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ABSTRACT: A flexible UV photodetector with a high on/off ratio is extremely  ,[B-Fiberbased UV photedeiecior g
important for environmental sensing, optical communication, and flexible optoelec-
tronic devices. In this work, a flexible fiber-based UV photodetector with an ultrahigh
on/off ratio is developed by utilizing the synergism between interface and surface gating
effects on a ZnO nanowire network structure. The synergism between two gating
effects is realized by the interplay between surface band bending and the Fermi level
through the nanowire network structure, which is proved through the control  10°k
experiments between the ZnO micro/nanowire photodetector and micro/nanowire
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junction photodetector, and the corresponding Kelvin probe force microscopy (KPFM)

measurements. The on/off ratio of the fiber-based ZnO nanowire network UV photodetector reaches 1.98 X 10° when
illuminated by 1.0 mW cm™ UV light, which is 20 times larger than the largest reported result under the same UV illumination.
This new UV sensor also has a high resolution to UV light intensity change in the "W cm™ range. Furthermore, when the fiber-
based photodetector is curved, it still shows excellent performance as above. This work gives a new effective route for the
development of a high-performance UV photodetector or other optoelectronic detection devices.
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B INTRODUCTION

UV photodetectors have captured increasing attention due to
their potential applications in fire monitoring, chemical and
biological agent analysis, health monitoring, optical communi-
cation, and astronomical exploration.l_8 Over the past decade,
high-on/off-ratio photodetectors are featured with inorganic
semiconductor nanomaterials such as nanowires
(NWs),">?~"> nanobelts,"*"*° and nanosheets.””' Benefitting
from the large specific surface area of nanomaterials, their
channel widths can be modulated through surface gating by
absorbed ionized oxygen molecules (O,7),"""*'” decorated
electron extraction materials,”'*'”*° or the applied gate
voltage.'”!

As our previous study reveals, the on/off ratio of the
photodetector modulated by surface gating is determined by its
dimension:'"** semiconductor NW would be completely
depleted when its radius is smaller than the depletion width
of surface gating, which results to the enlargement of the
distance between the Fermi level and conduction band and a
dramatic decrease of carrier concentration by several orders of
magnitude in the dark. Correspondingly, the on/off ratio is
dramatically enhanced by the same orders of magnitude since
the photoresponse current is almost not influenced by this
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process. However, further enhancement of the on/off ratio
through surface gating is limited by the interplay of the Fermi
level and surface state: adsorption of oxygen molecules or
modification of electron extraction materials results into
surface states at a constant distance from the surface
conduction band, which would extract electrons from the
semiconductor when they are below the Fermi level. The
complete depletion leads to the enlargement of the distance
between the Fermi level and conduction band as well as the
decrease of the distance between the Fermi level and surface
states, which would eventually reach an equilibrium and
prohibit any further depletion.”’ This limitation has been
proven by UV photodetectors with various semiconductor
materials and extremely small dimension, whereby the largest
on/off ratio realized by the surface gating effect is 6 orders of

magnitude when the UV intensity is around 1.0 mW
22222435
m~".
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To further improve the on/off ratio, a multinanowire or

L 38—42 | . . .
multigrain structure is also used, in which the current is
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not only modulated by the surface gating effect where the
channel width is varied but also by the light-sensitive barrier
induced by the absorption and desorption of ambient oxygen
molecules at nanowire—nanowire or grain—grain interfaces,
i.e, the interface gating effect. The largest on/off ratio of these
photodetectors reaches 1 x 10”.~*" However, the enhance-
ment of the on/off ratio by interface gating is still unclear since
the contribution to the on/off ratio from surface and interface
gating effects cannot be distinguished experimentally and
quantitatively. Correspondingly, the underlying working
mechanism of the coupled surface and interface gating effects
is still blurred. Decoupling and quantifying the contributions of
surface and interface gating effects are consequentially not only
vital for the comprehensive understanding of the underlying
working mechanism but also essential for taking full advantage
of these gating effects to enhance the on/off ratio of UV
photodetectors.

In this work, the surface and interface gating effects are first
decoupled in the ZnO microwire junction (MW junction) UV
photodetector, and it is found that the synergism between
these two gating effects could further enhance the on/off ratio.
Accordingly, a new kind of the fiber-based ZnO nanowire
network (NW network) UV photodetector is designed and
developed. It has an ultrahigh on/off ratio of 1.98 X 10° under
1.0 mW cm ™2 UV light, which is about 20 times larger than the
reported largest on/off ratio under UV light with a comparable
intensity. What is more, the fiber-based UV photodetector
exhibits high flexibility and good resolution to UV light
intensity, which makes it applicable for the flexible high-
performance UV photodetector or other optoelectronic
devices.

B RESULTS AND DISCUSSION

ZnO MW Junction UV Photodetector. To decouple the
surface and interface gating effects and quantify their respective
contributions, the on/off ratio of the ZnO MW junction UV
photodetector is first compared with that of the single ZnO
MW photodetector. The good crystallinity means that there is
no internal grain barrier in ZnO microwires (MWs) (Figure
S1). Deposited In/Ag is used as electrodes in both photo-
detectors. The diameters of ZnO MWs used in both
photodetectors are around 10 ym as demonstrated in the
insets of Figure lab. ZnO MW junction UV photodetectors
were fabricated by overlapping one single-crystal ZnO MW on
another to make sure the contact between flat planes of MWs,
as shown in Figure 1b and its inset. Due to this contact
between MWs, the interface gating effect is introduced and it
leads to a dramatic increase of the on/off ratio: under 1.0 mW
cm™* UV light illumination, the on/off ratio of the single ZnO
MW UV photodetector is 23.5 (Figure 1c), while that of the
ZnO MW junction UV photodetector is 2.2 X 10° (Figure 1d).
The interface gating effect on the ZnO MW junction results in
0.94 X 10° enhancement of the on/off ratio.

The on/off ratios of MW and MW junction UV photo-
detectors are modulated by the absorption and desorption
processes: in the dark, the depletion of electrons by the
absorbed oxygen molecules results in an upward band bending
near the surface (surface gating) and an electric barrier across
the interface (interface gating). While under UV light
illumination, the separation of photogenerated electron—hole
pairs by the inner electric field leads to the desorption of
oxygen molecules. Hence, the channel width of surface gating
widens and the barrier across the interface decreases. Due to
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Figure 1. ZnO MW junction UV photodetector and the interface
gating effect. (a, b) Scanning electron microscopy (SEM) images of
the ZnO MW UV photodetector and ZnO MW junction UV
photodetector, respectively. The insets show that the diameters of
ZnO MWs are around 10 gm and the flat planes of MWs are
overlapped in the ZnO MW junction UV photodetector. The current
response of the single ZnO MW UV photodetector (c) is compared
with that of the ZnO MW junction UV photodetector (d), which
demonstrates that the interface gating effect can lead to a dramatic
enhancement of the on/off ratio.

the large diameter of ZnO MW compared with the depletion
width, the surface gating has a small effect on the carrier
concentration of ZnO MW (under UV light, the Fermi level of
MW barely moves ), which results to a negligible on/off ratio of
the ZnO MW UV photodetector (23.5).

Synergism between Interface and Surface Gating
Effects. To further increase the on/off ratio, effective gating
on both the interface and surface should be realized.
Consequently, a synergism between both gating effects enabled
by a NW junction structure is proposed, as shown in Figure 2a.
By reducing the diameter of ZnO NW, the complete depletion
of NW would result in surface band bending (interface gating
by the barrier between NWs) and the enlargement of the
distance between the Fermi level and conduction band
(surface gating). UV light illumination would result in a
decrease of interface barrier height (A¢) and the decrease of
the distance between the Fermi level and the conduction band
(AE).

The equivalent circuit of the NW junction UV photo-
detector can be simplified as the series of two surface-gated
NWs and an interface-gated junction, as shown schematically
in Figure 2b. Based on this model, the current density (J) and
the on/off ratio of the NW junction UV photodetector (S) can
be written as eqs 1 and 2, respectively (see Supporting
Information Section 2 for details)

(V- V) ]}
(1)

kT v
J= U-E—LeXP(—%){eXP(%)—eXP[ T

_ G_W.exp(_w]

S = =
kT

] dark

2)

where ] is the current density, o is the conductivity of ZnO, ¢
is the interface barrier height caused by surface band bending,
L is the channel length, V is the applied voltage on the NW
junction UV photodetector, V; is the voltage drop on the first
NW and can be omitted if the applied voltage is small
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Figure 2. Synergism between interface and gating effects. (a) For the interface gating effect, UV light illumination leads to the decrease of the
interface barrier height, while for the surface gating effect on a completely depleted NW, UV light illumination would lead to the decrease of the
distance between the Fermi level and conduction band. By utilizing both effects with a NW junction structure, the on/off ratio can be enhanced
dramatically. (b) Equivalent circuit of the NW junction can be simplified as the series of two surface-gated NWs and an interface-gated junction,
and the voltage across the interface is majorly applied onto the part of the junction at the second NW.

enough,43 e is the elemental charge, k is the Boltzmann
constant, T is the temperature, and eA¢ = edyy — ePgu
represents the change of the interface barrier height upon
illumination with UV light (the subscripts of ], 6, and ¢ denote
the corresponding situation, in the dark or under UV light).

In egs 1 and 2, ¢ accounts for the current density that is
modulated by the distance between the Fermi level and
conduction band, i.e., the surface gating effect; exp(—ep/kT)
represents the influence of the interface barrier height on the
total current density, which is modulated by interface gating. o
and exp(—e@/kT) will increase upon UV light illumination
because photoexcited holes will migrate to the surface and lead
to the decrease of the surface barrier height and the decrease of
distance between the Fermi level and conduction band (right
part of Figure 2b).

It should be noted that the distance change between the
Fermi level and conduction band and the change of interface
barrier height are correlated and that these two parts compose
the work function change measured by Kelvin probe force
microscopy (KPFM) under UV light illumination (see
Supporting Information Section 3 for details). For ZnO
MW, the distance change between the Fermi level and
conduction band can be omitted as proved by the negligible
on/off ratio of the ZnO MW UV photodetector. Con-
sequently, the measured change of work function induced by
UV light illumination is attributed to the change of the
interface barrier height. As shown in Figure S6, upon
illumination of 1.0 mW cm™ UV light, the interface barrier
height decreases by 0.34 eV (eA¢ = —0.34 eV). Based on eq 2,
the on/off ratio of the ZnO MW junction UV photodetector
resulted by the interface gating effect would be 4.4 X 10°,
which is a little larger than the experiment result (0.94 X 10°).

This difference is caused by the applied working voltage (V)
across the interface, which would result in a decrease of
interface barrier height (¢g.)-" In other words, the actual
interface barrier height is smaller than the measured one by
KPFM since no voltage is applied during KPFM measurement.
Consequently, the actual on/off ratio decreases with the
increase of working voltage (as verified in Supporting
Information Section S) and a small working voltage across
the interface is required to obtain the synergism between
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interface and surface gating effects. This requirement would be
fully investigated in the following sections.

ZnO NW Junction UV Photodetector. To achieve the
efficient surface gating effect, the diameter of the ZnO wire
must be decreased.'’ Consequently, a new vapor—solid
processed chemical vapor deposition is developed to synthesize
ZnO NWs with an ultrasmall average diameter of 68 nm, as
shown in Figure 3ab. The crystallinity of ZnO NW is
examined by high-resolution transmission electron microscopy
(HR-TEM) shown in Figures 3c and S2: the measured
interplanar spacing is 0.26—0.28 nm, which corresponds to the
d-spacing between (100) lattice planes of hexagonal ZnO. The
hexagonal wurtzite structure of ZnO NW is also verified by the
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Figure 3. Characterization of ZnO NWs. (a) SEM image of ZnO
NWs fabricated by the chemical vapor deposition method. (b)
Diameter distribution of ZnO NWs in the SEM image is counted and
the average diameter is around 68 nm. (c) In the HR-TEM image of
ZnO NW, the interplanar spacing measured is 0.26 nm and
corresponds to the d-spacing of (002) lattice planes of hexagonal
ZnO. (d) SAED pattern indicates a hexagonal wurtzite structure of
ZnO NW. (e) Measured by KPFM and under UV light with 1.0 mW
cm™? intensity, the combined change of surface band bending and the
distance between the Fermi level and conduction band is 0.55 eV.
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selected area electron diffraction (SAED) pattern shown in
Figure 3d and the X-ray diffraction (XRD) spectrum shown in
Figure S3. According to these results, the obtained ZnO NWs
are single crystalline, which ensures that there is no influence
on the on/off ratio from grain boundaries.

Different from the ZnO MW junction UV photodetector,
the ultrafine ZnO NW will be completely depleted by the
adsorbed ambient oxygen molecules in the dark, which results
in surface band bending and the enlargement of the distance
between the Fermi level and conduction band, and their
combined change (AE + eA¢) is 0.55 eV under UV light
illumination with 1.0 mW cm™ intensity as measured by
KPFM in Figure 3e. The complete depletion is confirmed by
the single ZnO NW UV photodetector (Figure 4a, the inset
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Figure 4. ZnO NW and the NW junction UV photodetector. (a)
SEM image of the ZnO NW UV photodetector with In/Ag
electrodes. The inset shows that the diameter of NW is around 60
nm. (b) UV response of the ZnO NW photodetector shows an on/off
ratio of 1.77 X 10* which results from the surface gating effect. (c)
SEM image of the ZnO NW junction UV photodetector. The inset
indicates that the diameter of NWs is around 75 nm. (d) On/off ratio
of the ZnO NW junction UV photodetector is 4.61 X 107, which is 3
orders of magnitude larger than that of single NW.

shows the diameter of NW is around 60 nm), which has a
dramatic change of carrier concentration by 4 orders of
magnitude under UV light; hence, an on/off ratio of 1.77 X 10*
is achieved, as shown in Figure 4b. The change of carrier
concentration corresponds to 0.25 eV enlargement of the
distance between the Fermi level and conduction band (AE =
Eyy — Eguu), as calculated by the formula

ez
P kT (3)

where E denotes the distance between the Fermi level and
conduction band of bulk. A ZnO NW junction photodetector
is also fabricated with two ZnO NWs possessing similar
diameters of 75 nm, as shown in Figure 4c and its inset. The
on/off ratio of the ZnO NW junction reaches 4.61 X 107,
which exhibits an increase by 3 orders of magnitude compared
with that of the ZnO NW UV photodetector.

Using the measured AE + eA¢ (0.55 eV) and the calculated
AE (0.25 eV), the change of interface barrier height, A¢, is
deduced as 0.30 eV, which corresponds to 1.08 X 10° times
increase in the on/off ratio according to eq 2. Combined with

Ouyv
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the on/off ratio (1.77 X 10*) of the single ZnO NW UV
photodetector only influenced by the surface gating effect, the
theoretical on/off ratio of the ZnO NW junction UV
photodetector could reach 9 orders of magnitude. However,
the experimental on/off ratio of the ZnO NW junction UV
photodetector reaches only 4.61 X 107, which is 2 orders of
magnitude smaller than the theoretical one. As explained in the
previous section, the full realization of the synergism between
interface and surface gating effects is obstructed due to the
large working voltage across the ZnO NW junction interface. A
small working voltage across interface and a detectable current
are required to obtain a UV photodetector with the high on/
off ratio maintained.

Flexible Fiber-Based ZnO NW Network UV Photo-
detector. To fulfill the above requirements, the ZnO NW
network structure is a promising way: the small working
voltage across interfaces is realized since the applied voltage
(V) across the whole structure is separated by the high number
of NW junctions, as illustrated in Figure Sa, and the current
across is detectable due to the large number of parallel
connections between ZnO NWs. Furthermore, to ensure the
flexibility of the UV photodetector, a fiber-based ZnO NW
network structure is designed and fabricated, as shown in
Figure Sb. NWs are wrapped around and along the Kevlar
fiber, forming a network of NW junctions, as demonstrated in
the enlarged part of Figure Sb.

The response of the ZnO NW network UV photodetector is
shown in Figure Sc. The insert I-V curves show good linear
behavior both in the dark and under UV illumination, which is
the result of a small voltage approximation at the junctions (see
Supporting Information Section 2). The dark current is only
1.14 X 107 A at 10 V, indicating effective surface and
interface gating effects. Under illumination of 1.0 mW cm™
UV light, the current at 10 V reaches 2.30 X 1076 A, exhibiting
an ultrahigh on/off ratio of 1.98 X 10° at 1.0 mW cm™ UV
light, which is close to the theoretical prediction (9 orders of
magnitude).

The response of the ZnO NW network UV photodetector to
UV light with different intensities is measured, as shown in
Figure 5d. The photodetector shows a large response range to
the light intensity from 0.5 nW cm™ to 1.0 mW cm™?, and
even under UV light with intensity as low as 0.5 n\W cm™?, the
ZnO NW network UV photodetector still exhibits distinct
performance (on/off ratio, 3). Compared with other reported
photodetectors with high sensitivities, the fiber-based ZnO
NW network UV photodetector possesses the highest on/off
ratio, under UV light with the same intensity, as shown in
Figure Se.*"**~* Typically, for 1.0 mW cm™ UV light, the
on/off ratio of the ZnO NW network UV photodetector is 20
times larger than the highest reported on/off ratio."* This ZnO
NW network UV photodetector also exhibits high resolution to
UV light intensity: from 26 to 55 nW cm™2, the small intensity
changes by around 3 nW cm™ lead to distinct photocurrent
changes, which is essential for its accurate measurement of the
UV light intensity in the "W cm ™ range.

For flexible electronic devices, the flexibility is quite
important for their applications. So, the fiber-based ZnO
NW network UV photodetector is tested under the curved
condition. The structure itself of the fiber-based ZnO NW
network is capable of curving in a large degree and curvature
(Figure S11). Under the curved condition, the performance of
the ZnO NW network UV photodetector under different UV
light intensities is shown in Figure 6a. When the UV light
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Figure S. Fiber-based ZnO NW network UV photodetector. (a) Band
diagram of the fiber-based ZnO NW network UV photodetector
indicates that the applied voltage across the whole structure is
separated by the high number of NW junctions as the inset equation
shows and a small voltage across each interface is ensured. (b) SEM
image of the fiber-based ZnO NW network. The enlarged part
indicates that NWs are wrapped around and along the Kevlar fiber
and form a network structure. (c) Response to 1.0 mW cm™ UV
light. The inset indicates good linear behavior both in the dark and
under UV illumination. (d) Response to UV light with different
intensities from 0.5 nW cm™ to 1.0 mW cm™2 (e) Comparisons
between the on/off ratio of this work (blue square) and reported
highest values (circles) under different UV light intensities.*"**=* (f)
Small change in the UV light intensity leads to a distinct response
current that exhibits the good resolution of this photodetector to the
intensity of UV light.

intensity changes from 1.1 nW cm™> to 1.0 mW cm™>, the on/
off ratio of the ZnO NW network UV photodetector varies
from 14 to 0.92 X 10% both similar to that of uncurved. The
relationship between the on/off ratio and UV light intensity of
the curved ZnO NW network UV photodetector is shown in
Figure 6b, which also exhibits a similar relationship as that of
uncurved. The curved photodetector is shown in the inset of
Figure 6b.

The high resolution to the UV light intensity is also reserved
under the curved condition: from 0.26 to 2.48 yW cm™?, the
intensity change of around 0.2 4W cm™? results into distinct
photocurrents, which enable the measurement of the UV light
intensity in the W cm™ range. Furthermore, good
repeatability of the ZnO NW network UV photodetector is
obtained, as shown in Figure 6d: during six repeated response
cycles (repeated dark and UV light illumination conditions),
the detected photocurrent differences are within 0.55%, which
guarantees the accuracy of UV light detection. What is more,
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Figure 6. Flexibility and its influence on the ZnO NW junction UV
photodetector. (a) UV and dark currents under the curved condition.
(b) Relationship between the on/off ratio and UV light intensity of
the curved ZnO NW network UV photodetector indicates a similar
relationship between the on/off ratio and UV intensity as that of
uncurved. The inset is the curved UV photodetector. (c) Resolution
of the curved UV photodetector to UV light with different intensities.
(d) Repeatability and fast response of the fiber-based ZnO NW
network UV photodetector.

quick response and recovery times are also exhibited, 21.5 and
10.5 s, respectively, under 1.0 mW cm™> UV light intensity.
These distinctive performances, i.e., an ultrahigh on/off ratio,
good flexibility, high resolution to the UV light intensity, and
fast response time, make the fiber-based ZnO NW network UV
photodetector highly promising for flexible high-performance
UV photodetectors or other optoelectronic devices.

B CONCLUSIONS

In conclusion, an ultrahigh on/off ratio, high resolution to UV
light intensity within different ranges, and structural flexibility
are realized by the fiber-based ZnO NW network UV
photodetector. Modulated by the surface adsorption of oxygen
molecules and the NW network structure, a synergism between
interface and surface gating effects is realized by the interplay
among the Fermi level, conduction band, and surface band
bending. The contributions to the on/off ratio by surface and
interface gating effects are evaluated by the ZnO MW or ZnO
NW UV photodetector and the corresponding KPFM
measurement. This fiber-based NW network gives a new
technical route for flexible highly sensitive UV photodetectors
and optoelectronic devices.

B METHODS

Synthesis of ZnO Microwires (MWs) and Nanowires (NWs).
ZnO MWs and NWs were synthesized simultaneously using a
chemical vapor deposition (CVD) method through a vapor—solid
process. A similar method to synthesize ZnO MWs was reported in
our previous work.* First, 2.0 g of ZnO powder and 0.4 g of graphite
powder were ground in an agate mortar to obtain a uniform mixture.
The obtained mixture was put into an alumina boat and placed at the
center of a furnace tube. Then, 240 standard-state cubic centimeters
per minute (sccm) inert argon and 12 sccm oxygen were introduced
into the furnace tube. Afterward, the furnace was heated to 1150 °C
for 40 min and then to 1250 °C for 40 min. ZnO MWs grown on the
edge of the alumina boat and ZnO NWs grown near the outlet of the
furnace tube were obtained.

DOI: 10.1021/acsami.9b18185
ACS Appl. Mater. Interfaces 2020, 12, 1054—1060


http://dx.doi.org/10.1021/acsami.9b18185

ACS Applied Materials & Interfaces

Research Article

KPFM Measurement. We conducted Kelvin probe force
microscopy (KPFM) measurement on ZnO MWs and NWs to
deduce the amount of the surface barrier height modulated by UV
light. The measurements were conducted on an atomic force
microscope (Dimension Icon, Bruker) using amplitude modulation
mode and an MESP probe (Co/Cr coated). The ZnO MWs were
fixed on conductive carbon tape. ZnO NWs were dispersed in ethanol
(analytically pure) and drop-casted on heavily doped Si wafer with Au
and Cr films presputtered onto it. The surface potentials under UV
light were measured under the illumination of a UV LED (A peer =
365 nm) (see Supporting Information Sections 3 and 4 for details).

Fabrication of ZnO MW Junction and NW Junction UV
Photodetectors. Two ZnO MWs were transferred onto a clean
quartz plate and crossed with each other under optical microscopy.
After one end of each MW was fixed by carbon paste, a shadow mask
was used to ensure only the fixed ends were exposed and In/Ag
electrodes were deposited on the fixed ends by RF magnetron
sputtering (In, 3 min and 100 W; Ag, 3 min and 100 W). For the ZnO
NW junction UV photodetector, ZnO NWs dispersed in ethanol were
dropped on the substrate (silicon slice with a 285 nm SiO, surface
layer) and after the evaporation of ethanol ZnO NWs would be
attached on the substrate by van der Waals force. Two crossed NWs
were selected under optical microscopy. A polystyrene (PS) mask was
used, and In/Ag electrodes were sputtered on one end of each NW.

Fabrication of the ZnO NW Network UV Photodetector.
First, ZnO NWs were dispersed into ethanol with a mass fraction of
0.3%. Then, the ZnO—ethanol dispersion was dropped onto a glass
slice and a Kevlar fiber (15 ym diameter) was placed 0.3 mm above
the slice, as shown in Figure S9. With the evaporation of ethanol,
some of the ZnO NWs were attached around the fiber by van der
Waals force (Figure S10).

UV Response Measurement. The currents of UV photo-
detectors were measured with a femtoammeter (Keysight B298SA).
Voltages were provided by a functional generator (DS34S). UV lights
were provided by a xenon lamp with a band pass filter (309—597 nm)
and a 1/4m monochromator (74125, Oriel Instruments). UV
intensities were quantified with a silicon photodetector
(71675_71580, Oriel Instruments).
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