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ZnO UV photodetector with controllable quality factor and
photosensitivity
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and R. G. Lacerda
Departamento de Fı́sica, Universidade Federal de Minas Gerais, Belo Horizonte, MG, CEP:
30123-970, Brazil

(Received 24 June 2012; accepted 23 January 2013; published online 1 February 2013)

ZnO nanowires have an enormous potential for applications as ultra-violet (UV)
photodetectors. Their mechanism of photocurrent generation is intimately related with
the presence of surface states where considerable efforts, such as surface chemical
modifications, have been pursued to improve their photodetection capabilities. In
this work, we report a step further in this direction demonstrating that the relative
photosensitivity and quality factor (Q factor) of the photodetector are entirely tunable
by an applied gate voltage. This mechanism enables UV photodetection selectivity
ranging from wavelengths from tens of nanometers (full width at half maximum -
FWHM) down to a narrow detection of 3 nm. Such control paves the way for novel
applications, especially related to the detection of elements that have very sharp
luminescence. Copyright 2013 Author(s). This article is distributed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4790633]

I. INTRODUCTION

Semiconductor Nanowires (NW) with novel functionalities have attracted great interest for
electronic applications such as piezoelectronics energy conversion devices,1–4 as well as sensors,5–9

memory10 and optical devices.11–16 Among such systems, ZnO has always stood out due to its
attractive wide band gap (3.37 eV at room temperature) with a high exciton binding energy
(60 meV), which makes it appropriate for short wavelength optoelectronic applications, such as
ultra-violet (UV) detectors, and UV and blue light emitting devices.11, 17, 18 Despite the extensive
research and the achieved progress, the integration of ZnO nanowires as a complete optoelectronic
device is still a challenge. In the past decade some important advances have been made in this
direction. For instance surface chemical functionalization has been used to improve the ZnO photo-
detecting performance such as gain and response time.19, 20 This occurs because the surface trap states
affect the process of recombination and diffusion in ZnO.11, 12, 16 In addition, the development of ZnO
phototransistors has provided an extra parameter for the photocurrent switching behavior (ON/OFF),
where gate voltage is used to add or suppress charges in the nanowire.10, 21, 22 In this context, Kim
et al.23 have shown that a ZnO UV photodetector has its photosensitivity and time response depen-
dent on the gate voltage, which points to a tunable way of controlling the photodetector properties.
Here we show, for the first time, that the gate voltage can be used to externally manipulate the quality
factor of a ZnO NW photodetector. This control is due to the depletion or accumulation of charges
within the nanowire by the gate voltage either when it is absorbing light or not. This means that
when the intensity of the light is constant, the photocurrent generated has its maximum value at the
energy gap of the ZnO, following its absorption/photo-luminescence spectrum.17, 24 Consequently,
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FIG. 1. (a) Schematic cartoon of the ZnO nanowire transistor. (b) Isd versus Vsd for different values of Vg. The conductance
of the nanowire increases for positive Vg showing the n-type characteristic of the ZnO nanowire field effect transistor. Inset
on figure 1(b) shows a scanning electron microscopy image of the ZnO nanowire device (scale bar 1 μm).

the magnitude of threshold gate voltage (Vth) is the largest around the energy of the gap, allowing
us to use this parameter to squeeze the photodetection nearby this point; Vth is the gate voltage
necessary to deplete the charges in the nanowire. This approach leads to a controllable detection of
UV wavelengths ranging from tens of nanometers full width at half-maximum (FWHM) down to a
narrow detection of ∼3 nm. Indeed, we also observed that the maximum photosensitivity of the ZnO
photodetector is achieved when the gate voltage is settled as the Vth of the phototransistor without
shining light on it (dark condition). We believe that the realization of photodetectors with improved
quality factors has strategic importance and may ignite new applications such as the development of
suitable detectors of hazardous airborne elements that have very sharp luminescence.25, 26

II. SAMPLE FABRICATION

Zinc Oxide NWs are grown by a thermal oxidation process of Zn 99.9% pure foil. Details of the
growth conditions and analysis of the NW structure have been reported elsewhere.27 Briefly, a Zn
foil is inserted into an opened furnace at ambient air and heated at 500 ◦C for 2 hours. As result of the
Zn thermal oxidation, the Zn foil is covered by a “forest” of ZnO nanowires, with diameters ranging
from a few nanometers to hundreds of nanometers (ZnO crystalline composition was identified by
synchrotron x-ray diffraction and TEM).27 The nanowire dispersion on the SiO2/Si substrate for
device fabrication is performed in three steps. First, the foil is immersed in isopropyl alcohol and
ultrasonicated for 2 seconds. Afterwards, the resulting solution is deposited on heavily doped Si
substrate with a thermally grown 300 nm SiO2 film on the surface. The samples are then dried at
180 ◦C on a hotplate for 2 minutes. Finally, Cr/Au (5/200 nm) contacts are deposited on the isolated
NW using conventional optical lithography and metal deposition techniques and the heavily doped
Si substrate is used as a back gate (Fig. 1(a)).

III. RESULTS

The electrical behavior of the isolated ZnO nanowire device in dark condition is summarized
in Fig. 1(b). The linear behavior in the source-drain current (Isd) versus source-drain voltage (Vsd)
curves confirms the ohmic metal - ZnO contact. Appling Vsd = 1 V and changing the gate voltage
(Vg), we observe the expected n-type behavior of the ZnO nanowire and a corresponding ON/OFF
ratio of the order of 103 (Isd changes from nA to μA). In Fig. 2(a), the source-drain current versus
gate voltage for different incident wavelengths is shown. Analyzing the curve for dark condition
(Fig. 2(a) black line), it can be seen that for voltages below the threshold voltage (Vth = −13 V)
the current is suppressed indicating the depletion of charge carriers within the NW. The field effect
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FIG. 2. (a) Source-drain current (Isd) versus gate-voltage (Vg) for different values of incident wavelength (λ) for a fixed
source-drain bias of Vsd = 1 V. The Vth increases in modulus with the incident wavelength up to a peak around 371 nm.
(b) Isd as function of the wavelengths for different gate voltages (Vsd = 1 V). (c) Isd as a function of wavelengths at zero gate
voltage (Vg = 0 V). (d) Isd as a function of wavelengths at Vg = −40 V.

mobility is μ = 35 cm2/Vs and the carrier concentration at Vg = 0 V is n = 6×1016 cm-3, which
was calculated using μ = egL/CVsd and n = VthC/eAL where e is the elementary charge, g is the
transconductance, L is the length of the wire, Vsd is the source-drain voltage, C the capacitance and
A the cross sectional area of the nanowire extracted by scanning electron microscopy images.28, 29

The mobility and charge densities obtained are in good agreement with typical values reported
in the literature for ZnO nanowires.30–33 To further characterize the device, we measure the Vg

dependence of the photocurrent for a range of wavelengths (Iph(λ,Vg) = Isd(λ,Vg) - Idark(Vg)). The
light source was a “Halogen Lamp”, with a quasi-constant emission from 325 nm to 475 nm,
which was passed through a monochromator and then focused on the nanowire. No photocurrent is
observed for wavelengths larger than 380 nm and a maximum occurs at an incidence wavelength
of 371 nm, which corresponds to the band gap of the ZnO nanowire, Eg = 3.34 eV (Fig. 2(b)). For
this wavelength, the current flowing through the nanowire increases about 3 orders of magnitude
with respect to the current in dark condition. The carriers generated via photo absorption can be
considered as a variation of the carrier concentration (�n), in this quasi-equilibrium condition,
subjected to a uniform electric field.34 Therefore, in a phototransistor Vth proportionally varies with
the density of carriers which strongly depends on the surface states, the environment, temperature
and the incidence of light.35–37

When one measures the dependence of Isd as a function of the gate voltage for different incident
wavelengths (Fig. 2(a)), one can see that under photo-absorption, the photocurrent increases and Vth

shifts to larger amplitudes. This indicates an increase of the total density of charges in the nanowire.
Additionally, it is also important to point out that in the particular case of ZnO nanowires the
photo absorption spectrum typically has a narrow peak near the band edge in the exciton absorption
region.17, 24 Consequently, Vth also have its maximum value at the photoabsorption peak due to the
highest increase in carrier density. This direct dependence of the Vth with the energy of the incident
light opens a new application of ZnO phototransistors because the gate voltage can be used to make
the device more selective to certain frequencies. The gate voltage works as an externally adjustable
parameter that selects which range of wavelengths (around the band gap) creates a photocurrent,
therefore making the photodetector more selective to frequencies.

A careful analysis of Fig. 2(a) shows that for a fixed Vg < Vth the nanowire gets depleted
of charges, unless the photoabsorption is strong enough to generate free carriers. This effect can
be clearly observed in Fig. 2(b), where a photocurrent spectroscopy is shown as a function of the
gate voltage. At negative gate voltages, the intensity of the current decreases as the photo-detection
becomes restricted to wavelengths near 371 nm. Fig. 2(c) shows a comparative spectrum of the
photocurrents for Vg = 0 V, which resembles the photo-absorption spectrum, and Fig. 2(d) for
Vg = −40 V, where the photocurrent is generated only at wavelengths nearby 371 nm. In fact, our
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FIG. 3. (a) Quality factor as a function of the gate voltage. Inset, the photocurrent (Iph) as function of the shift of the threshold
gate voltage (�Vth) in respect to Vth at dark condition. (b) Relative photoconductivity as a function Vg and UV exposure at:
(c) Vg = 0 V, (d) Vg < 0 V and (e) Vg > 0 V.

results show an almost linear relation between the Iph and shift of the threshold gate voltage (�Vth)
in respect to the dark threshold voltage, see inset in the Fig. 3(a). This linearity indicates that the
photocurrent happens as consequence of an increase of the density of charges in the nanowire, as
predicted by the theory of diffusive transport of charges.

The effect of the gate voltage on the general performance of the photodetector is clearly no-
ticeable when we evaluate the quality factor (Q factor) and relative photoconductivity. The Q factor
(Fig. 3(a)), defined by Q = λ/�λ, linearly decreases with Vg, which confirms that for more negative
gate voltages the photodetector becomes more selective. Here we consider that �λ corresponds to
the wavelength absorption width (FWHM) around λ = 371 nm. Also, the relative photoconduc-
tivity (γ ) is calculated by the ratio between the photocurrent and the current at dark condition:
γ = (Iph-Idark)/Idark. As it can be observed in Fig. 3(b), its maximum is reached at the gate volt-
age corresponding to the dark Vth. This shows that the device conductance is most photosensitive
when the intrinsic free charges are depleted by the application of gate voltage, as it was previously
mentioned.23 Therefore, the relative photoconductivity acts as a compromise parameter that limits
the Q factor, since it decreases when the selectivity of the device is improved.

IV. DISCUSSIONS

It is well know that the surface is of paramount importance in controlling the electronic properties
of ZnO nanowires. For instance, Soci et al.16 described in detail that surface states are responsible for
an energy band distortion (see Fig. 3(c)) and the formation of an internal electric field. Consequently,
electron-hole pairs are broken apart where electrons are forced to move to the central region of the
NW, while holes are driven to the surface and get trapped.16, 34 As a result, there is an enormous
increase of free carriers at the conduction band which are responsible for the photocurrent. These
carries have long life times, due to the absence of available holes for recombination.16, 20 A similar
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analysis explains why the gate voltage can control the relative photoconductivity and quality factor
of the photodetector. For a given Vg, an electric field is created in the nanowire, and this electric
field bends the energy band up or down. Fig. 3(d) shows the energy band for a negative applied gate
voltage (purple region). In this condition there is an electric field coming from the ZnO external
surface to the Si substrate. This causes the bending of the energy band up, decreasing the number
of thermally activated electrons. For a certain condition of negative gate voltage one can completely
deplete the nanowire of carriers. Fig. 3(e) shows the opposite behavior for a positive applied gate
voltage. In this case there is an electric field coming from the silicon substrate to the nanowire which
bends the energy band down, increasing the carrier concentration and consequently the current in the
nanowire. This process can happen whether the device is at dark condition or under UV illumination
and is the main reason why the gate voltage can be used to turn the photodetector OFF while still
under illumination. Also, to make the photodetector more selective one can set the Vg as close as
possible to the Vth for the device under illumination with a wavelength at 371 nm, where the photo-
absorption is the largest. This will prevent creation of photocurrent for other wavelengths making the
photodetector more selective. However, as the selectivity of the photodetector is improved there is a
drawback related to the photodetector photosensitivity. For instance, the maximum photosensitivity
is obtained for Vth at dark condition since this is the state where the maximum amount of carriers is
generated from photoabsorption. Thus a decrease of the photodetector photosensitivity is expected
for threshold voltages smaller or larger than the dark Vth.

V. CONCLUSIONS

In summary we described the fabrication of a tunable ultra-violet detector using ohmic ZnO
nanowire phototransistors. By the use of a gate voltage, full control of the photosensitivity and quality
factor of the photodetection was achieved. This control is highly desirable for future applications
where more precise and selective detection is required. One example would be the development of
NW devices for the detection of airborne hazardous molecules or any molecule which has a discrete
light emission.
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