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ABSTRACT
We investigated the electron transport properties of n-GaN under an Ohmic-metal. Hall measurement results were compared for n-GaN (A)
before Ti-based metal deposition, (B) after Ti-based metal deposition but before annealing, (C) after Ohmic annealing, and (D) after Ohmic-
metal removal, where multi-probe-Hall device measurements are required for (C), while the others, (A), (B), and (D), can be characterized
by conventional Hall device measurements. The multi-probe-Hall device measurements for (C) elucidated that, under the Ohmic-metal, the
electron concentration is increased and the electron mobility is enhanced in comparison with those for the other cases, (A), (B), and (D). The
increased electron concentration indicates that high-density doping takes place in the n-GaN by the Ohmic annealing. However, the high-
density doping is not observed after the Ohmic-metal removal. Moreover, the electron mobility enhancement under the Ohmic-metal cannot
be explained by donor doping with ionized impurity scattering. These suggest that, under the Ohmic-metal, high-density donors are not
formed, and high-density polarization doping owing to strain from the Ohmic-metal takes place. From theoretical calculations, we clarified
that the increase in the electron density by polarization doping without donors leads to the suppression of ionized impurity scattering and
consequently the electron mobility enhancement.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0147137

In general, Ohmic contacts are not formed by only metal
deposition on semiconductors but formed by subsequent annealing,
suggesting that high-density doping takes place in the semicon-
ductors under Ohmic-metals. Due to the high-density doping, the
semiconductor electrical properties under the Ohmic-metals are
modified from those before Ohmic-metal formation.1,2 In order
to measure the sheet resistance ρs under the Ohmic-metals, the
end contact resistance method3–13 and the floating contact resis-
tance method14–16 have been developed, while the carrier con-
centration and mobility cannot be evaluated by these methods.
Previously, by using multi-probe-Hall devices, we proposed a char-
acterization method for the carrier concentration and mobility
under an Ohmic-metal.17 Applying the method to AlGaN/GaN het-
erostructures under Ohmic-metals, it is suggested that polarization
doping18 owing to strain from the Ohmic-metal plays a signifi-
cant role in the formation of Ohmic contact to the AlGaN/GaN
heterostructures.17,19

In this work, using multi-probe-Hall devices, we investigated
the electron transport properties of n-GaN under an Ohmic-metal
obtained by low-temperature annealing. Recently, in order to reduce
the thermal budget, and to suppress rough surface morphology
and poor edge acuity of Ohmic-metals,20 low-temperature anneal-
ing around 600 ○C21–25 is preferably employed for Ohmic contacts
to n-GaN instead of high-temperature annealing at ≥ 800 ○C.26–33

We compared Hall measurement results for n-GaN (A) before Ti-
based metal deposition, (B) after Ti-based metal deposition but
before annealing, (C) after Ohmic annealing, and (D) after Ohmic-
metal removal, where multi-probe-Hall device measurements are
required for (C), while the others, (A), (B), and (D), can be char-
acterized by conventional Hall device measurements. From the
multi-probe-Hall device measurements for (C), we find that the
sheet electron concentration ns is increased and the electron mobil-
ity μs is enhanced under the Ohmic-metal in comparison with
those for the other cases, (A), (B), and (D). This indicates that
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high-density doping takes place in the n-GaN by the Ohmic
annealing but vanishes after the Ohmic-metal removal. Moreover,
the electron mobility enhancement under the Ohmic-metal can-
not be explained by donor doping with ionized impurity scat-
tering. Thus, we can conclude that high-density donors, such
as nitrogen vacancies,30,34–36 are not formed under the Ohmic-
metal. Polarization doping owing to strain from the Ohmic-
metal can explain the above results; theoretical calculations show
that the increase in the electron density by polarization dop-
ing not associated with donors leads to the suppression of ion-
ized impurity scattering and consequently the electron mobility
enhancement.

Using an n-GaN (27 nm, Si-doped)/GaN (1000 nm) epitaxial
structure grown by hot-wall metal-organic chemical vapor depo-
sition37 on SiC (0001), Hall measurements were carried out for
n-GaN (A) before Ti-based metal deposition, (B) after Ti-based
metal deposition but before annealing, (C) after Ohmic annealing,
and (D) after Ohmic-metal removal (Fig. 1). The effective donor
doping density in the n-GaN is Ndd = Nd −Na ≃ 4.0 × 1018 cm−3,
where Nd and Na are the donor and acceptor densities, respec-
tively. The properties for (A), (B), and (D) can be characterized
by conventional Hall device measurements because Ohmic con-
tacts are not formed even for (B). On the other hand, in the case
of (C), due to the formation of Ohmic contacts, it is necessary
to employ multi-probe Hall devices.17,19 Below (C) in Fig. 1, we
show the schematic top view of the multi-probe-Hall devices with
the transmission line model, where an L ×W size Ohmic-metal
is formed on the channel. The devices have the current injec-
tion electrodes and the multiple voltage probe electrodes, which
enable us to measure the lateral voltage VL and the Hall voltage

VH as functions of the position x with respect to the center of the
Ohmic-metal.

The results of the Hall measurements are summarized in
Fig. 2. For (A), we obtained a sheet resistance ρs ≃ 5700 Ω/◻, a
sheet electron concentration ns ≃ 4.4 × 1012 cm−2, and the electron
mobility μs ≃ 250 cm2/V-s, as plotted by the black point in Fig. 2.
This result can be explained by an effective surface barrier height
ΦB ≃ 0.85 eV. In the case of (B), a Ti/Al/Ti/Au metal without anneal-
ing is formed, and we obtained ρs ≃ 4600 Ω/◻, ns ≃ 5.7 × 1012 cm−2,
and μs ≃ 240 cm2/V-s, as plotted by the green point in Fig. 2.
The increase in ns by the formation of the Ti/Al/Ti/Au metal is
attributed to a decrease in ΦB from 0.85 to 0.55 eV. In the case of
(C), Ohmic annealing at 575 ○C in N2 ambient for 5 min leads to
a contact resistance Rc ≃ 1.5 Ωmm. The multi-probe-Hall devices
shown in Fig. 1 have an Ohmic-metal length L = 200 μm and widths
W = 1.7, 4.6, 9.7, 20 μm. Applying current density J0 (mA/mm)
through the current injection electrodes (made of the Ohmic-metal),
we measured VL under no magnetic field B = 0 and VH under a
magnetic field B = 0.32 T using the multiple voltage probe electrodes
(made of the Ohmic-metal). Figure 3 shows the measured VL/J0 and
VH/(J0W) as functions of the position x for (C). According to the
transmission line model, solving the differential equations in Ref. 17,
we obtain

VL(x)
J0
= − ρs

ρs + ρm
(ρmx + ρs

sinh (x/LT)
LT cosh (L/2LT)

), (1)

where ρm is the metal sheet resistance, ρc is the specific contact resis-
tivity, and LT =

√
ρc/(ρs + ρm) is the transfer length. The measured

results of VL(x)/J0 are independent of W and can be well fitted

FIG. 1. The schematic cross section for n-GaN (A) before Ti-based metal deposition, (B) after Ti-based metal deposition but before annealing, (C) after Ohmic annealing, and
(D) after Ohmic-metal removal. Below (C): the schematic top view of multi-probe-Hall devices with the transmission line model.
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FIG. 2. The relationship between the sheet electron concentration ns and the
electron mobility μs for (A)–(D). The dashed-curves show the sheet resistance
ρs = 2500 and 5000 Ω/◻.

by Eq. (1). The fitting gives ρs ≃ (2400 ± 340) Ω/◻, ρc ≃ (9.1 ± 2.8)
× 10−6 Ωcm2, ρm ≃ (1.2 ± 0.1) Ω/◻, and LT ≃ (0.6 ± 0.08) μm.
Moreover, from VH(x) around x = 0, we obtain the measured
mobility

μmeas =
1

BW
VH

∂VL/∂x
∣
x=0
≃ μs −

ρs(μs − μm)
ρs + ρm

(1 − tanh (W/2LT)
W/2LT

),

(2)

where μmeas is approximately μs for the small-W limit. How-
ever, in this case, due to the very small LT compared with W,
the approximation is not valid. In the inset of Fig. 3 (right), we
plotted μmeas depending on W and fitted using (2), leading to
μs ≃ (320 ± 40) cm2/V-s and ns = 1/qρsμs ≃ (8.0 ± 1.1) × 1012 cm−2.
The obtained results are also shown by the red point in Fig. 2,
where the error bars show the three-sigma asymptotic standard
errors in the fittings. Under the Ohmic-metal, ns is increased and
μs is enhanced in comparison with those for (A) and (B). The
increased ns indicates that high-density doping takes place in the n-
GaN by the Ohmic annealing. However, the μs enhancement under
the Ohmic-metal cannot be explained by donor doping with ionized

FIG. 4. AFM measurements for (D): an AFM image after the Ohmic-metal removal
and the cross-sectional profile.

impurity scattering. In the case of (D), the Ohmic-metal is removed
by wet-etching using H2O2 : H2SO4 (1 : 9) and HF. We obtained
ρs ≃ 6100 Ω/◻, ns ≃ 3.9 × 1012 cm−2, and μs ≃ 260 cm2/V-s for (D),
as plotted by the blue point in Fig. 2; ns is even smaller than that
for (A). This indicates that high-density donors do not exist after
the Ohmic-metal removal. The smaller ns than that for (A) is due
to a slight decrease in the n-GaN thickness after the Ohmic-metal
removal as shown below.

The decrease in the n-GaN thickness for (D) was measured by
atomic force microscope (AFM) as shown in Fig. 4. From the cross-
sectional profile, we find that the n-GaN thickness is reduced by

FIG. 3. The measured VL(x)/J0 (left) and VH(x)/(J0W) (right) for (C), with the fitting curves. The inset of the right: the Ohmic-metal width W dependence of the measured
mobility μmeas.
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≃ 2 nm after the Ohmic-metal removal. This is the cause of the
decrease in ns for (D) and suggests that during the Ohmic annealing,
the Ti-based metal reacted with a part of the n-GaN to form a metal-
like altered layer, such as TiN or GaTiN,38–40 which was removed by
the wet-etching. Furthermore, we fabricated Ni/Au Schottky diodes
on the n-GaN for (A) and (D) according to the process flow shown
in Fig. 5 (left) and obtained the capacitance-voltage characteris-
tics at 1 MHz shown in Fig. 5 (right). We find that the threshold
voltage after the Ohmic-metal removal positively shifts due to the
decrease in the n-GaN thickness. However, around VG = 0, the char-
acteristics of both Schottky diodes well coincide, with the same
doping density of ≃ 4.0 ×1018 cm−3 for (A) and (D), confirming that
high-density donors do not exist after the Ohmic-metal removal.
This suggests that high-density donors are not formed under the
Ohmic-metal. We consider that the high-density doping under
the Ohmic-metal without high-density donors can be attributed to
polarization doping18,41,42 owing to strain from the Ohmic-metal.

In order to estimate the doping density ND (cm−3) in the
n-GaN just under the Ohmic-metal, we characterized the temper-
ature dependence of ρc for (C). From VL(x)/J0 measurements for
temperature T = 300–370 K shown in Fig. 6 (left), we obtained

ρc as a function of T shown in Fig. 6 (right). This result can be
fitted by the field emission (FE) model and the thermionic field
emission (TFE) model,43 the former giving ND ≃ 3.4 × 1019 cm−3

and ΦB ≃ 0.42 eV, and the latter giving ND ≃ 1.4 × 1019 cm−3 and
ΦB ≃ 0.42 eV. We can confirm that the obtained ND and ΦB satisfy
the criterion for the FE model but do not satisfy that for the TFE
model:44,45 kBT < 2E00/[ln (4ΦB/EF) + (2E00/EF)1/2] for the FE and
kBT > 2E00/ln(4ΦB/EF) for the TFE using E00 = qh̵

√
ND/m∗εs/2

with usual notations. Thus, we conclude that the Ohmic contact is
dominated by the FE mechanism. The obtained ND and ΦB can be
used to examine the band diagram for (C).

In Fig. 7, we show the band diagrams obtained by
Poisson–Schrödinger calculations for all the cases, (A), (B),
(C), and (D). In the case of (A), (B), and (D), the effective barrier
heights ΦB are determined to reproduce the measured ns. For the
case (C), the above-obtained ND and ΦB are used. We assume a
doping density N(z) = (ND −Ndd)exp(−z/ξ) +Ndd (cm−3), where
z is the distance from the surface, and ξ is the characteristic length.
The first term represents an exponentially decaying polarization
doping density according to an exponentially decaying strain.46 If
we set ξ = 3 nm, the measured ns for (C) can be reproduced. The

FIG. 5. (Left) The fabrication process of Ni/Au Schottky diodes on the n-GaN for (A) and (D). (Right) The capacitance-voltage characteristics of the Ni/Au Schottky diodes.

FIG. 6. (Left) The measured VL(x)/J0 at 300–370 K for (C), with the fitting curves. The inset of the left: the measured VL(x)/J0 in a linear scale around x = −100 μm.
(Right) The specific contact resistivity ρc as a function of the temperature T for (C), with the FE fitting curve.
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FIG. 7. The calculated conduction bands Ec(z) (red curves) and the local electron densities n(z) (blue curves) for (A)–(D).

obtained conduction bands Ec(z) are shown by the red curves in
Fig. 7. We also obtained the local electron densities n(z) (cm−3)
shown by the blue curves. The yellow region in (C) illustrates the
altered layer. Table I shows a summary of the sheet electron con-
centration ns, the electron mobility μs, the effective barrier height
ΦB, and the depletion length, for (A), (B), (C), and (D). Owing to
the polarization doping near the surface in (C), the depletion length
decreases to ≃ 4 nm, leading to the Ohmic contact dominated by
the FE mechanism. Simultaneously, the electron mobility μs for (C)
is enhanced. In order to clarify the mechanism, we calculated the
local electron mobility μ(z) = (1/μII(z) + 1/μpo)−1, using ionized
impurity scattering mobility47

μII(z) =
3ε2

s h3n(z)
q3m∗2Ndd

[ln (1 + β) − β
1 + β

]
−1

,

β = 4π2εsh̵2

q2m∗
(3π2n(z))1/3,

(3)

TABLE I. Summary of the sheet electron concentration ns, the electron mobility μs,
the effective barrier height ΦB, and the depletion length.

ns (1012 cm−2) μs (cm2/V-s) ΦB (eV)
Depletion length

(nm)

(A) 4.4 250 0.85 15
(B) 5.7 240 0.55 12
(C) 8.0 320 0.42 4
(D) 3.9 260 0.80 14

and polar optical phonon scattering mobility μpo ≃ 3000 cm2/V-s
evaluated based on Fröhlich interaction.48 In Fig. 8, the calculated
μ(z) for (B) and (C) are shown by the green dashed-curves. Using
these local properties, we obtained the total mobilities,49–53

μs = ∫
n(z)μ(z)2dz
∫ n(z)μ(z)dz

, (4)

which are shown by the green lines in Fig. 8, giving
μs ≃ 240 cm2/V-s for (B), and μs ≃ 300 cm2/V-s for (C). They
are consistent with the measured μs ≃ 240 cm2/V-s for (B) and
μs ≃ 320 ± 40 cm2/V-s for (C). This indicates that the increase in the
electron density by polarization doping leads to the suppression of
ionized impurity scattering and consequently the electron mobility
enhancement.

In summary, using multi-probe-Hall devices, we investigated
the electron transport properties of n-GaN under an Ohmic-metal.
We compared the Hall measurement results for n-GaN before Ti-
based metal deposition, after Ti-based metal deposition but before
annealing, after Ohmic annealing, and after Ohmic-metal removal.
We find that, under the Ohmic-metal, ns is increased and μs
is enhanced in comparison with those for the other cases. The
increased ns indicates that high-density doping takes place in the
n-GaN by the Ohmic annealing, while the high-density doping
is not observed after the removal. We conclude that, under the
Ohmic-metal, high-density donors are not formed, and high-density
polarization doping owing to strain from the Ohmic-metal takes
place. In Ref. 19, the role of polarization doping was shown for
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FIG. 8. The calculated local electron mobilities μ(z) (green dashed-curves) and the total mobilities μs (green lines) with the local electron densities n(z) (blue curves) for (B)
and (C).

low-temperature (≲ 600 ○C) annealed Ta-based Ohmic-metals con-
tacting to two-dimensional electron gases (2DEGs) in AlGaN/GaN
heterostructures. In this work, for low-temperature (≲ 600 ○C)
annealed Ti-based Ohmic-metals contacting to three-dimensional
electron gases (3DEGs) in n-GaN, we elucidate the role of polariza-
tion doping and find the electron mobility enhancement owing to
the suppression of ionized impurity scattering through an increase
in electron density without donors. While metal penetration into
the semiconductor is important for high-temperature (≥ 800 ○C)
annealed Ohmic contacts to nitride semiconductors,40 we conclude
that polarization doping is essential for low-temperature annealed
Ohmic contacts. On the other hand, this work shows that the
∼ 2-nm altered layer for the low-temperature annealed Ti-based
Ohmic-metals is etched by an acidic solution, while such etch-
ing was not observed for the low-temperature annealed Ta-based
Ohmic-metals.19 This suggests that there are different aspects
between the Ti- and Ta-based Ohmic-metals, even though polariza-
tion doping plays an important role for both the Ohmic-metals.
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