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ABSTRACT

In this paper, we report an analysis of reverse current mechanisms observed in GaN Schottky barrier diodes leading to hysteretic behavior of the
I–V curves at low temperature. By means of DC measurements from 33 to 475 K, we demonstrate the presence of two leakage mechanisms
when comparing the experiments with the results obtained using a unified model to predict the ideal reverse current of the diode. Poole–Frenkel
emission is the dominant mechanism for temperatures above 200 K, while trap-assisted tunneling prevails for lower temperatures, where also,
hysteresis cycles are revealed by means of DC dual-sweep voltage measurements. The energy of the corresponding traps has also been deter-
mined, being around 0.2 and 0.45 eV, respectively. The hysteresis phenomenon is attributed to the bias-induced occupancy of the energy states
originating the leakage-current processes, which leads to the reduction of the reverse current after a high negative voltage is applied to the diode.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0177853

I. INTRODUCTION

Terahertz technology has advanced significantly during the
last few decades; however, there are still challenges, such as the
development of solid-state THz devices capable of generating
signals with an appropriate power level in this frequency range.1

Schottky barrier diodes (SBDs) play an important role in solid-state
THz sources based on frequency multiplication, with GaAs being
the dominant technology. GaAs SBDs are used in multiple applica-
tions due to its good performance as detectors, mixers, and fre-
quency multipliers. However, they are not able to handle high
power due to its relatively low breakdown voltage and thermal con-
ductivity. In this perspective, GaN is a promising material2 since its
wide bandgap allows it to manage much higher input power and
can help to reduce the size and complexity (avoiding power-
combining) of frequency multipliers.3–6 GaN SBDs may expand the
practical application of THz technology to fields, such as security
scanning, medical diagnosis, and ultrahigh-bandwidth wireless
communications.7 For these applications, the high breakdown

voltage of GaN SBDs is a key parameter for increasing its power
performance.8 However, its real breakdown voltage is effectively
reduced from its ideal limit due to multiple mechanisms, typically
related to traps and defects located in the epilayer or at the inter-
face,9 such as Poole–Frenkel emission (PFE), tunneling assisted by
traps (TAT), or variable range hopping, which generate an excess
of current with respect to the one expected from the ideal mecha-
nisms, thermionic emission, and direct tunneling current.10–13 In
this work, we analyze in temperature nonideal reverse-leakage
current mechanisms related to traps present in GaN SBDs fabri-
cated on metalorganic chemical vapor deposition (MOCVD)
grown layers on a sapphire substrate. A complete experimental
characterization reaching temperatures down to 33 K, lower than
those typically used in the literature, has allowed us to identify hys-
teretic behavior of the reverse current in dual-sweep measurements
not previously described, which becomes notorious below 125 K.
This effect is the main novelty of our work, which we explain in
terms of some of the above leakage mechanisms.
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This paper is organized as follows. The structure of the mea-
sured diodes and the experimental setups are described in Sec. II.
The results and their discussion are reported in Sec. III. Finally, the
main conclusions are drawn in Sec. IV.

II. DEVICES AND EXPERIMENTAL SETUP

The diodes under analysis were fabricated on an epitaxial
structure consisting of a 600 nm thick epilayer (with a doping of
5 × 1016 cm−3) and a 750 nm thick substrate of highly Si-doped
GaN (1019 cm−3) on a sapphire substrate. The Pt/Au Schottky
contact is placed on the top of the epilayer, while the ohmic
contact formed by Ti/Al/Ni/Au is on the highly doped GaN layer.
The fabrication process is similar to that described in Ref. 14.
Circular diodes with different sizes all along the wafer have been
analyzed, finding similar effects. Despite devices are not passivated,
in previous analysis (measuring circular diodes with diameters
from 70 μm up to 1400 μm), reverse-leakage current was found to
be essentially proportional to the diode area indicating that edge
effects are negligible.15 Here, we present results for a diode with a
nominal diameter of 221 μm; see Fig. 1.

Current–voltage (I–V) and capacitance–voltage (C–V) mea-
surements have been performed at different temperatures, from 33
to 475 K, by means of a LakeShore CRX-VF cryogenic probe
station. The experimental setup for the characterization of the
diodes is different depending on the type of measurements. On one
hand, the probe station is connected to an impedance analyzer

(Agilent E4980A) for the C–V measurements. On the other hand,
the I–V curves were obtained using a semiconductor analyzer
(Keithley 4200-SCS) and four continuously variable temperature
probes (which allow temperature sweeps without the need to lift
the needles, thus minimizing the damage of the pads). The semi-
conductor analyzer has three source measurement units (SMUs),
which are used to perform the I–V measurements using the classic
four-probe technique (two of them used as a current source and
the other two to measure the real voltage difference between
contacts).

III. RESULTS AND DISCUSSION

Firstly, C–V measurements were carried out from 100 kHz to
1MHz for several temperatures (100, 200, 300, 400, and 475 K)
and no frequency dependence was observed, indicating that bulk
traps are not at the origin of the leakage-current mechanism.
Figure 2 shows, as a function of temperature, the parameters
extracted from the C–V–T analysis, performed at 1MHz with
Vosc = 30mV. The C−2 vs V characteristics, which exhibit the
typical behavior of a SBD (linear with the applied voltage), is repre-
sented in the inset, allowing one to extract the epilayer doping, ND

(red); the built-in voltage, VB (blue); and the barrier height, fB

(pink), using the following equations:

C�2(V) ¼ 2(VB � V)
S2qNDεSC

, (1)

FIG. 1. Scheme of the experimental setup for measuring the I–V characteristics. A cryogenic probe station is used to carry out measurements in temperature. The probe
station is connected to a semiconductor analyzer (Keithley 4200-SCS). Four probes are used to perform these measurements (two are used as a current source and the
other two to measure the real voltage between terminals). A sketch of the SBD under analysis is also shown, where the position of the ohmic and Schottky contacts and
the doping level and the thickness of the different layers are indicated.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 135, 014501 (2024); doi: 10.1063/5.0177853 135, 014501-2

© Author(s) 2024

 25 N
ovem

ber 2024 08:29:03

https://pubs.aip.org/aip/jap


fB ¼ VB � kBT
q

ln
ND

NC

� �
, (2)

where S is the Schottky contact surface, q is the electron charge,
ϵSC is the permittivity of the semiconductor, kB is the Boltzmann
constant, and NC is the effective density of states in the conduction
band.

Both fB and ND remain practically constant with temperature,
with values around 0.7–0.8 eV and 4.0–4.5 × 1016 cm−3, respec-
tively. On the other hand, qVB monotonously increases when
decreasing T, from below 0.6 eV to around 0.75 eV, almost coincid-
ing with fB for low T.

The I–V characteristic of the GaN SBD has been measured in
dark conditions as a function of T. Figure 3 shows the dual-sweep
J–V–T curves of the device (starting at 0 V) in (a) reverse and
(b) forward bias, jointly with the results of the model developed in
Ref. 14.

In forward bias, the model only includes the thermionic con-
tribution, while in reverse bias, both thermionic (Jth) and direct
tunneling currents (Jtunnel) are considered. The derivation of
the expressions used to calculate these currents can be found in
Ref. 14. A constant value for the doping of 4.5 × 1016 cm−3 has
been used for all temperatures, as well as a series resistance of 1Ω.
The values of fB and η, shown in the inset of Fig. 3(b), have been
extracted at each temperature by fitting the measurements in
forward bias, fB then being used to predict the ideal contribution
in reverse bias. Comparing the values of fB extracted from C–V
and I–V curves, they are similar for the highest temperatures.
However, for low T, fB obtained from the ideal current model
shows a significant decrease (not observed in the value extracted
from the capacitance) and η increases concurrently. This behavior,
already found in the literature,16,17 is attributed to the presence of
inhomogeneities of the barrier height.

Let us analyze now the reverse bias results. Figure 3(a) shows
how the ideal model almost perfectly reproduces the behavior of
the measurements, Jexp, for the highest temperatures. For tempera-
tures from 400 to 225 K, the experimental curves start to deviate
from the model in reverse bias, which evidences the progressive
increase of the contribution of nonideal leakage mechanisms. For
temperatures below 200 K, the results of the model are not repre-
sented in reverse bias since the values obtained are negligible with
respect to the experimental ones. Interestingly, a hysteresis phe-
nomenon not previously explored in detail for this kind of devices
is found for the lower temperatures, whose origin will be explained
later.

From these DC measurements, by comparison with the
model, it is possible to extract the excess of current density due to
the non-ideal mechanisms as Jexc = Jexp− Jth− Jtunnel. This value is
represented as a function of the inverse of temperature in Fig. 4(a).
For the highest temperatures up to 400 K, Jexc is negligible as com-
pared to the high values of Jth and Jtunnel and the reverse I–V curve
of the SBD is nearly ideal. Thus, we calculate Jexc only for tempera-
tures below 400 K. Two behaviors are observed: for high T, a
temperature-dependent mechanism is present, while a
temperature-independent one arises at low T. DC dual voltage
sweep measurements for the reverse I–V curves were carried out by
ramping up and down the negative voltage (see Fig. 4), overall
taking about 200–300 s depending on the precision needed. In
order to reset the trap occupancy, the devices are illuminated at the
beginning of every dual-sweep measurement (the light source is the
halogen bulb of the microscope, of 3250 K color temperature and
150W power). Since a hysteresis cycle takes place, the current in
excess has been represented for both directions of the sweep (go
and return). While at high T, Jexc does not change between the go
and the return, for low T, Jexc in the return sweep decreases with
respect to the go sweep. Moreover, all the I–V curves tend to reach
the same current at −30 V [see Fig. 3(a)].

Regarding the mechanism dominant at high temperatures,
linear behavior with 1/T is observed in the return sweep of ln (Jexc),
indicating that it can be described as a PFE process, providing an
excess current given by12

JPFE / Eexp
�q ft �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qE/πεsc

pð Þ
kBT

� �
, (3)

where E is the maximum electric field (that appears at the metal–
semiconductor interface)18 and ft is the energy level of the trap at
the origin of the PFE process. The permittivity of the GaN used
in this work is 8.9ϵ0,

19 being ϵ0 the vacuum permittivity. PFE
consists of the thermal promotion of an electron from a trap into
the conduction band, process which is fed by tunneling from the
metal in reverse bias conditions. Following Eq. (3), the fitting of
ln(Jexc) vs 1/T, as shown in Fig. 4(b), allows one to obtain the
energy level of the trap producing the PFE mechanism, which is
around 0.2 eV.

On the other hand, for low T, Jexc is nearly constant with tem-
perature, as observed in Fig. 4(a). Such behavior is typically due to

FIG. 2. Characteristic parameters of the SBD extracted from the C–V curves as
a function of temperature. The left inset shows the linear behavior of the C−2–V
curve, revealing a slight variation with temperature. The conduction band
diagram identifying the parameters VB and fB is shown in the right inset.
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TAT, whose associated leakage current is given by12

JTAT / exp
�4

ffiffiffiffiffiffiffiffiffiffi
2qm*

p
f3/2
t

3�hE

 !
, (4)

where ℏ is the Planck constant and m∗ is the effective mass of the
electrons (in our case 0.22m0).

20 The representation of ln(Jexp) at
low T (100 K) in the go and return sweeps as a function of the
inverse of the maximum electric field is provided in Fig. 4(c). At
other (low) values of temperature, similar behavior is found. The
observed linear dependence in different ranges of 1/E indicates the
presence of TAT mechanisms. TAT allows the tunnel injection of
electrons from the metal to the semiconductor through the trap
states as long as these are not occupied.

In Fig. 4(c), two slopes, corresponding to different traps, can
be distinguished. The energy level extracted for these trap states is
around 0.2 eV for trap 1 and around 0.45 eV for trap 2.
Interestingly, the energy of trap 1 is very similar to that at the
origin of PFE at higher temperatures, which means that as electrons
do not have the enough thermal energy to be injected by PFE, they
use the same trap to tunnel into the semiconductor. Since the lack
of frequency dispersion in C–V measurements allows one to
discard bulk traps as the cause of the observed hysteresis, we attri-
bute it to interfacial defects. Note that this kind of surface states
with similar energy levels has been found in other works analyzing
leakage current in GaN SBDs.9

The go curve in Fig. 4(c) exhibits a higher current level with
respect to the return one. For low values of reverse bias (low elec-
tric field, linear dependence on 1/E), the current due to electrons
tunneling through trap 1 is dominant because the trap states are
located closer to the conduction band. When the reverse applied
voltage is increased, the influence of trap 2 starts being significant

due to the narrowing of the barrier so that the probability of elec-
trons tunneling through trap 2 increases, as well as the slope of the
curve. A transition between TAT processes dominated by each of
the traps takes place around a value of 1/E of 2.7 cm/MV. If the
applied voltage is further increased, some of the trap states become
occupied and the current increase is softer. When decreasing the
reverse applied voltage, a lower current level is measured in the
return curve. For the highest voltages (highest electric fields), linear
behavior of ln (Jexc) with respect to 1/E is found again, which fits
the TAT dependence described by Eq. (4) with the energy of trap 2.

The explanation to this behavior is as follows. As the applied
voltage is raised in the go sweep, the occupancy of both traps
increases, first that of the lower-energy trap 1 and then that of trap
2 for the highest voltages. When the bias is decreased in the return
sweep, due to the fact that some of the trap states remain occupied,
mainly those of trap 1, TAT processes are less frequent and obvi-
ously, the current is lower than in the go sweep. Even if both traps
have a higher occupancy, the effect of trap 1 on the current is more
significant due to its closer proximity to the conduction band as
compared with trap 2. Thus, while the lower concentration of free
traps has an important effect on the current for the case of trap 1,
by drastically reducing the associated TAT processes, in the case of
trap 2, it is not so crucial, and it is this trap that dominates the
TAT current in the return sweep.21 Also, the capture cross section
of the traps could be important.

If few seconds after a first dual voltage sweep measurement a
second one is performed without illumination in between, both the
go and return curves essentially coincide with the return curve of
the initial sweep, indicating that the traps remain occupied. The
initial hysteresis cycle is recovered only if trapped electrons are
released, either by illuminating the sample (during some seconds)
or waiting for their thermal emission (taking several days).
Additionally, pulsed measurements applying different base voltages

FIG. 3. J–V curves measured (solid lines) and modeled (dashed lines) for (a) reverse and (b) forward bias. The inset includes fB and extracted from the fitting of the
ideal model and the experimental curves in forward bias (in black), as well as fB extracted from the C–V curves (in pink).
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(of 0, −20, and −30 V) prior to each measured point were per-
formed, evidencing higher initial occupancy of the trap states
linked to higher base voltages. All these facts confirm that the hys-
teresis observed in the reverse I–V curves is due to electron trap-
ping impeding the current flow through TAT processes. This effect
has been found in all the diodes of the wafer, with just a little vari-
ability in the voltage range and the current levels for which the hys-
teresis takes place, but with the same qualitative behavior. The trap
energies obtained are in a narrow range of 0.18–0.22 eV and 0.46–
0.50 eV, respectively.

IV. CONCLUSIONS

In summary, the reverse current of GaN on sapphire SBD has
been analyzed from 33 to 475 K. While it shows nearly ideal behav-
ior for the highest temperatures, below 400 K, an extra leakage-
current contribution with respect to the ideal one is obtained. The
analysis of this current in excess has clearly evidenced the presence
of two mechanisms related to traps. For temperatures above 200 K,
PFE through a trap with an energy level around 0.2 eV is dominant,
while for lower temperatures, TAT is the prevailing mechanism.
Remarkably, two different traps contribute to the TAT current,
causing a hysteresis phenomenon in the reverse I–V curves. The
energies of these traps are around 0.2 eV (trap 1, the same one that
provokes PFE) and 0.5 eV (trap 2). The hysteresis is caused by the
increase in the occupancy of both trap states as the reverse bias is
raised and the stronger influence of the occupancy of trap 1 on the
current level.
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