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1. Introduction

The III–V semiconductors are widely
used as functional material for all kinds
of optoelectronic applications such as gas
sensors, light-emitting diodes, and field-
effect transistors (FETs).[1–10] Especially
gallium nitride (GaN) nanowires (NWs)
are of vast interest for high temperature
and high-power switching devices.[10–19]

In addition to their wide and direct
bandgap, GaN NWs stand out due to their
quasi one-dimensionality which enables
the exploration of low-dimensional trans-
port phenomena.[20–23] One prominent
example of such transport phenomena on
the mesoscopic scale are universal conduc-
tance fluctuations (UCFs). UCFs arise in
low-dimensional nanostructures due to
the quantum mechanical interference of
different electron paths.[24] The interfer-
ence of those paths is only possible if the
electron wave functions are coherent.

This means that the phase coherence length lϕ, which describes
the characteristic length over which the electron phase is main-
tained, needs to be comparable or larger than the characteristic
dimensions (diameter, length) of the NW.[24] Once the electron
paths are manipulated either by a magnetic or an electric field,
fluctuations of the electron conductivity of the system arise as a
result of the interference effects. Inelastic scattering events
become more important with increasing temperature resulting
in a decrease of the phase coherence length. Consequently,
the quantum interference effects vanish due to thermal averag-
ing, and the phase coherence length reveals a characteristic tem-
perature dependence as a function of the dominant scattering
mechanism and the effective quasi-dimensionality of the
system.[25,26] Thus, the analysis of the phase coherence length
in mesoscopic systems, such as NWs, is a powerful tool to
identify the underlying scattering mechanisms.

In contrast to many other works, where UCFs in GaN NWs are
identified by measuring the conductance for varying magnetic
field (magnetic field approach), we are able to induce UCFs in
a non-intentionally doped NW–FET by applying a gate voltage
instead (electric field approach).[22,23,25,27–30] The analysis of
the magnitude of the conductance fluctuations reveals a
phase coherence length of about 10 nm, which is in excellent
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In this work, the fabrication and characterization of a fully functional field-effect
transistor (FET) are addressed based on a non-intentionally doped GaN-
nanowire FET (NW–FET). Universal conductance fluctuations (UCFs) are
observed at temperatures below 140 K. In contrast to other reports in literature,
UCFs appear in the analyzed NW–FET only under the influence of an electrical
field when applying a gate voltage, while no UCF signatures are observed when
performing magnetic-field-dependent measurements. The reason is the con-
siderable impact of the applied voltage on the narrow conductive channel of the
non-intentionally doped NW. The electrical field influences the Fermi level as
well as the width of the depletion region, both changing the effective impurity
distribution which determines the set of possible electron paths. The electric-
field-induced variation of the set of electron paths correlates with a conductance
variation, which leads to the occurrence of UCFs. Furthermore, the reliability
of determining the phase coherence length lϕ from the NW–FET transfer
characteristics is analyzed. It is shown that the value of lϕ is significantly
affected by the choice of the gate voltage range due to the current dependence
of the magnitude of the UCFs.
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agreement with previously reported values obtained from the
analysis of the weak localization effect.[25] Our results show that
the electrical field approach is well suited for determining the
phase coherence length in non-intentionally doped NWs, which
will help to obtain a better fundamental understanding of domi-
nant scattering mechanisms in these low-dimensional systems.

2. Experimental Section

2.1. Devices Fabrication

2.1.1. NW Growth

Non-intentionally doped GaN NWs were grown on Si(111) sub-
strates using plasma-assisted molecular-beam epitaxy as reported
in detail in literature.[31] Real-time structural analysis of the
growing NWs was facilitated by reflection high-energy electron
diffraction (RHEED). Prior to the NW growth, the substrate
was heated to 820 °C at a chamber pressure of 10�9 mbar for
a few minutes, before reducing the temperature back to
780 °C. This process induced a clean Si-7� 7 surface reconstruc-
tion, confirmed by RHEED analysis. Subsequently, the silicon
surface was nitrided under nitrogen flow of 0.8 sccm and plasma
power of 400W to create an amorphous silicon nitride surface.
The wire growth took place at 780 °C under nitrogen-rich condi-
tions with a plasma power of 300W and nitrogen flow of 1 sccm,
corresponding to a partial pressure of 1.7� 10�5 mbar. The gal-
lium effusion cell was heated to 910 °C resulting in a beam equiv-
alent pressure of 1.5� 10�7 mbar. These growth conditions yield
a n-type carrier concentration of about 1019 cm-3, which arises
due to Si diffusion from the substrate into the NW during growth
as well as oxygen impurities as discussed in more detail in our
previous publication.[32] After a growth period of 5 h, the aper-
tures of the effusion cell and the plasma source were closed, ter-
minating the wire growth. This growth process yielded a
multitude of homogeneous NWs which were 40–100 nm thick
and about 2 μm long.

2.1.2. NW–FET Fabrication

The fabrication of single NW–FETs was realized following the
standard recipe described in our previous work.[25,27,32,33] First
NWs were transferred onto a Si/SiO2 chip and localized by scan-
ning electron microscope (SEM). Individual electrical contacts

for the single NWs were transferred onto the chip by a
combination of photo- and electron-beam lithography (EBL).
Metal layers, Ni (20 nm) and Au (200 nm), were deposited by
electron-beam physical vapor deposition to form the contact
leads. Ohmic contacts of the NWs were obtained by annealing
at 10�6 mbar for 90 s at 600 °C. For the preparation of the
NW–FET structure, a 7.5 nm thick hafnium dioxide (HfO2) insu-
lating layer was deposited by a combination of EBL and atomic
layer deposition for separating NW and the top gate. After this
step, the top gate was implemented in the same manner as the
NW contacts. An SEM image of the finalized NW–FET is shown
in Figure 1 alongside a sketch of the idealized NW–FET struc-
ture. The NW has a length of about 2000 nm and a diameter
of 80 nm. The distance between the source and drain contacts
is about 1100 nm and the gate is 530 nm wide.

2.2. Measurement Setup

The DC transport measurements were performed in an Oxford
Instruments liquid-helium cryostat enabling temperature-
dependentmeasurements between 1.7 and 270 K. Transistormeas-
urements were conducted at gate voltages (VG) varying between�4
andþ5 V and a drain-to-source voltage (VDS), varying between�30
andþ30mV using a Keithley parameter analyzer. Higher voltages
were avoided to prevent damaging of the NW–FET.

3. Results and Discussion

3.1. Transport Properties

A functional NW–FET needs to fulfill two particularly important
criteria in addition to its switching characteristics. One is the
Ohmic behavior of the NW resistance and the other the electri-
cally insulating behavior of the top gate in the entire temperature
range of interest. The current–voltage characteristics of the NW
are shown in Figure 2a. Slight deviations from a linear behavior
occur only at negative drain–source voltage VDS higher than
�35mV and below 50 K. The resistance of the NW varies from
4.2� 105 Ω (270 K) to 5.6� 105 Ω (1.7 K). Figure 2b shows the
leakage current IG through the top gate plotted against the gate
voltage VG, which proves an adequate insulating behavior of the
HfO2 layer. Only for temperatures above 200 K, the leakage
current approaches values of about 1 nA at high gate voltages.
However, this value is still negligible as it is two orders of

(a) (b)

Figure 1. a) Schematic drawing of a finalized NW–FET and b) SEM image of the analyzed NW–FET.
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magnitude lower than the drain–source current (IDS) flowing
through the NW itself. The average resistance of the top gate
varies between 5� 109 Ω (270 K) and 1.6� 1010 Ω (1.7 K)
confirming its insulating behavior.

Figure 3 shows the transfer characteristics, i.e., the drain–
source current IDS plotted versus the gate voltage VG, of the

fabricated GaN-NW–FET for the lowest temperature of 1.7 K
and the highest temperature of 270 K investigated. In both cases
and at all temperatures in between, as shown in Figure S1,
Supporting Information, the drain source current IDS follows
the typical behavior of a FET, i.e., the drain–source current shows
a steep linear increase starting above the threshold voltage (Vth)
followed by a saturating behavior toward higher gate voltages.[34]

However, there are also some significant differences between the
high- and low-temperature behavior of the transfer characteris-
tics. For example, the threshold voltage is shifted to more nega-
tive values with increasing temperature, while UCFs are
appearing at low temperatures. The temperature dependence
of the threshold voltage of the GaN-NW–FET analyzed corre-
sponds to the expected behavior of a classical metal oxide FET
as it is inversely proportional to the temperature.[34] The most
prominent difference between the characteristics at high and
low temperatures, namely the arising UCFs, will be discussed
in the following section.

3.2. Universal Conductance Fluctuations

The UCFs arise when the temperature is decreased below 140 K.
The temperature dependence of the UCFs can be observed in
more detail in Figure S1, Supporting Information, where only
transfer curves at VDS ¼ 30mV are shown for temperatures vary-
ing between 1.7 and 140 K. To separate the absolute UCFs from
the transfer curve, a typical FET transfer characteristic is fitted to
the measured transfer characteristics and subtracted from it. Two
of the fit curves used during the analysis, one for a high and the
other for a low temperature, are shown in Figure S2, Supporting
Information. The absolute UCFs obtained are presented in
Figure 4a. The stability of the fluctuation patterns for increasing
temperature is a typical property of UCFs,[24] which occur due to
voltage-induced changes of the possible pathways for an electron
moving through the sample.[24] Furthermore, the magnitude of
the conduction fluctuations decreases with increasing gate
voltage VG. This is caused by the resulting high current density
in the NWs at high gate voltages, which leads to an increased
number of uncorrelated energy intervals contributing to the
electron transport and, thus, to current-induced averaging of
the fluctuations.[27]

It is worth noting that no conductance fluctuations occur and
only a weak localization effect is observed when applying a mag-
netic field as can be seen in Figure S3, Supporting Information.
These findings are in agreement with previous results.[25]

Instead, the UCFs arise for the non-intentionally doped GaN
NW only when a gate voltage is applied. This can be attributed
to two effects. First, the applied gate voltage shifts the Fermi level
of the electrons resulting in an effective change of the impurity
distribution at which the electrons can scatter. Second, the con-
ductive channel for the freely moving electrons inside the NW is
modified under the influence of an applied electrical field.
Increasing the gate voltage VG leads to a broadening of this
channel. This also modifies the effective impurity distribution
in the conductive channel due to additional transport paths for
the electrons. In both cases, the set of possible interfering
electron paths changes with varying gate voltage and, hence,
the conductance fluctuates.
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Figure 2. Current–voltage characteristics of a) the nanowire and b) the top
gate in the temperature range between 1.7 and 270 K.
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Figure 3. Transfer characteristics IDS versus VG of the NW–FET at 1.7 K
(top) and 270 K (bottom) for VDS varying between 5 and 30mV and
�5 to �30mV, respectively.
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Voltage-induced changes of the channel width and the Fermi
level are expected to have a significant impact on the effective
impurity distribution only for a narrow conductive channel with
a low impurity distribution. This situation is given in case of the
non-intentionally doped GaN NW investigated in this work. Its
conductive channel is much smaller than the NW diameter due
to an upward surface band bending.[25] The width of the resulting
depletion region has been estimated to be up to 20 nm for the
non-intentionally doped GaN NW, which reduces the width W
of the conductive channel to about 40 nm.[25,35] When applying
a positive gate voltage, the Fermi level is shifted upward reducing
the width of the depletion region, and at high positive gate vol-
tages, the whole NW serves as conductive channel. Applying a
negative gate voltage reduces the width of the conductive channel
by shifting the Fermi level energetically downward. At about
VG ¼ �2 V, the channel is completely closed as the depletion
region extends over the whole NW. The impact of the applied
gate voltage on the width of the conductive channel is schemati-
cally depicted in Figure S4, Supporting Information. This may
also be the reason for the absence of UCFs when applying a

magnetic field as the magnetic-field induced deflection only
slightly distorts the electron pathway in narrow channels. The
opposite situation may be expected for NWs with a wide conduc-
tive channel, e.g., in highly doped NWs with a small depletion
region. Here, the relative change of the effective impurity
distribution due to an applied gate voltage can be neglected,
while an external magnetic field can significantly affect the elec-
tron pathways.

Analyzing the UCF allows the determination of the phase
coherence length lϕ as well as its temperature dependence. At
finite temperatures, thermal averaging needs to be considered
which is characterized by the thermal length lT.

[24,36] For
lϕ � lT, the effect of thermal averaging is negligible, while ther-
mal averaging results in a reduction of the fluctuation amplitude
for lϕ ≥ lT.

[36] Typically, lϕ is comparable to lT for non-
intentionally doped GaN NWs. An estimation for T ¼ 1 K
according to literature yields lT ¼ 12 nm,[32] which is what we
assume for the NW–FET investigated in this work.[22,37] Then,
lϕ can be estimated from the mean fluctuation amplitude of
the UCF with an accuracy of about 10%:

rmsðΔGÞ ¼ α
e2

2πℏ
lϕ
L

� �3
2
1þ α

β

lϕ
lT

� �
2

� ��1
2

(1)

with α ¼ ffiffiffi
6

p
, β ¼ ffiffiffiffiffiffiffiffiffiffi

4π=3
p

and L ¼ 1100 nm being the length of
the NW.[38] lϕ is two orders of magnitude smaller than L. Thus,
statistical averaging of the fluctuations occurs, which reduces the
fluctuation magnitude significantly by three orders of magnitude
yielding values of rmsðΔGÞ ¼ 10�3 e2 h�1. The results clearly
demonstrate the suitability of the electrical field approach even
for determining phase coherence lengths of the order of a few
nanometers only. It is important to note that the small-phase
coherence length of only a few nanometers also explains the
absence of UCFs when applying a magnetic field. To induce
UCFs when applying a magnetic field, a magnetic field strength
of the order of the correlation field BC is needed:

BC ¼ γ
Φ0

lϕd
(2)

where Φ0 is the magnetic flux quantum, γ is a numerical
parameter depending on the transport regime, and d is the
NW diameter. The quantity lϕd can be interpreted as the average
area enclosed by phase-coherent electrons in the NW. A rough
estimation using the lϕ values obtained from the analysis of
rmsðΔGÞ shows that magnetic fields larger than 40 T are needed
to observe UCF with the magnetic field approach.

As the conductance fluctuations ΔG decrease with increasing
VG,

[27] the root mean square (rms) value of the fluctuations and
therefore also lϕ vanish at high gate voltages. In contrast, the rms
value of the fluctuations is higher at low-gate voltages. However,
the overall measurement current is comparatively low. This
results in a non-negligible contribution of randommeasurement
noise to the fluctuations, which may obscure the estimated value
of lϕ when using Equation (1). Thus, it is necessary to identify the
best suited voltage range for a reliable determination of lϕ. We
analyzed the UCFs in four different voltage ranges: 1) only the
negative voltage range from �4 to �1 V, 2) the entire voltage
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temperatures between 1.7 and 140 K and b) temperature dependence of
the phase coherence length lϕ analyzed for different VG ranges.
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range from �4 to þ5 V, 3) an intermediate voltage range from
�2 to þ5 V, and 4) the high voltage range from þ1 to þ5 V. The
obtained temperature dependences of lϕ for all four voltage
ranges are shown in Figure 4b. In the entire temperature range,
lϕ differs by up to a factor of four between the highest and lowest
analyzed gate voltage range. lϕ is largest in the low voltage range
(1), as the random noise superimposes the fluctuations and,
thus, results in an overestimation of lϕ. When only considering
the high gate voltage range (4), the smallest values of lϕ are
obtained. The apparent decrease of lϕ in the high gate voltage
range arises from the current dependence of the fluctuation mag-
nitude rmsðΔGÞ. As shown in Figure S5, Supporting
Information, rmsðΔGÞ decreases when the analyzed voltage
range is shifted to higher voltage due to the increasing current
density in the NW. An estimation of the current length scale for
the NWs yields lJ ¼ 5� 10�9 nm, which is similar to lϕ explain-
ing the decrease in rmsðΔGÞ with increasing current in agree-
ment with previous results.[27] Thus, only considering the
high voltage range (2) underestimates lϕ. The results demon-
strate the necessity of only considering an intermediate voltage
range for a reliable determination of lϕ:

Furthermore, lϕ shows only a weak temperature dependence
below 30 K followed by a characteristic decrease with increasing
temperature. The weak temperature dependence is in accordance
with previous results obtained by magneto transport measure-
ments at temperatures below 40 K.[25] As we observe UCFs at
temperatures above 40 K, we are able to determine a characteris-
tic temperature dependence of lϕ proportional to approximately
T�3=4 to T�1, which indicates that electron–phonon
scattering is the dominant dephasing mechanism at higher
temperatures.[39,40]This allows the estimation of the electron–
phonon scattering time τe�Ph:

lϕ ¼ ffiffiffiffiffiffiffiffi
Dτϕ

p
≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dτe�Ph

p
(3)

whereD is the diffusion coefficient and τϕ is the phase coherence
time being comparable to τe�Ph at higher temperatures. Using
lϕ ≈ 5 nm and D ≈ 2 cm2 Vs�1 gives an electron–phonon scatter-
ing time of the order of 10�15 s, which is in excellent agreement
with literature values reported for GaN.[25,41,42]

Typically, the UCFs of Ge-doped GaN NWs are examined
using the magnetic field approach revealing a decrease of lϕ with
decreasing doping concentration. However, UCFs have not been
observed in non-intentionally doped GaN when applying a
magnetic field.[25,27] Instead, the phase coherence length was
determined solely from analyzing the weak localization effect
giving comparable values of lϕ of about 10 nm. Thus, our results
show that UCFs can arise even in non-intentionally doped
GaN-NW–FET when shifting the Fermi level by applying a gate
voltage and that the electric-field approach is a suitable approach
to analyze mesoscopic transport properties of low-dimensional
nanostructures.

4. Conclusion

In this work, we fabricated an FET based on a non-intentionally
doped GaN NW. The FET turned out to be fully functional in the

entire temperature range from room temperature down to 1.7 K.
We identified UCFs at temperatures below 140 K arising due to
the shift of the Fermi level and changes of the width of the
conductive transport channel in the NW when applying a gate
voltage. Both effects result in strong changes of the effective
impurity concentration in the NW leading to the occurrence
of UCFs. We analyzed the UCFs by determining the phase coher-
ence length lϕ demonstrating that lϕ differs by a factor up to four
depending on the chosen gate voltage range in which a value for
lϕ is derived. This demonstrates that voltage-induced effects need
to be considered when estimating lϕ from UCFs appearing in
transfer characteristics. In addition, we were able to identify
electron–phonon scattering as the phase-breaking mechanism
at higher temperatures by determining the temperature depen-
dence of lϕ. Our results show that the electrical field approach is
more sensitive in case of non-intentionally doped GaN NWs to
induce UCFs for determining the phase coherence length than
the magnetic field approach.
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the author.
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