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Ultrathin TiO, protecting layer improves the photostability of GaN-nanowire-based photoelectrochemical ultraviolet photodetectors.

Public summary

m Using the atomic layer deposition technique, a thickness of 4 nm TiO, protective layer was deposited on the GaN
nanowires.

m The ultrathin TiO, protective layer can protect the GaN segment from corrosion and oxidation.

m The photocurrent-attenuation coefficient of the coated GaN nanowires can be alleviated to 49%, while this number is as
high as 85% in those uncoated GaN nanowires.
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Abstract: Ultraviolet photodetection plays an important role in optical communication and chemical- and bio- related
sensing applications. Gallium nitride (GaN) nanowires-based photoelectrochemical-type photodetectors, which operate
particularly in acqueous conditions, have been attracted extensive interest because of their low cost, fast photoresponse,
and excellent responsivity. However, GaN nanowires, which have a large surface-to-volume ratio, suffer suffered from in-
stability in photoelectrochemical environments because of photocorrosion. In this study, the structural and photoelectro-
chemical properties of GaN nanowires with improved photoresponse and chemical stability obtained by coating the
nanowire surface with an ultrathin TiO, protective layer were investigated. The photocurrent density of TiO,-coated GaN
nanowires changed minimally over a relatively long operation time of 2000 s under 365-nm illumination. Meanwhile, the
attenuation coefficient of the photocurrent density could be reduced to 49%, whereas it is as high as 85% in uncoated GaN
nanowires. Furthermore, the photoelectrochemical behavior of the nanowires was investigated through electrochemical im-
pedance spectroscopy measurements. The results shed light on the construction of long-term-stable GaN-nanowire-

based photoelectrochemical-type photodetectors.
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1 Introduction

Photodetectors, which can convert absorbed optical signals
into measurable electrical signals, are of central importance in
modern optoelectronics'. Ultraviolent optical detection has
been widely used in remote invisible light sensing, environ-
mental monitoring, flame detection, chemical- and bio-
sensors, and secure space-to-space communication. To
achieve such practical applications, various ultraviolet (UV)
photodetectors (PDs), include P—N junctions®, photoconduct-
ances”, Schottky junctions, and metal-semiconductor—met-
al based structures” , have been reported in recent decades.
Compared with conventional solid-state photodetectors, pho-
toelectrochemical cell (PEC) PDs are highly desirable be-
cause of their unique operation in an aqueous environment for
bio-related sensor applications'®. Recently, group III nitride
semiconductors have been regarded as promising candidates
for developing PEC UV-PDs because of their high absorp-
tion coefficient, large charge carrier mobility, and tunable
band energy bandgaps, which span the entire UV spectrum!”*.
However, GaN nanowires suffer from severe photocurrent at-
tenuation caused by photocorrosion in acidic or alkaline elec-
trolytes”. Therefore, it is critical to resolve the stability issue
to achieve high-performance GaN-nanowire-based PEC UV-
PDs.

CoO, nanoislands have been recently investigated to im-
prove the photostability of the GaN nanowire photoanodes!”.
However, the nanoislands result in incomplete coverage over

the surface of the nanowires, which leads to limited photosta-
bility in the strongly acidic or alkaline electrolytes. Photocor-
rosion protection requires the protective layer to be pinhole
free and conformal—qualities that are difficult to obtain us-
ing solution or physical vapor-based deposition methods!'".
Fortunately, metallic oxide layers synthesized by atomic lay-
er deposition (ALD) can provide continuous, conformal films
with thickness in the nanometer scale, thereby inhibiting the
photocorrosion of the nanostructures'”. For instance, TiO, de-
posited by ALD has been demonstrated to be an excellent cor-
rosion-resistant layer for protecting nanostructures from pho-
tocorrosion while making the tunneling of electrons or holes
to the electrolyte possible!.

In this study, it was found that the photostability of GaN
nanowire-based PEC UV-PDs can be significantly improved
by depositing an ultrathin TiO, protecting layer on the
nanowire surface. A 4-nm-thick TiO, protective layer was
successfully deposited on GaN nanowires using ALD.
The TiO,-coated GaN (GaN@TiO,) operated stably for 2000
s under 365 nm illumination, and the system become more
stable than the nanowires without coating. Simultaneously,
the photocurrent density attenuation coefficient of the GaN
nanowires decreased from 85% to 49% after TiO, deposition.
The suppression of photocorrosion of the GaN@TiO, nano-
wires was investigated, as well as the charge transfer effi-
ciency, using electrochemical impedance spectroscopy (EIS).
It was demonstrated that ultrathin corrosion-resistant materi-
als, such as TiO,, can be applied to construct stable GaN
nanowire-based photoelectrochemical-type photodetectors.
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2 Results and discussion

2.1 Structure and morphologic characterizations

In this study, n-type GaN nanowires were grown on Si (111)
substrates by molecular beam epitaxy (MBE). Ultrathin over-
layers of TiO, were directly deposited on the surface of the
GaN nanowires using ALD. As schematically displayed in
Fig. 1 a, a complete ALD cycle includes four steps. First, tet-
rakis dimethylamino titanium (TDMAT) was adsorbed onto
the surface of the GaN nanowires; the excess gases were
purged by N,. Then, H,O entered the chamber and reacted
with TDMAT. Finally, excess H,O and by-products were
purged with N,. Transmission electron microscopy (TEM) of
individual GaN@TiO, nanowires, as shown in Fig. 1 b and
¢, clearly revealed the core—shell structure of the nanowires.
Typically, the diameter of the nanowire is approximately 80
nm, and the thickness of the TiO, layer is approximately
4 nm. The elemental distribution in the nanowires was ana-
lyzed wusing scanning transmission electron microscopy
(STEM) energy-dispersive X-ray spectroscopy (EDS) meas-
urement. The variation of the Ga, N, Ti, and O signals per-
pendicular to the nanowire axial direction (green line in high-
angle annular dark-field image) is shown in Fig. 1 d ande.
The EDS analysis demonstrates the uniform coverage of the
GaN nanowire by the TiO, layer, as shown in Fig. 1 e.
However, the TiO, layer is indistinguishable in scanning elec-
tron microscopy (SEM) image because of its ultrathin thick-
ness (approximately 4 nm), as shown in Fig. 1 f.

2.2 PEC measurements

Fig. 2 shows a schematic illustration of the photodetection
characteristics of the PEC UV-PDs. First, as-grown GaN
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nanowires and GaN@TiO, nanowires were employed to fab-
ricate the photoelectrodes. In theory, when N-type GaN
nanowires or GaN@TiO, nanowires are in contact with the
electrolyte, the nanowires exhibit an upward band bending at
the nanowire—electrolyte interface owing to the establishment
of electrochemical equilibrium. When the GaN nanowires
are illuminated by UV photons, with upward band bending as
the driving force, the photogenerated holes (h") are more
likely to drift to the GaN nanowire—electrolyte interface and
participate in the redox reaction: 2H,O + 4h* = O, + 4H".
Meanwhile, the upward band bending induces the directional
transfer of electrons (e") in the opposite direction, which is to-
ward the Pt counter electrode, undergoing reduction reaction:
4H" + 4e¢ = 2H,, completing the current loop". The electrical
signals in the current loop can be collected and recorded by
the electrochemical workstation.

Ideally, all the h* should be consumed by the redox reac-
tion with H,O. However, in PEC environments, some of the
photogenerated charge carriers participate in the self-oxida-
tion of semiconductors, called "photocorrosion". Notably, n-
type GaN nanowires can be easily oxidized by photoexcited
h’, participating in the redox reaction: 2GaN + 6h* = 2Ga’** +
N, as displayed in Fig. 2 b. As a result of this redox reac-
tion, the damage to nanowire surface decreases the photore-
sponse ability because of the photocorrosoin of the GaN
nanowires. However, the stability of the GaN-nanowire-
based photoelectrode is an important consideration for the
practical use of the PEC UV-PDs. The ultrathin TiO, layer is
expected to build up a physical separation of the GaN
nanowires from the electrolyte, while allowing tunneling of
the photogenerated carriers from the GaN nanowires to the
electrolyte, which contributes to the photocurrent, as illus-

. .
Fig. 1. (a) Schematic illustration of ALD decoration process. (b) Overview of the TEM image of GaN@TiO, nanowire (scale bar, 100 nm). (c) Selected-
area TEM image of GaN@TiO, nanowire (scale bar, 10 nm). (d) STEM image of GaN@TiO, nanowire (scale bar, 100 nm). (e) EDS line profiles of Ga,
N, Ti, and O across the GaN@TiO, nanowire. (f) Top-view SEM images of GaN nanowires (top; scale bar, 500 nm) and GaN@TiO, nanowires (middle;
scale bar, 500 nm), and side-view SEM image of GaN@TiO, nanowires (bottom; scale bar, 500 nm).
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Fig. 2. (a) Schematic illustration of the operation of the GaN@TiO,-nanowire-based PEC UV-PDs under UV light irradiation. (b) Bare GaN nanowire
surface in which photocorrosion predominates. (¢) GaN coated with TiO, layer, where photogenerated holes can oxidize OH™ to O,.

trated in Fig. 2 ¢

To characterize the photocurrent stability of the GaN
nanowires and the GaN@TiO, nanowires, the photocurrent
density Jypo 18 defined as!™

J, photo = J, light — Jark ( 1 )

where Jjgn and Jy,y are the current density with and without
light, respectively.

The photocurrent density attenuation coefficient is defined
as

J, oto—first — J, oto—last
q = SHent TR o 100% )

Jphmo—ﬁrst

where Jyoo-ise A1d Sy are the photocurrent densities when
the light is turned on at the very beginning and before the
light is turned off, respectively. Fig. 3 shows the typical pho-
tocurrent density as a function of time (J—7) data obtained un-
der 365 nm illumination for bare GaN nanowires as well as
for GaN@TiO, nanowires in 0.5 mol/L H,SO, (aq) (pH=1).
The Jyhe Of the bare GaN-nanowire-based PEC UV-PDs
sharply decreased over 250 s because of severe photocorro-
sion. By contrast, the GaN@TiO,-nanowire-based PEC UV-
PDs showed little change in Jye, Over 2000 s. Meanwhile,
the photocurrent density attenuation coefficient o decreased
from 85% for GaN nanowires to 49% for GaN@TiO,
nanowires, which clearly demonstrates the effectiveness of
the TiO, protective layer, which can inhibit photocorrosion of
the GaN nanowires.

After 2000 s of illumination, the photocurrent of both the
GaN nanowire and GaN@TiO, nanowire PEC UV-PDs ten-
ded to be stable. The response and recovery characteristics of

the devices were measured after stabilization. The response
time (¢,) is the time required for the photocurrent to increase
from 10% to 90% of the maximum value, whereas the recov-
ery time is the time required for the photocurrent to decrease
from 90% to 10%. As indicated in Fig.3 band c, the re-
sponse speed of both GaN nanowire and GaN@TiO,
nanowire PEC UV-PDs are in the order of milliseconds, veri-
fying the rapid photoresponse of the devices. Another critical
index responsivity (R), was calculated using the equation

R = Jpholo/Plighl (3)

where Py, is defined as the light intensity. The responsivity
of the GaN@TiO, nanowires improved compared with that of
the GaN nanowires after 2000 s of illumination, as shown in
Fig. 3 b and c. However, the Jyo s« Of the GaN nanowires
decreased after coating with the TiO, protective layer. This
may be because the TiO, protective layer suppresses the
charge transfer at the nanowires-electrolyte interface, as dis-
cussed later.

To investigate further the photocorrosion suppression and
charge transfer efficiency after using the TiO, protective lay-
er, in-depth electrochemical investigations of the GaN and
GaN@TiO, nanowires were carried out using EIS under 365
nm illumination. The EIS measurements were performed over
a frequency range of 10°~0.1 Hz and at an amplitude of 5 mV.
Thereafter, as shown in Fig. 4, the EIS results were fitted us-
ing an equivalent circuit R, (R,—CPE,) (R,—CPE,), in which
R, is the ohmic resistance caused by the electrolyte; CPE,
and CPE, are constant phase elements, and R,, R, represent
polarization resistance!'*'”. The simulated data of the experi-
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Fig. 3. (a) J-t characteristics of GaN-nanowire-based PEC UV-PDs under 365 nm irradiation. (b) Representation of the rise time and decay time interval
of GaN-nanowire-based PEC UV-PDs. (¢) GaN@TiO,-nanowire-based PEC UV-PDs under 365 nm irradiation. (d) Representation of the rise time and

decay time interval of GaN@TiO,-nanowire-based PEC UV-PDs.

mental results using ZView software are summarized in
Table 1.

As shown in Table 1, EIS analysis reveals a significant dif-
ference in the polarization resistance at the nanowire—electrolyte
interface in the GaN nanowires with and without the TiO,

(@)
-500

GaN nanowires
® Measured data
- —— Fitting

-400

. =300
g
N R,
N 200
CPE,
-100

7" (kQ)

0 1 L L 1 L L
0 100 200 300 400 500 600

7' (kQ)

layer. Specifically, the total polarization resistance R, is
R, =R, +R, 4

As a result, the R, of the GaN@TiO, nanowires is much
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Fig. 4. Photoelectrochemical impedance spectra of (a) GaN-nanowire-based and (b) GaN@TiO,-nanowire-based PEC UV-PDs under 365 nm irradiation.

Table 1. EIS fitted data using ZView software, where R and CPE are in 2 cm? and Yo [(S-5)" cm ], respectively.

Nanowire Ry R, CPE, n R, CPE, n
GaN 13.09 4.8x10° 3.1x10°* 0.88 6.5x10° 2.3x10°¢ 0.88
GaN@TiO, 9.56 836 7.4x10°° 0.69 1.0x10* 1.0x10°° 0.91
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higher than that of the uncoated GaN nanowires, indicating
that the TiO, coated on GaN nanowires has a high electrical
insulating property. Hence, anodic oxidation on the surface of
the coating rarely occurs. Therefore, the value of R, is dir-
ectly related to the efficiency of photocorrosion inhibition. To
further compare the photocorrosion inhibition efficiency of
the uncoated GaN nanowires and GaN@TiO, nanowires, the
photocorrosion inhibition enhancement factor is defined as

B=Ran— prarc)/ Ryap (5)

where R,.. and R, are the polarization resistances of the
GaN and GaN@TiO, nanowires, respectively. The calculated
value of 8 obtained from the measured data is almost equal to
unity, which demonstrates a significant enhancement in the
photocorrosion inhibition of GaN nanowires by the TiO, coat-
ing!"¥. Meanwhile, the polarization resistance is related to the
charge transfer efficiency at the nanowire—electrolyte inter-
face!”. The higher polarization resistance at the interface
between the nanowires and the electrolyte may lead to a lower
charge transfer efficiency, which can be responsible for the
limited photocurrent density of the GaN@TiO, nanowires.

3 Experimental

3.1 MBE growth of GaN nanowires

The n-type GaN nanowires were grown on planar Si (111)
substrates using plasma-assisted MBE (PAMBE) under nitro-
gen-rich conditions. Before the Si (111) substrate was loaded
into the PAMBE chamber, the surface oxide on the substrate
was removed by the BOE(buffered oxide etching) solution.
Then, the Si (111) substrate was outgassed in the load-lock
chamber at 200 °C for 1 h to eliminate the organic-based con-
taminants and water components. For the N-type GaN
nanowire growth, nitrogen was supplied by the radio fre-
quency plasmon source, and the controlled Ga and Si fluxes
were used by the thermal effusion cells.

3.2 ALD growth of TiO, layer

TiO,-deposition was performed on the as-grown GaN
nanowires in a customized flow-type ALD reactor (Oxford
Instruments-FlexAl). The precursors used for TiO, were
TDMAT as the titanium source and H,O as the oxygen
source. The titanium source was sublimated at 90 °C.
H,O was then evaporated at 20 °C. The substrate temperature
was maintained at 250 °C. The optimized deposition condi-
tions produced 0.6 A of TiO,-growth for each cycle. One
cycle of the TiO,-ALD consists of four steps: (O Titanium
metal source feeding (20 sccm) for 0.2 s; @ Purging for 6 s,
3 H,0 feeding (40 sccm) for 0.1 s; @ Purging for 8 s. Nitro-
gen was used as purging and carrier gas. Seventy-two cycles
were performed on the GaN nanowires.

3.3 Characterization methods

The detailed morphology of the nanowires was determined
using TEM, STEM, and EDS measurements, which were per-
formed on a Tools F200X instrument.

2-5

3.4 Fabrication of photoelectrode

The GaN nanowires/Si wafers and GaN@TiO, nanowires/Si
wafers were cut to the desired size. First, the surface oxide on
the back of the Si wafer was removed. Then, a Ga—In eutectic
alloy (Alfa Aesar) was deposited on the back of the Si wafer
to form an ohmic contact. The wafer was then mounted onto a
copper sheet with a silver paste. Except for the nanowire sur-
face that contacted the electrolyte, the entire wafer was then
covered with insulating epoxy to avoid leakage current. Be-
fore measurement, the epoxy was dried in air for 24 h.

3.5 PEC measurement

The typical photocurrent performance and EIS analysis was
performed using a CHI 760E electrochemical workstation
with a standard three-electrode system. The three-electrode
system was constructed in quartz reaction cell (CEL-CPES50)
with ahigh UV transmittance. The as-prepared nanowire
electrode, Ag/AgCl (saturated KCl), and platinum nets served
as the working electrode, respectively. An aqueous solution
of H,SO, (0.5 mol/L) was chosen as the electrolyte. A light-
emitting diode was chosen as electrolyte. A LED was used to
generate 365 nm light to irradiate the nanowires. The light in-
tensity was fixed at 0.785 mW cm™, which was calibrated us-
ing an optical power meter (S401C and PM100D). A shutter
was used to switch the light on and off. The time for turning
on and turning off the light was set at 10 s. The potentiostatic
EIS measurement was performed using a DC signal of a mag-
nitude 5 mV at a frequency range of 0.1~10° Hz with 365 nm
illumination. ZView software was used to fit the measured
EIS data.

4 Conclusions

In this study, the experimental results demonstrated that the
photoelectrochemical stability of GaN nanowires can be sig-
nificantly enhanced by coating with an ultrathin TiO, film us-
ing ALD. The TiO,-coated GaN nanowires showed a reduced
photocurrent density attenuation coefficient of 49% under 365
nm illumination, whereas untreated GaN nanowires exhibited
a high value of 85%. Thus, the ultrathin coating successfully
protected the GaN nanowires against photocorrosion.
However, the photocurrent density of the GaN nanowires de-
creased after they were coated with TiO,, mainly because of
the lower charge transfer efficiency, according to the EIS ana-
lysis. Adopting novel protective layers or active sites to
provide improved stability and photoresponse performance is
planned in future endeavors.
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