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In recent decades, zinc oxide (ZnO) has received considerable attention as a wide direct bandgap semi-
conductor for high-performance ultraviolet optoelectronic devices. However, ZnO-based photodetectors
suffer from intrinsic challenges that limit their performance in fast-response and broadband photodetection.
Herein, we develop Ga-doped ZnO (GZO) photodetectors with localized surface plasmon resonance (LSPR)
properties. Ga doping extends the optical response range of ZnO devices to the near-infrared region
(1064 nm). Furthermore, the photothermoelectric (PTE) effect results in an intriguing current polarity reversal
phenomenon. Finally, the coupling of black phosphorus nanocrystals further improves the performance of the
photodetector. This study provides a promising noble-metal free plasmon-enhanced photodetector, which
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Introduction

Photodetectors are devices that convert optical signals into electrical
signals, and have a wide range of applications from everyday life to
the military field."” Zinc oxide (ZnO) is an n-type wide direct band-
gap (3.37 eV) semiconductor that is useful in ultraviolet (UV) optoelec-
tronics. In comparison to other competing materials, such as GaN,
ZnO has a higher exciton binding energy (ZnO: 60 meV and GaN:
26 meV) and a higher visible band transparency (>80%).5™ It is
difficult to produce high-quality p-type ZnO because of its native
defects, such as oxygen vacancies and zinc interstitials, which is still
a drawback in optoelectronic applications based on ZnO p-n
heterojunctions.”>™* Moreover, ZnO exhibits a limited spectral res-
ponse only in the UV range. As a result, an effective mechanism to
extend the optical response range of ZnO devices is of great interest.

Doping is a frequently employed technique for changing the
characteristics of semiconductor materials, including carrier
concentration, localized surface plasmon resonance (LSPR),
electrochemical potential, and so on.*”™*® Prior studies to increase
ZnO conductivity include substituting B,"® Al,*® Ga,”* and In** for
Zn and substituting F for O. Ga appears to be one of the best
options when taking into account the stability, simplicity and
cost.”*** n-Type doping may result in an LSPR effect, which could
greatly enhance the photoelectric properties of semiconductor
materials.”*® It has also been reported that Ga doping may induce
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has great potential for use in broadband photodetection and bipolar signal communication.

infrared emission from Zn0.>**° Doped plasmonic semiconductors
have lower prices and tunable photoelectric properties when
compared to noble metal materials, such as Au and Ag, and are
expected to become effective substitutes for noble metals.**

Many mainstream technologies can be applied to the prepara-
tion of doped ZnO thin films. In this study, controllable magnetron
sputtering technology is used to obtain uniform, dense, and stable
high-quality Ga-doped ZnO (GZO) films. GZO films have strong
absorption in both ultraviolet and near-infrared bands, while the
optical response range of a self-powered photodetector based on
the GZO film covers the UV-Vis-NIR band (365-1064 nm) owing to
the LSPR effect resulting from Ga doping. The prepared doped ZnO
based device shows an interesting current polarity reversal pheno-
menon in a wide band due to the photothermoelectric effect (PTE).
Furthermore, the heterojunction is built by combining GZO and
black phosphorus (BP) nanocrystals (NCs) that have been prepared
in a liquid phase. BP is an emerging 2D material with diverse
applications, and can be combined with various semiconductors
for heterojunctions.*** The heterojunction significantly boosts the
device’s responsivity and response speed over a broad spectral
range. In conclusion, the simultaneous application of doping and
heterojunctions enhances the optical response performance of
ZnO-based devices and offers a new approach for the future
development of broadband photodetectors.

Experimental
Growth of GZO thin films and device fabrication

Ga-doped ZnO thin films were obtained by RF magnetron
sputtering using Ga-doped ZnO targets with atomic ratios of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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0%, 2%, and 5%. Si, Si/SiO, and quartz substrates were cleaned
with acetone, alcohol and ultra-pure water. A power source of
100 W was used during deposition, and the growth temperature
was maintained at 400 °C for 60 min. Ti/Au (I-shaped with a
50 nm thickness) was deposited as the electrode.

Preparation of BP NCs

Ultrasonic-assisted exfoliation was used to prepare BP NCs. BP
powder was placed in a nitrogen glove box and weighed using a
brown glass bottle to prevent it from being oxidized. The glass was
then sealed after being filled with NMP solvents. The mixture was
subjected to ten 30 min ultrasonic cycles. A black dispersion with
BP nanocrystals and nanosheets was obtained. The resultant was
then transferred to a centrifuge tube for gradient centrifugation
purification to separate BP NCs. Finally, BP NC precipitates were
mixed with a fresh NMP solution and stored to produce a bright
yellow nanocrystalline dispersion. 0%, 2%, and 5% Ga-doped
GZO thin film photodetector devices were coated with the BP
NC solution, and the devices were then dried for 6 h in a vacuum
drying oven. After the NMP solution was completely evaporated,
the BP-enhanced photodetector was obtained.

Characterization

The surface morphology information was obtained using a field
emission scanning electron microscope (SEM, ZEISS, Sigma
300). X-ray diffraction (XRD) spectra were obtained using an
X-ray powder diffractometer (Rigaku, ULTIMA IV). X-ray photo-
electron spectroscopy (XPS, Thermo Fisher, Thermo Nicolet
iS5) was used for energy spectrum analysis. The transmission
spectra were obtained using a Fourier transform infrared
spectrometer (FTIR, Bruker, VERTEX 80/80v). The ultraviolet/
visible/near-infrared (UV-Vis-NIR) optical absorption spectra of
the films were obtained in the range of 300-2500 nm using a
Lambda 950 spectrophotometer. The high-resolution images of
nanocrystals were obtained by high-resolution transmission
microscopy (JEOL, JEM-F200). Raman scattering spectra were
collected using a Raman spectrometer (Horiba, LabRAMHR
Evolution) with an excitation wavelength of 514 nm. Hall effect
measurements were carried out in the van der Pauw configuration.
The photoelectric test of the device was carried out in a double
probe mode using a Keysight B2902A digital electricity meter.

Results and discussion

GZO thin films are prepared by magnetron sputtering on
various substrates, including Si, Si/SiO,, and quartz substrates.
The SEM surface morphology and cross-section images of ZnO
and GZO thin films are shown in Fig. 1a-d. The surface
morphology of the thin films demonstrates their firmness,
good adhesion, and uniformity. The SEM surface morphology
shows that the doping concentration of Ga atoms has an
impact on the surface morphology of the films, which reduces
the grain size of the film. However, GZO films still show a
smooth surface. A cross-sectional image of the 2% GZO film is
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shown in Fig. 1d, which shows a uniform thickness of approxi-
mately 300 nm.

To study the effect of Ga doping concentration on the
optoelectronic properties, ZnO and GZO thin film devices with
different doping concentrations (Ga = 2 at% and 5 at%) are
used and are named ZGO0, ZG2 and ZG5, respectively. Fig. 1e
shows the XRD patterns of GZO films of different doping
concentrations (Ga = 0 at%, 2 at%, and 5 at%). A clear (002)
peak and a less obvious (101) peak can be seen, which are
consistent with the typical diffraction peaks of ZnO, and other
peaks are the signals of the Si substrate. With the increase in
the Ga doping concentration, the (002) peak first increases and
then decreases. The undoped ZnO film does not show the (101)
peak,® which is owing to the better crystal quality as compared
to the Ga-doped samples. Fig. 1f shows the infrared absorption
spectra of GZO thin films deposited on the Si substrate. The
undoped ZnO film has no absorption peak, while ZG2 and ZG5
thin films show clear broad LSPR peaks at 5716 nm and
4267 nm, respectively. With the increase of the doping concen-
tration, an obvious blue shift of the peak is observed, and the
peak intensity of the ZG2 film is significantly stronger than that
of the ZG5 film. Fig. 1g shows the UV-Vis-NIR absorption
spectrum of the GZO film on the quartz substrate.’*** GZO
films with different doping concentrations have good transmit-
tance in the visible light range. The optical band gap values of
ZGO0, ZG2 and ZG5 films are 3.25, 3.37, and 3.41 eV, respectively,
as shown in Fig. 1h. The doping of Ga causes an increase in
carrier concentration. As a result, the Fermi level shifts to the
conduction band, causing the Burstein-Moss effect, which widens
the optical band gap. In addition, Hall effect measurements were
performed to obtain the carrier concentrations of ZG2 and ZG5
films, which give the electron carrier concentrations in the range
of 1-2 x 10*" em . This high concentration in the semiconductor
is believed to result in the LSPR band in the near infrared
region,*® which is consistent with increased absorption in the
near infrared region as shown in the inset of Fig. 1g.

The chemical composition and the valence state of the film
were studied by XPS measurements. XPS spectra are shown in
Fig. 2 after calibration by a Cl1s binding energy of 284.8 eV.
Fig. 2a shows that the ZnO film contains Zn and O elements.
Fig. 2b shows Ga 2p spectra in ZG0, ZG2 and ZG5 films. The
obvious Ga element peak is observed from 1117 to 1145 eV,
which increases with the Ga concentration. Fig. 2¢c shows Zn 2p
spectra in ZnO and GZO films. The Zn 2p;, and Zn 2p,,
spectra observed at 1020 to 1045 eV are determined by the
binding energy of Zn-O. The bimodal spacings are 23.1 and
23.2 eV, indicating that the Zn element in the film exists only in
the form of a +2 valence oxidation state, that is, the Zn-O bond
in the ZnO lattice.?®*° In addition, no other elements are
observed, reflecting the high purity of the prepared samples.

Fig. 2d-f shows the narrow scanning XPS spectra of Ols
peaks of ZnO and GZO thin films. After Gaussian fitting, two
types of O-levels are observed on the asymmetric peaks. The
lower binding energy (O I) peak comes from the bonding
between O®" and metal ions in the hexagonal wurtzite lattice
(zn-0O or Ga*" Ga-O bond), while the higher binding energy

Mater. Adv., 2023, 4, 2226-2233 | 2227
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(a)—(c) SEM images of ZG0, ZG2 and ZG5 thin films. (d) Cross-section image of the ZG2 thin film. (e) XRD patterns of ZGO, ZG2 and ZG5 thin films.

(f) FTIR absorption spectra of ZG0O, ZG2 and ZG5 thin films. (g) UV-Vis-NIR absorption spectra of ZG0O, ZG2 and ZG5 thin films. (h) Relationship between
(xhv)? and photon energies of ZGO, ZG2 and ZGS5 thin films.

(O 1) peak corresponds to the O vacancy or surface adsorption
of C-O bonds due to the exposure to the surrounding Assuming the surface adsorption is the same, these results

environment, which increases with the Ga concentration.

a b c
o — — (c)
“‘ég —2G2
~ | nssS c5 5. —265| T 3
5 |lagN g2EE s 3 s
s ,533J ‘é‘é"’:‘g LA S >
» J [ c
s 87 g
%
12001000 800 600 400 200 0 1110 1120 1130 1140 1150 1010 1020 1030 1040 1050
(d) Binding Energy (eV) (e) Binding Energy (eV) ) Binding Energy (eV)
Experimental i Experimental » Experimental
529.8. _—Fitted — Fitted _ —Fitted
= N 3
3 3 530.3. H 530.4.
g 2 g 531.6
(] L [ =
£ 837 | £ I -
526 528 530 532 534 526 528 530 532 534 526 528 530 532 534

Fig. 2

Binding Energy (eV)

Binding Energy (eV)
(a) XPS wide scan spectra of ZG0, ZG2 and ZG5 thin films. (b) XPS spectra of the Ga 2p of ZG0, ZG2 and ZG5 thin films. (c) XPS spectra of the Zn2p
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of ZGO, ZG2 and ZGS5 thin films. XPS spectra of the Ol1s of GZ0 (d), GZ2 (e), and GZ5 (f) thin films.
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Fig. 3 Characterization of BP NCs prepared in a liquid phase. (a) BP
(c) and (d) HRTEM images of BP NCs.

indicate that the concentration of O vacancies increases with
Ga doping, which could contribute to the n-type conduction.**

BP NCs were prepared using a simple liquid phase prepara-
tion technique to improve the optical response performance of
doped ZnO devices.*>** Fig. 3a shows the absorption spectrum
of BP NCs. The image of the dispersion is shown inset. BP NCs
are dissolved in the NMP solution and are transparent yellow.
When irradiated using a laser pen, an obvious Tyndall phe-
nomenon indicates the good dispersion. The absorption curve
shows that BP NCs can absorb light in the wavelength range of
350-900 nm. The whole curve is relatively flat, and there is an
obvious absorption peak at approximately 385 nm. Also, the
absorption spectrum of the ZnO/BP heterojunction is shown in
Fig. S1 (ESIt), suggesting both absorptions of ZnO and BP.
Fig. 3b shows the Raman spectra of BP NCs and bulk BP. The
Raman peaks of BP nanocrystals are located at 361.81 cm™ ',
439.20 cm ™, and 467.33 cm ™, which correspond to the three
atomic vibration modes of Ay, By, and By, respectively.’®*!
Fig. 3c and d show the HRTEM images of the synthesized BP
nanoparticles with a relatively uniform morphology. The size of
the nanoparticles is approximately 5-20 nm. The illustration in
Fig. 3d shows that the lattice spacing of BP nanoparticles is
0.252 nm. The results show that BP nanocrystals with good
quality have been successfully prepared.

© 2023 The Author(s). Published by the Royal Society of Chemistry

NCs absorption spectrum. (b) Raman spectra of BP NCs and bulk BP.

A schematic diagram of the photodetector device is shown in
Fig. 4a. Fig. 4b shows the I-V curve of thin film devices in the
dark. Upon illumination, as shown in Fig. 4c, the current of
each device increases significantly. At 0 V, the photocurrents of
ZGO0, ZG2, and ZG5 are 0.002 pA, 0.805 pA, and 0.268 A,
respectively. As shown in the embedded diagram in Fig. 4c,
ZGO also has an obvious I-V response curve. There is an obvious
photovoltaic effect without any applied voltage, and the intro-
duction of the Ga atom is conducive for improving the optical
response performance of the device. Fig. 4d shows the light
response behavior of the device under periodic UV irradiation.
With the switching of the light source, the current increases
and decreases rapidly, and the device has good periodicity and
sensitivity.

To further quantitatively analyze the photoresponse perfor-
mance of the device after Ga doping, the parameters such as
responsivity (R) and detectivity (D*) are calculated. The respon-
sivity represents the device’s response efficiency to incident
light and is calculated using the following formula:**

Light — dark
R = Hight — “dark
PxA

where ligne and Igac represent the photocurrent and dark
current, respectively, P is the power density of light and 4 is

Mater. Adv,, 2023, 4, 2226-2233 | 2229
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(@) Schematic diagram of the thin film photodetector device illuminated at different positions (electrode A, electrode B, and C: channel). (b) Dark

currents of ZG0, ZG2, and ZG5 devices (inset is the enlarged view near zero voltage). (c) Photocurrents of ZGO, ZG2, and ZG5 devices at 365 nm (inset is
the /-V curve of ZG0). (d) /-t curves of ZGO, ZG2, and ZG5 devices at 365 nm.

the effective light area. In this experiment, P is 30 mW c¢cm >

and 4 is 2 x 1072 cm?. The R values of ZG0, ZG2 and ZG5 are
shown in Table 1. The introduction of Ga improves the
response of ZnO thin film devices by two orders of magnitude,
and ZG2 has the optimized photoelectric conversion ability.
Another important parameter is the detectivity, which repre-
sents the weakest signal of light that can be detected using the

device. It is usually given by the following formula:****

(4A1)'2 - R

*

In

where Afis the electronic bandwidth, and i, is the noise current.
There are three kinds of noise limiting D*: shot noise from the
dark current, Johnson noise, and ‘“chattering” noise generated
by thermal disturbance. Generally, the dark current is mainly
controlled by shot noise. At the same time, the current cross-

Table 1 Comparison of the characteristic parameters for ZG and BZG
devices at position B

R(mAW™) D* (Jones) Trise (MS) Tdecay (MS)

ZGO 3.523 x 1072 2.328 x 10" 81.3 32.8

ZG2 9.993 1.773 x 10" 15.3 18

7G5 3.253 8.49 x 10'° 31.5 31.5
BZGO 9.447 x 102 6.308 x 10'° 135.4 21.5
BZG2 12.86 2.295 x 10** 1 6.7
BZG5 4.631 1.278 x 10*° 2.4 7.6
2230 | Mater. Adv., 2023, 4, 2226-2233

sectional area can be approximately replaced by the optical area,
so the expression of D* becomes:*>

R

261dark 1/2
A

where e is the absolute value of electron charge. The detectivities
of ZG0, ZG2, and ZG5 are shown in Table 1. Again, ZG2 has the
highest detection. We further calculate the response time of the
devices. The ZG2 device has a fast response, and the 7, and
Tdecay Values are 15.3 ms and 18 ms, respectively.

Next, the broadband optical response characteristics of ZnO
and GZO thin film devices in the UV-Vis-NIR (365-1064 nm)
range are studied. The power density is unified at 5 mW ¢cm 2.
The results show that ZG0 exhibits self-powered properties only
at 365 nm, while ZG2 and ZG5 exhibit good broadband optical
response performance from 365 to 1064 nm, which is beyond
the band gap of ZnO and is believed to result from the LSPR
effect. The wavelength-dependent responsivities of the ZG2
device can be seen in Fig. S2 (ESIf). As shown in Fig. 5a, the
self-powered performance of ZG2 is better than that of ZG5 in
each wavelength. In addition, an interesting polarity switching
phenomenon is observed. When the light source is illuminated
at different electrodes, the direction of the photocurrent flips.
Fig. 5b shows the test results at 365 nm with a power intensity
of 30 mW cm™2. It shows that ZG0, ZG2, and ZG5 all have

o

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) /-t curves of ZG2 and ZG5 devices irradiated at different wavelengths (365-1064 nm) at zero bias. (b) /-t curves of ZGO, ZG2, and ZG5 devices

illuminated at different positions using the light source (365 nm) at zero bias (inset is the enlarged view of the ZGO device). (c) and (d) /-t curves of ZG2

and ZG5 devices at 450 nm, 685 nm, 850 nm, and 980 nm at zero bias.

polarity switching behavior, and ZG2 has the best photo-
response performance. The photocurrent is positive when the
light source is at one end of the electrode. The photocurrent
decreases as light gathers in the channel. The photocurrent
reverses when the light source is close to the other end
electrode. The curve in the figure represents the current value
measured when the temperature asymmetry caused by laser
radiation local heating is greatest, which is a typical PTE.
Through the temperature gradient on the two electrodes, it
generates potential in light radiation. The hot end carriers
migrate to the cold end as a result of this field, determining the
direction of the current. Our results are consistent with previous
reports on the PTE phenomenon,'>**™*® which confirms that the
PTE effect plays a role in the observed photoresponse.

The incorporation of Ga atoms not only amplifies the PTE
effect of ZnO but also extends it to the visible and near-infrared
bands, as shown in Fig. 5c. The optical response curves of ZG2
and ZG5 at 450 nm, 685 nm, 850 nm, and 980 nm are given, at a
constant power intensity of 5 mW cm 2. The results show
that both ZG2 and ZG5 have PTE induced polarity reversal in
the UV-Vis-NIR range, and ZG2 has the best optical response
performance for each wavelength, which is believed to result
from the LSPR of Ga doping. Herein, a self-powered doped ZnO
photodetector is demonstrated, in which the photoresponse,
detectivity and response speed of the device can be improved by
Ga doping. An unprecedented ultra-wideband polarity reversal
phenomenon is also revealed, which provides a new strategy for
the development of ZnO based wide spectrum photodetectors.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Using different semiconductor materials to build hetero-
structures can often integrate the characteristics of the two
materials and improve the optoelectronic properties of the
materials. Therefore, we designed the BP NCs@GZO thin film
heterojunction with the aim of further improving the optical
response performance of the device. We combined the uniform
dispersion of BP NCs prepared in the liquid phase with GZO
thin film devices at various doping ratios. BZG0, BZG2, and
BZGS5 are the heterojunction photodetectors as shown in Fig. S3
(ESIYT). The Ga doping ratios are 0%, 2%, and 5%, respectively.
The light response curve of BZG under zero bias at 365 nm
wavelength irradiation is shown in Fig. 6a. Compared with ZG
devices in Fig. 4, the photocurrent of the BZG device increases
significantly while the dark current decreases. This demon-
strates that the semiconductor heterostructure formed by the
assembly of BP NCs and ZG is beneficial in improving the
device’s optical response performance.

BZG2 has the optimized detection ability for weak light,
and the detection properties of BZG are improved compared
with ZG, as show in Table 1. To verify the repeatability of
the experiment, we tested another group of ZG and BZG. The
results are shown in Fig. 6b, which shows the photoresponse
curves of GZ and BZG at different positions of the light source.
The results are consistent with what we discussed above It can
be directly observed that the photocurrent of BZG is higher
than that of ZG and has a lower dark current. After coupling BP
NCs, the device also has a good PTE effect. According to the
response speed results of BZG devices in Fig. 7, it can be seen

Mater. Adv., 2023, 4, 2226-2233 | 2231
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Fig. 7 Rise and decay curves of BZG devices at 365 nm and zero bias.

that BZG2 has the fastest response speed, which can reach
a Trise value of 1 ms and a 7gecay value of 6.5 ms. Compared with
GZO devices, it is found that the combination of BP NCs has
greatly improved the response speed of the device.

Conclusions

In conclusion, we demonstrate that ZnO based photodetectors
show good self-powered performance in a wide UV-Vis-NIR (365-
1064 nm) spectral range, which is believed to result from the LSPR
introduced by Ga doping. An interesting current polarity reversal
phenomenon is also observed owing to the PTE effects. In addition,
the presence of BP NCs further improves the overall performance
of photodetectors. BZG2 has a response of 12.86 mA W~ ' and
a detection of 2.295 x 10"" Jones, and the rise and decay times are
1 ms and 6.7 ms, respectively. This work provides a promising

2232 | Mater. Adv., 2023, 4, 2226-2233

method for fabricating wide-spectrum fast photodetectors taking
advantage of the LSPR effect induced by noble-metal free, heavily
doped semiconductors.
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