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Abstract—The hysteresis cycles observed in the
reverse leakage current measured at low temperatures
in GaN-on-Sapphire Schottky Barrier Diodes (SBDs)
have been deeply studied and interpreted in terms of
trap-assisted tunneling compatible with the existence of
a trap energy band near the metal-semiconductor
interface. The analysis of the energies for which the
maximum tunneling current occurs, both direct and
through this trap band, allows us to explain the
behaviors found at different temperatures. Starting from
empty trap states by previous illumination, transient
current measurements performed under different
preconditioning voltages evidence a progressive partial
filling/release of the trap energy levels, confirmed as
well by pulsed measurements. Captured/released
electrons modify the number of trap states available for
tunneling and thus the current level. As a consequence,
tunneling processes in the go and return paths take
place through levels with different occupation within the
trap energy band, originating the hysteresis cycle.

Index Terms—Cryogenic temperatures, GaN
technologies, hysteresis cycles, Schottky Barrier Diodes,
traps.

. INTRODUCTION

WIDE bandgap semiconductors are increasingly being

used in high-power applications to overcome limitations
such as the relatively low breakdown voltage and thermal
conductivity existing in the dominant current technologies
as GaAs [1]. In particular, GaN devices are suitable for the
next generation of high-frequency, high-power circuits [2-
5], since the use of this wide-bandgap semiconductor may
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reduce the size and complexity of frequency multipliers and
mixers. Specifically, GaN Schottky barrier diodes (SBDs)
are excellent candidates for the fabrication of sources and
detectors operating in the sub-mm wave range. They could
further optimize applications in medical imaging,
spaceborne earth observation, planetary science missions,
etc., as well as those requiring high-speed communications
[6]. Some of these circuits need to operate not only at room
temperature or above, but also in cryogenic environments
[7]; thus, these technologies must be carefully analyzed at
such low temperatures. However, there are drawbacks to be
overcome for their practical use, as the high level of leakage
current exhibited by GaN SBDs. In particular, the existence
of traps at the metal-semiconductor interface involves the
appearance of extra conductance components in addition to
those of the ideal device [8-11].

In a recent work, we measured DC -V curves of GaN-on-
Sapphire SBDs which revealed the presence of hysteresis
cycles at low temperatures under reverse bias, which were
preliminarily interpreted in terms of the presence of two
different trap levels originating trap assisted tunnelling
(TAT) [12]. Hysteretic behaviours, as well attributed to trap
effects, have also been detected in other devices, like at the
gate contact of GaN heterostructure-based p-FETs [13-15].
However, an exhaustive analysis of the low-temperature
trap-related mechanisms at the origin of the observed
hysteresis in GaN SBDs phenomena is still lacking. In this
work, detailed DC and pulsed /-V curves, as well current
transients, were measured in a wide temperature range
(from 33 to 475 K), in the dark and under illumination
conditions, on large-size = GaN-on-Sapphire SBDs.
Hysteresis cycles were observed under operating conditions
similar to those in Ref. 12, but exhibiting a smoother
transition between TAT regimes dominated by different
trap energies. Our comprehensive analysis allows us to
interpret the hysteresis as originated by traps spread over an
energy band rather than at two single levels. Trap energy
bands (TEBs) have also been considered to explain the
behavior of the leakage current in other GaN devices [16-
18]. In our devices, the progressive occupation of traps at
different energies within the TEB explains the evolution of
the current level in the “go” and “return” paths of the
hysteresis cycles.

In addition, other effects as the lowering of the effective
Schottky barrier height for decreasing temperatures,
typically attributed to barrier inhomogeneities and/or
leakage currents [19],[20], as in the case of GaAs
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Fig. 1. Sketch of the GaN Schottky barrier diode geometry.

technologies [21],[22], could also be explained in terms of
the trapping mechanisms.

This paper is organized as follows. In Section II, we
describe the devices and the set-up used to carry out the
measurements. We also include an overview of a physical
model that allows us to calculate ideal SBD currents. In
Section III, the measurements and results of simulations are
discussed to explain the temperature and voltage
dependence of the hysteresis effect in terms of the
mentioned TEB. Finally, the main conclusions of our work
are presented in Section I'V.

1. DEVICES, EXPERIMENTAL SETUP AND PHYSICAL
MODEL

The GaN SBDs under study have been fabricated at [IEMN
with the epitaxial layer sketched in Fig. 1. They were grown
by metal organic chemical vapor deposition (MOCVD) on
Sapphire substrate. The epilayer included a 750 nm thick
n™ (10" cm?) GaN layer to achieve low series resistance
and a 600 nm n° (nominally 5x10'® cm?) GaN as active
layer. Ti/Al/Ni/Au ohmic contacts were fabricated with a
typical lift-off technique and annealed at 850°C for 30”. A
SiO, hard mask was used to define the Schottky mesa.
Then, a bi-layer e-beam lithography process was used, and
the Pt/Au Schottky electrode was deposited by e-beam
evaporation. This study focuses on a 350 pm-diameter
diode, where edge effects can be considered as negligible
thanks to its large size [23]. Other diodes of different (large)
sizes exhibit similar behavior and the conclusions of this
work can be extended to them.

Temperature measurements in a range from 33 to 475K
were carried out by means of a LakeShore CRX-VF
cryogenic probe station. The DC pulsed and transient /-V
measurements were done by means of a Keithley 4200-SCS
semiconductor analyser connected to the device through
variable temperature probes. Additional room temperature
C-V measurements were performed to determine the
effective doping concentration Np of the epilayer by means
of an Agilent E4980A precision LCR meter. A doping level
Np=3.8x10% cm was extracted from these measurements.
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Fig. 2. |-V reverse-bias curves measured in dual sweep mode
(solid lines), represented: (a) in linear scale for the highest
temperatures (400 K to 475 K) and (b) in logarithmic scale from
33 K to 475 K, compared with the theoretical model (dashed
lines, including Iz + I¢). Inset: hysteresis loops in the |-V
curves for 50 and 150 K.

From the forward I-V curves, a Schottky barrier height
¢ of around 0.68 eV and a series resistance R, of around
0.49 Q were obtained for the highest temperatures.

To analyse the results of the measurements, we make use of
a physical model which allows us to calculate the ideal
reverse leakage current components in the SBD and identify
the energy levels at which the maximum tunnel injection
occurs [24]. In reverse bias, we consider the thermionic
emission Jre and the direct tunnelling currents Jrc due to
electrons traveling from the metal to the semiconductor,
being the ideal reverse current density Jrey=Jre+J1c.

The model addresses both thermionic and tunneling current
components, and both forward and reverse polarities, in a
unified way and with the same set of parameters. As
detailed in [24], the general expression of the current
density in a de energy interval around a given energy ¢ is
given by J(e)de = —e - Ny, s(g) - Te(e)de, where Ny, ((€)
is the rate of incident electrons from the metal to the
semiconductor and T.(€) is the transmission coefficient,
both at energy €. Jrc and Jre are calculated by integrating
J(e) over the appropriate electron energy interval
susceptible to contribute to the respective current. The
transmission coefficient involved in Jrc is estimated by
means of the Wentzel-Kramers—Brillouin approximation as
T.(g) = exp [—%fxx: 2m* (g, (x) — s)dx], where x; and
x, are the classical turning points, 7 is the reduced Planck’s
constant and &.(x) the barrier energy profile, which
includes the effect of image force lowering. In the case of
Jre the transmission coefficient is exactly 1. Real effects,
like the influence of the series resistance R, and the ideality
factor n, are incorporated to the resulting expression in
forward bias. The model is based on six parameters: Np,
obtained from the C-V measurements; the effective mass of
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Fig. 3. DC dual sweep reverse bias measurements at 50 K in dark
conditions (1%, 2", and 3 measurements) and under illumination
(4™M). It has to be noted that 1% and 3" measurements are done
after the device has been illuminated. Inset: hysteresis cycles for
different maximum values of the reverse bias cycle (Vimi) of -30,
-15,-10 and -5 V.

electrons m*=0.22m, and the permittivity £,=8.9¢,, both
taken from the literature for the case of GaN; and ¢, R,
and 7, extracted from the fitting of the forward-bias I-V
curves and then used to predict the reverse-bias behavior
(Jrev=JretJrc) without any further adjustment. A thorough
description of the model can be found in [24].

. RESULTS AND DISCUSSION

a. DC CHARACTERIZATION

The reverse-bias |-V characteristics of the 350 um-diameter
SBD under analysis measured from 33 to 475 K are plotted
in Fig. 2. At the lower temperatures, significant hysteresis
cycles are revealed by the DC dual voltage sweep when
plotted in logarithmic scale in Fig. 2(b), which tend to
disappear or are quite reduced above 200 K, as observed for
the highest temperatures in the linear-scale plot of Fig. 2(a).
We note that C-V measurements were also made in this
technology at different temperatures and no hysteretic
behaviour was observed.

To illustrate the observed I-V hysteretic phenomenon, Fig. 3
presents dual sweep I-V curves, measured at 50 K from
V=0V to Viimit=-30 V (“go”) and return from Viimit =-30 V
to V=0V (“return”) with the device under different
illumination conditions. Under these low temperature
conditions, a well-defined hysteresis cycle is observed. The
first measurement (black line) was done while keeping the
device in dark conditions, but after previous illumination. In
this first case, a hysteresis cycle is evidenced by a decrease
of the leakage current during the “return” sweep. After this
first cycle, the hysteresis phenomenon vanishes when the
measurements are repeated in dark conditions: all the
resulting 1-V curves follow the lower return branch of the
initial sweep (red dots). However, the initial response can
be recovered after a new illumination of the device (green
dots), leading an analogous |-V behaviour as in the first case
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described before. Thus, the whole process can be
experimentally repeated. Finally, the dual sweep I-V has
been measured under illumination (blue line). In this case,
the current level is higher for the lower voltages, but,
essentially, the hysteresis cycle follows the first case (dark
conditions but after illuminating the device).

The inset of Fig. 3 shows the different hysteresis cycles for
four different maximum values of the reverse bias at 50 K:
Viimi=-5V, -10V, -15V and -30V. The width of the
hysteresis cycle becomes wider when the absolute value of
Viimit IS increased.

In Fig. 2, we have also compared the experimental data
with the I-V values obtained with the ideal model
referenced before. The modelled values (dashed lines)
correctly fit measurements for T >350 K. However, for
lower temperatures, an excess current appears in the
experimental curves with respect to the ideal levels, and
thus the model is no longer valid. To explain the difference
between the measurements and the modelled -V
characteristics, the excess leakage-current density,
Ca|CU|ated as \]excess:Jexp—(\]TE+\]TC), belng -]exp the
experimental current density, has been evaluated. Usually,
this excess current is attributed to traps or inhomogeneities
in the epilayer or at the interface [11,12]. In our case, and
particularly for T<150 K, Jexcess Very weakly depends on
temperature, indicating that the dominant mechanism at the
origin of this behaviour is trap-assisted tunnelling (TAT),
rather than other mechanisms exhibiting a strong
temperature dependence like Poole-Frenkel emission or
variable range hopping [8].

To identify the TAT processes present in the SBD, Fig. 4
shows the values of In (Jexcess) as a function of the inverse of
the surface electric field E for the “go” branch of the 1%
measurement for T=33 K and 50 K, as well as for the
“return” path common to both cycles and all the others
plotted in Fig. 3. The linear behavior of such plots confirms
the presence of TAT processes, whose associate leakage
current depends on the electric field as [8]:

4 2qm*¢?>

Jrar < exp <_ 3HE 1)

where # is the Planck constant and ¢, is the trap energy
level.

There are at least two identifiable trap energy levels in the
plot of Fig.4: ¢.,,=0.23eV (TAT:1) and ¢.,=0.38¢eV
(TAT,). Interestingly, while for the “return” path the
experimental data agree reasonably well with the presence
of just one trap with an energy level of ¢.,=0.38 eV, the
“go” branch reflects the presence of different traps’
energies. Indeed, from about -6 V, the slope of the “go”
path progressively changes from an energy around
¢,=0.23eV to a final value about ¢,,=0.38 eV, which
then dominates in the “return” path.
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Fig. 4. Excess leakage current density of the 1% measurement as 2 2 M,

a function of the inverse of the surface electric field for T= 30 K
and 50 K. Linear fitting dots for both the initial “go” (red thin dots)
and “return” (red thick dots) paths are also plotted, providing
values of trap energies of TAT processes of #,=0.23 eV and
#2=0.38 eV, respectively. Inset: schematic diagram illustrating the
energy bands at the Schottky metal/semiconductor interface.

b. PULSED AND TRANSIENT
MEASUREMENTS

To better understand the influence of the trap levels
identified in Fig. 4 and to link it with that shown in Fig. 3,
pulsed I-V curves were obtained. Once the device was
illuminated, the current was measured with base voltages of
Vbase=0 V' and -15V, being the pulse width and period of
10 ms and 1s, respectively. Fig. 5(a) presents the dark
pulsed I-V curves measured at 50 K after illuminating the
device (as in the first case in Fig. 3). When Vpase=0V, the
current response is the same as in the DC hysteresis cycle
both in the “go” and “return” pulsed sweeps, whereas if just
after illuminating Vpase=-15V is applied, the measured
current level in both pulsed sweeps corresponds to the low
branch of the DC cycle (DC “return” path). These results
indicate that, irrespectively of the fact that the I-V curve is
measured in a pulsed way or not, the application of high
reverse voltages (either as Viase Or bias amplitude) induce a
long-lasting occupation of the traps (mainly ¢, as
observed in Fig. 4) which reduces the current level and
makes the current follow the behavior dominated by the ¢,,
level, as identified in Fig. 4.

To confirm this observation and better recognize the
different current mechanisms in the “go” and the “return”
paths and thus gain more insight into the physical origin of
hysteresis, Fig. 5(b) presents the current transient measured
at 50 K when applying a bias of V=-7.5 V subsequently to,
first, the illumination of the device and, second, the
application (in dark) of a preconditioning voltage Vyre for a
long enough time. Again, two different values of Ve are
considered (high and low, the same as those of Vpase in the
pulsed measurements). In the case of Vpe=0V, a capture
transient involving a decreasing value of current is
identified (red curve in Fig. 5(b)). This can be interpreted as
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Fig. 5 (a) Dark pulsed I-V measurements at 50 K performed after
the device has been illuminated with base voltages Vpase 0Of 0V
and -15 V. Pulse width and period are 10 ms and 1 s, respectively.
The DC dual sweep (black line) is plotted for comparison. Inset:
scheme of the time-dependent applied voltage. (b) Current
transient measurements at 50 K made with V=-7.5 V. A
preconditioning voltage V.. was also applied before the
measurements (after illumination of the device). The solid-blue
curve was obtained under illumination, while the other two curves
were obtained in dark conditions.

following: when illuminating the device, trapped electrons
are released and traps remain mostly empty while Vyre=0 V
is applied. Afterwards, when biasing the SBD with a
reverse voltage of V=-7.5V in dark conditions, as electrons
tunnel through the traps, a progressive filling of the
corresponding energy levels present in Fig. 4 (mainly ¢;,)
takes place, making less probable the tunnelling of
subsequent electrons. Thus, the current level decreases with
time due to the lower number of available trap states to
tunnel through them.

On the other hand, when the preconditioning voltage is
Vpre=-15V, most of the states are filled before the
measurement at V=-7.5 V is carried out. As a result, a low-
level current practically constant in time is obtained (Fig.
5(b), blue dots), indicating that the release of electrons from
the traps takes times longer than 320s. However, the
current level continues to be higher than the ideal one
associated to direct tunneling, indicating that not all the trap
energy states are filled, those at ¢., remaining partially
empty as revealed by Fig. 4. This is in good agreement with
the fact that the hysteresis cycle broadens when the
maximum value of the reverse bias cycle Viimit is increased,
since the occupation of the trap levels is also increased
(inset of Fig. 3). In addition, if after applying Vpre=-15 V in
dark conditions, the device is kept under illumination, when
measuring at V=-7.5V, the current level increases because
the illumination contributes to release the traps in shorter
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Fig.6. Semiconductor conduction band and TEB near the Schottky
contact for V=-5V. The energies at which the maximum tunnel
injection from metal to TEB occurs are indicated by dotted arrows,
in grey for 50 K and red for 150 K. The energy ranges at which the
maximum direct tunnel injection from metal to semiconductor
occurs are shaded in grey for 50 K, red for 150 K and green for
350 K. The energy at with the maximum direct injection takes place
is indicated by a solid arrow and those corresponding to half the
maximum value by dashed lines. The origin of energies is the Fermi
level in the metal. Inset: direct tunnelling current injection as
function of energy at 50 K, with the previously mentioned energies
marked by vertical lines.

times, which enhances the TAT processes (solid-blue curve
in Fig. 5(b)).

The previous results indicate that the 1-V hysteresis should
be caused by the bias-induced occupation of the trap states
near the metal-semiconductor interface, which hinders the
injection of electrons into the semiconductor by TAT. The
behaviour of the slope observed for the excess leakage
current density in Fig. 4 suggests that these devices, rather
than two types of traps located at a different energy level,
have a band of trap energies located between ¢,,=0.23 eV
and ¢.,=0.38 eV, similar to the band found in [16-18]. Trap
states are numerous enough and present so close energies
that form an energy band. This band of traps has been
depicted in the inset of Fig. 4 together with the conduction
band in the Schottky contact; the black arrows indicate the
electrons going from the metal to the semiconductor
conduction band assisted by TAT mechanisms.

C. PHYSICAL INTERPRETATION IN TERMS OF
A TRAP ENERGY BAND (TEB)

To study in detail the role played by this TEB, we have
calculated with the ideal model the energies for which the
maximum direct tunnelling current injection occurs. Fig. 6
shows the conduction band of the semiconductor and the
TEB near the Schottky contact at V=-5 V. In the inset, the
injected direct tunnelling current density as function of
energy at 50 K obtained with the ideal model is represented,
where the energy for the maximum injection is marked by a
vertical solid line and the energies where the injection is
half the value of the maximum injected current by dashed
lines. As these values delimit the principal contribution of
direct injected carriers, this range is also signalled in the
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Fig. 7. Semiconductor conduction band and TEB near the Schottky
contact, and energies at which the maximum direct tunnel injection
occurs at 50 K, 150 K, and 350 K for applied voltages V (a) -10 V
and (b) -15 V. The energies at which the maximum tunnel injection
from the metal to the TEB occurs are also indicated by dotted
arrows.

main figure (black lines) to compare the energy values for
injection and the position of the TEB, since if the direct
current has a preferred path which overlaps with trap levels,
the probability of filling these traps is higher than
otherwise.

At 50 K, according to Fig. 6, direct tunnelling injection
occurs at energies around 0 eV, corresponding to the Fermi
level of the metal. At this point, it is easier for electrons to
reach the semiconductor conduction band by TAT
mechanisms through the band of traps. The capture of
electrons by the traps may explain both the transient
measurements of Fig. 5(b) and the hysteresis in the I-V
curve observed in Figs. 3 and 4. Trap states, if initially
empty by illumination, may capture passing electrons while
tunnelling, which would cause a reduction with time in the
current level as that observed in the capture transient (with
Vpre=0 V) shown in Fig. 5(b), since the empty trap states
available for tunnelling decrease.

As concerns the hysteresis cycle, at low reverse bias, with
trap states empty by the previous illumination, electrons
tunnelling to the physically closer trap state at ¢,,=0.38 eV
(TAT,) can easily reach the energy level ¢.,=0.23 eV of
TAT,, since there is a continuity of states between them in
the TEB. As a consequence, the trap effective energy
revealed by the device is 0.23 eV (TAT; level), as observed
in the “go curve” of Fig. 4 for low electric fields (TAT path
depicted in the inset).

Since electrons reach the TEB through the lower TAT:
level, to assist the interpretation we have also identified
with the ideal model the energy at which maximum tunnel
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injection occurs from the metal to the TEB (assumed to be
empty). To this end, we consider as profile of the energy
barrier that corresponding to the TAT level (thick dotted
line in Fig. 6), calculated subtracting ¢, to the energy of
the semiconductor conduction band. As observed, at 50 K
the maximum injection to the TEB takes place also at
energies around the Fermi level.

When increasing the reverse bias, direct tunnel injection
still occurs at energies around 0eV but with higher
intensity (black arrows in Fig. 7), so that the probability of
filling the traps is enhanced. In particular, trap states close
to ¢, will be filled earlier and this would explain the
progressive change in the slope of the “go path” in Fig. 4
for intermediate fields, with the associated trap energies
changing from ¢,=0.23 eV to ¢,,=0.38 eV.

Finally, for higher fields, the maximum probability for the
electrons to find unoccupied traps takes place at the level of
TAT, (¢.,=0.38 eV), which determines the slope. In the
“return path” of the dual sweep cycle in Fig. 4, since the
release time of the traps is quite long (see transient in Fig.
5(b) for Vpre=-15V), a large number of trap states remain
occupied, mainly around TAT}, so that the current level is
lower, and the slope is dominated by traps close to TAT..
The longer distance between the free trap states (TAT.) and
the conduction band of the semiconductor also contributes
to reduce the current level.

The energy values for the principal injection contribution at
150 K (red solid arrow) and 350 K (green solid arrow) are
also plotted in Fig. 6. At these higher temperatures, the
injection occurs near the top or above the trap energy band,
which implies less influence of the traps and then a reduced
(or nearly missing) hysteresis cycle, in accordance with the
experimental measurements, especially at 350 K,
temperature at which the leakage current is close to the
ideal values. In the case of 150K, the situation is
intermediate, since, despite direct tunnelling through the
conduction band hardly overlaps with the trap states (red
shaded path in Fig. 6), tunnelling to the TEB (red dotted
arrow) is significant and leads to the observed hysteresis in
the inset of Fig. 2, less pronounced than at 50 K due to the
larger contribution of direct tunnelling.

To confirm the previous interpretation, Fig. 7 represents the
energies where the maximum injection (both direct and
through the TEB) occurs for other two voltages, V=-10 V
and -15V, at the same temperatures considered before
(50 K, 150 K and 350 K). At 50 K, for the three voltages
the maximum direct current injection occurs at energies
where there are accessible traps states to assist tunnelling,
whereas for the highest temperature, 350 K, it happens the
opposite, the maximum direct injection takes place mainly
above the TEB. At 150 K, to have a significant overlap of
the maximum direct injection region with the TEB, negative
voltages higher than -10 V must be applied, which justifies
that the influence of the traps is less than for 50 K but
higher than for 350 K. In addition, it should be noted that at
this temperature some electrons can be released from the
traps by thermal emission phenomena (like Poole-Frenkel
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mechanisms) and which can lead to an enhancement of
TAT due to an increase in the density of unoccupied traps.
This would agree with the fact that the width of the
hysteresis cycle at 150 K is narrower than that obtained at
50 K, see inset of Fig. 2. Focusing on the tunnelling from
the metal to the TEB, it is remarkable that the energies of
the maximum injection for 50 K and 150 K are both close
to the Fermi level, thus leading to more similar current
levels as the bias increases, as observed in measurements.

The different influence of the trapping band on the electron
dynamics as a function of temperature discussed above may
also be at the origin of the reduction in Schottky barrier
height estimated from the forward bias I-V measurements
typically found at low temperatures [19]. This is due to the
fact that, even in forward bias, tunnelling processes may be
significant, since when the importance of the TEB
increases, the effective Schottky barrier height is lower.

V. CONCLUSIONS

The reverse leakage current behavior has been analysed in
depth for very low temperatures in edge-effect-free GaN-
on-Sapphire SBDs. I-V-T measurements show the presence
of hysteresis effects. The comparison between the
measurements and an ideal physical model accounting for
thermionic emission and direct tunnelling current suggests
that TAT dominates the leakage current at low temperature,
since the excess leakage current shows a very weak
dependence on temperature. We ascribe the origin of the
hysteresis to the bias-induced filling of traps spread over an
energy band near the metal-semiconductor interface
between values of around 0.23eV and 0.38eV. The
analysis of the energies for which the maximum direct and
through-TEB tunnelling current occurs justifies the higher
influence of the traps at the lowest temperatures, with the
correspondent hysteretic behavior. This theory is reinforced
by transient/pulsed-DC measurements carried out with
different preconditioning/base voltages.
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