T ) =
q

kT

√
q

πεsε0
(8)

Here, kT is thermal energy, ε0 is the permittivity of free space, εs
is the relative dielectric permittivity at high frequency, andФt is
the barrier for electron emission from the trap state. It is evident
from Fig. 7(a) that the calculated ln(IPF/E) vary linearly with
sqrt(�E), indicating that the current can be well described by
(5) and (6), thus confirming the potential of PFE as a transport
mechanism. Moreover, the values of physical parameters Фt

and εs can be obtained by extracting the slope from (7) and (8).
From the linear fitting results shown in Fig. 7(a) and (b), Фt

is estimated about 0.46 eV by the slope of a(T) vs q/kT, and
εAl0.58Ga0.4N
s is estimated about 5.14 by the slope of b(T) vs

q/kT. Furthermore, the value of 5.14 obtained for εAl0.58Ga0.4N
s

is reasonable based on the values of 5.35 for εGaN
s and 4.77

for εAlN
s reported in the literatures [28], [29], verifying the

dominance of PFE as a carrier transport mechanism. Fig. 7(d)
shows the energy band diagram where the trap level should near
the metal Fermi level, indicating that the dominant factor for the
leakage current is likely that carriers undergo PFE from a trap
state into conductive dislocation-related continuum of states.
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However, the assumption that the trap level is positioned 0.46 eV
below the Al0.58Ga0.42N conduction band can be ruled out, since
in which the direct thermionic emission rather than PFE via a trap
state will govern charge transport base on the Ni/ Al0.58Ga0.42N
Schottky barrier height of 1.59 eV [30]. Therefore, it can be
concluded that the Frenkel-Poole emission model can accurately
describe the current transmission process varying with temper-
ature and electric field by reasonable physical parameters.

IV. CONCLUSION

In summary, the solar-blind Al0.58Ga0.42N-based Schottky
UV PDs have been successfully fabricated. The Al0.58Ga0.42N
active epi-layer exhibits an ideal morphology with RMS of
1.125 nm, and its FWHMs are 330 arcsec and 644 arcsec
for (002) and (102) planes, respectively. The single crystal
wurtzite nature and estimated dislocation density are obtained by
HRTEM. Moreover, the highest peak responsivity of fabricated
solar-blind PD reaches 0.15A/W at -5 V and 0.12A/W at 5V.
Additionally, two describing reverse leakage current models
(TFE and PFE) are purposed to explain the experimental I-V-T
characteristics. For low bias voltage, the leakage process is that
electrons tunnel from metal into the Al0.58Ga0.42N conduction
band through thermal field emission according to kT/E00≈1. For
high bias voltage, the agreement between the fitting I-V curves
and the experimental results suggests that carrier transport from
a trap state into dislocation-related continuum of states by PFE.
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