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Abstract
Zn2SnO4 (ZTO) nanocrystals are extensively studied in various fields. However, size-dependent
ZTO nanocrystals are still challenging to understand their structural, optical, photocatalytic, and
optoelectronic properties. ZTO nanocrystals are synthesized by a facile hydrothermal reaction
method. The structural properties of the synthesized ZTO nanocrystals are studied by x-ray
diffraction and transmission electron microscope. The sizes of the ZTO nanocrystals are
controlled by the pH values of the precursor and the molar ratios of the Zn:Sn in the starting
materials. ZTO nanocrystals with the small size of 6 nm and large size of 270 nm are obtained by
our method. The Eu3+ ions are doped into ZTO nanocrystals to probe size-dependent Eu doping
sites, which shows significant potential applications in light emitting diode phosphors.
Moreover, the photocatalytic activity of ZTO nanocrystals on rhodamine (RhB) decoloration are
investigated, and the results show that 6 nm ZTO nanocrystals show better performance in the
photocatalytic decoloration of RhB compared to 270 nm nanocrystals. Most importantly, we
design and fabricate optoelectronic devices to detect IR light based on our nanocrystals and a
self-prepared NIR cyanine dye. The device based on small sized ZTO nanocrystals exhibits
better device performance under 808 nm IR light compared to that of the large sized ZTO
nanocrystals. We believe this work represents ZTO size-dependent properties in term of
structural, optical, photocatalytic, and optoelectronic properties as a multifunctional material.
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1. Introduction

ZTO has attracted widespread attention due to its high elec-
tron mobility, high conductivity and wide band gap (3.6 eV)
[1], and applications in light emitting diodes (LEDs), photo-
catalyst, and photovoltaics devices [2–7]. In recent years,
many methods to synthesize ZTO nanocrystals are reported.
Chen et al prepared ZTO nanowires with a diameter of about
100 nm by a chemical evaporation deposition method [8]. Jie
et al controlled the diameters of ZTO nanowires to be 20–100
nm by a thermal evaporation of a mixture of ZnO and SnO2

powders using gold as a catalyst [9]. ZTO nanocrystals with
the sizes of 14 nm, 10 nm, 50 nm, and 1 μm were prepared by
sol–gel synthesis [10], chemical precipitation [11], high
energy mechanical milling [12] and high temperature calci-
nation [13], respectively. Intense research efforts are com-
mitted to synthesizing nanosized ZTO. The minimum size of
ZTO nanocrystals is reported to be 10–30 nm with very broad
size distribution [14]. The challenge of obtaining smaller
sized ZTO nanocrystals (less than 10 nm) by reported
methods remains. In addition, the properties affected by the
nanocrystal sizes are attracting more interests since the
smaller sized nanocrystals exhibit significant potential in
additional applications compared to large sized nanocrystals
in the fields of luminescence, photocatalysis, and optoelec-
tronics. Therefore, the smaller sized ZTO nanocrystals are in
high demand for the development of science and technology.

pH values and the ratios of the starting materials are
critical experimental parameters to control the nanocrystal
growth in terms of sizes and morphology with solution
methods [15–23]. It is believed that pH values of the pre-
cursor affect the chemical potential of the reactions, and shift
the reaction toward a lower energy path, leading to a
morphology change [17]. The ratios of the starting materials
influences the environment of nucleation and recrystalliza-
tion, resulting in different sizes [15, 16, 20–22]. As an
example, different sizes and morphologies of oBi2S3, ZnSe,
Co3(PO4)2 and TiO2/CeO2 were controlled by pH values and
ratios of the starting materials [17, 20, 22, 24]. Therefore,
pH values and the ratios of the starting materials exhibit
significant potential in controlling the properties of synthe-
sized ZTO nanocrystals.

ZTO may be an excellent photocatalysis candidate due to
a high electrical conductivity and electron mobility [1, 2].
However, the inferior adsorption and fast recombination of
the photogenerated electron–hole pairs in ZTO leads to poor
photocatalytic activity [3, 6, 10, 11, 14]. The morphology and
sizes of the nanocrystals are believed to influence the pho-
tocatalytic activity dramatically [24, 25]. Research efforts
show that morphology control of ZTO nanocrystals could
improve the photocatalytic activity of ZTO; however, the
size-dependent photocatalytic activity measurements of ZTO
nanocrystals are still challenging to obtain since the reported
ZTO nanocrystal smaller sizes are limited to 10–30 nm [14].
Therefore, the investigations of smaller sized ZTO nano-
crystal (less than 10 nm) photocatalytic activity is urgently
necessary for the development of ZTO photocatalysts since

small sizes might exhibit significant potential toward
improving the photocatalytic activity of ZTO.

ZTO with a similar band structure than TiO2 is reported
to be very promising with regard to electron collection in
optoelectronic devices, such as solar cells, photodetectors,
and LEDs [2–6]. It is generally accepted that ZTO offers more
freedom in terms of energy level alignment than binary
semiconductors such as the typical TiO2 semiconductor,
leading to improved electron collection and device perfor-
mance in optoelectronic devices [2, 26, 27]. ZTO nanocrys-
tals with a size of ∼80 nm were studied in dye-sensitized
solar cells by Wang and Wu groups [2, 26]. However, the cell
performance was reported to be lower than that of TiO2.
Potentially, the size of 80 nm is not the optimal size for the
ZTO-based devices, while it has been demonstrated that the
size of ∼20 nm is the optimized size for TiO2-based devices
[28]. Therefore, small sized ZTO nanocrystals might show
better performance than that of TiO2. Thus, the research of
size-dependent ZTO nanocrystals is needed to understand
their charge transport properties.

In this work, the size of ZTO nanocrystals is controlled
by adjusting pH and the molar ratios of Zn:Sn in the precursor
solutions. Figure 1(a) shows the schematic of the synthesis
process of ZTO nanocrystals in this work. ZnCl2 reacts with
SnCl4 under alkaline conditions to form ZTO. Figures 1(b)
and (c) shows the synthesis parameters of large sized and
small sized ZTO nanocrystals controlled by different exper-
imental conditions, respectively. ZTO nanocrystals with the
sizes of 270 nm (S1) and 6 nm (S2) are obtained by our
method. The structural, optical, photocatalytic, and optoe-
lectronic properties of the large and small sized ZTO nano-
crystals are investigated for comparation. We demonstrate
that the small sized ZTO nanocrystals exhibit better perfor-
mance including in photocatalysis and IR photodetector
applications. This work demonstrates the advantages of the
smaller ZTO nanocrystals in multiple applications over large
nanocrystals.

2. Experimental methods

2.1. Chemical and materials

All chemicals were used as received. Zinc Chloride anhy-
drous (ZnCl2 �98%) and Europium(Ⅲ) nitrate hexahydrate
(Eu(NO3)3·6H2O) were purchased from Alfa-Aesar. Tert-
butylamine (�99%), Tin Chloride (SnCl4 �98%) and Rho-
damine B (RhB) were purchased from Acros Organics.
Ethylene Glycol (�99.9%) was purchased from Fisher Che-
mical. N,N′-dimethylformamide (DMF) (anhydrous, �99.8%)
was purchased from Sigma-Aldrich. Fast Drying Silver Paint
was purchased from TED PELLA, INC. PEDOT:PSS (AI
4083) was purchased from Ossila and Triton x-100 was
purchased from VWR LIFE SCIENCE.

2

Nanotechnology 32 (2021) 145702 Y Qi et al



2.2. ZTO nanocrystal preparation

The ZTO nanocrystals were prepared by a hydrothermal
method according to the literature [2]. The experimental
procedure was modified as follows: 0.525 g zinc chloride
anhydrous and 0.965 g tin chloride were dissolved in a 50 ml
mixture of ethylene glycol and distilled water (1:1, v/v) and
kept stirring. After stirring for 20 min, the pH values of the
precursor solution were adjusted using the proper amount of
tert-butylamine, which was added to the solution dropwise.
After stirring for another 30 min, the obtained precursor
solution was transferred to a 100 ml autoclave and kept at 180
°C for 24 h. Then the autoclave was cooled down to room
temperature naturally. The precipitates in the autoclave were
washed five times with distilled water and two times with
ethanol to purify the samples. Finally, the powders were
obtained by drying under vacuum at 60 °C for 6 h. Eu doped
ZTO nanocrystals were prepared by a similar procedure.
0.017 g, 0.138 g, 0.173 g, and 0.26 g Eu(NO3)3 corresponds
to 1%, 8%, 10% and 15% doping concentration (molar ratio
of Eu:Zn) were added into the precursor solutions for the
synthesis of Eu doped ZTO nanocrystals.

2.3. Photocatalysis test

ZTO powders were added into a 250 ml RhB aqueous solu-
tion (30 mg l−1), and kept stirring for 15 min to allow for the

establishment of an adsorption–desorption equilibrium. Then
UV light irradiation was introduced to the solution. The dis-
tance between the light source and the top of the solution was
about 15 cm. At different time intervals, 4 ml solution was
extracted by a syringe, and a filter (pore size 0.45 μm) was
utilized to remove the ZTO particles in the dye solution. The
filtrate was subsequently characterized by UV–vis absorption
spectroscopy.

2.4. Photodetector device fabrication

1 g ZTO nanocrystals were dispersed in a mixture of 2 ml of
anhydrous ethanol and 80 μl Triton x-100, and kept stirring
for 12 h. Then, 9 ml of anhydrous ethanol was added into the
solution and kept stirring for another 48 h to obtain a ZTO
paste. NIR indolizine-cyanine dye (C5)was synthesized as
published previously [29], and was utilized as a light absorber
in the photodetectors. 8 mg of C5 was dissolved in 1 ml DMF
to obtain the NIR absorbing solution. FTO coated glass
substrates were sequentially cleaned by an ultrasonic bath
using deionized water, acetone, and ethanol for 15 min and
followed by UV ozone treatment for 15 min 150 μl ZTO paste
was spin-coated on top of the cleaned FTO electrode at a spin
speed of 2000 rpm for 30 s, followed by annealing at 400 °C
for 1 h using a hotplate. 100 μl of NIR dye solution was spin-
coated onto the top of ZTO at a spin speed of 1000 rpm for
30 s, followed by drying at 50 °C for 10 min using a hotplate

Figure 1. (a) Experimental procedure for ZTO nanoparticle synthesis using ZnCl2 and SnCl4 as starting materials by a hydrothermal method;
(b) the synthetic route to S1 under the conditions of Zn:Sn=2:1.345 and pH=12; (c) the synthetic route to S2 under the conditions of Zn:
Sn=2:1.9 and pH=10.
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to form a NIR dye film 200 μl PEDOT:PSS was dropped-
casted on top of the NIR dye film, followed by drying at 50
°C for 1 h with a hot plate. A silver film was prepared by a
doctor blade technique with ∼100 μl of fast drying silver
paint to finish the photodetector device fabrication.

2.5. Materials characterization

A MiniFlex600 (Rigaku) x-ray diffraction (XRD) dif-
fractometer (Cu Kα radiation source λ=1.540 56 Å) was
used to study the phase of ZTO nanocrystals with 2-theta
ranging from 20° to 70° and a step size of 5°min−1 during
data collection. Transmission electron microscope (TEM)
images were obtained by a JEM-1011 TEM (JEOL) and a
JEOL 2100 with energy dispersive x-ray spectroscopy (EDS)
spectra system for elemental analysis and mapping. TEM was
operated at 200 kV and samples were mounted on copper
grids for TEM imaging. The photoluminescence (PL), PL
excitation (PLE) and time resolved PL (TRPL) spectra were
collected using a fluorescence spectrometer (FluoroMax,
Horiba) with DeltaHub and NanoLED. BLAK-RAY Ultra-
violet Lamp (Model B 100 AP) was utilized for the photo-
catalyst study. The UV–vis absorption spectra were measured
by a Cary 60 UV–vis spectrophotometer (Agilent Technolo-
gies). The current–time properties of the photodetectors were
collected using a digital source meter (2450, Keithley
Instruments Inc.) under 808 nm laser irradiation (Civil Laser).
The power of the laser was measured by an optical Power
Meter (Newport 1930F-SL-FC Si Detector SC/PC).

3. Results and discussion

3.1. Structural properties

XRD diffraction patterns and TEM images are used to
investigate the crystal phase properties and the morphology of
the ZTO nanocrystals prepared with the different exper-
imental parameters. Figure 2(a) shows the XRD results of
ZTO nanocrystals S1 and S2. S1 was synthesized with a Zn:
Sn molar ratio of 2:1.345 and a pH value of 12. S2 was
prepared with a Zn:Sn molar ratio of 2:1.9 and pH value of
10. Both S1 and S2 show cubic inverse spinel phase (JCPDS
No. 00-24-1470). The standard card is also listed in the figure
for comparison. The XRD diffraction patterns of S1 exhibit
sharp peaks compared to that of S2 indicating the large sizes
and better crystallinity of S1. Diffraction peaks of (220),
(222), (400), (422), (511) of S2 are not obvious, which can be
attributed to weak crystallinity of the S2. Figures 2(b) and (c)
show the TEM images of S1 and S2, respectively.
Figures 2(d) and (e) show the size distribution histograms of
S1 and S2, respectively. The average size of S1 is about 270
nm (figure 2(d)), while the average size of S2 is about 6 nm
(figure 2(e)). The size of S2 is calculated to be about ∼4 nm
using Debye–Scherrer formula, which is comparable to the
size obtained by TEM images. Figure S1 (available online at
stacks.iop.org/NANO/32/145702/mmedia) shows the EDS
element mapping images of S2, which confirms Zn, Sn and O
elements in the nanocrystals. These three elements have a
consistent distribution as expected. The element ratio of Zn to
Sn is calculated to be ∼2:1 by EDS measurement for S1 and
S2 (figure S2). Different molar ratios of ZnCl2 to SnCl4 and
pH values of the precursor are used to synthesize the ZTO
nanocrystals. The molar ratios of Zn:Sn are 2:1.345, 2:1.445,

Figure 2. Structural characterizations of Zn2SnO4 (ZTO) (a) XRD data of S1 and S2; (b) TEM image of S1; (c) TEM image of S2; (d) size
distribution of S1; (e) size distribution of S2.
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2:1.545, 2:1.645, 2:1.745, 2:1.9 and are selected to synthesize
ZTO nanocrystals based on the results reported by Wu et al
[2]. High-resolution transmission electron microscopy images
and selected area electron diffraction patterns of S1 and S2
are shown in figure S3. The diffraction patterns are analyzed
and labeled in the figure. Figure S4 shows XRD diffraction
patterns of the ZTO nanocrystals prepared by the different
molar ratios of Zn:Sn with pH value of 10. It can be observed
that all the samples exhibit the cubic inverse-spinel phase
[30]. All the crystal planes of the ZTO nanocrystals can be
indexed into the cubic phase. The lack of additional phases
produced in the samples indicates the success and consistency
of our method. The full width at half maximum values of the
diffraction peaks (311) increase as the ratios of Zn:Sn increase
from 2:1.345 to 2:1.9. The pH values of the precursor solu-
tions are controlled to be 10, 11 and 12 to control the
synthesis of ZTO nanocrystals. Figure S5 shows the XRD
diffraction patterns of the samples prepared by different
pH values via controlling the amount of tert-butylamine with
a constant Zn:Sn ratio of 2:1.345. All the nanocrystals present
the same cubic crystal phase (JCPDS No. 00-24-1470), which
is consistent with the results in figure S4. Therefore, ZTO
nanocrystals can be synthesized by different Zn:Sn ratios and
pH values of the precursor in the hydrothermal method used
herein. Figure S6 shows the TEM images of the ZTO nano-
crystals prepared with different Zn:Sn ratios (pH=10). ∼6
nm small nanocrystals (S2) and large nanocrystals (∼50 nm)
are observed in figures S6(a)–(c) corresponding to Zn:Sn
ratios of 2:1.345, 2:1.445, and 2:1.545. Only small nano-
crystals are presented in figure S6(d). Thus, small nanocrys-
tals are exhibited as the ratio of Zn:Sn increases from 2:1.345
to 2:1.9. This can be explained by the different chemical
ratios of Zn:Sn during the nucleation process of the reactions
which are affected by monomer consumption [17, 23]. The
reaction toward large nanocrystals is possibly prohibited at
the ratio of 2:1.9 Zn:Sn, which leads to small nanocrystal
production. Figure S7 shows the TEM images of the ZTO
nanocrystals prepared under the pH values of 10, 11 and 12
(Zn:Sn=2:1.345). Both large and small nanocrystals are
observed for the sample prepared with pH values of 10 and
11. Only large nanocrystals with the size of ∼270 nm (S1) are
observed as the pH value increases to 12, indicating that the
larger pH values are integral to large nanocrystals. pH values
may influence the recrystallization process toward large
nanocrystals if the smaller nanocrystals are consumed in order
to form large nanocrystals.

3.2. Optical properties

In order to study the influence of crystal size on the optical
properties of ZTO nanocrystals, S1 and S2 are selected for Eu
doping. Figures 3(a) and (b) show the PLE spectra of S1 and
S2 with different Eu doping concentrations (λem=611 nm),
respectively. The peaks at ∼393 nm and ∼464 nm are
ascribed to the 7F0−

5L6, and
7F0−

5D2 energy level transitions
of the Eu3+, respectively [31]. In figure 3(a), a broad band at
370–450 nm is observed for S1, which is attributed to an
absorption caused by defects in the ZTO matrix. The PL

spectrum of S1 doped with 10% Eu and excited with 398 nm
(figure S8) corresponds to a broad band and confirms the
energy transfer from ZTO to Eu. Dimitrievska et al reported
the energy transfer from ZTO to Eu using ZTO particles
prepared at 1200 °C for 2 h [31]. However, their study
showed that the ZTO matrix absorption band peak was at 335
nm, which was attributed to matrix absorption and the charge-
transfer transition band [31]. The inconsistency between our
measurements and those previously reported can be attributed
to the crystallinity of ZTO and Eu sites located in the ZTO
matrix, which is associated with the preparation temperature
and method. In figure 3(b), the sharp peaks at ∼393 and ∼464
nm in the PLE spectra of S2 dominate the PLE spectra
compared to that of S1 as shown in figure 3(a), indicating that
the relative absorption intensity of Eu itself (7F0−

5L6, and
7F0−

5D2) increases with the decreasing sizes of ZTO nano-
crystals. Smaller nanocrystals would demonstrate larger sur-
face-area-to-volume ratios compared to larger nanocrystals,
leading to more Eu doping sites located on the surface of the
small nanocrystals [32]. It is reported that energy transfer
efficiency decreases for the case of surface doping compared
to interior doping due to the disordered surface environments
of the small nanocrystals [32–34], which also explains the
decreased intensity of the broad band (370–450 nm) in
figure 3(b) compared to figure 3(a). S2 with a doping con-
centration of 15% Eu in figure 3(b) exhibits a weak broad
band due to high concentration doping, which leads to more
interior doping compared to low concentration samples (8%
and 10%). Figure 3(c) shows the PLE spectra of S2 doped
with 10% Eu annealed at different temperatures. The broad
band (370–450 nm) appears with the annealing temperature at
900 °C compared to samples annealed at 300 °C and the
unannealed. The small nanocrystals aggregate to form large
nanocrystals, and Eu ions immigrate into the large nanocrystal
inner sites during the high temperature annealing (900 °C),
leading to increased interior doping and the relative efficient
energy transfer from ZTO to Eu. Thus, the broad band
(370–450 nm) is observed with high temperature sample
annealing. Note that the relative excitation peak intensity at
464 nm increases substantially with increasing annealing
temperatures, which shows significant potential in LED
phosphors [34, 35]. The PL spectrum of S2 doped with 10%
Eu under the excitation of 464 nm is shown in figure 3(d).
The peaks at 578, 595, 611 and 650 nm are attributed to
5D0−

7F0,
5D0−

7F1,
5D0−

7F2 and 5D0−7F3 energy level
transitions of Eu3+, respectively. Figure S9 shows the PLE
spectra of 10% Eu doped S1 annealed at different tempera-
tures, all of which are similar to one another. The relative
excitation peak intensity at 464 nm also increases dramati-
cally with increasing annealing temperatures, which is con-
sistent with figure 3(c). Figures S9(b) and (c) show PL spectra
of 10% Eu doped S1 and S2 annealed at different tempera-
tures with excitation at 393 nm. Emission peaks at 578, 595
and 611 nm become obvious as the annealing temperature
increases to 900 °C, which can be explained by the increased
crystallinity caused by the higher temperature annealing.
Figure S9(d) is the PL spectra of 10% Eu doped S2 annealed
at 600 °C and 900 °C, which show similar features compared

5
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Figure 3. (a) PLE spectra of Eu doped S1; (b) PLE spectra of Eu doped S2 nanocrystals; (c) PLE spectra of Eu doped S2 after annealing
300 °C and 900 °C; (d) PL spectra of Eu doped S2; (e) the CIE coordinates of Eu doped S1 and S2 based on the PL in figure S9; (f) PL
schematic of electron pumping and relaxation pathways in ZTO:Eu nanocrystals.
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to figure 3(d). Figures S9(e) and (f) exhibit PL spectra of S1
and S2 doped with different Eu concentrations under the
excitation of 393 nm, which look identical. The International
Commission on Illumination (CIE) coordinates based on the
PL spectra in figure S9 are shown in figure 3(e). The observed
coordinates are in the red and orange regions. This also shows
the feasibility of ZTO:Eu nanocrystals in UV-LED and LED
phosphor applications [35–39]. Figure 3(f) shows the PL
schematic of electron pumping and relaxation pathways in
ZTO:Eu nanocrystals. The ZTO matrix absorbs light due to
defects in the crystallinity and energy transfer to Eu3+ leading
to red emission of Eu3+ due to 5D0−

7Fj transitions. Mean-
while, the intrinsic absorption of Eu3+ itself is due to the
7F0−

5L6, and
7F0−

5D2 transitions at 393 and 464 nm which
can also populate the 5D0 energy levels for 5D0−

7Fj transi-
tions. According to figures 3(a) and (b), the sizes of ZTO
nanocrystals can control the PL mechanisms in terms of
energy absorption and transfer, leading to the potential
applications in LED phosphors.

3.3. Photocatalytic properties

Size-dependent photocatalytic performances of ZTO nano-
crystals for RhB decoloration are investigated and shown in
figure 4. Figure 4(a) shows the mechanism of photocatalysis
properties of the ZTO nanocrystals in terms of RhB deco-
loration. Electrons in the valance band (VB) of ZTO will
transition to the conduction band (CB) under ultraviolet
radiation, generating holes in the VB. The electrons in the CB
and holes in the VB may then migrate to the surface of ZTO,
where the electrons reduce O2 and H2O to hydroxyl radicals,
and the holes oxidize OH– to hydroxyl radicals.

The produced hydroxyl radicals decolor RhB to produce
CO2 and H2O [40]. The inset in figure 4(a) shows the
molecular structure of RhB [41]. The CB and VB positions in
figure 4(a) is based on that reported in the literature [2]. The
RhB solution decoloration without ZTO under UV irradiation
0 min and 60 min in figure S10 suggests RhB solution
decoloration by UV light is not obvious, which can be
neglected. Figure S11 shows the effects of ZTO amount on
RhB decoloration (a S1, b S2) after 60 min of treatment. The
UV–vis absorption spectra show the 553 nm and 515 nm
absorption features of RhB. The curve labeled with 0 g shows
the original RhB absorption without any ZTO treatment. The
absorption peak intensity decreases with increasing ZTO
amount due to effective RhB decoloration caused by the
photocatalysis properties of ZTO. Figures S12 and S13 show
the influence of ZTO mass and UV light irradiation time of
RhB decoloration for S1 and S2, respectively. Figures 4(b)
and (c) show amount dependent ZTO photocatalytic activity
(b S1, c S2). The dye decoloration degree (C/C0) is influ-
enced by the UV light irradiation time. C0 is the RhB con-
centration before UV light. C is the RhB concentration under
UV light irradiation as a function of time (t). The decoloration
efficiency of RhB increases with increasing UV light irra-
diation time for both S1 and S2 samples. In figure 4(b), 0.2 g
S1 ZTO nanocrystals show better photocatalytic activity than
that of 0.05, 0.10 and 0.15 g ZTO. The decoloration

efficiency increases as the amount of photocatalyst increases.
More hydroxyl radicals are produced as the amount ZTO
increases from 0.05 to 0.20 g. The same trend is also observed
for S2 (figure 4(c)). Figures 4(d) and (e) shows the size-
dependent photocatalytic activity of ZTO nanocrystals. The
decoloration efficiency increases to 37.4% as the mass of
ZTO increases to 0.2 g for S2, which shows better photo-
catalytic performances than that of S1 (29.2%). This can be
explained by the larger surface area of S2 compared to S1 due
to the small size of S2 [42].

3.4. Optoelectronic properties

Photodetectors based on the ZTO nanocrystals and C5 are
fabricated to investigate the electron transport properties of
ZTO. Figure 5(a) shows the vis–NIR absorption and PL
spectra of C5 in DMF solution. The absorption ranges from
600 to 890 nm with a peak at 820 nm, which is interesting to
explore for NIR photoresponse applications. The PL peak is
located at 830 nm, which confirms a significant Stokes shift
[29]. The inset in figure 5(a) shows the molecular structure of
C5. Figure S14 shows the TRPL spectrum of C5 measured in
DMF. The PL decay time constant is fitted to be 1.03 ns.
Figure 5(b) shows the structure of our photodetector devices.
ZTO nanocrystals, C5, and PEDOT: PSS are used as electron
transport layer, light absorption layer, and hole transport
layer, respectively. Figure 5(c) shows the device working
principle, and energy level alignment of the layers in the
devices. NIR light is absorbed by the dye molecules to gen-
erate electron–hole pairs. The photogenerated electrons are
injected into the CB in ZTO. Then, the electrons are trans-
ported to FTO. The holes will be transferred to the PEDOT:
PSS layer. Then, the holes are collected by the Ag contact.
The photocurrent generated by the devices can then be
detected. The energy levels of FTO, ZTO, C5, PEDOT:PSS
and Ag are obtained from the literature [2, 29, 43–45].
Figure 5(d) shows the performance of the devices based on S1
and S2 with ZTO nanocrystals under 808 nm NIR light
irradiation with a power of 1.852 W cm−2. Obvious photo-
current on and off curves are observed in the figure 5. It can
be seen that the 2.01 μA photocurrent is detected for the
device based on S2, compared to that of 0.76 μA for the S1
device. The on–off ratio values of the devices based on S1
and S2 are 7.5 and 12.5 under 1.852 W cm−2 irradiation
power, respectively. The performance of devices containing
S2 is significantly better than those containing S1, which is
attributed to the relative high quality of the films prepared
with S2 in terms of surface smoothness. In addition, no
photoresponse is observed for the devices without C5 or ZTO,
which confirms the origin of the photocurrent is from the dye
molecules. Figure 5(e) shows the dependence of S1 device
performance on the IR light power. The photocurrent
increases from 0.571 to 0.852 μA as the light power increase
from 0.571 to 1.852 W cm−2. The same trend is also observed
for the S2 devices (figure 5(f)), as the photocurrent increases
from 0.64 to 2.01 μA as the light power increase from 0.571
to 1.852W cm−2. Thus, more electron–hole pairs are
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Figure 4. (a) The mechanism of photocatalysis with the ZTO nanocrystals in terms of RhB decoloration; (b) plotted graph of C/C0 versus
time with different amounts of S1 nanocrystals; (c) plotted graph of C/C0 versus time with different amounts of S2 nanocrystals; (d) the UV–
vis absorption spectra of RhB treated with 0.2 g S1 or S2 and UV light irradiation for 60 min; (e) plotted graph of C/C0 versus different
amounts of S1 and S2 nanocrystals with UV light irradiation for 60 min.
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generated as the IR light power increases, leading to a larger
photocurrent.

4. Conclusions

ZTO nanocrystals were synthesized with different sizes (∼6
and ∼270 nm) by a hydrothermal method. The sizes of the
ZTO nanocrystals decreases as the molar ratio of Zn:Sn
approaches 1:1 in the starting materials, and the sizes of the
ZTO nanocrystals increases with increasing pH values of the
precursor solution. The size-dependent structural, optical,
photocatalytic and optoelectronic properties are studied for
comparison. Eu3+ luminescence in ZTO nanocrystals indi-
cates that the energy transfer can be controlled by the ZTO
sizes due to different Eu sites in the ZTO nanocrystals.
Photocatalytic properties of the ZTO nanocrystals on RhB
decoloration shows that small sized ZTO nanocrystals exhibit
better performance due to a larger surface area. IR photo-
detectors are designed, fabricated and studied based on ZTO
nanocrystals and NIR dye, C5. The devices based on S2 show
better performance than that of S1, which can be explained by
the quality of the S2 films increasing with smaller sizes
nanoparticle sizes. This work represents the multifunctional
aspect of ZTO nanocrystals in terms of LED phosphors,
photocatalysts and photodetectors.
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