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ABSTRACT

Gallium nitride (GaN) nanowires are promising for nanoelectronic and biosensing applications due to their unique electronic
properties and stability. However, understanding electron transport in AlGaN/GaN nanowires, particularly the influence of edge
depletion and trap states, remains limited. Here, we investigate electronic transport in AlIGaN/GaN transistor-like heterostructures
patterned into nanowires of varying widths (185-1110 nm), analyzing current-voltage characteristics under dark and ultraviolet
(UV) illumination. External UV excitation influences the depletion widths in NWs, modulates space-charge-limited current
(SCLC), and provides information about the distribution range of traps in NW structures. We observe a transition from Ohmic
to SCLC regimes, with UV excitation modulating depletion widths and enhancing conductivity by releasing trapped carriers.
Temperature-dependent measurements allow us to estimate trap energy distributions in the range of 150-200 meV, confirmed by
noise spectroscopy data. These findings demonstrate that optical excitation effectively controls SCLC transport in GaN nanowires,
offering insights for designing sensitive nanoelectronic and biosensing devices leveraging trap-mediated charge dynamics.

GaN-based [7] and liquid-gated silicon nanowire channels [8-
10]. The SCLC effect is highly sensitive to surface phenomena,
making it a potential tool for detecting very small signals from

1 | Introduction

Gallium nitride (GaN) and its alloys have attracted significant

attention in the semiconductor research community due to their
unique material and electronic properties, which are valuable
for a wide range of applications [1-3]. One-dimensional (1D)
semiconductor nanowires (NWs) are promising candidates for
electronic biosensors and are key elements in modern nano-
electronics, particularly for device miniaturization [4-6]. Their
large surface-to-volume ratio enables efficient detection of targets
at the atomic and molecular levels in biosensing applications.
Recently, the space-charge-limited current (SCLC) effect, where
current is limited by the presence of space charge due to injected
carriers, has been observed in nanowire channels, including both

biological objects [11, 12]. However, biosensors also require
materials with high stability when in contact with biochemical
liquids; GaN-based NWs are promising in this regard due to their
wide band gap. Despite these advantages, the electron transport
processes in NW biosensors are not yet fully understood, largely
because their interfaces are extremely sensitive to surround-
ing materials and environmental conditions [4, 13]. Therefore,
elucidations of temperature and light exposure effects on key
electrical parameters, such as carrier density and mobility, in
GaN-based NW structures represent important challenges. GaN-
based NWs of different widths obtained by systematic top-down
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FIGURE 1 | (A)Schematic presentation of the nanowires of 620 um length and different widths, W (nm): 1100, 930, 720, 470, 360, 280, and 185 listed
in each set of nanowires with contact widths (um): 500, 420, 330, 330, 330, 330, and 250 as well as a Hall bar structure, fabricated using AIGaN/GaN
layer structure grown on a sapphire substrate. (B) Mobility, x, and two-dimensional electron concentration, n,p, as functions of temperature for the

investigated AIGaN/GaN heterostructure.
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FIGURE 2 | Current-voltage characteristics of NW structures with various widths measured at 290K (A) in the dark and (B) under UV illumination

using a 405 nm LED.

patterning of the same AlGaN/ GaN heterostructure represent
perfect nanoscaled structures for studies of transport phenomena
in comparison with GaN NWs of different diameters grown
vertically.

In this work, we performed electrical characterization of
AlGaN/GaN high-electron mobility transistor (HEMT) het-
erostructures patterned to NWs of various widths to investigate
the features of electron transport in the structures at different
temperatures and the influence of external light excitation,
using light-emitting diodes (LED). Significant changes in the
conductivity of the structures were revealed and explained by
the modulation of the SCLC effect due to the effective change
of charge carriers, which subsequently has an impact on elec-
tron transport in NW heterostructures. Temperature-dependent
measurements of transport and noise properties using noise
spectroscopy allowed us to estimate the trap energy distribution
in the NW structures.

2 | Experimental Results and Discussion

Features of electron transport in AlGaN/GaN HEMT heterostruc-
tures patterned to NWs of various widths are investigated using
current-voltage characteristics and noise spectra measured at
different temperatures under the influence of light excitation
and without it. The experimental samples with AlGaN/GaN
NWs were fabricated using top-down technology. AlGaN/GaN
HEMT heterostructures were grown by metal organic vapor
phase epitaxy on a (0001) Al,O; substrate. The layer structures
included a 3-um-thick GaN buffer, followed by a 40-nm-thick
Aly;,GagoN barrier layer. The NWs were fabricated by patterning
the prepared heterostructures using electron beam lithography
and Ar* ion beam etching. The etching depth was ~ 80 nm,
meaning that the NWs include the heterojunction AlGaN/GaN
with a 2DEG channel. Seven different sets of NWs were prepared.
Each set consisted of N = 160 wires in parallel with a length (L)
of 620 um and varying widths (W: 185, 280, 360, 470, 720, 930, and
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FIGURE 3 | Conductance as a function of NW width obtained in
ohmic (squares) and SCLC (triangles) regimes in the dark (filled symbols)
as well as under UV illumination (open symbols), measured at 0.1 and
30 V, respectively. The solid line represents the “nominal” conductance
calculated using the charge carrier concentration and mobility obtained
from Hall measurements.
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FIGURE 4 | Time dependence of the current before and after rela-
tively brief UV photoexcitation using light with a wavelength of 370 nm.
T =300 K. Inset: characteristic spectrum of 370 nm UV LED illumination.

1110 nm). The long NW length (620 um) was chosen to prevent
the effect of contact resistance on the total NW resistance. Ohmic
electrical contacts were formed by depositing Ti/Al/Ni/Au layers
and subsequent annealing at 900°C for 30 s. Hall bar structures
fabricated using the same AlGaN/GaN heterostructure were used
to obtain the temperature dependencies of the two-dimensional
(2D) carrier concentration, n,,, and the mobility, 4 (shown in
Figure 1) via Hall measurements.

Electrical characterizations were performed using current-—
voltage (I-V) measurements of transmission line model (TLM)
patterned structures. The contact resistivity was estimated to be
2x107* Ohm-cm?, reflecting a negligibly small contribution from
the contacts compared to the resistance of the NW conducting
channel. The Stirling cooling system and vacuum chamber were
used for lowering the temperature down to 70 K. Since the electri-
cal characteristics of NWs have a strong dependence on external
illumination and external conditions [14], the experimental setup
with a closed vacuum chamber was used to prevent the impact of
the external electromagnetic environment on the NW samples.

We used a blue-light (4 = 460-480 nm) and a set of UV LEDs with
anarrow spectrum and peak wavelengths of 405, 370, and 365 nm.

All LEDs have a similar optical power of ~ 1 mW. The spectral
range of the LEDs does not excite interband transitions and, at
the same time, allows us to scan the distribution of traps over a
wide range of energies in the band gap.

Initially, the time- and UV-wavelength dependencies of the cur-
rent were studied. Significant changes in the conductivity of the
structures were revealed under light excitation and upon decreas-
ing the temperature. These findings are consistent with the
modulation of the SCLC effect due to changes in charge carriers,
which may impact electron transport in NW heterostructures.

Figure 2 shows the current-voltage characteristics of NWs with
various widths measured in the dark and under UV illumination.
At low bias (V<0.1 V), a linear regime corresponding to Ohmic
behavior is registered. At higher bias, this linear dependence
transforms into a superlinear behavior, indicating the formation
of a (SCLC) regime with a power degree exceeding 2 and
considerably low noise power spectral density [7, 15]. The onset
of this effect clearly correlates with NW width. The smaller the
width, the earlier the deviation from linear behavior begins.
A strong change in the current, demonstrating the switching
type, was observed for the narrower NW with a width of
185 nm.

The results obtained for conductivity, G, extracted from I-V
characteristics at low voltages for planar GaN NWs of various
widths, were used to estimate the depletion effects in the NWs.
The extrapolation of G(W) to zero conductance (Figure 3, blue
points) allowed us to estimate the width of a wire that cannot
conduct electrical current, introduced as the “critical width,” W.
We consider our critical width, W, to correspond to the overall
thickness of depletion regions on both sides of the nanowire (W,
= 2Wg,1). The depletion width, Wdepl, in the dark is estimated
to be 100 nm. We can therefore define the effective width of the
conductive parts of the NWs as W, = W — W, and the aspect ratio
as W/W. Under UV illumination, W, decreases to 180 nm (open
rectangular blue symbols). This can be explained by the release of
electrons from deep traps and surface levels. The results presented
in Figure 3 confirm that in the linear regime, NW conductivity is
determined by W .

At high voltages (about V = 30 V) where the SCLC regime
is fully formed [7, 15], the conductance exhibits a different
dependence on NW width (Figure 3, red symbols), compared
to both cases: under light excitation as well as in the dark at
V = 0.1 V. It should be noted that at a voltage of 30 V, the
electric fields in our long NWs are small enough, and hot-electron
effects and related current nonlinearities are negligibly small [16].
Under dark conditions, the conductance demonstrates a slight
decrease with decreasing NW width. Under UV light excitation,
the conductance increases in the NW channels. It should be
underlined that in nonlinear regions, the injected current flows
through the entire cross-section of the sample.

The time dependence of the current relaxation after UV pho-
toexcitation is investigated to evaluate the relaxation time of the
samples (Figure 4).

Changes in currents upon illumination switch-on or switchoff
can be well described by the stretched exponential relaxation
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Temperature dependences current of NWs with different widths measured in ohmic (A, B) and SCLC (C, D) regimes in the dark (B, D)

and under UV illumination (A, C). Solid lines represent Arrhenius fitting. Graph 5B shows the dependence of mobility on the inverse temperature for

comparison (magenta points, right axis).

function [17]

fa®=e"

where f is the fractional fixed power inserted in the exponential
function “f’ as a function of time, ¢.

The observed relaxation process, which follows a stretched
exponential form, is consistent with models commonly used to
describe relaxation in disordered systems. In such systems, the
overall relaxation arises from the combined effect of many inde-
pendently relaxing species, each decaying exponentially with its
own characteristic rate [18-20]. This approach effectively captures
the broad energy distribution of traps present in GaN-based NWs.

The conductance of the multi-NW structure can be defined as
G, = eNun,p,W/L. Using experimental values of mobility ()
and the concentration of 2DEG (n,), we can plot the nominal
current flow G(W) dependence (depicted in Figure 3 by a solid
line). Assuming that the carrier concentration and mobility do
not change, the conductance of the NWs can approach the
calculated values in the case of the SCLC regime, whereas
it approaches values reduced by W_;/W, relative to nominal

conductivities, in the case of the ohmic regime. Although the
conductivities measured in both regimes—ohmic and nonlinear
(in the dark)—follow the aspect ratio behavior, their values
G(W) differ significantly from those that were calculated. At the
same time, under illumination, the experimental conductivities
approach nominal values, indicating that nearly the full width of
the NWs becomes conductive for charge-carrier transport.

The results presented above show that traps play a signifi-
cant role in determining the current-voltage characteristics.
In particular, this is the case for patterned NWs, irrespective
of the trap distribution, whether it be exponential, Gaussian,
uniform, or discrete in energy. The characteristics of the trap
energy range in these nanomaterials can be extracted by analyz-
ing the temperature-dependent I-V characteristics [21-25]. The
temperature-dependent responses for NWs of different widths are
shown in Figure 5.

The temperature dependence of the current (conductivity) differs
notably between NWs of varying widths. For NWs with widths
of 280 nm and above, the effective conduction channel is suf-
ficiently wide, and the temperature dependence of conductivity
resembles that of a two-dimensional electron gas (2DEG), where
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FIGURE 6 | (A)Normalized noise spectra, measured for AlGaN/GaN sample with 620 um length and 1100 nm width at different applied voltages
at room temperature, demonstrating very well-resolved Lorentzian noise components registered at relatively large voltages, corresponding to formation

of SCLC regime, (B) Arrhenius plots obtained using Lorentzian noise components of noise spectra, measured in a wide temperature range allows us to

estimate energies of traps responsible for registered bumps in the noise spectra.

conductivity decreases as the temperature increases. In contrast,
for the 185 nm wide NW, conductivity increases with increasing
temperature. This behavior can be explained by considering
that, in the GaN/AlGaN heterostructure, increasing temperature
leads not only to a higher concentration of charge carriers at
the interface but also to increased scattering, thereby reduc-
ing mobility. Since channel conductivity is proportional to the
product c~eun, (where u is the mobility and n, is the surface
concentration of charge carriers), a decrease in conductivity with
temperature indicates that the reduction in mobility outweighs
the increase in carrier concentration. The traps are involved in
the formation of depletion regions at the NW edges, which may
confine two-dimensional gas conductivity to restricted regions.

Under light excitation, increased current flow is observed in
patterned NW regions, resulting in modulation of the SCLC
regime in GaN-based NW structures. For this reason, we were
able to estimate the effective trap energy for these thinnest
NWs, in which temperature changes in concentration dominate
changes in mobility. Using Arrhenius plots for NWs with a
width of 185 nm, the characteristic energy of edge traps, E
in GaN-based NWs was determined to be in the range of
130-250 meV. As all NW channels of different widths were
fabricated simultaneously using Ar+ ion beam etching, these
energy levels are expected to influence the transport regimes
across all NWs. Traps are crucial in forming depletion regions at
the NW edges, effectively confining the two-dimensional electron
gas and restricting conductivity to quasi-one-dimensional (1D)
transport regimes. Modeling of electronic band banding supports
the contribution of traps on sidewall states into the formation
of low-dimensionality channels in NWs of different widths [15].
Upon light excitation, the entire cross-section of the patterned
NWs becomes conductive, leading to strong modulation of the
SCLC regime in GaN-based NW structures.

Moreover, these results are confirmed by studies of AlGaN/GaN
NWs using noise spectroscopy data. Figure 6A shows typical
selected noise spectra reflecting features of registered noise
spectra corresponding to low voltage linear regime, as well as to
relatively high voltages, corresponding to observed SCLC regime
at room temperature. The spectra were measured using our
home-made measurement setup [26] in the frequency range from

1 Hz to 100 kHz at different temperatures. Very well-resolved
Lorentzian noise components are registered with increased volt-
ages on top of the flicker noise component. Analysis of frequency
position corresponding to the maximum of the Lorentzian noise
component as a function of frequency allows us to estimate the
characteristic energy of traps using Arrhenius plots (Figure 6B).

Two energy levels are obtained: 150 meV and 220 meV, which are
in good agreement with trap energies obtained for the sample
with the smallest width described above. The results confirm
the feasibility and reliability of the formation of the SCLC
regime stipulated by the controlled influence of external optical
excitation on traps. Strong modulation effect enables the effective
tuning of the SCLC transport regime, which is important for
numerous practical applications.

3 | Conclusion

In conclusion, we investigated electron transport phenomena in
AlGaN/GaN NWs of varying widths over a wide temperature
range, both in the dark and under UV optical excitation. Our
analysis, focused on static edge-trap-induced charge redistri-
bution, enabled estimation of depletion effects at low voltages
and revealed a transition from linear to SCLC regimes at high
voltages. Temperature-dependent measurements allowed us to
estimate the trap energy distribution in the NWs to be 130-
250 meV. This finding is confirmed by a careful analysis of the
noise-spectroscopy data obtained at different temperatures. UV
light excitation produced a strong modulation effect, enabling
effective tuning of the SCLC transport regime. These findings are
promising for the development of novel nanoelectronic, photonic,
and biosensing device structures.
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