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Ultraviolet  (UV)  detection  is of  important  significance  in  protecting  environment,  human  health  and
related  scenarios.  Schottky  barrier  height  (SBH)  plays  a key  role  in  determining  the performance  of  UV
sensors.  Herein,  triboelectric  voltage  was  proposed  to  lower  the SBH  of  zinc  oxide  nano/micro  wire  and
silver  paste  (ZnO//Ag)  UV  sensor.  SBH  was  flexibly  lowered  by different  times  of  triboelectric  voltage
treatment.  Greatly  improved  UV response  was  achieved  based  on  Schottky-to-Schottky  contact  after
riboelectric voltage
chottky barrier height
V detection
riboelectric nanogenerator

lowering  its SBH,  its  photoresponse  rates  were enhanced  by  645  % at raising  edge  from  6.77  s  to 1.05  s,
and  716  %  at falling  edge  from  2.72 s to 0.38  s.  The  on/off  ratio was  greatly  increased  from  590  to  10400.
Based  on  these  results,  the triboelectric  technology  may  provide  new  views  for  tuning  performance  of
Schottky-junction-based  sensors.  The  developed  tunable  ZnO//Ag  sensor  combined  with  triboelectric
voltage  opens  up  possibility  for  future  high  sensitive  UV  sensing  systems.

© 2020  Elsevier  Ltd.  All  rights  reserved.
ntroduction

Visible-blind ultraviolet (UV) photodetector is widely used in
any fields, such as equipment maintenance, space communica-

ion, flame sensing and environment protection [1–4]. The sensitive
V detection has an important influence on scientific research,
uman health and developing relevant countermeasures. The pho-
oresponse performance of UV sensor greatly depends on material’s
ntrinsic property and external regulation [5–9]. One-dimensional
anomaterials (e.g., nanowire, nanofiber, nanotube, etc.) are often
sed for photodetection due to their high surface-to-volume ratio,

nisotropic transmission and transparent property [10–14]. Zinc
xide (ZnO) nano/microwire (NMW), as a typical wide-bandgap
emiconductor, is suitable for detecting UV light because of its
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proper bandgap band (i.e., 3.7 eV) and large exciton binding energy
(i.e., 60 meV) [10]. Schottky junction between metal and ZnO NMW
is usually preferred for UV sensors owing to the sensitive current
tuning effect of Schottky barrier height (SBH) [15,16], which is
determined during the sensor preparation process [17]. An appro-
priate external intervention (e.g., piezoelectric effect) of the SBH
can effectively improve the photoresponse performance (e.g., pho-
toresponse rate and on/off ratio) of ZnO NMW-based UV sensors
[18,19].

According to previous reports, electric field can affect the charge
diffusion at the contact interface between metal and semiconductor
[20,21], it means that this effect can be an alternative choice to reg-
ulate the SBH and further improve the UV sensing performance of
Schottky-contact sensors. Considering that the maturing triboelec-
tric technology can generate high voltage by external mechanical
stimulation [22–25], it could be a desired voltage source to polar-
ize the charges within the contact interface (or depletion region),
and further tune the SBH of ZnO and silver paste (ZnO//Ag) and
enhance its UV response sensitivity. Compared with commercial

voltage source, triboelectric technology has many advantages, such
as self-powered ability without external power source, safety of
high voltage and low current, simplicity of whole device, and cheap-
ness of constituent materials [26–28]. To verify above assumption,
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riboelectric voltage was used to treat the Schottky junction of
nO//Ag.

The results showed that triboelectric voltage was  effec-
ive to three types of metal-semiconductor contacts, including
Schottky-to-Ohmic” contact, “Ohmic-to-Ohmic” contact and
Schottky-to-Schottky” contact. After the treatment, the SBH can be
ffectively lowered, especially for “Schottky-to-Schottky” contact,
ts UV response performance was greatly improved. The photore-
ponse rates of “Schottky-to-Schottky” contact were enhanced by
45 % and 716 % at the raising edge and falling edge, respectively.
he on/off ratio of photoresponse current was greatly increased
rom 590 to 10400. These results proved that the triboelectric volt-
ge can be a simple and effective method for tuning SBH, which
reatly enhances the sensing performance of Schottky junction-
ased sensors. For other related Schottky-junction-based sensors,
his study is of significant reference value to achieve high sensitive
etection of gas, biomolecules and other objects.

esults and discussion

asic structure and performance of ZnO//Ag sensor

The primary electric properties of these ZnO//Ag sensors were
easured in dark to avoid the influence of ambient light. Fig. 1a

hows the photoresponse performance before and after treat-
ent by triboelectric voltage under UV light. The friction materials

nd the basic working mechanism of triboelectric nanogenerator
TENG) were shown in Fig. S1 and S2 in Supporting information.
ig. 1b showed the corresponding equivalent circuit diagram of the
hole experimental setup. TENG can generate a wide range of volt-

ges, which were suitable for tuning SBH of ZnO//Ag sensor (Fig. S3).
n this work, the rectified triboelectric voltage was about 200 V (Fig.
4), it was used to treat ZnO//Ag sensor. The actual voltage applied
n ZnO//Ag sensor was about 22 V (Fig. 1d). The I-V and lg I-V curves
Fig. 1c and e) show that this ZnO//Ag sensor has near-symmetrical
BHs at its two ends. This “Schottky-to-Schottky” contact was used
or sensitive UV detection in this experiment. In the following parts,
hree types of metal-semiconductor contacts were treated by the
00 V of triboelectric voltage, and the performance variation was
tudied in detail.

Schottky-to-Ohmic” contact

A ZnO//Ag sensor with asymmetric contacts was  firstly fab-
icated and treated by triboelectric voltage (Fig. 2). The typical
symmetric I-V curve in dark indicates the formation of asymmetric
ontacts between silver paste and ZnO NMW  (Fig. 2a). The asym-
etric lg I-V curve (inset in Fig. 2a) indicates asymmetric SBHs at

ts two ends. The I-V characteristics of one ZnO//Ag sensor with
chottky-to-Ohmic contact with and without UV illumination was
hown in Fig. S5. After treating the sensor by triboelectric voltage
or different times, the resultant I-V curves were recorded (Fig. 2b
nd e). The dark current values were greatly raised from 1.1 nA to
00 nA at + 2 V (Figs. 2b and S6a). The turn-on voltage decreased
rom 0.5 V to 0.15 V (Fig. S6b). Meanwhile, the dark current at −2

 was also raised from near zero to about 1.7 nA (Figs. 2e and S6c).
he corresponding turn-on voltage decreased from 2 V to 1.14 V
Fig. S6d). The enhancement of dark current from −2 V to +2 V
ndicates that the SBHs of the sensor were lowered by the triboelec-
ric voltage. The plot of ln I with the power law of V1/4 showed an
pproximate linear trend (Fig. S7), which indicated that the current

ransport matched thermo-electronic emission [29,30].

With treatment times increased, the SBHs at two  ends continu-
usly decreased to a stable value, this result was consistent with the
ariation trend of dark current in Fig. 2b and e. After withdrawing
o Today 33 (2020) 100873

triboelectric voltage, the I-V curves of ZnO//Ag sensor can gradu-
ally recover to approximate original state after about 8 h (Figs. 2c,
f and S8). The UV sensor with “Ohmic-to-Ohmic” contact was  also
fabricated in this experiment. The detailed study was put in the
supporting information for its insensitive UV response (Fig. S9).

Mechanism of tuning SBH by triboelectric polarization model

Previous study proved that a strong electric field generated by
high voltage can drive oxygen vacancies to diffuse in ZnO [20]. The
charges of oxygen vacancies at contact interface can effectively
control the SBH of metal-semiconductor (M-S). The driving and
generating process of oxygen vacancies has been well studied. The
oxygen vacancies are driven to migrate along c-axis as interstitial
ions due to the unidirectional pyroelectric field of devices [20,31].
Herein, we used the classical model to show the physical accumu-
lation process of oxygen vacancies when the as-prepared ZnO//Ag
sensor was treated by triboelectric voltage.

The I-V curves of metal-semiconductor-metal (M-S -M)  junc-
tions show obviously different properties because of different
contact behaviors in different physical conditions [29,32], and the
measured I-V characteristics of different M-S  -M contact behaviors
are usually greatly different. Additionally, studies have showed that
both the SBHs at two  ends of M-S  -M junction decreased after the
device was treated by macroscopic electric field [21]. For simplifica-
tion, an ideal classic M-S  -M model (one end is perfect contact) was
selected, and the electric property is determined mainly by the for-
ward voltage [29]. This simplified model was  used to demonstrate
the variety of interface characteristic when the sensor was treated
by triboelectric voltage.

As shown in Fig. 3a, Schottky junction is formed at the contact
interface of ZnO NMW  and silver paste. Initially, oxygen vacan-
cies are randomly distributed in ZnO NMW.  Few oxygen vacancies
existed near contact interface. SBH stays at high level. The initial
SBH was denoted as ˚SB0. After treatment by triboelectric voltage,
the oxygen vacancies (positive charges) are driven by generated
electric field towards the contact interface, and then accumulate at
the contact interface (depletion region). The accumulation of pos-
itive charges causes the SBH decreases from ˚SB0 to ˚SB (Fig. 3b).
After withdrawing the triboelectric voltage, oxygen vacancies dif-
fuse at the opposite direction and disappear slowly under internal
electric field, and then the SBH arise again and recover to approxi-
mate initial state during the rest of time (Fig. 3c).

The built-in potential (ϕbi) of M-S  contact model can be given
by the following formula [33–36]:

ϕbi =
q

2εs
(NAW2

Dp
+ �polarW

2
polar + NDW

2
Dn

) (1)

where ND and NA represent the concentration of donor and
acceptor, respectively. �polar and Wpolar represent the polariza-
tion charges density and distribution width of oxygen vacancies,
respectively. The �polar and Wpolar are functions of time that are
gradually built up as the triboelectric voltage is applied. WDp and
WDn represent the widths of depletion region on p-type and n-type
semiconductors. Here, NA and WDp can be postulated to be zero
because the ZnO NMW  used in this study is n-type. The relationship
of current and voltage can be given by [33]:

J = J0 exp

(
q2�polarW

2
polar

)
[exp

(
qV

)
− 1] (2)
2εskT kT

where V represents the bias voltage, T and k are the temperature
and Boltzmann constant, respectively. J0 and εs are the saturation
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Fig. 1. Diagram of experiment setup and basic performance of TENG and ZnO//Ag UV sensor. (a) Setup diagram of tuning the SBH of ZnO//Ag UV sensor by triboelectric
voltage for enhanced sensitive UV detection. Scale bar: 200 �m.  The UV light was applied only after treatment by triboelectric voltage. (b) Corresponding circuit diagram of
(a).  (c, e) Typical I-V and lg I-V curves of ZnO//Ag UV sensor with “Schottky-to-Schottky” contact. The inset is an optical picture of ZnO//Ag UV sensor. (d) Triboelectric voltage
applied  on the two ends of ZnO//Ag UV sensor.
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ig. 2. Tuning SBH of ZnO//Ag UV sensor by triboelectric voltage. (a) Primary I-V c
fter  treatment for different times. (c) Recovery I-V curves after withdrawing triboe
nd  (0 V to +2 V) in (b). (e, f) Enlarged views of (b) and (c) from −2 V to 0 V, respect

urrent density and permittivity of the material, respectively. J0 is
iven by [33]:

J0 = q2DnNc
kT

√
2qND(ϕbio − V)

εs
exp(−q˚SB0

kT
) (3)

here Nc is the effective density of states at conduction band, Dn is
lectron diffusion coefficients, ˚SB0 is the Schottky barrier height
nd ϕbi0 is the built-in potential without polarization charges. Many
tudies have investigated the effect of polarization charges on SBH
34,35]. After the polarization, the SBH of one dimensional M-S

odel will be decreased to ˚SB [33]:
SB = ˚SB0 −
q�polarW

2
polar

2εs
(4)
ith asymmetric SBHs in dark environment. The inset is lg I-V curve. (b) I-V curves
 voltage for 8 h. (d) Calculated SBH values from the left end (−2 V to 0 V) and right

“Schottky-to-Schottky” contact

SBH of metal-semiconductor contact greatly influences the car-
rier transport process. An appropriate tuning of SBHs can effectively
promote the sensing performance of SHB-based sensors [37,38].
According to above results, triboelectric voltage was an efficient
method to tune the SBH, which meant it can be used to improve the
UV photoresponse performance. To verify this assumption, we fab-
ricated ZnO//Ag sensors with two  Schottky contacts on both ends
(i.e., “Schottky-to-Schottky” contact). This sensor showed a very
low dark current and a high photoresponse current under UV light
without treatment by triboelectric voltage (Fig. 4a), which proved
its suitability for UV detection. Then the sensor was  treated by tri-

boelectric voltage for different times (Fig. 4b) to lower its SBH.
Compared with Fig. 4a, the photoresponse current at + 2 V was
significantly enhanced from 93 nA to 527 nA after 20 times of treat-
ment (Fig. 4b). The lowered SBH was  consistent with the variation
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ig. 3. Polarization model and SBH variation diagram. (a) Initial Schottky contact of 

re  accumulated at the contact interface. After polarization, the SBH was decreased
t  the opposite direction, the accumulated positive charges vanish gradually, and th

rend of increased photoresponse current (Fig. 4b). SBH gradually
ecreased with the treatment times, the amount of lowered SBH
eached to the maximum after 100 times of treatment (Fig. 4c),
nd the corresponding photoresponse current also reached to max-
mum value (Fig. S10). After withdrawing triboelectric voltage, the
-V curves of UV response gradually recovered to initial state within

 h (Fig. S11). The response currents were recorded after treatment
or different times from 0 to 300 times (Figs. 4d and S10).

As shown in Fig. 4d and g, when this ZnO//Ag sensor was exposed
o UV light, the photoresponse current rose quickly first, then
ncreased slowly to the maximum value, it took about 7 s. After
urning off UV light, the photoresponse current fell off rapidly to the
aseline, it took about 4 s, which proved that the primary ZnO//Ag
ensor has good photoresponse performance at the moment of
urning on/off the UV light. The on/off ratio reached to about 590
ithout treatment by triboelectric voltage. The rising edge and

alling edge of the response curve have some degree of slope. After
he sensor was treated for 50 times, the photoresponse current was
remendously raised near to tenfold. Additionally, the shape of pho-
oresponse current curve is more similar to a rectangle (Fig. 4d and
). The photoresponse current rose rapidly to the maximum value
nd then fell fast to the baseline, this change indicated a largely
mproved photoresponse performance after the treatment by tribo-
lectric voltage, including the response rate and on/off ratio. When
he treatment times was more than 100, the UV photoresponse
urrent achieved the optimal performance in terms of the sensi-
ivity and on/off ratio. The response curves became smoother and
ore like a rectangle shape with vertical raising edges and falling
dges. The on/off ratio reached up to about 10,400, which was  much
igher than that of primary ZnO NMWs  without treatment. The
g. (b) Oxygen (O) vacancies are driven by triboelectric voltage, the positive charges
 ˚SB0 to ˚SB . (c) After withdrawing triboelectric voltage, O vacancies diffuse slowly

 recovers from ˚SB to ˚SB0.

improved photoresponse performance verified that the treatment
by triboelectric voltage can be an effective method to tune the SBH
and enhance the photoresponse performance of Schottky-junction-
based UV sensor.

The photoresponse current was  defined as the difference of
photocurrent and dark current (Iuv – Idark). The rising time was
defined as the time from 10 % to 90 % of the maximum photocur-
rent. The falling time was  defined as the time from 90 % to 10
% of the maximum photocurrent. The on/off ratio was defined as
R=(Iuv – Idark)/Idark [39,40]. After the device was  treated for 50
times, the maximum photoresponse current was  greatly enhanced
from 150 nA to about 1600 nA (Fig. 4d and h). Compared with
the original sensor, the photoresponse current increased by 966.7
% after the treatment. The photoresponse current was further
enhanced from 1600 nA to about 2660 nA after 100 times of treat-
ment. The increase of photoresponse current reached up to 1673.3
% (Fig. 4d and i).

As shown in Fig. 4e, the photoresponse current and dark current
were recorded as Imax and Imin, respectively. The Imax and Imin were
plotted with treatment times. Both the Imax and Imin increased with
the treatment times. The values of Imax and Imin reached to the max-
imum and kept stable after 100 times and 200 times of treatment,
respectively. These results were consistent with the variation of
SBH in Fig. 4c. Additionally, the photoresponse rate and recovery
rate were also improved remarkably (Fig. 4f). Both the rising time
and falling time were all obviously shortened. For the rising time,
it was shortened from 6.77 s to 1.05 s, the sensitivity enhancement

was 544.76 % in rising edge. For the falling time, it was shortened
from 2.72 s to 0.38 s, the sensitivity enhancement was 615.79 %
in falling edge. Compared with previous work, the sensing perfor-
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Fig. 4. Tuning the SBH of ZnO//Ag UV sensor with “Schottky-to-Schottky” contact by triboelectric voltage for enhanced UV detection. (a) Photoresponse curves without
treatment by triboelectric voltage. (b) I-V curves with UV exposure after different times of treatment from 0 to 20 times. (c) SBH variation with treatment times under UV
exposure. (d) Enhanced UV photoresponse after treatment by triboelectric voltage for different times. 0 times (left), 50 times (middle) and 100 times (right). (e) Photoresponse
current and dark current variation with treatment times. (f) Rising time and falling time of the photoresponse current. (g-i) Enlarged view of photoresponse current in (d)
reflecting the detailed shape change of current curve.

Table 1
Comparison of sensing performance of ZnO-based UV sensors.

Photodetector Bias Power density On/off ratio Rise time Falling time Ref.

Single ZnO NMW  2 V 0.32 mW cm−2 1.04 × 104 1.05 s 0.38 s This work
ZnO  nanofiber 1 V 77.5 �W cm−2 3.3 × 105 ≈100 s ≈50 s [7]
ZnO/CdO nanofiber 1 V 6.54 mW cm−2 104–105 ≈4 s ≈3 s [12]
ZnO  porous nanoparticle 5V 20 �W cm−2 7.2 × 104 ≈250 s ≈150 s [10]
ZnO-SnO2 nanofibers 10 V 0. 45 mW cm−2 4.6 × 103 32.2 s 7.8 s [41]
ZnO  nanotetrapod network 2.4 V 15−20 mW cm−2 4.5 × 103 ≈67 ms  ≈30 ms  [42]
ZnO-PbS nanofibers 10 V 7.02 mW cm−2 ≈103 9 s 2 s [43]
ZnO-Cu nanowire 1 V 0.8 mW cm−2 98 10.35 s 2 s [44]
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t
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t
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O

w

Sb-doped ZnO homojunction 3 V 60 mV cm
Cu-doped ZnO homojunction 5 V 0.25 mW cm−2

ZnO  nanowire/graphene foam 5 V 1.3 mW cm−2

ance of this ZnO//Ag UV sensor together with triboelectric voltage
reatment is outstanding (Table 1).

Besides the SBH, the depletion layer width can also affect the
V detection sensitivity, which can be explained by the proposed
nergy band diagram in Fig. 5. The oxygen adsorption and desorp-
ion played a key role in regulating the UV detection of ZnO//Ag
ensor. In dark condition, oxygen molecules adsorbed on nanowire
urface and captured free electrons from ZnO as negatively charged
ons, which formed a depletion layer with low conductivity near the
anowire surface (Fig. 5a):

(g) + e− → O− (ad) (5)
2 2

Once ZnO NMW  was exposed to UV light, electron-hole pairs
ere generated on nanowire surface, free holes were trapped by
33 15.2 s 20.3 s [45]
5.4 ≈50 s ≈200 s [46]
– 9.5 s 38 s [47]

oxygen ions and induced the desorption of oxygen molecules from
nanowire surface. The SBH decreases from ˚1 to ˚2 (Fig. 5b):

h+ + O−
2 (ad) → O2(g) (6)

Meanwhile, the desorption of oxygen molecules from depletion
region near contact interface also resulted in the lowering of SBH
and contributed to the increase of photoresponse current. With
treatment by triboelectric voltage, the width of depletion region
was broadened from Wd1 to Wd2 (Fig. 5a–c) according to the fol-
lowing equation [30]:

Wd =
√

2εs (ϕbi0 − V − kT
) (7)
qNd q

where Wd represents the depletion region width, V is the applied
triboelectric voltage on ZnO//Ag sensor, Nd is the doping concentra-
tion, q is the electron charge. The increase of the depletion region
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ig. 5. Energy band diagram illustrating the variation of SBH and depletion region
esorption of oxygen molecules before and after UV exposure without treatment b
fter  UV exposure with treatment by triboelectric voltage.

idth (Wd) means that the amount of adsorbed oxygen molecules
as increased in the depletion region, it caused a larger amount of

ncreased SBH from ��1 to ��2, which in turn affected the oxy-
en desorption amount under UV exposure. Once the sensor was
xposed to UV light, the amount of lowered SBH will also be larger
i.e., ��2>��1) due to the oxygen desorption in the depletion
egion, which contributed to the increase of photoresponse current.

onclusions

In summary, the SBHs of ZnO//Ag sensor were lowered suc-
essfully by triboelectric voltage, including Schottky-to-Ohmic
ontact, Ohmic-to-Ohmic contact and Schottky-to-Schottky con-
act. A polarization model was proposed that triboelectric voltage

nduced the polarization and drove the oxygen vacancy to accu-

ulate at the contact interface, lowering the SBHs. High sensitive
V detection was achieved by lowering the SBH of Schottky-to-
chottky contact. Both the lowered SBH and broadened depletion
h (Wd) before and after treatment by triboelectric voltage. (a) Adsorption and (b)
electric voltage. (c) Adsorption and (d) desorption of oxygen molecules before and

region width contribute to enhancing the UV response perfor-
mance. For “Schottky-to-Schottky” contact, the photoresponse
rates were significantly enhanced by 645 % and 716 % at raising
edge and falling edge, respectively. The on/off ratio of photore-
sponse current was  greatly increased from 590 to 10400. This study
may  provide new thinking and avenue for tuning SBH of metal-
semiconductor contact, which will greatly broaden the application
scenarios of Schottky junction-based sensors, such as biomolecular
detection, gas sensing, UV detection and other related objectives.

Experimental section

Synthesis of ZnO NMWs
ZnO NMWs  in this experiment were synthesized by a
vapor-liquid-solid growth method. An uniform mixture of ZnO
nanopowder (1 g) and activated carbon powder (1 g) was  put in
an alumina boat, which was  placed in the middle position of a tube
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urnace in argon and oxygen atmosphere. A silicon substrate was
eposited with a 5 nm of gold film on its surface. Then the sub-
trate was put horizontally on the top of the alumina boat, and the
old surface faced down. The tube furnace was heated at 960 ◦C for

 h. The gas flow rate of argon and oxygen were 60 sccm and 20
ccm, respectively. The as-synthesized NMWs  were collected after
he reaction was fully completed.

abrication of ZnO//Ag UV sensor

The ZnO//Ag UV sensor was fabricated by transferring and bond-
ng an individual ZnO NMW  laterally onto a precut sheet glass
ubstrate, with its c-axis pointing to the source in the plane of the
ubstrate. Moderate amounts of silver paste was used to fix the
wo ends of ZnO NMW,  acting as the source and drain electrodes,
espectively. Two leading wires were connected to the silver paste
or electrical performance measurement.

abrication of TENG

To fabricate the TENG for treating ZnO//Ag UV sensor, two acrylic
lates were shaped by a laser cutter to act as the supporting sub-
trates (10 cm × 10 cm × 4 mm)  of TENG. 2 mm thick 3 M tapes
ere adhered to the plates as spacers. At the four corners of acrylic

lates, four holes were drilled for spring installation. A thin layer of
opper film (thickness, 100 nm)  was deposited on Kapton film to
erve as back electrode. The prepared Kapton film with a dimension
f 7.5 cm × 7.5 cm × 100 �m was fixed on one acrylic substrate.

 precut polished aluminum foil with a dimension of 7.5 cm × 7.5
m × 200 �m was fixed on another acrylic substrate. Then four coil
prings were assembled on the top and bottom acrylic substrates.
inally, two leading wires were connected to the back electrode and
luminum foil for further electrical performance measurement.

aterial characterization and electrical measurement

The microstructure of ZnO NMWs  were characterized using
canning electron microscope (SEM; HITACHI, SU8020) and optical
icroscope (OM; Nikon, ECLIPSE LV100ND). The current-voltage

haracteristics of the as-fabricated UV sensors were measured by a
emiconductor characterization system (KEITHLEY, 4200-SCS). The
V response characteristics of ZnO NMWs  and electrical output of
ENG were recorded using a digital oscilloscope (Teledyne LeCroy,
DO6104) and an electrometer (Keithley, 6517B). The wavelength
nd power of the used UV light were 365 nm and 0.32 mW/cm2.
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