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We report transport properties of gallium nitride (GaN) nanowires grown using direct reaction of
ammonia and gallium vapor. Reliable devices, such as four-terminal resistivity measuring structures
and field-effect transistors, were realized by dielectrophoretically aligning the nanowires on an
oxidized silicon substrate and subsequently applying standard microfabrication techniques.
Room-temperature resistivity in the range of (1.0-6.2)X 102 Q. cm was obtained for the
nanowires with diameters ranging from 200 to 90 nm. Temperature-dependent resistivity and
mobility measurements indicated the possible sources for the n-type conductivity and high
background charge carrier concentration in these nanowires. Specific contact resistance in the range
of 5.0X 107> Q) cm? was extracted for Ti/Al/Ti/Au metal contacts to GaN nanowires. Significant
reduction in the activation energy of the dopants at low temperatures (<200 K) was observed in the
temperature-dependent resistivity measurement of these nanowires, which is linked to the onset of
degeneracy. Temperature-dependent field-effect mobility measurements indicated that the ionized
impurity scattering is the dominant mechanism in these nanowires at all temperatures. © 2008

American Institute of Physics. [DOI: 10.1063/1.2952035]

I. INTRODUCTION

Semiconducting nanowires have drawn tremendous in-
terest largely because unlike their metallic counterparts they
provide means for controlling their electronic properties
through dopant control, band-gap engineering, and hetero-
structure formation. This has resulted in numerous device
applications ranging from field-effect transistors (FETs),'
single  nanowire  light-emitting diodes,”  lasers,’
photodetectors,4 photovoltaic cell,’ to chemical/biological
sensors.’ Although these impressive results demonstrate the
viability of the nanowire devices as basic building blocks for
complex systems, the growth methods still lack consistency
and theoretical understanding.7’8 It is a well-known fact that
the nanowires grown using most of the available methods
today have unusually high background charge carrier con-
centrations, which may result from point defects (impurities
and vacancies)9 and/or extended line defects.'® In order to
realize high-performance nanowire devices it is important to
know exactly how these defects interact with the charge car-
riers in these nanostructures. Unfortunately, few reports on
the fundamental transport properties in semiconducting
nanowires' ™% have been published so far.

Determining intrinsic properties such as resistivity and
carrier mobility of semiconducting nanowires accurately is
important as it enables us to estimate important device pa-
rameters. Figure 1 is the schematic representation of the
four-terminal (4T) structure usually used to measure resistiv-
ity of nanowires. Current (I,,) is forced between the outer
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two pads (1 and 2) and the voltage drop (V3,) is measured
between the inner two pads (3 and 4). The resistivity (p) for
the nanowire can simply be calculated using the relationship
p=(V34/1,,)7r?/1, where r is the radius of the nanowire and
[ is the length of the nanowire between the inner two con-
tacts. This geometry ensures that the contact resistances are
not included in the intrinsic material resistance. Utilizing this
structure we can estimate different material properties such
as (a) intrinsic resistivity (p), (b) contact resistance of the
metal-nanowire junction, and (c) temperature-dependent re-
sistivity, which could provide the activation energy of the
dopants. Both carrier concentration (n) and mobility (u)
could also be determined from the electrical characteristics
of FETs, and using the relationship p=1/gun one can inde-
pendently calculate the carrier concentration or mobility
from the resistivity measurements.

In this paper we have presented the temperature-
dependent resistivity and mobility measurements of GaN

Nanowire

_—

1 h2 )

FIG. 1. (Color online) Schematic representation of 4T structure used for
resistivity measurement of nanowires. A small current is forced between
pads 1 and 2, and corresponding voltage drop is measured between 3 and 4.
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nanowires, and established that the ionized impurity scatter-
ing mechanism is the dominant process in these nanostruc-
tures even at room temperatures. The weak temperature de-
pendence of the resistivity at lower temperatures (T
<200 K) could be explained by the reduction in the activa-
tion energy of the donors at temperatures below 200 K due to
the onset of degeneracy.

Il. EXPERIMENTAL PROCEDURE

Gallium nitride nanowires with diameters ranging from
50 to 250 nm and lengths up to 200 wm were grown by
direct reaction of gallium vapor with flowing ammonia at
850-900 °C in a horizontal furnace."” Electron backscat-
tered diffraction and transmission electron microscopy con-
firmed that the growth direction of the nanowires is along the
a -axis of the wurtzite structure.'’ A suspension of the nano-
wires in isopropanol, formed by sonicating the growth ma-
trix, was dispersed on a 600 nm (thermally grown) SiO,/Si
(p-type, p=0.01 Q cm) substrate with Ti (30 nm) metal
pads. Alignment of the nanowires was obtained by applying
20 V peak-to-peak sinusoidal voltage at 1 kHz between the
metal pads. Details of the alignment procedure was described
elsewhere. ' Alignment of the nanowires was followed by
the deposition of a 50 nm SiO, passivation layer using
plasma enhanced chemical vapor deposition (CVD). The ox-
ide was removed over the metal-nanowire contact area and a
second metal layer (Ti/Al/Ti/Au—30/100/30/30 nm) was
deposited.lo Annealing of the complete device structures at
650 °C for 30 s in argon was performed to obtain Ohmic
contacts. Room-temperature device measurements were per-
formed in a standard probe station in air whereas low-
temperature measurements were performed in an open-cycle
cryogenic probe station. After completion of the electrical
measurements, field-emission scanning electron microscope
(FESEM) was used to study the morphology of the nano-
wires and to measure the dimensions of the nanowires.

lll. RESULTS AND DISCUSSIONS

The FESEM image of a 4T structure is shown in the
inset of Fig. 2. The diameter of this nanowire was 132 nm
and the length between the inner two pads was 8.9 um. In
Fig. 2 the two-terminal (2T) and 4T current-voltage (I-V)
characteristics are shown together, where the effect of con-
tact resistance is visible. The linear /-V characteristics indi-
cate the Ohmic nature of the contacts. The 2T /-V character-
istics for this nanowire was measured utilizing the inner two
contacts, whereas 4T I-V plot was obtained by varying the
current through the outer contacts and measuring the respec-
tive voltage drops between the inner two contacts. For resis-
tivity measurement a small current (100 nA) was used to
minimize the joule heating of the nanowire. Measurement
using the above mentioned procedure on several different
nanowires with diameters ranging from 200 to 90 nm yielded
resistivity in the range of (1.0-6.2) X 107> ) cm, with 20%
variation in the resistivity for nanowires with similar diam-
eters. We will later discuss the possible origin of such low
resistivity values in these unintentionally doped nanowires.
The contact resistance (R.) can be computed using the rela-
tionship R.=(Ryr—Ryr)/2, where R, and R,y are the 2T and
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FIG. 2. (Color online) 2T and 4T I-V characteristics of a nanowire (shown
in the inset) with diameter of 132 nm and length of 8.9 um. Black curve
corresponds to the 2T measurement, where -V measurement is taken using
the inner two contacts. Red curve corresponds to the 4T measurement,
where different currents are forced through the outer two contacts and cor-
responding voltage drops are measured between the inner two contacts and
plotted inversely. (Inset) FESEM image of a nanowire with four metal
contacts.

4T resistances, respectively, which are the inverse of the
slopes of the 2T and 4T curves. For the nanowire shown in
the inset of Fig. 2, the contact resistance calculated was ap-
proximately 240 k(). The specific contact resistance (p,) can
be calculated using the relationship p.=R.X A, where A is
the nanowire-metal contact area. As these devices have both
top and bottom metal contacts, the metal-nanowire contact
area is essentially 277 X [, where r is the radius of the nano-
wire and [, is the metal contact length covering the nanowire.
The specific contact resistances for ten different nanowires
were in the range of (2.0-5.0) X 107 € cm?. Specific con-
tact resistance of Ti/Al/Ti/Au contacts to the n-type GaN thin
films (Np=5X 10" cm™) annealed at 750 °C, is in the
range of 3.0X 107® Q cm?.'® The higher specific contact re-
sistances for the contacts to the GaN nanowires could be due
to the lower annealing temperature used than for the metal
contacts to thin films.

Using the inner two contacts as the source (S) and drain
(D) electrodes and the Si substrate as the back gate, nanowire
channel current (/) can be modulated by applying a bias
(Vgs) to the Si substrate. Depletion mode behavior with the
n-type conduction is observed for all of the devices, which is
often attributed to the presence of lattice defects, and impu-
rities such as oxygen.12 The electron field-effect mobility (u)
is calculated using the relationshiplO

4ty
8m
0= ————— (1)

- >
Vps 27e€sio,

where transconductance (g,,) is the slope dlpg/dVgg of the
Ing versus the Vg plot measured at Vgg=0 V and drain-
source voltage Vpg=1 V, [ and d are the length and diameter
of the nanowire, respectively, t,, is the oxide thickness (600
nm), g, is the permittivity of free space, and &sio, is the
permittivity of silicon dioxide. Room-temperature mobility
calculated using Eq. (1) for the nanowire shown in the inset
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TABLE I. Comparison of the GaN nanowire material parameters measured by various other researchers with the present work. (Nanowires grown by all the

methods described here are unintentionally doped.)

Carrier
Diameter Resistivity  Mobility concentration

Growth method range (nm) Metal contact (Q cm) (cm? V!5 (em™) Ref.
Laser-assisted catalytic growth using Fe catalyst 10 Ti/Au (50/70 nm) 150-650 10'8-10" 17
CVD using Ni catalyst 30-70 Ti/Au (20/50 nm) 2.15 18
Hot-wall CVD with different catalysts 25-200 Ni/Au (50/200nm) 10-30 10%-10" 9
CVD with Au/Pd catalyst 66-184 Pt (100nm) 0.01 2.3x 10" 12
CVD with Ni catalyst 20-40 Ti/Al/Mo/Au 17.5 1.44x 10" 19
CVD with Ni catalyst 35-120 Ti/ Au (30/120 nm) 30 2% 107 20
Direct reaction of NH; and Ga 90-200  Ti/ Al/ Ti/Au (30/100/ 30/30nm) 0.01-0.062 60-300 2X10'8 Present work

of Fig. 2 was 65 cm? V~! s7!, Variation in the electron mo-
bility with nanowire diameter has been reported carlier.'
Using the measured resistivity and mobility, one can inde-
pendently calculate the carrier concentration for this nano-
wire using n=1/(qup), which was about 3.5X 10'8 cm=,
The equilibrium carrier concentration (7) can also be calcu-
lated from the threshold voltage (Vi)

£0€si0,Vin

n=———v, (2)
qr’ ln( 4t0x>
d

where Vy, is the threshold voltage, ¢ is electronic charge, and
r is the radius of the nanowire. Although this particular de-
vice did not exhibit complete channel depletion, other
smaller diameter nanowires from the same growth run
showed complete pinch off with Vy, in the range of —20 to
—-30 V. Electron concentration calculated using Eq. (2) for
these nanowires were in the range of 2.0X 10'8 cm=.'"% As it
is evident this value is remarkably close to the value ob-
tained from the resistivity calculation. Table I summarizes
relevant material properties of GaN nanowires measured by
various groups. It is clear that existing growth methods gen-
erally result in very high n-type background carrier concen-
tration.

Temperature-dependent resistivity measurement is an
important tool in determining donor/acceptor ionization en-
ergies in a semiconductor. From such measurements we
could infer the nature of the dopant species. The data pro-
vided in Table I establish the need for such measurement in
revealing the source of high background concentration in
GaN nanowires. So far the reports of temperature-dependent
resistance measurements carried out on GaN nanowires are
obtained by 2T methods.'>2022 High contact resistances and
temperature-dependent contact properties due to thermionic
emission in the metal-nanowire junction make analyzing the
results difficult. We measured 4T resistivity of GaN nano-
wires from 290 down to 70 K. Figure 3(a) shows the resis-
tivity as a function of the temperature for the nanowire
shown in Fig. 2 (inset). Although resistivity data are shown
for one nanowire, very similar trend has been observed for a
large number of devices. It is clear that the resistivity is
weakly dependent on the temperature for these nanowires.
The resistivity variation is noticeably smaller at temperatures
below 200 K. The temperature-dependent resistivity clearly

does not fit the simple thermal activation energy model.
Other groups also observed this type of weak and variable
dependence of the resistance on the temperature for GaN
nanowires.'>#%%! Although different conduction mechanisms
such as variable-range hopping,12 fluctuation-dominated
tunneling,20 and impurity band conduction®! have been pro-
posed to explain the results, no attempt has been made to
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FIG. 3. (Color online) (a)Temperature-dependent resistivity measurement
for the nanowire shown in Fig. 2 (inset). (b) Activation energy plot [In(r) vs
1/T] showing the two different activation energy regimes. Red curve is the
linear fit for 200 K=7<300 K with £;,=29.2 meV and blue curve is the
linear fit for 70 K<7<200 K with e E;=1.9 meV.
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FIG. 4. (Color online) Field-effect electron mobility of a 200 nm diameter
nanowires as a function of temperature is shown in the right hand axis (red
dots). Calculated conduction band density of states is plotted with the right
hand axis (blue line).

correlate the material properties (e.g., dopant ionization en-
ergy and carrier concentration) to the experimental observa-
tions. As these nanowires are uncompensated and the donor
concentration is much higher than the intrinsic electron con-
centration, the equilibrium electron concentration (n) is re-
lated to the donor activation energy E,; (E;=E-—Ep, where
E. and Ejp are conduction band minimum and donor energy
level, respectively) by

1
= TE\(NDNC) exp(= E,/2kgT). (3)
Substituting for n in the relationship p=1/ugn, we obtain

2

p= (NoNO) ————exp(E 2kgT). 4)
The Np and N are the donor concentration and conduction
band density of states, respectively, kg is Boltzmann’s con-
stant, and T is the absolute temperature. Figure 3(b) is the
Arrhenius plot of the 4T resistance in the temperature range
of 290-70 K. Two distinct slopes with two different activa-
tion energies (E;=29.2 meV for 200 K=7<300 K and
E;=1.9 meV for 70 K<T<200 K) can be seen in the plot.
Unintentionally doped GaN thin films are always n-type,
with nitrogen vacancies and other structural defects such as
dislocations acting as shallow donors. Both oxygen and ni-
trogen vacancies are shallow donors in GaN with ionization
energies of 29 (Ref. 23) and 30 meV,** respectively. The
activation energy E; value in the temperature range of 290—
200 K suggests that oxygen and/or nitrogen vacancies might
be responsible for the background concentration. The weak
temperature dependence of the resistivity below 200 K with
activation energy of 1.9 meV indicates that a different con-
duction mechanism is dominant below 200 K.

In order to understand the scattering mechanism domi-
nating the conduction in these nanowires, temperature-
dependent mobility measurements were performed. Plot of
the field-effect mobility of a 200 nm diameter nanowire as
function of temperature is shown in Fig. 4. In thin film en-
hancement mode metal-oxide-semiconductor FETs, the field-
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effect mobility is always smaller than the drift mobility, as
the charge conduction takes place at the oxide-
semiconductor interface region, where scattering is usually
enhanced. Due to high carrier concentrations in these nano-
wires, the majority of the channel conduction occurs in the
undepleted portion of the nanowire; hence the field-effect
mobility is the drift mobility in these nanowires. In high
quality nondegenerate GaN thin films and bulk crystals, mo-
bility is dominated mainly by polar optical phonon, piezo-
electric acoustic phonon, and ionized impurity scattering at
high, moderate, and low temperatures, respectively.25 Elec-
tron mobility initially increases with decreasing temperature
as the phonon scattering is minimized and the transition to
ionized impurity dominated scattering is accompanied by a
maximum in the mobility curve. For lower temperatures, the
mobility has a 7% temperature dependence, which signifies
ionized impurity scattering. However, in these nanowires, we
did not observe a regime where mobility increased with de-
creasing temperature. This could indicate that the ionized
impurity scattering is the dominant process in the studied
temperature range. The observed trend could be qualitatively
understood by the Brooks—Herring (BH) theory of ionized
impurity scattering, which predicts the mobility for*®
(a) nondegenerate statistics

128\Emz(k )32

(5a)
NIZ in(1+y) - i1+ )]
where
24em*(kpT)?
=5, 5b
y ﬁzqzn (5b)
(b) degenerate statistics
24w n
(6a)
NIZ m*Tin(1 +y) - y/(1+ )]
where
313418312, 1/3
y=—"5 . (6b)

q*m’*

In the above equations ¢ is the permittivity of GaN, N, is the
ionized impurity concentration, Z is the integral ionic charge,
m™ is the effective mass of electron in GaN, n is the electron
concentration, and # is the reduced Plank’s constant. If one
neglects the intrinsic dependences of n and N; on the tem-
perature, it is clear that this theory predicts 7%? and 7° de-
pendences of the mobility for asymptotically nondegenerate
and degenerate distributions, respectively. Experimentally
observed trend is remarkably close to what was predicted by
the BH theory. The measured mobility has a 7' dependence
from room temperature down to 200 K, after which it re-
mains invariant with the temperature (Fig. 4). The transition
temperature of 200 K between the two regimes (7' and 7°)
could be explained by the onset of degeneracy in these nano-
wires. The conduction band density of states in GaN has a
temperature dependence of [Fig. 4.(blue curve)]

N, =43 X 10"7*?(cm™). (7)

As one can infer from Fig. 3, the carrier concentration for
these nanowires has weak temperature dependence. For
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GaN, at 300 K, the effective density of states in the conduc-
tion band is 2.23 X 10'® ¢m™, and around 200 K, it drops to
about 1.2X 10'® ¢m™. Carrier concentration for these GaN
nanowires is in the range of 2.0 X 10'® ¢cm™, and consider-
ing it is invariant with the temperature, degeneracy can occur
around 200 K in these nanowires. Exact determination of the
transition temperature, at which the degeneracy sets in,
would require a precise determination of the carrier concen-
tration, which is often challenging for nanowires. Similar
temperature-dependent behavior of the field-effect electron
mobility has been reported in Mn-doped ZnO nanowires."*

In both temperature-dependent resistivity and mobility
measurements we observed a change in the nature of the
temperature dependence around 200 K [see Figs. 3(b) and 4].
The weak temperature dependence of the resistivity below
200 K with activation energy of 1.9 meV would indicate that
the ionization energy of the dopants is negligible at these
temperatures. Impurities in semiconductors are generally
represented as a localized level at a fixed energy with respect
to the valence or conduction bands. This model breaks down
when impurity concentration approaches the conduction
band or valence band density of states. It is a well-know
observation in other semiconductors that the ionization en-
ergy decreases with increasing impurity concentration.”” The
ionization energy goes to zero at the impurity concentration
where metallic impurity conduction occurs, which is the
Mott transition for semiconductors. This transition has been
predicted to occur when the ratio of average separation r of
the impurity atoms to the radius of the hydrogenlike impurity
a* is about 3,7

rla® = 3.0, (8)

where r and a” are given by the relations

3 1/3 ,
,=(_) coa=( 2™ )osx 107 em. (9)
47N g/ \m

N is the dopant concentration, g; and g, are the dielectric
permittivity of semiconductor and vacuum respectively, and
myg and m™ are the free electron mass and electron effective
mass in the semiconductor, respectively. For GaN with
e,/80=8.9 and m"/my=0.22, the dopant concentration N
which satisfies the Eq. (8) is about 1.0 X 10'® cm™. A low
value of activation energy at low temperatures is an indica-
tion that a Mott’s transition has occurred with the formation
of an impurity band and the conduction is occurring through
that band.”®

IV. CONCLUSION

Detailed transport measurements have been done on un-
intentionally doped n-type GaN nanowires grown using di-
rect reaction of NH; and Ga. Temperature-dependent resis-
tivity measurements indicated that the observed high
background concentration in these nanowires possibly origi-
nate from oxygen impurities or nitrogen vacancies, with ther-
mal activation of dopants determining the carrier concentra-
tions in the range of 290-200 K. Measured activation energy
of the resistivity in this temperature range matched closely to
the ionization energies of both O impurity and N vacancy.

J. Appl. Phys. 104, 024302 (2008)

Temperature-dependent mobility measurements revealed that
the ionized impurity scattering dominated the transport
through these nanowires. The onset of degeneracy in the
nanowire is marked by the change in the temperature depen-
dence of electron mobility from 7' to 7°.
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