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Abstract—The temperature dependences of the contact resistivity (p,) of ohmic contacts based on the

Au—Ti—Pd—InN system are measured at an InN doping level of 2 x 10'® cm™3 in the temperature range of
4.2—-300 K. At temperatures 7> 150 K, linearly increasing dependences p.(T) are obtained. The dependences
are explained within the mechanism of thermionic current flow through metal shunts associated with dislo-
cations. Good agreement between theoretical and experimental dependences is achieved assuming that the
flowing current is limited by the total resistance of the metal shunts, and the density of conductive disloca-

tions is ~5 x 10° cm™2. Using the X-ray diffraction method, the density of screw and edge dislocations in the

structure under study is measured: their total density exceeds 10'° cm

DOI: 10.1134/S1063782615040193

1. INTRODUCTION

In the last few years, indium nitride and alloys on
its basis have been the most actively studied materials
among nitrides of Group-III elements. Interest in
them is due to promising applications in the develop-
ment of some active elements for opto-, spin-, and
microwave electronics [1—4]. The specific feature of
these materials is their epitaxial growth technology.
The point is that there is no substrate material for
them, as well as for other III-N compounds, which
would be suitable for commercial production; there-
fore, InN and alloys on its basis are grown as hetero-
structures with buffer layers. As substrates, Al,O;,
GaAs, Si, and fianites are used. Due to the mismatch
of the lattice parameters and thermal expansion coef-
ficients of the InN film and substrate (e.g., Al,O;),
internal mechanical stresses arise in heterostructures,
whose relaxation leads to the generation of disloca-
tions with densities from 10% to 3 x 10'' cm™2. This
cannot but affect the parameters of corresponding
devices, first and foremost, the characteristics of
ohmic contacts to them.

Indeed, as shown in [5—7], the contact resistivity p,
of ohmic contacts to semiconductors with high dislo-
cation densities and its temperature dependence p.(7)
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depend heavily on the dislocation density, if the con-
tact-forming metal (alloy) or metal from other contact
metallization layers penetrates into the thin near-con-
tact semiconductor layer via dislocations during
ohmic-contact formation, forming metal shunts in it.
Furthermore, as shown in [8], in layers of InN, due to
its thermodynamic instability and the specificity of
epitaxial growth near the transition to surface enrich-
ment with the metal, the formation of metal In precip-
itates and In accumulation at dislocations is highly
probable. This can also cause the formation of metal
shunts in InN layers.

The dependence p (7) at rather high temperatures
can be an increasing dependence. In this case, p,
increases with measurement temperature and, in the
region of operating temperatures, can appreciably
exceed p, measured at room temperature. Goldberg et
al. (see, e.g., [5]) proposed an explanation of the
increasing dependences p.(7) by the temperature
dependence of the metal-shunt resistance. However,
the proposed explanation does not describe the depen-
dence p.(7T) in a rather wide range of temperature
measurements. For example, in the region of rather
low temperatures, the dependences p.(7) are either
decreasing or independent of temperature. The behav-
ior of the experimental dependences p.(7) in semi-
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Fig. 1. (a) Test structure for measuring the dependence
p.(T) in the housing and (b) the test structure fragment.

conductors with high dislocation densities in a rather
wide temperature range was fully explained in [6, 7].
In addition to the shunt resistance, the resistance
which appears during electron transfer from the semi-
conductor to the shunt ends was considered. It was
shown that accumulation band bending takes place in
the near-contact region of the semiconductor due to
high electric-field strengths at the boundaries of the
ends with the semiconductor. In this case, the diffu-
sion theory of current flow in semiconductors can be
valid in some cases: the flowing current is directly pro-
portional and the resistivity is inversely proportional to
the electron mobility, which explains the temperature
dependences p(7) in a rather wide temperature range.

Without a doubt, the formation of the ohmic con-
tact and the current flow mechanism in it depend on
the doping level of the semiconductor near-contact
region [9]. The data presented in the table show that
low-resistance ohmic contacts to n-InN and alloys on
its basis are as a rule observed in the presence of degen-
erate layers of the semiconductor in the near-contact
region (for n-InN, the concentration should exceed
the effective density of states in the conduction band,
>5.1 x 107 cm~3[10]). The table is compiled using the
data of [11—24].

The systematic research of the temperature depen-
dence p.(T) of ohmic contacts to n-InN has barely
been carried out. We found only four papers of two
teams of authors [13, 14, 18, 23], in which the proper-
ties of ohmic contacts to n-InN were studied in the
temperature ranges of 223—398 K [13, 14, 18] and
4.2—400 K [23]. In [14, 18], measurements were per-
formed only above room temperature. In [23], mea-
surements were carried out in the temperature range
T= 4.2—400 K. According to [23], an increasing
dependence of the contact resistivity R, in the ohmic
contact to an InN nanowire was observed, which the
authors attempted to explain by the metallic conduc-
tivity in degenerate InN. No direct measurements of
p.(T) were performed in [23]. We note that n-InN lay-
ers with a donor concentration of =10% ¢cm~3 were
used in [13, 14, 18]; the room-temperature p, was
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(1.0—1.87) x 1077 Q cm? in the best samples. In this
case, the role of the high density of dislocations gener-
ated in similar heterostructures in the charge-trans-
port mechanism was not considered in the cited papers
(see table).

In the present work, the temperature dependence
p. of ohmic contacts to n-InN layers grown on Al,O5
substrates with a GaN buffer layer, with a dislocation
density above 10® cm™2, is experimentally studied in
the temperature range of 4.2—300 K. The results
obtained are explained within the approach developed
in [6, 7].

2. SAMPLES AND EXPERIMENTAL

Ohmic contacts were formed by the sequential vac-
uum deposition of metals onto an InN(0.6 pm)—
GaN(0.9 pm)—Al,0;3(400 um) heterostructure heated
to 350°C. An Au(500 nm)—Ti(60 nm)—Pd(30 nm)—
n-InN ohmic contact was formed during metal depo-
sition and was not additionally annealed. The param-
eters of InNN—GaN—Al,O; heterostructures grown by
plasma-activated molecular-beam epitaxy were iden-
tical to those of similar structures studied in [25].
InN(0001) was grown on a GaN buffer layer prelimi-
narily formed on an Al,O; substrate. The free electron
density in the n-InN was ~(1.5-3.0) x 10'® cm~3, the
mobility was (1300—2000) cm? V' s~!. We studied the
samples with continuous metallization to measure the
profiles of the distribution of contact metallization
components by Auger electron spectrometry using a
LAS-2000 spectrometer. The contact resistivity was
measured on planar test structures by the transmission
line method (TLM) in the temperature range 7=4.2—
300 K. The contact length and width were L = 75 pm
and W =400 um, the spaces between the contact pads
were 150, 100, 80, 60, 40, and 20 pm. To measure the
dependences p.(7), the test structures were mounted
into a case (see Fig. 1). The temperature was stabilized
by a UTREKS k25v system.

The dislocation density in the heterostructure and
the phase composition of the Pd—Ti—Au contact met-
allization layers were measured by X-ray diffraction
methods. To obtain information on the structural
quality (dislocation density) and the strain state of the
samples, a wide region of reciprocal space was scanned
using an X’Pert PRO MRD XL (PANalytical B.V.,
Almelo, The Netherlands) high-resolution diffracto-
meter. Both the symmetric (0002) and asymmetric

(1124), (1233), and (1015) reflections of GaN and
AIN were analyzed. For the same reflections, two-
dimensional reciprocal space maps (RSMs) were
measured. It was found that the screw- and edge-dis-
location densities in #-InN are ~2.3 x 10% and ~3.4 x
10'° cm~2, respectively. X-ray diffraction (XRD) mea-
surements of the contact metallization were per-
formed with an ARL X Tra (Thermo scientific) setup
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Fig. 2. Experimental X-ray diffraction pattern of the con-
tact metallization and calculated X-ray diffraction patterns
of (a) Ti, (b) Aug 919Tig g1, and (c) Au (vertical lines indi-
cate the positions of the experimental peaks).

using CuK; radiation. The tube voltage and current
were 45 kV and 30 mA. The diffraction spectra were
recorded using the sliding beam method. The mea-
surements were performed in the step mode with a
scanning step of 0.030° and a point acquisition time of
1 s. Phase analysis was performed using the ICDD
PDF-2 database (2012 release).

According to the XRD data, Ti was detected in the
contact metallization (Pdf Number 010-88-2321, see

SEMICONDUCTORS  Vol. 49 No.4 2015
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Fig. 3. Profiles of the distribution of Au—Ti—Pd—n"-InN
contact-metallization layer components.

Fig. 2). The reflection-peak broadening at large angles
indicates the presence of either Au (Pdf Number 010-
77-9662) or the Aug ¢,4Tij o5, compound (Pdf Number
010-74-5407). We note that these materials are very
close in lattice parameters.

At the same time, it is known that titanium forms
intermetallic compounds with gold even at 350°C
[26], hence, the probability of Auy ¢,9Tiy s; compound
formation in the case of metal deposition onto a sub-
strate heated to 350°C is rather high. As for palladium,
no reflections corresponding to it or its compounds
were detected. This is explainable under the assump-
tion that palladium is in an amorphous state in the sys-
tem under study. The presence of palladium is con-
firmed by Auger electron spectrometry (Fig. 3).

Using scanning electron microscopy (SEM),
cleavages of the Au—Ti—Pd—InN—GaN—-AI,O; con-
tact structures were studied. A columnar structure for
both the GaN buffer layer and InN film with charac-
teristic defects in the InN—GaN interface region is
observed in the micrograph in Fig. 4. The linear den-
sity of vertical defects in InN and GaN is ~10* and
~7 x 10* cm™!, respectively.

3. MEASUREMENT RESULTS
AND DISCUSSION

The current—voltage (/—V) characteristics of the
contacts under study were linear and symmetric in the
entire measured temperature range.

The experimental temperature dependence p, is
shown in Fig. 5 (dots). Its behavior differs significantly
from the typical dependences p (7) for non-rectifying
(ohmic) Schottky contacts in which, depending on the
doping level in the near-contact semiconductor layer,
p. is either independent of temperature (tunneling
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Pd (30 nm)

111N$570 nm

GaN | 880 nm

Fig. 4. SEM image of the cleavage surface of the Au—Ti—
Pd—InN—GaN—-Al,O5 contact structure.

charge-transport mechanism) or decreases with tem-
perature (thermal-field or thermionic charge-trans-
port mechanism). In the case at hand, p, increases
with temperature in the entire range of temperature
measurements: at low temperatures (from 0 to 30 K),
p. increases very slightly; in the temperature range of
30—150 K, p, oo T°¢; at temperatures >150 K, p, ~ T.
Charge transport theories existing before [6, 7] did not
explain this dependence p(7) in metal—semiconduc-
tor contacts.

In theoretical modeling of the experimental depen-
dence p.(7) of the ohmic contact to n*-InN, shown in
Fig. 5, we take into account that the semiconductor is
degenerate in this case. Let us suppose that charge
transport occurs over metal shunts associated with dis-
locations. To calculate p.(7), we use the expressions
given in [6], valid for the case of degenerate semicon-
ductors.

In the case of degeneracy, the following expression
for the contact resistivity p,, is valid for the thermionic
current-flow mechanism [6]

k
Pre = ; 1)
gA(m/mg) TIn[1 + exp(z + yeo)]

where k is the Boltzmann constant, ¢ is the elementary
charge, A is the Richardson constant, m is the electron
effective mass, m, is the free electron mass, 7 is the
temperature, and y,, is the dimensionless (normalized
to kT) contact potential. The dimensionless Fermi
energy z = Ep/kT in the case at hand is determined
from the bulk neutrality equation

N, = (2)

) 3n% 0.5
) e
Jn 30 1+ exp(x—2)

where N, is the donor concentration, N, is the effec-

tive electron density of states in the InN conduction
band at 7= 300 K.

SACHENKO et al.
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Fig. 5. Experimental (dots /) and calculated (solid curve /)

dependences p.(7) of the Au—Ti—Pd—n"-InN ohmic
contact and (2) the dependence of the shunt resistivity

Psn(D).

The contact resistivity p,,, taking into account the
fact that not all of the contact area is involved in cur-
rent flow through the shunts, is given by

Pr = —Lltm, (3)
nLpNp

where L is the Debye screening length and N is the
density of conductive dislocations.

In the case of strong degeneracy, the Debye screen-
ing length L, in the semiconductor tends to r, which
is independent of temperature and weakly depends on
the doping level N,

() [ 4ne,e i’ 2
ro = i 3 —1/3 . (4)
mq N

In the case of arbitrary degeneracy, the Debye
screening length L in the semiconductor is given
by [27]

€0Ek TS, -1
Ly = ( 02 [(DI/Z(Z)] 5 (3)
2q NCO
where
D(z) = oJxexp(x=2) dx, z = Ep/kT.

ﬁh+WQZH

Since the total resistance of all metal shunts is con-
nected in series with p,, in the case of a degenerate
semiconductor, the total resistance of the ohmic con-
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tact in the semiconductor with a high dislocation den-
sity can be written as

pc = th+ psha (6)

where py, = Ry(T)/Np, Ry(T) = py(T)dp/mr is the
temperature dependence of the metal-shunt resistiv-
ity, p, is the resistivity, d, is the dislocation length, and
r is the shunt radius (in the calculation, all shunts are
considered as identical). In this case, it is assumed that
the current flowing between dislocations can be
neglected in comparison with the current flowing
through dislocations, which is provided by the high
barrier between dislocations [6].

The temperature dependence pg,(7), taking into
account the temperature dependence of the resistivity
of the contact-forming metal (palladium), according
to the handbook [28], in a wide temperature range
(from 0 to 300 K) behaves as follows. At T'= 0K, the
resistance of the normal (not superconducting) metal
is equal to the residual resistance R,. Then the resis-
tance increases by the law oc 77 (see Fig. 5, curve 2),
which is caused by electron scattering at phonons [29].
Then the transition region follows, the resistance o«c 7",
where » rapidly decreases. Finally, at 7> T, where Tp,
is the Debye temperature, n = 1, i.e., the metal resis-
tance linearly increases with temperature.

All above expressions correspond to the whole con-
tact area.

Theoretical curve [ for the dependence p.(7),
shown in Fig. 5, was calculated by formula (6) using
the InN parameters given in [1, 10, 30]. As seen in
Fig. 5, the calculated dependence of the contact resis-
tivity p, coincides with the experimental data. This is
achieved using the following parameters: N, = 5 x
10°cm=2, r=5x 108 cm, and dj, ~ 0.1 um. It should
be noted that, since Ry, o dp/r?, there is a certain
ambiguity in the determination of d;, and r. For exam-
ple, ralso increases with dj,.

We note that the revealed total density of screw and
edge dislocations substantially exceeds that necessary
for implementing the mechanism under consider-
ation.

As seen in Fig. 5, the contact resistivity p, at 7' =

300 K is ~3 x 1073 Q ¢cm? in the case at hand. Accord-
ing to the data in the table, the values of p, obtained

for degenerate InN vary from 10~ to 10-¢ QQ cm?.
In the studies [13, 23] performed using InN with a
doping level of >10?° cm—3, it was reported that p, ~
107 @ cm?. In these works, the temperature depen-
dences of p, were increasing. In [13, 23] the specific
mechanism of the implementation of the contact
resistivity was not discussed, although tunneling was
indicated as a possible p, formation mechanism
in [13].
SEMICONDUCTORS Vol. 49
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We note that estimation of the contact resistivity in
highly degenerate InN contacts by the Padovani—
Stratton formula [31]

1) = < ewp D20 | ™

g nyVr
where E,, = 0.054[(m,/m)(ny/10%°)(11.7/¢)1°>, Vyisa
value on the order 107 cm/s, for ny = 5 x 10% cm™3,
m = 0.24m, and ¢, = 0.7V, yields ~10~'° QQ cm? which
is smaller than the observed values by three orders of
magnitude. We note that renormalization of the effec-
tive electron mass in InN from 0.07m, to 0.24m [10]
accounts for the InN conduction-band nonparabolic-
ity at high degeneracy.

Close values are obtained in estimating p, by for-
mula (1). This suggests that the experimentally deter-
mined values of p, in the case of highly degenerate InN
cannot be explained assuming that the entire contact
area is involved in current transport through the con-
tact. However, this result is well explained in the case
where the current is transferred through an area
smaller by approximately three orders of magnitude.
This condition is reached if the current flows through
the shunts associated with dislocations, and the dislo-
cation density N, = 10" cm~2. As direct estimations
based on the contact-resistivity formation mechanism
proposed in [6] show, the typical values of p, shown in
the table are implemented exactly in this case.
According to [32], such values of N, in InN are quite
achievable. However, in this case, the question as to
why the current does not flow between dislocations
should be answered. A possible answer is that there is
an electron repulsing potential in the InN near-con-
tact region, whose nature differs from the Schottky
band bending. This can be the total potential of high-
density charged dislocations in the interface plane
[33]. In this case, potentials of isolated dislocations
overlap and produce a large averaged repulsive band
bending. At the same time, shunts associated with dis-
locations “pierce” this negatively charged region with
the result that current flow through them remains pos-
sible.

In [23], based on highly degenerate InN with a
doping level of >10% ¢cm~3, nanowires ~100 nm in
diameter were fabricated, and the temperature depen-
dences of the total resistivity of the contacts and
nanowire were measured. An attempt was made to
explain the increasing (linear) dependences by the
metallic behavior of highly degenerate InN. It should
be noted that the physics of conductivity formation in
metals and highly degenerate semiconductors, associ-
ated with carrier scattering in the region of rather high
temperatures by optical phonons varies. For example,
as shown above, the metal resistivity at very low tem-
peratures increases by the law o 7°; above the Debye
temperature, it increases by linear law. In degenerate
ITII-V semiconductors at low temperatures, the elec-
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tron mobility p, is independent of temperature and is
mainly controlled by scattering at impurities [34]; at
rather high temperatures, it decreases, generally
speaking, nonlinearly due to scattering at optical
phonons. In this case, the resistivity of highly degener-
ate semiconductors will increase also nonlinearly.

Let us calculate the mobility of a highly degenerate
electron gas in a degenerate semiconductor. For a
degenerate semiconductor in the temperature range
where the Fermi energy is much higher than the ther-
mal energy (Ex = kT), the equilibrium distribution
function over the energy E can be approximated by the
Heaviside step function @(Ep — E). If the doping level
is rather high, the Mott transition in the impurity band
already has occurred, and donor ionization will be
complete independent of temperature. In other words,
the impurity- and conduction bands overlap. The lat-
ter means that the electron density # is defined by the

Fermi momentum pg: n = Nj = pi./(3nh3). It is con-

venient to describe the conduction-band nonparabo-
licity using the model [35]

E(p) = %2( 1+(§)2_1), (8)

where the characteristic momentum ps2 = mE/2. In
this case, E; ~ E,, where E, is the band gap. To avoid
confusion, we note that the relation of the Fermi
momentum with the Fermi energy is E(pg) = Ep.
Using the kinetic equation in the weak field approxi-
mation for calculating the conductivity ¢ and defining
the mobility as p, = 6/(gn), we obtain the expression
for the mobility of the degenerate electron gas in the
form

W, = M, 9)

mA 1+ (pe/p,)’

where 7,,(Ep) is the momentum relaxation time calcu-
lated for the Fermi energy.

The partial contributions of various electron-

. . -1
momentum-relaxation mechanisms, 7, (Ep) =

Z 1,,( Er), are summed in the same way as the partial

contributions of the mobilities, u~!(Eg) = Z W (Ep).

The most significant momentum-relaxation mecha-
nisms at high doping levels are carrier scattering at a
charged impurity and the interaction of electrons with
optical phonons. The methods for calculating the cor-
responding relaxation times t(E) and 1,,(E) can be
found, e.g., in [36, 37]. In what follows, we present the
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expression for corresponding mobilities. The carrier
mobility for scattering at a charged impurity is given by

T (. Z[H(p_ﬂ
l 3TEﬁ3 475858 Dy

2 -1

x[ln - 24PF2 > } s
4pr+ oAy

where dpr = [26°mpea1 + (pe/p,)’ /(e8im*h)] 72 s
the Thomas—Fermi screening length.

We note that expression (10) is independent of
temperature. A perturbation such as an optical
phonon results in a local change in the electric polar-
ization vector. The mobility accounting for scattering
at optical phonons is given by the formula [37]

2 -1 -l > ‘
o= { LR 250 (2B
4meg h Ds kT

) (10)

4pr

1+ 2
TF

an

X {Ef In|{PEF PN GiF — 2 VE—‘;Fz_ Iy exp(h—wfj
/F kT
Pr-PEr — 1
— -1
v InPetPolb —lge-
j F n > j F ) s
pF_ps’\]E.a;F -1

where EfF = J1+ Q)F/ps)2 + mﬁoaj/psz, hiwy is the
optical phonon energy, ¢, and g, are the steady-state
and dynamic permittivities, and N(x) is the Planck
distribution function.

Figures 6a and 6b show the calculated temperature
dependences of the electron mobility u, for degener-
ate InN, constructed by the formula

M= (1 g+ 1) (12)
for the absolute p,(7) and relative p,(7)/w,(300)
mobilities. In the calculation, we used the following
material parameters: the effective mass m = 0.07my,
the steady-state permittivity €, = 15.3, the dynamic
permittivity €, = 7.5, the optical phonon energy
hw, = 73 meV, and the band nonparabolicity param-
eter £, = 0.5 eV. We can see that the higher the doping
level, the closer the law of the mobility decrease to the
linear one at rather high temperatures.

The parameter of the calculated curves is the dop-
ing level. As seen in the figure, at the doping level n, =
2 x 10" cm~3, the slope of the temperature depen-
dences of the mobility in the region 7> 100 K, nor-
malized to p,, (T'= 300 K), is worse described by linear
law than at a doping level of 5 x 10'® cm~3. At the same
time, at a doping level of 5 x 10 cm—3, the linear
approximation rather well describes the mobility slope
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at 7> 150 K. It is natural that the mobility slope close
to the linear law corresponds to a linear increase in the
resistivity of the highly degenerate semiconductor,
R(T) = Ry[1 + a4 T— Ty)]. Thus, for highly degener-
ate semiconductors, the metal-like, rather than metal-
lic nature of the dependence R(T) should be consid-
ered. The temperature resistance coefficient o, in
contrast to the temperature coefficient oo in metals,
where the typical value is o = 1/273 K~!, decreases
with decreasing 1, (7 = 0) and increasing m. As a
result, at higher degeneracy levels, o in semiconduc-
tors is approximately ten times lower than in metals.

We note that in the case considered in [23], where
only the total resistivity R was measured,

R=2R+2L (13)
TF

where R, is the contact resistivity, p, = (ngu,)~" is the
degenerate nanocontact resistivity, », and L, are its
radius and length, we can obtain additional informa-
tion on R, and R, = p,L/m rf, if we take into account
that the relations

Rc = RmO[1 +G,(T— TO)]7 (14)

R, = Ry[1+ o .i(T-T))] (15)

are valid, where R, = p,w/nrf, R, is the total resis-
tance of all metal shunts and threading dislocations at
T = T,, and Ry, is the nanowire resistance at 7'= 7.

Supposing that 7, = 300 K, we can write for 7" >
150 K that

2(R.+ R,0) + Ry = 2150 Q,

(16)
Qg+ (2R, 0/R,) = 4.7x 107 K.

As a result, we have two equations and three

unknowns: R, R, and Ry. In turn, R, = psOLs/nrf,
where py, is the nanowire resistivity; as a result, only
two unknowns remain in Egs. (16). As preliminary
estimations show, R, < R, and R, < R,,; therefore,
R,,, can be disregarded to a first approximation. Sub-
stituting the nanowire parameters and two extreme
(lower and upper) values of py,, equal to 2.5 x 10~*and
5.5 x 10~* Q cm, respectively, according to [23], into

the expression for R, we obtain RSIO = 1548 Q and
Rslé = 3406 Q. The second value should be rejected,
since it does not satisfy the first equation of (16). Then,
substituting RSIO into this equation, we obtain 2R, =
600 Q. At the same time, R, can be determined by the
formula R, = p,,/7 rf. Substituting the shunt density
of 5 x 10" cm~? and the doping level of 5 x 10%° cm—3

SEMICONDUCTORS  Vol. 49 No.4 2015
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Fig. 6. Temperature dependences ,(7) of the electron
mobility in degenerate InN at various doping levels n:
(D) 2x10'8,(2)5x10'8 and (3) 5 x 1022 cm 3. (a) Mobil-
ities in absolute units, (b) the same dependences normal-
ized to the mobility at 7= 300 K and their linear approxi-
mation (dashed curves).

in calculating p,, by formula (3), we obtain 2R, =
600 Q which corresponds to the above value.

The above formulas for the degenerate-gas mobility
with the parameters of highly degenerate InN yield
values very close to the experimental ones for doping
levels up to 102! cm=3 [38] (see Fig. 7a). We note that
quantitative description of the experimental depen-
dences of the mobility requires consideration of the
Hartree—Fock term and corrections to the electron
spectrum (see, e.g., [39]), and more correct calcula-
tion of screening effects (see [36]). Since all these fac-
tors lead to an increase in the effective electron mass,
for simplicity, we modeled these effects of overesti-
mated conduction-band nonparabolicity. In view of
this fact, we obtained p,, ~ 51 cm?/V's (T'= 300 K) at a
doping level of 5 x 10%° cm~3. This value is rather close
to the maximum possible value of 50 cm?/Vs,
obtained when using p, = 2.5 x 10~ Q cm given in [23]



470

u, cm?/(V's)

1000

T T T T

100

ol L

1020

ol 1

1l L

1018

1021
o, CITI_3

1019

Fig. 7. Temperature dependence p,(7) of the electron

mobility in degenerate InN on the doping level at room
temperature: the experimental data (dots) are taken from
[38], the curve is our calculation.

(taking into account the p, error). In this case, the
slope of the temperature dependence p,(7) is very
close to 4.7 x 10~* K~! given in [23]; the value of R at
the used parameters is 1548 Q2.

Figure 8 shows the experimental dependence R(7)
taken from [23] (dots) and the theoretical dependence
obtained using formulas (8)—(13) (solid curve) taking
into account the above considerations. The nanocon-
tact base is an n-InN nanowire (Np = 5 x 10%° cm™)
7 um long and 120 nm in diameter. The doubled con-
tact resistance was set equal to 600 Q. We can see
rather good agreement between the experimental and
calculated data.

In this case, the contribution of the contact resis-
tance R, of both contacts to the total resistance R is
~28%; the value of the latter is mostly due to the
nanowire resistance. Recalculation of the contact resis-
tance R, to the contact resistivity yields 3 x 1078 Q cm?.
This value of p, is a record low and is significantly
lower than all contact resistivities listed in the table.
The contact resistivity of 1.09 x 107 Q c¢m? given in
[23] in fact corresponds to the total resistance of the
nanowire and two contacts, multiplied by the contact
area.

In conclusion, we note that the accuracy of the
contact-resistivity estimates in the case described in
[23] is much worse than the accuracy of the contact
resistivity calculated for a material with a doping level
of 2 x 10'® cm~3. The relative error of p, determination
in the case of highly degenerate InN is no less than
35%. This is due to the rather low accuracy of mate-
rial-resistivity determination and incomplete infor-
mation about some other parameters. In particular,
according to [23], the nanowire length varied from 7 to
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R(D), Q
2300 -

2250
2200
2150
2100

2050

2000

1950 P !

1 1
0 100 200 300

1
400
T, K

Fig. 8. Temperature dependence of the resistance R(7):
experimental data [23] (dots) and calculation for a nano-
contact from [23]: (solid curve).

10 um; at the same time, it is not indicated what the
length was for the structure measurement results given
in Fig. 4 of this study. At the same time, the main con-
clusion we made when analyzing the results given in
[23] remains valid, i.e., in reality the contact resistivity
obtained in [23] is ~3 x 10~% Q cm? which is much
lower than the value presented in that paper.

4. CONCLUSIONS

It was shown that the increasing dependences of
the contact resistivity p.(7) we obtained for ohmic
contacts to InN can be explained by current flow
through dislocations associated with metal shunts.
The linear increase in p, is caused by the temperature
dependence of the shunt resistance.

It was confirmed that the linear temperature
dependence of the total resistance of the nanowire and
contact resistances of highly degenerate InN, obtained
in [23], is caused by the close-to-linear temperature
dependence of the nanowire resistance. However, we
explained this dependence within the mechanism of
electron scattering at optical phonons, which leads, in
particular, to other values of the coefficient of the tem-
perature dependence of the resistivity, than in metals.

It was shown that the contact resistivity p, correctly
estimated based on the data of [23], taking into
account the smallness of R, in comparison with R, is
arecord low for InN-based contacts and is much lower
than that given in [13], being 3 x 10~ Q cm?.
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