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Leakage currents in AlGaN Schottky diodes were investigated systematically by using a rigorous
computer simulation based on the thin surface barrier model taking account of unintentionally doped
surface donors. The leakage currents in AlGaN Schottky diodes have stronger bias dependence and
smaller temperature dependences as compared with those of GaN diodes. It was shown that these
features were associated with shallow oxygen donors located near the AlGaN surface. Then, an
attempt was made to remove oxygen and suppress leakage currents by a surface control process
using an ultrathin Al layer and subsequent annealing. An in situ x-ray photoelectron spectroscopy
analysis indicated the formation of Al2O3 layer during the surface control process, suggesting
efficient gettering of oxygen from the surface. C-V analysis directly indicated the reduction of
shallow donors by the surface control process. A remarkable reduction of reverse leakage currents
of four to five orders of magnitude took place in large area AlGaN Schottky diodes after the
application of the surface control process. This process also reduced leakage currents of the gate of
the heterostructure field effect transistor device by more than one order of magnitude and increased

temperature dependences of current. © 2006 American Vacuum Society. �DOI: 10.1116/1.2216722�
I. INTRODUCTION

Ever since nitride-based semiconductor materials have
started to attract intense attention for optical and high-power
device applications such as blue laser diodes, blue/UV light
emitting diodes, and high power AlGaN/GaN heterostruc-
ture field effect transistors �HFETs�, material growth and de-
vice processing technologies have made dramatic advances.
However, the state of the art of these technologies is still not
quite as satisfactory as those for Si, GaAs, and InP.

One of the unsolved key issues concerning crystal growth
is related to native defects and impurities. The incorporation
of native crystalline defects such as gallium vacancy,1,2 �VGa�
and nitrogen vacancy,3,4 �VN� and impurities such as carbon,
hydrogen, and oxygen into the crystal is not well controlled
yet;5,6 neither their incorporation mechanisms nor their roles
in the crystal are well understood as compared to cases of Si,
GaAs, and InP which have been studied for a much longer
time. The VGa defect has been found to serve as a deep ac-
ceptor related to the so-called yellow luminescence in
GaN.1,7 On the other hand, the VN defect is another well
known defect in GaN and AlGaN crystals, and for quite
some time, researchers have thought that it is a shallow do-
nor as supported by a theoretical calculation,8 and that it
gives rise to n-type background doping in GaN and AlGaN.
However, another theoretical calculation indicated that it is a
deep donor,9 and our recent experimental study on Schottky
barriers and ungated HFET structures supported the deep
level nature of VN.10
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For oxygen, a recent series of analyses using techniques
such as the secondary ion mass spectroscopy �SIMS� have
indicated that there exist high-density oxygen atoms in GaN
and AlGaN.6,11 As for its role, there was a theory12 which
predicted that it might act like a deep donor with large lattice
relaxation similar to EL2 in GaAs. However, more recent
experimental and theoretical investigations on the role of
oxygen impurity in GaN and AlGaN have indicated that it is
a shallow donor with an activation energy of about
30 meV.11,13 Furthermore, it has been suggested that the oxy-
gen donor is the residual donor responsible for the n-type
conduction of undoped GaN and AlGaN.14,15

On the other hand, a key issue related to device process-
ing is the understanding and control of the surfaces and in-
terfaces of GaN and AlGaN. Particularly, Schottky diodes
formed on GaN and AlGaN suffer from large reverse leakage
currents that are many orders of magnitude lager than the
prediction of the thermionic emission �TE� model.16–19 There
is also an indication that this leakage current is somehow
related to the important device instability problem in HFETs
called current collapse10 and also to the saturation of cutoff
frequency of HFETs with respect to gate length reduction.20

In an attempt to explain the mechanism of large leakage
current in GaN and AlGaN Schottky barriers, our group has
proposed a thin surface barrier �TSB� model where uninten-
tionally doped surface donors such as VN donors reduce the
Schottky barrier width and provide tunneling leakage path
through the thermionic field emission transport
mechanism.17,21 A computer simulation using the TSB model
and assuming the presence of VN deep donors with exponen-
tially decaying spatial distributions has provided a fairly

good overall picture for current leakage mechanisms in GaN
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and AlGaN Schottky barriers. However, as for quantitative
agreement between theory and experiment, agreement has
been much poorer in AlGaN Schottky barriers as compared
with GaN Schottky barriers, indicating that something is still
missing in the simulation framework.

The purpose of this article is to further improve the un-
derstanding of leakage currents in AlGaN Schottky interfaces
by considering the presence of oxygen donors and to attempt
to reduce leakage currents by applying a surface control pro-
cess derived from the improved understanding of the leakage
mechanism.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Sample structure and fabrication for
experimental study

In order to investigate the current leakage behavior in the
AlGaN Schottky diode in detail experimentally, large area
Schottky diodes shown in Fig. 1 were prepared, and their
current-voltage characteristics were measured at various tem-
peratures. The diode had a circular Schottky electrode with a
diameter of 200 �m and was fabricated on a 0.8 �m thick
high-quality Si-doped n-Al0.26Ga0.74N layer which was
grown on a sapphire substrate by metal organic vapor phase
epitaxy �MOVPE�. Typical values of the electron concentra-
tion and mobility of the Si-doped AlGaN layer at room tem-
perature �RT� were 2�1017 cm−3 and 100 cm2/Vs, respec-
tively. Prior to sample fabrication process, the sample surface
was cleaned in organic solvents at RT and then subjected to
a wet chemical treatment in an NH4OH solution at 50 °C for
5–10 min. The treatment in an NH4OH solution is effective
in reducing natural oxides on AlGaN surfaces.22 As a ring-
shaped Ohmic contact, a Ti/Al/Ti/Au layer structure was
deposited on the AlGaN surface and was followed by anneal-
ing at 800 °C for 1 min in N2 ambient. A circular Ni/Au
Schottky electrode was formed at the center of the Ohmic

FIG. 1. Schematic illustration of a large area Schottky diode formed on a
thick AlGaN layer.
ring by electron-beam deposition.
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B. Method for theoretical analysis of current
transport

To analyze the current transport in GaN and AlGaN
Schottky interfaces theoretically, we used, in this study, a
one-dimensional �1D� rigorous simulation program which
we previously developed for current transport based on the
TSB model.17,21 The basic idea of the TSB model is sche-
matically shown in Fig. 2. This model assumes that there
exist unintentional donors near the Schottky interface, and
this reduces the width of the Schottky barrier in such a way
that a Gaussian beam of electrons can tunnel through this
thin barrier in both forward and reverse directions through
the thermionic field emission �TFE� transport process.The
program allows the numerical calculation of TFE currents
precisely for arbitrary spatial distributions of unintentional
and intentional donors.

The theoretical calculation procedure was the following.
The potential profile of Schottky interfaces is first calculated
by solving Poisson’s equation self-consistently for an arbi-
trary spatial distribution of a particular donor with an arbi-
trary energy depth EDD. Then the tunneling probability
through this barrier is calculated under the Wentzel-Kramers-
Brillouin �WKB� approximation. Finally, the current through
the Schottky interface is calculated by using a general ex-
pression for the tunneling current. The details for calculation
have been presented elsewhere.21

III. ROLE OF OXYGEN IN LEAKAGE IN AlGaN
SCHOTTKY DIODE

A. Problems in previous I-V analysis for AlGaN
Schottky diodes

As explained in the Introduction, our computer simulation
based on the TSB model gave poor quantitative agreement
with experiment for AlGaN Schottky diodes as compared
with GaN Schottky diodes. To explain the problems, mea-
sured and best-simulated current-voltage �I-V-T� curves for
Ni/GaN and Ni/Al0.26G0.74N Schottky diodes are shown in
Fig. 3�a� and 3�b�, respectively, for measurement tempera-
tures of 150 and 300 K. In these analyses, the presence of a
single VN-related deep donor was assumed. As for its energy

FIG. 2. Thin surface barrier �TSB� model for leakage currents.
depth, EDD=0.25 and 0.37 eV were used for GaN and Al-
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GaN, respectively. The value of EDD=0.25 eV was obtained
in our previous study as the best value for VN in GaN in I
-V simulation.21 On the other hand, EDD=0.37 eV for AlGaN
was directly obtained experimentally from an Arrhenius plot
of recovery time constant of the drain-current transient of
gateless HFETs in our previous study.10 The spatial distribu-
tions of the VN donor which gave the best fitting result are
shown at the bottom of Figs. 3�a� and 3�b�. They are expo-
nentially decaying distributions from the surface with the
peak density at the surface of N0 and the decay length of �.
Such a distribution was the best distribution in reproducing
experimental I-V curves, as discussed in detail previously.21

The Schottky barrier height �SBH� used for simulation were
0.85 and 1.3 eV for GaN and AlGaN Schottky diodes,
respectively.

A brief comparison of Figs. 3�a� and 3�b� may lead to an
impression that agreement between experiment and theory is
reasonably good for both cases. However, it is noted that the
rectifying behavior of the AlGaN Schottky diode is much
poorer than that of the GaN Schottky diode, showing sharply
increasing and less temperature-dependent reverse character-
istics. It should be noted that the reason for smaller forward
currents in the AlGaN diode is due to higher Schottky barrier
height. In spite of this, the AlGaN diode show less
temperature-dependent large reverse leakage currents. In or-
der to reproduce this behavior with an exponentially decay-
ing distribution of VN deep donor, we had to assume a larger
amount of VN donor for the AlGaN diode. In fact, the sheet
density of VN donor for the AlGaN diode was roughly twice
as large as that of the GaN diode, if one integrates the dis-
tributions shown at the bottom of Figs. 3�a� and 3�b�. We saw

FIG. 3. �a� Measured and calculated I-V-T characteristics of Schottky diodes
fabricated on a thick GaN and Al0.26Ga0.74N epitaxial layer. �b� The distri-
butions for unintentional surface donors used for simulation of GaN and
Al0.26Ga0.74N Schottky diodes.
this type of result in all the AlGaN diodes we measured and
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simulated. However, why larger numbers of VN donors exists
in AlGaN layers as compared with GaN layers was not clear
at all.

Difficulty in fitting became more evident when we tried to
reproduce the temperature dependences of I-V curves in
more detail. For example, the detailed comparison of for-
ward I-V curves obtained at temperatures of 150, 200, 250,
and 300 K are given in Figs. 4�a� and 4�b� in an expanded
scale for the same GaN and AlGaN Schottky diodes shown
in Figs. 3�a� and 3�b�. As seen in Fig. 4�a�, the experimental
results could be very well reproduced in the case of the GaN
Schottky diode. On the other hand, agreement was unaccept-
ably poor in the case of the AlGaN Schottky diode in spite of
favorable overview given in Figs. 3�a� and 3�b�.

In order to further understand the reason for poor fitting of
the forward currents of the AlGaN diode, we carried out
parameter sensitivity analysis. The calculated dependences
of the forward current on N0, �, and EDD are shown in Figs.
5�a�–5�c�, respectively. We see here that the forward current
do not change so much with the changes of N0 and �, but the
change of EDD can cause a large change in the forward cur-
rent. A similar analysis for the reverse current has shown that
the reverse current is not sensitive to the change in EDD, but
it is very sensitive to the changes in N0 and �. Thus, we have
to use a smaller value of EDD or assume shallower donors to
improve the fitting in spite of the fact that we directly de-
tected the presence of 0.37 eV deep donors in our previous
study on the drain-current transient of gateless HFETs.10

B. I-V analysis including oxygen shallow
donors

As mentioned in the Introduction, the presence of oxygen
in AlGaAs layers is a well established fact by now, and re-
cent study has indicated that it acts as a shallow donor. The

FIG. 4. Fitting results for forward bias regions of �a� Ni/GaN and �b�
Ni/Al0.26Ga0.74N Schottky diodes using the TSB model assuming the pres-
ence of nitrogen-vacancy defects.
combination of this feature with the above result of the sen-
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sitivity analysis indicated to us the presence of two types of
surface donors in the AlGaN layer, namely, VN deep donor
and oxygen shallow donor.

Thus, the fitting for AlGaN Schottky diodes was carried
out by using two exponentially decaying distributions of
these two unintentional surface donors. The energy depth of
oxygen donor was assumed to be EDD=0.03 eV as previ-
ously reported by other groups.11,13

The best fitting results by using two types of unintentional
donors are shown in Fig. 6�a�. The assumed donor distribu-
tion and energy depths of donors are shown in Figs. 6�b� and
6�c�, respectively. Compared to the result shown in Fig. 4�b�,
the fitting result was improved dramatically in the forward
bias region, and the experimental results were reproduced
very well in both forward and reverse bias regions including
temperature dependence. Of course, the present analysis does
not directly show that the assumed shallow donor is due to
oxygen impurity. However, it can be said that is a most likely
candidate. Thus, in the case of AlGaN Schottky interfaces, it
is highly likely that the current transport depends on the
shallow oxygen donors in addition to the deep VN donor.

IV. REDUCTION OF LEAKAGE CURRENTS BY
SURFACE CONTROL

A. Surface control process using ultrathin Al layer

As discussed in the previous section, oxygen is likely to
play a very important role in AlGaN Schottky diodes. To
realize the high-quality Schottky diodes or Schottky gates in

FIG. 5. Parameter sensitivity analysis for the leakage current at VG=0.5 V in
the forward bias region vs the changes of �a� the peak density of uninten-
tional donors N0, �b� the decaying depth �, and �c� the energy depth EDD,
respectively. The SBH value of 1.3 eV was used in the calculation.
HFETs with low reverse leakage currents, the elimination of

JVST B - Microelectronics and Nanometer Structures
oxygen is thus highly desirable. Based on this idea, we at-
tempted to develop a surface control process using ultrathin
Al layer which hopefully acts as a gettering material for
oxygen.

The sequence of the proposed surface control process is
shown in Fig. 7. It consists of the following steps:

�1� Treatment of AlGaN surface in rf-excited plasma as-
sisted nitrogen radicals at 300 °C for 10 min.

�2� Molecular beam deposition of an ultrathin Al layer of
1.5 nm at RT in the molecular beam epitaxy �MBE�
chamber with very slow deposition rate of �0.01 nm/s.

�3� Annealing of the sample at 700 °C for 10 min in ultra-
high vacuum �UHV�.

�4� Removal of thin Al layer in HF solution.
�5� Electron-beam deposition of Ni/Au Schottky electrode.

FIG. 6. �a� Fitting results assuming the presence of both nitrogen-vacancy
and oxygen donors for Ni/Al0.26Ga0.74N Schottky diodes �SBH=1.45 eV�.
�b� Distribution of unintentional surface donors that gave the best fitting.
The energy depths determined were 0.37 and 0.03 eV for nitrogen-vacancy
and oxygen impurities, respectively.
FIG. 7. Sequence of the surface control process.
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Steps �1�–�3� were carried out in situ in a UHV multi-
chamber system without breaking the UHV condition. Step
�1� was intended to reduce the N vacancy-related defect23 as
much as possible. The most important step in the above pro-
cess sequence is step �3� where out-diffusing oxygen atoms
are gettered by an Al film. On the other hand, the subsequent
removal of the Al film, or an Al oxide film as explained later,
is done outside the UHV chamber, and one may worry about
the reoxidation of the surface. Our idea concerning this point
is the following. The reoxidation of surface will certainly
take place in air. However, no in diffusion of oxygen from
the surface is expected, since step �5� is not a high tempera-
ture process like the growth of AlGaN film where oxygen
atoms are incorporated.

B. In situ XPS characterization of surface control
process

To clarify the surface reaction that takes place during sur-
face control process and the possible effects of surface con-
trol process in detail, the chemical analysis was carried out
by using x-ray photoelectron spectroscopy �XPS�. The XPS
chamber was connected with the MBE chamber by a UHV
transfer chamber. Thus, after the AlGaN surface was treated
in MBE chamber, it could be characterized by XPS without
breaking the UHV condition.

The XPS Al 2p spectra taken after Al deposition and after
annealing in surface control process are compared in Fig.
8�a�. Three different peaks corresponding to Al2O3, AlGaN,
and metallic Al were observed in the Al 2p spectrum. Even
immediately after the deposition of Al metal in UHV condi-
tion, we observed Al2O3 peak. This result indicates that a
chemical reaction takes place immediately even at RT be-

FIG. 8. In situ XPS spectra obtained from the AlGaN surface after the Al
deposition and after annealing under UHV condition.
tween the deposited Al metal and oxygen atoms existing on
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the AlGaN surface as natural oxide. As seen from Fig. 8�a�,
the metallic Al peak observed in the Al 2p spectrum after Al
deposition disappears completely by the subsequent anneal-
ing. This means that the deposited thin Al metal layer was
oxidized completely during the annealing in UHV. According
to the previous discussion, it is highly likely that high-
density oxygen impurities exist in the AlGaN layer. Thus, it
is expected that the Al metal covering the AlGaN surface
carry out the gettering action of oxygen atoms from the Al-
GaN layer, since oxygen diffusing out from the AlGaAs layer
will quickly turn into Al2O3 during annealing due to the high
oxygen affinity of Al. However, if we estimate the number of
oxygen atoms required to form the observed Al2O3 layer, it
is obviously much larger than that of oxygen atoms incorpo-
rated in the AlGaN layer. The sheet density of Al atoms in
the 1.5 nm thick Al metal film is estimated to be 9.0
�1015 cm−2 from the density of Al metal film. Thus, the
number of oxygen atoms required to form an Al2O3 layer
without any residual Al metal is about 1.4�1016 cm−2. On
the other hand, if the AlGaN layer includes the high-density
oxygen of 1�1018 cm−3 uniformly down to a depth of
100 nm, the sheet density of oxygen is estimated to be only
1�1013 cm−3. Thus, the oxygen atoms which formed the
observed Al2O3 layer must have come from somewhere else.
Thus, the above experimental result does not prove the “get-
tering hypothesis,” although it does not disprove it.

Figure 8�b� compares the XPS Ga 3d spectra taken after
Al deposition and after annealing in the surface control pro-
cess. Here, the reduction of Ga2O3 peak was observed after
annealing as seen in the top of Fig. 8�b�, although Al 2p
spectrum showed the oxidization of the Al metal. These clear
changes of Al 2p and Ga 3d spectra indicate that the oxida-
tion due to the residual oxygen gas in the UHV chamber is
negligible and that Ga2O3 was decomposed during anneal-
ing, supplying oxygen atoms for the formation of Al2O3.
This again indicates the high oxygen affinity of Al. Thus,
although it is difficult to directly prove, it seems highly likely
that oxygen atoms in the AlGaN layer will diffuse toward
surface and will participate in the oxidation of Al atoms.

C. C-V characterization of surface control
process

A more sensitive detection technique for shallow donors
is obviously the capacitance-voltage �C-V� technique. To in-
vestigate the change of shallow donor distribution profiles
caused by the surface control process, Schottky barriers were
formed on the AlGaN surface before the surface control pro-
cess and on those after the surface control with the UHV
annealing times of 5 and 10 min, and they were investigated
by the C-V technique. Figure 9�a� shows the resultant 1 /C2

vs V plot. The measurement was carried out at 100 kHz at
300 K. It should be noted that the measurement was limited
in the bias range of �C�conductance G to keep the reliabil-
ity of measurement. As shown in Fig. 9�a�, the plot showed
slope changes in the large bias region together with addi-
tional delicate slope changes near zero bias region. The lin-

ear extrapolation of the plots near the zero bias region gave
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nearly the Schottky barrier height of about 1.4 eV, confirm-
ing the formation of similar Schottky barriers for the three
samples.

Furthermore, the donor profiles in depth direction were
obtained from results of C-V measurements, and the result is
shown in Fig. 9�b�. The clear difference was seen between
the AlGaN Schottky diodes before and after the surface con-
trol process. A clear increase of donor concentration toward
surface was observed near the surface region of �100 nm
before the surface control process. After the surface control,
this near-surface increase disappeared in two samples. Addi-
tionally, although the donor concentration before the surface
control process showed a constant bulk donor density of
ND=2�1017 cm−3 in the relatively deep region over
100 nm, it was reduced down to constant ND of 1.2�1017

and 1.1�1017 cm−3 for the samples with annealing of 5 and
10 min, respectively as seen in Fig. 9�b�. On the other hand,
the Si doping density of the wafer was 1.1�1017 cm−3. Fur-
thermore, it has been reported that Si donors have excellent
thermal stability in nitrides and it does not redistribute by
annealing even at 800 °C.24 On the other hand, the diffusion
of oxygen atoms by annealing at 500–900 °C has been re-
ported for SiO2/GaN interfaces.25 Thus, it is highly likely
that oxygen had a decaying distribution in the AlGaN layer

FIG. 9. �a� 1/C2-V plots and �b� donor concentration profiles of the AlGaN
Schottky diodes without and with the surface control process.
before the surface control process and that this distribution
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was changed during the surface control process at 700 °C.
The result indicates that the present surface control process
efficiently removes oxygen donors having a decaying distri-
bution from the surface and realizes the intrinsic constant
donor density of Si.

D. Effect of surface control process on I-V
characteristics and its simulation

Figure 10�a� compares the I-V characteristics of
Ni/AlGaN Schottky diodes fabricated with and without the
surface control process, respectively. As mentioned in the
previous section, the Schottky diode fabricated without the
surface control process exhibited large reverse leakage cur-
rents. On the other hand, a remarkable reduction of reverse
leakage current of four to five orders of magnitude took
place by applying the proposed surface control process
aimed at the elimination of oxygen donors. Furthermore, the
surface control process led to the increase of temperature
dependences of both forward and reverse currents, as seen in
Fig. 10�a�.

The best fitting results based on the TSB model taking
account of two types of surface donors are also shown in Fig.
10�a� by solid lines. Here, the exponentially distributed shal-
low donors and deep donors shown in Fig. 10�b� were as-
sumed for calculation. Noxygen=7�1018 cm−3, �oxygen=8 nm,

18 −3

FIG. 10. �a� I-V-T characteristics of the Ni/Al0.26Ga0.74N Schottky diodes
without and with the surface control process. �b� Distribution of surface
donors determined by fitting.
NVN
=2.5�10 cm , and �VN

=23 nm were used to obtain
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the best fitting result for the diode before the surface control
process. In terms of the sheet concentration of defects, these
correspond to Nsoxygen=5.6�1012 cm−2 and NsVN

=5.75
�1012 cm−2, respectively. For the diode after the surface
control process, Noxygen=5.0�1018 cm−3, and �oxygen=3 nm,
NVN

=2.5�1018 cm−3, and �VN
=20 nm gave the best fitting

results which correspond to sheet concentrations of Nsoxygen

=1.5�1012 cm−2 and NsVN
=5.0�1012 cm−2. In accordance

with the characterization results using C-V curves, 1.1
�1017 cm−3 was used for the surface controlled AlGaN
Schottky diodes as the bulk uniform donor density.

Theoretical calculation reproduced experimental I-V
curves remarkably well for different temperatures, and this
indicated the large reduction of oxygen impurities by the
surface control process. The observed large reduction of the
leakage current and increase of temperature dependences of
the reverse and forward currents can be attributed to the re-
duction of oxygen donors by the surface control process as
indicated by simulation.

However, one point which deserves further consideration
is the behavior of the VN defect. Since the oxygen atom
occupies the nitrogen site so as to serve as a substitutional
shallow donor,11,13 the out diffusion of oxygen implies a cor-
responding increase of the density of the VN defect. How-
ever, our result of theoretical fitting to experiments indicated
that the density of the VN defect slightly reduced after
annealing.

Our explanation for this apparent discrepancy is the fol-
lowing. Although VN defects are most probably formed by
oxygen out diffusion, it is highly likely that resultant VN

defects also diffuse out in a manner similar to the case of out
diffusion of defects during thermal annealing after the ion
implantation process. Such a postimplantation annealing pro-
cess is known to require a cap layer to prevent the generation
of vacancies of volatile group-V atoms at the surface. In our
case, the Al2O3 layer mentioned previously can serve as such
a cap layer. Furthermore, the out diffusion of VN defects may
form an Al–Ga metallic layer underneath the cap layer, but
such a layer will be readily oxidized to become a part of the
cap layer, as indicated by the strong tendency of oxidation
observed in the above XPS analysis. Thus, the VN concen-
tration profile remained unchanged or even decreased due to
the out diffusion of VN defects.

E. Application of surface control to AlGaN/GaN HFET

To investigate the applicability of the surface control pro-
cess to the reduction of leakage currents of the nanometer-
scale Schottky gate of the HFET device, experiments were
also done on the AlGaN/GaN HFET shown in Fig. 11�a�.
The device was fabricated on an AlGaN/GaN heterostruc-
ture wafer also grown by MOVPE. Typical values of the
electron concentration and mobility of the two-dimensional
electron gas �2DEG� were 1.0�1013 cm−3 and
1100 cm2/V s, respectively, at RT. For HFET fabrication, a
mesa isolation process was carried out by using an electron-
cyclotron resonance assisted reactive ion beam etching using

a CH4/H2/Ar/N2 �5/15/3 /3 SCCM �standard cubic centi-
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meter per minute�� mixed gas system developed by our
group.26 Ti/Al/Ti/Au and Ni/Au metal layers were used as
Ohmic electrodes and Schottky electrodes, respectively. The
gate length LG of the device was changed from
130 to 1000 nm, while the gate width WG was fixed at
60 �m. No surface passivation was applied to all the devices
fabricated in this study.

I-V curves obtained on AlGaN/GaN HFETs fabricated
without and with the surface control process are compared in
Fig. 11�b� by solid lines. The dashed curves represent the
I-V curves measured on the AlGaN/GaN HFET without the
surface control process, and the solid curves are those for the
device with the surface control process, respectively. It is
seen that, after the surface control process, the reverse leak-
age current was decreased with more than one order of mag-
nitude in the whole reverse bias region, and the temperature
dependence also increased in forward bias region. These im-
provements of gate leakage characteristics come from the
reduction of oxygen impurities related to shallow donors in
AlGaN layer. More precisely, the reduction of reverse leak-
age currents comes from the reduction of total amount of
surface donors, and the improvement of temperature depen-
dence in forward bias region results from the elimination of
shallow donors, as discussed above.

It should also be noted here that the leakage current char-

FIG. 11. �a� Schematic illustration of an AlGaN/GaN HFET sample having
a nanometer-scale Schottky gate and �b� the reduction of gate leakage cur-
rents of the AlGaN/GaN HFET sample caused by the surface control pro-
cess. �c� Schematic illustration of vertical and lateral tunneling current com-
ponents in the gate leakage current of the AlGaN/GaN HFET sample.
acteristics of the nanometer-scale Schottky gate in the HFET
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device is not so simple as compared to those of large area
Schottky diodes. We should take account of the fact that the
lateral tunneling injection occurs in gate edge as shown in
Fig. 11�c�. The detailed discussion about the lateral tunneling
current has been published elsewhere.20,27 Briefly, if high-
density oxygen impurities exist in the surface layer, they in-
duce concentration of electric field lines in the lateral direc-
tion along the AlGaN surface, and this causes large leakage
currents in the low bias region due to the lateral tunneling
injection of electrons. On the other hand, the vertical tunnel-
ing leakage current usually becomes dominant in high bias
region. As seen in Fig. 11�b�, the reduction of gate leakage
currents was observed in the whole reverse bias region not
only high or low bias region. Thus, the surface control pro-
cess is effective in reducing both leakage current compo-
nents. The mechanism of reduction of vertical tunneling cur-
rents is same as that in the large area AlGaN Schottky
diodes. For lateral tunneling currents, it is likely that the high
electric field in the lateral direction is relaxed by the reduc-
tion of oxygen donors near AlGaN surface.

However, the beneficial effects of the surface control pro-
cess observed in nanometer-scale Schottky gate on
AlGaN/GaN HFETs are unfortunately smaller than those of
large area Schottky diodes formed on a thick AlGaN epitax-
ial layer. This is primarily due to the fact that the AlGaN
barrier layer of AlGaN/GaN wafer for HFET is Si doped to
a very high density of 2�1018 cm−3. Unfortunately, the pres-
ence of such a density of Si donors tend to mask the large
change in the concentration of unintentionally doped oxygen
donors because the Si donors remain in AlGaN layer even
after surface control process by its high thermal stability.19

Furthermore, the surface portion surrounding the gate pe-
riphery of AlGaN/GaN HFETs used in this study is exposed
to air. It will introduce high densities of surface states, and
the resultant pinning of the surface Fermi level can produce
a strong lateral field. This may also be part of the reason for
reduced beneficial effects of the surface control process.
Thus, the suitable surface passivation process may be neces-
sary for the further increase of the effects of the surface
control.

V. CONCLUSION

In this article, we investigated the leakage currents in Al-
GaN Schottky interfaces by comparing experiments with
computer simulations based on the TSB model involving un-
intentional surface donors. To reduce leakage currents of Al-
GaN Schottky interfaces, a surface control process was de-
veloped. The main conclusions are listed below.

�1� The leakage currents in Al0.26Ga0.74N Schottky diodes
can be explained by including shallow oxygen donor
near surface in addition to nitrogen vacancy that is domi-
nant in GaN. The high-density oxygen impurities play a
more important role in AlGaN Schottky diodes.

�2� The characterization of surface reaction during surface
control process using XPS showed the reduction of
Ga O and increase in Al O after annealing. This result
2 3 2 3
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indicates that Al metal reacts with oxygen effectively,
indicating efficient gettering of oxygen shallow donors
from AlGaN layer.

�3� The C-V characterization of Schottky diodes showed the
increase of shallow donor density toward surface before
the surface control which completely disappears by ap-
plying surface control process.

�4� The surface control process is effective in reducing the
leakage current not only in large area AlGaN Schottky
interfaces but also nanometer-scale Schottky gate on
AlGaN/GaN HFETs. A remarkable reduction of reverse
leakage currents of four to five orders of magnitude and
more than one order of magnitude took place in
Al0.26Ga0.74N Schottky diodes and AlGaN/GaN HFETs,
respectively. An increase of temperature dependence of
currents was also observed in agreement with
simulation.
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