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Abstract: This study employed atomic layer deposition (ALD) to fabricate an Al,O3 passivation layer
to optimize the performance of ultraviolet (UV) photodetectors with a TiOp-nanorod-(NR)-containing
active layer and a solid-liquid heterojunction (SLHJ). To reduce the processing time and enhance
light absorption, a hydrothermal method was used to grow a relatively thick TiO,-NR-containng
working electrode. Subsequently, a 5-nm-thick Al,O3 passivation layer was deposited on the TiO,
NRs through ALD, which has excellent step coverage, to reduce the surface defects in the TiO, NRs
and improve the carrier transport efficiency. X-ray photoelectron spectroscopy revealed that the
aforementioned layer reduced the defects in the TiO; NRs. Moreover, high-resolution transmission
electron microscopy indicated that following the annealing treatment, Al, Ti, and O atoms diffused
across the interface between the Al,O3 passivation layer and TiO, NRs, resulting in the binding
of these atoms to form Al-Ti-O bonds. This process effectively filled the oxygen vacancies in
TiO,. Examination of the photodetector device revealed that the photocurrent-to-dark current ratio
exhibited a difference of four orders of magnitude (10~* to 108 A), with the switch-on and switch-off
times being 0.46 and 3.84 s, respectively. These results indicate that the Al,O3 passivation layer
deposited through ALD can enhance the photodetection performance of SLHJ UV photodetectors
with a TiO; active layer.

Keywords: TiO, nanorod (NR); Al,Oj3; ultraviolet (UV) photodetector; atomic layer deposition (ALD)

1. Introduction

Ultraviolet (UV) photodetectors are widely used in various fields, including industry,
healthcare, and defense. The materials and structure of the active layer in UV photodetec-
tors considerably influence the sensitivity and stability of these devices. Most currently
available UV photodetectors are based on inorganic compounds, and multiple studies
have developed various nanostructures to enhance the performance of UV photodetec-
tors. Commonly used two-dimensional (2D) thin-film materials in UV photodetectors
include AIN, GaN, Ga;03, ZnO, and TiO, [1-6]. In addition, scholars have explored the
use of one-dimensional (1D) nanostructures, such as nanowires, nanorods (NRs), and nan-
otubes, to enhance photodetector performance [7-9]. Given the superior light-harvesting
capability and shorter electron transport pathways of 1D structures compared with those
of 2D structures, the present study selected TiO, NRs as the active layer to fabricate
UV photodetectors.

To achieve effective light absorption, the active layer of the UV photodetector should
comprise a relatively thick film. Common vacuum deposition techniques, such as sputter-
ing [10,11], atomic layer deposition [12,13], and chemical vapor deposition [14,15], provide
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stable film quality with easily controllable parameters; however, the film deposition rate in
these methods is typically low. Alternatively, numerous studies have utilized nonvacuum
hydrothermal methods [16,17] to synthesize TiO, NRs; these methods are cost-effective
and enable rapid film growth. Nevertheless, relevant studies have reported that TiO, NRs
synthesized through hydrothermal methods often exhibit oxygen vacancy defects [18],
which can degrade the performance of UV photodetectors. Research has indicated that
TiO, NRs can be coated with a thin passivation layer to effectively reduce their oxygen
vacancies. For instance, one study used the liquid-phase deposition method to deposit
Al,O3 passivation layers on TiO; NRs in UV photodetectors [18]. This method enabled
excellent step coverage to be achieved on 1D TiO, NRs and effectively passivated their
defects, thereby reducing the switch-off time from 26.5 to 16.5 s during device switching.
Moreover, electrochemical deposition has been employed to fabricate TiO, NRs/Au/PTTh
UV photodetectors [19], which exhibit adequate step coverage and a high detectivity of
1.6 x 10' Jones. The performance comparison of the UV photodetector studies is shown in
Table 1. However, because hydrothermal methods are nonvacuum processes, they result in
the generation of a higher number of defects in the passivation layer than vacuum processes.
In addition, the sputtering method has been used to fabricate AIN passivation layers [20]
for UV photodetectors with TiO, NRs. This method offers the advantages of few defects
and easy film thickness control, and it reduces the switch-off time of the photodetector to
4.32 s. However, the sputtering process exhibits poor step coverage when the TiO, NRs
have high aspect ratios. Thus, a more suitable method is required for coating passivation
layers on TiO; NRs.

Table 1. The performance comparison of UV photodetectors studies.

Active Layer Acut (nm) Sensitivity D?Jt(e);t:s’)lty Ref.
Al,05/TiO; NR 365 4380 1.73 x 1010 this work
TiO; NRs/Au/PTTh 365 - 1.67 x 1010 [19]
AIN/TiO; nanorod 350 1360 2.87 x 10° [20]
ZnO/TiO, 365 388 1.10 x 1010 [21]
AgNW/NiO TiO,/FTO 365 - 1.60 x 1010 [22]

A passivation layer should have a low thickness, few defects, the ability to repair film
surface defects, and excellent step coverage. Therefore, the present study employed ALD
to deposit a high-quality Al,Os passivation layer on the TiO,-NR-containing active layer
of UV photodetectors with a solid-liquid heterojunction (SLHJ). Figure 1 illustrates the
energy-level diagram of the SLHJ UV photodetectors in this work. Al,O3 can be used to
provide surface passivation to reduce the number of oxygen vacancy defects on the TiO,
NRs surface and can prevent reverse leakage current in SLH] UV photodetectors, thereby
enhancing the performance of photodetectors. Because a sufficient supply of oxygen atoms
is maintained in the ALD process, this process can decrease the number of oxygen vacancy
defects that are inherently present in the TiO; NRs, thereby enhancing the quality of the
working electrode of the UV photodetector. This study explored the atomic diffusion
between an Al,O3 passivation layer and a TiO,-NR-containing working electrode after
thermal treatment. The performance of the SLHJ UV photodetectors with Al,O3/TiO; NR
structures was also examined.
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Figure 1. The energy-level diagram of Al;O3/TiO, NR UV photodetectors.

2. Experiment

The process used in this study to fabricate the Al;O3/TiO, NR working electrode
is illustrated in Figure 2a. Initially, TiO, NRs were synthesized using a hydrothermal
method. A solution of 6 M HCI and 2 M titanium isopropoxide (TTIP) was prepared. This
solution was then combined with deionized water in a Teflon-lined autoclave, in which a
fluorine-doped tin oxide (FTO) glass substrate (area: 2 cm X 2 cm, resistivity: 15.5 0/ m?)
was placed. The autoclave was heated in a circulating oven at 160 °C for 3 h to obtain a
working electrode. Next, the 1-pm TiO; NRs/FTO was removed, rinsed with deionized
water, and dried using nitrogen gas. Subsequently, ALD was employed to deposit an Al;O3
passivation layer on the TiO, NRs, with trimethylaluminum (TMA) and ultrapure water
used as the precursor and oxidizing agent, respectively. During the deposition process, the
reaction temperature was set to 90 °C, the process pressure was maintained at 6 x 10~2 Torr,
and Ar gas at a flow rate of 100 sccm was used as the purge gas. Each ALD cycle involved
the following steps in sequence: TMA injection for 1.5 s, Ar gas purging for 30 s, H,O
injection for 1s, and Ar purging for 60 s. The ALD growth mechanism is shown in Figure 2b.
A total of 50 ALD cycles were performed to grow a 5-nm-thick Al,O3 passivation layer
on the TiO, NRs, which resulted in the formation of an Al;O3;/TiO; NRs/FTO working
electrode. Next, the Al,O3 passivation layer was subjected to annealing treatments at
300 °C, 400 °C, 500 °C, and 600 °C to enhance its properties, with the heating rate set at
30 °C/min and the temperature hold time set at 1 h. Finally, a Pt/FTO counter electrode
was prepared, and a 60-pum-thick spacer (SX1170-60, Solaronix, Aubonne, Switzerland) was
placed between the Al,O3/TiO, NRs/FTO and Pt/FTO electrodes. The spacer was melted
by applying pressure on a 100 °C hot plate to bind the working electrode (photoelectrode)
and the counter electrode substrate. Deionized water was then injected to create a UV
photodetector with SLH]J.

The experimental characterizations conducted in this study were as follows. First, the
surface morphologies of the Al,O3 and TiO; NR films were analyzed through field-emission
scanning electron microscopy (JEOL JSM-7000F, Tokyo, Japan) under an accelerating voltage
of 15 kV. Second, the microstructures of the TiO; NRs coated with Al,O3 were examined
through high-resolution transmission electron microscopy (HR-TEM, model: JEM-2100 F,
Japan). Third, the chemical compositions and bonding of the TiO, active layer and Al,O3
passivation layer were investigated through X-ray photoelectron spectroscopy (XPS; PHI
5000 VersaProbe, Japan) with Al K« radiation (photon energy of 1486.6 eV). The energy
resolution of the adopted XPS instrument was 0.5 eV full width at half maximum. XPS
measurements were conducted at a base pressure of 7.4 x 107 Pa in an analyzer chamber.
A 2-kV argon ion beam with a current density of 100 A/cm? was used to acquire the depth
profiles, and the binding energy of each element was calibrated to that of the Cls (284.5 eV)
peak. Finally, the current (I)-voltage (V) characteristics of the created photodetector under
UV illumination (illumination intensity and wavelength of 15 W and 365 nm, respectively)
and dark conditions were explored using the HP 4145B Semiconductor Parameter Analyzer.
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Figure 2. (a) Experimental process used to fabricate a working electrode composed of Al;O3/TiO,
NRs and (b) growth mechanism of Al,O3 passivation layer.

3. Results and Discussion

A 2D thin film of TiO, NRs was generated through the reaction of TTIP with water
[Reaction (1)]. Subsequently, this layer was subjected to etching with HCI. In this process,
the C1~ ions in HCI molecules reacted with Ti atoms to form TiCls [Reaction (2)]. Previous
research [18] has indicated that TiO, NRs with a preferred (002) orientation can be obtained
using 6 M HCI [Figure 3a]. A cross-sectional FE-SEM image of the deposited Al,O3
passivation layer is displayed in Figure 3b. The thickness of this layer was approximately
5 nm, and this thickness value was confirmed through HR-TEM [Figure 4c]. Figure 3c
shows the EDS elemental analysis results for the ALD-Al,O; film. Mapping analysis results
show that the Al,O3 film grows uniformly, and the element ratio of Al to O is 40% to 60%.
The ALD process involves chemical grafting to grow an Al,Os thin film (Figure 2). A single
ALD cycle involves the following steps: First, water vapor was used to attach the OH™
functional groups to the surface of the TiO, NRs. Subsequently, TMA gas was introduced
to grow the Al,O3 thin film, after which CH4 was removed using Ar gas. In this study,
50 ALD cycles were conducted to grow an Al,O3 passivation layer to ensure that this layer
was uniformly coated on the TiO, NRs, thereby enhancing its passivation effect on the
surface defects of these NRs.

2Ti + 6HCl — 2TiCly + 3Hp 1 )

To explore the effect of the annealing treatment on the microstructure of the Al,O3 /TiO;
NRs, HR-TEM was conducted. Figure 4a,d display the cross-sectional HR-TEM image and
SAED pattern of the Al,O3/TiO; NRs produced without annealing treatment. This image
reveals that the lattice spacing of the TiO, (110) plane was 3.31 A [Figure 4b]. Moreover,
the lattice spacings of the Al,O3 (003) and TiO, (101) planes were 4.91 A and 3.47 A, re-
spectively [Figure 4c]. The analysis results revealed that in the unannealed Al,O3/TiO,
NR structure, the Al,Oj3 thin film was predominantly concentrated on the outer edges of
the TiO; NRs, and the Al,O; lattice did not form [Figure 4b]. Figure 4e,h display a cross-
sectional HR-TEM image and SAED of the Al;O3/TiO; NR structure after this structure
was annealed at 500 °C. The analysis results revealed that after annealing at 500 °C, the
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(a) TiO, NRs

lattice spacing of the TiO, (110) plane was 3.24 A [Figure 4f]. In the middle section of the
Al,O3/NR structure [Figure 4g], the lattice spacings of the TiO, (110), Al,O3 (003), Al-Ti-O
(111), and Al-Ti-O (311) planes were 3.26, 4.86, 3.89, and 2.08, respectively. These results
indicate that after annealing at 500 °C, Al,O3 diffused into the TiO; NRs. As shown in
Figure 4g, the thickness of the interface between TiO; and Al,Oj3 increased to 10 nm after
annealing at 500 °C, which confirmed that Al, Ti, and O atoms diffused across the interface
between TiO, and Al,O3 to form Al-Ti—O bonds. This diffusion process resulted in the
effective filling of the oxygen vacancies in TiO,. Thus, annealing can increase the thickness
of the Al,O3/TiO; interface, which reduces the oxygen vacancy defects in the TiO; NRs,
thereby enhancing the photodetector performance.

(b) ALD-ALO,/ TiO, NRs
Llement Weight (%

8] 60.53
Al 40.02

(6]

2
[Full Scale 1217 cts Cursor: 0.000

Figure 3. Field-emission scanning electron microscopy images of the surface morphologies of (a) TiO,
NRs, (b) Al;O3/TiO; NRs, and (c) EDS analysis of ALD-Al,Os.

O (110)  q=3.30 A SR
~ ALTi-O (111)8

\

ll
d=2.08A
ALTi-O (311)

Figure 4. Cross-sectional high-resolution transmission electron microscopy images of (a) Al,O3/TiO,
NRs, (b) the middle portion of Al,O3/TiO, NRs, (c) the top portion, (d) SAED of Al;O3/TiO; NRs
annealed at 500 °C, (e) Al,O3/TiO; NRs, (f) the middle portion of Al,O3/TiO; NRs, and (g) the top
portion, (h) SAED of Al,O3/TiO; NRs.

Figure 5a,b show the Ti 2p XPS spectra of the TiO, NRs before and after they were
passivated by the Al,O3 film. The background noise in these spectra was eliminated using
the Shirley method in the Spectral Data Processor v4.5 software program, and the spectra
were deconvoluted. The binding energy (E;) was calculated as follows:

Eb=hv—EZ—w (3)
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where E; is the kinetic energy of the emitted electron, w is the work function, which
represents the energy required to remove an electron from the surface of a solid, and hv is
the incident photon energy. The binding energy calculations enabled the determination of
the proportions of different oxidation states of Ti in TiO,, namely Ti**, Ti®*, and Ti**. Ti®*
and Ti?* represent oxygen vacancy states, and Ti** denotes a stable state. The Ti4+2p3 /2 peak
was located at 459 £ 0.2 eV. As depicted in Figure 5a,b, after the TiO, NRs were coated with
the Al,O3 passivation film, the area proportion of the Ti** peak in the Ti 2p XPS spectrum
increased from 52.7% to 64.6%, whereas the combined area proportion of the Ti*>* and Ti?*
peaks decreased from 47.3% to 35.4%. These results indicated that the oxygen vacancy
defects in the TiO, NRs were reduced after they were coated with the Al,Os3 layer. This
improvement was attributed to the chemical passivation effect of the Al,Oj3 film, which
reduced the surface defect density of the TiO, NRs and the number of dangling bonds
on their surfaces, thereby enhancing their intrinsic properties. Figure 5c,d show the Al
2p and O 1s XPS spectra of the Al,O3 layer. From Figure 5¢, it can be observed that the
area percentages of Al-O, Al-OH, and Al-Al were 95.6%, 3.1%, and 1.3%, respectively. This
result shows that the bond between Al and oxygen is complete, and the Al O3 film has few
defects. However, Figure 5d again proves that the bond between oxygen and aluminum is
complete, and the Al-O and Al-OH areas are 95.4% and 4.6%, respectively. In this way, a
passivation layer with fewer defects can further improve the characteristics of TiO; NRs
UV photodetectors.

a) TiO, NRs Exp. (b) ALD-ALO,/ TiQ, NRs Lixp.
) TiO, 2 2
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Figure 5. Ti 2p spectra of the (a) TiO, NRs, (b) Al;O3/TiOp NRs annealed at 500 °C and (c) Al
2p, (d) O 1s of ALD-Al, O3 film.

Figure 6 displays the I-V curves measured under UV illumination and dark conditions
for SLH] UV photodetectors with Al;O3/TiO, NR structures subjected to annealing at dif-
ferent temperatures. The measurements were taken under both ultraviolet illumination and
dark conditions. The results revealed that the photodetector containing an Al;O3/TiO; NR
structure annealed at 500 °C exhibited a photocurrent and dark current of 1.22 x 10~ and
8.96 x 1077 A, respectively. These results confirm that high photodetection performance
can be achieved when the photodetector contains an Al,O3 passivation layer that has been
deposited through ALD and annealed at an optimal temperature. To evaluate the effect of
an Al,Os passivation layer on photocurrent characteristics, the sensitivity, light-dependent
resistance (LDR), and detectivity of photodetectors with and without an Al,O3 thin-film
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coating were compared in Table 2. The formulas for calculating these parameters are

as follows: ;
Sensitivity = 21 @)
dark
I
LDR = 20 log (1) (5)
Liark
Detectivity = R (6)

V 2 q Idark

where Iy, is the photocurrent, I, is the dark current, g is the elementary charge of an
electron, and R is the responsivity. The calculation results indicated that the sensitivity,
LDR, and detectivity of the photodetector with an Al,O3/TiO, NR structure exhibited a
substantial improvement in performance than those of a photodetector with TiO, NRs only,
with sensitivity increasing from 8 to 4380, LDR increasing from 17.7 dB to 72.8 dB, and
detectivity increasing from 3.19 x 107 to 1.73 x 10'° Jones. The chemical passivation effect
of the Al,O3 film considerably enhanced the sensitivity of the TiO, NRs. Therefore, the
resulting UV photodetector exhibited an improved ability to detect UV light and a faster
response. In general, high sensitivity correlates with high detectivity, which is a quality
factor that reflects photodetectors’ ability to avoid interference from other light sources
during UV detection. Moreover, the LDR is inversely proportional to the light intensity;
thus, it can be used to assess the stability of photodetectors under dark conditions. A
high LDR value under dark conditions indicates high device stability. Overall, the Al,O3
passivation layer improved the stability of the SLH] UV photodetectors.

2 | ALD-ALO,/TiO, NRs

10 = 4—300°C —— —4—400°C

10‘3 ? 4— 500°C —— —4— 600°C

Current (A)

Voltage (V)

Figure 6. Photocurrent and dark current characteristics of SLHJ UV photodetectors with Al;O3/TiO,
NR structures subjected to annealing under different temperatures.

Figure 7 depicts the on—off switching characteristics of UV photodetectors with and
without an Al,O3 passivation layer (i.e., with an Al;O3/TiO; NR structure and a TiO, NR
structure, respectively). During the measurement process, no external bias was applied
(bias = 0), and the switching time and total measurement duration were set to 50 and 275 s,
respectively. As displayed in Figure 7a, the Al,O3 passivation layer caused the photocurrent
density to increase from 1.7 to 7.8 pA/cm?. Figure 7b,c displays magnified views of
the switch-on and switch-off times of the photodetectors with a TiO, NR structure and
Al,O3/TiO; NR structures, respectively. The switch-on time was defined as the time when
the current density exceeded 90%, and the switch-off time was defined as the time when the
current density dropped below 10%. The switch-on times of the photodetectors with a TiO,
NR structure and Al,O3/TiO, NR structure were 0.52 and 0.46 s, respectively. Furthermore,
their switch-off times were 7.64 and 3.84 s, respectively. These results indicate that the Al;O3
thin film considerably improves the switching characteristics of the photodetector. This
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improvement was attributed to the chemical passivation effect of this film, which effectively
reduced the number of oxygen vacancy defects in the TiO, NRs, thereby enhancing the
switching characteristics of the UV photodetector.
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Figure 7. (a) Switching characteristics of SLHJ UV photodetectors with a TiO; NR structure and
Al,O3/TiO, NR structure, (b) magnified view of the switch-on and switch-off times of the UV
photodetector with the TiO, NR structure, and (c¢) magnified view of the switch-on and switch-off
times of the UV photodetector with the AlO3/TiO, NR structure.
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Table 2. Photocurrent, dark current, sensitivity, light-dependent resistance (LDR), and detectivity of
ultraviolet (UV) photodetectors with solid-liquid heterojunction (SLHJ) and Al,O3/TiO, nanorod
(NR) structures annealed at various temperatures.

Annealin I I ere . LDR Detectivit
Temperatlglre (R};Oto (;f)rk Sensitivity (dB) (Jones) !
TiO, NRs 3.66 x 10~7 438 x 108 8 17.7 3.19 x 107
300 °C 481 x 1077 465 x 1078 10 20.3 4.49 x 107
400 °C 6.12 x 107° 8.96 x 1078 683 56.7 455 x 10°
500 °C 1.37 x 1074 3.13 x 1078 4380 72.8 1.73 x 1010
600 °C 5.81 x 10 7.19 x 108 81 38.1 4.77 x 108

4. Conclusions

This study improved the photodetection performance of UV photodetectors with
SLHJ- and TiO,-NR-containing active layers by depositing an Al,O3 passivation layer
on this active layer through ALD. The results of HR-TEM results confirmed that after
the Al,O3/TiO, NR structure was annealed, an Al-Ti—O interface was formed between
TiO, and Al,O3. This interface was formed because Al diffused into the TiO, NRs during
thermal annealing, thereby passivating their surface defects. XPS analyses indicated that
the Al,O3 passivation layer reduced the Ti%* and Ti%* defects in the TiO; NRs, with the
combined area proportion of these two defects in the Ti 2p XPS spectrum decreasing from
47.3% to 35.4%. This reduction in oxygen vacancy defects was attributed to the filling effect
provided by the ALD-AI,O3 process. Accordingly, the sensitivity of the ALD-Al,O3/TiO,
NR SLH] ultraviolet photodetector increased from 8 to 4380, and its detectivity improved
from 3.19 x 107 to 1.73 x 10' Jones. The photocurrent-to-dark-current ratio exhibited a
difference of four orders of magnitude. Additionally, the turn-on and turn-off times of
the photodetector decreased by 0.06 and 3.8 s, respectively. The aforementioned results
indicate that the ALD-Al,O3 passivation layer is highly effective and has the potential for
future applications in enhancing the performance of photodetector devices.
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