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ABSTRACT

We investigated low-temperature-annealed Ohmic contacts to ultrathin-AlGaN/GaN heterostructures with no two-dimensional electron gas
(2DEG), which have extremely high sheet resistances of � 1012 X=(. The Ohmic contacts are formed by metal deposition and low-
temperature annealing at < 600 �C, where a contact resistance down to ’ 0:74 Xmm can be realized. In order to evaluate the sheet resistance
qs, the sheet electron concentration ns, and the electron mobility ls of the AlGaN/GaN under the Ohmic-metals, we fabricated and character-
ized multi-probe Hall devices. As a result, we find qs significantly decreased down to � 600 X=(, ns in the 1012 cm�2 range, and ls
> 1000 cm2=V-s under the Ohmic-metals, where the relationship between ns and ls suggests that a 2DEG is formed at the AlGaN/GaN heteroin-
terface. The specific contact resistivity weakly depends on both ns and the measurement temperature, being well explained by direct tunneling
between the formed 2DEG and the Ohmic-metal. Furthermore, it is found that the sheet resistance after Ohmic-metal removal returns to the ini-
tial value of � 1012 X=(. One possible hypothesis to explain this is that polarization doping takes place under the Ohmic-metals.
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In order to realize GaN-based normally-off field-effect transistors
(FETs), gate-recess methods using dry etching have been widely
employed.1–4 However, there are several issues with these methods,
such as crystal damage, which leads to a degradation in the electron
transport properties,4 and difficulty in controlling the etching depth.
On the other hand, using ultrathin-AlGaN/GaN heterostructures with
no two-dimensional electron gas (2DEG), normally-off FETs without
dry etching have been reported,5–10 where the 2DEG is selectively
induced in the access region owing to an insulator deposition.7,11

Ohmic contacts to the ultrathin-AlGaN/GaN heterostructures have
been formed by a metal deposition and high-temperature annealing at
> 800 �C without ion implantations, giving the contact resistance Rc

of 1.3 or 3.4 Xmm.7,10 However, since high-temperature annealing
wastes the thermal budget and leads to rough surface morphology and
poor edge acuity12 of the Ohmic-metals, low-temperature annealing at
< 600 �C is desired in practice. While low-temperature-annealed
Ohmic contacts with low contact resistances Rc < 1 Xmm are
obtained for thick-AlGaN/GaN heterostructures with 2DEG,12–17 the

possibility of low-temperature-annealed Ohmic contacts for ultrathin-
AlGaN/GaN heterostructures with no 2DEG has been unclear.

In this work, we investigated low-temperature-annealed
(< 600 �C) Ohmic contacts for ultrathin-AlGaN/GaN heterostruc-
tures with no 2DEG having extremely high sheet resistances, where it
was found that low contact resistances Rc < 1 Xmm can be realized
despite the depletion of 2DEG and extremely high sheet resistances of
the heterostructures. Moreover, by using multi-probe Hall measure-
ments,18–20 we evaluated the sheet resistance qs, the carrier concentra-
tion ns, and the carrier mobility ls under the low-temperature-
annealed Ohmic-metals. In general, Ohmic-metal formation modifies
properties inside the semiconductor under the formed Ohmic-
metal;21,22 qs, ns, and ls under the Ohmic-metal differ from those
before the Ohmic-metal formation and can be characterized by multi-
probe Hall measurements. We find significantly decreased qs,
increased ns, and high ls under the low-temperature-annealed
Ohmic-metal, where the relationship between ns and ls suggests that
a 2DEG is formed at the AlGaN/GaN heterointerface. From the
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dependence of the specific contact resistivity qc on ns and measure-
ment temperature, we discuss a conduction mechanism between the
2DEG and the Ohmic-metal. In addition, it is shown that the sheet
resistance after Ohmic-metal removal returns to the initial extremely
high value, suggesting a mechanism of the 2DEG formation under the
Ohmic-metal.

According to the process flow shown in Fig. 1, we fabricated
transfer length method (TLM) samples using an Al0:20Ga0:80N (5 nm)/
GaN (1500 nm) heterostructure grown by metal-organic chemical
vapor deposition on Si (111). The thickness of the AlGaN layer is so
thin that the 2DEG is fully depleted. The Ohmic-metal was formed by
Ta/Al/Ta metal deposition and subsequent annealing at 575 �C in N2

ambient. At this stage, from the TLM measurement results shown in
the bottom of Fig. 1 with linear fitting, we can confirm an extremely
high sheet resistance � 1012 X=( between the Ohmic-metals. On the
other hand, the contact resistance Rc cannot be accurately evaluated
due to the extremely high sheet resistance; the vertical intercept for the
linear fitting is quite uncertain. In order to give conductivity between
the Ohmic-metals, an Al2O3 insulator with a thickness of � 100 nm
was deposited by atomic layer deposition using trimethylaluminum
and oxygen plasma at 300 �C. Then, we carried out TLM measure-
ments, whose results are shown in Fig. 2, from which Rc can be accu-
rately evaluated. We obtain a low Rc ’ 0:74 Xmm, as well as a
significantly reduced sheet resistance ’ 1080 X=( under the Al2O3

insulator owing to band bending.7 This indicates that Rc < 1 Xmm
can be realized by low-temperature annealing despite the depletion of
2DEG and the extremely high sheet resistance of the heterostructure.
If we employ annealing at further decreased temperatures 525 and
475 �C, Rc and its sample-to-sample deviation are increased as shown
in the inset of Fig. 2.

In order to characterize the semiconductor properties under the
Ohmic-metals, we fabricated multi-probe Hall devices18–20 shown in
Fig. 3, where the Ohmic-metals with a length L ¼ 200lm and a width
W ¼ 2; 5; 10; 20lm are formed by annealing at 575 �C. The devices
have measurement electrodes consisting of current injection and mul-
tiple voltage probe electrodes. In the access regions between the

Ohmic-metal and the measurement electrodes, the Al2O3 insulator is
deposited. Using the multi-probe Hall devices, we can obtain the distri-
bution of the lateral and Hall voltages inside the semiconductor sepa-
rately from the Ohmic-metal. As defined in Fig. 3, applying a current
density J0 (mA/mm) through the current injection electrodes, we mea-
sured the lateral voltage VL under no magnetic field B ¼ 0 and the
Hall voltage VH under B ¼ 0:32T, as a function of the position x using
the voltage probe electrodes. Figure 4 (left) shows the measured VL=J0
as a function of the position x. We observe a nonlinear behavior inde-
pendent of W, which can be analyzed based on a transmission line
model18 giving

VLðxÞ
J0

¼ � qs
qs þ qm

qmx þ qs
sinhðx=LTÞ

LTcoshðL=2LTÞ
� �

; (1)

FIG. 1. The fabrication process of transfer length method (TLM) samples using the ultrathin-AlGaN/GaN heterostructures. Bottom: the TLM measurement results after metal
deposition and annealing.

FIG. 2. The TLM measurement result for the Ohmic contacts annealed at 575 �C.
The inset: the contact resistance Rc as a function of annealing temperature.
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where qm is the Ohmic-metal sheet resistance, LT ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qc=ðqs þ qmÞ

p
is the characteristic length, and qc is the specific contact resistivity. The
measured results are well fitted using (1), giving qs ’ 600 X=( under
the Ohmic-metal, qm ’ 0:20 X=(, qc ’ 0:95� 10�5 X cm2, and
Rc ’ ffiffiffiffiffiffiffiffiffi

qsqc
p ¼ 0:74 Xmm. We find that, under the Ohmic-metal, qs

is significantly decreased from the extremely high initial value
� 1012 X=(. Figure 4 (center) shows the measured VH=J0W as a
function of the position x. We obtain the measured mobility lmeas
¼ VH=ðBW@VL=@xÞjx¼0 dependent onW, which can be fitted by20

lmeas ’ ls �
qsðls � lmÞ
qs þ qm

1� tanhðW=2LTÞ
W=2LT

� �
(2)

using the electron mobility lm in the Ohmic-metal as shown in Fig. 4
(right). The fitting gives ls ’ 1250 cm2=V-s, lm � 20 cm2=V-s, and
consequently ns ¼ 1=qqsls ’ 8:3� 1012 cm�2 under the Ohmic-
metal; we find significant increase in ns and high ls.

The same characterization was carried out for the Ohmic contact
annealed at 525 and 475 �C, summarized in Table I. The annealing
decreases qs, qc, and Rc, associated with an increase in ns with high ls.
Figure 5 plots the relationship between the measured ns and ls under
the Ohmic-metals, where that under Al2O3 obtained by conventional
Hall measurements is simultaneously plotted. The relationship can be

fitted by the theoretical curve for 2DEG given in Fig. 5, where we con-
sider polar optical phonon (PO),23 acoustic phonon (AC),24,25 barrier
alloy (BA),24 interface charge (IC),24 and interface roughness26–28 scat-
terings. The obtained electron mobilities ls > 1000 cm2=V-s are quite
higher than a possible electron mobility in the AlGaN layer of
� 300 cm2=V-s (Ref. 29) as well as that in the Ohmic-metal of lm
� 20 cm2=V-s. This indicates that the measured ls and ns are domi-
nated by 2DEG generation at the AlGaN/GaN heterointerface.
Furthermore, it is suggested that ionized impurity scattering associated
with donors, such as nitrogen vacancies,12,30 does not take place.

Figure 6 shows the relationship between qc and ns, where we find
decrease in qc with an increase in ns, but the dependence is not so
strong. This dependence can be explained by direct tunneling between
the 2DEG and the Ohmic-metals shown in the inset of Fig. 6. The
direct tunnel current is given by

J ¼
ð1
E0

eD2

s
f ðE � EF � eVÞ � f ðE � EFÞ½ �dE; (3)

where s is the tunneling escape time, D2 ¼ m�=p�h2 is the 2D density
of states, f ðE � lÞ ¼ ½1þ expððE � lÞ=kBTÞ��1 is the Fermi distribu-
tion function, EF is the Fermi energy, and E0 is the 2DEG ground state
energy. Thus, the direct tunnel conductance is

G ¼ 1=qc ¼
@J
@V

����
V¼0

¼ e2D2

s

ð1
E0

�f 0ðE � EFÞ
� �

dE

¼ e2D2

s
1� exp � ns

D2kBT

� �� �
; (4)

where we use ns ’ D2kBT ln ð1þ eðEF�E0Þ=kBTÞ, assuming that all the
electrons of the 2DEG lie in the ground state. The measurement result
is well fitted by (4), leading to s ’ 160 ps.

From (4), it is expected that qc is slightly increased with an
increase in temperature. In order to confirm this, we measured qc at
300–370K for the Ohmic contact annealed at 575 �C. Figure 7(a)
shows the measurement temperature dependence of qc, which is
obtained by measurements of VLðxÞ shown in the inset. The
temperature dependence of qc obeys the theoretical curve given by (4)
with ns ’ 8:3� 1012 cm�2 and s ’ 160 ps. As expected, we observe
the slight increase in qc with temperature; this is quite in contrast to
that for Ohmic contacts to thick-AlGaN/GaN heterostructures and n-
GaN dominated by the thermionic field or field emission.18–20

FIG. 3. The schematic structure of the multi-probe Hall devices, where the Al2O3

insulator is deposited on the access regions between the Ohmic-metal and the
measurement electrodes.

FIG. 4. The measured VLðxÞ=J0 (left), VHðxÞ=J0W (center), and lmeas as a function of W (right) with the fitting curves for the Ohmic-metal annealed at 575 �C.
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Moreover, from the measurements of VLðxÞ, we obtain the temper-
ature dependence of qs as shown in Fig. 7(b). Assuming the tem-
perature independent ns ’ 8:3� 1012 cm�2, the results indicate
the electron mobility decreasing from 1250 cm2=V-s at 300 K to
850 cm2=V-s at 370 K. As shown by the fitting curve in Fig. 7(b),
this can be well explained by the temperature dependent 2DEG
mobility governed by the scattering mechanisms as in Fig. 5, polar

optical phonon (PO), acoustic phonon (AC), barrier alloy (BA),
interface charge (IC), and interface roughness (IR) scatterings.
These strongly support our picture based on the 2DEG formation
at the heterointerface and the direct tunnel conduction between
the induced 2DEG and the Ohmic-metal.

Moreover, we examined removal of the low-temperature-
annealed Ohmic-metal. As depicted in Fig. 8, we fabricated circular
TLM samples for the heterostructures before Ohmic-metal formation
(initial) and after Ohmic-metal removal, with TLM electrodes of a
radius a ¼ 40 lm and a gap length b ¼ 4–10 lm. For the former sam-
ple, Ohmic-metals for the TLM electrodes have been formed by
annealing at 575 �C. For the latter sample, first a large Ohmic-metal

FIG. 6. The relationship between ns and qc. The inset: Direct tunneling between
the 2DEG and the Ohmic-metal.

FIG. 7. The temperature dependence of (a) the specific contact resistivity qc and
(b) the sheet resistance qs for the Ohmic contacts annealed at 575 �C with the fit-
ting curves. The inset of (a): VLðxÞ=J0 measured at 300–370 K.

TABLE I. Summary of the multi-probe Hall measurements.

qs ðX=(Þ qc ð10�5 X cm2Þ Rc ðXmmÞ LT ðlmÞ ls ðcm2=V-sÞ ns ð1012 cm�2Þ
Annealed at 575 �C 600 0.95 0.74 1.2 1250 8.3
Annealed at 525 �C 1800 2.0 1.9 1.1 1560 2.2
Annealed at 475 �C 3200 2.3 2.7 0.85 1340 1.5

FIG. 5. The relationship between ns and ls under the Ohmic-metals and the Al2O3

insulator with the theoretical curve for 2DEG.
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was formed by annealing at 575 �C, next, the Ohmic-metal was wet-
etched by H2SO4:H2O (9:1) and HF, and subsequently, Ohmic-metals
for the TLM electrodes have been formed by annealing at 575 �C. The
measurement results in Fig. 8 show sheet resistances of � 1012 X=(
for both circular TLM samples, indicating that the decreased qs under
the Ohmic-metal returns to the initial extremely high value. Thus, we
conclude that donors, such as nitrogen vacancies, are not formed
under the Ohmic-metal. On the other hand, in order to explain the
increase in ns under the Ohmic-metal up to ’ 8:3� 1012 cm�2 only
by a metal barrier height (without doping), it is necessary to assume a
barrier height � 0:1 eV, which is too small for Ta-based Ohmic-met-
als.17,19 Thus, “doping without donors” under the Ohmic-metal is sug-
gested. As a possible hypothesis, we consider that polarization doping
takes place by strain, similar to the cases for thick-AlGaN/GaN hetero-
structures and n-GaN.18–20

In summary, we investigated low-temperature-annealed Ohmic
contacts to ultrathin-AlGaN/GaN heterostructures with no 2DEG,
which have extremely high sheet resistances. The Ta/Al/Ta Ohmic-
metal with the contact resistance of Rc ’ 0:74 Xmm can be realized
by annealing at 575 �C. The multi-probe Hall measurements elucidated
that a 2DEG is formed at the AlGaN/GaN heterointerface under the
Ohmic-metal. We conclude that direct tunneling between the formed
2DEG and the Ohmic-metal dominates the contact resistance.
Furthermore, it is shown that the sheet resistance after Ohmic-metal
removal returns to the initial extremely high value, indicating that
donors, such as nitrogen vacancies, are not formed under the Ohmic-
metals. We consider that doping under the Ohmic-metals without
donors takes place. Polarization doping is a possible hypothesis to
explain the results.
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