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Hetero- and low-dimensional structures
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Abstract. In this work, we have investigated the features of electron transport in
AlGaN/GaN transistor-like heterostructures with nanowires of different width. These
nanostructures are studied extensively because of their great electronic and sensing
advantages for electronic biosensor applications. We study the depletion effects and impact
of ultraviolet excitation on the electron transport in sets of nanowires of different width
from 1110 down to 185nm. We have found significant difference in electrical
characteristic’s behavior between wide (1110...480 nm) and narrow (280...185 nm)
nanowires and have observed regions related to space-charge-limited transport for the
narrowest nanowires. Also, we obtained evident dependence of nanowire’s current-voltage
characteristics on the wavelength and energy of UV excitation. External UV excitation
allows us to control the depletion widths in nanowires and effectively tune space-charge-
limited transport.
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1. Introduction

One-dimensional semiconductor nanowires (NWs) are
one of the best candidates for electronic biosensors and
are promising elements in modern nanoelectronics from
the viewpoint of downscaling the microelectronic devices
[1-3]. The nanoscale NWs fabricated on the base of low-
dimensional quantum heterostructures have advantages
of high integral compactness, high-speed quasi-ballistic
electron transport, and high quantum localization of
charge carriers in the conduction channel, thus providing
a wide range of size-dependent electronic and electrical
characteristics management. Besides, NWs have a large
surface-to-volume ratio for efficient detection of targets
in biosensing at the atomic and molecular level.
However, understanding the processes of quantum
electron transport in NW biosensors is still insufficient,
because their interfaces are extremely sensitive to
surrounding materials and environment conditions [1, 4].

The very recent technological achievements in NW
structures and their studies reveal the following critical
peculiarities different from their bulk counterparts:
considerable non-uniformity of all parameters across
NWs, including electron mobility and concentration,
essential role of interface states, large depletion regions
near interfaces, etc. It is expected that these phenomena

will be dependent on bias/current conditions because of
electrical heating, electron injection, charging defects,
filling factor and so on. Therefore, NWs are ideal objects
for fundamental studies of nonlinear transport effects and
their applications. Nanowire field-effect transistors (NW-
FETs) are promising candidates to boost progress in
device scaling beyond the limitations of planar MOS
transistor technology [5].

In Ref. [6], the significant performance enhance-
ment of GaN nanowire UV photodetectors through
effective coupling of Pt nanoparticles based on the
localized surface plasmon resonance effect was
demonstrated.

In Ref. [7], the influence of the growth technique,
doping, and crystal polarity on the kinetics of photo-
generated charges in GaN was studied using a
combination of contact potential difference and
photocurrent (PC) measurements. It was found that the
processes and corresponding time scales involved in the
decay of charge carriers generated at and close to the
GaN surface via photo-excitation are independent of the
growth technique, doping (n-/p-types), and crystal
polarity. Hence, the transfer of photogenerated charges
from band states back to surface states proceeds always
by hopping via shallow defect states in the space-charge
region (SCR) close to the surface.
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Fig. 1. Experimental NW-samples details: layers structure (a) and microphoto of NWs sets (b). On the microphoto (b): 7 sets of
NWs (W =185...1110 nm) and Hall-bar structure for magneto-transport measurements (at the bottom/left); common electrical
contact (“Source”) at the middle part of photo and electrical contacts (“Drain”) for each set of NWs at the edges of the photo.
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In  this study, we performed
characterization of AlGaN/GaN
heterostructures with nanowires to investigate the
features of electron transport in these structures.
Photoexcitation with ultraviolet (UV) light was used to
influence on charge carriers and consequently on electron
transport in NW heterostructures.

2. Experimental samples and methods
The experimental samples with AIGaN/GaN nanowires
were grown by top-down technique. First, the

AlGaN/GaN HEMT-like heterostructures were grown
using metal organic vapour phase epitaxy on (0001)
Al,Oj3 substrate and consisted of 3-um-thick GaN buffer
followed by 40-nm-thick Aly;GaggN barrier layer. Then,
the  nanowires were fabricated on prepared
heterostructures by using the electron beam lithography
and Ar*-ion beam etching. The etching depth was close
to 80 nm, and thus NWs include the heterojunction
AlGaN-GaN with 2DEG channel.

Seven different sets of nanowires were prepared
(Fig. 1): each set consisted of 160 wires in parallel with
the length 620 um and different width W (185, 280, 360,
470, 720, 930 and 1110 nm).

This length of NWs (620 um) was chosen to
exclude the effect of the contact resistance on the total
NWs resistance. Ohmic electrical contacts were made by
deposition of Ti/Al/Ni/Au layers and the consequent
annealing at 900 °C for 30 s.

Current-voltage characteristics, both dc and pulse,
were obtained using Keithley 2600 and 2400 series
source-measure units. The Stirling cooling system and
vacuum chamber were used for temperature changing
down to 70 K. Different types of light emitting diodes
(LED) were used as a source of visible and UV radiation:
blue-green LED (511 nm) and blue LED (470 nm) as test
illumination; a set of UV LEDs with narrow spectrum
and peak wavelengths of 405, 377, 370 and 365 nm. All
LEDs had the similar optical power close to 1 mW. The
spectral range of them did not excite interband
transitions.

Since electric characteristics of NWs have strong
dependence on external illumination and external

conditions [8], the experimental set-up with closed dark
vacuum chamber was used to exclude impact of external
environment onto NW samples. The samples were
mounted on heat-spreading plate.

Here, we have presented experimental results for
two sets of NW samples, named Sla and Slb, one of
them (S1b) was treated by gamma radiation to
investigate/illustrate the effect of small doses [9]
(improvements of structural and electrical properties of
samples after irradiation with small doses of gamma-
quants ~10° rad).

3. Results and discussion

At the first stage of our investigations, NW samples were
characterized by the current-voltage measurements under
the dark conditions and room temperature. Fig. 2
demonstrates current-voltage characteristics (CVCs) for
initial (S1a) and gamma-irradiated (S1b) samples.

The CVC curves for both samples show similar
overall character. They reveal linear behavior in the
range of small voltages (up to approximately 1 V). After
this, at high voltages, they become nonlinear and show
power law dependence of current. For Sla sample, the
narrowest conducting wire with W = 280 nm shows V?°
dependence. Wider wires tend to decrease the power
values: 2.2, 1.6 and 1 for W =360, 470 and 1110 nm,
respectively. The situation is quite different for the
gamma irradiated sample S1b. Here, the thinnest wire
with W = 185 nm already conducts the current at voltages
> 1V, and has the power law dependence V> in the
high-voltage range. Next, 280-nm-wide wire has the
power value close to 1.6, and other NWs have the value
close to unity.

Next, we measured conductance of NWs within the
linear current region of CVCs (V < 0.1). The conductance
G has linear dependence on nanowire width W (Fig. 3)
for Sla and S1b samples. Extrapolation of G(W) to zero
conductance gives the width of wire that already cannot
conduct electrical current, the so-called “critical width”
W.. We estimated W, to be approximately 200 nm for
Sla, and 170 nm — for S1b sample. So, we can introduce
the effective width Wt = W — W, for conductive parts of
nanowires.
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Fig. 2. DC current-voltage characteristics of AlIGaN/GaN NW
samples measured at room temperature in the dark conditions.
(2) Initial sample Sla; (b) y-irradiated sample S1b. The CVC
curves correspond to different widths of nanowires W from
1110 down to 185nm. In the case of Sla, nanowire with
W =185 nm is nonconductive and not presented at the graph.

It is known that GaN material has a large surface
potential [10, 11], and thus carrier depletion regions near
the surface Wyep can be expected. Indeed, these depletion
effects were observed in various experimental works [12,
13] and even recently directly measured with Kelvin
probe force microscopy [14]. We consider our critical
width W, correspond to the overall thickness of depletion
regions on both sides of nanowire (W, =2Wgy). Thus,
NWs with W <170 nm in case of S1b (W <200 nm in
case of Sla) are completely depleted. The difference
between two samples we explain by the influence of
gamma irradiation and improvement of defect structure
of S1b sample and, accordingly, decreasing of depletion
regions near the side surfaces.

Besides, we carried out electrical characterization of
NWs at temperature sweeping from 300 down to 77 K.
For each temperature (step value ~ 50 K) CVVCs were
measured under the dark conditions. The depletion width
W, under the same conditions trends to decrease (from
170 down to 120 nm) with lowering the temperature to
100 K (Fig. 4).

The next stage of our work was to investigate the
features of electron transport in these nanostructures
under the influence of external photoexcitation with UV
light. For these purposes, we used the sample S1b that
has conductive wires of all widths including the most

interesting thinnest 185-nm nanowire. We used blue light
LED (A = 460...480 nm) and a set of UV LEDs with a
narrow spectrum and the peak wavelengths 405, 370 and
365 nm. All LEDs had the similar optical power close to
1 mW. The radiation of the LEDs spectral range could
not excite interband transitions. Initially, the time- and
UV-wavelength-dependences of current were studied
(Fig. 5).

Under illumination, the current values increase
approximately 1.5 times as compared to the dark case.
The character of current dependence on UV light
wavelength is close to the linear one (inset in Fig. 5a).
Time dependence of current relaxation (Fig. 5b) shows
two-exponential character, consisting of two parts — fast
(approximately 0.5s) and then slow decay of current
after illumination is switched off.

The following step was to investigate W,
dependence on the wavelength of UV photoexcitation.
The samples were placed into closed dark vacuum
chamber and illuminated by UV light of various
wavelengths. Between measurements with different
wavelengths, the samples were left under the dark
conditions at least 6 hours to reach full relaxation.
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Fig. 3. Plot of NWs conductance as a function of their width:
G(W). Triangles — sample Sla, W, = 200 nm; squares — sample
S1b, W, =170 nm.
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Fig. 4. Dependence of conductance of NWs (per one nanowire)
on their width G(W), and determined values of W, for dark
conditions for all temperatures. Sample Sib.
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Fig. 5. (a) The dependence of current-voltage characteristics on LED wavelength for NW with W =1110 nm. Inset: Current at
0.2 V vs LED wavelength. (b) Time-trace of current flow before and after relatively short-time illumination with UV LED 370 nm.
On the inset: characteristic spectrum of 370 nm UV LED. T = 300 K.
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Fig. 6. The critical width W, as a function of the LED
illumination wavelength. T = 300 K.
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Fig. 7. lllustration for change of depletion width under UV
excitation.

Fig. 6 shows the summary data on critical width W,
and UV photoexcitation wavelength. With decreasing the
UV wavelength and, respectively, with increasing the
energy of photons W, was decreased down to
approximately 90 nm at 365-nm UV LED.

General explanation of this effect is based on Fermi
level pinning at the surface (NW’s edges in our case) in
the presence of relatively deep surface states. This
pinning causes the band bending near the surface and
space charge redistribution. We consider that critical
width W, in our case corresponds to depletion widths at
both edges of NWs, thus NWs with W <170 nm are
totally depleted and nonconductive. External UV
photoexcitation releases electrons from deep states/traps
and accordingly decreases the width of depletion region.
As result, the current grows in the conductive 2DEG
channel (Fig. 7).

The most interesting result was obtained for the set
of narrowest NWs with W = 185, 280 nm at high voltages
(Fig. 8). As we mentioned above, CVCs have nonlinear
character after 1V, and show power law current depen-
dence. This characteristic power dependence corresponds
to the space-charge-limited current (SCLC) regime [15].
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Fig. 8. DC current-voltage characteristics measured at the
temperatures 290 and 77 K under the dark conditions and UV
LED illumination (370 nm) for nanowires with W =280 nm (a)
and W = 185 nm (b). Sample S1b.
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The critical voltage at which the SCLC regime is
achieved strongly depends on the ratio between depletion
and the conductive channel width. The smaller the ratio
the larger the critical voltage. This feature is clearly seen
for the sample with narrowest width of 185 nm under the
dark conditions and UV LED illumination (370 nm).

4. Conclusions

In  conclusion, we wused sub-band-gap ultraviolet
excitation to investigate more deeply electron transport
processes in nitride based NWs and obtained evident
dependence of NWs CVCs on wavelength and intensity
of UV excitation. External UV excitation allows us to
control the depletion widths in NW samples and
effectively tune space-charge-limited transport. We
suggest that the features of the electric current found in
NWs are of general character and the results obtained are
promising for the development of novel devices for
nanoelectronic, photonic and biosensing applications.
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Enextpounuii Tpancnopr y Hanoaporax Ha ocuoBi AlGaN/GaN HEMT: BiuuB 30iqHenHst Ta Y® 30y/1:KeHHS

A.B. Haymos, B.B. Kamoxunuii, C.A. Birycesnu, H. Hardtdegen, O.€. beasieB

AHoTanis. Y 1iif po6oTi JOCIiKEHO BIACTHBOCTI €JIEKTPOHHOTO TPAHCIIOPTY Y TPAH3UCTOPHHUX TeTEPOCTPYKTYpax
AlGaN/GaN 3 HaHOIpOTaMH Pi3HOI MHUPHHA. Taki CTPYKTYpH IIUPOKO BHBYAIOTHCS U 3aCTOCYBAHHS B €JICKTPOHHIH
010CCHCOPHIN 3aBASIKH I1X EJIEKTPOHHHM Ta CCHCOPHUM IepeBaram. JlocmimkeHO sBuile 30iAHEHHS Ta BILIHB
ynbTpadioneToBoro 30y/MKeHHS Ha €NeKTPOHHHWN TPAHCHOPT y HaOOpax HAHOAPOTIB pi3HOi mmpuHH Bixg 1110 mo
185 um. BusiBiieHO 3HauHY BIIMIHHICTD y TIOBEJIHIII €JEKTPHUYHOT XapakTepucTuku Mixk mupokumu (1110...480 Hm)
Ta By3bkuMH (280...185 HM) HAaHOAPOTAMHU Ta CIIOCTEPEKEHO 00JACTi, IO BiMOBIAAIOTH TPAHCTIOPTY, OOMEKEHOMY
MIPOCTOPOBUM 3aps/IOM Yy BHIIAQAKY HAWTOHIIMX HAHOAPOTIB. TakoXX OTPHMAaHO SBHY 3aJ€KHICTh BOJBT-aMIEPHOI
XapaKTepUCTHKH HAHOIPOTIB BiJ MOBXWHH XBHJI Ta eHepril Y@ 30ymxeHHs. 3oBHinHe Y@ 30ymKeHHS T03BOJISE
KepyBaTH IIUPUHOIO 30iJHEHOI 30HM Yy HAHOJPOTaxX i, TAKMM YHHOM, ONEPATUBHO HAJAIITOBYBaTH TPAHCIOPT,

00MEeXEeHHUH MPOCTOPOBUM 3aPSIOM.

KuiouoBi ciioBa: HiTpU ramiiro, HAHOIPIT, EIEKTPOHHUN TPAHCTIOPT.
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