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Abstract

In this study, the different Al-doped ZnO nanowire arrays (Al-doped ZNWAs, Al/Zn =0, 0.25, 0.5, 1 and 2
atom%) were grown on the interdigital patterned FTO substrates, five lateral p-n heterojunctions were
built by depositing CuSCN layers onto the Al-doped ZNWAs. The results demonstrated that these
heterojunctions could be used for low-intensity ultraviolet photodetection (190 pW/cm?, 365 nm). Also,
all the devices presented self-powered behaviors, when Al content was 0.5%, the device had the optimal
performance, its sensitivity (S), responsivity (R,), external quantum efficiency (EQE), detectivity (D*), rise

time (t,) and decay time (t) were up to 65320 (-0.3 V), 2202.6 mA-W~1(5V), 748.2%, 1.1 x 103 Jones,
36.0 s and 1.9 s, respectively.

1. Introduction

Ultraviolet photodetector (UV PD), an important optoelectronic device [1-4], has been attracted
considerable attention in recent years due to its extensive applications in many fields [5], such as
environmental monitoring, optical communication, medical diagnostics and biochemical analysis [6-9].
In general, the conventional UV PDs require an external power source to operate, which have become a
bottleneck for their extensive applications [10—-13]. In contrast, self-powered UV PDs can operate without
an external power supply, which have recently been received a lot of interest due to their notable
advantages, such as light weight, low energy consumption and sustainability [14-18].

As an important functional inorganic semiconductor, zinc oxide (Zn0) has a direct wide bandgap (3.37
eV), a large exciton binding energy (60 meV) excellent photoelectric properties and potential applications
in catalyses, sensors, solar cells, piezoelectric devices and UV PDs [19-21]. Especially, substantial effort
has recently been devoted to the development of ZnO-based UV PDs [22], significant progress has been
made in self-powered ZnO-based heterojunction UV PDs [23, 24]. Recently, Banari et al. [25] fabricated

several self-powered Ce0,:Zn0-Cu,0 heterojunction UV PDs, the highest R, was 2.69x10°A/W. Chu et al.
[26] developed a self-powered ZnO/CuPc heterojunction UV PD, the Ry, D" and EQE of the device at 0 V
bias were 0.39 mA/W, 7.53 x 10° Jones and 0.14%, respectively. Nandi et al. [27] reported a self-powered
UV PD based on a 2D Bi,Se;-Zn0 nanoparticle heterojunction, its Ry and D" were 2.89 mA/W and 9.2 x

108 Jones, respectively. However, most of these self-powered devices still have shortcomings, such as
poor performance, high cost and complex process. Copper thiocyanate (CuSCN), a good p-type
semiconductor, has been extensively used in solar cells as the hole-transport layer [28]. Interestingly,
CuSCN has been also demonstrated to use in UV PDs, some works on ZnO/CuSCN heterojunction UV
PDs [29-33] have been available. In particular, significant progress has made in self-powered
Zn0/CuSCN heterojunction UV PDs in recent years. Hatch et al. [29] achieved a self-powered Zn0O
nanorod/CuSCN UV PD, R, of the device was 7.5 mA/W. Garnier et al. [30] investigated the performance
of self-powered UV PDs based on annealed ZnO nanowire/CuSCN heterojunctions, its Ry was 0.02 A-W-"
at 0 V. Li et al.[31] observed self-powered UV photoresponse property in ZnO nanorod arrays/CuSCN
heterojunction. Shi et al. [32] developed self-powered ZnO nanorod arrays/CuSCN heterojunctions UV
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PDs, a high R, of 1.57 A-W-"was obtained. To the best of our knowledge, few works on ZnO/CuSCN
lateral heterojunction UV PDs have been available so far.

In this work, different Al-doped ZNWAs (Al/Zn =0, 0.25, 0.5, 1 and 2 atom%) were first grown on the
interdigital patterned fluorine-doped tin oxide (FTO) coated glass substrates, their morphology and
crystal structure were investigated. Furthermore, five Al-doped ZNWAs/CuSCN lateral heterojunctions UV
PDs were constructed, the effects of Al doping content on the performance of the devices were focused
on investigating.

2. Experimental
2.1. Growth of Al-doped ZNWAs

Al-doped ZNWAs were grown by a hydrothermal technology according to our previous similar work [34].
In brief, ZnO seed layers were first prepared on the interdigital patterned FTO coated glass substrates,
0.595 g of zinc nitrate hexahydrate (Zn(NO3), 6H,0), 0.280 g of hexamethylenetetramine (C¢H;,N,) and

a certain mass of aluminum nitrate nonahydrate (AI(NO;),-9H,0) were mixed together, the atomic ratios
of Al to Zn were 0%, 0.25%, 0.5%, 1% and 2%, respectively, then dissolved in 80 ml of deionized water, the
aqueous solution was stirred for 20 min using a magnetic stirrer, and transferred into a 100 ml Teflon-
lined autoclave, the ZnO seed layers coated substrates were immersed into the aqueous solution, the
autoclave was sealed, and placed in an oven. The reaction was maintained at 93°C for 2 h. Subsequently,
the substrates were removed from the solution and washed with deionized water and ethanol, and then
air-dried in the oven at 50°C for 7 h.

2.2. Fabrication of Al-doped ZNWAs/CuSCN lateral
heterojunctions UV PDs

All the as-grown Al-doped ZNWAs were first annealed in a muffle furnace at 450°C for 1 h. CuSCN was
dispersed into ammonia with a concentration of 20 mg/ml in air, a small volume of CuSCN solution was
then spin-coated on the top of the treated Al-doped ZNWAs at 2000 rpm for 40 s. Finally, the samples
were naturally dried in air The schematic illustration of Al-doped ZNWAs/CuSCN lateral heterojunction
UV PDs is shown in Fig. 1.

2.3. Characterization

Morphology of the samples was observed by a field-emission scanning electron microscopy (FE-SEM,
Zeiss Sigma 300). Crystal structure was characterized by an X-ray diffractometer (XRD, Rigaku Ultima
IV). Room temperature photoluminescence (PL) spectra were examined by a spectrophotometer (-
Edinburgh, FLS 1000) with excitation wavelength of 325 nm. UV-visible absorption spectra were carried
out with a spectrophotometer (Shimadzu, UV-3600). Both current-voltage (I-V) and current-time (I-t)
characteristics of all the PDs were recorded using a Keithley 2400 semiconductor parameter analyzer, a
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12 W handheld UV lamp (A = 365 nm) was used as the light source, light intensity was calibrated to be
190 yW-cm~ 2 with a UVA365 radiometer.

3. Results and discussions

Figure 2 shows the typical FE-SEM images of different Al-doped ZNWAs/CuSCN. It can be observed from
the top-view image of undoped sample (Fig. 2a) that a great number of ZnO nanowires densely grow on
the FTO substrates to form a well-aligned array, the inset in Fig. 2a displays the corresponding high-
magnification FE-SEM image, it can be noted that the hexagon-shape top section of all the nanowires
with diameter in 40—50 nm. a small amount of CuSCN is found on the surface of ZnO nanowires, most
CuSCN may be embedded into the gaps among the nanowires. After Al doping (Fig. 2b-e), the average
diameters of ZnO nanowires gradually increase with enhancing Al doping content, which is similar with
the results of previous report [34]. Notably, when the Al content is raised to 2%, a large number of
nonstanding nanowires can be observed (Fig. 2e), this may be because the high content of aluminum
nitrate reacts with HMTA in advance, many Al-doped ZnO nanowires can not grow vertically along the
substrate due to the lack of adequate HMTA [35]. In addition, it can be clearly found that some thick
CuSCN layers adhere to the surface of the nanowires (Fig. 2e). Figure 2(f) presents the cross-sectional
FE-SEM image of 0.5% Al-doped ZNWAs/CuSCN. The result further demonstrates that a lot of Al-doped
Zn0 nanowires vertically grow onto the substrate with a length of ~ 400 nm, many CuSCN layers fill into
the gaps among the nanowires.

XRD patterns of all the Al-doped ZNWAs/CuSCN are presented in Fig. 3. As clearly seen, for all the
samples, several distinct diffraction peaks at 26 = 34.6°, 36.6°, 47.8°, and 63.1° are assigned to Zn0O with
hexagonal wurtzite structure, corresponding to the (002), (101), (102) and (103) planes (JCPDS card No.
36-1451). In addition, a higher peak located at 26 = 32.6° can be found for all the samples, which is
indexed to the (0012) plane of CuSCN (JCPDS card No. 73-1855), confirming the presence of the CuSCN
in all the samples. In particular, for 0.5% Al-doped ZNWAs/CuSCN, the intensities of all the ZnO
diffraction peaks are greater than those of the other samples, indicating that the moderate Al doping
content can improve the crystal quality of ZnO nanowires.

Figure 4 presents optical properties of different Al-doped ZNWAs/CuSCN. Room temperature PL spectra
of all the samples are shown in Fig. 4(a), for the comparison, PL spectrum of ZNWAs is also presented in
Fig. 4(a). Obviously, the distinct peaks centered at around 397 nm for all the samples can be observed,
which are attributed to near band edge (NBE) emission of ZnO [36], the energy of free exciton is
estimated to be about 3.12 eV for all the samples from their NBE emissions. In addition, ZNWAs display
a strong defect-related broad emission band in the range from 500 to 700 nm, suggesting a high density
of deep-level defects and surface states in the ZnO nanowires [37, 38]. After introducing CuSCN, the NBE
emission is significantly enhanced, while the defect-related emission is suppressed, the enhancement of
NBE emission may be because the surface defect states in the ZnO nanowires are passivated,
nonradiative recombinations decrease, the defect-related emission become weak, which can play a vital
role in reducing the charge carriers recombination of the ZNWAs/CuSCN [39]. In particular, for the 0.5%
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Al-doped ZNWAs/CuSCN, the defect-related emission almost disappear, indicating that the charge
carriers recombination is efficiently suppressed. Figure 4(b) present UV-visible spectra of different Al-
doped ZNWAs/CuSCN. Clearly, all the samples reveal strong absorption in UV region, the sharp
absorption edges (~ 370 nm) for the ZNWAs/CuSCN can be observed, with the increase of Al doping
content, the absorption edges blue-shift slightly. According to the method reported previously [33], the
bandgaps of 0, 0.25, 0.5, 1 and 2% Al-doped ZNWAs can be estimated, the values are 3.13, 3.10, 3.20,
3.21 and 3.17 eV, respectively.

Figure 5 displays |-V characteristics of all the Al-doped ZNWAs/CuSCN UV PDs in the dark and under 365
nm light illumination from - 5to + 5 V. In the dark (Fig. 5a), it is evident that all the devices exhibit good
rectifying behaviors, indicating the formation of Al-doped ZNWAs/CuSCN heterojunctions. Also, they
have very low dark currents, this behavior may be mainly attributed to two aspects: On one hand, when
the devices were operated under reverse bias, built-in electric field (E,;) exhibited low collection
efficiency for thermally excited electron-hole pairs. On the other hand, good interface of all the Al-doped
ZNWAs/CuSCN had few defects, which minimized both the recombination current and surface leakage
current [40-42]. Under 365 nm light illumination (Fig. 5b), the currents of all the devices significantly
increased. compared to their dark components, indicating that they produce robust photoresponses and
efficient photoelectric conversions to 365 nm light. Notably, for the 0.5% Al-doped ZNWAs/CuSCN PD, its
current at 0 V increases from 2.09 x 10-° A in the dark t0 2.06 x 10-¢ A, an increase by three orders of
magnitude is achieved. To further evaluate performances of these devices, the sensitivity (S),

responsivity (R,), external quantum efficiency (EQE), and detectivity (D*) of all the devices at 0 V bias can
be calculated by the reported methods [43, 44], the results are summarized in Table 1. It is noted that all
the devices can be operated at self-powered mode, the value of R, for the 0.5% Al-doped ZNWAs/CuSCN
PD is up to 24.9 uA-W~ . Also, the S, R,, EQE and D"of all the devices at a certain low bias were
estimated, as shown in Table 2.

The main performance parameters of d-li-;fté:r:egt Al-doped ZNWAs/CuSCN UV PDs at 0
Al doping content S R,(MAW™")  D*(Jones) EQE(%) t/ty(s)
0% 0.81 1.5 4.5x108 0.0051  51.9/8.0
0.25% 251 1.0 23x108  0.0004 51.9/8.0
0.5% 10.14 249 6.8x10°  0.0084  41.9/0.9
1% 2.65 7.2 1.8x10° 0.0020 51.9/8.0
2% 125 50 33x108  0.0020  10.0/0.9
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Table 2

The performance parameters of different Al-doped ZNWAs/CuSCN UV PDs at a certain low
bias

Aldoping content Sat0.3V g at5v(mA-W™') D*(Jones) EQE(%) t/ty(s)

0% 629 43 9 9x1010 1.5 33.0/2.9
0.25% 32572 7.2 49x10 2.4 57.0/0.9
0.5% 65320 22026 11x10138 7482  36.0/1.9
1% 6170 71.0 2 5x1011 241 62.9/0.9
2% 719 46 45x1010 1.6 26.9/3.9

Figure 6 shows I-t characteristics and the typical normalized responses of different Al-doped
ZNWAs/CuSCN UV PDs. Figure 6(a) exhibits I-t characteristics of all the PDs at 0 V bias. Evidently, all the
devices reveal self-powered behavior, which is agreement with the results of Table 1. Furthermore, I-t
characteristics of all the devices at 2 V bias were examined, as presented in Fig. 6(b). Interestingly, all
the devices have fast response, good stability and excellent repeatability. Especially, the maximum
photocurrent exceeds 300 pA for 0.5% Al-doped ZNWAs/CuSCN UV PD, which is significantly higher than
those of the other devices, this is mainly because 0.5% Al-doped ZNWAs have optimal electrical
properties (see the results of Fig. 5), well-defined morphology (see the results of Fig. 2) and the best
crystallinity (see the results of Fig. 3), as well as the defect states density of 0.5% Al-doped
ZNWAs/CuSCN are the lowest (see the results of Fig. 4a). A representative cycle was extracted from |-t
characteristics of each devices (Fig. 6a), the corresponding normalized responses were plotted in Fig.
6(c), the rise time (t,) and decay time (t4) were estimated according to the reported method [34, 45], the
values of t, and t4 for all the devices at 0 V bias are listed in Table 1. Figure 6(d) presents the normalized

responses of all the devices at 2 V bias, their values of t, and ty were also estimated, as given in Table 2.

Obviously, it can be seen from Table 1 and Table 2 that the performance of Al-doped ZNWAs/CuSCN UV
PDs gradually improves with increasing Al doping content from 0% to 0.5%, when Al doping content is
0.5%, the PD has the optimal overall performance, further increasing Al doping content, the device
performance is declining rapidly. It is believed that the performances of Al-doped ZNWAs/CuSCN UV
PDs mainly depend on the electrical properties of Al-doped ZNWAs and the defect states density of Al-
doped ZNWAs/CuSCN, on one hand, after Al doping, the electrical properties of ZNWAs can be obviously
enhanced [46], such as the carrier concentration and mobility, because the ionic radius of AI** (0.53 A) is
much smaller than that of Zn* (0.74 A), Al*+ is readily incorporated into the ZnO lattice and substituted
for Zn?* as a dominant donor, consequently, a large number of free electrons are released into the
conduction band (V) of ZnO, which increases concentration and mobility of free electrons, the

resistance of the Al-doped ZNWAs thus reduces. When ZNWAs are doped with an appropriate Al content
(0.5%), the Al-doped ZNWAs have optimal electrical performance, the minimum resistance can be

obtained (see the dark |-V characteristics), on the other hand, 0.5% Al-doped ZNWAs/CuSCN has the
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lowest defect density among these samples (see the results in Fig. 4(a)), which also play a key role on
improving the device performance. After Al doping content exceeds 0.5%, however, excessive free
electrons reduce their mobility via ionized-impurity and scattering effects, the electrical performance of
Al-doped ZNWAs gradually become poor. Moreover, excessive free electrons significantly increase
scattering of incident photons and reduce UV light absorption according to our previous works [34]. In a
word, 0.5% Al doping content is optimum. In addition, the prolonged response and recovery observed in
all the photodetectors may be attributed to few recombination centers in different Al-doped ZNWAs [47].
In Table 3, a comparison in device performance was made between 0.5% Al-doped ZNWAs/CuSCN UV
PD and the reported ZnO-based heterojunction PDs. The results indicate that the 0.5% Al-doped
ZNWAs/CuSCN PD reveals good performance.

Table 3

Comparison of the main performance parameters for several UV PDs based on ZnO
heterojunctions.

Active materials R,at OV (mA-W™ 1) D* (Jones) t./ty(s) Ref.
Zn0 nanorod/CuSCN 1570 2 9%1010 6/501 [32]
Zn0 nanorod/CuSCN/rGO  18.65 3 7x10M 0.105/0.1  [33]
Zn0/Cu,0 1.27 16x10"1  0.19/0.32  [48]
Ga +In-ZnO nanowire/GaN  5.29 8.0x10° 9.9/11.4 [49]
Al-doped ZNWAs/CuSCN 0.0294 1.1x1013 41.9/0.9 This work

4. Conclusions

In summary, the different Al-doped ZNWAs were successfully grown on the interdigital patterned FTO
substrates, a series of lateral heterojunction UV PDs were subsequently built by depositing CuSCN layers
onto the Al-doped ZNWAs. The results exhibited that all the devices under 365 nm light irradiation
presented the pronounced photoresponses and stable self-powered behaviors. Furthermore, it was
found that the Al doping content had significant effects on the device performance. Of these devices, the
0.5% Al-doped ZNWAs/CuSCN PD had the optimum performance. This work provides a simple, low-cost
and efficient route for achieving high-performance self-powered ZnO-based heterojunction UV PDs.
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Schematic illustration of Al-doped ZNWAs/CuSCN UV PDs
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XRD patterns of different Al-doped ZNWAs/CuSCN
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Optical properties of different Al-doped ZNWAs/CuSCN, (a) Room temperature PL spectra, (b) UV-visible
absorption spectra
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Optical properties of different Al-doped ZNWAs/CuSCN, (a) Room temperature PL spectra, (b) UV-visible
absorption spectra
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I-V characteristics of different Al-doped ZNWAs/CuSCN UV PDs in different conditions, (a) Dark, (b) UV
light illumination (light power density = 190 pW-cm?, A = 365 nm)
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