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Two-dimensional/zero-dimensional (2D/0D) van der Waals heterojunctions have become a research
hotspot for novel optoelectronic devices by virtue of their high light absorption and fast transportation.
In previous studies, researchers preferred to construct heterojunctions with more matched energy
bands to obtain high-performance photodetectors with efficient charge transfer. However, due to the
limited configuration of 2D/0OD heterojunctions, the coexistence mechanism of charge transfer and
energy transfer has rarely been reported. In this work, we proposed a method to deliberately manipulate
the defect states of ZnO quantum dots (QDs), which can achieve type-Il band alignment and dipole—
dipole interactions in the demonstrated WS,/ZnO heterojunction system. The coexistence of mechan-
isms is confirmed by photoluminescence (PL) and time-resolved photoluminescence (TRPL). As a result,
the photodetector exhibits a high-responsivity (R) of 1120 A W™ and a high-detectivity (D*) of 3.23 x
10'2 Jones. Moreover, the device reaches an ultra-fast response speed of 15 ns, which is one of the fast-
est response speeds of the current 2D/0D heterojunction photodetectors. The high photoresponse is
attributed to the efficient interfacial carrier dynamics. Our work provides a new avenue for the coexis-
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tence of multiple mechanisms in 2D/0OD heterojunctions, which is beneficial for the development of
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Introduction

2D/0D heterojunctions are widely applied in the fields of
electronics and optoelectronics."™® 2D materials generally
exhibit high electron mobility. For example, WS, has a room-
temperature electron mobility of 320 cm® V™' s, which
enables rapid electron transfer.'® 0D QDs, as an efficient light
absorbing material, can compensate for the lack of light
absorption in 2D materials. For example, ZnO QDs,"”® SnO,
QDs,"® PbS QDs,**?! etc. were reported to enhance the light
absorption of 2D materials and broaden the spectral response
range. However, the limited contact (point-to-face) of 2D/0D
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high-performance optoelectronic devices.

heterojunctions is unfavorable for the separation of photogen-
erated electron-hole pairs and leads to a limited response
speed of the heterojunction photodetector.>>

Interfacial carrier dynamics in 2D/0D heterojunctions are
inextricably linked to the photoelectric conversion efficiency of
photodetectors. Charge transfer and energy transfer are impor-
tant components of interfacial carrier dynamics.>® In recent
years, researchers have used energy band engineering and
interfacial engineering to improve charge transfer efficiency,
thereby enhancing the performance of photodetectors. For
example, researchers focus on using materials with diverse
bandgaps to construct types-II band alignment that enhance
the separation efficiency of photogenerated electron-hole
pairs.>*”?° Researchers have also proposed achieving interfacial
passivation by processing defects and dangling bonds on the
surface of transition-metal dichalcogenides (TMDCs), which
suppresses the capture of carriers by defects.*** Férster
energy transfer, as a primarily reported non-radiative energy
transfer, affects the performance of heterojunction photodetec-
tors through dipole-dipole interactions between materials.>?
For example, Lai et al. selected matching QDs and 2D materials
to construct a 2D-MoS,/0D-CdSe@ZnS QD heterojunction.*?
Attributed to non-radiative energy transfer between MoS, and
QDs, the responsivity of the photodetector is increased by
14 times. Can we only use one method to achieve the combined

J. Mater. Chem. C, 2024, 12,18291-18299 | 18291


https://orcid.org/0009-0007-1573-8779
https://orcid.org/0000-0001-9143-096X
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc03659j&domain=pdf&date_stamp=2024-10-17
https://doi.org/10.1039/d4tc03659j
https://doi.org/10.1039/d4tc03659j
https://rsc.li/materials-c
https://doi.org/10.1039/d4tc03659j
https://rsc.66557.net/en/journals/journal/TC
https://rsc.66557.net/en/journals/journal/TC?issueid=TC012045

Published on 08 Diteli 2024. Downloaded by Fail Open on 23/07/2025 10:35:24 AM.

Paper

effect of charge transfer and non-radiative energy transfer to
improve the performance of the devices? Inspired by the above
work, we deliberately designed a method to manipulate the
defect states of ZnO QDs in order to achieve type-II band
alignment and dipole-dipole interactions of WS, and ZnO
QDs. This allows for the coexistence of charge transfer and
non-radiative energy transfer. As a result, the improved perfor-
mance of the heterojunction photodetector can be attributed to
two reasons: (I) by introducing oxygen interstitials, the Fermi
energy level of the ZnO QDs is close to the valence band, which
widens the Fermi level gap between the two materials. The type-
II band alignment results in a strong built-in electric field at the
interface, which improves the separation efficiency of photo-
generated electron-hole pairs. (II) By introducing defect states,
the ZnO QDs broaden their luminescence range from the
ultraviolet (UV) region to the visible region, which matches
the absorption of WS,. This provides a platform for dipole-
dipole interactions between two materials.

Result and discussion

Fig. 1a shows a schematic of the WS,/ZnO QDs heterojunction
photodetector. The photodetector was successfully prepared by
mechanically stripping the WS, bulk material onto the fork-
finger electrodes, followed by spin-coating the optimized ZnO
QDs. By modulating the molar ratio of OH : Zn”*, the prepared
ZnO QDs produce oxygen interstitials. This forms the basis for
the coexistence of multiple mechanisms in the WS,/ZnO QDs
heterojunction. The synthesis steps are shown in Fig. Sla
(ESIt). In addition, by modulating the concentration of ZnO
QDs, the aggregation of QDs was suppressed, and strong
luminescence was achieved (Fig. S1b-d, ESIt). Strong lumines-
cence will generate a larger spectral overlap with the absorption
of WS,, which facilitates dipole-dipole interactions and creates
conditions for non-radiative energy transfer. Transmission
electron microscopy (TEM) analysis demonstrated the good
dispersibility of ZnO QDs (Fig. 1b). The inset shows the size
distribution of the ZnO QDs with an average size of ~7.4 (+0.5) nm.
Fig. 1c shows the morphology of the WS,/ZnO QDs heterojunction
photodetector observed by scanning electron microscopy (SEM),
where WS, is used as the channel material on the Au fork finger
electrode. The chemical composition of the heterojunction photo-
detector was determined by energy dispersive X-ray spectroscopy
(EDS). The detected spectra from EDS confirm the presence of Zn,
W and S elements in the heterojunction (Fig. 1d-f). Afterwards we
performed Raman characterization of the heterojunction. Fig. 1g
shows the Raman peaks of WS, under 532 nm laser excitation. The
peak at 356.5 cm ™' corresponds to the in-plane vibration mode Ej,.
The peak at 418.3 cm ™" is designated as the out-of-plane vibration
mode Ay, for the S atoms. The frequency difference (Aw) between
the Ej, and A, modes is about 61.8 cm ™, confirming the mono-
layer structure.®®*” The peak at 350.5 cm ' corresponds to the
longitudinal acoustic mode 2LA(M). Fig. 1h shows the Raman peaks
of ZnO QDs under 325 nm laser excitation. The peak at 574 cm™ "
corresponds to the A; (LO) phonon mode, and the other peaks are
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Fig. 1 Characterization of the WS,/ZnO QD heterojunction photodetec-
tor. (a) Schematic diagram of the WS,/ZnO QD heterojunction photo-
detector. (b) TEM image of the ZnO QDs and the size distribution of the
ZnO QDs (inset). (c) SEM image of the WS,/ZnO QDs heterojunction
photodetector. The SEM-EDS element mapping of the Zn (d), W (e), and
S (f) from the WS,/ZnO QD heterojunction. (g) Raman spectrum of the WS,
under 532 nm laser excitation. (h) Raman spectrum of the ZnO QDs under
325 nm laser excitation.

higher-order peaks of LO phonons.”® SEM, EDS and Raman
together demonstrated that the heterojunction was successfully
constructed.

To evaluate the effect of ZnO QDs for the WS, device, we
compared the optoelectronic properties of WS,, pristine WS,/
ZnO and annealed WS,/ZnO devices. Due to the surface defect
states generated during the preparation of ZnO QDs, such as
surface zinc vacancies, annealing is used to reduce the impact
of surface defect states on charge transfer. Meanwhile, oxygen
interstitials become the main defect of annealed ZnO QDs,
which improves the non-radiative energy transfer efficiency
between ZnO QDs and WS,. We used the photoresponse test
system (see Fig. 2a) to test the devices, which includes a
Keithley 2400, probe station and 532 nm laser. Fig. 2b-d show
the photoresponse characteristics for WS,, pristine WS,/ZnO and
annealed WS,/ZnO devices (at zero gate voltage). Compared to

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Schematic diagram of the photoresponse test system. The |-V
curves of WS, (b), pristine WS,/ZnO QD (c), and annealed WS,/ZnO QD (d)
photodetectors under laser irradiation with different optical power den-
sities. The dependence of photocurrent (e), responsivity (f) and detectivity
(g) on different optical power densities for WS,, pristine WS,/ZnO QD, and
annealed WS,/ZnO QD photodetectors (at a 6 V bias).

the WS, device, the source-drain current values are enhanced for
the construction of 2D/0D heterojunction devices. In order to
quantitatively analyze the effect of ZnO QDs on the performance
of the WS, photodetector, we calculated and compared the
photocurrent (I,,), responsivity (R) and detectivity (D*) of
the devices. The I, and R reflect the detection capability of the
photodetector.*>*° The D* is an indicator of the photodetector to
detect weak light signals.*’ The I, the R and the D* can be
calculated using the following equations:

Iph = hight — ldark

Iy,

R=—"—
Popt x 4

. A'?R
(qudark)l/2

where I, is the photocurrent, Ljgn is the current value under
laser irradiation, Iy, is the current value without laser irradia-
tion, P,y is the optical power density, A is the effective light
absorption area of the device, and g is the unit charge. Fig. 2e
shows the relationship between photocurrent and optical
power density, where the photocurrent increases with increas-
ing optical power density. At the optical power density of
178 mW cm 2, the annealed WS,/ZnO QD device achieves a
maximum photocurrent of ~159 pA, which is a 39 times
improvement over the WS, device. Fig. 2f and g show compara-
tive data for the R and D* of photodetectors. As the optical
power density increases, a decrease in R and D* was observed,
which is attributed to carrier scattering and increased recom-
bination under laser irradiation.*> At an optical power density
of 21 mW cm 2, the R and D* of the annealed WS,/ZnO QD
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device were improved to 68 and 57 times compared to that of
the WS, device, respectively. The highest Ris up to ~1120 AW ™"
and the D* is up to ~3.23 x 10'® Jones. In addition, to
demonstrate the broad spectral response of the devices, the UV
photoresponse of the devices was tested. Fig. S2 (ESIT) provides a
more detailed description. In this work, the annealed WS,/ZnO
QD device exhibited the best performance, which is attributed to
the fact that annealing can reduce the number of surface defect
states in ZnO QDs and improve the interface contact quality.
This results in faster separation and transportation of photo-
generated carriers for the WS,/ZnO QDs heterojunction device.
In order to reveal the improvement of device performance, the
interface carrier dynamics from WS, and ZnO QDs are analyzed
in detail later.

Response speed is a significant parameter for evaluating the
performance of photodetectors. Fig. 3a shows a schematic of
the response speed test system. To evaluate the optical storage
capability of the annealed WS,/ZnO QD device, it was tested
under laser irradiation with different power densities. Fig. 3b
shows the photoswitching characteristics of the annealed WS,/
ZnO QDs device. As the optical power density increases, the
switching ratio is improved. The maximum current values for
300 cycles under laser irradiation with different optical power
densities are shown in Fig. 3¢, which demonstrates the good
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Fig. 3 Evaluation of the photoresponse speed and stability of the
annealed WS,/ZnO QD device. (a) Schematic of the response speed test
system. Impulse response (b) and stability (c) of the device under laser
irradiation with different optical power densities. (d) Impulse response
of the device under laser irradiation with different frequencies. (e) One
photoresponse cycle for the device. Impulse response (f) and one
femtosecond-pulsed photoresponse cycle (g) of the device under a
femtosecond-pulsed laser with a pulse-frequency of 1 kHz and a pulse-
width of 50 fs.
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stability of the device. The stable photoresponse under differ-
ent light excitations leads to optical storage applications.** In
order to evaluate the response speed of the device, the device
was tested at different frequencies of the chopper. Fig. 3d
shows the photoswitching properties of the annealed WS,/
ZnO QD device at 1000, 1500 and 2000 Hz. As the chopper
frequency increased from 1000 Hz to 2000 Hz, the device still
maintains a stable photoresponse output. When the frequency
of the chopper is 2000 Hz, the device can achieve a rise time of
~30 ps and a decay time of ~20 ps (see Fig. 3e). Due to the
speed limitation of the chopper, the response speed of the
device is limited to ps. To evaluate the ultimate response speed of
the annealed WS,/ZnO QD device, we used a femtosecond-pulse
laser for testing. Fig. 3f shows the photoswitching properties of
the annealed WS,/ZnO QDs device under femtosecond-pulsed
laser excitation. The device accurately responds to each pulse
signal and exhibits an ultra-fast response speed with a rise time of
~15 ns and a decay time of ~4 ps (Fig. 3g). Compared with the
2D/0D heterojunction photodetectors based on TMDCs reported
in previous literature, the WS,/ZnO QD heterojunction photo-
detector exhibits one of the fastest response speeds (Table 1).
The ultra-fast response speed of the device is attributed to
the combination of charge transfer and non-radiative energy
transfer, which improves the efficiency of carrier separation and
transportation.

We proposed a method for regulating ZnO QD defect states,
which can be applied to coexistence mechanisms of hetero-
junctions. However, in addition to oxygen interstitials, surface
defect states are inevitably generated, which can capture car-
riers. Therefore, annealing is adopted to reduce the impact of
surface defect states. Next, we will evaluate the promoting effect
of annealing on the 2D/0D heterojunction. Fig. 4a shows the
Raman spectra of three devices, where the E;, peak and the A,
peak correspond to in-plane and out-of-plane vibration modes,
respectively. The A, peak of WS, is sensitive to electron
transfer, while the Ej, peak is not sensitive to electron
transfer.'>** As shown in Fig. 4b, the A,, peak of the pristine
WS,/ZnO exhibits a blueshift compared to the A;, peak of WS,.
We inferred that this is related to the decrease in electron
concentration of WS,. Compared with the pristine WS,/ZnO,
the A, peak of annealed WS,/ZnO exhibits a further blueshift.

View Article Online
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This proves that annealing facilitates electron transfer. Fig. 4c
shows the band diagrams of WS, and ZnO QDs before contact.
The Fermi level of WS, is higher than that of ZnO QDs, and
electrons will flow from WS, to ZnO QDs. The further blueshift
of the A;, peak was attributed to annealing enhancing the built-
in electric field, which further reduced the electron concen-
tration in WS,. That is, the shift of the A, peak can reflect the
electron transfer efficiency in the heterojunction. As a result,
annealing has two effects in the WS,/ZnO QDs heterojunction:
(D annealing improves the strength of the built-in electric
field, thus promoting charge transfer in the heterojunction.
(I) Annealing enhances the interface contact quality and sup-
presses the surface defect states of ZnO QDs, thereby reducing
the capture of carriers by defects. Therefore, annealing is beneficial
for heterojunctions with type-II band alignment. To confirm charge
transfer and the effect of annealing in the heterojunction, the PL
spectra of three devices were further discussed.

Fig. 5a compares the PL spectra of the WS,, pristine WS,/
ZnO and annealed WS,/ZnO. Obviously, after the formation of
the heterojunction, PL quenching was observed. Compared to
the pristine WS,/ZnO heterojunction, the annealed WS,/ZnO
heterojunction exhibits stronger PL quenching from 48% to
74%. To analyze this variation, PL spectra were deconvoluted
into two sub-peaks, one from the charged ions (X7) and the
other from the neutral excitons (X°), as displayed in Fig. 5b. The
areas of X~ and X° represent the concentrations of charged ions
and neutral excitons in WS,, respectively. Next, we discussed
in depth the area ratio (Fig. 5¢) and peak shift (Fig. 5d) of X~
and X° for charge transfer. After the formation of the hetero-
junction, it is observed that the area ratio of X~ increases and
the area ratio of X° decreases. This indicates that the electrons
in the ZnO QDs were transferred to the WS, under the 532 nm
laser excitation. Meanwhile, it was confirmed that our proposed
2D/0D heterojunction system can achieve efficient interface
carrier dynamics. After forming the heterojunction, the shift
of X~ and X° peaks was observed, which is attributed to charge
transfer in the heterojunction. The concentration of X is
increased, and the energy of photons is enhanced through
the recombination of electrons and holes, resulting in the shift
of X™. The concentration of X° is reduced, which means that the
distance between electrons and holes increases. The Coulomb

Table 1 Performance comparison of the reported 2D/0D heterojunction photodetectors

Device material Coexistence Responsivity (A W) Detectivity (Jones) Response speed (us) Lifetime (ns) Ref.
SnSe,/Sn0O, QDs No 1.68 x 102 2.6 x 10° 5 x 10° — 19
MoS,/CdSe@ZnS QDs No 2.6 X 1072 — 2.4 x 10° 11.2 35
WS,/AIGS QDs No 3.3 x 10° 1.3 x 10 3 x 107 54.26 44
MoS,/CdSe QDs Yes 5 x 10° — 1.59 x 10° 0.43 45
MoS,/CdSe@ZnS QDs No 4 x 10° — 1.85 x 10° 0.32 45
MoS,/CulnS, QDs No 1.83 7.05 x 10 5.96 x 10° — 16
WSe,/CsPbBr; PQDs No 2.1 x 10% 9.1 x 102 1.27 x 10° 20 47
MoS,/SnS, QDs No 4.35 x 10> 7.19 x 10*? 1 x 10° — 48
Bi,Se;/CsPbBr,I QDs No 1.44 x 10 4.0 x 10M 8.2 x 10 3.6 49
WS,/WO; QDs No 2.51 x 10* 1.89 x 10™* 6.4 x 10° 0.3 50
WS,/CdSe QDs No 1.96 x 107° 5.1 x 10* 5.7 X 10 2.6 51
MoS,/ZnCdSe@ZnS QDs  No 3.7 x 10* 1 x 10*2 3 x 10° — 52
WS,/ZnO QDs Yes 1.12 x 10° 3.23 x 10*? 1.5 x 103 1.96 This work
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Fig. 5 (a) PL spectra of WS,, pristine WS,/ZnO QDs and annealed WS,/ZnO
QDs under 532 nm laser excitation. (b) The PL spectra of three devices were
fitted as X~ and X° by Gaussian deconvolution. The statistics included the
area ratio (c) and the peak shift (d) of X~ and X° for three devices.

interaction is enhanced by that. This will improve the binding
energy of X° causing a blueshift in the X° peak.>** After
annealing, the further increase in the X~ area and the further
shift of the X~ peak once again demonstrate that annealing can
optimize the 2D/0D heterojunction system.

In 2D/0D heterojunctions, the overlap between the PL spec-
trum and the absorption spectrum allows for non-radiative
energy transfer.”®”” Fig. 6a shows the schematic diagram of
non-radiative energy transfer between WS, and ZnO QDs,

This journal is © The Royal Society of Chemistry 2024

where the photogenerated electron-hole pair moved from
ZnO QDs to WS, without emitting photons.*® Fig. 6b shows
the PL spectrum of ZnO QDs and the absorption spectrum of
WS,, and spectral overlap was observed. The PL spectrum of
ZnO QDs was deconvoluted into four sub-peaks to show the
effect of defects on the optical properties of ZnO QDs. The UV
band emission centered at ~378 nm corresponds to the near
band edge (NBE) emission, which is the reason for the free
exciton recombination of ZnO.>® The peaks at ~405 nm and
~428 nm are attributed to surface zinc vacancies and their
associated lattice defects, respectively.®”®* Surface zinc vacan-
cies and their associated lattice defects can capture carriers,
which is unfavorable to charge transfer. So annealing is used to
solve this problem. The peak related to ~450 nm is attributed
to the oxygen interstitials in Zn0.%**>% The oxygen interstitials
were intentionally introduced into ZnO QDs. Due to the com-
plete overlap between the PL spectrum of oxygen interstitials
and the absorption spectrum of WS,, dipole-dipole interac-
tions are promoted, which is conducive to the generation of
non-radiative energy transfer.

To confirm non-radiative energy transfer in the 2D/0D
system, TRPL measurements were conducted (Fig. 6¢). We used
a two-phase exponential decay function to analyze fluorescence
lifetime. After forming a heterojunction, a significant decrease
in fluorescence lifetime was observed. The 1, decreased from
0.56 ns to 0.12 ns, and the 7, decreased from 12.21 ns to 1.84 ns
(Fig. 6d). We speculated that this is related to the combined
effect of charge transfer and non-radiative energy transfer. To
prevent charge transfer between WS, and ZnO QDs, we intro-
duced wide bandgap Al,O; in the WS,/ZnO QD heterojunction
(Fig. S3, ESIT). The 1, and the 1, of the WS,/Al,03/ZnO QDs
heterojunction were 0.43 ns and 5.33 ns (Fig. 6d). A decrease in
fluorescence lifetime was still observed. This proves that charge

J. Mater. Chem. C, 2024, 12,18291-18299 | 18295
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(c) Fluorescence lifetime traces of ZnO QDs, WS,/ZnO QDs and WS,/AlL,O3/ZnO QDs under 375 nm laser excitation. (d) Statistics of t; and 1, for ZnO QDs,
WS,/ZnO QDs and WS,/Al,03/ZnO QDs. Energy band diagram of the WS,/ZnO QD heterojunction without laser irradiation (e) and with laser irradiation (f).

transfer and non-radiative energy transfer coexist in the WS,/
ZnO QDs heterojunction. Fig. 6e and f show the energy band
diagrams of the WS,/ZnO QD heterojunction before and after
532 nm laser irradiation. Due to the introduction of oxygen
interstitials, the Fermi level of ZnO QDs is close to the valence
band. The Fermi level difference between WS, and ZnO QDs
increases. A wide Fermi energy level difference is beneficial for
the formation of type-II band arrangement in WS, and ZnO
QDs. When the heterojunction is irradiated with a 532 nm
laser, WS, generates photogenerated carriers (path 1), and the
built-in electric field separates the photogenerated carriers
(path 2). The electrons move towards WS,, while the holes in
WS, move towards ZnO QDs. Non-radiative energy transfer
works simultaneously to transfer excitons into WS, (path 3),
and the WS,/ZnO QDs heterojunction achieves a combined
effect of charge transfer and non-radiative energy transfer.

Conclusions

In summary, a high-performance WS,/ZnO QD heterojunction
photodetector has been developed, which combines charge
transfer and energy transfer by manipulating the defect states
of ZnO QDs. The charge transfer in the heterojunction was
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confirmed by the Raman blueshift and the increased concen-
tration of X in the PL. The existence of non-radiative energy
transfer in the heterojunction is substantiated by the quench-
ing of fluorescence lifetime even after blocking charge transfer
with Al,O;. As a result, the hybrid photodetector shows excel-
lent performance with high responsivity (1120 AW~ ") and high
detectivity (3.23 x 10" Jones), which are 71 times and 58 times
higher than that of the WS, device, respectively. Fortunately,
the device’s 15 ns response speed is one of the fastest reported
2D/0D heterojunction devices, attributed to the efficient inter-
face carrier dynamics. The coexistence of multiple mechanisms
in 2D/0D heterojunctions provides a new avenue for the devel-
opment of high-performance low-dimensional photodetectors.

Experimentation
WS, base photodetector

At room temperature, a small amount of WS, material was
peeled off from the bulk material by 3 M tape, and the tape was
repeatedly folded to obtain a single layer of WS, by breaking
van der Waals forces. Then, the tape was attached to the Au
finger electrode and heated at 60 °C for 20 minutes to enhance
the adsorption between WS, and the finger electrode. This
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achieves a WS, based photodetector. The length of the Au
forked electrode is 1400 pm and the width is 5 um.

ZnO QDs

14 g of potassium hydroxide (KOH) was dissolved in 60 ml
of methanol (CH3OH). 296 g of zinc acetate dihydrate
(Zn(CH3CO0),-2H,0) was dissolved in 120 ml of CH;OH.
Two solutions were mixed and heated on a magnetic stirrer (tem-
perature 60 °C) for 210 minutes before centrifugation. The bottom
suspension was washed three times with methanol reagent. Finally,
the obtained ZnO QDs were dispersed in a n-butanol solution.

The WS,/ZnO QD photodetector

The obtained ZnO QD solution was uniformly dropped onto
the WS, based photodetector and coated at 1000 rpm for
10 seconds, followed by another 20 seconds at 3000 rpm. The
obtained photodetector was placed on an 80 °C heating plate
and heated for 10 minutes.
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