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n-Type GaSe Thin Flake for Field Effect Transistor,
Photodetector, and Optoelectronic Memory

Arun Kumar,* Aniello Pelella, Kimberly Intonti, Loredana Viscardi, Ofelia Durante,
Filippo Giubileo, Paola Romano, Hazel Neill, Vilas Patil, Lida Ansari, Paul K. Hurley,

Farzan Gity, and Antonio Di Bartolomeo*

The family of 2D chalcogenide semiconductors has been growing rapidly.
Metal monochalcogenides, for instance, can enable new possibilities in
functional electronics and optoelectronics. A Gallium Selenide (GaSe) thin
flake is used to fabricate a back gated field effect transistor (FET) with n-type
conduction behavior and wide hysteresis at the ambient conditions. The
device shows high mobility up to 28 cm? V=" s~ with I, /I ¢ ratio over 10°.
Under the laser exposure, the device shows a decrease in the threshold
voltage and a left-shift of the transfer characteristic with a slight increase in
the current. The transfer characteristic exhibits a hysteretic behavior with
hysteresis width linearly dependent on the applied gate voltage. Moreover, the
GaSe-based FET shows a photo response with a photoresponsivity of

475 mAW~ and detectivity of 4.6 x 10'2 Jones. The photocurrent rise and
decay times are 0.1 and 1.3 s, respectively. Furthermore, the GaSe FET device
can be used as a performant memory device with well separated states and
memory window enhanced by the laser exposure, confirming an

1. Introduction

Over the last decade, there has been
a significant rise in research efforts
dedicated to 2D materials, such as
graphene and transition metal dichalco-
genides (TMDCs).'"™*l The period has
witnessed remarkable advancements in
both fundamental understanding and
applications.>™™ These 2D materials
have captured attention due to their
intriguing properties and their potential
for future electronic and optoelectronic
technologies. Among these 2D materials,
graphene stands out as one of the most
critical candidates for nanoelectronics.
However, the inherent zero bandgap
restricts its use in applications involving

optoelectronic memory class.
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logic electronics and field-effect transis-

tors (FETS). On the other hand, TMDCs

like MoS,, MoSe,, WS,, WSe,, PtSe,,

ReSe,, ReS,, etc. and black phosphorus
(BP) have successfully addressed the zero-bandgap constraint of
graphene, demonstrating remarkable capabilities as FETs,[12-14]
photodetectors,['21>717]  optoelectronic memories,['¥2!]  and
sensors.[2223]

In the most recent developments, atomically thin metal
monochalcogenides like GaSe, GaS, GeAs, and InSe have been
extensively studied.[>*8] These materials exhibit substantially
distinct electronic and optoelectronic properties when compared
to TMDCs. Unlike the TMDCs, these materials possess a di-
rect bandgap in the bulk form, and show indirect bandgap
in the single-layer form.* In the class of metal monochalco-
genides, GaSe is a semiconducting material falling within the
II1-VI group. In the multi-layer configuration, GaSe has a direct
bandgap of 2 eV which makes it a suitable material for pho-
todetection and optoelectronic memory applications.*] How-
ever, when thinned to a monolayer, the GaSe bandgap becomes
indirect and widens to ~4 eV.3!) The material is made of lay-
ers, each consisting of a distinct sequence of four atoms: Se—
Ga—-Ga-Se. These layers are bound together by a relatively weak
van der Waals force, which facilitates their separation through
mechanical exfoliation.[3?] Few-layered 2D GaSe has showcased
interesting electrical and optical characteristics, such as p-type
conduction behavior,** high hall mobility,** high current on-off
ratio,[®] photoresponsivity,?33¢] and gas sensitivity.3738!
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Figure 1. a) Optical image, b) AFM image and height profile, c) Raman spectrum of the exfoliated GaSe flake, and d) Schematic of the back-gate FET
with a GaSe flake as the channel, metal leads as the source and drain, and the Si substrate as the common back-gate.

As initial demonstrations on the 2D GaSe have shown promis-
ing results, numerous challenges such as large area growth, low
operating voltages, stability, etcetera remain on the path toward
creating dependable devices compatible with existing silicon
technologies. Moreover, the majority of GaSe transistors reported
in existing literature exhibit p-type electrical transport character-
istics. Conversely, reports about n-type conduction response of
GaSe-based transistors are scarce, which not only constrains the
fundamental understanding but also hinders the widespread in-
corporation of GaSe into technological applications, notably in
complementary metal-oxide semiconductor circuits to achieve
low power consumption and high performance.

In the present work, we report on the fabrication and charac-
terization of a back gated GaSe thin flake mechanically exfoliated
over SiO,/Si substrate. The GaSe flake channel is about 100 nm
thick and about 300 um? in area. The electrical characteristics
of the back gated GaSe FET show a n-type conduction at am-
bient conditions with high mobility and I, /I g ratio. Our first-
principles calculations demonstrate asymmetric band offset be-
tween the Ni contact and the GaSe channel explaining the n-type
response of the FET device. The GaSe device is thoroughly inves-
tigated as a FET and as a photodetector. Typical figures of merits
are extracted from the experimental data. Furthermore, the de-
vice is explored for optoelectronic memory applications, showing
stable memory behavior for more than 1 h and enhanced pro-
gramming window under laser exposure. The role of trap states
and adsorbates such as oxygen (O,) and water (H,0) molecules
onto the surface of GaSe has been discussed in detail. We believe
that this work provides a first report on the n-type conduction be-
havior of thin GaSe flake as well as the reported benchmarking
optoelectrical characteristics that open the path for integrating
such materials in optoelectronic devices.
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2. Results and Discussion

GaSe thin flakes were mechanically exfoliated from GaSe single
crystals by a scotch tape method. Figure 1a shows a typical opti-
cal image of the exfoliated GaSe fabricated device on the silicon
substrate with 300 nm thick SiO,. The 15/150 nm Ni/Au metal
contacts over the GaSe flake were defined by the lithography pro-
cess. The thickness of the exfoliated GaSe flake was measured by
atomic force microscopy (AFM). Figure 1b shows the AFM im-
age and height profile of the GaSe flake. The measured thickness
of the GaSe flake was ~#100 nm. Raman spectroscopy is a power-
ful characterization technique for understanding the electronic
structure and interaction of layered semiconductor materials. In
Figure 1c, we present the Raman spectrum of a single GaSe bulk
flake. The Raman scattering peaks of the GaSe flake are located
at ~135, 214, 245, and 309 cm ™!, corresponding to the Allg, Elzg,
E?,,, and A, vibration modes, respectively. The Raman peaks
are consistent with the data reported in the literature.**~*!] The
A, peaks with the highest intensity are the result of vibrations oc-
curring out-of-plane, whereas the remaining peaks are the result
of vibrations occurring in the crystal plane. Figure 1d presents a
schematic cross-sectional view of a back gated GaSe FET with its
electrical connections.

Figure 2a shows the output characteristics on a linear scale of
the fabricated GaSe FET device performed at different gate volt-
ages, V,, ranging from —50 to +50 V. The device confirms the
current modulation by the applied gate voltage. A decrease in the
channel current at the negative gate bias shows that the device ex-
hibits n-type conduction. At negative V,,, the current is very low,
meaning that the transistor is in the off state. At V,, > 0V, the
device is in the on state and the source-drain current (I;) presents
a slight rectification for positive and negative source-drain
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Figure 2. a) Output, b) transfer characteristics of the fabricated GaSe device on a linear scale, c) I, and I.g current as a function of V,
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(inset: transfer curves on a log scale), d) calculated hysteresis width of the transfer characteristics, e) threshold voltage from the forward and reverse
sweep curves, and f) field effect mobility as a function of the gate voltage range.
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Figure 3. a) Atomic structure of Ni-GaSe interface, and b) LDoS of the Ni-GaSe junction, demonstrating the asymmetric conduction band and valence

band offsets at the interface.

voltage (V). This behavior indicates the presence of a Schottky
barrier (SB) at the GaSe/Ni interface.[*>*}] Due to the formation
of interfacial chemical bonding between metal and Se, the bot-
tom Se sublayer is distorted, giving a vertical buckling causing
SB height.[**] We note that it has been reported that the SB height
decreases as the thickness of GaSe flake increases so a SB is ex-
pected also with thinner GaSe flakes.[**]

To explore the gate control effect on the device and confirm
the n-type conduction, the transfer characteristic (I;—V,) was
recorded at different V. at ambient conditions. Figure 2b rep-
resents the transfer characteristics of the back-gated FET under a
drain bias of 200 mV at different loops of the applied gate voltages
up to Vo = + 50V, in a clockwise direction. The I, values were
measured by sweeping V,, from negative to positive and back to
negative, and a closed clockwise hysteresis loop was obtained. Al-
though limited by the thickness of the flake, the back-gated FET
showed good gate control capability with I, /I ¢ ratio higher than
10® (see Figure 2c). The transfer characteristics confirm the n-
type conduction behavior, indicating that the Fermi level of the
fabricated GaSe transistor with Ni contacts is closer to the con-
duction band of GaSe. The measurements in the + 50 V range
do not show any ambipolar behavior, but rather a strong unipo-
lar n-type conduction behavior due to the asymmetric band offset.
The hysteresis loop can be attributed to the intrinsic traps in the
GaSe and the GaSe-SiO, interface defects as well as to surface
adsorbates such as O, and H,0 molecules.[*¢-5]

Figure 2d demonstrates that the hysteresis width (H,,), de-
fined as the V, difference corresponding to the average current
I, = (I, + I,4)/2 between the highest (I ) and lowest (I 4) cur-
rents at the extreme of the gate voltage range is a linear func-
tion of V,,. The increase in the hysteresis width with V,; sweep
range is attributed to a larger density of charges being trapped
in the intrinsic and extrinsic trap states of the material at higher
bias voltages. As the measurements were carried out at ambient
conditions, the adsorbates on the GaSe surface contribute to the
enhancement of hysteresis. Likewise, threshold voltage from the
reverse sweep shows a linear increase with the applied gate volt-
age range (see Figure 2e). The right-shift of the transfer charac-
teristic during the reverse sweep indicates that negative charges
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are trapped and cause hysteresis. Similarly, a decreasing thresh-
old voltage (see inset of Figure 2c) is observed during the forward
sweep due to the storage of positive charge.

The following equation was used for calculating the field ef-
fect charge carrier mobility of the GaSe FET from the transfer
characteristic measured during the reverse and forward sweeps:

L aly
WCoy Vs dVgs

1)

HrE

where, L =13.3 ym, W = 22.5 ym, C,, = 4.06 x 1078 Fcm™2, and
dly/dV,, are the channel length, channel width, gate oxide capac-
itance, and the slope over the linear region of the transfer curve,
respectively. We inferred two-terminal field-effect mobilities (see
Figure 2f), in the reverse and forward bias direction, with maxi-
mum values of 28 and 5 cm? V-! s71 at V. = 200 mV, respectively.
The calculated field effect mobility is much higher than previ-
ously reported values for p-type GaSe.l>’4 The different mobil-
ities in the two directions and the dependence on V,, can be as-
cribed to the deep trap states which are differently populated un-
der different bias sweeps. We also note that the mobility reduces
with enhanced V,; sweep range. This is attributed to the interfa-
cial or surface defects, where the increased electric field can in-
fluence charge trapping. Trapped charges can introduce localized
potential fluctuations that hinder the movement of charge carri-
ers, reducing mobility. It should be remarked that 2D thin GaSe
shows lower mobility than bulk GaSe with reported Hall mobili-
ties up to 215 cm? V=1 s71.34%5] Hence, it would be promising to
produce GaSe nanosheets over a large area with comparably high
mobility, suitable for the fabrication of semiconductor devices.
The local density of states (LDoS) can indicate the SB height at
the metal-semiconductor interface.[*®] Qur first-principles calcu-
lations reveal that the GaSe conduction and valence bands bend
upwards to near the interface with Ni. Figure 3a shows the atomic
structure of the Ni/GaSe interface. From Figure 3D, it can be seen
that at distances larger than approximately 25 nm into the GaSe
semiconducting region, the band bending measured in the con-
duction band is +0.35 eV, while the conduction and valence band
offsets at the interface with Ni are ~#0.64 and ~1.4 eV, respectively.
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Figure 4. Energy band alignment in a GaSe FET at Vs > OV: a) with Ve =0V, b) at V,; > 0V, and c) at V,, <O V.

The investigated GaSe thin flake exhibits n-type conduction,
mainly due to the band offset. The output behavior of the de-
vice, and the density functional theory (DFT) calculations are de-
scribed in Figure 4. Figure 4 represents the energy band diagrams
of GaSe along the vertical axis showing the Ni/GaSe contact, at
different V. According to the DFT calculations, the Ni/GaSe in-
terface forms an SB height of 0.64 eV. At V,,, = 0V, when no bias
is applied the conduction and valence band edges of GaSe and the
metal electrode Fermi levels are aligned as in Figure 4a, showing
the formation of an SB. However, when applying V,, > 0V, the
GaSe conduction band moves downwards to Fermi level and fa-
vors the flow of electrons across the channel, forming the n-type
GaSe (see Figure 4Db). Conversely, the negatively increasing V,
makes the bands bend upward, switching the current between
the source and drain off (see Figure 4c).
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Figure 5a,b shows the transfer curves of the GaSe device with
V, ranging from 100 to 1000 mV, on linear and log scales, re-
spectively. As can be seen in Figure Sc, I, is linearly dependent
on Vg, confirming the device in the linear (triode) region over the
investigated V,, and V,, voltages. Further, as shown in Figure 5d,
a decreasing trend of the hysteresis width of the transfer charac-
teristics has been observed as a function of increasing Vg . Such
a trend points towards the role of the intrinsic traps in the GaSe
channel, which add to the ones present at the GaSe-SiO, inter-
face in the generation of hysteretic behavior. It can be noted that
lower V,, facilitates the charge trapping in the GaSe channel and
results in wider hysteresis.['?!

Further, the photo response of the GaSe FET device was carried
out under the white laser illumination. The multilayer GaSe flake
ensures higher light absorption with respect to the monolayer or
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Figure 5. a,b) Transfer characteristics of the GaSe device on linear and log scale (the small current glitch at Vs & 10 Vand Vs & 40 Vis an instrumental

effect), c) I,, current, and d) hysteresis width at different V.

few-layer and enhances the responsivity of the device. Figure 6a,b
illustrates the transfer characteristics of the transistor under am-
bient pressure and at room temperature, both in the dark and
under a white laser source exposure, on linear and log scales. A
photocurrent is seen in the off state when the dark current of the
device in below 1 pA. In the on-state, the dark current of the de-
vice rises above the pA and the photocurrent becomes compara-
tively negligible. When illuminated, the transistor experiences an
appreciable reduction in the threshold voltage and a left-shift in
the transfer characteristic. The left-shift of the transfer curve un-
der illumination is ascribed to the trapped holes that induce an
increased electron concentration and a subsequent decrease in
the threshold voltage, ultimately enhancing the transistor’s con-
ductivity. This so-called photogating effect, attributed to charge
trapping at the interface with SiO, and in channel intrinsic de-
fects, is quite common in 2D materials-based transistors.>’-%% A
detailed description of transfer characteristics under laser expo-
sure at different V, is reported in Figure S1 (Supporting Infor-
mation), where it is confirmed the enhanced performance of the
GaSe device under ambient conditions (see Figure S1, Support-
ing Information).

Further, we examine the transient behavior, i.e., the current—
time characteristics, for different light incident powers. The mea-
surements were carried out using a white laser with a maximum
laser incident power of 110 mWcm™2 in the ambient conditions.
Figure 6¢ shows the drain current under the laser on and off
conditions as a function of different laser incident power per-
centages for 30 s-long pulses. The device shows an increase in
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the current with increasing laser power at fixed Vy, = 200 mV,
and V, = 0 V. When light is incident on the active area of the
GaSe FET device, it generates electron-hole pairs that are sub-
sequently separated by the drain bias, resulting in a photocur-
rent. Moreover, as the device is measured in ambient conditions,
desorption of O, and H,0 molecules contributes to the pho-
tocurrent. The O, and H,O molecules physisorbed on the GaSe
surface are desorbed under light exposure leaving free electrons
and thus increasing the n-doping of GaSe which increases the
channel conductivity.'>®!] The photocurrent is calculated using
the relation, I, = gy — lgan Where Iy, and Iy, are the cur-
rentunder laser illumination and in dark conditions, respectively.
Figure 6d demonstrates the corresponding linear dependence of
the photocurrent on the laser power (from 20% to 100% of its
maximum incident power, which is 110 mW cm~2, with steps of
20%). The linear behavior suggests an ideal application of GaSe
as a photodetector. Further, we evaluated the photo responsivity
(R) of the device through the relation, R = I,/ P,,., where I, is
the calculated photocurrent and P, is the laser power incident
on the device area, 300 um?. The highest responsivity obtained
was about, R ~#475 mAW~!, see Figure 6e. Similarly, photosen-
sitivity (S) indicates the conductivity produced by light exposure
over a certain bias voltage at a given incident laser power. The
sensitivity (S) of the GaSe flake with thickness (d) = 100 nm
at Vy, = 200 mV was calculated using the following equation:

Ve (2)
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Figure 7. a) Current pulses under maximum incident power in dark-light-dark conditions, b) exponential rise fit of the initial rise pulse, and c) decay fit

of the last pulse.

The maximum calculated sensitivity of the GaSe device is
0.24 pmQW~!, as shown in Figure Ge.

Further, from the experimental data, we calculated the detec-
tivity (D) of the fabricated GaSe device, where D is defined as

where ¢ is the electron charge. The calculated detectivity for the
300 um? GaSe channel is ~4.6 x 10'? Jones at ambient conditions,
see Figure 6f. The obtained detectivity is comparable or even su-
perior to the previously reported literature.2%263] The high value
of photo responsivity and detectivity could be due to the thick ef-
fective absorption layer.

To evaluate the optical response time of the GaSe device, a
pulse train was applied using the laser light source set at its max-
imum power. The response time was analyzed considering the
first and the last pulse of the photocurrent form, at V=200 mV,
as shown in Figure 7a. The rise and decay in photocurrent in
response to the laser light illumination on the photodetector
presents a double exponential rise/decay and is expressed math-
ematically by the following empirical equation:

(’L‘—TO) T -1,
Yy =y, +A Xexp| ——— |+ A, Xexp | — (4)

7 7]
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where y, is the current at the steady state, A, and A, are the
scaling factors, 7; and r, are the time constants, and 7 is the
time. As can be seen in Figure 7, the photocurrent initially in-
creases sharply due to carrier photogeneration with a time con-
stant lower than 7; = 0.1 s (limited by the sensitivity of the ex-
perimental setup), followed by a slow rise later with the time
constant 7, = 7.3 s due to slow photogating effect and desorp-
tion of adsorbates (see Figure 7b)."*) When the laser light is
turned off, the photocurrent also shows two regimes, a sharp
fall followed by a relatively slower decay (Figure 7c), with double
time constants 7, = 1.3 s and 7, = 62.2 s, due to electron-hole
pairs recombination and charge trapping at GaSe-SiO, interface
as well as reabsorption of O, and H,O molecules onto the GaSe
surface.[®!] Table S1 (Supporting Information) shows the com-
parison of figures of merit of GaSe and some other 2D materials-
based photodetectors.

Further, the fabricated GaSe device was investigated for mem-
ory applications. We explored the GaSe device with the influence
of light stimuli for optoelectronic memory. Figure 8a shows the
performance of the device measured over a series of V,; =+ 50V
pulses, while the I; current is recorded over time, at ambient con-
ditions and a fixed V,, = 200 mV. The device shows stable mem-
ory performance for more than 1 h, with two current levels, ON
and OFF separated by gate pulses, similar to other 2D materials-
based memories with charge trapping layers.®] When the gate
pulse is in the high positive (negative) state, the channel current
increases (decreases) rapidly, and the charges get trapped in or
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Figure 8. a) Channel current (red line) recorded under gate pulses (blue line) at + 50 V showing repeated cycles, single program—erase cycle b) under

dark, and c) under maximum laser power.

emitted from the trap states. After that, two states with different
current values can be defined at V,,, = + 0V, corresponding to the
ON and the OFF state of a memory device, respectivelyl®®! (see
Figure 8b). Figure 8c shows that the exposure to light substan-
tially increases the separation between the ON and OFF states.
The two states are separated by ~2 orders of magnitude under
laser exposure, while the memory window (A1) is quadrupled in
comparison to the dark. The results that represent a major con-
tribution of this work, were expected as the laser light illumina-
tion causes both the generation of electron-hole pairs as well as
the excitation of trapped charges, which increase the carrier con-
centration in the GaSe channel. These carriers can alter the local
charge distribution, lowering the barrier height, hence exponen-
tial increase in current.’’] Charges excited from the trap states
induce an increase in the photocurrent.

Concisely, the optical memory functions by originating charge-
trapping sites for light-generated charge carriers, allowing them
to be retained with persistence even after the light source is re-
moved. This enables the storage of optical information within
the memory. Additionally, the photocurrent reveals that the quan-
tity of light-generated charge carriers is dictated by the intensity

Adv. Electron. Mater. 2024, 10, 2400010 2400010 (9 of 12)

of light, typically associated with charge trapping or interfacial
states. Consequently, adjusting the light intensity could offer a
path to attain multiple memory states.

3. Conclusion

In summary, we fabricated a FET with mechanically exfoliated
100 nm thick GaSe flake showing n-type conduction. Our DFT
simulations suggested the reason for electron transport to be due
to the smaller conduction band offset compared to the valence
band offset at the GaSe—Ni interface. The transfer characteristics
of the FET device exhibit hysteresis that is modulated by the gate
and the drain bias as a contribution of both extrinsic and intrin-
sic trap states. The back-gated FET showed wider hysteresis at
higher applied gate voltage and a high I, and I 4 ratio of 10°.
The fabricated GaSe FET exhibits high field effect mobility up to
28 cm? V! 57! at ambient conditions. Further, a decrease in the
threshold voltage and the left-shift of the transfer characteristic
with a slight increase in the current were also observed. The de-
vice shows a photo response of about 475 mAW~" and a high de-
tectivity of 4.6 X 10'? Jones under the illumination of maximum

© 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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laser power. It has been shown that the time-resolved photocur-
rent exhibits a fast rise and decay time of 0.1 and 1.3 s, respec-
tively, followed by a slow rise and decay time of several seconds,
respectively. In addition, the device showed memory behavior
with measured stability of more than 1 h with repeatable cycles
and sensitive to the light stimuli confirming the nonvolatile op-
toelectronic memory with an enhanced programming window of
2 orders of magnitude. The results provide better understanding
of GaSe thin flake and demonstrate that the investigated mate-
rial could be a suitable material for future electronic and optical
devices.

4. Experimental Section

A bulk GaSe single crystal was used to perform mechanical exfoliation,
resulting in the production of GaSe thin flakes using Scotch tape. These
exfoliated flakes were subsequently transferred onto a substrate consist-
ing of 300 nm thick SiO, /p+ Si (consistent with the schematic reported in
Figure 1d). Metal contacts were defined using standard photolithography
and lift-off process to define 15/150 nm Ni/Au metal contact. The AFM im-
age of GaSe flake was acquired by using a Nanosurf A.G. microscope. The
micro-Raman measurements were carried out using a commercial inVia
Renishaw Raman microscope with a 20x objective and Centrus CCD de-
tector. The Raman spectra measurements were performed using a 514 nm
laser at room temperature.

To get insight into the atomistic structure and electrical characteristics
of GaSe in contact with Ni metal, DFT and nonequilibrium Green’s func-
tion NEGF have been carried out as implemented in QuantumATK.[68] Lin-
ear combination of numerical atomic-orbital basis set and generalized gra-
dient approximation GGA norm-conserving pseudopotentials from Pseu-
doDojo with medium basis sets!®°] are employed in the simulations. Bril-
louin zone integrations are performed over a grid of k-points generated
according to the Monkhorst—Pack scheme,[’% with a density of approxi-
mately 10 k-points per angstrom. An energy cut-off of 120 Ha and energy
convergence criterion of 107® Ha have also been considered. For the dis-
cretized grid, %620 k-point per angstrom have been used for the Green's
function calculations, in the direction normal to the metal-GaSe interface
plane. Structural relaxation is performed with a maximum force of less
than 0.02 eV A1, The metal crystallographic orientation with a common
supercell with minimal strain for Ni [111] has been considered with 1.5%
strain. The strain arising from the lattice constant mismatch between the
materials at the Ni—GaSe interface has been applied to the metal elec-
trodes, since, unlike GaSe, a few percent in-plane lattice constant of metal
surface does not affect its electronic properties considerably.[’!l Contin-
uous doping models with electron modification per atom and adding a
neutralizing compensation charge to the atomic charge have been con-
sidered as dopant profiles.[”?]

The electrical measurements were performed on a probe station (Lake
Shore Cryotronics, Inc.) endowed with four metallic nanoprobes, con-
nected to a Keithley 4200 semiconductor characterization system (Tek-
tronix Inc.), and one additional probe with optical fiber to control the posi-
tion of a light beam inside the chamber. The optoelectronic measurements
were investigated under illumination by a supercontinuum white laser (Su-
perK COMPACT by NKT Photonics) with a maximum incident power of
110 mWem~2. All electrical measurements were performed in a two-probe
configuration at ambient conditions.
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the author.
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