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1 Introduction

Visible-blind ultraviolet (UV) photodetectors (PDs)

ABSTRACT

GaN ultraviolet (UV) photodetectors (PDs) have attracted tremendous attention
due to their chemical stability in harsh environments. Although Schottky-
contacted GaN-based UV PDs have been implemented with better performance
than that of ohmic contacts, it remains unknown how the barrier height at local
Schottky contacts controls the sensors’ performance. In this work, the piezotronic
effect was employed to tune the Schottky barrier height (SBH) at local contacts
and hence enhance the performances of Schottky-contacted metal-semiconductor—
metal (MSM) structured GaN nanobelt (NB)-based PDs. In general, the response
level of the PDs was obviously enhanced by the piezotronic effect when applying
a strain on devices. The responsivity of the PD was increased by 18%, and the
sensitivity was enhanced by from 22% to 31%, when illuminated by a 325 nm
laser with light intensity ranging from 12 to 2 W/cm?. Carefully studying the
mechanism using band structure diagrams reveals that the observed enhancement
of the PD performance resulted from the change in SBH caused by external strain
as well as light intensity. Using piezotronic effects thus provides a practical way
to enhance the performance of PDs made not only of GaN, but also other wurtzite
and zinc blende family materials.

have drawn tremendous attention during the past
decades after finding wide applications in numerous
fields such as solar UV monitoring, flame detection,
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biological sensing and engine tracking [1-4]. GaN,
as an important [[[-V semiconductor material with
direct wide band gap, has been widely reported
for fabricating various visible-blind PDs due to its
outstanding chemical stability as well as visible
blindness [5-9]. However, the performance of ohmic-
contacted GaN visible-blind UV PDs is retarded by
their low response speeds, relatively long reset times
and limited sensitivity [10-13]. To increase the detection
efficiency and optimize the working principle, Schottky
contacts have been introduced into GaN visible-blind
UV PDs [14-18], and this can provide high sensitivity,
impressive response and reset times as well as good
detection limits, because the Schottky barrier height
(SBH) at the local contact will effectively dominate
the performance by controlling the transport process
when reversely biased [19]. However, it remains
unclear how to tune the barrier height and obtain an
optimal SBH, in order to obtain the most enhanced
PD performance.

The piezotronic effect, found in piezoelectric
semiconducting materials (such as GaN, ZnO, and
CdS), provides an effective way to tune the SBH at
the metal-semiconductor (MS) interface by utilizing
the piezoelectric polarization charges produced at a
surface/interface when under an externally applied
strain, and can work as a strain “gate” to control the
electron transport process of the devices [20]. It has
been proved that piezotronic effects can significantly
enhance the performance of light emitting diodes
(LEDs) [21, 22], solar cells [23, 24], and bio/chemical
sensors [25, 26].

In this work, piezotronic effects were employed to
optimize the SBH and thus enhance the performance
of Schottky-contacted metal-semiconductor-metal
(MSM) structured GaN nanobelt (NB)-based PDs. In
general, the response level of PDs was obviously
enhanced by piezotronic effects when applying strain
to devices. The optimized external strain, indicating an
optimal SBH at MS contact, was found to be —0.53%,
at which the responsivity of the PD was increased
by 18%. The sensitivity of GaN NB-based PDs was
enhanced by from 22% to 31% under a -0.53%
compressive strain, when illuminated by a 325 nm

laser with light intensity ranging from 12 to 2 W/cm?
The physical mechanism behind the observed
optoelectronic behavior was carefully studied using
band structure diagrams, which account for the change
in SBH resulting from tuning the external strains and
light intensity leading to the enhanced performances
of PDs. Using piezotronic effects thus provides a
practical way to enhance the performance of PDs
made not only of GaN, but also other wurtzite family
materials.

2 Experimental

GaN NBs were synthesized via strain-controlled
cracking of thin solid GaN film as reported elsewhere
[27]. The as-obtained GaN NBs were well separated
with lengths of several hundreds of micrometers and
widths of around 10 pm, indicative of anisotropic
nanostructures, as shown in Fig. 1(a). A high resolution
transmission electron microscopy (HRTEM) image
and the corresponding selected area electron diffraction
(SAED) pattern (Figs. 1(b) and 1(c)) also confirm that
the GaN NB is a single crystal and that its polar c-axis
lies along the longitudinal direction of the NB. The
PD was fabricated by transferring and bonding an
individual GaN NB laterally on a polystyrene (PS)
substrate (of 500 um in thickness) with its c-axis in
the plane of the substrate. Silver paste was employed
to fix both ends of the GaN NB and serve as source
and drain electrodes, forming a MSM structure. A thin
layer of polydimethylsiloxane (PDMS) was applied
to package the PD, aiming at not only improving
the mechanical robustness of the whole device, but
also preventing it from contamination and corrosion
by gas or moisture in the ambient atmosphere. The
optical image of an as-fabricated GaN NB-based PD
is presented in Fig.1(d) (inset). The experimental
set-up, as shown in Fig. 1(d), includes two 3D stages
with movement resolution of 1um to introduce
compressive/tensile strains on the device and a beam
of laser simultaneously illuminating at a certain
spot. The magnitude and the sign of applied strains
can be calculated following the method reported
elsewhere [28].
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Figure 1 (a) SEM image of GaN NBs. (b) HRTEM image of a GaN NB and (c) the corresponding SAED pattern of the same GaN
NB. (d) Experimental setup and optical images of the as-fabricated PD (insets). (¢) The band structure of the GaN NB-based PD under
different conditions to demonstrate the working principle. The crystallographic c-axis of the NB runs from drain to source as labeled.
(el) Schematic and band structure of a strain-free device (presented as a black solid line in (el), black dashed line in (e2) and (e3)),
where the drain electrode was reversely biased. (¢2) Schematic and band structure of a compressively strained device (presented as a red

solid line in (e2), red dashed line in (e3)), where the drain electrode was reversely biased. (e3) Schematic and band structure of a

compressively strained device with laser illumination at the drain electrode (presented as red solid line in (e3)), where the drain

electrode was reversely biased.

3 Theoretical basis

The physical mechanism of the GaN NB-based PDs
is illustrated using band structure diagrams shown
in Fig. 1(e). A strain-free GaN NB (Fig. 1(el)) forms
Schottky contacts of different barrier heights (¢p and
@s) with metal electrodes at both ends. The electron
transport process of the PD is dominated by the
reversely biased Schottky contact [19], which is the
drain electrode in this case. Once the substrate is
bent, a compressive/tensile strain is created in the NB
since the mechanical behavior of the entire device is

determined by the substrate [28]; this strain will pro-
duce a distribution of piezopotential along the c-axis,
with its polarity depending on the crystallographic
orientation of GaN and the sign of the strain (Fig. 1(e2))
[29]. A negative piezopotential at the semiconductor
side effectively increases the local SBH, while a
positive piezopotential reduces the barrier height.
When the GaN NB-based PD is under compressive
strain (Fig. 1(e2)), SBH at the reversely biased drain
contact is reduced by the strain-induced positive
piezopotential, which gives rise to an increased current
in the device. If a laser beam is simultaneously focused
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at the drain electrode, as presented in Fig. 1(e3), the
SBH at the drain contact will be reduced even further,
since more electron-hole pairs are generated upon
laser illumination and the injection of electrons into
the conduction band of GaN effectively increases
the charge carrier density of the whole device and,
correspondingly, an increase in current is expected.

4 Results and discussion

By applying a series of compressive strains on the
GaN NB-based PD, [-V characteristics of a single PD

were derived as a function of the strain as shown
in Fig.2(a). A clearly asymmetric electromechanical
behavior in current response to strain at both electrodes
was obtained under a triangular wave swiping from
-2 to +2'V across the device, as dictated by the pie-
zotronic effect. This confirms the electron transport
process of the PD was dominated by piezotronic
effects, an interfacial effect asymmetrically tuning the
local contact characteristics, rather than piezoresistive
effects, which are a symmetric volume effect without
polarity. The data of |1l vs. strain at -2 V and +2 V are
plotted in the inset of Fig.2(a). The band structure
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Figure 2 (a) -V characteristics of a GaN NB-based PD under a series of compressive strains, with a triangular wave swiping from —2
to +2 V across the device. The inset is the plot of |/] vs. strain at -2 V and +2 V. (b) Band structure illustrating the /- characteristics of
a GaN NB-based PD shown in (a), with the crystallographic c-axis of the NB running from drain to source as labeled. (b1) Schematic
view and band structure of a device under —0.33% compressive strain (presented as a black solid line in (b1), black dashed line in (b2) and
(b3)). (b2) Schematic view and band structure of a device under —0.50% compressive strain (presented as a pink solid line in (b2), pink
dashed line in (b3)). (b3) Schematic view and band structure of a device under —0.79% compressive strain (presented as an olive solid
line in (b3)). (c) I~V characteristics and schematic view (inset) of a strain-free GaN NB-based PD under 5 W/cm? laser illumination on
the source electrode, GaN NB or drain electrode, with a triangular wave swiping from —2 to +2 V across the device. The inset is the plot
of In |] vs. voltage. (d) /- characteristics of a strain-free GaN NB-based PD under different 325 nm laser light intensities focused on the
drain electrode, which was reversely biased at a fixed 2 V. The inset is the corresponding / vs. light intensity curve.
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diagrams of GaN-based PDs are presented in Fig. 2(b)
to illustrate the observed [-V characteristics shown in
Fig. 2(a). By swiping a triangular wave from -2 to +2 V
across the device, the drain electrode was reversely
biased at the V>0 side, while the source electrode
was reversely biased at the V<0 side, as shown
schematically in Fig. 2(b). According to the proposed
working principles of GaN NB-based PDs demon-
strated in Fig. 1(e), externally applied compressive
strains produced a positive piezopotential at the
drain electrode, and a negative piezopotential at the
source electrode. Therefore, the SBH was reduced step
by step at the drain electrode, while the SBH at the
source electrode was increased when applying a series
of compressive strains on the PD. This provides a
good explanation for the [-V characteristics presented
in Fig. 2(a).

The response of GaN NB-based PD to laser illu-
mination at different spots was derived by separately
shining the 325 nm laser at the drain electrode, the
middle of the GaN NB and the source electrode (inset
of Fig. 2(c)), with a triangular wave swiping from -2
to +2'V across the device. I-V characteristics of the
device shown in Fig. 2(c) indicate clearly that, when
the laser was focused on the source electrode, the
current increased significantly under a bias voltage
ranging from -2 to -1V, in which case the source
electrode was reversely biased; a similar increase
was also observed for laser illumination at the drain
electrode. This shows that the current of GaN
NB-based PDs will be enhanced as long as the laser
illuminates the reversely biased electrode. When the
laser was focused on the GaN NB, the current of the
device increased at both ends, with smaller increases
in magnitude compared to those when shining the
laser on the drain electrode or source electrode. The
observed optoelectronic behavior agrees very well
with the above physical mechanism proposed for
GaN NB-based PDs. Since laser illumination at the
reversely biased electrode can effectively reduce the
local SBH, which dominates the electron transport
process of the whole device, it therefore has a more
significant influence on the PD current than in the
case when more electron-hole pairs were merely
generated inside the conducting channel when the
laser was focused on the GaN NB. A plot of In 1| vs.

voltage is presented in the inset of Fig. 2(c), in which
opposite trends of current under forward and reverse
biases are apparent, which is a typical characteristic
of the piezotronic effect.

With the drain electrode of a strain-free PD reversely
biased at a fixed voltage of 2V, I-t characteristics
were obtained as a function of light intensity as
presented in Fig. 2(d). Obvious increases in current
were observed on increasing the light intensity from
0 to 12 W/cm? with the beam of the 325 nm laser
precisely illuminating the drain electrode. I vs. light
intensity data extracted from the It characteristics are
plotted in the inset of Fig. 2(d). The reproducibility
and stability of the GaN NB-based PDs were also
investigated as shown in the Electronic Supplementary
Material (ESM) (Fig. S1).

By systematically investigating the response of GaN
NB-based PDs to a series of strains as well as light
intensities with the drain electrode reversely biased
at a fixed voltage of 2 V under a 325 nm beam laser
illuminating at the drain electrode, a 3-dimensional
(3D) surface plot was derived (Fig. 3(a)) by extraction
from the data plotted in Figs. 3(b)-3(g). A straight-
forward overall trend in the current of the PD on
changing either the strain or light intensity can easily
be concluded from Fig. 3(a), and is consistent with
the It characteristics presented in Figs. 3(b)-3(g) that
either larger strain or higher light intensity lead to a
higher response current of the PD.

To optimize the performance of GaN NB-based
PDs, the relative changes in response current with
respect to externally applied strain and 325 nm laser
light intensity are plotted as another two 3D surface
graphs in Figs. 4(a) and 5(a). The absolute and relative
current response of GaN NB-based PDs to various
light intensities when the compressive strain was fixed,
ranging from -0.00% to —0.71%, are presented in
Figs. 4(b) and 4(c), respectively. As can be seen from
Fig. 4(b), the response current of the PD at very weak
light intensity was increased by applying a -0.71%
compressive strain, in which case an enhancement in
the detection limit of the device by as much as 44%
was achieved. From the relative current response to
light intensity shown in Fig. 4(c), it seems that the
largest relative change in current was obtained with
no strain applied. However, the current output signal
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Figure 3 (a) 3D surface graph illustrating the current response of a GaN NB-based PD to strain and light intensity. /—¢ characteristics
of a GaN NB-based PD with 325 nm laser illumination on the drain electrode, which was reversely biased at a fixed 2 V, with light
intensity ranging from 0 to 12 W/ecm? under a compressive strain of (b) —0.00%; (c) —0.24%; (d) —0.41%; (¢) —0.53%; (f) —0.63%; (g)
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relative current response of a GaN NB-based PD under different light intensities, with compressive strain ranging from —0.00% to —0.71%.
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at extremely low light intensity was too weak to be
detected by the system when no external strain was
applied. Considering both the restriction of detection
limit and the responsivity, the best performance of
the GaN PD was achieved under —0.53% compressive
strain (the yellow line in Fig. 4(c)) rather than under
strain-free conditions; under this optimized externally
applied strain, the responsivity of the PD was enhanced
by 18%. An explanation can be proposed to address
the reason why the optimized strain was —0.53%
instead of the highest strain of —0.71%. Since high light
intensity may generate a large number of electron-
hole pairs, which could accumulate and cause the
strain-induced polarization charges to be partially
screened, the efficacy of positive piezopotential in
reducing the SBH might decrease with increasing
light intensity. This screening effect may lead, at
some point, to no increase in response current when
applying higher strain under a relatively high level of
light illumination. On the other hand, the response
current under weak light illumination is still signifi-
cantly enhanced by applying more strain. Therefore
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the relative change in response current did not increase
monotonically with externally applied strain, but with
an optimized performance at a strain of -0.53% as
observed. This hypothesis can also be confirmed from
the observed “platform” (high light intensity and
high strain region) in Fig. 5(a), which clearly shows
the lack of increasing response current with increasing
strain under high illumination intensities. The absolute
and relative current responses of GaN NB-based PDs
to various strains when the light intensity was fixed,
ranging from 0 to 12 W/cm?, are presented in Figs. 5(b)
and 5(c), respectively. By externally applying a com-
pressive strain of —0.71% to the device, the sensitivity
of the PD was observed to increase by 27%-40%
when the light intensity ranged from 12 to 2 W/cm?

5 Conclusions

The piezotronic effect has been employed to tune
the SBH and hence enhance the performance of
Schottky-contacted MSM structured GaN NB-based
PDs. In general, the response level of the PDs was
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Figure 5 (a) 3D surface graph illustrating the relative change of current of a GaN NB-based PD with respect to light intensity (x-axis) and
strain (y-axis), with 325 nm laser illumination on the drain electrode, which was reversely biased at a fixed 2 V. (b) Absolute and (c) relative
current response of a GaN NB-based PD under different compressive strains, with light intensities ranging from 0 to 12 W/cm?.
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obviously enhanced by the piezotronic effect when
applying a series of strains on devices. The optimized
external strain, indicating an optimal SBH at MS contact,
was found to be —0.53%, at which the responsivity of
the PD was increased by 18%. The sensitivity of GalN
NB-based PDs was enhanced by 22% to 31% under a
-0.53% compressive strain, when illuminated by a
325 nm laser with light intensity ranging from 12 to 2
W/cm?. The physical mechanism behind the observed
optoelectronic behavior was carefully investigated
using band structure diagrams. The changes in SBH
resulting from tuning the external strain as well as
the light intensity accounted for the enhanced per-
formances of GaN NB-based PDs. Using piezotronic
effects thus provides a practical way to enhance the
performances of PDs made not only of GaN, but also
other wurtzite family materials.

Methods

Synthesis and characterization of GaN NBs. GaN NBs
were derived by strain-controlled cracking of thin
solid GaN films. The as-fabricated GaN NBs were
characterized by scanning electron microscopy (SEM)
(LEO FESEM 1550 and LEO FESEM 1530), transmission
electron microscopy (TEM) (JEOL-JEM 4000) with
selected area diffraction (SAD), and HRTEM (FEI F30)
with energy-dispersive X-ray spectroscopy (EDX).

Fabrication of GaN NB-based PDs. The PD was
fabricated by transferring and bonding an individual
GaN NB laterally on a polystyrene (PS) substrate (of
500 mm in thickness) with its c-axis in the plane of
the substrate. Both ends of the GaN NB were fixed by
silver paste, which also served as source and drain
electrodes. A thin layer of PDMS was applied to
package the PD.

Experimental setup for GaN NB-based PDs. A
synthesized function generator (Model No.DS345,
Stanford Research Systems, Inc.) and a low-noise
current preamplifier (Model No.SR570, Stanford
Research Systems, Inc.) were used for electrical
measurements. The strains were introduced by using
two three-dimensional mechanical stages with a move-
ment resolution of 1 mm face to face locking the PD
in the middle. A He-Cd laser (wavelength = 325 nm,

Model No. KI157511-G, Kimmon Koha Co., Ltd.) was
illuminated at certain locations of the device. The
performances of the device were measured by a
computer-controlled measurement system.
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