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It is essential to determine the accumulative ultraviolet (UV) irradiation over a period of time in some cases, such as
monitoring UV irradiation to the skin, solar disinfection of water, photoresist exposure, etc. UV colorimetric dosimeters,
which use dyes’ color change to monitor the amount of UV exposure, have been widely studied. However, the exposure
data of these UV colorimetric dosimeters can hardly be converted to digital signals, limiting their applications. In this
paper, a UV dosimeter has been proposed and demonstrated based on the persistent photoconductivity (PPC) in zinc oxide
microwires (ZnO MWs). The PPC effect usually results in high photoconductivity gain but low response speed, which
has been regarded as a disadvantage for photodetectors. However, in this work, the unique characteristics of the PPC
effect have been utilized to monitoring the accumulative exposure. We demonstrate that the photocurrent in the ZnO MWs
depends on the accumulative UV exposure due to the PPC effect, thus the photocurrent can be utilized to determine the UV
accumulation. The dosimeter is immune to visible light and exhibits a photoconductive gain of 2654, and the relative error
of the dosimeter is about 10%. This UV dosimeter with electrical output is reusable and convenient to integrate with other
electronic devices and may also open a new application area for the PPC effect.
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1. Introduction

Ultraviolet (UV) irradiation can lead to serious skin dis-
eases, and can also be applied in disinfection of water, pho-
toresist exposure, and living cell inspection. In these cases,
it is critically important to measure the amount of accumula-
tive UV irradiation dose.!'3 Currently, UV dosimeters based
on color-responsive materials have been utilized to monitor
the UV irradiation level, which are usually inaccurate and
need a camera with complicated circuits to convert the expo-
sure data to digital signals.[*>! While traditional photodetec-
tors that convert light to electrical signals are usually designed

=101 For practical applications,

to measure the light intensity. !
reusable dosimeters with electrical outputs are desperately de-
sired. However, none such report can be found yet.

Persistent photoconductivity (PPC) effect has been
widely observed in low-dimensional semiconductor materials,
such as graphene, ZnO, SnO;, InAs, et al., in which the photo-
generated carriers are gradually accumulated under the illumi-
nation light and can persist for a long period of time even after

10-16] phgtodetectors based on

the exciting light is turned off.[
the PPC effect usually demonstrate unique properties of high
gain and high sensitivity but low response speed, which is re-

garded as a disadvantage for photodetectors. Wide bandgap
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semiconductor ZnO (3.37 eV) has been widely applied in UV
photodetectors.[16‘31] Meanwhile, the PPC effect has been re-
ported in ZnO microwires (MW) photodetectors due to the sur-
face oxygen absorption/desorption related processes. >

In this paper, the unique characteristics of the PPC ef-
fect are utilized to monitor the accumulative exposure. We
demonstrate that the photocurrent of the ZnO MW is deter-
mined by the accumulative UV exposure because of the PPC
effect, which can be attributed to the oxygen-related hole trap
states at the ZnO MW surface. As a result, the UV accumu-
lation over a period of time can be determined by comparing
the photocurrent with previously measured photocurrent-UV
exposure data as a reference. Then a reusable UV dosime-
ter with electrical output has been realized for the first time.
The ZnO MW UV dosimeter is immune to visible light and
exhibits a photoconductive gain of 2654 under low UV inten-
sity (0.7 pW/cm2) and a relative error of 10%. In this con-
cept, reusable UV dosimeters with electrical output have been
achieved, which is convenient to integrate with other func-
tional electronic devices, providing a concept design in terms

of PPC effect for potential applications.
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2. Experimental details

The ZnO MWs used in this study were grown on sili-
con substrates in a horizontal alundum tube furnace via chem-
ical vapor deposition (CVD) method. A mixture of ZnO and
graphite powders with a definite weight ratio of 1:1 was used
as the reactive source. During the growth process, a constant
flow of argon (120 sccm) was introduced into the alundum
tube as the protecting gas and the growth temperature was set
at 1050 °C. The structure and morphology properties of the
as-grown ZnO MWs were investigated by using a Bruker D8
x-ray diffractometer (XRD) and a Hitachi S4800 field emis-
sion scanning electron microscope (SEM).

The schematic illustration of the ZnO MW dosimeter is
shown in the inset of Fig. 1(a). To fabricate the ZnO MW
dosimeter, an individual ZnO MW was picked out and placed
onto a sapphire substrate. After that, two indium (In) particles
were used to fix the two ends of the ZnO MW, also serving
as the electrodes. The electrical characteristics of the single
ZnO MW device were studied by a semiconductor character-
ization system (Keithley 4200-SCS) and the 365 nm light of
a mercury lamp was used as the UV light source. The UV
light intensity was measured by a commercial UV radiometer.
The photoluminescence (PL) spectra of the ZnO MWs were
studied employing the 325 nm line of a He—Cd laser as the
excitation source. The response spectrum of the ZnO MW de-
vice was obtained in a photoresponse testing system with a Xe
arc lamp as the light source. Without special instructions, all
the measurements were carried out in air at room temperature.

3. Results and discussion

The XRD pattern of the ZnO MWs grown on Si sub-
strate is shown in Fig. 1(a). All the peaks can be indexed to
the diffraction from wurtzite ZnO.*3-3] The SEM image in
Fig. 1(b) reveals the hexagonal structure of a single ZnO MW.
The enlarged SEM image in the inset shows the rough sur-
faces of the ZnO MW, which may be related to the structural
defects. The PL spectrum in Fig. 1(c) shows a near-band-edge
emission peak at about 392 nm and a defect-related emission
band at about 530 nm.[*%37 The strong defect-related emis-
sion confirms the existence of a larger number of defects on
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the ZnO MW surface, which have been reported to be respon-
sible for the PPC effect in ZnO.!13-38-40]

An individual ZnO MW with a diameter of about 30.1 um
was picked out to fabricate the ZnO MW device, and the
schematic diagram of the device is shown in the inset of
Fig. 1(a). The distance between the two In electrodes is about
5 mm. Figure 2(a) presents some typical current—voltage (/-
V) characteristics of the ZnO MW device in the dark or under
UV illumination. The linear /-V curves indicate good ohmic
contact between the ZnO MW and the In contacts. Under UV
excitations, the current increases by an order of magnitude.
The photoresponse characteristics were studied using time-
resolved measurements with UV light switching on and off, as
shown in Fig. 2(b). The current increases rapidly after the UV
light is switched on and afterward at a slower rate. The current
reaches a saturation value in about 2400 s. Then the current de-
cays slowly after the UV light is turned off. The light switch-
ing cycles in Fig. 2(c) show good repeatability. Within the 6
cycles measured, the response speed and maximum/minimum
current of each cycle are almost the same, indicating that the
ZnO MW device has good reproducibility, which is essential
for a reusable UV dosimeter.

The photoresponse spectrum of the ZnO MW device in
the range of 200-800 nm is presented in Fig. 2(d). The onset
of the photoresponse occurs at about 400 nm with the maxi-
mum at 376 nm. The photoresponse spectrum shows a blind
response for visible light, which can avoid the use of any filters
for the UV dosimeter. Figure 2(e) shows the measured pho-
tocurrent (Zpn = fight — Idark) as a function of the UV light in-
tensity. As the UV light intensity increases from 0.7 puW/cm?
to 371 uW/cm?, the photocurrent increases gradually from
0.82 pA to 9.5 pA. Figure 2(f) exhibits the photoconductive
gain derived from the same data in Fig. 2(e), according to
G = (Ipn/e)/(P/hv), where e is the elementary charge, P is the
photon power absorbed by the ZnO MW, and /v is the incident
photon energy.''3! The photoconductive gain at 0.7 uW/cm? is
2654 and decreases gradually to about 58 as the light intensity
increases to 371 uW/cm?. The higher gain at lower light in-
tensities and lower gain at higher light intensities ensure wide
applicability of the UV dosimeter.
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Fig. 1. Characterizations of the ZnO MWs. (a) XRD patterns of the ZnO MWs. The inset shows the schematic diagram of the ZnO MW based
device. (b) SEM images of a single ZnO MW. The inset shows an enlarged SEM image of the surfaces. (c) PL spectrum of the ZnO MW.
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Fig. 2. Photoresponse characteristics of the ZnO MW device at 5 V bias. The 365 nm light of a mercury lamp is employed as the UV light
source. (a) I-V curves as a function of light intensity. (b) Time-resolved photocurrent rise and decay with the illumination light switched on
(at 0 s) and off (2400 s). (c) Repeatable response with UV light intensity of 37.6 um/cm?. (d) Response spectrum of the ZnO MW device in
semilogarithmic coordinates. The dependence of photocurrent (e) and photoconductive gain (f) of the ZnO MW device on UV light intensity.

The high gain of the ZnO MW has been reported to re-
sult from the PPC effect related to desorption/re-adsorption of
oxygen on the surface.l'%!?! The photoresponse mechanism
can be understood using the schematics shown in Figs. 3(a)
and 3(b). Due to the high surface-to-volume ratio, there are
a large amount of trapping states on the surface, which can
affect the photoconductivity of the ZnO MW. In the dark,
oxygen molecules are adsorbed on the surface of the ZnO
MW, which can trap electrons from the conduction band,
creating a low conductivity depletion layer near the surface
(Fig. 3(a)).
above the bandgap, electron-hole pairs are generated. The

Under the illumination of photon with energy

photogenerated holes may migrate to the surface and neutral-

ize the negatively charged adsorbed oxygen ions. Then the

neutral oxygen molecules are desorbed from the surface, and
the unpaired electrons are left in the ZnO MW, contributing
to the conductivity. Due to the separation, the lifetime of
the electrons is greatly prolonged. Thus, the electrons can
pass multiple times between the two electrodes, leading to

a high photoconductive gain.!'%4142] Ag

the electrons previ-
ously trapped at the surface recombine with holes, the band
bending lowers, as shown in Fig. 3(b). The probability that
the electrons can reach the surface becomes higher. Some of
the electrons will be trapped accompanying oxygen molecule
re-adsorption. Therefore, the photocurrent saturates gradually,
and the decrease of the photoconductive gain at higher UV in-
tensities (Fig. 2(d)) is a manifestation of the saturation. To fur-

ther confirm the photoresponse mechanism of the ZnO MWs,
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we compare the photoresponse properties of the MWs in air
and vacuum (2 x 10~* Pa) at 5 V bias under the same UV
light intensity, as presented in Fig. 3(c). The rise and decay
processes can be well fitted with a double-exponential func-
tion. For the response curve in the air, the weight-averaged
photocurrent rise and decay time constants of Tyse = 39.2 s
and Tgecay = 261 s can be deduced. The photocurrent decay
time constant is more than 6 times larger than the rise time
constant, which indicates that the oxygen re-adsorption pro-
cess is a much slower process than the desorption one. While
in the vacuum, the weight-averaged rise and decay time con-
stants are Tjse = 36.8 s and Tgecay = 2526 s, respectively. It
is noted that the photocurrent in both cases rises with similar
speed, while the decay is much faster for the MWs in the air
than that in the vacuum. This is because oxygen molecules in
the vacuum are continuously pumped away from the surface
and the re-adsorption probability is very low.[!3]

From the above discussion on the PPC photoresponse
mechanism in the ZnO MWs, we know that the carriers gener-
ated by UV illumination are gradually accumulated in a period
of time due to the slow desorption/re-sorption processes and
long carrier lifetime. Therefore, the photoconductivity may be
determined by the accumulative UV exposure. To study the re-
lationship between the photocurrent and UV accumulation, we
studied the photocurrent increase properties of a single ZnO
MW device under 365 nm illumination. Figure 4(a) presents
the transient photocurrent increase in UV light of different
intensities (from 20 uW/cm? to 100 uW/cm?). Figure 4(b)
shows the relationship between the photocurrent and UV ac-
cumulation (calculated by integrating the light intensity over
illumination time) obtained from the same data in Fig. 4(a).
One can see that all the curves show similar UV accumulation
at the same photocurrent. Figure 4(c) shows the plots of the
mean UV accumulation and corresponding relative standard
deviation (RSD) versus photocurrent. The RSD at small UV
accumulation is about 26%, while it decreases to around 10%
when the UV accumulation is larger than 150 mJ/cm?. The rel-
atively larger RSD at lower UV accumulation may result from
the rapid photocurrent rise speed immediately after switching

on the UV light, leading to large measurement errors of pho-
tocurrent and UV accumulation. While the relatively smaller
RSD at larger UV accumulation indicates that the photocurrent
would be the same under the same UV accumulation despite
the UV light intensity, confirming the assumption that the pho-
tocurrent in the ZnO MWs depends on the accumulative UV
exposure. Therefore, it is promising to determine the UV ac-
cumulation during a period of time using the photocurrent of
the ZnO MWs.
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Fig. 3. Persistent photoconductivity in the ZnO MW device. (a), (b) Trap-
ping and photoconduction mechanism in the ZnO MW. The top panel in (a)
shows the schematic energy band diagram of the ZnO MW in the dark. CB
and VB are the conduction and valence bands, respectively. The bottom
panel shows oxygen molecules adsorbed on the ZnO MW surface that cap-
ture free electrons, resulting in a low-conductivity depletion layer near the
surface. The top panel in (b) shows the schematic energy band diagram of
the ZnO MW under UV illumination. Photogenerated holes migrate to the
surface and recombine with the trapped electrons, releasing the absorbed
oxygen molecules. The unpaired electrons in the MW contribute to the pho-
toconductivity. (c) Time-resolved photocurrent rise and decay of the ZnO
MW device in air and vacuum.
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Fig. 4. Relationship between photocurrent and accumulative UV exposure of the ZnO MW device. (a) Time-resolved photocurrent increase
under different UV light intensity of the ZnO MW device. (b) The relationships between photocurrent and UV accumulation, obtained from
the same data in (a). (c) The mean UV accumulation and corresponding relative standard deviation versus photocurrent. All measurements

were performed at 5 V bias.
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Figure 5(a) shows the time-resolved photocurrent mea-
surements of the same ZnO MW studied in Fig. 4. During the
two tests (test-1 and test-2), the UV light density is changed
intermittently. The relationship between the UV accumula-
tion and photocurrent in the two tests is presented in Fig. 5(b),
together with the plot of the mean UV accumulation versus
photocurrent from Fig. 4(c) as a reference. Both the two UV
accumulation versus photocurrent curves of test-1 and test-
2 are in good agreement with the reference plot. Thus, the
UV accumulation can be determined by comparing the pho-
tocurrent of the ZnO MW device with the reference plot. To
estimate the accuracy of this method, we calculated the rel-
ative error between the actual UV accumulation and the de-
duced UV accumulation, as presented in Fig. 5(c). The rel-
ative error is larger than 10% at low UV accumulation and
decreases to around or below 10% at UV accumulation larger
than 100 mJ/cm?. Therefore, the relative error of the ZnO

MW UV dosimeter is about 10% when the UV accumulation
is larger than 100 mJ/cm?.

To investigate the immunity to visible light of the ZnO
MW UV dosimeter, which is crucial for the future application
of the UV dosimeter, another test with the presence of visi-
ble light has been carried out. Figure 6(a) shows the curve
of UV accumulation versus photocurrent of the ZnO MW
UV dosimeter measured with the presence of visible light, of
which the spectrum is shown in the inset of Fig. 6(b). The
UV accumulation—photocurrent relationship also agrees well
with the reference plot. The relative error of the deduced UV
is presented in Fig. 6(b), which is lower than 12% at UV ac-
cumulation larger than 100 mJ/cm?, similar to the results of
tests in the absence of visible light. Thus, the ZnO MW UV
dosimeter is immune to visible light because the ZnO MW de-
vice response barely to visible light (Fig. 2(d)).
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Fig. 5. Method for determining the UV accumulation using photocurrent. (a) Time-resolved photocurrent changes of the ZnO MW device when
the UV light intensity changes intermittently. The two curves present two different test processes (test-1 and test-2). The UV light intensity
of each period is denoted in the figure. (b) The relationship between photocurrent and UV accumulation in the two tests, compared with the
reference plot from Fig. 4(c). (c) The relative error of the inferred UV accumulation for the two tests.
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Fig. 6. The ZnO MW UV dosimeter response with the presence of visi-
ble light emitted from interior fluorescent lamps (37 pum/cm?). (a) The re-
lationship between photocurrent and UV accumulation compared with the
reference plot. The inset shows the time-resolved photocurrent changes.
(b) Relative error of the deduced UV accumulation.

4. Conclusion

In this paper, a UV dosimeter has been realized from
ZnO MW based photodetectors based on the persistent pho-
toconductivity effect. The accumulative UV exposure can
be deduced by comparing the photocurrent of the ZnO MWs
with the reference UV accumulation—photocurrent relation-
ship. The relative error of the measured accumulative UV
irradiation is around 10%. Moreover, this UV dosimeter is
immune to visible light because of the wide bandgap of ZnO.
The ZnO MW based UV dosimeter with electrical output sig-
nals could be more easily integrated with other electronic de-
vices. Thus, the UV dosimeter opens up a cost-effective way
to monitor the accumulative UV exposure, providing a concept
design for further potential applications.
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