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Abstract

Detailed current-voltage-temperature (I-V-T) measurements were performed on the Schottky diodes fabricated on
MOVPE-grown n-GaN layers. A large deviation from the thermionic emission (TE) transport was observed in the reverse |-V
curves with a large excess leakage. From the calculation based on the thermionic-field emission (TFE) model, it was found
that the tunneling plays an important role in the carrier transport across the GaN Schottky barrier even for doping densities as
low as 1 x 10'” cm™. A novel barrier-modified TFE model based on presence of near-surface fixed charges or surface states is

proposed to explain the observed large reverse leakage currents.
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1. Introduction

GaN and related compounds have been well
established by now not only as materials for
blue-emitting photonic devices, but also as materials
for high-power/high-frequency field effect transistors
(FETs) such as metal-semiconductor  FETS
(MESFETs) and high electron mobility transistors
(HEMTs), power rectifiers and UV photodetectors.
Precise and reliable control of the depletion layer
width by the Schottky contact without leakage
currents is extremely important in these devices.
However, GaN-based Schottky interfaces are known
to suffer from unusually large leakage currents under
reverse bias [1-3]. Excess leakage currents through a
Schottky gate strongly affects, not only gate-control
and power consumption, but also the noise

performance in GaN-based FET devices as recently
pointed out [4]. In spite of this, there have been only
a few reports on the leakage properties of Schottky
contacts in the reverse bias region. The mechanism
for large current leakage has not been clarified yet,
except that a transport mechanism involving surface-
and/or bulk-trap-assisted tunneling was vaguely
suggested without supporting evidence [5,6].

The purpose of this paper is to clarify the
mechanism of current leakage through GaN Schottky
interfaces by detailed current-voltage-temperature
(I-V-T) measurements, especially focusing on the
reverse bias characteristics.

2. Experimental
Figure 1 shows a schematic illustration of the



sample structure. Si-doped n-GaN layers (n = 1.0 x
10" cm®) grown on sapphire substrates by MOVPE
were used. A typical value of electron mobility at RT
was 500 cm?/Vs. A ring-shaped ohmic contact was
formed on the GaN surface, using a Ti/Al/Ti/Au
(20/80/20/50 nm) alloy annealed at 600 °C for 2 min.
Schottky contact dots with a diameter of 600 um
were formed at the center of the ohmic ring by a
conventional vacuum deposition process. Pt, Au and
Ag were used for Schottky contacts. Just prior to the
vacuum deposition, the GaN surfaces were treated in
NH,OH solution for 15 min at 50 °C. The detailed
XPS analysis revealed that this treatment was very
effective in reducing natural oxide components on
GaN and AlGaN surfaces [7,8].

I-V measurements were done using HP 4156A
semiconductor parameter.

3. Results and discussion

Figure 2 shows measured forward and reverse
I-V-T characteristics of the Pt/n-GaN contact,
respectively. From the forward curve at room
temperature (RT), an ideality factor, n, of 1.18 and a
barrier height, ¢g(re), of 0.88 eV were obtained with
the thermionic emission (TE) theory. Thus, the I-V
behavior apparently follows the TE transport model
at RT. However, in the reverse bias region, an excess
leakage current flows even at RT, as seen in Fig.2 (b).
Furthermore, as a temperature was decreased,
deviation from the TE behavior became more and
more pronounced in both of the forward and reverse
I-V characteristics. To show this clearly, the
calculated 1-V curves by the pure TE transport
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Fig.1 A schematic illustration of the fabricated GaN
Schottky structure.

assuming ¢g(rey = 0.88 eV is plotted by dashed curves
in Figs. 2(a) and (b).

In order to explain the observed I-V-T behavior
far from the TE mechanism for the Pt/n-GaN
Schottky interface, we took account a tunneling
transport component based on the thermionic-field
emission (TFE) model proposed by Padvani and
Stratton [9]. The focus was placed on the reverse bias
region at low temperatures where reverse leakage
properties showed nearly exponential behavior as
expected in the TFE model.

In the TFE model [9], the reverse current
transport is due to electrons that are thermally excited
from the metal Fermi sea and tunnel through the
semiconductor depletion layer to the semiconductor
conduction band. In this case, the tunneling
probability rapidly increases exponentially with the
energy because the excited electrons see thinner and
lower barriers, whereas the number of such thermally
exited electron decreases exponentially with energy.
Thus, TFE takes place at a particular peak energy E,
with a narrow Gaussian beam as schematically shown
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Fig.2 Measured I-V-T curves of the Pt/n-GaN diode
in (a) forward bias and (b) reverse bias regions.



in Fig.3. From such a picture, the reverse current, Jg,
is expressed by the following equations [9].
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where Ego=(qh/4m)(Np/m*eoes)Y?, Vg is the reverse
bias voltage, k is the Boltzmann constant, T is the
absolute temperature, A* is the Richardson constant,
¢r is Ec-Er, dg(rre) is the Schottky barrier height, h is
the Plank constant, Np is the donor density, m* is the
effective mass and &5 is the dielectric constant. Egyg is
the characteristic energy related to the tunneling
probability of a triangular potential barrier using the
WKB approximation.

For Np=1.0 x10" cm™ in our sample, Eg
becomes 3.9 meV. A barrier height ¢g(rrg) 0f 0.91 eV
was obtained by applying the TFE theory to the
forward curve at RT and this is very close to
dp(re)=0.88eV. Using these values and A*=26 Acm™
K, the reverse I-V-T curves given by Eq.(1) were
calculated and the result is plotted by the solid
curves in Fig.4 (a) together with the experimental
data. The calculation clearly showed nearly
exponential dependence of leakage currents on the
reverse bias voltage, which was seen in the
experiment. However, the measured currents were
several orders of magnitude higher than the
calculated ones for T = 250K and 300K. Below
200K, the discrepancy became over tens orders of
magnitude. Then, we tried to fit the experimental
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Fig.3 Thermionic-field emission (TFE) model.

data using Eq.(1) taking the value of Eg as a fitting
parameter. An example of reasonably good fit
obtained by such an effort is shown in Fig.4 (b). A
very good agreement with experiment is seen.
However, the fitting value for Eyo was 6.0 meV,
corresponding to the apparent carrier density of 2.3 x
10" cm’. This is unreasonably too large as compared
to the values of 9.0 x 10" - 1.0 x 10" cm?
determined by C-V measurements in the temperature
range from 100 K to 300K. These results strongly
indicate that a simple TFE model cannot explain the

observed  large  reverse  leakage  currents
quantitatively.

In this respect, several groups vaguely
suggested contribution from the trap-assisted

tunneling transport for excess leakage currents in the
reverse bias region at RT [5, 6]. Here, presence of
discrete deep-level states or a continuum of trap
states near the M-S interface is assumed as shown in
Fig.5 (a), and they are supposed to provide tunneling
paths through the energy barrier after capture of
electrons by thermal excitation. However, it is
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Fig.4 I-V-T curves of Pt/n-GaN in the reverse bias
region and calculated I-V-T curves by the TFE model.



obviously difficult to explain the observed high
leakage currents by such a two-step process involving
carrier capture process with small capture cross
sections. Additionally, thermal excitation process of
electrons from metal to the higher trap levels would
be suppressed at low temperatures, and the current
should be given by Eq. (1) with Egy= 3.9 meV for our
sample at low temperatures. Experimentally, however,
currents were more than ten orders of magnitude
larger. Thus the trap-assisted tunneling model can not
explain the experimental data.

Here we propose a barrier-modified TFE model
shown in Fig.5 (b). In this model, the potential
profile of the Schottky barrier near the M-S interface
is modified due to the existence of the high density of
positive fixed charge or donor-type deep-surface
states. This causes the sharpening of the tunneling
barrier profile, leading to enhancement of the
probability of the TFE, and giving rise to large
reverse leakage. The higher value of 6.0 meV for Ey
obtained by fitting can be interpreted as the effective
value of Eyy determining the shape of the tunneling
barrier modified by the surface charge near the M-S
interface. It is wvery likely that the present
barrier-modified TFE model is applicable to the GaN
Schottky interfaces having other metals. In fact,
reverse leakage behavior very similar to the results in
Figs. 2 and 4 was observed for the Au and Ag
contacts in our experiments as well as in the results in
reported Refs. 2 and 3.

As regards the origin of such states, a recent
theoretical calculation [10] has predicted that the
nitrogen vacancy (Vy) and the oxygen in the nitrogen
site (On) behave as donor states near the conduction
band edge. These defects and/or their complex
introduced at the GaN surface near the M-S interface
seem to be possible candidates for donor-type
deep-surface states.

4. Conclusion

The temperature dependence of the I-V
characteristics of Pt/n-GaN Schottky barriers was
measured and analyzed. A large deviation from the
thermionic emission transport was observed in the
I-V-T behavior with high reverse leakage currents.
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Fig. 5 Models for enhancement of tunneling transport.

The measured reverse I-V-T data can be fitted to the
calculation based on the thermionic-field emission
(TFE) model. To explain discrepancy between
calculated and experimental reverse leakage currents,
a new barrier-modified TFE model was proposed.
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