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Noise in nanostructures is one of the key problems impeding their applications in electronic devices.
We show that the level of 1 / f and recombination-generation noise in GaN nanowire field effect
transistors can be suppressed by ultraviolet radiation by up to an order of magnitude. This strong
suppression of the noise is explained by the illumination changing the occupancy of traps
responsible for noise. © 2008 American Institute of Physics. �DOI: 10.1063/1.2895398�

INTRODUCTION

Semiconductor nanowires are attractive candidates for
applications in tiny diodes and transistors,1–8 light emitting
diodes,9 gas sensors,10,11 and power sources.12 They are also
finding applications in field-emission devices,13 as elements
of flexible electronics14 and for enhancement of light emit-
ting diodes performance.15 However, a high noise level limits
applications of one-dimensional structures in electronics and
photonics. While noise in carbon nanotubes has been studied
extensively �see Ref. 16 and references therein�, noise stud-
ies of semiconductor nanowires are limited to a few
publications.17,18

This paper reports on the low-frequency noise in GaN
nanowire transistors and its suppression by UV light.

EXPERIMENTAL DETAILS

Gallium nitride nanowires with the lengths up to L
=200 �m were grown by chemical vapor deposition �CVD�
utilizing reaction of gallium vapor with ammonia at
850–900 °C in a horizontal furnace. Figure 1 shows field-
emission scanning electron microscope �FESEM� image of
GaN nanowires attached to the growth matrix. The growth
matrix consisted of GaN microplatelets and nanowires,
which often originated at the edges of microplatelets �see
inset in Fig. 1�. More growth details are given elsewhere.19

Typical nanowires used for electrical measurements �such as
the one encircled in the figure by a dash line for eye guid-
ance� were 20–40 �m in length and 50–250 nm in diameter.

Transmission electron microscopy and electron-
backscattered diffraction techniques confirmed that the
growth direction of these nanowires was along the a axis of
the wurtzite structure.20 A suspension of nanowires in isopro-
panol formed by sonicating the growth matrix was dispersed
on a SiO2 /Si substrate �p type, �=0.02 � cm� with pre-
defined Ti �60 nm� metal pads. The silicon dioxide was ther-

mally grown and had thickness of h=600 nm. The nanowire
alignment was obtained by applying 10 V peak-to-peak sinu-
soidal voltage at 1 kHz between the metal pads.21 After the
alignment, a 50 nm SiO2 passivation layer was deposited on
the sample using plasma enhanced chemical vapor deposi-
tion �PECVD�. The oxide was removed over the metal-
nanowire contact area using photolithography and wet etch-
ing, and a second metal layer �Ti /Al /Ti /Au,
30 /100 /30 /30 nm� was deposited. The structures obtained
by this method represented field effect transistors �FETs�
with the common gate �Si substrate� and symmetrically de-
signed drain and source contacts �see inset in Fig. 2�.

The current-voltage characteristics and low-frequency
noise in the frequency range from 1 Hz to 50 kHz were mea-
sured on wafer using the probe station with the tungsten
probes. The voltage fluctuations SV from the load resistor
RL=1–10 k � connected in series with the drain were ana-
lyzed by a network analyzer.

The commercially available light emitting diodes
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FIG. 1. FESEM images of GaN nanowires on the growth matrix. The inset
shows the higher magnification image of the GaN nanowire originated at the
edge of microplatelet.
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�LEDs� of different wavelengths from 265 to 620 nm were
used to study the effect of light on current and noise. The
ultraviolet LEDs for this study were supplied by Sensor
Electronic Technology, Inc.22

RESULTS AND DISCUSSION

The current-voltage characteristics at zero gate voltage
and at small drain voltage below 1 V were linear and sym-
metrical. When the gate voltage was applied, a GaN nano-
wire behaved as an n-channel depletion mode FET.

Figure 2 shows the transfer current-voltage characteris-
tics for different drain voltages. As seen, the current modu-
lation was approximately five orders of magnitude. The
threshold voltage determined from transfer current-voltage
characteristics at small drain voltage Vd�2 V was Vth�
−15 V.

When the gate voltage was kept constant, the drain cur-
rent increased slowly to steady state value during the time of
several tens of minutes. This steady value of the current was
approximately 30%–50% higher than the initial value. We
also found the hysteresis of the transfer current-voltage char-
acteristics when the gate voltage was first decreased and then
increased. This kind of the memory effects was reported
earlier5 and might relate to the slow localized states in the
PECVD silicon dioxide.

The noise spectra of the current fluctuations were close
to the 1 / f� noise at low voltages Vd�1−2 V. The exponent
� varied from the device to device within the range of �
=1.0–1.25. At higher voltages, the contribution of the
generation-recombination �GR� noise was found for all de-
vices. The amplitude and characteristic frequency of the GR
noise differed from device to device. Figure 3 shows a few
examples of the noise spectra for two nanowires at zero gate
voltage and at different drain voltages. The contribution of
the GR noise is seen as characteristic bulges on the smooth
1 / f-like spectra.

While at low currents the spectral noise density of the
short circuit current fluctuations SI was always proportional

to the current squared, the deviation from this law was seen
for many devices at higher currents Id�0.2–0.7 �A �Vd

�0.5–1 V�.
A decrease of the gate voltage led to an increase of the

noise SI. The dependence of noise on the gate voltage in
FETs might reveal the noise mechanism and the location of
the noise sources. However, a slow drift of the drain current
at a constant gate voltage prevented such analysis.

The level of the 1 / f noise is often characterized based
on empirical Hooge relation:23

SI

I2 =
�

fN
, �1�

where SI / I2 is the relative spectral density of the 1 / f noise, N
is the total number of the carriers in the sample, f is the
frequency, and � is the Hooge parameter, which varies for
different semiconductor objects within the range 10−7–10−1.
The value of the Hooge parameter � for GaN films ranges
from �5–7��10−3 to 2�10−3 �see review24 for the refer-
ences and analysis�. In nanowires, one can expect the domi-
nance of the surface noise because of a high surface to vol-
ume ratio. Therefore, the Hooge parameter, which is always
calculated assuming the bulk origin of noise, should be high.
However, in the recent study of the 1 / f noise in ZnO nano-
wire FETs the Hooge parameter was found to be relatively
small: �=5�10−3 and �=4�10−2 for the devices measured
in vacuum and in dry oxygen environment, respectively.18

Very small Hooge parameters �=1.1�10−5–7.5�10−6 were
reported for Si nanowires.17

The Hooge parameter for GaN nanowire transistors was
estimated as

� =
SI

I2

fC�Vth�
q

, �2�

where

FIG. 2. Transfer current-voltage characteristics of the GaN nanowire tran-
sistor. The inset shows FESEM image of a complete GaN nanowire device
with source and drain metal electrodes.

FIG. 3. Noise spectra of short circuit current fluctuations at different drain
voltages for two samples, Vg=0.
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C =
2	
0
L

ln�4h/d�

is the capacitance between the nanowire and silicon gate, 
0

is the permittivity of free space, 
 is the permittivity of SiO2,
h is the thickness of SiO2, and d is the nanowire diameter.
We found �� =2�10−2 �calculated for f =10 Hz� which is
of the same order of magnitude as for ZnO nanowires mea-
sured in the oxygen environment17 and only one order of
magnitude higher than the smallest value reported for GaN
films.24 This small value of Hooge parameter allows us to
assume that, in spite of the large surface to volume ratio, the
noise is still of the bulk origin.

In order to determine the nature of the 1 / f noise, the
noise and dc characteristics were measured under illumina-
tion by the light of different wavelengths. This method was
used before to study the 1 / f noise in Si and GaAs.25

The photoconductivity excited with the long wavelength
LEDs ���365 nm� was small and did not depend on the
drain voltage, like for a typical photoresistor. Possibly, the
photoconductivity excited with long wavelengths is due to
the light absorption on the GaN /SiO2 interface. In contrast,
the photoconductivity excited with short wavelength LEDs
���365 nm� was considerably higher and increased with the
increase of the drain voltage �see inset in Fig. 4�.

The theory explaining the influence of light on the 1 / f
noise was developed in Ref. 26. This model assumed that the
1 / f noise originated from the fluctuations in number of car-
riers due to the fluctuations of the occupancy of trap levels
forming the density of states tails near band gap edges. Gen-
erally, the band-to-band illumination creates minority carri-
ers which are captured by the trap levels responsible for
noise. As a result, the occupancy of traps responsible for
noise changes.

The spectral noise density of the GR noise in homog-
enous semiconductors is given by

SI =
4Ntq

2�2Vd
2A

L3

cF
2�1 − F�

1 + �2c
2F2 , �3�

where Nt is the trap concentration, q is the elemental charge,
� is the electron mobility, A is sample cross section, L is the
sample length, F is the occupancy of the level, c= ��nv�−1 is
the capture time, � is the capture cross section, v is the
thermal velocity, and n is the carrier concentration �electrons
in our case�. As seen from the Eq. �3� noise SI depends non-
monotonically on the occupancy function F and therefore on
the intensity of light.

Since concentration of the traps responsible for noise is
usually considerably smaller than the equilibrium carrier
concentration, the effect of light on noise can be observed
even for a very small photoconductivity. That was the case in
the experiments on noise under the band-to-band illumina-
tion in GaAs and Si �see review25 for the brief description of
the theory and experimental results�.

The effect of light on noise in GaN was studied earlier in
Refs. 27 and 28. Even though band-to-band illumination
modified the noise spectra, the suppression of noise with
light at 300 K was not observed.

Figure 4 shows the noise spectra measured at Vd=5 V in
dark and under illumination by light of different intensity
from 280 nm LED. The arrows indicate the current for every
measurements in the dark and under illumination at Vd

=5 V. As seen, light suppressed the noise up to one order of
magnitude and changed the shape of the noise spectra.

Contrary to the previous study of noise under illumina-
tion in Si and GaAs,25 the suppression of the noise by light
was found under condition of a very high photoconductivity,
when the current under illumination increased several times
in comparison with the dark current. Therefore, an increase
of the electron concentration and decrease of the capture
time c might have contributed to the noise suppression by
light. Note, however, that the suppression of noise cannot be
explained by the reduction of the c alone. While the current
�concentration� increased 3.2 times under the highest light
intensity �see Fig. 4�, the reduction of noise is about one
order of magnitude. Hence, the reduction of the occupancy
function of traps responsible for noise still plays an impor-
tant role in the noise suppression. This is confirmed also by
the nonmonotonic dependence of the noise amplitude on the
light intensity �compare spectra for I=4.5, 7.0, 8.7 �A in
Fig. 4� and change of the spectra shapes under illumination,
as predicted by the theory.26

The influence of the long wavelength light on noise ��
�365 nm� was weak. Depending on the sample, this long
wavelength light either slightly increased or decreased the
noise. This confirms an important role of the minority carri-
ers created by short wavelength light in the noise reduction
mechanism. The importance of the minority carriers in the
noise reduction and small value of the Hooge parameter in
the dark are arguments for the favor of the bulk origin of
noise in GaN nanowires.

CONCLUSIONS

Noise characteristics of the GaN nanowire transistors
were studied in the dark and under illumination with the light

FIG. 4. Noise spectra in dark and under illumination by light of different
intensity from 280 nm LED. Drain voltage Vd=5 V. The arrows indicate the
current at Vd=5 V in the dark and under illumination of different intensity.
The inset shows normalized photocurrent as a function of the drain voltage
for the excitation with 280 and 505 nm LEDs.
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from LEDs of different wavelengths. The nanowire transis-
tors had the threshold voltage of Vth�−15 V and exhibited
the on-to-off current ratio of approximately five orders of
magnitude.

The noise spectra of the current fluctuations were a su-
perposition of the 1 / f-like noise and GR noise. Hooge pa-
rameter for the 1 / f-like noise was estimated to be ��2
�10−2. This value is only one order of magnitude higher
than the smallest value reported for GaN films.

Exposing transistors to the long wavelength light had
little effect on the noise spectra but the light with the wave-
length �365 nm suppressed the noise up to an order of mag-
nitude and changed the shape of the noise spectra.

This strong suppression of the noise by light is explained
by changing the occupancy of traps responsible for noise
under illumination and by the reduction of their characteris-
tic capture time. Since only short wavelength light had an
effect on the noise, we conclude that the minority carriers
�holes� play an important role in suppression of noise by
light.
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