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We obtained the carrier concentration and mobility of silicon-doped gallium
nitride nanowires at room temperature with light and dark resistance data.
Current–voltage measurements were performed on single-nanowire devices in
the dark and under 360 nm illumination. Field-emission scanning electron
microscopy was used to measure the device dimensions. The nanowires
were modeled with cylindrical geometry, and solutions were computed
with a nonlinear fit algorithm. Simulations were also performed to verify
the model. The carrier concentration was bounded by 6 9 1017 cm�3 and
1.3 9 1018 cm�3, and the mobility was between 300 cm2 V�1 s�1 and
600 cm2 V�1 s�1.
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INTRODUCTION

GaN nanowires are being investigated for a
variety of applications1 from biosensors to field-
effect transistors (FETs)2,3 to ultraviolet (UV) laser
diodes.4 They could also be an alternative to thin
films in high-power and high-frequency electronics.
Our nanowires, grown by plasma-assisted molecu-
lar-beam epitaxy (PAMBE), are well suited to these
devices because they have high crystalline qual-
ity.5–7 While researchers are well on the way to
refining the growth and processing steps required
for these devices, measurement of the material
properties of nanowires has not been perfected.

It is important that additional methods for nano-
wire characterization be developed. Simple resis-
tance and depletion region models are difficult to
apply to c-axis GaN nanowires because of their small
size and hexagonal cross-sections. Traditional thin-
film techniques such as Hall measurements may not
be possible on the nearly one-dimensional geometry
of nanowires. Carrier concentration and mobility
calculations are also complicated, because the two

parameters are interrelated. Capacitance–voltage
measurements have recently been performed on
arrays of nanowires8 and FET measurements are
widely used to extract nanowire properties.1,2,9–16

However, the accuracy of the nanowire FET model is
still in question,16,17 and errors of factors of ten or
more are possible. Therefore, additional measure-
ment techniques are necessary for comparison with
and verification of the currently used methods.

We have determined the carrier concentration
and mobility for a group of GaN nanowires from a
single growth run using resistance measurements
with and without UV illumination. Resistance
measurements were performed on four-terminal
and two-terminal devices with ohmic contacts. We
used a nonlinear fit of the dark and UV resistance
data to extract the carrier concentration and
mobility, and included corrections for the transfer
length and depletion width of the nanowires. The
model was verified with several simulations, and
results were compared with field-effect transistor
measurements. This method provides values of
carrier concentration and boundaries on nanowire
mobility. It applies to nanowire batches for which
there is a reasonable expectation of material uni-
formity in electrical properties.
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EXPERIMENT

Gallium nitride nanowires were grown by plas-
ma-assisted molecular-beam epitaxy on silicon (111)
substrates. Our nanowires grow perpendicular to
the substrate in the c-axis direction and have
hexagonal cross-sections. Details of the growth
procedure can be found elsewhere.18–20 For this
experiment, silicon was introduced during the GaN
growth process. Silicon is a known n-type dopant in
GaN, and the resulting nanowires were doped and
conductive as confirmed by current–voltage mea-
surements. At 1 V bias, devices made from undoped
nanowires have currents in the low 10�9 A range,
compared with currents in the 10�5 A range or even
higher for Si-doped nanowires at the same bias. The
nanowires were typically �15 lm long and had
average diameters between 200 nm and 300 nm.
Some nanowires were found with diameters outside
of the average range and were specifically chosen for
this experiment.

We fabricated four-point devices from single GaN
nanowires. Pieces of the as-grown material were
placed in isopropanol and ultrasonically agitated to
remove the nanowires from the growth substrate.
The resulting nanowire suspension was dispersed
via pipette onto a Si wafer with a 100-nm SiO2 wet
oxide grown at 1000�C. After the solvent evapo-
rated, the nanowires were left behind with enough
surface adhesion to remain in place during photoli-
thographic patterning. The exposed sections of the
nanowires were cleaned with a reactive-ion etch
(30 W, 20 Pa, 20 s, O2 at 75 sccm) to remove organic
contaminants. Metal pads were fabricated with
20 nm of Ti and 200 nm of Al deposited by electron-
beam evaporation followed by an acetone liftoff.
The samples were annealed at 500�C for 60 s in a
5% H2/95% Ar ambient to form ohmic contacts. This
recipe was previously shown to make ohmic contacts
to n-type GaN films.21

Device dimensions were obtained with field-
emission scanning electron microscopy (FESEM).
The FESEM image in Fig. 1 shows a typical four-
point device. We measured the nanowire diameter
on both sides of each contact. The nanowire length
between contacts and the contact lengths were also
recorded.

Current–voltage (I–V) measurements were taken
for each working device. Two-point resistance val-
ues were calculated from the I–V curves by taking
the inverse slope of a line fit through zero. The I–V
curves were linear, with all of the devices used here
showing ohmic contact behavior. Control measure-
ments were also performed to ensure that contacts
without a spanning nanowire were electrically iso-
lated. In addition to every two-terminal combina-
tion, four-point collinear I–V measurements were
obtained. The collinear resistance, Rcollinear, was
measured by driving current through the outer two
leads and measuring the voltage between the inner
two leads. This strategy for isolating the contact

resistance was insufficient, however, because of the
unusual geometry of the nanowires, and will be
discussed in detail below.

In addition to the four-terminal measurements,
we took two-terminal I–V measurements in the
dark and under ultraviolet (UV) illumination on the
same devices. For this portion of the experiment, we
chose two-terminal combinations that spanned a
variety of nanowire radii. Measurements were
taken at room temperature, and maximum bias
voltages were 3 mV to 7 mV. The UV measurements
were performed under steady-state illumination at
360 nm wavelength supplied by a 75-W Xe arc lamp
with a monochromator. UV light was focused on the
sample with fused-silica optics. The resulting beam
had an approximate intensity of 3.6 mW/cm2 and a
spot size of approximately 1 mm diameter, which is
approximately 100 times greater than the nanowire
length. Dark I–V measurements were taken inside a
closed black box. Since they display persistent
photoconductivity, nanowire samples were placed in
the dark for at least 15 h before dark I–V scans were
performed. During the time between 2 h in the dark
and 15 h in the dark, the current in average-sized
nanowires fell 3% to 4%, but the current in small-
diameter nanowires fell as much as 20%. Device
resistances in the dark and under illumination were
calculated from the inverse slope of a line fit
through zero on the I–V curves. Resistance values
were repeatable, with measurements of the same
device made on different days varying by less than
0.6%. Table I lists the resistance values along
with the dimensions of the two-terminal nanowire
devices.

Photocurrent measurements were taken at vari-
ous UV intensities using the apparatus described
above. The power intensity of the lamp dropped

Fig. 1. Top-view FESEM image of a typical four-point device. C1,
C2, C3, and C4 are the Ti/Al contact leads. Four-point collinear
resistance was measured by driving current through the outer two
leads, C1 and C4, measuring the voltage between the inner two
leads, C2 and C3. Two-terminal measurements were made by
applying voltage and measuring current on adjacent contacts.
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from 3.6 mW/cm2 to approximately 2.7 mW/cm2

between the I–V measurements taken at 100%
illumination and the photocurrent measurements.
Fused-silica neutral-density filters were placed
between two of the lenses before the light was
focused on the sample. Combinations of filters were
used to attenuate the intensity, spanning almost
five orders of magnitude. At each UV intensity, the
devices were set at a constant bias voltage and a
current reading was taken every second for at least
half an hour. Figure 2a shows two typical photo-
current scans. The first jump in current occurs
when the light is allowed onto the sample. Variation
in current that occurs after 300 s is due to fluctua-
tions in the Xe lamp intensity. Photocurrent data
presented in Fig. 2b is the average photocurrent
taken from 500 s to the end of the scan. Notice that
the photocurrent begins to level off at 50% of the UV
power intensity, showing that the surface band
bending in the nanowire is nearing 0 V.

On several of the devices, back-gated FET mea-
surements were performed under local atmospheric
pressure (Boulder, CO, USA) in air. Gate voltage was
applied through the conductive silicon substrate
with silver paint as a back contact. The Ti/Al metal
pads fabricated earlier were used as source and drain
contacts. The devices displayed channel current
modulation as the gate bias was varied from�35 V to
35 V, while the drain–source voltage was held con-
stant at values from 0.1 V to 1 V. Consecutive for-
ward and backward sweeps of gate voltage revealed
noticeable hysteresis in all of the devices tested.

DISCUSSION

Carrier concentration and mobility for nanowires
are sometimes obtained from nanowire FET mea-
surements, but the standard equations often use
assumptions that do not fit most nanowire devices

and thus introduce large systematic errors. Typi-
cally the gate–nanowire capacitance is calculated
with

Table I. Measurements of Two-Terminal Nanowire Devices

Device Rdark (X) Ruv (X) rm (nm) Lnw (nm) Lc1 (nm) Lc2 (nm)

1 954,900 132,200 48 1950 245 1820
2 17,090 10,800 122 1260 1940 1900
3 29,440 17,680 122 1905 1495 1585
4 17,320 11,640 138 1655 1710 1760
5 22,810 14,910 152 3585 2385 2385
6 15,500 9458 156 1555 1625 1620
7 12,590 8948 158 2100 2175 2110
8 14,730 9405 160 2045 1545 1520
9 9274 6615 168 1620 1610 1600
10 10,060 6809 178 1595 1620 1620
11 5371 3967 274 1700 1675 1685
12 3696 3045 328 2025 2290 2285

Devices are sorted by radius from smallest to largest. Rdark is the nanowire resistance obtained from the I–V curve taken in the dark, Ruv

is the nanowire resistance under UV illumination, rm is the average measured radius of the nanowire rounded to the nearest even
number, Lnw is the length of the nanowire between the contacts, Lc1 is the length of nanowire covered by contact 1, and Lc2 is the length of
the nanowire covered by contact 2. Length measurements were rounded to the nearest 5 nm.

Fig. 2. (a) Two typical photocurrent versus time scans taken at a
drain–source voltage of 7 mV. The grey scan is at 79% UV power
intensity and the black scan is at 3.2% UV power intensity. The first
jump in current occurs when the light is allowed onto the sample.
Variation in current that occurs after 300 s is due to fluctuations in the
Xe lamp intensity. (b) Photocurrent versus UV power intensity. The
photocurrent data presented is the average photocurrent, in scans
similar to (a), taken from 500 s to the end of the scan. The inset shows
the same data with the UV power intensity on a linear scale. Notice that
the photocurrent begins to level off at 50% of the UV power intensity,
showing that the surface band bending in the nanowire is nearing 0 V.
Two terminal I–V measurements taken under illumination were all
performed with 100% of the UV power intensity.
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C ¼ 2pLnweoeox

ln 2tox=rmð Þ ; (1)

where Lnw is the length of the nanowire,
eo = 8.854 9 10�14 F/cm, eox is the dielectric con-
stant of the oxide, tox is the oxide thickness, and rm

is the nanowire radius. This method assumes that
the nanowire is encased in oxide, so Wunnicke16

suggests changing the oxide dielectric constant, eox,
from 3.9 for silicon dioxide, to an effective dielectric
constant of 2.2. The dielectric constant change
immediately cuts the capacitance almost in half. In
Eq. 1, the oxide thickness is assumed to be much
greater than the nanowire radius, which was not
true in our case. Removing this assumption takes
the capacitance calculation back to

C ¼ 2pLnweoeox

cosh�1 rm þ toxð Þ=rmð Þ
(2)

and can easily result in more than fivefold reduc-
tions in capacitance for devices with nanowires of
large radius and thin oxide layers, in other words,
as rm approaches 2tox.17 The capacitance error
propagates causing an artificially high carrier con-

centration, Nd ¼ VthC

qp rmð Þ2Lnw
, and an artificially low

mobility, l ¼ gm

Vds

L2
nw

C , where Vth is the threshold

voltage, gm is the maximum transconductance, and
Vds is the drain–source voltage.

Using the standard FET analysis, the average
mobility of our nanowires was 32 cm2 V�1 s�1 and
the average carrier concentration was 1.7 9
1018 cm�3. After applying corrections for the effec-
tive dielectric constant and the thickness of the
oxide compared with the nanowire radius, the
average mobility increased five times to 160 cm2

V�1 s�1 and the average carrier concentration fell to
4.7 9 1017 cm�3. FET measurements, for tested
devices that showed channel pinch-off and with
Eq. 2 for capacitance, are detailed in Table II.
Although wire-to-wire differences in carrier con-
centration and mobility of almost an order of mag-
nitude were observed, the variation was not a
function of nanowire diameter. For nanowires from

the same growth run, the range of carrier concen-
trations obtained from FET measurements was
1.5 9 1017 cm�3 to 1.3 9 1018 cm�3, which was lar-
ger than the carrier concentration range obtained
from the model described below.

In addition, the FET measurements were not
reproducible. Hysteresis and drift were displayed by
the FET devices. In a gate voltage sweep at constant
drain–source bias, Vds, the current at a given gate
voltage varied depending on the direction of the
sweep. Figure 3 shows a gate voltage sweep at Vds of
0.3 V with an average gate voltage offset of 6.6 V.
The forward scan ran first, followed immediately by
the backward scan. As shown in the figure, two
different threshold voltages could be calculated
from the two curves, which would result in different
values for carrier concentration and mobility.
Consecutive measurements on the same device but
with a slower scan speed also gave different results.

Table II. Back-Gated FET Measurements of Two-Terminal Nanowire Devices

Device rm (nm) C (fF) Vth (V) gm (nS) Nd (cm23) l (cm2 V21 s21)

1 48 0.13 �22 76 1.3 9 1018 34
2 122 0.13 �30 770 4.1 9 1017 170
3 122 0.19 �14 700 1.9 9 1017 270
5 152 0.40 �29 150 2.8 9 1017 65
8 160 0.24 �16 820 1.5 9 1017 270

Device numbers match those in Table I. rm is the measured radius, C is the capacitance calculated with Eq. 2, Vth is the gate threshold
voltage found by extrapolating the linear region around the point at gm in the Id versus Vgs graph to Id = 0, gm is the maximum
transconductance (@Id

�
@Vgs), Nd is the carrier concentration, and l is the mobility. The range of carrier concentration calculated with our

model was from 6 9 1017 cm�3 to 1.3 9 1018 cm�3 and the mobility was between 300 cm2 V�1 s�1 and 600 cm2 V�1 s�1.

Fig. 3. A gate voltage sweep showing hysteresis at constant drain–
source bias, Vds, of 0.3 V for a nanowire FET. The current, Id, at a
given gate voltage, Vgs, varied depending on the direction of the
sweep. Two different threshold voltages could be calculated from the
two curves, which would result in different values for carrier con-
centration and mobility. The maximum gate voltage shift is 9.5 V and
the average gate voltage shift is 6.6 V.
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By simply changing the gate voltage scan speed for
one example device, the mobility value increased
over 30% from 187 cm2 V�1 s�1 with a continuous
scan to 248 cm2 V�1 s�1 with a scan speed of 0.5 s
per point. Some of the inconsistency might be
caused by charge trapping due to condensation,
since the measurements were made in air rather
than in vacuum, but some surface charge trapping
would also occur in vacuum. Similar hysteresis has
been observed in other GaN FET experiments,2,9,14

and they propose that it is due to charge trapping in
the gate oxide. Regardless of the mechanism, accu-
mulated charge shifts the effective threshold volt-
age, which results in inconsistent values for carrier
concentration and mobility.

We suspect that there are other fundamental
problems with the FET measurements. One concern
is that the capacitance was originally derived from a
model using an infinitely long metal wire,22 which
does not allow for depletion effects in the semicon-
ductor nanowire. Trapped charges at the nanowire–
oxide interface and contact resistance are also not
considered in the model. A full analysis of errors
and their causes is beyond the scope of this paper.
The inconsistencies in the FET model prompted us
to develop a new model based on simple resis-
tance measurements taken in the dark and under
illumination.

MODEL

In order to fit a carrier concentration and mobility
to the resistance data, we made several assump-
tions. As with any model, the degree to which the
model fits the data is a test of the assumptions of the
model. First, we assumed that nanowires from
the same growth run had the same carrier concen-
tration and mobility, and that carrier concentration
and mobility are material properties that do not
change with exposure to illumination. When elec-
tron–hole pairs are created during illumination, the
hole density remains orders of magnitude lower
than the electron density because many are swept
toward the nanowire surface and trapped by the
negative surface charges. Therefore, the resistance
and the corresponding mobility are affected only by
the electrons. Mobility and carrier concentration
may vary slightly from wire to wire, but fitting with
a single value should yield the average of these
values for the group of nanowires. As mentioned
earlier, the random variation in resistance mea-
surements was 1%. Next, contact resistivity was
given a value of 1 9 10�5 X cm2, since this value is
commonly reported for nanowire devices.23,24

FESEM measurements were repeatable within
±10 nm; therefore we assumed a variation of
±10 nm in length and ±5 nm in radius. We
accounted for the uncertainty in nanowire mea-
surements by repeating the fit using the low values
for length and radius, and again using the high
values for length and radius. Each nanowire radius

was one-half of the average diameter measured at
the contacted ends. Radius values were modified to
approximate the nanowire cross-section as a circle
inscribed within a hexagon whose point-to-point
diameter was measured as shown in Fig. 4a. This
cylindrical geometry was used for the calculations.

Depletion width was also considered in our model.
Since there is negative surface charge on the
nanowires, a portion of the semiconductor will be
depleted of charges, and current will not flow
through the entire nanowire, as shown in Fig. 4b.
The cross-sectional area, Axs, in the nanowire
resistance calculation,

Rnw ¼
qsLnw

Axs
; (3)

needs to be modified to account for this depletion
width. Equation 3 then becomes

Rnw ¼
qsLnw

pðrm � dÞ2
; (4)

where qs is the semiconductor (nanowire) resistiv-
ity, Lnw is the nanowire length, and rm is the
nanowire radius. We calculated the depletion width,
d, using an equation for the surface band bending,
U, that was derived by use of cylindrical symmetry
and Gauss�s law.25

U ¼ qNd

2e
r2

m � ðrm � dÞ2

2
� ðrm � dÞ2 ln

rm

rm � d

� �" #

:

(5)

In this equation, q = 1.602 9 10�19 C, Nd is the
carrier concentration, and e = e0er, where e0 =
8.854 9 10�14 F/cm and er = 8.9.26 Typical depletion
widths in the dark were around 25 nm for these
Si-doped nanowires. Illuminating the nanowires
with ultraviolet light above the band gap decreases
the depletion width. Photogenerated carriers par-
tially neutralize the surface states, reducing the

Fig. 4. (a) Hexagonal cross-section of a nanowire. The dotted line
represents the diameter measured by FESEM. One-half of the
diameter is the measured radius, rm, which is modified in the model
to equal the inscribed radius, rcircle. (b) Diagram illustrating the
depletion width and surface band bending for a cylindrical nanowire
in the dark at equilibrium. The nanowire radius is rm. The depletion
width, d, is shown shaded in the diagram. Conduction occurs through
the channel with a radius of (rm � d). The surface band bending, U,
is the difference between the conduction band in the undepleted
region and the conduction band at the nanowire surface.
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surface band bending and opening the conducting
channel in the nanowire. The illuminated resistance
values were around 70% of the original measure-
ment for average-sized nanowires. For the smallest-
diameter nanowire, however, the illuminated
resistance value was only 14% of the dark resistance
measurement.

Fitting the data to obtain carrier concentration
and mobility values was complicated because the
two parameters are related by qs ¼ 1

qNdl, where l is
the mobility. Rather than solving a simple linear
system of n equations and n unknowns, getting
solutions for these two coupled values required a
nonlinear fit to the data. We made some initial
guesses for Nd and l that were used as starting
values in the fitting routine, and fixed the value of
the surface band bending within each fit. Then the
device resistance, Rdevice, was calculated based on
those starting values:

Rdevice ¼ Rnw þ Rcontact1 þ Rcontact2: (6)

Nanowire resistance was modeled using Eq. 4 along
with Eq. 5 to account for the depletion width.
Contact resistance was calculated using the transfer
length correction explained later in Eq. 7.

A Levenberg–Marquardt27 nonlinear least-
squares fitting routine was used to solve simulta-
neously for the carrier concentration and mobility
that provided the best fit to the entire data set,
including both dark and illuminated resistances.
Inputs to this routine were initial guesses for the
fitting parameters Nd and l, constants for both
surface band bending values, and the nanowire
dimensions. The device resistances were computed
as described above and summarized in Eq. 6. Each
modeled resistance was compared with the actual
measured resistance via the chi-squared parameter,
Pn

i¼1

y�yi

ri

� �2
, where y is the modeled device resistance,

yi is the measured device resistance, and ri is the
standard deviation of the measured resistance. The
algorithm then chose new values of Nd and l, and
the process repeated. Iterations continued until chi-
squared was minimized. The resulting Nd and l,
along with their uncertainties, were solutions to the
experimental data.

We ran the routine several times, varying surface
band bending in the dark from 0.3 V to 0.7 V and
surface band bending under illumination from 0 V
to 0.05 V. The actual surface band bending for our
GaN nanowires is unknown. For nanowire devices
measured in the dark, we chose values within the
literature range of 0.1 V to 1.1 V.28–30 Surface band
bending for illuminated nanowires was much lower.
The intention was to reduce the surface band
bending to 0 V, but since this could not be con-
firmed, a range of low values was used. Figure 2b
does show, however, that the nanowires are tending
toward the flat-band condition under UV illumina-
tion. The inset clearly shows that the current versus

UV intensity begins to level off at around 50% power
intensity. Also note that average-sized nanowires
still have a depletion width of around 3.6 nm when
the surface band bending is 0.01 V and the carrier
concentration is 7.8 9 1017 cm�3. Additional studies
are underway to obtain experimental values for
surface band bending, and they will be reported at a
later time.

The model provides a good fit to the data. The
points in Fig. 5a show the measured resistance,
Rmeas, minus the modeled contact resistance,
Rcontact, versus length/radius2 on a log�linear scale.
The lines are the model values calculated with
surface band bending in the dark at 0.5 V and sur-
face band bending under illumination at 0.01 V.
Based on a carrier concentration of 7.8 9 1017 cm�3

and a mobility of 470 cm2 V�1 s�1, all modeled
resistance values were within 25% of the measured
resistance values. Figure 5b shows the fractional
difference for each point, Rmeas �Rfitð Þ=Rmeas, where
Rfit is the modeled resistance. This proves that the
change in resistance between nanowires kept in the
dark and nanowires that are illuminated with UV
can be explained by the difference in the size of the
conducting channel. Using the above parameters,
the diameter of the conducting channel in the dark
is 78% to 85% of the conducting channel under
UV illumination for average-sized nanowires.
Whether the current is confined to an inner core
of the nanowire or is spread throughout most of

Fig. 5. (a) The measured resistance, Rmeas, minus the modeled
contact resistance, Rcontact, versus length/radius2 on a log�linear
scale. The lines are the model values calculated with surface band
bending in the dark at 0.5 V, surface band bending under illumination
at 0.01 V, a carrier concentration of 7.8 9 1017 cm�3, and a mobility
of 470 cm2 V�1 s�1. (b) The fractional difference for each point,
Rmeas � Rfitð Þ=Rmeas, where Rfit is the modeled resistance. Modeled

resistance values were within 25% of the measured resistance
values.
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the nanowire diameter, the values of carrier
concentration and mobility do not change dramati-
cally. Figure 5b confirms that our model fits the
resistance data and therefore our earlier assump-
tions were reasonable.

The results of the many fit iterations were con-
structed into a solution-space graph shown in
Fig. 6. The shapes of the solution spaces are more
complicated than shown in the figure, but the rect-
angles provide a good visual representation of the
extent of each solution space. The area inside each
rectangle represents solutions for the carrier con-
centration and mobility of the group of nanowires at
a given surface band bending in the dark. Included
in the solution space are multiple fit results
obtained by changing the nanowire dimensions
based on the measurement uncertainty, and by
varying the surface band bending under illumina-
tion from 0 V to 0.05 V.

The procedure described does not converge on a
single unique solution for carrier concentration and
mobility, because of the nonlinear interrelatedness
of the two parameters. The fitting algorithm returns
an uncertainty associated with each parameter, and
the magnitude of this uncertainty increases with
the uncertainty in the nanowire resistance and
dimension measurements. One such point with
uncertainty bars is illustrated within the U = 0.4
rectangle in Fig. 6. Between 97% and 98% of each
uncertainty bar is due to uncertainty in the nano-
wire dimensions. Another way to interpret these
uncertainty limits is to say that they represent the
range of combinations of carrier concentration and
mobility that would fit the data equally well when
the fit is constrained to a particular surface band
bending value. Even with several data points

covering a range of nanowire radii, we find that the
range of equally probable carrier concentration and
mobility values is on the order of 30% of the average
value for these parameters. Our experience also
shows that it is easy to find false minima when
using a grid search approach rather than the non-
linear curve-fitting algorithm. The full range of
equally probable values is only seen when searching
in steps on the order of the third significant digit in
each parameter.

For this nanowire growth run, the fitting proce-
dure indicated that the carrier concentration was
between 6 9 1017 cm�3 and 1.3 9 1018 cm�3, and the
mobility was between 300 cm2 V�1 s�1 and
600 cm2 V�1 s�1. The mobility range was higher
than the 150 cm2 V�1 s�1 to 250 cm2 V�1 s�1 that Fu
et al. and others reported for similarly doped, bulk
GaN.31,32 GaN films often have dislocation densities
of 8 9 109 cm�2.32 Transmission electron microscopy
(TEM) examination of individual nanowires shows
that our MBE-grown nanowires are free of disloca-
tions.18 Our mobility is higher than most reported
nanowire mobilities,15,33,34 but it is similar to the
300 cm2 V�1 s�1 at 2 9 1018 cm�3 reported for GaN
nanowire FETs by Huang et al.,1 whose nanowires
are also single crystalline and grown in the [100]
direction.35 The elevated mobility range is probably
due to the defect-free nature of our material.

One source of systematic uncertainty in our model
is imprecise knowledge of the contact resistance.
Generally the contact resistance, Rcontact, can be
determined by subtracting the collinear resistance,
Rcollinear, from the two-point resistance between the
inner two leads, R23, Rcontact ¼ R23 � Rcollinear. Then
the contact resistivity can be calculated using the
device geometry, Rcontact ¼ qc= 2prmLcð Þ, where qc is
the contact resistivity, rm is the nanowire radius,

Fig. 6. Solution space of carrier concentration versus mobility. The
area inside each rectangle represents solutions for the carrier con-
centration and mobility of the group of nanowires for a given surface
band bending in the dark. Included in the space are the uncertainty in
measured nanowire dimensions and variation in surface band
bending under illumination from 0 V to 0.05 V. The point with error
bars is an example fit solution for surface band bending in the dark of
0.4 V and surface band bending under illumination of 0.01 V. Each
rectangle contains six points similar to the one shown, and each
point is a solution for a given value of surface band bending under
illumination. Note that the solution-space shape is not actually a
perfect rectangle.

Fig. 7. Measurements of nanowire device resistance between con-
tacts 2 and 3 compared with collinear resistance. Devices are sorted
in order of decreasing collinear resistance.
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and Lc is the contact length. The graph in Fig. 7
shows that the collinear resistance measurement
was nearly identical to the two-point resistance
between the inner two leads. In this case the com-
mon procedure gave an exceptionally small contact
resistivity on the order of 10�7 X cm2. Although Yan
et al.21 have produced contacts to GaN film with
contact resistivity as low as 10�7 X cm2, most
reported contact resistivities for GaN films are in
the high 10�6 X cm2 or low 10�5 X cm2 range.36–38

Nanowire contact resistivities have been reported
around 1 9 10�5 X cm2.23,24

This discrepancy was resolved by applying a
transfer length correction in our model. The trans-
fer length accounts for the distributed current flow
near the contact edges. It is discussed in the paper

by Mohney et al.39 and defined as LT ¼
ffiffiffiffiffiffiffiffi
rmqc

2Fqs

q
, where

rm is the nanowire radius, qc is the contact resis-
tivity, and qs is the semiconductor resistivity. F is
the fraction of the nanowire circumference covered
by the contact metal, which we estimated from SEM
pictures as two-thirds. The transfer length for a
nanowire device with an average radius of 125 nm
is around 300 nm, which is smaller than our pho-
tolithographically defined leads, which are typically
1,500 nm wide. Contact resistance in the model was
calculated with the transfer length correction,

Rcontact ¼ qc

�
2prmLTF tanh

Lc

LT

� �� �
; (7)

where Lc is the contact length. When we used a
contact resistivity of 1 9 10�5 X cm2, the resistance
of a typical contact was 2200 X.

Another consequence of the short transfer length
is that the center metal pads were shunting the
nanowire current. We tested this effect by compar-
ing the two-terminal resistance between contacts 1
and 4, R14, and the sum of the two-terminal resis-
tances of the individual wire sections between the
pads. Residual resistance is defined as
Rres ¼ R14 � R12 þR23 þ R34ð Þ � 2RL. The thin Ti/Al
leads to the nanowire have lead resistances, RL, on
the order of half the difference between R23 and
Rcollinear. After removing the lead resistance, the
residual resistance, Rres, was around 1% of the R14

resistance. If current was flowing through the
nanowire under the metal pads, it is expected that
the residual resistance would be substantially
higher due to the additional resistance from the
lengths of the nanowire underneath the contacts. If
the current flows into the center metal pads even
when current is supplied through the outer pads,
however, the contact resistance of the center pads
makes the same contribution to R14 as it does to R12,
R23, and R34, producing the observed result. The
only other possible explanation is that the contact
resistance was exactly equal to the resistance of the
wire segment underneath it for all nanowires and
contacts, which is highly unlikely.

SIMULATIONS

In addition to the data fit described above, we also
did several simulations to study how different
parameters affected the solution space. Nanowire
dimensions were chosen to simulate length, radius,
and contact length measurements, and values for
carrier concentration, mobility, contact resistivity,
surface band bending in the dark, and surface band
bending under illumination were set. The resistance
of the simulated nanowire devices was calculated
with those parameters. Gaussian noise based on a
standard deviation of 0.6% of the resistance was
added to the resistance numbers to simulate the
measurement uncertainty. Finally, we solved for
carrier concentration and mobility using the same
procedure as was used for the actual data.

By varying one parameter at a time, we were able
to isolate its influence on the solution space. In
simulation 1, illustrated in Fig. 8, we calculated the
resistances that would have resulted from nano-
wires with the same dimensions as those in our
actual data set, but with a lower mobility of
270 cm2 V�1 s�1. The other simulation parameters
were a carrier concentration of 5.5 9 1017 cm�3,
contact resistivity of 1.0 9 10�5 X cm2, surface
band bending in the dark of 0.5 V, and surface band
bending under illumination of 0.01 V. Comparing
Fig. 8 with Fig. 6 shows that the fitting procedure
accurately tracks the change in mobility. The cross
on the graph marks the starting values that we used
and therefore represents the ‘‘actual’’ solution to the
simulated data. In simulation 2, we intentionally
overestimated the contact resistivity when we tried
to fit the simulated data. Simulated resistance val-
ues were constructed by use of 1.0 9 10�6 X cm2

while the contact resistivity in the fitting routine
was set to 3.0 9 10�6 X cm2. The higher, incorrect,
contact resistivity used in the fit procedure shifted
the solution-space graph toward artificially higher
mobility values (Fig. 9). Thus, one possible expla-
nation for the higher mobility values we extract

Fig. 8. Graph of the solution space for carrier concentration versus
mobility for a simulation with a low starting value of mobility of
270 cm2 V�1 s�1. The starting values are marked with a cross.
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from our data is that we have overestimated the
contact resistivity by a factor of 100 or more.
Finally, we note that in simulation 2, nanowire
dimensions were simulated that included even more
variation in radii than found in our nanowire data
set. Because of the nonlinear relationship between
carrier concentration and mobility, this greater
variability in nanowire radii still led to a large
solution space rather than single values for these
properties.

Many other insights into the validity of the model
were gained through additional simulations. The
solution-space graph for the actual data could be
reproduced by use of the actual device dimen-
sions and starting values of mobility equal to
470 cm2 V�1 s�1 and carrier concentration of 7.8 9
1017 cm�3. Contact resistivity and surface band
bending were the same as in the first simulation.
We also tried separating effects of nanowire mea-
surement errors. As expected, the size of the solu-
tion space rectangle was due mostly to the
uncertainty in the nanowire radius rather than to
the uncertainty in the nanowire length. Adding
more noise to the simulated resistance values did
shift and slightly enlarge the solution space, but the
actual solution was still included. Changing the
surface band bending in the dark had a higher rel-
ative effect on the mobility than on the carrier
concentration. Mobility solutions shifted to lower
values as surface band bending in the dark in-
creased. On the other hand, the solutions shifted to
higher values of mobility as assumed surface band
bending under illumination increased. Surface band
bending in the dark had a much greater effect on
the solution space than did surface band bending
under illumination. Incremental changes to surface
band bending under illumination of 0.01 V led to
solutions that overlapped the error bars of the pre-
vious solution until the surface band bending under
illumination reached approximately 42% of the
value for surface band bending in the dark.

The starting guesses for mobility and carrier con-
centration had little effect on the solution space.

SUMMARY

We have calculated a carrier concentration
between 6 9 1017 cm�3 and 1.3 9 1018 cm�3 and a
mobility between 300 cm2 V�1 s�1 and 600 cm2

V�1 s�1 for Si-doped GaN nanowires, based on dark
and light resistance measurements. I–V measure-
ments indicated that we created ohmic contacts to the
nanowires, and resistance values were repeatable. A
nonlinear fit of the light and dark resistances was
used to solve for carrier concentration and mobility.
We verified the validity of the calculation method
with numerous simulations, and discussed problems
in the back-gated FET measurements. Future
experiments that will benefit this process are mea-
surements of the surface band bending under light
and dark conditions, such as scanning Kelvin probe
microscopy, and higher-resolution measurements of
nanowire radius. Independent methods for extract-
ing the carrier concentration and mobility of nano-
wires are also needed to confirm the calculations.
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