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The response of semiconductor nanowire UV sensors represented

by ZnO nanowire UV sensor is usually explained by the adsorption

and desorption of oxygen molecules, but with the great increase

of these sensors’ on/off ratio in recent years, this explanation is

inadequate and the inner mechanism for the large on/off ratio

urgently needs to be explored. Here, the distribution of carrier

concentration in a ZnO nanowire is found to be determined as a

function of the radius of the nanowire, using a calibrated surface

photovoltage method and space charge model. A critical radius is

indicated which determines the carrier concentration and photo-

response behavior of the nanowire. When the radius is below this

critical value, the carrier concentration in the dark decreases dra-

matically compared with that of the nanowire under UV light illu-

mination. Specifically, a decrease of carrier concentration by 4–5

orders of magnitude occurs when the radius is below 50 nm,

which causes the on/off ratio to vary by the same orders of magni-

tude. When the radius is above the critical value, the influence of

radius on carrier concentration is nonsignificant and the on/off

ratio is below 100. Finally, we found that the high on/off ratio of

the ZnO nanowire should be ascribed to the complete depletion of

the nanowire led by the interplay of radius and surface band

bending rather than the change in width of the depletion layer as

most papers have suggested.

Introduction

Zinc oxide nanowire UV photodetectors have attracted consider-
able interest because of their high on/off ratio (defined as the
current under UV light divided by the current in the dark),1–3

fast response,4–6 and potential applications in sensing, imaging
and optical switches.7 The UV photoresponse of nanowire is

usually ascribed to the effect of surface band bending, as
depicted in Fig. 1: in the dark, the upward band bending and
depletion layer are formed near the surface because the free
electrons of n-type nanowires near the surface are captured by
the adsorbed oxygen molecules.8 While under UV light, the
photo-generated holes migrate to the surface under the
electric field created by the band bending and neutralize the
negatively charged oxygen molecules,9,10 which leads to the
decrease of the depletion layer’s width and the enhancement of
conductivity.11 The high on/off ratio of nanowires is thus gener-
ally ascribed to the change in the width of the depletion
layer.1–3,5,8–14

However, this intuitive explanation ignores the effect of the
nanowire’s radius, which may have the same or even smaller
dimensions compared with the width of the depletion
layer.15,16 The surface band bending would be radius-
dependent,16–18 and correspondingly influence the distri-
bution of carrier concentration along the nanowire.12,19 To
unearth the origin of the high on/off ratio, both the surface
band bending and the distribution of carrier concentration
along the nanowire should be quantified with the effect of
radius taken into consideration.

In this study, by eliminating the influence of stray capaci-
tance during measurement through a calibration method, the

Fig. 1 The mechanism usually invoked for ZnO UV photodetectors: in
the dark, the conduction band bends upwards and the surface is
depleted because of the chemisorption of oxygen molecules; while
under UV light, the photo-generated holes migrate to the surface and
neutralize the chemisorbed oxygen. The surface band bending is
flattened and the width of the depletion layer decreases, so the conduc-
tivity of the nanowire is strengthened.
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surface barrier heights of ZnO wires with different diameters
are precisely characterized using Kelvin probe force
microscopy (KPFM). The barrier height remains at 0.335 eV
when the diameter is large enough. However, when the dia-
meter is less than around 120 nm, the variation in surface
band bending led by UV light illumination is decreased and
the measured barrier height decreases. This phenomenon is
caused by the complete depletion of the nanowire, which is
also evidenced by the positive shift in threshold voltage of the
filled effect transistor and the dramatic decrease of dark
current, when the diameter of the ZnO nanowire is below the
critical value. According to a simulation based on the space
charge model, the complete depletion of the nanowire would
lead to the increase in the distance between the Fermi level
and the conduction band, and the carrier concentration would
decrease by several orders of magnitude (104–105).
Illumination by UV light with enough intensity would cause
the carrier concentration to return to its original level and cor-
respondingly a high on/off ratio, increased by the same orders
of magnitude. Conversely, if the radius is larger than the criti-
cal value, illumination by UV light only leads to the change in
width of the depletion layer, and the on/off ratio is less than
100. Thus, the high on/off ratio of the nanowire UV photo-
detector is ascribed to the complete depletion of the nanowire
led by the interplay of radius and surface band bending rather
than the change in the width of the depletion region as most
papers have suggested.

Results and discussion

To quantify the surface band bending, surface photovoltage
(SPV) measurement based on KPFM is a widely-used method,
which can measure the contact potential difference (CPD,
defined as the difference in work functions) between sample
and tip, and the surface band bending is measured as the vari-
ation of CPD after UV light illumination.20–22 However, the
stray capacitance between components (tip, cantilever, sub-
strate, and sample) during the KPFM detection has a strong
influence on the measurement, especially when the sample is
a nanowire or nanoparticle.23–26 The CPD between sample and
tip is weighted by the CPD between substrate and tip,27–29 as
eqn (1) describes,

γðΦtip �ΦsubstrateÞ þ ð1� γÞðΦtip �ΦsampleÞ ¼ CPD; ð1Þ
γ is the weight of the substrate, and Φ represents the corres-
ponding work function indexed by the subscript. The weight
of the substrate depends on the capacitance between different
components (probe, sample and substrate) in measurement.

Soudi, Hsu, and Gu detected the surface barrier height of
ZnO nanowires with different diameters using SPV, and found
that the surface barrier height increased as the diameter
decreased.12 Conversely, Wang and Gu also detected the band
bending of ZnO nanowire using the same method, but found
the opposite correlation between the barrier height and dia-
meter.30 This discrepancy indicates that in order to obtain the

accurate CPD of the sample and corresponding accurate
surface band bending, the effect of stray capacitance must be
eliminated and the weight of the substrate must be quantified.
For this purpose, the following calibration method is devel-
oped. Since the capacitance between different components
only depends on the geometric configuration, keeping the
probe, height of the sample (diameter of ZnO wires in our
experiment) and the tip–sample distance the same, the capaci-
tance between different components would remain the same,
which leads to equal weight of the substrate. By detection of
the CPDs of ZnO nanowires with equal diameter on substrates
with different work functions, the weight of the substrate can
be quantified by taking eqn (1) into consideration. In our
experiments Au and Cr films sputtered on heavily doped
silicon wafer are used as substrates. Their work functions are
firstly calibrated using highly oriented pyrolytic graphite
(HOPG, work function is 4.70 eV).31 The measured work func-
tions of Au and Cr are 5.05 eV and 4.50 eV respectively, consist-
ent with the reported values.32,33

Using the method described above, the work functions of
ZnO wires with different diameters, in the dark or under UV
light, were detected on Au and Cr substrates. The tip and para-
meters during measurement were kept the same. Typical
KPFM measurement results of ZnO nanowire with radius
around 100 nm are shown in Fig. 2(a) and (b). In the dark, the
CPDs of Au and Cr are −595 mV and −37 mV, while those of
ZnO nanowires are −551 mV on Au and −78 mV on Cr. Under
UV light, the surface barrier height decreases, which leads to
the increase of CPD. The CPD of ZnO nanowire on Au
increases from −551 mV to −497 mV, while that on Cr
increases from −78 mV to −42 mV. These results give a clear
demonstration of the influence of stray capacitance on the
measured CPD of ZnO nanowire, which is weighted by the
CPD of the substrate.

The potential profiles over ZnO wires with different dia-
meters are shown in Fig. 2(c) (in the dark) and Fig. 2(d) (under
UV light). The work function of Au has been chosen as the
reference point, thus the potential of Cr would be 550 mV. The
detected potential difference between ZnO and substrate
increases when the diameter increases, because the weight of
the substrate decreases when the distance between cantilever
and substrate becomes larger. This is more dramatic when
detecting the potential of ZnO wires on Au substrate under UV
light, since the difference in work functions of Au and ZnO
under UV light is larger compared with that of Cr and ZnO
under UV light. The relationship between the potential and
the diameter of ZnO wires is shown in Fig. 2(e) (in the dark)
and (f) (under UV light). The black and red dots are the experi-
mental results, maroon and blue dots are the calibrated poten-
tials in the dark and under UV light respectively, and curves
are the fitted results. The error bar refers to the standard devi-
ation of potential on ZnO wires. Using the detected potentials
of ZnO wires with almost equal diameter on Au and Cr respect-
ively, the weight of the substrate can be deduced and the cali-
brated potentials of ZnO wires are shown as dark red and blue
dots in Fig. 2(e) and (f ). The work functions of ZnO wires in
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the dark and under UV light are calibrated as 4.752 eV (±0.029
eV) and 4.417 eV (±0.029 eV) and the barrier height on the
surface is 0.335 eV. The work function of ZnO wires in the
dark is independent of the diameter, while that under UV light
increases from 4.417 eV to 4.528 eV when the diameter
decreases to around 120 nm. This is ascribed to the complete
depletion of the ZnO nanowire, which will be fully explained
later.

To verify the accuracy of the deduced work function, field
effect transistors (FETs) made of ZnO wires were used for com-
parison. The representative transport characteristics, i.e.
source–drain current versus gate voltage, are shown in Fig. 3(a)
and (b). The voltage between source and drain is fixed at
1 V. The FET made of a ZnO microwire with 0.73 μm diameter
is depleted at −40 V, exhibiting the property of an n-type semi-
conductor, shown in Fig. 3(a). The work function of a ZnO
microwire can be deduced using the following equations:34

n ¼ 2εε0VGT

ln
2h
r

� �
er2

; ð2Þ

EC � EF ¼ kT ln
NC

n

� �
; ð3Þ

where n is the carrier concentration, ε (3.9) and ε0 (8.9 × 10−12

F m−1) are the relative dielectric constant of SiO2 and vacuum
permittivity, VGT is the threshold voltage, h (300 nm) is the
thickness of the SiO2 layer and r is the radius of the ZnO
microwire, EC is the conduction band level and EF the Fermi
level, and NC (3 × 1018 cm−3) is the effective density of states in
the conduction band.12 Since the electron affinity of ZnO is
4.35 eV, the carrier concentration and work function of ZnO
microwire are calculated as 2.62 × 1017 cm−3 and 4.413 eV
respectively, in agreement with the 4.417 eV deduced from
KPFM measurement. The FET device made of ZnO nanowire
with 140 nm diameter is switched on at 7.5 V, which is an
enhancement-mode behaviour as shown in Fig. 3(b). The cal-
culated carrier concentration and work function of ZnO nano-
wire are 3.09 × 1017 cm−3 and 4.409 eV, respectively, still con-
sistent with the KPFM measurement result.

The positive shift in threshold voltage when the diameter
decreases is caused by the complete depletion of the ZnO
nanowire: the depth of the depletion layer in ZnO wire is
usually around 100 nm,15,17 which is negligible compared to
the large diameter (0.73 μm), thus the first device exhibits the
typical property of an n-type semiconductor, depleted and
switched off at a negative threshold gate voltage. However,
when the depth of the depletion layer is larger than the radius,
the ZnO nanowire is totally depleted and has a positively
charged interior in the absence of a gate voltage. In this case,
a positive gate voltage is needed to switch it on and compen-
sate the positive charges in the nanowire. This phenomenon
has been widely reported and generally ascribed to the com-
plete depletion of the nanowire.17,24

According to the space charge model, the distributions of
potential and carrier concentration in ZnO nanowire are gov-
erned by the following equations:35

ΔVð~rÞ ¼ � ρð~rÞ
εε0

; ð4Þ

ρð~rÞ ¼ qðnDþ � pA� þ pð~rÞ � nð~rÞÞ; ð5Þ

Fig. 2 The KPFM measurement results: (a) measured on Au film;
(b) measured on Cr film. Potential profiles over ZnO wires with different
diameters on Au and Cr films: (c) in the dark; (d) under UV light. The
relationship between the detected potential and the diameter of ZnO
wires: (e) in the dark; (f ) under UV light. The black and red dots are the
experimental results, maroon and blue dots are the calibrated potentials
in the dark and under UV light respectively, and curves are the fitted
results. The work functions of ZnO wires in the dark and under UV light
are calculated as 4.752 eV (±0.029 eV) and 4.417 eV (±0.029 eV) and the
barrier height is 0.335 eV.

Fig. 3 The representative transfer characteristics of FETs made of ZnO:
(a) microwire with 0.73 μm diameter; (b) nanowire with 140 nm dia-
meter. The gate threshold voltages are −40 V and 7.5 V respectively, and
the deduced work functions are 4.413 eV for microwire and 4.409 eV
for nanowire. The insets are SEM photos of the devices.
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1
q
~∇ðqμnn~Eþ qμDn~∇nÞ

¼ � 1
q
~∇ðqμpp~Eþ qμDp~∇pÞ ¼ 0;

ð6Þ

where Vð~rÞ is the potential, defined as zero when the band is
flat and negative when the band bends upward. r is the dis-
tance from the core of the ZnO wire, ρð~rÞ is the charge density
at r, nD

+, pA
−, pð~rÞ, nð~rÞ are the concentration of donor, accep-

tor, holes and electrons respectively. The concentration of
impurity is assumed to be constant throughout the whole ZnO
wire, and can be obtained using the electric neutrality con-
dition in the core of the wire. The concentrations of electrons
and holes follow the Maxwell–Boltzmann approximation.

For microwire, the depth of the depletion layer is less than
the radius, thus the boundary conditions are as follows: V(0) =
Vb,V′(0) = E(0). Vb is the surface barrier height, and E(0) is the
electric field on the surface, obtained by integrating eqn (5).
When the depth of the depletion layer is larger than the
radius, the derivative of potential to r rather than potential at
the core is zero because of the symmetry, thus the following
boundary conditions are used: V(0) = Vb,V′(d ) = 0, where d is
the radius of the nanowire. Using the 335 meV surface barrier
height, the depth of the depletion layer is calculated as
80.7 nm, thus a ZnO nanowire with radius less than this value
would be depleted throughout the whole wire. We define this
depth as the critical radius rcrit. The surface state density can
be deduced as 3.17 × 1011 cm−2.

The potential distribution and the carrier concentration dis-
tribution in ZnO nanowires with different diameters are
shown in Fig. 4. When the radius is less than the critical
radius, 50 nm or 20 nm for instance, the potential at the core
of the wire is around −0.1 V or −0.3 V respectively, as shown in

Fig. 4(b) and (c). Accordingly, the carrier concentration’s order
of magnitude at the core changes from 1017 cm−3 (80.7 nm) to
1015 cm−3 (50 nm) and 1012 cm−3 (20 nm), a decrease of five
orders of magnitude, shown in Fig. 4(e and f). Meanwhile, the
electric field in the depletion layer also decreases along with
the decrease of diameter, since the distance between the
Fermi level and conduction band increases while the surface
barrier height remains the same. When the radius of the nano-
wire is 80.7 nm, 50 nm or 20 nm, the corresponding electric
field intensity near the surface is 1.1 × 107 V m−1, 9.2 × 106 V m−1

or 3.7 × 106 V m−1 respectively. This can explain the 111 mV
(from 4.417 eV to 4.528 eV under UV light) difference in potential
detected by KPFM when the diameter is around 120 nm, as
shown in Fig. 2f. Under UV light with the same intensity (around
20 μW cm−2 in our experiment), the separation of photo-gener-
ated holes and electrons would be weakened by the decrease of
the electric field, which leads to a smaller decline of the surface
barrier height, compared with that of the ZnO wire with radius
larger than the critical radius.

To evaluate the dramatic decrease of carrier concentration
caused by the decrease of radius, the relation between dark
current and radius of ZnO nanowires reported in the literature
was calculated, as shown in Fig. 5a as red dots (ZnO nanowire
UV sensors with ohmic contacts,1,2,5,9,11,36–43 parameters are
listed in Table 1). The reported dark currents are compared
with the simulated carrier concentration at the core of the

Fig. 4 The potential distributions in ZnO nanowires with different radii.
(a) 80.7 nm, potential at core is zero; (b) 50 nm, potential at core is
−0.1 V; (c) 20 nm, potential at core is −0.3 V. The carrier concentration
distributions in ZnO nanowires with different radii: (d) 80.7 nm, the con-
centration’s order of magnitude is around 1017 cm−3 at the core;
(e) 50 nm, the order is 1015 cm−3; (f ) 20 nm, the order is 1012 cm−3.

Fig. 5 (a) Dark currents versus radius of ZnO nanowires reported in
previous papers.1,2,5,9,11,36–43 (b) The on/off ratio versus the radius of
ZnO nanowire. The lines refer to simulation results while stars are the
results reported in previous papers.1,2,5,9,11,36–43 (c) The ZnO wires show
two distinct responses to UV light illumination: when radius r > rcrit, illu-
mination by UV light leads to the change in width of the depletion layer
while the core of the ZnO wire remains neutral. When r < rcrit, the whole
wire is depleted and the distance between the conduction band and
Fermi level is enlarged. This distance would decrease under UV light
because of the migration of photo-generated holes to the surface. In
this way, the carrier concentration would increase by several orders of
magnitude.
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nanowire (shown in Fig. 5(a) as blue squares). Although
different voltages, UV light intensity, and electrode spacings
were used in different papers, a sharp drop in dark current is
clearly observed when the radius is below around 80 nm, and
it decreases by five orders of magnitude when the radius
decreases to around 20 nm, consistent with the KPFM
measurement and simulation results. When ZnO nanowire is
placed under UV light illumination with sufficient light inten-
sity, the surface band bending is fully suppressed and the
carrier concentration recovers to that of ZnO nanowire without
adsorption. Using the distribution of carrier concentration, the
total amount of carriers can be calculated, and the on/off ratio
of the UV photo response can be calculated as the ratio of the
amount of carriers under UV light and that in the dark. The
dependency of the on/off ratio on the radius of the ZnO wire is
shown in Fig. 5b. When the radius is larger than the critical
radius, the on/off ratio is below 10, while when the radius is
below the critical radius, its further decrease leads to a dra-
matic increase of on/off ratio. A radius around 25 nm leads to
an on/off ratio as high as 105, which is comparable to the
decrease in orders of magnitude of the carrier concentration at
the core. The results reported in previous papers are indicated
by the blue stars in Fig. 5b, and the distribution is in accord-
ance with our simulation results. The ZnO nanowire shows
two distinct responses to UV illumination, as illustrated in
Fig. 5c. When the radius is larger than the critical radius, the
conduction band bends upward around the surface and its
height as well as the width of the depletion layer decrease
under UV light. The core of the nanowire remains electrically
neutral which restricts the on/off ratio, and the change in con-
ductance is caused by the change in width of the depletion
layer. When the radius of the nanowire is less than the critical
radius, the whole nanowire is depleted, which means the dis-
tance between the conduction band and the Fermi level is
enlarged along the whole wire, while under UV light, this dis-
tance decreases because of the migration of photo-generated
holes to the surface. The carrier concentration along the wire
increases by several orders of magnitude and leads to the high
on/off ratio.

Conclusions

In summary, the barrier height on a ZnO wire surface was
precisely detected using a calibration method based on
KPFM, which can quantify and eliminate the influence of
stray capacitance experimentally. The result was compared
with that measured by FET. In both KPFM and FET measure-
ments, a critical radius was detected, below which, the
surface electric field decreases and the threshold gate voltage
shifts from negative to positive value. Based on the experi-
mental results and space charge model, the distributions of
potential and carrier concentration on the cross sections of
ZnO wires were simulated numerically. The critical radius
detected by experiment is explained by the complete
depletion of the wire when the radius is smaller than the
critical radius. Based on our experiments and simulation
results, the high UV photoresponse of ZnO nanowire is
ascribed to the complete depletion of the wire which causes
the decrease in carrier concentration by several orders of
magnitude rather than the change in width of the depletion
layer as most papers have suggested.

Fabrication and measurement
Fabrication process of FETs

ZnO microwires and nanowires were transferred by dropping
and drying a ZnO wire-ethanol suspension on silicon wafer
with 300 nm thick oxide. The silicon wafers were highly p-type
doped and served as back gate electrode. In the fabrication of
the microwire FET, metal source and drain electrodes consist-
ing of In/Ag were made by magnetron sputtering and a photo-
lithography and lift-off process. In the nanowire FET, W metal
electrodes were made by focused ion beam. Good Ohmic con-
tacts were formed in both devices.

KPFM measurement

The KPFM measurement was based on a commercial atomic
force microscope (Dimension Icon, Bruker), using amplitude

Table 1 Comparison of photoresponse parameters of the ZnO nanowire UV photodetectors with Ohmic contacts

Diameter (nm) Dark current (A) Photo current (A) On/off ratio UV light Ref.

40–60 3.5 × 10–11 3.5 × 10−6 100 000 — 36
100–220 1.15 × 10−8 4.72 − 10−6 414 0.5 mW cm−2 37
200 2 × 10−8 1.6 × 10−7 8 — 38
100 5 × 10−10 2 × 10−5 40 000 48 mW cm−2 5
50–80 2.2 × 10−9 1 × 10−5 4500 0.5 mW cm−2 39
100 1.78 × 10−8 1.15 × 10−5 646 9.7 μW cm−2 11
110–130 4.86 × 10−8 1.27 × 10−4 2600 — 9
70 3 × 10−10 2 × 10−5 50 000 1.4 mW cm−2 40
270 3 × 10−8 1.04 × 10−5 261 — 41
150–300 8 × 10−9 3 × 10–4 37 500 40 mW cm−2 2
60 2 × 10−12 1 × 10−7 50 000 0.3 mW cm−2 1
250 2 × 10−7 9 × 10−7 4.5 1.5 mW cm−2 42
400 — — 2.6 — 43
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modulation mode and an MESP probe (Co/Cr coated). Au and
Cr films sputtered on heavily doped Si wafer were used as sub-
strates. The measurement system is schematically shown in
Fig. 6(a). To calibrate the work functions of the substrates, the
CPDs of Au, Cr and HOPG were measured using the same
probe, and the potential distributions were counted over a
space of 1 μm × 1 μm. The mean potentials were −90 mV,
457 mV and 253 mV for Au, Cr and HOPG, which are consist-
ent with their work functions, 5.05 eV, 4.50 eV and 4.70 eV
respectively.

Calibration of the weight of substrate

By detection of the CPDs of ZnO nanowires with the same dia-
meter on Au and Cr substrates, the weight of the substrate can
be calculated by taking eqn (1) into consideration. Results are
shown in Fig. 6(b) as squares and dots, which represent results
in the dark and under UV light respectively.

Alternatively, the weight of the substrate depends on the
derivative of the capacitance to the tip–sample distance:

γ ¼
@ðC2 þ C4Þ

@z
@ðC1 þ C2 þ C3 þ C4Þ

@z

; ð7Þ

where C1, C2, C3, C4 are capacitances between different com-
ponents as shown in Fig. 6(a). C1 refers to the capacitance
between tip and sample, C2 refers to that between cantilever
and substrate, C3 refers to that between tip and substrate, C4

refers to that between cantilever and sample, and z is the dis-
tance between tip and sample. To evaluate the influence of
stray capacitance, previous works mainly focused on the simu-
lation of capacitance C1, i.e., the capacitance between tip and
sample, and C2, the capacitance between cantilever and
substrate.44–48 C1, C2 are modelled as:

@C1

@z
¼ � ε0πR2

ZðZ þ RÞ ; ð8Þ

@C2

@z
¼ � ε0S

ZðZ þ H þ hÞ ; ð9Þ

where R represents the radius of the tip (35 nm for MESP),
H is the height of the tip (150 nm for MESP), S is the area of
the cantilever (6300 μm2 for MESP) and h is the diameter of

the ZnO wire. The weight of substrate γ is a function of the
sample’s height if stray capacitance C3 and C4 are
neglected:

γ ¼ 1

1þ 2πR2ðZ þ H þ hÞ2
ZðZ þ RÞS

¼ 1

1þ αðβ þ hÞ2 ; ð10Þ

This relation is used to fit the calibrated weight of the sub-
strate for ZnO wires with different diameters, shown in
Fig. 6(b) as curves. As indicated by the label in Fig. 6(b), the
colour of the curves indicates the measurement situation: on
Au/Cr film in the dark or on Au/Cr film under UV light. The
label ‘model’ refers to the fitting with C3 and C4 neglected. It
is clearly shown that neglect of the stray capacitance C3 and C4

leads to the underestimation of the weight of the substrate.
Experimental determination of the substrate’s weight is
necessary for accurate measurement.
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