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N.S. BOLTOVETS,3 P.N. BRUNKOV,4 N.V. JMERIC,4 S.V. IVANOV,4

V.V. SHYNKARENKO 1

1 Lashkaryov Institute of Semiconductor Physics, Nat. Acad. of Sci. of Ukraine
(41, Prosp. Nauky, Kyiv 03680, Ukraine)

2 Center for Terahertz Research and Applications (CENTERA),
Institute of High Pressure Physics of the PAS
(29/37, Ul. Sokolowska, 01-142, Warsaw, Poland)

3 State Enterprise Research Institute “Orion”
(8a, E. Pottier Str., Kyiv 03057, Ukraine)

4 A. Ioffe Physicotechnical Institute, Russian Academy of Sciences
(26, Politekhnicheskaya Str., St. Petersburg 194021, Russia)

FEATURES OF THE FORMATION
OF OHMIC CONTACTS TO n+-InNUDC 539

We report about a study of the formation and current transport mechanism of ohmic contacts
to n+-InN with electron concentrations of 2× 1018, 8× 1018, and 4× 1019 cm−3. Pd/Ti/Au
ohmic contacts are formed by the proposed approach of simultaneous magnetron metal de-
position and in-situ temperature annealing, which allows obtaining a low contact resistivity
(4.20± 2.67)× 10−6 Ohm · cm2. The additional rapid thermal annealing in the temperature in-
terval 350–400 ∘C is used to improve further contact characteristics. Optimal parameters of the
temperature treatment are determined by statistic methods. As for the current transport mech-
anism, the unusual growing temperature behavior of contact resistivity is observed in the wide
temperature range 4.2–380K for each doping level of InN films. The mechanism of thermionic
current flow explains the current transport through metal shunts, which is associated with the
conducting dislocations. The extracted density of conducting metal shunts has a good agreement
with experimental values of the screw and edge dislocation densities experimentally obtained
by high-resolution X-ray diffraction. Additionally, from the obtained contact resistivity tem-
perature dependences, we can argue about the metal, which penetrates dislocations and forms
shunts.
K e yw o r d s: ohmic contacts, rapid thermal annealing, in-situ thermal annealing, contact
resistivity, dislocation density, metal shunts.

1. Introduction

The experimentally confirmed electron transport
properties of indium nitride attract a great attention
among III-nitride group materials. Recently, it was
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reported Ref. [1] about the highest achieved value of
electron mobility 3500 cm2/Vs at room temperature
for this material, and a maximum of the InN mo-
bility of 14000 cm2/Vs was theoretically predicted
in Ref. [2] for samples with low carrier concentra-
tions. In addition, the InN drift velocity in the range
5×107–2×108 cm/s was demonstrated by Ref. [3] at
room temperature. These remarkable features make
InN a promising material firstly for high-speed elec-
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Table 1. Q-factors for high-frequency
transistors evaluated on the basis of electrical semiconductor parameters [8, 9]

Parameters InN AIN GaN GaN GaAs Si
at 300 K (wurtzite) (wurtzite) (wurtzite) (zinc bland) (zinc bland) (diamond)

Cutoff frequency [4]
𝑓𝑡 =

𝜈𝑠
2𝜋𝐿𝐺

,×1012 s−1 3.18 0.27 0.51 0.51 0.32 0.16

Keyes’ Q-factor [5]
KFOM = 𝜒

√︁
𝑐𝜈𝑠
4𝜋𝜀𝑠

,×106 W/(K · s) 88.3 70.6 112.9 111.7 28.1 67.5

Baliga’s Q-factor [6]
BFOM = 𝜀𝑠𝜇𝐸3

𝑔 , m2еV3/(V · s) 1.8 238.6 52.0 34.9 16.7 2.2

Band gap 𝐸𝑔 , eV 0.70 [10] 6.20 3.51 3.30 1.42 1.12

Effective electron mass, 𝑚eff 0.04 0.40 0.20 0.13 0.06 0.19

Mobility of electrons 𝜇, сm2/(V · s) 3500 [1] 1100 1300 1000 6000 1350

Drift velocity 𝑣𝑠, ×107 cm/s 20.0 [3] 1.9 3.0 3.0 2.0 1.0

Thermal conductivity 𝜒, W/(cm ·K) 0.5 1.0 1.3 1.3 0.4 1.5

Dielectric constant 𝜀𝑠 15.3 9.1 8.9–9.5 9.7 9.7 11.8

tronic devices, that was also confirmed by evalu-
ated Q-factors for high-frequency transistors [4] with
gate length equals to 0.1 𝜇m (see Tabl. 1). The
highest cut-off frequency was obtained for transis-
tors based on InN. Other criteria in case of InN are
comparable to GaAs Q-factors; there are Keyes’ Q-
factor [5] that provides a thermal limitation to the
switching behavior of transistors and Baliga’s Q-
factor [6], which defines material parameters to min-
imize the conduction loss in low-frequency unipolar
transistors.

The critical problem of InN-based electronics de-
vices is a high defect density in thin films due to the
absence of homogeneous bulk substrates. Nowadays,
the growth processes of InN epitaxial structures use
substrates like sapphire, silicon, or silicon carbide in
most cases. The mismatches of lattice parameters and
thermal coefficients are +11% and –38%, respectively,
even with using GaN buffer layers. As a result, InN
layers have a high density of dislocations in the range
from 109 to 1011 cm−2 [7].

In its turn, a high structural defect density af-
fects, to the greatest extent, the process of forma-
tion of ohmic contacts as built-in elements of any
semiconductor devices including high-frequency tran-
sistors. Features of the ohmic contact formation and
a current transport mechanism through the “metal–
InN” interface and its explanation are the main goals
of the present work.

2. Fabrication of Samples
and Investigation Methods

InN films were grown on the Al2O3 substrate with a
0.9 𝜇m GaN buffer layer by plasma-assisted molecular
beam epitaxy (PAMBE). The doping level of the InN
films was 4 × 1019 cm−3 (sample A), 8 × 1018 cm−3

(samples B), and 2× 1018 cm−3 (samples С). Ohmic
contacts were formed by the sequential magnetron
sputtering of Pd (30 nm)/Ti (50 nm)/Au (100 nm)
onto the InN epitaxial films, by using the in-situ ther-
mal annealing at 350 ∘C. The metallization of mul-
tilayers according to principles of the formation of
ohmic contacts was described in Ref. [11], Pd was
used as the contact formation layer, the following
layer of Ti was deposited to prevent the diffusion pro-
cess and is known as an antidiffusion barrier, and Au
was the last layer. The samples were patterned by
a lift-off process, and contact resistivities were mea-
sured using the Transition Line Method (TLM). A
more detailed information about the preparation of
samples can be found in Refs. [12, 13]. Samples A
and B (see Tabl. 2) were additionally annealed at
350–400 ∘C for 2 min in a rapid thermal anneal-
ing (RTA) furnace. The contact resistivity (𝜌c) as
an essential parameter of the ohmic contact quality
was measured by TLM before and after RTA. Ad-
ditionally, the contact resistivity temperature de-
pendences 𝜌c(𝑇 ) for an explanation of the current
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Table 2. Structure parameters of the investigated samples obtained by HRXRD

Sample
Doping level, 𝑁𝑑

[cm−3] Treatment
Thickness of
InN layer, 𝐷

[𝜇m]

Screw dislocation
density, 𝑁𝑠 × 108

[cm−2]

Edge dislocation
density, 𝑁𝐸 × 109

[cm−2]

A 4× 1019 – 0.9 46.37 25.70
4× 1019 RTA 370 ∘C 0.9 26.12 22.80

B 8× 1018 – 2.5 2.77 5.35
8× 1018 RTA 400 ∘C 2.5 2.91 8.90

C 2× 1018 – 0.6 2.30 3.40

transport mechanism were measured in the range
4.2–380 K.

High-Resolution X-Ray Diffraction (HRXRD) was
used for the determination of structural parameters
of InN epitaxial films. We analyzed both the sym-
metric and asymmetric reflections of InN and GaN
films. The Williamson–Hall plots were used for the
analysis of dislocation densities (both types: screw
𝑁𝑆 and edge 𝑁𝐸). Results of HRXRD studies are
shown in Tabl. 2.

3. Results and Discussion

Ohmic contacts were formed currently after the
metal deposition onto in-situ heated semiconductor
films. Linearity and symmetry of I–V characteristics
confirmed the ohmicity of contacts. The mean value
of contact resistivity obtained from TLM measure-
ments with 95% confidence intervals was (4.20 ±
2.67) × 10−6 Ohm · cm2 for C sample. According to
Ref. [14], we achieved a low contact resistivity in case
of the 2×1018 cm−3 doping level directly after the sin-
gle technological process of metal deposition without
any additional treatments.

In cases of A and B samples with higher doping
levels, 𝜌c = (2.99 ± 1.41) × 10−4 and (1.18 ± 1.34)×
× 10−3 Ohm · cm2, respectively (Fig. 1, a, b). These
𝜌c values are high in comparison to reported results
for similar doping levels [14]. To improve the electri-
cal characteristics of ohmic contacts, the additional
RTA was provided at 350–400 ∘C with a duration of
2–8 min. In case of sample B, the optimal parameters
of RTA were 370 ∘C and 2 min according to the his-
tograms of contact resistivity distributions (Fig. 1, a,
c, e, g), when the minimal mean value of 𝜌c was ob-
tained. In addition, a considerable reduction of the 𝜌c
dispersion was observed in the RTA process. It should

be noted that the contact resistivity is described by
a lognormal distribution, since this physical value is
defined by an exponential expression including the
barrier height as a normal random variable.

For sample A, we decided to use RTA 350–370 ∘C,
but the last RTA process had increased the duration
to 8 min. The mean contact resistivity was signifi-
cantly reduced by about two orders of magnitude af-
ter the additional RTA 370 ∘C (Fig. 1, f). Increasing
the RTA duration to 8 min allows minimizing the
contact resistivity dispersion (Fig. 1, h).

According to the HRXRD results (see Tabl. 2), the
ohmic contacts to InN films had a high density of
dislocations of both types: edge and screw. However,
the dislocation densities of both types were slightly
reduced after the RTA process in the case of sample
A. Total values of dislocation densities were 2.5×1010,
9.2×109, and 3.6×109 cm−2, respectively, for samples
A, B, and C.

The essential diffusion of Pd into the InN layer was
observed for sample C (Fig. 2, c). In contrast to that,
a significant accumulation of indium near the inter-
face “metal–InN” was confirmed by Auger profiling
(Fig. 2, a, b) for samples A and B. As a possible cause
for such accumulation is the specificity of InN epitax-
ial growth, as it was discussed in Ref. [15]. The signal
attributed to nitrogen was not registered in this re-
gion. Thus, there is a high probability of the influence
of such accumulation on the process of formation of
ohmic contacts.

The temperature dependence of the contact re-
sistivity 𝜌c(𝑇 ) was measured to clarify a current
transport mechanism through the “metal–InN” inter-
face. We measured 𝜌c(𝑇 ) in the range from 4.2 to
380 K (Fig. 3) for each sample. The value of 𝜌c(𝑇 )
increases with the temperature; such behavior is es-
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Fig. 1. Contact resistivity distributions of sample B (a, c, e, g) and sample A (b,
d, f, h) after the in-situ annealing (a, b), RTA 350 ∘C for 2 min (c, d), RTA 370 ∘C
for 2 min (e, f), RTA 400 ∘C for 2 min (g), and RTA 370 ∘C for 8 min (h)

sentially different from the typical behavior of “metal–
semiconductor” contacts with classical current trans-
port mechanisms: the thermo-field and thermionic
emissions (𝜌c decreases with temperature) or tunnel-
ing (𝜌c does not depend on the temperature). The
direct use of the classical current transport mecha-
nisms cannot explain our results on a current trans-
port through the “metal–InN” interface.

Goldberg et al. in Ref. [16] firstly investigated the
growing temperature dependence 𝜌c(𝑇 ) of ohmic con-
tacts to GaP and proposed an explanation, by us-
ing the temperature dependence of the metal shunt
resistance. The metal shunts at an ohmic contact
are associated with threading dislocations and are
formed during the process of ohmic contact fab-
rication. The first report on the current transport

mechanism through ohmic contacts to InN was pre-
sented by Ref. [17] in a wide range of tempera-
ture 4.2–400 K, where the growing 𝜌c(𝑇 ) depen-
dences were also observed. However, the proposed
explanation by the metallic type of InN does not
describe the behavior in the low-temperature range
4.2–150 K.

We propose an explanation of the unusual behavior
of ohmic contacts considering the current transport
through the metal shunts along the dislocations and
include the current limitation by a diffusion mech-
anism of supplying electrons. The consideration of
the current flows through the regions accumulating
electrons rather than depleted regions is the essential
difference from the model developed in Ref. [7]. The
electron-enriched regions are formed due to a high
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Fig. 2. Profiles of the distribution of layer components under
the metallization conducted before RTA: sample A (a), sample
B (b), and sample C (c)

screening potential which exists near edges of metal
shunts with a relatively small radius (𝑉 ∝ 𝐸/𝑟, 𝐸
is the electric field strength, 𝑟 is the radius of metal
shunts) and has the sign opposite to the Schottky po-
tential. Thus, carriers are conducted through the po-
tential energy well at the edge of metal shunts. The
basic ideas of this model are shown in Fig. 3. By com-
bining both mechanisms mentioned above, we can
explain the variety of experimental 𝜌c(𝑇 ) behaviors,
which were reported by Ref. [18] for ohmic contacts
to GaAs, InP, GaN [9] and Si [19].

Fig. 3. Experimental (symbols) and theoretical dependences
𝜌c(𝑇 ) in case of current flowing through metal shunts (solid
curves)

Fig. 4. Basic idea of the mechanism of current transport
through metal shunts

For all our samples, we calculated 𝜌c(𝑇 ) using the
expressions valid for the thermionic current trans-
port mechanism 𝜌te in case of degenerate semicon-
ductors [4]:

𝜌te =
𝑘

𝑞𝐴(𝑚/𝑚0)𝑇 ln[1 + exp(𝑧 + 𝑦𝑐 0)]
, (1)

where 𝑘 is the Boltzmann constant, 𝑞 is the elemen-
tary charge, 𝐴 is the Richardson constant, 𝑚 is the ef-
fective electron mass, 𝑚0 is the free electron mass, 𝑦𝑐 0
is the non-dimensional contact potential (normalized
to 𝑘𝑇 ) and 𝑧 = 𝐸F/𝑘𝑇 is the dimensionless Fermi
energy. Taking into account that not the whole con-
tact area is involved in the current transport through
shunts, we obtain the expression for 𝜌tw:

𝜌tw =
𝜌te

𝜋𝐿2
D𝑁D

, (2)

where 𝑁D is the effective density of conducting dislo-
cations, and 𝐿D is the Debye screening length. Since,
in the case of a degenerate semiconductor, all metal
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shunts’ resistances 𝜌sh are connected in series to 𝜌tw,
the total resistance of an ohmic contact in the semi-
conductor with high dislocation density can be writ-
ten as

𝜌c = 𝜌tw + 𝜌sh, (3)

where 𝜌sh = 𝜌0(𝑇 )𝑑D/𝜋𝑟
2𝑁D is the temperature de-

pendence of the metal shunt resistivity, 𝜌0(𝑇 ) is the
temperature-dependent metal resistivity that pene-
trates into dislocations, 𝑑D is the depth of the metal
penetration into a dislocation (shunt length), and 𝑟
is the shunt radius.

In addition, we consider the temperature depen-
dence of the contact metal resistance (for all our sam-
ples, it was palladium, Pd) in the contact resistiv-
ity modeling. The Pd resistance behaves itself in the
following way [20]: at the zero-point, a resistance
is equal to the residual resistance as for a typical
metal. At low nonzero temperatures, the resistance
increases proportionally to 𝑇 5 due to the electron
scattering by phonons. At higher temperatures, there
appears a transition region, where the resistance is
proportional to 𝑇𝑛, and 𝑛 is decreased rapidly, as the
temperature grows. In the last region, where 𝑛 = 1
at 𝑇 > 𝑇D (𝑇D = 274 K is the Debye temperature of
Pd), the metal resistance increases linearly with the
temperature.

However, for samples A and B, the best agree-
ment between experimental data and the theory for
𝜌c(𝑇 ) was achieved with the assumption that indium
penetrates dislocations and forms metal shunts. This
estimation well agrees with our structural investiga-
tion, where the Auger profiling showed the indium
accumulation in the interface. In contrast to palla-
dium, indium has a significantly lower Debye tem-
perature (𝑇D = 85 K) [21]. Thus, there is a difference
in the temperature dependences of the metal resistiv-
ities. The pure indium is superconductive below the
transition temperature close to 3.4 K. For tempera-
tures below 10 K, the In resistance is proportional
to 𝑇 5. A linear dependence appears for temperatures
above 40 K. For samples A and B, we expected the
indium penetration into dislocations, because both
samples were grown with the accumulation of indium
on the surface.

The densities of conducting dislocations 𝑁D

were extracted from theoretical 𝜌c(𝑇 ) dependences:
2×1010, 9 × 109, and 5 × 109 cm−2 for A, B, and

C samples, respectively. These values are close to ex-
perimental results, which were measured by HRXRD
(see Tabl. 2). The obtained results confirmed the as-
sociation of dislocations with the current transport
mechanism through metal shunts.

4. Conclusion

We have reported about the fabrication of low-
resistivity Pd/Ti/Au ohmic contacts to n+-InN as
a material promising for high-frequency electron-
ics. The ability of the formation of low-resistivity
(4.20 ± 2.67 × 10−6 Ohm · cm2) ohmic contacts with
indium nitride with the 2 × 1018 cm−3 doping level
is demonstrated in the single technological process
of magnetron sputtering with the in-situ thermal
annealing.

The additional rapid thermal annealing was used
as a method of reduction of the 𝜌c mean value
and its dispersion that was confirmed by statistical
methods. The statistical analysis allowed us to define
the optimal parameters of thermal treatments and
to significantly reduce the contact resistivity from
(1.18 ± 1.34) × 10−3 Ohm · cm2 to (4.46 ± 2.03)×
× 10−5 Ohm · cm2 for the 4× 1019 cm−3 doping level
and from (2.99 ± 1.41) × 10−4 Ohm · cm2 to (1.96±
± 0.47)×10−5 Ohm · cm2 in case of the 8×1018 cm−3

doping level.
For the present samples with strong indium ac-

cumulation near the “Me–InN” interface, we achieve
a good agreement between experimental data and
a proposed theory for the temperature-dependent
contact resistivity, when the indium penetrations
through dislocations were taken into account. In op-
posite cases, shunts were formed by the metal–palla-
dium contact.

The association of a thermionic current flow
through metal shunts with the conducting disloca-
tions was confirmed in the wide temperature range
4.2–380 K for ohmic contacts to InN with each of the
investigated doping levels. The extracted densities of
conducting dislocations are close to the densities of
screw and edge dislocations determined by High-Re-
solution X-Ray Diffraction, which confirms this as-
sumption.
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ОСОБЛИВОСТI ФОРМУВАННЯ
ОМIЧНИХ КОНТАКТIВ ДО n+-InN

Р е з ю м е

У роботi дослiджуються механiзми струмоперенесення та
формування омiчних контактiв до n+-InN з рiвнями ле-
гування 2 · 1018, 8 · 1018 та 4 · 1019 см−3. Омiчнi контакти
Pd/Ti/Au були сформованi в процесi магнетронного напи-
лення металу при одночасному використаннi температур-
ної обробки, що дозволило отримати низький питомий кон-
тактний опiр (4,20± 2,67) · 10−6 Ом · см2. Для покращен-
ня властивостей отриманих омiчних контактiв пiдтвердже-
но можливiсть використання додаткових швидких термi-
чних обробок в iнтервалi температур 350–400 ∘C, при цьо-
му оптимальнi параметри температурної обробки визнача-
лися за допомогою статистичного аналiзу даних. Що сто-
сується встановлення механiзму струмоперенесення через
iнтерфейс “метал–InN”, спостерiгалося нетипове зростання
питомого контактного опору в широкому дiапазонi темпера-
тур 4,2–380 К у випадках усiх дослiджених рiвнiв легування
плiвок InN. В роботi механiзм струмоперенесення поясню-
ється на основi протiкання струму через металевi шунти,
спряженi з дислокацiями в плiвках InN. Аналiтично оцiне-
нi значення густини провiдних металевих шунтiв на основi
модельних уявлень добре узгоджуються з експерименталь-
ними значеннями густин ґвинтових та краєвих дислокацiй,
експериментально отриманих за допомогою високороздiль-
ної рентгенiвської дифракцiї. Крiм того, з отриманих тем-
пературних залежностей питомого контактного опору зро-
блено висновки про тип металу, який проникає в дислокацiї
i формує металевi шунти.
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