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prepared by a low-cost and scalable synthesis method based on the combination of
electrospinning and atomic layer deposition (ALD) as new material with large surface area to

enhance the performance of UV photodetection. The UV photoresponse current has been
enhanced by a factor of 250 compared to a flat electrode. In addition an increase by a factor of
1.3 of the recovery time has been observed which is negligible versus the huge amount of
current enhancement. The greatly improved performance and the good stability of these
nanostructured electrodes induce exciting materials for their implantation in UV sensor

applications.

A Introduction

UV photodetection has been widely studied in the last few
years''* due to their large civil and military application fields
such as secure space-to-space communications, pollution
monitoring, water sterilization, and flame sensing. The
semiconductor based UV photodetection process is a simple
physical phenomena based on electron-hole generation into a
semiconductor under photon shelling. Basically when a photon
with energy larger than the one of the semiconductor band-gap
is absorbed, an electron-hole pair would be produced. This
induces a changing of the electrical conductivity properties of
semiconductor. Low band gap energy semiconductors have
been widely used for UV photodetection especially the Si-based
photodetectors (Eg = 1.1 eV). Despite both their high
sensitivity and quick response advantages, low Eg UV
photodetectors are sensitive to low energy photons (visible and
Infrared), and thus, they require the insertion of protection
filters to avoid signal / noise related to those low electron
energies. Moreover an ultra-high vacuum and a very high
voltage supply were required.'’ The disadvantages of the low
Eg based photodetectors disappear for the high band gap
semiconductors. Moreover, wide-band gap materials are both
chemically and thermally stable which reflects an advantage for
devices operating in harsh environments.'>"'*

Among the high band gap semiconductor category, ZnO was
one of the most used semiconductors for UV photo-detection
due to its high chemical stability, low cost, and large band gap
of 3.37 eV at room temperature. Mollow ef al. reports in 1940
the first UV photoresponse in ZnO films."> Since then, many
complex ZnO-based photodetectors with high performance
were reported, such as p-n junction, p-i-n junction and Schottky
junction® '®*. ZnO UV sensors have been prepared using
different deposition techniques such as Metal Organic
Chemical Vapor Phase Deposition (MOCVD),** 2° laser
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assisted molecular beam deposition (LAMBD )*, radio
frequency (RF) magnetron sputtering,>’?’  atomic-layer
deposition (ALD) *° and molecular beam epitaxy (MBE).>!" 32
Moreover different electrode types such as Au, Ag, Pt, Ni, Pd,
Cr, Al, and Ru have been elaborated and their performances
investigated.

Nanostructured ZnO for UV detection was also investigated.
They show promising results in term of photoresponse current,
rise time and fall time.*» ** One dimensional nanostructured
(1D NSs) UV photodetectors have attracted attention in the last
decade due to their (i) small size, (ii) low cost of fabrication
and operation, and (iii) high active surface area combined with
the large ability of structural and chemical tuning. Different
works have been reported in this field. Wang et al. ** reports the
photoconduction mechanism in a ZnO single nanowire. Under
UV illumination an electron-hole pair will be generated. Holes
migrate to the surface and recombined with the O, species
adsorbed on the surface, the unpaired electrons are collected at
the anode under an applied voltage, which leads to the
increasing of the nanowire conductivity. According to Kind et
al. *, a transition from a fast photoreponse under oxygen to a
slow photoreponse under vacuum assures the oxygen’s role.
Huang et al. * reports a three order enhancement on the UV
photoreponse of ZnO nanowire due to a polystyrene coating.
Lao et al. * reports a five order magnitude enhancement on the
UV photoreponse of ZnO nanobelts due to a surface
functionalization with a high UV absorption ability polymer.
UV photoreponse was also enhanced by Ag-ZnO nanowire
Schottky contact’’. Aluminium-doped ZnO nanorod arrays
were also developed for UV photodetection.®® According to
Suobai et al,* the photoresponse current increases linearly
with the number of Nanowires (NWs) connected in parallel. A
significant improvement on short-term of fast response and
recovery times was also reported. Prades et al. *° suggests to
decrease the distance between the electrical contacts or

J. Name., 2013, 00, 1-3 | 1



Journal of Materials Chemistry A

increasing the width of the photoactive area, or improving the
electrical mobility of the nanomaterials to enhance ZnO
nanowire responses. Lin et al. reported a zinc oxide ALD on
multiwalled carbon nanotubes for UV photodetector
applications *'. Al-doped ZnO nanorods arrays were also
reported by Mamat et al. *® for UV photodetection. Lin e al.*?
reported on a photoconductor device that was sensitive to
illumination with below-gap light by electrospinning of a single
Al doped-ZnO (AZO) nanowire followed by a calcination
process at 550°C for 3h to obtain well-aligned polycrystalline
AZO nanowires. Shan et al. ** performed a short study on ZnO
ALD films deposited on glass substrates for UV
photodetection. They show a photoresponse current of ZnO
based photodetectors (0.7 AW at 5V bias) without the
investigation of other parameters such as recovery time,
response time and device stability.

In this paper, ZnO 1D NSs based photodetectors are tailored
using the atomic layer deposition technique combined with the
electrospinning techniques. Polyacrilonitrile fibers synthesized
by electrospinning will be used as a template for ZnO ALD
deposition in order to enhance the specific surface of the ZnO
based UV photodetectors. Structural, chemical and UV
photoresponse properties of the obtained materials will be
investigated. We should note here that ALD ZnO UV detection
was not extensively studied in the literature. The design of high
surface electrode based ALD deposition and the investigation
of ALD conditions such as temperature and thickness have not
been addressed yet.

B Materials and methods

1. Materials

Polyacrylonitrile PAN (M,, = 150000), Dimethylformamide
(ACS reagent, > 99.8% ), and Diethyl Zinc (DEZ)
(Zn(CH,CH3;),, 95% purity, CAS: 557-20-0) were purchased
from Sigma Aldrich.

2. Electrospinning

Starting from a polymer solution, sub-micron nanofibers were
synthesized using the electrospinning techniques. The
electrostatic field applied between a syringe and a disk collector
provides the transformation of the droplet to a Taylor cone. The
droplet is stretched under an electrostatic field to form a sub-
micron fiber after the evaporation of the solvent.** A 60 kV
high voltage power supply from ISEG, a Kd Scientific syringe
pump, an aluminum collector disk and a glove box were used to
build the setup. Electrospinning solution was prepared by
dissolving 10 wt. % of polyacrilonitrile in dimethylformamide.
The solution was maintained 1 hour under agitation and then
heated 20 min at 80°C in an oil bath. The polymer solution was
electrospun at room temperature in ambient atmosphere under
an applied voltage (25 kV) with a flow rate of 1 mlh™' using a
0.7 mm diameter syringe related to the positive output of the
generator. The aluminum disk placed 15 cm from the tip of the
syringe was related to the negative output of the generator. 10 x
20 mm glass substrate was fixed on the aluminum disk using
carbon tape. Silver glue was used as an ohmic contact on the
glass substrate separated by 5 mm distance.

3. Atomic layer deposition of zinc oxide

A custom made ALD reactor was used for the synthesis of ZnO
thin films. ALD was performed using sequential exposures of
Diethyl Zinc (DEZ) and H,O separated by a purge of nitrogen
with a flow rate of 100 sccm. The deposition regime for ZnO
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consisted of a 1.5 s pulse of DEZ, 30 s of exposure to DEZ, 60
s of purge with nitrogen followed by a 3 s pulse of H,0, 30 s of
exposure to H,O and finally 60 s purge with nitrogen. ZnO thin
films with different number of cycles were deposited by
varying the temperature from 50 to 130 °C.

4. Structural and chemical characterization

Structural and chemical compositions of all 1D ZnO based
NSs were analyzed by scanning electron microscopy (SEM, S-
4800, Hitachi), Energy-dispersive X-ray spectroscopy (SEM, S-
4500, coupled with a Thermofisher EDX detector), and X-Ray
diffraction (PANAlytical Xpert-PRO diffractometer equipped
with a X’celerator detector using Ni-filtered Cu-radiation).
From the latter the grain size was calculated by Debye-Scherer
relationship (Equation 1) (see Supporting Information SI2):

D= 0.9-4

B -cos(0)

(Equationl)

5. UV sensor measurement

Characterizations of electrical conductivity of 1D ZnO NSs
samples deposited under different conditions were performed
under dark and UV illumination in order to study the
photodetector properties. Electrodes with a 5 mm distance
between the 2 electrodes and a width of 10 mm have been used
for this study. The UV detection cell is a homemade cell
designed from a black box. A UV source (365 nm, 4W) (Roth,
France) has been used for UV illumination. The Radiation
intensity of the 365 nm UV illuminated on the device was 80
mW/cm?. The relative humidity was measured to be 30%.

Both  Sweep  voltammetry and  chronoamperometry
measurement have been performed using a potentiostat (from
EG&G instruments model 265A). Sweep voltammetry has been
measured from -3V and 3V with a scan speed of 50 mV.s™.
Chronoamperometry measurement was performed with on/off
UV illumination in order to extract the photoresponse current
and the recovery time. They have performed at -1V during
3000 seconds using the following protocol (i) UV off between 0
and 100 s, (ii) UV on between 100 and 200 s and (iii) UV off
between 200 and 3000 s. From Chronoamperometry
experiments, UV photoresponse parameters have been extract:
(i) current (AI) defined as: Al = Iyy — Ipax (Where Ipq is
current under dark and Iy is the current under UV illumination
365 mn) and (ii) the recovery time (t), defined as the time for
the photoresponse current to drop to 1/e (37%) of the maximum
photoresponse current *°. During the electrical measurement the
UV cell was covered with a black box to assure perfect light
isolation. We note here that due to the limitation of our device,
the responsitivity was not extracted and compared in this work.

C Results and discussion

1. Design of 1D ZnO nanostructures

The schematic process for the design of the electrode is
reported in Figure 1(a). Figure 1(b) shows the SEM images of
1D ZnO NSs obtained with 240 s of electrospinning time
coated with 250 cycles of ALD ZnO at 100°C. These images
indicate a conformal coating of the PAN nanofibers obtained by
this method. The PAN/ZnO NFs develop a rough surface with
lamellar morphology as attested by HRSEM images (see
Supporting Information SI: Figure S1 and S2). EDX
measurement (not reported here) has been performed on the
sample in order to evaluate the chemical composition. The
presence of Zn, O and C can be observed. XRD diffraction

This journal is © The Royal Society of Chemistry 2012
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(Figure 1c) shows peaks at 20 = 31.74°, 34.42° and 36.22°
respectively corresponding to (100), (002) and (101) of ZnO as
generally observed with the ZnO thin films deposited by
ALD.®

| IIE

Q.
£=—1
- -
= =)
[S %

Current (A)
3 3
& &
gg|
1 <

—— Dark

Glass substrate
50 eycles ZnO

ihu PANNFsby  PAN/ZnO1D Silver contact 107 3 2 4 0 1 2 3
substrate  gjectrospinni NSs by ALD ) h . i
electrospinning s by Potential (V)
e) 107
z 10°
£
g 10°
3
o —— DARK
10! —Uuv

2405 electrospining
250 cycles ZnO

&

2 4 0 1 2 3
Potential (V)

)

=
L3
°
X
3
%

c) (100)

— Glass substrate
— 240s Electrospining

— 250 cycles ZnO 4,0x10"

current (A)

2,0x10*

0,0 Y
L1
30 35 40 45 50 0

20()
Figure 1. . a) Schema of the design of PAN/ ZnO 1D NSs UV
sensor; b) SEM images of 1D ZnO NSs obtained with 240 s
electrospinning time coated with 250 cycles ALD ZnO at
100°C ¢) X-Ray diffraction spectra; Sweep voltammetry of
ALD ZnO thin layer (50 nm thick) on Glass (d) and with 240 s
electrsopinning time (e); and f) Chronoamperometry
measurements of sensors on Glass and with 240 s
electrospinning times with UV (365 nm) illumination between
100 and 200 s.
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A high-performance photodetector should satisfy the 5S
requirements of high sensitivity, high signal-to-noise ratio, high
spectral selectivity, high speed and high stability*®. The sweep
voltammetry of ZnO sensors on glass (Figure 1d) and
PAN/ZnO 1D NSs confirm a Schottky junction between the
ZnO and the Ag contact. As shown in Figure 1d and le,
measurements exhibit a stable Ip, value 10°-10° A at -1V bias
on Glass and on PAN electrospun nanofibers. In the contrary,
the Iy current increases from 2.26x10° to 5.7 x10™ A. This
UV response increment was expected due to the enhancement
on the specific area of ZnO 1D NSs exposed to UV light. We
note here that due to the low weight of the deposited PAN/ZnO
1D NSs and to the polymer composition of the core of the NSs,
Brunauer-Emmett-Teller (BET) experiments could not be
performed to determine quantitatively the specific surface area
of the detectors. The Chronoamperometry measurement for two
samples is reported in Figure 1f. The UV photo-response
current (Al) and the recovery time were extracted from Figure
1f. The UV photoresponse current increases when comparing
ZnO deposited on Glass and on the PAN electrospun
nanofibers, which confirm the sweep voltammetry tests.
Moreover the recovery time decreases. We should note that the
UV photoresponse current has been enhanced by a factor of 24
(ratio between the Al of the PAN/ZnO 1D NSs electrode and
the AI of the flat electrode) with an increase by a factor of 1.45
of the recovery time (ratio between the recovery time of the
PAN/ZnO 1D NSs electrode and the recovery time of the flat

This journal is © The Royal Society of Chemistry 2012
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electrode). The latter should be considered negligible regarding
the huge amount of current enhancement.

The photoconduction mechanism in a single ZnO nanowire has
been studied by Wang ez al.** In the dark, a depletion layer with
low conductivity is created near the nanowires surface. This
layer results from the adsorption of oxygen molecules on the
nanowires surface as negatively charged ions by capturing free
electrons from the n-type zinc oxide.

0, (gas) + ¢ > O, (adsorb)

Under UV illumination an electron-hole pair will be generated.
Holes migrate to the surface and recombined with the O,
species adsorbed on the surface through surface electron-hole
recombination.

0, (adsorb) + h"> O, (gas)

The unpaired electrons are collected at the anode under an
applied voltage, which leads to an increase of the nanowire
conductivity.

It is expected that increasing the surface area using the three-
dimensional polyacrylonitrile /ZnO material may further
enhance the sensitivity of the devices due to an increased
surface to volume ratio. However, the recovery time will
increase due to the long electron collection paths to the silver
electrodes. In direct comparison, a flat Zinc oxide layer
(without three-dimensional polyacrylonitrile materials) offers
shorter electron collection paths.

2. Influence of the ZnO thickness on UV photodetection

In this section the influence of ZnO ALD thinckness is
investigated. Supported PAN nanofibers with 240 seconds of
electrospinning time have been used. Four different samples of
ZnO with different numbers of ALD cycles were deposited on
the PAN fibers: 250, 500, 750 and 1000 cycles which
correspond to 50, 100, 150 and 200 nm thick ZnO respectively.
All those samples were performed at 100°C. The ZnO film
thicknesses have been calculated based on the growth per cycle
£?§4Zn0 films observed elsewhere (GPA = 0.2 nm) (Table 1).*>
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Figure 2. a) X-Ray diffraction spectra of 250, 500, 750 and
1000 cycles of ZnO deposited at 100°C; Sweep voltammetry of
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50 (b), 100 (c), 150 (d), and 200 nm (e) ZnO ALD deposited on
PAN NFs, in Dark and UV (365 nm).

Table 1. Thin films thicknesses and grain size calculation of
ALD ZnO elaborated at 100°C with 250, 500, 750, and 1000
cycles; Iyy and Ip,y of different ZnO thicknesses with the
Iyv/Ipag current ratio at -1V bias; UV photoresponse current
and the recovery time for the samples with different ZnO ALD
thicknesses

Number of 250 500 750 1000
ALD cycles
Films 50 100 150 200
thicknesses
(nm)
Grain size 18.30 23.01 25.05 25.90
(nm)
Tpark (A) 5.33x 9.90x 2.60x 2.62x
10°¢ 10°¢ 10* 10*
Iy (A) 5.04x 5.34x 8.41x 5.60x
10* 10 10 10
Tov/Ipask 94.50 53.90 3.23 2.13
Al (A) 5.70x 4.14x 2.90x 4.11x
10 10 10* 107
uv 1.14 8.2 5.8 8.2
photoresponse x1072 x107 x107 x10*
(A/W)
T (s) 144 985 763 162

XRD diffraction patterns of ZnO thin films are shown in Figure
2a. At 250 cycles ZnO, three weak peaks appear at 20 = 31.74°,
34.42° and 36.22° respectively corresponding to (100), (002)
and (101). Those three peaks become more intense at 750 and
1000 cycles ZnO. Moreover the XRD measurements show a
preferred growth in the (100) direction. This preferred growth
direction match the one reported for ZnO deposited on silicon
substrate *°. As shown in Table 1, the grain size increases from
18.3 nm to 25.9 nm with the number of ALD cycles (from 250
to 1000). This behavior was attributed to the columnar growth
of the ZnO deposited by ALD. This increment on the grain size
leads to a decrease in the specific surface. We note here that
due to the high diameters of the PAN/ZnO 1D NSs (more than
300 nm), high resolution transmission electron microscopy
observations could not be perforrmed. Figure 2b-e shows the
sweep voltammetry of the 50, 100, 150, 200 nm ZnO deposited
by ALD on supported electrospun PAN fibers (240 s time)
under dark and UV illumination at 365 nm. The sweep
voltammetry of all ZnO sensors confirm an ohmic contact
between the ZnO nanofibers and the Ag contact. In Table 1 are
the reported Ip.y, Iyv and Iyy/Ip,. ratios for different ZnO at -
1V bias. As shown on Table 1, the Iy values are in the range of
10 A for whatever deposited ZnO thickness on PAN NFs. On
the contrary the Ip,, increases (resistivity decreases) when the
number of cycles rises. Due to this behavior under dark
condition, the Iyy/Ip.y ratio decreases from 94.5 to 2.13 with
the ZnO layer thickness. This result agrees with the ones
reported by Tapily ef al. >°. This behavior can be attributed to
the change in the amount of OH group in the ZnO ALD films.
Indeed the latter decreases conversely to the ZnO layer
thickness (as shown by the EDX results reported elsewhere).*’
The influence of the OH groups on the free -carrier
concentration was reported by Guziewicz et al. *°. They
demonstrate that the low fraction of OH group on the ALD
ZnO layer leads to high free carrier concentration. In addition,

4| J. Name., 2012, 00, 1-3

Liu et al. > demonstrates that a O, plasma treatment for ZnO
can enhance the UV photoresponse due to the oxygen vacancies
filling at the ZnO surface. This observation confirms the
oxygen role on the UV photoresponse. We note here that due to
their high resistivity, samples without ZnO ALD films or with
ZnO thickness lower than 50 nm could not be tested.

a) 6,0x10*

250 cycles zno |D) soxto* -
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o 500 1000 1500 2000 2500 3000 50 100 150 200 250
Time(s) ZnO thickness(nm)

Figure 3. a) Chronoamperometry measurement for samples
with different ZnO ALD thicknesses 50, 100, 150, and 200 nm
deposited on PAN nanofibers with UV illumination (365 nm)
‘on’ between 100 and 200 s; b) UV photo-response current and
recovery time versus ZnO ALD layer thicknesses.

The Chronoamperometry measurements for all samples are
reported in Figure 3a. From these results, the UV
photoresponse and the recovery time (Table 1) have been
plotted against the ZnO ALD layer thicknesses (Figure 3b), in
order to understand the influence of ZnO thickness on the UV
photoresponse properties. The UV photoresponse current Al
decreases conversely to the ZnO thickness due to the Ip,y
increment. This can be due to the decrease on the amount of
OH groups ¢ as previously mentioned. In addition, it can also
be related to the increase of the grain size with the ZnO
thickness increases. That leads to a decrease on the specific
surface of the ZnO sensor.*® Despite the linear behavior of the
photoresponse current, the recovery time shows two different
performances: it rises with the thickness increases between 50
and 100 nm and then decreases between 100 and 200 nm. These
uncharacteristic changes on the recovery time are not fully
understood and could be related to the contact point between
nanofibers. Aligned fibers spinning on a rotatory collector can
be an interesting perspective to better illustrate this phenomena.

3. Influence of the PAN electrospinning time

The ZnO film with 50 nm (250 cycles) thickness has been used
on the next part of this study due to its highest photoresponse
current combined with the low recovery time. The specific
sensors surface area can be controlled by the PAN
electrospinning times. In order to investigate the influence of
active surface on the UV photoresponse, five samples with
different electrospinning times between 30 and 600 s were
elaborated. A glass sample covered with a 50 nm ZnO layer
without PAN nanofibers deposition has been used as reference.
As shown by the SEM images (Figure 4a-d) the fiber density
increases with the spinning time. Table 2 shows the Iyy and
Ipax With UV photoresponse current at -1V bias of different
electrospinning times PAN fibers covered with 250 cycles of
ALD ZnO.

The sweep voltammetry (figure 4 e-j) measurements exhibit a
stable Ip,y value 10°-10° A at whatever electrospinning time
(Table 2). On the contrary, the Iyy current increases from
2.26x10° to 4.01x10° A. This UV response increment was
expected due to the enhancement on the specific area of the
ZnO fiber exposed to UV light when the spinning time
increases. This UV current increment leads to the increase of
the ZnO detectors Al photoresponse from 2.15x107 to 3.91x10"
> A when the electrospinning time increases from 0 s to 600 s.

This journal is © The Royal Society of Chemistry 2012
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Figure 4. SEM images of PAN/ZnO 1D nanostructures
obtained with different spinning times 30 (a), 60 (b), 240 (c),
600s (d); Sweep voltammetry of sensors with different
electrospinning times 0 (e), 30 (f), 60 (g), 120 (h), 240 (i), and
600 s (j) in Dark and under UV (365 nm).

Table 2. Iyy and Ip,y with UV photoresponse current at -1V
bias of different electrospinning time PAN fibers covered with
250 cycles of ALD ZnO; UV photoresponse current and the
recovery time are also reported.

Electrospi
nning time 0 30 60 120 240 600
(O]
1.01x 291x 7.090x 4.48x 533x 9.88
Toanc (A) 10°¢ 10°¢ 10 10 10°¢ 107
226x  431x 3.19x1 4.00x 5.04x 4.01x
Tov (A) 107 107 0 10 10 1073
236  421x  2.70x1 253 570x  6.07
AL(A) x10° 107 0* x10%  10*  x10°
phog)lspo 47 84 54 51 114 121
-4 -4 -3 -3 -2 -2
nse (A/W) x10 x10 x10 x10 x10 x10
T (s) 99 378 312 192 144 132

This journal is © The Royal Society of Chemistry 2012
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The UV photo-response current (AI) and the recovery times
were extracted from Figure 5 and reported in Table 2, then
plotted in Figure 5b versus the PAN electrospinning times. It
allows illustrating the relation between the PAN
electrospinning time and the UV photo-response properties. As
shown in figure Sb, the UV photoresponse current increases
with the PAN electrospinning time, which confirms the sweep
voltammetry measurement. This behavior is related to the
active surface enhancement. As discussed in the first section,
increasing the surface area using the three-dimensional
polyacrylonitrile /ZnO material may further enhance the
sensitivity of the devices due to an increased surface to volume
ratio.
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Figure 5. a) Chronoamperometry measurements of sensors
with different electrospinning times 0, 30, 60, 120, 240, and
600 s with UV (365 nm) illumination between 100 and 200 s;
b) UV photo-response current and recovery time versus PAN
electrospinning time.

This behavior was also reported by Bai et al’’. The
photoresponse current increases with the number of nanowires
connected in parallel. Moreover the recovery time decreases
conversely to PAN electrospinning time. The latter is induced
by the increase of contact point number between the nanofibers
with their amount. The recovery time will increase due to the
long electron collection paths to the silver -electrodes.
Increasing the PAN electrospinning time enhances the UV
photoresponse on both current and recovery time properties.
We should note that the UV photoresponse current has been
enhanced by a factor of 250 when the PAN electrospinning
time (from O to 600 s) and an increase by a factor of 1.3 of the
recovery time. The latter should be considered negligible
regarding the huge amount of current enhancement.

4. UV characterization of ZnO ALD deposited at different
temperatures

ZnO ALD deposition temperature effect was also investigated.
Four different samples with ZnO ALD deposited at different
temperatures between 50 and 130°C were investigated on 600 s
PAN electrospinning time substrate. The thickness of the
deposited ALD layer was 50 nm. As shown in Figure 6, XRD
spectra at different temperatures 50, 80, 100 and 130°C shows
three different peaks at 20 = 31.74°, 34.42° and 36.22°
respectively corresponding to (100), (002) and (101) matching
the ZnO growth orientation reported elsewhere at 100°C on
silicon substrate.*” A change in the preferential growth
orientation is observed when the deposition temperature
increases from 50°C to 130°C. The preferred growth orientation
changes from (100) to (101). Table 3 shows respectively the
grain size (calculated from the equation 1) of 50 nm ZnO
elaborated at 50, 80, 100 and 130°C. The grain size decreases
when the ALD deposition temperature increases. Thus, the
latter leads to increase the specific surface. This unexpected
finding could be explained by the different ZnO nucleation
behaviour on PAN nanofibers as the function of the
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temperature
diffusion into the polymer.
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Figure 6. a) X-Ray diffraction spectra of 250 cycles ZnO
elaborated at different temperatures between 50 and 130 °C;
Sweep voltammetry of sensors with different deposition
temperature; 50 °C (b), 80 °C (c), 100 °C (d), and 130 °C (e)

Table 3. Grain size values of 50 nm ALD ZnO elaborated at
different temperatures 50, 80, 100 and 130°C. UV
photoresponse current (Al) and recovery time (1) of PAN/ZnO
ALD with different temperatures.

ALD
Temperature 50 80 100 130
(W9)
Grain size (nm) 26.29 23.06 18.34 17.04
7.86x 1.40x 9.62 7.41x
IDark (A) 10—7 10-5 XIO—S 10-4
2.92x 8.41x 3.99x 7.46x
Iyv (A) 107 107 107 10
1.80x 3.34x 6.06x
ALY 10° 10° 10° |
photor;i[\:onse 3.6 6.7 12.1
3 3 2 -
(A/W) x10 x10 x10
T (s) 138 480 132 -

Sweep voltammetry scans ( Figure 6b-d) shows clearly that for
the ZnO deposited between 50°C and 100°C, the UV
illumination leads to a shift on the I(V) curve, on the contrary
to the ZnO deposited at 130°C (Figure 6e). Moreover figure 6
shows an increase of Ip,; when the deposition temperature
increases from 50 to 130°C. This behavior can be due to the
OH group decreases when the deposition temperature increases
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which lead to higher free carrier charge **. Similar results have
been previously reported by Huby ef al. * This increase of Ip,gy
leads to a negative behavior on the UV photoresponse. In
addition, when increasing the deposition temperature, we
decrease the grain size as reported in Table 3. This induces an
increase of UV current as shown on Figure 5. The interference
of those two opposite behaviors on the UV photoresponse leads
to the highest UV photoresponse for the ZnO deposited at
100°C.
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Figure 7. Chronoamperrometry measurement of PAN/ZnO
ALD with different temperatures 50, 80, and 100°C with UV
(365 nm) illumination between 100 and 200 s; b) UV
photoresponse current and recovery time versus ZnO ALD
deposition temperatures.

The UV photo-response current (Al) and the recovery time (1)
were extracted from chronoamperometry measurement (Figure
7a) and reported in Table 3. The data were plotted in Figure 7b
versus the ALD deposition temperatures to investigate the
relation between the ALD deposition temperature and the UV
photoresponse properties. As shown in Figure 7b, the UV
photoresponse current increases with ZnO ALD deposition
temperature in the range between 50 and 100°C. The surface
area increment (positive effect) characterized by the decreased
of grain size with temperature overcomes the Ip,; increment
(negative effect). On the contrary to the ZnO deposited at
130°C the Ip,y increment (negative effect) overcomes the
active surface increment (positive effect) to lead to a zero
photoresponse. Moreover an uncharacteristic change on the
recovery time is observed. This behavior is not well understood
for the moment. More experiments are in progress to better
illustrate this phenomena.

5. Influence of ohmic contact distances and device stability
Samples with 600 s PAN electrospinning time and 50 nm ALD
ZnO (250 cycles) at 100°C show the highest photo-response
and the lowest recovery time (6.06 x10 A; 132 s). In order to
study the effect of the distance between the electrodes, UV
photoresponse tests were performed on the same type of sensor
on larger substrate (16.5 mm) with nearest electrodes distance
(3 mm) in order to keep the same working area (Figure 8a).
Due to the nearest electrodes distance with the same
illuminating area, the UV photoresponse current was
approximately the same (6.17x107 A). In addition, the recovery
time decreases from 132 to 108 s due the lower electron path
between the electrodes that leads to faster discharge. This result
was reported elsewhere by Prades et al.*’. Shotcky contact can
lead to lower recovery time due to the lower electron path
between the electrodes. However, this type of contact cannot be
achieved on the PAN nanofiber structure due to the high PAN
nanofiber layer thickness.

Regarding the previous results, the stability of the sensor with 3
mm electrodes distance has been tested. Figure 8b shows the
device stability test performed on this sensor. The UV photo-
response current and the recovery time was extracted from

This journal is © The Royal Society of Chemistry 2012

Page 6 of 8



Page 7 of 8

Figure 8b and reported in table 4. Then it was plotted against
the number of cycles on Figure 8c.
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Figure 8. a) PAN/ALD ZnO sensor with different electrode
distances; b) Device stability test of 600 s PAN electrospinning
with 250 cycles ZnO at 100°C; c¢) UV photo-response current

and the recovery time against the number of cycles.

Table 4. UV photoresponse current and recovery time of cycle
1,2 and 3.

Cycle number 1 2 3

UV photo-response  6.17x10~ 4.85x107 4.47x107
current (A)

UV  photoresponse  12.3x10~ 9.7x10 8.9x107
(A/W)

recovery time(s) 108 108 108

As shown in Table 4 and Figure 8c, the UV photoresponse
decreases from 6.17 x 107 to 4.47 x 10 mA. This finding can
be related to the non-total recovery of the Ip,y due to the
insufficient time between the cycles (Figure 8). However, the
recovery time remains constant for the 3 cycles.

A 50 cycles stability test has performed by increasing the cycle
time in order to fully return dark current to its initial value. (see
Supporting Information SI3). The test shows that the recovery
time remains constant after 50 cycles however a decrease of
UV photoresponse of about ~1.7%/cycle is observed. This
decrease is not related to the technique used for the design of
the UV sensor but to the well-known instability of ZnO under
UV illumination. The UV illumination induces a change of the
electrical properties and/or crystallinity of ZnO as has been
reported elsewhere.*

Conclusions

In conclusion, by combining the electrospinning technique and
the atomic layer deposition, ZnO 1D nanostructures have been
synthesized and investigated as a UV photosensor. A
significantly improved performance in the UV sensing has been
observed. UV photoresponse current has been enhanced by a
factor of 250 by comparing to flat glass substrate. An increase
by a factor of 1.3 of the recovery time has been observed which
is negligible versus the huge amount of current enhancement.
Device stability tests show a small decrease on the UV

This journal is © The Royal Society of Chemistry 2012
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photoresponse current with a constant recovery time after 3 UV
on/off cycles.

We can conclude that the increase of the specific surface area of
the electrode, which is provided by the network of the PAN
NFs and the Atomic layer deposition conformal coating, is an
efficient approach to improve the UV photoresponse current
without losing the stability of the devices. The possibility of
tuning the surface area, the conductivity, and the chemical
composition should allow the applications of these
nanostructured electrodes in other fields such as gas sensors,
biosensing, photocatalytic, and photovoltaic applications.>

The technique we propose herein is versatile since it allows
producing sensors with tailored properties. In fact the
possibility to deposit different oxides materials by ALD (ZnO,
Sn0O,, TiO, etc.) and doped oxides®' should allow designing
UV and gas sensors with controlled sensitivity, signal-to-noise
ratio, spectral selectivity, high speed and high stability.
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