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Abstract. A new process enabling the synthesis of ZnO and Al-doped ZnO nanowires (NWs)
for photosensing applications is reported. By combining atomic layer deposition (ALD) for
the seed layer preparation and electrodeposition for the NWs growth, high quality ZnO
nanomaterials were prepared and tested as UV sensors. The obtained NWSs are grown as
arrays perpendicular to the substrate surface and present diameters between 70 and 130 nm
depending on the Al doping, as seen from scanning electron microscopy (SEM) studies. Their
hexagonal microstructure has been determined using X-ray diffraction and Raman

spectroscopy. An excellent performance in UV sensing has been observed for the ZnO NWs



with low Al doping, and a maximal photoresponse current of 11.1 mA has been measured. In
addition, initial studies on the stability have shown that the NWs photoresponse currents are

stable, even after 10 UV on/off cycles.

Keywords. ZnO nanowires, Al-doping, electrochemical deposition, atomic layer deposition,

photosensors.

Introduction

Zinc oxide (ZnO) is a semiconductor material presenting a wide-direct-band gap
(~3.37 eV), and photodetection is one of the main applications of ZnO nanostructures.
These nanomaterials have thus been the subject of intense research for their application
in optoelectronic devices.[1, 2] Various ZnO “nanogeometries” have been reported in
the literature, such as nanobelts, nanowires, nanoneedles, nanotetrapods, and
nanocombs.[3-6] Among the one-dimensional (1D) nanostructures, ZnO nanowires are
particularly interesting, as they present a high surface-to-volume ratio and quantum
confinement effects, which are interesting properties for various electronics and
optoelectronics applications.[7-9]

The photoconductivity can be directly linked to the surface adsorption and desorption
of oxygen species. By illuminating ZnO with a ultraviolet (UV) light, electrons in the
valence band acquire enough energy to cross the band gap and electron-hole pairs are
generated. The photogenerated holes will act on the desorption of the oxygen species

and the liberated electrons will increase the (photo)conductivity.



The photoconductivity of ZnO has been described in previous studies. For example,
Wang et al. reported the photoconduction mechanism in a ZnO single nanowire,[10]
and Zheng et al. studied the properties of ZnO films UV detectors.[11] Liu et al.
investigated the effects of oxygen plasma treatments on the UV detection properties of
ultrathin ZnO epitaxial films.[12] Different doping elements such as F, Al, Ga, In and
Sn have been used to improve the properties of ZnO films.[13-15] A few studies have
reported the application of doped ZnO nanostructures for UV photosensing. Mamat et
al. studied the photoconductive properties of Al-doped ZnO thin films deposited by
sol-gel spin-coating method [16] and Al-doped ZnO nanorod-arrays deposited using
sonicated sol-gel immersion method [17].

A nucleation layer is often vital for the controlled growth of NWs array.[18, 19] ZnO
NWs are generally grown using either heteroepitaxy with the appropriate single
crystalline substrates (usually Al,0; or GaN), or homoepitaxy on textured ZnO thin
films acting as a nanowire nucleation layer.[18] However, different alternative routes
have been developed for the preparation of aligned ZnO NWs arrays, including metal-
organic chemical vapor deposition (MOCVD), vapor-liquid solid (VLS), pulsed laser
deposition method (PLD) and solution based chemical techniques.[20-23]
Electrodeposition is an alternative and attractive approach for the growth of ZnO
nanostructures because of its simplicity, low cost and low processing temperature.
Furthermore, this synthesis method allows for the large-scale growth of aligned ZnO
nanowires on various substrates, which demonstrates the viability of the process for
industrial applications.[24]

Atomic layer deposition (ALD) is a scalable vapor phase deposition technique enabling
the synthesis of ultrathin films of inorganic materials, with a subnanometer thickness

control.[25] The properties of the synthetized nanostructures can be tuned by adjusting



the process conditions — e.g. the chemistry of the precursor(s) and the co-reactants, the

temperature, the number of cycles, or the nature of the substrate.[25-29]

Herein, we combine ALD and electrodeposition in order to synthesize tunable ZnO
NWs. We effectively grow NWs by electrodeposition on a 20 nm thin ZnO seed layer
deposited by ALD. The seed layer of ZnO is required to provide nucleation sites and
control of the vertical NWs growth.[18, 19] In order to enhance the optical and
electrical properties, the process was developed to achieve the doping of the ZnO
nanowires with Aluminum. The effect of Al doping on the morphological, structural
and optical properties of ZnO nanowires is studied in detail. Finally, the UV
photoconductive response of the Al-doped ZnO NWs is determined and open prospects

for their potential as UV photodetectors.

Materials and Methods

1. Materials

Zinc chloride (ZnCl,), potassium chloride (KCl) and diethyl zinc (DEZ)
(Zn(CH,CH3),,95%) were purchased from Sigma Aldrich and used as received. Alfa
Aesar was the supplier of Aluminum chloride hexahydrate (AICl;.6H,0,99%). The

ITO coated glass substrates were purchased from Kintec (Hong Kong).

2. Synthesis of ZnO NWs

A home-built ALD reactor was used for the preparation of ZnO thin films. ALD was
performed using sequential exposures of Diethyl Zinc (DEZ) and H,0. The process
has been reported in previous studies.[30-33] Briefly, the ALD cycle consisted of a 0.2

s pulse of DEZ, 30 s of exposure to DEZ, 60 s of purge followed by a 2 s pulse of H,O0,



30 s of exposure to H,0 and finally 60 s purge with nitrogen. The flow rate was around
100 sccm and the deposition temperature was 100 °C.

If not precised otherwise, the ZnO films synthesized were 20 nm thick and deposited
on Indium Tin Oxide (ITO) substrates. Before the depositions, the substrates were
cleaned by acetone and isopropanol (15 min each) in an ultrasonic bath and then rinsed
with water.

Next, an electrodeposition process was carried out to grow the NWs from a supporting
electrolyte consisting of 0.5 mM ZnCl, and 0.1 M KCIl, with deionized water as
solvent.[34] Molecular oxygen was supplied to the solution by bubbling O, during 45
minutes prior to the experiment, and this O, bubbling was maintained during the
deposition process. To achieve the Al doping, AlCl;.6H,0 was added to the solution.
By varying the Al/Zn atomic ratio in the electrolyte solution, ZnO NWs with different
Al doping percentages were prepared (the ratios used were 0, 0.1, 0.5, 1, 2 and 5
mol%). All electrodepositions were carried out at 80°C during 150 minutes in a three-
electrodes cell. The ITO substrate, the platinum plate, and the Ag/AgCI electrode were
respectively used as the working electrode, the counter electrode and the reference
electrode. The deposition potential was —1.0 V versus Ag/AgClL.[34] At the end of
each growth period, the supported ZnO nanowires were removed from the solution and
rinsed in deionized water for 20 minutes at 80 °C to eliminate any residual impurities

from the surface.

3. Chemical and structural characterizations
The morphology and the microstructure of the synthesized ZnO NWs were determined
using scanning electron microscopy (SEM, HITACHI S4800), energy dispersive X-

Ray spectroscopy (S-4500, coupled with a Thermofisher EDX detector), Raman



spectroscopy (Horabi) and X-Ray diffraction (XRD, PANAlytical Xpert-PRO

diffractometer equipped with an X'celerator detector using Ni-filtered Cu-radiation).

4. UV sensor measurement

In order to study the photodetection properties of the samples, electrical measurements
were performed under dark and UV illumination. The radiation power of the 365 nm
UV source illuminating the sample device was 1.87 mW/cm?. Silver contacts were
applied to the samples surface with 5 mm separating distance in order make a
measureable device and to perform the electrical measurements, as depicted in Figure

1. [35]

Silver clectrodes

Figure 1. Schematic representation of the device with silver contacts

Sweep voltammetry and chronoamperometry measurements have been performed
using a potentiostat (EG&G instruments, 265 A model). Sweep voltammetry has been
carried out from -3 to 3 V with a scanning speed of 50 mV/s. In order to extract the
photoresponse current and the recovery time, chronoamperometry measurements were
performed with on/off UV illumination. They have been performed at -1 V during
3000 s using the following protocol: UV off between 0 and 100 s ; UV on between 100
and 200 s ; UV off between 200 and 3000 s. The UV photoresponse data have been

extracted from chronoamperometry experiments. The photoresponse current (Al) was



defined as the difference between current under UV illumination and current under
dark, and the recovery time t was defined as the time for the photoresponse current to
drop to 1/e (37%) of the maximum photoresponse current. During the electrical

measurements the UV cell was covered with a black box to ensure light isolation.

Results and discussion
1. Material properties

In order to study the influence of Al-doping on the properties of the synthesized ZnO
NWs, the Al/Zn atomic ratio in the electrolyte solution used for the electrodeposition
was varied (0, 0.1, 0.5, 1, 2 and 5 mol%). Thus, ZnO NWs with increasing Al contents
could be prepared. The chemical composition for all ZnO NWs samples has been
evaluated by energy dispersive X-Ray spectroscopy and the results are displayed in
Table 1. The ZnO NWs synthesized are near-stoichiometric, with a slight excess of
oxygen. A weak signal from Al has been detected for the doped samples, indicating

that the doping was effective.

Table 1. Chemical composition of the elements present in ZnO and Al-doped ZnO

samples.

Doping percentage O (%) Zn (%) Al (%)

0% 56 44 -
0.1% 54 46 -
0.5% 56 44 0.3

1% 60 40 0.4

2% 54 46 0.4

5% 66 34 0.5




The morphology of the synthesized nanostructures has been studied by scanning
electron microscopy (SEM). Figure 2 presents the top view SEM images of the ZnO

NWs samples prepared using different doping percentages.

0% doping, | ¥ 8% < = ‘b.i% dofing

2 Ir

(indicated in the top right corner of each image).

The morphology of all samples can be described as NW arrays perpendicular to the
substrates. The NW diameters increased from approximately 70 nm for the undoped
NWs and 0.1 % doped NWs, to 130 nm for the 0.5 and 1 % doped samples. The
diameters measured for the 2 and 5 % doped samples were 60 and 80 nm, respectively.
This difference could be attributed to the increase of the growth rate and the change of
the growth orientation of ZnO NWs with the incorporation of Al dopants up to 1
%.[36] The decrease of the diameter for the 2 and 5 % doped samples could be related

to the deterioration of the crystallinity of the NWs (see section above).



Next, Raman spectroscopy measurements have been carried out in order to further
characterize the chemical structure of the samples. Figure 3 shows the Raman spectra
of ZnO and Al-doped ZnO NWs. All samples present an obvious band around 438
cm™!, which can be assigned to the E, (high) phonon scattering mode of ZnO

hexagonal structure.[37]

- E, (high) 0%
—0.1%
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Figure 3. Raman spectra of ZnO and Al-doped ZnO NWs.

The fact that the E, (high) mode is sensitive to the stress within ZnO nanostructures
has been reported in the literature.[38] In our samples, this E> peak does not show any
noticeable shift between undoped and Al-doped NWs. Thus, we believe the Al dopants
did not introduce excessive stress in the samples. The band at ~570 cm™! corresponds
to the Al (LO) mode.[39] An increase of the intensity of this peak with the increasing

doping percentage can be seen. As reported previously,[40] the enhancement of this
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LO mode by the Al doping can be attributed to the electric field induced (EFI) Raman
scattering. The band at 331 cm™! observed for the 0.5 %-doped NWs can be attributed
to the EZ — E optical phonon modes of ZnO single crystal.[41]

The microstructure of the samples has then been investigated. XRD diffraction patterns

of ZnO NWs with different doping percentages are shown in Figure 4.

— 5%
(ITO)  |— 2%
— 1%
— 0.5%
— 0.1%
— 0%
ITO [

(102) ({93)

Intensity (a.u)

20 30 40 50 60
260(°)

Figure 4. XRD patterns of ZnO and Al-doped ZnO NWs and ITO substrate.

The peaks observed at 31.7°,34.4°,36.2°,47.5° and 62.9° correspond respectively to
the (100), (002), (101), (102) and (103) planes of hexagonal ZnO. The other peaks (at
260 = 30.1°35.2°50.3 9 can be attributed to the ITO substrate.

The intensity of the (002) peak is stronger than the other peaks, suggesting that ZnO
crystallites are highly oriented with the c-axis being perpendicular to the substrate. As

compared to undoped ZnO NWs, the (002) peak intensity increased with the increase
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of Al doping for 0.5% and 2% doped nanowires: However, it is observed that the peaks
decreased for 0.1%, 1% and 5% doped nanowires. To understand the relationship
between the concentration of the Al doping and the (002) peak intensity, a comparison
of the (002) peaks of undoped ZnO NWs and ZnO NWs with 0.1%, 1% and 5% Al-

doping is given in Figure 5.

Intensity (a.u)

340 342 344 346 348 350
26(°)
Figure 5. XRD patterns of the (002) peak of undoped ZnO NWs 0% and ZnO NWs

with 0.1%, 1% and 5% Al-doping.

A shift to the large angle of diffraction peaks for 1% and 5% Al-doped ZnO NWs is
observed compared with that of the undoped ZnO NWs. The shift of the two samples
(1% Al and 5% Al) was found to be 0.013° and 0.025° respectively. This small shift
could be attributed to the smaller atom radius of substituted AI** (0.53 A) than that of
Zn?* (0.60 A) in the ZnO lattice .[38] This shift may explain the decrease of the (002)

peak intensity.
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This result may be due to the deterioration in crystalline quality or segregation of
aluminum in the grain boundaries at higher doping concentrations.[42] Concerning the
0.1% Al doped sample, the shift of diffraction (002) peak disappear while its intensity
is weak. According to the EDX results, the atomic ratio (O\Zn) of ZnO NWs doped
0.1% Al was found to be 1.17 and the doping was not detected due to the small amount
of Al (0.1%) introduced on the ZnO NWs. It is thus expected that the stoichiometry
was slightly improved with less oxygen vacancies. A lack of oxygen vacancies may
induce a degradation of crystalline quality.[43] As a result, the diffraction peak

intensity for (002) orientation decreases.

The grain sizes reported in Table 2 were calculated using the Debye-Scherrer
formula[44]:

,_ 092 )
~ Bcos@

Where D, 6, and 1 are the mean crystallites size, the Bragg angle, and the wavelength

of the incident X-ray (0.154 nm), respectively.

Table 2. Grain size of ZnO and Al-doped ZnO NWs

Doping percentage (%) 0 0.1 0.5 1 2 5

Grain size (nm) 423 53.2 544 493 513 464

As shown in Table 2, the size of the grains tends to get larger with increasing the Al
doping up to 0.5 %, and their size decrease for higher doping concentrations. The
decrease of grains size with increasing of dopant concentration may be attributed to the

alternation of Zn and Al atoms which can prevent the growth of larger ZnO grains.
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This suggests the improvement of the crystallinity of low Al-doping samples, and the
deterioration of the crystalinity for the higher Al-dopings.

Figure 6 displays the UV-Visible absorption spectra of the ZnO NWs. No absorption
features were seen in the visible region for the ZnO NWs which indicates their high
purity- We observe an absorption edge at 380 nm which corresponds to the excitonic
band gap of ZnO NWs. In particular, the absorption edge is blueshifted with the
increase of Al doping, suggesting the broadening of the optical bandgap. Typically, the
blueshift of the absorption edge of the Al-doped ZnO NWs can be associated to the
increase of the carrier concentration (blocking the lowest states in the conduction
band), which is known as the Burstein-Moss effect.[45, 46] In order to estimate the
bandgap of the samples, (ahv)?was plotted against hv, which is known as Tauc plot,
where « is the absorbance, h is planck’s constant and v is the incident light’s
frequency.[47] Then, the vertical segment of the plot was extrapolated to intersect with
the x-axis. The value at the intersection between the extrapolated segment and the x-
axis is the badngap, as depicted in Figure 7. The calculated bandgap values are shown
in Table 3. No clear trend for the bandgap variation was observed between 0% and
0.5%, however, the bandgap increased for the 1, 2 and 5% doped samples from 3.22 to

3.25 eV, indicating perfect accordance with absorption results.

Table 3. Doping % of ZnO NWs and the corresponding bandgap.

Doping (%0) 0 0.1 0.5 1 2 5

Bandgap (eV) 3.24  3.17 3.16 3.23 3.24 3.28




14

Abs (a.u)

400 500 600 700 800
Wavelength (nm)

Figure 6. UV-visible absorption spectra in the wavelength range 360-800 nm for undoped
and Al-doped ZnO NWs.
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Figure 7. Tauc plots for undoped and Al-doped ZnO NWs.

2. UV sensing measurements

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.[48] Sweep voltammetry 1V curves of all NWs samples are shown in Figure 8.

The IV curves shapes strongly suggest the ohmic contacts between the ZnO
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nanomaterials and the Ag fingers. For the 0.1, 0.5 and 1 % Al doped Zno NWs
samples, the current measured increases under UV illumination, as the Al-doping
increases the carrier concentration in ZnO structures.[16] However, no difference
between dark and UV currents can be seen for the 2 and 5% Al doped Zno NWs
samples due to excessive Al atoms, that possibly included defects which deteriorated
ZnO microstructure, as suggested by the XRD results. In fact, it is likely that the
electron mobility is affected by the smaller grain sizer of these samples, and that the

photocurrent properties are decreased.[16]
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Figure 8. IV curves of (a) 0%, (b) 0.1%, (c) 0.5%, (d) 1%, (e) 2% and (f) 5% under
dark (black curves) and UV illumination (red curves), as determined by sweep

voltammetry.

Chronoamperometry measurements have been performed to study the intensity of the
photocurrent as a function of time. Figure 9 depicts the intensity over time for ZnO and

Al-doped ZnO NWs under UV illumination (365 nm).

008 \/\
__ 0.064
s 0%
- —0.1%
% —0.5%
et i 1%
E o004 1
o 5%
o.oz-a__,__¥E R
0 500 1000 1500

Elapsed time (s)

Figure 9. Intensity versus time curves for ZnO and Al-doped ZnO NWs samples under
UV illumination (365 nm) between 100 and 200 s, as determined by

chronoamperometry measurements.

In order to gain more understanding on the influence of Al doping on the UV
photoresponse properties, the UV photoresponse and the recovery time have been
extracted and plotted versus the doping percentage (Figure 10). The photoresponse
current was determined by calculating the difference between I, and Ip,x, and the

recovery time was defined as the time for the photoresponse current to drop to 37% of
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its maximum value. These parameters are reported in Table 4. The UV photoresponse
of a photodetector (A/W) is defined as a ratio between electrical output (photoresponse
current) and optical input (UV source’s power). The external quantum efficiency can
be defined as the number of carriers circulating through a photodetector per absorbed
photon and per time unit. It was calculated using the following expression:[49]

EQE = Eﬂ
gAPS
Where Al is the photoresponse current, P is the light power density irradiated on the
NW, S is the irradiated area of an individual NW, 1 is the excitation wavelength, h is
Planck’s constant, ¢ is the velocity of light and q is the electronic charge. EQE
increased significantly with increasing doping percentage to 0.1%. This is due to the
increase of free carriers in the lattice with the incorporation of Al. When reaching
higher doping concentrations, the decreasing quantum efficiency values could be
attributed to the deterioration of crystalline quality (as shown in Figure 4) which
impedes the flow of carriers. Ultrahigh EQE values were also reported elsewhere and

they were attributed to high quality NWs and spatial charge separation due to surface

trapping of holes.[50]

Table 4. Iy, and Iy with the Iy /Ipaek CUrrent ratio at -1 V bias; UV photoresponse

current and recovery time for ZnO and Al-doped ZnO samples.

Doping percentage 0% 01% 05% 1% 2% 5%
Igari(A) 0.0179 0.0686 0.0207 0.0252 0.0228 0.01495
Iyy(A) 0.0187 0.0797 0.0292 0.0263 0.0244 0.01583
Tuv/Ipark 104 116 141 104 107  1.06

Al (mA) 0.8 11.1 8.5 1.1 1.6 0.88
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UV photoresponse (A/W) 0.95 8.48 6.99 1.47 2.85 0.94

T (s) 31 211 502 282 394 472

EQE (* 10 W.nm.A—-1) 378 524 291 0377 103 3.2

< 12
£ '\ —=— Photoresponse current a)
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o 4-
2]
c
= . —" n
s
g 0 1 2 3 4 5
i’ . —u— Recovery time - b)
<4004 \ .
>200 4 n
= 1]
o
§ o

o 1 2 3 4 5

Al (%)

Figure 10. UV photocurrent (a) and recovery time (b) versus Al-doping percentage.

High UV photoresponse and low recovery time values are the most important
parameters for UV sensors, because they indicate a high sensitivity and a high speed.
From the results presented in Figure 10, it can be concluded that the optimal UV
sensing performances are observed for the 0.1 % doped ZnO NWs sample. In fact, this
sample clearly presents the highest photoresponse current (Al), UV photoresponse and
quantum efficiency (11.1 mA; 8.48 A/W; 5.24 = 10*1)W.nm.A?), and it also has the
second lowest recovery time values (211 s). Undoped ZnO exhibits low n-type
conductivity due to the low carrier concentrations in the NWs, whereas Al-doped ZnO
has carrier concentrations in excess, enhancing the n-type conductivity. Thus, the

photocurrent response of undoped ZnO is very low (0.8 mA) compared to the doped
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ZnO NWs (11.1 mA). The decrease of the photodetection properties in the other Al
doped ZnO NWs (between 1 and 5 % atom) may be attributed to the defects formed by
the excess of Al atoms. The recovery time for the 0.1% doped ZnO NWs obtained in
this study is shorter than that reported in the literature,[12, 51] and overall, the
performances observed for our samples are comparable to the ones reported by Mamat
et al. for ZnO nanorods samples.[17] This shows that the alternative approach
developed in this work is a viable new route for the synthesis of ZnO nanosensors.

Next, the stability of the sample with 0.1% doping has been tested. 10 cycles of
‘on/off” UV illumination have been carried out by chronoamperometry. The cycles are
separated by 1000 s. The stability curve for the 0.1 % sample is shown in Figure 1la

(over 10 cycles).
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Figure 11. (a) Device stability test of 0.1% Al-doped ZnO NWs over 10 cycles and (b)
photoresponse current and recovery time vs cycle number for the 0.1% Al-doped ZnO

NWs sample.

Table 5. UV photoresponse current and recovery time against number of cycles for

0.1% doped sample.
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Cycle number 1 2 3 4 5 6 7 8 9 10

AI (mA) 129 89 117 121 98 88 92 9 96 938

T (s) 268 169 443 320 293 350 312 249 182 263

This initial stability study shows that the photoresponse current varied between 10 and
30 % at the first cycles, but became stable after the 5" cycle, as can be seen in Figure
11b and Table 5. On the other side, the recovery time did not show any relevant
stabilization during the test, which may be due to the fact that repeated UV
illuminations induce changes in the electrical properties and/or the crystallinity of ZnO

NWs.[52] Further studies are however necessary to confirm this assumption.

Conclusions

In this work, a novel process for the synthesis of ZnO and Al-doped ZnO NWs has
been described. The new route has been used to prepare NWs arrays on TCO
substrates, and the ZnO based nanomaterials were then tested as UV sensors. We used
ALD for the seed layer preparation and electrodeposition for the NWs growth. The
ZnO NWs presented a hexagonal microstructure and were grown perpendicularly to
the substrates surface. They offered diameter between 70 and 130 nm depending on the
Al doping concentration. Excellent UV photocurrents and short recovery time values
have been measured for all samples. The study revealed that the 0.1 % Al-doped ZnO
NWs exhibited the highest photocurrent values for UV detection (up to 11.1 mA). This
novel technique combining ALD and electrodeposition is therefore a promising new
route for the preparation of Al-doped ZnO NWs, since it allows for the scalable

fabrication of UV sensors with high sensitivity, fast speed and stability.
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