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dark current, rapid response speed, and 
even operation without external power 
supply.[7–9] Consequently the fabrication 
of high-quality photodiodes demands 
the development of satisfactory p-type 
semiconductors. Nowadays, much efforts 
are being made in search of advanced 
p-type materials with unique proper-
ties, such as amorphous, flexible, trans-
parent, and highly conductive p-type 
semiconductors.[10–12]

Cuprous iodide (CuI) has three main 
crystalline phases, α, β, and γ, among which 
γ-CuI with zinc-blende cubic structure 
exists as the stable phase under tempera-
ture of 350  °C. And γ-CuI, a p-type I–VII  
semiconductor with a direct bandgap of 
≈3.1  eV, exhibits many advantages such 
as transparency, nontoxicity, high conduc-
tivity, and high exciton binding energy.[13,14]  
Up to now, CuI has been effectively 
utilized in versatile applications such as 
light-emitting diodes (LEDs), electronics, 
and catalysis.[15–17] As CuI has high hole 
conductivity and a valance band maximum 
aligning well with some solar absorber 
layers such as perovskite MAPbI3 and so 

on, nowadays CuI is widely used as an inexpensive dopant or a 
promising alternative for organic hole transporting materials 
(such as spiro-OMeTAD) in solar cells, leading to enhanced 
efficiency and satisfactory stability.[18–20] By far many tech-
niques have been developed and commonly employed for 
the fabrication of CuI with various size and morphologies, 
including iodization of copper film, chemical and electro-
chemical method, sputtering as well as solution process, on 
various substrates.[13,21–24] Among those, the solution process 
boasts various advantages such as low cost, facile, easy scale-
up, and easiness of doping or forming composites. Yet, CuI 
is far from being fully exploited as a p-type semiconductor. 
It has been reported that for CuI, the native p-type conduc-
tivity arises mainly from the introduction of intrinsic defect 
Cu+ vacancy.[25] Although defect engineering and doping are 
crucial for manipulating the properties of semiconductors, 
research reports on doped CuI are still rare. For instance, 
the electrical and luminescence properties of Zn2+-doped 
CuI and properties of Li+-doped CuI were investigated  
separately while more possible dopants, like Ga and Al, still 
remain theoretical.[26–28] And CuI film doped with excessive 
anions, such as iodine and thiocyanate, was also reported.[29] 
Recently, p-type transparent amorphous Cu-Sn-I film was 

Herein, Sn4+-doped copper (I) iodide (CuI) is prepared via a facile, cost-
efficient solution process, and the properties of Sn4+-doped CuI, including 
morphology, crystalline phase, as well as optical and electrical properties, 
are investigated by varying the Sn4+ concentration. And by constructing 
transparent Sn4+-CuI/ZnO hybrid UV photodetectors, the potential of 
Sn4+-CuI as a p-type material for high-performance photodetection is 
investigated. It is found that Sn4+ doping has great effect on the morphology 
as the formation of Sn4+-CuI thin sheets is observed, and the resistivity 
of Sn4+-CuI could be tuned by controlling Sn4+ addition. The Sn4+-CuI/
ZnO hybrid photodetectors exhibit obviously enhanced photodetecting 
performance outperforming ZnO film and CuI/ZnO photodetectors by 
the same preparation method, including significantly improved on/off 
ratio, spectral responsivity, and shortened responsive time. The enhanced 
performance of Sn4+-CuI/ZnO hybrid photodetectors mainly arises from 
the formation of type-II p-Sn4+-CuI/n-ZnO heterojunctions, and the better 
interface contact leads to higher carrier separation efficiency due to the 
existence of Sn4+-CuI thin sheets. And the improved performance is also 
related to the optimized resistivity of Sn4+-CuI. This study sheds light on the 
potential of doped CuI toward transparent, high-performance photodetectors 
in the future.
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Photodetectors

1. Introduction

The world we live in is inundated with electromagnetic waves, 
and the full-band detection of electromagnetic wave has pro-
vided us with an insightful understanding of nature and 
promoted technological progress. Among them the detec-
tion of ultraviolet (UV) radiation with energy higher than that 
of visible light is of great interest as UV detection has found 
diverse applications such as environment monitoring, spectral 
analysis, flame warning, and personal health management.[1–6] 
In the category of photodetectors, the p–n and p–i–n photo
diodes are capable of separating and transporting photoinduced 
carrier pairs efficiently by built-in electric field, leading to low 
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prepared by spin-coating of 2-methoxyethanol solution of 
CuI and annealing in Ar atmosphere, and the addition of 
Sn4+ acts as an inhibitor of fast crystallization and a stabi-
lizer of CuI structure.[12] However, further study on doped 
CuI is still required toward improved properties and possible 
applications.

On the other hand, there are a number of promising can-
didates for ultraviolet photodetectors in the category of n-type 
wide-bandgap semiconductors, among which ZnO stands 
out for its remarkable physical and chemical properties, such 
as suitable bandgap (≈3.37  eV at room temperature) corre-
sponding to the UV region, high carrier mobility, nontoxicity, 
and low cost.[30,31] To date, ZnO has received in-depth research 
and many synthetic methods have been explored to fabricate 
ZnO structures with a rich variety of morphologies, in order 
to meet the needs of various practical applications.[32,33] How-
ever, photodetectors based on ZnO film exhibit some inherent 
limitations such as slow response to UV light illumination 
because of O2 adsorption and desorption process on ZnO 
surface.[34] The process is particularly obvious in nanocrystal-
line ZnO due to large specific surface area it exhibits, which 
impedes its application as a high-performance photodetector. 
Hence, much efforts have been made to improve the perfor-
mance of ZnO-based photodetectors, and common approaches 
include doping, surface modification, and forming hetero-
junctions.[35–38] In those methods, the fabrication of p–n junc-
tions has been proven as an effective way to facilitate the 
charge separation and transportation process and decrease O2 
adsorption.[35,37] As a p-type semiconductor with satisfactory 
properties, CuI has been utilized to fabricate p–n junctions 
with n-type semiconductors including ZnO, opening possibili-
ties for constructing high-performance photodiodes.[22,39–41] For 
instance, ZnO-CuI/CuSCN heterojunctions were fabricated by  
Yang et  al. using spin-coating method for UV photodetec-
tors with semitransparency and enhanced performance.[42] 
And stress-responsive Cu wire/CuI/ZnO photodetectors were 
fabricated, exhibiting high photocurrent and responsivity.[43] 
However, many previous fabrication methods of CuI/ZnO het-
erojunctions require complex procedure and toxic iodine vapor. 
In addition, the potential of doped CuI toward enhanced photo
detecting performance of ZnO film by forming p–n junctions 
has not been investigated yet.

In this work, Sn4+-doped CuI samples are prepared by 
simple, low-cost spin-coating technique, and for the first time 
transparent Sn4+-CuI/ZnO hybrid photodetectors are success-
fully fabricated for UV photodetection. Herein, the effect of 
Sn4+ doping on copper iodide, including morphology as well 
as optical and electrical properties, is investigated by varying 
Sn4+ doping concentration utilizing multiple characteriza-
tion techniques. The Sn4+-CuI/ZnO hybrid photodetectors 
show obviously improved on/off ratio, responsivity upon UV 
illumination, and shortened responsive time upon UV light 
switching, outperforming ZnO film as well as CuI/ZnO photo-
detectors. The enhanced photodetecting performance of Sn4+-
CuI/ZnO hybrid photodetectors mainly results from type-II 
heterojunction, adjustable resistivity of Sn4+-CuI and the better 
contact and carrier separation of ultrathin Sn4+-CuI interface. 
This study sheds light on the potential of doped CuI toward 
transparent, high-performance photodetectors in the future.

2. Results and Discussion

The Sn4+-CuI samples are prepared by spin-coating 
acetonitrile/2-methoxyethanol mixed solution containing var-
ious molar ratio of CuI and SnI4, with the picture of solution 
shown in Figure S1 in the Supporting Information. The size, 
morphology, and structure of the prepared Sn4+-CuI samples 
are characterized by scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), and atomic force 
microscopy (AFM) methods. Figure 1 shows the SEM images 
of obtained Sn4+-doped CuI spin-coated on ZnO nanoparticle 
film, and the AFM images of spin-coated Sn4+-CuI samples 
on silicon substrate are shown in Figure S2 in the Supporting 
Information. The prepared ZnO film is composed of densely 
packed nanoparticles with average diameter of 30 nm and the 
thickness of ZnO nanoparticle film is measured as ≈120  nm 
according to the cross-sectional SEM image. As is seen in 
Figure 1b, the spin-coated CuI sample is characterized by CuI 
nanoparticles with average diameter of 50  nm. When 0.5% 
SnI4 is added into the CuI solution, the most striking fea-
ture of the samples is the formation of Sn4+-CuI sheets. And 
from AFM height profiles (Figure S2a,b, Supporting Infor-
mation) the CuI and 0.5% Sn4+-CuI samples are composed 
of micron-scale agglomerates with height of around 200  and 
100  nm, separately, and the decrease in average height of 
agglomerates would lead to better structural uniformity and 
better contact with n-type materials in the case of fabrication 
of heterojunctions. With the Sn4+ addition amount increasing 
to 1%, the Sn4+-CuI sheets exhibit an increase in lateral size 
(Figure  1d), and it is especially interesting to note that the 
existence of Sn4+-CuI nanosheets with lateral scale around 
2  µm and thickness of ≈11  nm is confirmed by AFM height 
profile (Figure S2c, Supporting Information). The TEM image 
in Figure  1g shows the 1% Sn4+-CuI sample is an assembly 
of nanosize grains. And with an even higher Sn4+ addition, 
however, the Sn4+-CuI sheets tend to stack (Figure  1e) and 
for 10% Sn4+-CuI protruding sheets with warp distortion are 
observed (Figure 1f). Furthermore, in Figure S3a in the Sup-
porting Information, the average particle or sheet size esti-
mated by SEM shows that with the increase of Sn4+ addition 
the average particle size of Sn4+-CuI increases dramatically, 
from 50  nm for CuI to ≈370  nm for 10% Sn4+-CuI samples. 
At the same time, the particle size deviation rises up with the 
increasing average particle size, indicating the declined crys-
talline uniformity with high Sn4+ addition. In brief, the results 
above suggest the feasibility of manipulating the size and 
morphology of CuI with various Sn4+ additions and an optimal 
concentration of Sn4+ is acquired in order to obtain better CuI 
crystallization.

To determine the phase of Sn4+-CuI samples, high-resolu-
tion transmission electron microscopy (HRTEM) and selected 
area electron diffractions (SAED) are performed, as is shown 
in Figure  1g,h. The HRTEM images illustrate the interplanar 
spacing of 0.34 nm for 1% Sn4+-CuI samples, corresponding to 
the spacing of CuI (111) plane. And the result shows the Sn4+ 
doping has limited influence on the interplanar spacing of CuI 
lattice as Sn4+ shares a similar ion radius with Cu+.[44] In 1% 
Sn4+-CuI sample, the SAED patterns (Figure  1h) show a mix-
ture of diffraction spots and rings, indicating the polycrystalline 
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nature with relatively large crystal size of prepared Sn4+-CuI. 
The diffraction patterns of (111), (220), (311), and (331) planes 
of CuI could be clearly observed. And the diffraction patterns 
from SnI4 phase are barely discernible, suggesting the suc-
cessful doping of Sn4+ into CuI lattice. In addition, with higher 
Sn4+ addition to 10%, the SnI4 phase is observed by HRTEM 
and SAED in Figure S4 in the Supporting Information, indi-
cating the formation of a composite composed of CuI and SnI4 

crystal phases, and the distortion existing in 10% Sn4+-CuI 
structure is possibly attributed to the lattice mismatch.

To further determine the crystal phase of Sn4+-CuI, the 
grazing incidence X-ray diffraction (GIXRD) measurement is 
conducted for pure CuI and Sn4+-CuI samples containing 0.5%, 
1%, 5%, and 10% Sn4+, separately. As is shown in Figure  2, 
for CuI and Sn4+-CuI samples, the obtained XRD peaks at 
25.5°, 42.2°, 49.9°, and 67.4° match well with the (111), (220), 
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Figure 1.  SEM images of a) prepared ZnO nanoparticle film, b) CuI, and Sn4+-doped CuI with c) 0.5%, d) 1%, e) 5%, and f) 10% Sn4+ addition by 
spin-coating method on ZnO film. The insets show cross-sectional SEM image of ZnO film and SEM images at higher magnification. g) TEM image 
(the inset shows HRTEM image) and h) SAED pattern of 1% Sn4+-CuI.
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(311), and (331) planes of cubic CuI (JCPDS card #06-0246), 
and no obvious peak arising from SnI4 phase is observed, which 
is consistent with the SAED results above. Furthermore there is 
no obvious evidence of the existence of copper oxides, to some 
extent indicating the stability of Sn4+-CuI samples in ambient 
conditions. According to Figure S5a in the Supporting Infor-
mation, the (111) peaks of Sn4+-doped CuI samples show slight 
shift to the lower diffraction angle (≈0.1°) compared with that 
of pure CuI, which indicates that with Sn4+ addition the inter-
planar spacing of CuI increases slightly. As the ion radius of 
Sn4+ (55 pm, with coordination number of 4) is similar to that 
of Cu+ ion (60 pm, with the same coordination number of 4),  
the addition of Sn4+ may introduce interstitial defects to 
the tetrahedral interstitial sites of zinc-blende CuI, causing 
a slight expansion of the CuI lattice.[27,44] Furthermore, the 
average crystalline domain size along the vertical direction 
could be roughly estimated according to Scherrer’s equation 
(Figure S3b, Supporting Information). Additionally, the crystal 
phase of hybrid Sn4+-CuI/ZnO samples is also determined by 
the XRD method (Figure S5b, Supporting Information). The 
three strongest peaks of synthesized ZnO thin film centered 
at 31.7°, 34.4°, and 36.2° correspond to (100), (002), and (101) 
planes of standard ZnO. And the ZnO particle size is estimated 

to be ≈24.4  nm by Scherrer’s equation, which is close to the 
particle size measured by SEM. After the deposition of Sn4+-
CuI on ZnO, besides the ZnO peaks mentioned above, the CuI 
(111) peaks become dominant in Sn4+-CuI/ZnO, which is con-
sistent with the results of Sn4+-CuI.

The surface elemental composition and chemical state of 
the prepared Sn4+-CuI on ZnO film are characterized by X-ray 
photoelectron spectroscopy (XPS). As is shown in Figure S6a in 
the Supporting Information, the existence of the elements, Cu, 
Sn, I, Zn, and O, is confirmed by their characteristic peaks in 
XPS survey spectrum. Above all, the peak centered at binding 
energy of 931.8 eV is corresponding to Cu 2p3/2, suggesting the 
Cu element exists at valence value of +1. As there is no obvious 
signal arising from copper (I) oxide or copper (II) oxide, it could 
be deduced that to some extent Sn4+-CuI sample remains stable  
in ambient condition. Moreover, the elements Sn, I, Zn, and O 
are examined by XPS with their valence value of +4, −1, +2, 
and -2, separately. The weak peaks of element Sn indicate the 
low Sn content at sample surface, consistent with the small 
amount of Sn4+ addition in sample preparation. Furthermore, 
the existence of elements Cu, Sn, and I in 1% Sn4+-CuI sample 
is confirmed again by X-ray energy dispersive spectrometer 
(EDS) study. And the homogeneous distribution of elements Cu, 
Sn, and I within Sn4+-CuI particles is determined by the SEM 
mapping images in Figure S7 in the Supporting Information.

The carrier density and carrier mobility of CuI and Sn4+-CuI 
samples are obtained by resistivity and Hall effect meas-
urement, and the results in Figure  3 could give us valuable 
insight into the electrical properties of the Sn4+-CuI sam-
ples. According to Hall effect measurements, the majority 
carriers of the CuI and Sn4+-CuI samples are proven to be 
holes, suggesting the samples fall into the category of p-type 
semiconductors. And it could be seen from Figure  3 that 
with the increment of Sn4+ addition, the carrier density 
increases dramatically, from 7.22 × 1016 cm−3 for pure CuI to 
1.05 × 1019 cm−3 for 10% Sn4+-CuI. In addition, the carrier 
mobility of the samples declines monotonously with Sn4+ addi-
tion, from 2.10 cm2 V−1 s−1 for pure CuI to 0.06 cm2 V−1 s−1 
for 10% Sn4+-CuI. Here, the cause of improved carrier density 
may be the introduction of massive defects to CuI by Sn4+ addi-
tion, and the greatly decreased carrier mobility can be ascribed 
to the increased probability of impurity scattering and grain 
boundary scattering.[12] Determined by both carrier density and 
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Figure 2.  GIXRD patterns of CuI and Sn4+-CuI samples containing 0.5%, 
1%, 5%, and 10% Sn4+, separately.

Figure 3.  a) Carrier density (orange line), carrier mobility (blue line), and b) resistivity of CuI and Sn4+-CuI samples with various Sn4+ addition by Hall 
effect and resistivity measurements.
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mobility, the measured resistivity of Sn4+-CuI samples is shown 
in Figure  3b. Upon Sn4+ addition, the resistivity of prepared 
sample increases, and then decreases after reaching the peak 
value of 96.7 Ω cm at 1% Sn4+-CuI. The obtained carrier den-
sity and mobility values herein are relatively lower than that of 
previously reported research on CuI thin film, and this result 
may arise from deteriorated contact between particles along 
the lateral direction as the method of Hall effect measurement 
requires devices with lateral structure.[12,13,45] And another pos-
sible reason for lower measured density and mobility values is 
the contact between semiconductor surface and the electrodes.

The optical transmittance of the Sn4+-CuI/ZnO samples pre-
pared on quartz substrate is characterized by UV–vis transmis-
sion spectroscopy. As is shown in Figure 4a, the ZnO film exhibits 
a high transparency (higher than 95%) over the visible range of 
400–800 nm and a sharp absorption edge at ≈370 nm, suggesting 
the visible-blind and UV-responsive nature of ZnO film. After the 
loading of Sn4+-CuI on ZnO film, the transmittance decreases in 
both visible light range and UV range, indicating the enhanced 
capability of harvesting light energy. Meanwhile, it could be 
observed that the Sn4+-CuI/ZnO samples have visible light trans-
mittance more than 70%, suggesting their potential for trans-
parent electronics application. Moreover, the optical bandgap of 
semiconductors could be estimated by the Tauc plots based on 
UV–vis absorbance spectroscopy. In Figure  4b, the bandgap of 
ZnO nanoparticle film is estimated to be ≈3.29  eV, which cor-
responds to UV photon energy. For CuI and SnI4, the bandgaps 
are measured to be 3.00 and 2.62 eV, respectively, while the Sn4+-
CuI samples exhibit bandgaps in between. And it is reasonable 
that with the increase of SnI4 addition amount, the estimated 
bandgap narrows for Sn4+-CuI samples.

The inset in Figure  5d shows the schematic illustration of 
prepared Sn4+-CuI/ZnO hybrid photodetectors where two 
indium electrodes are fabricated on the surface of n-type ZnO 
and p-type Sn4+-CuI separately, forming a structure of a photo-
diode shunted with a resistor. The current–voltage (I–V) curves 
of CuI/ZnO and Sn4+-CuI/ZnO are measured under dark con-
dition and for comparison, the I–V curves of pure ZnO film 
sample under dark and 350  nm UV light illumination are 
shown in Figure S8 in the Supporting Information. It could be 
observed that the currents of ZnO sample exhibit linear charac-
teristic with applied bias voltage, suggesting the Ohmic contact 

between electrodes and ZnO film. The current at 5  V bias 
increases dramatically from 0.37 to 5.61 nA after its exposure 
to 350  nm UV illumination. In contrast to that of ZnO film 
detector, the dark I–V curves of CuI/ZnO and Sn4+-CuI/ZnO 
samples clearly demonstrate a rectifying characteristic and dra-
matically decreased dark current value due to the formation of 
p–n junctions. Here, the exponential relationship between dark 
current and applied bias voltage is revealed by fitting the experi-
mental data, which has similar form with Shockley’s equa-
tion for idealized p–n junction model while with deviation to 
some extent.[46] And the deviation that our devices show lower 
current than that of idealized model at the same bias voltage, 
mainly arises from the resistance of ZnO film and the contacts 
between semiconductors and metal electrodes. And most Sn4+-
CuI/ZnO photodetectors show lower dark current in contrast 
to that of CuI/ZnO samples, implying the declined background 
noise of Sn4+-CuI/ZnO photodetectors.

The photodetecting performance of prepared Sn4+-CuI/
ZnO photodetectors is characterized under UV illumination. 
Figure 5a compares the I–V curves of ZnO, CuI/ZnO, and Sn4+-
CuI/ZnO samples under dark and 350 nm UV light illumina-
tion. It can be noticed that with the loading of CuI or Sn4+-CuI, 
the dark currents of the fabricated devices decline remarkably, 
among which the 10% Sn4+-CuI/ZnO device yields the lowest 
dark current of 0.05 pA at bias of 5 V, which decreases by four 
orders of magnitude in contrast to ZnO. After 350 nm UV illu-
mination, the photocurrents of the fabricated CuI/ZnO and 
Sn4+-CuI/ZnO devices, except that of 1% Sn4+-CuI/ZnO, show 
a noticeable increase compared to ZnO film. Figure 5b,c shows 
time-resolved photocurrent curves at 5  V bias with on/off 
cycling of 350  nm light illumination and their corresponding 
normalized photocurrent curves of the samples. Here, the time 
needed for current to rise till 90% of its stable maximum and 
to decay to 10% of its stable maximum are defined as the rise 
time (trise) and decay time (tdecay), separately. And the average 
characteristic parameters of prepared samples operated under 
350 nm UV light at 5 V bias are summarized in Table 1. From 
I–t curve, the ZnO film suffers from low on/off ratio (≈5.8) and 
slow responsive speed (trise  = 16.3 s and tdecay  = 20.1 s) upon 
UV light switching resulting from surface oxygen adsorption 
and desorption process, which is consistent with our pre-
vious reports.[37,47] The disadvantages undoubtedly hinder the 
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Figure 4.  a) UV–vis transmission spectra of ZnO and Sn4+-CuI/ZnO samples on quartz substrate. The inset picture shows the transparency of spin-
coated Sn4+-CuI/ZnO samples (from left to right, CuI/ZnO and Sn4+-CuI/ZnO with 0.5%, 1%, 5%, and 10% Sn4+ addition, separately). b) Tauc plot of 
ZnO film, CuI, SnI4 as well as CuI with different Sn4+ concentration, obtained from their absorbance spectra.
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applications of ZnO as a high-performance UV detector. And 
the CuI/ZnO and Sn4+-CuI/ZnO samples boast dramatically 
increased on/off ratio upon 350 nm UV light as well as shorter 
response time than that of ZnO photodetector, suggesting their 
improved photodetecting performance after the formation of 
p–n junctions. Among the samples, the 5% Sn4+-CuI/ZnO 
device exhibits the highest stable photocurrent, while the 1% 
Sn4+-CuI/ZnO device shows the lowest stable dark current of 
0.8 pA and the highest on/off ratio exceeding 2100 in response 
to 350  nm UV light. As for the response speed, the trise and 
tdecay of CuI/ZnO and Sn4+-CuI/ZnO samples decrease when 
compared with that of ZnO film, with tdecay dropping more dra-
matically. Among the samples, the 1% Sn4+-CuI/ZnO exhibits 
the shortest rise time and decay time, suggesting its fastest 
response speed to 350  nm UV illumination. Further, a quick 
response measure system with a 355 nm pulse laser source is 
utilized to get better insight into the time-resolved property of 
Sn4+-CuI/ZnO sample. Here, the 5% Sn4+-CuI/ZnO sample 

is selected for test as it exhibits the highest photocurrent in 
response to UV illumination and the pulse response is shown 
in Figure 5d. According to the result of second-order exponen-
tial fitting curve of decay current, the parameters t1 and t2 are 
calculated as 0.76 and 17.36 ms, separately, indicating the for-
mation of heterojunction could dramatically facilitate the decay 
process of the photocurrent. All above results prove the fabri-
cation of heterojunction between Sn4+-CuI and ZnO to be an 
effective way to enhance the on/off ratio and simultaneously 
decrease the rise/decay time of prepared UV photodetectors 
based on ZnO.

The parameter of spectral responsivity of photodetectors 
refers to the responsivity to incident light with various wave-
lengths. By measuring photocurrent at certain incident wave-
length, the spectral responsivity (Rλ) of photodetectors could be 
calculated by the following equation[48]

R I I P S/p d( )= −λ λ � (1)
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Figure 5.  a) The semilogarithmic I–V curves for pure ZnO, CuI/ZnO, and Sn4+-CuI/ZnO devices under dark (dashed lines) and 350 nm UV illumination 
(solid lines). b) Time-resolved photocurrent curves at 5 V bias upon 350 nm UV light switching and c) the corresponding normalized photocurrent 
of the samples. d) Pulse response and the exponential fit curve of the 5% Sn4+-CuI/ZnO at 5 V bias. The inset shows the schematic illustration of 
fabricated Sn4+-CuI/ZnO photodetectors.

Table 1.  The summarized characteristic parameters of ZnO, CuI/ZnO, and Sn4+-CuI/ZnO photodetectors under 350  nm (0.62  mW cm−2) UV 
illumination at bias of 5 V.

Samples Photocurrent [nA] On/off ratio Rise time [s] Decay time [s] Responsivity [mA W−1] Detectivity [× 109 Jones] LDR [dB]

ZnO 5.51 5.82 16.31 20.07 0.52 4.58 16.84

CuI/ZnO 13.85 404.62 14.91 2.66 1.53 60.30 49.79

0.5% Sn4+-CuI/ZnO 6.94 402.97 14.74 2.45 1.18 65.20 51.10

1% Sn4+-CuI/ZnO 1.72 2102.49 10.41 1.08 0.44 135.76 69.38

5% Sn4+-CuI/ZnO 25.04 544.50 19.61 2.65 2.62 323.15 74.27

10% Sn4+-CuI/ZnO 7.20 917.92 18.18 3.39 0.59 33.83 50.82
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where Ip and Id refer to photocurrent and dark current, Pλ is the 
incident power density, and S is the effective exposure area. The 
measured spectral responsivity of the fabricated devices at bias 
of 5 V is shown in Figure 6a. A sharp cutoff wavelength could be 
observed for all the devices at the wavelength of ≈390 nm, dem-
onstrating their potential as visible-blind UV detectors. According 
to the results, for pure ZnO thin film, its highest responsivity 
(0.53  mA W−1) locates at ≈350  nm, which is consistent with 
the bandgap value of ZnO measured by UV–vis spectroscopy 
(Figure 4a). Among the hybrid photodetectors, the 5% Sn4+-CuI/
ZnO sample shows the highest responsivity at UV range, followed 
by CuI/ZnO, 0.5% Sn4+-CuI/ZnO, 10% Sn4+-CuI/ZnO, and 1% 
Sn4+-CuI/ZnO samples. In addition, the UV-to-visible rejection 
ratio, which refers to the detective sensitivity of detectors in UV 
range compared to that of visible light range, is defined herein as 
R350 nm/R500 nm. All the fabricated hybrid detectors are observed to 
have a rejection ratio higher than 1000, with 1% Sn4+-CuI/ZnO  
showing the highest rejection ratio of ≈5010, suggesting their 
potential as visible-blind photodetectors. Additionally, the param-
eter of detectivity, or the capability of signal detection from noise 
environment, is another crucial parameter for photodetectors. 
Generally, the detectivity (D*) can be calculated as following 
when taking dark current into consideration[49,50]

D R qI S* 2 /d
1/2( )= λ

−

� (2)

where q is elementary charge. As is shown in Figure  6b, the 
detectivity of Sn4+-CuI/ZnO sample increases with the incre-
ment of Sn4+ addition and then begins to decline after the 
5% Sn4+-CuI/ZnO sample reaches the highest detectivity 
of 3.5 × 1011 Jones at wavelength of 340 nm, which is 153 times 
the value of ZnO and 4.6 times the value of CuI/ZnO. And the 

result indicates the Sn4+-CuI/ZnO devices have the capability 
to detect UV signal more effectively and an optimal amount of 
Sn4+ doping is needed toward optimized performance.

Besides, the dependence between photocurrent and the 
power density is revealed by adjusting the incident power 
density. Figure  6c shows the photocurrents of prepared sam-
ples under various incident power density of 350  nm at 5  V 
bias. It can be seen that all the photocurrents are obviously 
enhanced with the increase of incident light power density, 
and the experimental results could be fitted by power-law equa-
tions, Ip  ∼  Pa.[51,52] For the most of the samples, the value of 
a is relatively close to 1, suggesting their near-linear photocur-
rent–intensity dependence. According to previous study, the 
power-law relationship between photocurrent and incident 
power density is related to the existence of surface carrier traps, 
and low concentration of surface traps will lead to near-linear 
photocurrent–intensity dependence.[53–55] Moreover, the I–t 
curves of the fabricated devices under illumination of 350 nm 
UV light at 0 V bias are shown in Figure 6d, from which the 
highest photocurrent of ≈2.5 pA and the highest on/off ratio of 
≈320 are observed in 1% Sn4+-CuI/ZnO sample under 350 nm 
UV light switching, outperforming ZnO metal-semiconductor-
metal (MSM) photodetector and CuI/ZnO sample (with on/off 
ratio of ≈12), thanks to their greatly decreased dark current and  
built-in electric field. The results suggest Sn4+-CuI/ZnO photo
detectors have the capability of operating without external 
power supply, revealing the potential of Sn4+-CuI/ZnO samples 
as self-powered photodetectors.

As is shown in Figure 4a, the transmittance of the samples 
decreases obviously after the loading of CuI or Sn4+-CuI on 
ZnO; therefore, it is possible for CuI or Sn4+-CuI to block inci-
dent UV light and lead to lower photoresponsivity of the hybrid 
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Figure 6.  The spectral a) responsivity and b) detectivity of the prepared samples at 5 V bias, respectively. c) The variation of the stable photocurrent 
as a function of incident power density (350 nm UV light) at 5 V bias. d) I–t curves under 350 nm UV light switching at 0 V bias.
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photodetectors. As a result, further experiments are carried out 
to investigate the photodetecting performances of the fabricated 
devices when illuminated from their backside (the schematic 
illustration shown in the inset of Figure  7c). Figure  7a,b and 
Table 2 show that under backside UV illumination, the hybrid 
photodetectors exhibit improved photocurrent than that of sam-
ples illuminated from front side. It is reasonable for the hybrid 
photodetectors to yield higher photocurrent under backside 
illumination as CuI or Sn4+-CuI shows lower optical trans-
mittance than that of ZnO film and the shading effect arising 
from the loading of CuI or Sn4+-CuI could be eliminated under 
backside UV illumination. And from I–t curves, the 5% Sn4+-
CuI/ZnO sample boast the highest photocurrent of 162.71 nA 
during 30 s backside UV light switching, which is 6.5 times 
the value when illuminated from front side and 7.8 times the 
value of back-illuminated CuI/ZnO. As a result the respon-
sivity of back-illuminated hybrid photodetectors is improved 
significantly (Figure  7c), among which the 5% Sn4+-CuI/ZnO 

sample has the highest responsivity of 17.49  mA W−1 at the 
wavelength of 350 nm, which is 6.6 times the value when being 
front-illuminated. It is interesting to notice that except the 10% 
Sn4+-CuI, the Sn4+-CuI samples with lower resistivity (Figure 3) 
yield higher photocurrent in Sn4+-CuI/ZnO, suggesting the 
important role the resistivity of Sn4+-CuI plays on the photo-
current of hybrid photodetectors. In addition, the average rise 
time (trise) of photocurrent decreases and average decay time 
(tdecay) increases when illuminated from backside, and among 
those back-illuminated the 1% Sn4+-CuI/ZnO shows the fastest 
response speed. The shortened trise and improved tdecay may be 
a consequence of declined shading effect and prolonged recom-
bination process for the increased number of photoinduced 
electron–hole pairs. Therefore, there is, simultaneously, an 
increase in dark current value of backside-illuminated samples 
because in the decay process the photocurrent could barely fall 
to the same level as front-illuminated samples within the same 
duration, which leads to the lower on/off ratio and detectivity of 
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Figure 7.  a) The semilogarithmic I–V curves for pure ZnO, CuI/ZnO, and Sn4+-CuI/ZnO devices under dark (dashed lines) and 350 nm backside UV 
illumination (solid lines). b) Time-resolved photocurrent curves at 5 V bias upon 350 nm UV light switching from backside. The spectral c) responsivity 
and d) detectivity of the prepared samples under backside UV illumination at 5 V bias, respectively.

Table 2.  The summarized characteristic parameters of ZnO, CuI/ZnO, and Sn4+-CuI/ZnO photodetectors under 350  nm (0.62  mW cm−2) UV 
illumination from backside at bias of 5 V.

Samples Photocurrent [nA] On/off ratio Rise time [s] Decay time [s] Responsivity [mA W−1] Detectivity [× 109 Jones] LDR [dB]

ZnO 5.50 5.61 16.49 19.29 0.51 4.57 16.82

CuI/ZnO 20.87 94.51 12.62 4.52 2.93 50.87 39.77

0.5% Sn4+-CuI/ZnO 17.08 136.29 12.08 4.82 2.98 58.26 41.98

1% Sn4+-CuI/ZnO 4.62 2012.59 8.25 1.11 1.46 225.33 66.34

5% Sn4+-CuI/ZnO 162.71 212.79 19.58 3.02 17.49 137.16 43.99

10% Sn4+-CuI/ZnO 48.48 89.93 17.51 5.19 3.90 34.16 31.96
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back-illuminated samples. As for detectivity, the 1% Sn4+-CuI/
ZnO exhibits the highest detectivity, thanks to the lowest dark 
current it reaches. Consequently, the photocurrent and respon-
sivity could be further improved for the hybrid photodetectors 
when back-illuminated.

The photoluminescence (PL) spectra and Gaussian-fitted PL 
spectra of ZnO, CuI/ZnO, and Sn4+-CuI/ZnO samples with 
excitation wavelength of 320  nm are shown in Figure S9 in 
the Supporting Information. The strongest UV emission peak 
centered at ≈390  nm is related to the direct recombination 
of photogenerated electron–hole pairs of ZnO, according to 
previous reports.[56] It could be seen that with Sn4+-CuI loading 
the intensity of PL peaks centered at ≈390 nm decreases greatly, 
consequently the formation of p–n junction between ZnO and 
Sn4+-CuI would effectively reduce the recombination probability 
and lead to improved photodetecting performance as discussed 
above. In Gaussian-fitted PL spectrum of ZnO film, the PL peak 
at 387 nm is fitted into two bands centered at 378 and 390 nm, 
separately. Those two bands, along with the band centered 
at ≈360 nm, are possibly related to the exciton emission process 
of ZnO and oxygen vacancies.[47,57] As for Sn4+-CuI/ZnO sam-
ples, the emission peaks centered at ≈420 nm emerge and this 
band may be associated with the CuI emission arising from Cu+ 
vacancies in the crystal lattice.[58,59] On the issue of photolumi-
nescent properties, further research is still needed to investigate 
the luminescence mechanism of CuI after Sn4+ doping.

The schematic illustration and the equivalent circuit of pre-
pared Sn4+-CuI/ZnO photodetectors are shown in Figure  8a. 
The structure of the photodetectors is described as a photo-
diode shunted with a resistor, where the interface between Sn4+-
CuI and ZnO is equivalent to a diode and the In-ZnO contact 

is depicted as a shunt resister. The current–voltage curves of 
CuI/ZnO and Sn4+-CuI/ZnO under dark condition (Figure S8, 
Supporting Information) discussed above exhibit rectification 
characteristic, suggesting the validity of the equivalent circuit. 
Depending on the results discussed above, there are three main 
causes that account for the enhanced performance of Sn4+-CuI/
ZnO when compared with ZnO as well as CuI/ZnO photo
detectors, and the performance variation of Sn4+-CuI/ZnO sam-
ples with different Sn4+ addition. Above all, the formation of 
p–n junctions between p-type Sn4+-CuI and n-type ZnO would 
greatly improve the photodetection performance. As is shown 
in Figure  4b, the optical bandgaps of n-type ZnO and p-type 
Sn4+-CuI are measured as 3.29  and 2.85–3.00  eV, separately, 
by UV–vis spectroscopy. And it is deduced from the valence 
band (VB) XPS spectrum of 1% Sn4+-CuI sample shown in 
Figure S10 in the Supporting Information that the position of 
valence band is 0.32 eV lower relative to its Fermi level and the 
valence band position of ZnO is determined in previous report 
under the same preparation condition.[37] Therefore, a typical 
type-II heterojunction is formed between p-type Sn4+-CuI 
and n-type ZnO in the hybrid photodetectors (Figure 8b). The 
built-in electric field at depletion layer will endow the hybrid 
photodetectors with dramatically decreased dark current under 
reverse bias in contrast to ZnO MSM detectors. And it is widely 
accepted that a type-II p–n junction could effectively facili-
tate the separation process of photogenerated electron–hole 
pairs due to the effect of built-in electric field.[3,60] Under UV 
illumination, the photogenerated minority carriers in p-type 
Sn4+-CuI (electrons) would transport effectively to n-type ZnO, 
leading to enhanced photocurrents of Sn4+-CuI/ZnO devices, 
and vice versa.[37] And the response time could also be declined 
by suppressing oxygen desorption and readsorption process at 
ZnO surface due to enhanced charge separation efficiency.[47] 
Moreover, with the photoinduced electron–hole pairs being 
separated by built-in electric field, the photovoltaic effect of p–n 
junctions could provide the hybrid photodetectors with possi-
bility to operate under 0 V bias (Figure 6d).

By varying the Sn4+ concentration, the morphology and resis-
tivity of Sn4+-CuI could be successfully manipulated, which have 
substantial effect on the photodetecting performance of Sn4+-
CuI/ZnO detectors. The carrier density and mobility of p-type 
Sn4+-CuI could be tuned by adjusting the Sn4+ addition. As dis-
cussed above, with the shading effect of CuI or Sn4+-CuI elimi-
nated, it could be concluded from the back-illuminated samples 
that the Sn4+-CuI samples with lower resistivity yield higher  
photocurrent in the corresponding Sn4+-CuI/ZnO detectors. For 
instance, the 5% Sn4+-CuI/ZnO shows the highest photocurrent 
as well as responsivity due to its relatively low resistivity among 
the Sn4+-CuI samples. Moreover, the Sn4+ addition in CuI, as is 
shown in SEM and AFM results, has significant effect on the 
morphology of prepared Sn4+-CuI particles. With the evaporation 
of solvent, the CuI nanoparticles come into existence on the sub-
strate during spin-coating procedure. The CuI/ZnO device shows 
improved photocurrent and shortened response time than that 
of pure ZnO, but the CuI/ZnO interface is insufficient to sepa-
rate photoinduced carrier pairs effectively due to the poor contact 
formed between stacked CuI particles and ZnO, as is shown in 
Figure 8c. And the formation of Sn4+-CuI thin sheets with large 
lateral scale is observed when Sn4+ addition is relatively low. As 
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Figure 8.  Proposed mechanism of p-Sn4+-CuI/n-ZnO photodetectors. 
a) Schematic illustration and the equivalent circuit of Sn4+-CuI/ZnO 
hybrid photodetectors. b) The band alignment of Sn4+-CuI/ZnO hybrid 
photodetectors under UV illumination. c) The cross-sectional SEM image 
and proposed mechanism of CuI/ZnO. d) The cross-sectional SEM image 
showing 1% Sn4+-CuI sheet on ZnO film and proposed mechanism for 
enhanced photodetecting performance of Sn4+-CuI/ZnO.
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for photodetecting performance, the 1% Sn4+-CuI/ZnO device 
shows the lowest dark current, highest on/off ratio and detec-
tivity among those fabricated devices, and the enhanced perfor-
mance is inextricably linked with the optimized morphology and 
interface contact. As is shown in Figure 8d, with the large thin 
sheets lying on the upper surface of ZnO, the large-area contact 
of high quality between Sn4+-CuI and ZnO would greatly facili-
tate the separation and transport of photoinduced carriers. How-
ever, as shown in Figure  1f and Figure S2e in the Supporting 
Information, an even higher Sn4+ concentration (10%) would 
cause lattice distortion in 10% Sn4+-CuI, resulting in the deterio-
rated interface contact. The poor contact would undoubtedly lead 
to inferior photodetecting performance of 10% Sn4+-CuI/ZnO, 
such as low on/off ratio, slow response speed, and declined 
detectivity compared with other Sn4+-CuI/ZnO devices, despite 
the low resistivity of 10% Sn4+-CuI (Figure  3b). In general, by 
varying Sn4+ addition, the morphology, bandgap as well as elec-
trical transport properties of Sn4+-CuI could be successfully and 
easily controlled, which provides possibility for fabricating UV 
photodetectors of enhanced performance.

3. Conclusion

In summary, Sn4+-doped CuI is successfully prepared via facile 
solution process and is characterized by multiple characteriza-
tion methods. And for the first time, the potential of Sn4+-CuI as 
a p-type component toward high performance UV photodetec-
tion is investigated by constructing transparent Sn4+-CuI/ZnO 
hybrid photodetectors. The doping of Sn4+ shows great effect on 
the micromorphology as the formation of Sn4+-CuI thin sheets is 
observed, while the effect on the lattice constants of CuI is lim-
ited as Sn4+ shares similar ion radius with Cu+. It is found that 
Sn4+-CuI/ZnO hybrid photodetectors exhibit obviously improved 
photodetecting performance outperforming ZnO film as well as 
CuI/ZnO photodetectors under the same preparation method, 
including significantly improved on/off ratio, responsivity, and 
shortened response time upon UV light switching. The hybrid 
photodetectors show even higher photocurrent and responsivity 
when illuminated from backside, with the shading effect of 
Sn4+-CuI eliminated. The enhanced photodetecting performance 
of Sn4+-CuI/ZnO hybrid photodetectors is attributed to the forma-
tion of type-II p-Sn4+-CuI/n-ZnO heterojunctions. The built-in 
electric field facilitates the separation of photoinduced electron–
hole pairs under UV illumination and suppresses oxygen desorp-
tion/adsorption at ZnO surface, resulting in higher photocurrent 
and shortened response time. And the existence of ultrathin 
Sn4+-CuI sheets provides better contact and higher carrier sepa-
ration efficiency via Sn4+ addition, leading to improved photo-
detecting performance of Sn4+-CuI/ZnO than that of CuI/ZnO. 
However, an excess of Sn4+ addition would cause lattice distortion 
in Sn4+-CuI and poor interface contact, leading to inferior photo-
detecting performance. Furthermore, by adjusting Sn4+ concentra-
tion, the electrical resistivity of Sn4+-CuI could be tuned because 
of the increased carrier density and the simultaneously decreased 
mobility, which also has a significant effect on the photocurrent 
of Sn4+-CuI/ZnO detectors. This study provides insight into the 
unique properties of Sn4+-doped CuI and opens opportunities for 
the exploitation of CuI for various applications beyond.

4. Experimental Section
Synthesis of ZnO Film: The ZnO film was prepared by sol–gel method as 

previously reported.[47] Briefly, 1.44 g of Zn(CH3COO)2·2H2O (>99%) was 
dissolved in the mixture of 1 mL ethanol and 9 mL deionized water, and 
0.75 g of poly(vinyl alcohol) (PVA-1788 low-viscosity, MW ≈44.05, Aladdin) 
was added under vigorous stirring. Then, 0.5 mL of CH3COOH was added 
dropwise into the solution after PVA-1788 was totally dissolved, and the 
solution was kept for an aging time of 24 h before the spin-coating process. 
Quartz and silicon substrates were cleaned thoroughly with acetone, 
ethanol, and deionized water by sonication, and then treated by plasma 
(air) cleaning method. The precursor was then spin-coated on cleaned 
substrates at a spin speed of 500 rpm for 6 s and 3000 rpm for another  
20 s, dried at 60 °C for 10 min, and then annealed at 450 °C for 2 h.

Fabrication of Sn4+-CuI/ZnO: Copper (I) iodide (CuI, >99.5%, Aladdin) 
and tin (IV) iodide (SnI4, >95%, Alfa Aesar) were dissolved in acetonitrile 
(>99.5%, Aladdin) by sonication. Then, 2-methoxyethanol was added 
into the solution with the volume ratio of acetonitrile/2-methoxyethanol 
of 3:1. The addition of 2-methoxyethanol could improve the viscosity and 
decrease the evaporation rate of acetonitrile solution, thus leading to 
improved spin-coating quality. The total concentration of metal elements 
was kept at 0.1 m. After that, Sn4+-CuI solution was spin-coated on 
annealed ZnO film to fabricate Sn4+-CuI/ZnO sample at a spin speed of 
500 rpm for 6 s and 2500 rpm for another 30 s. And Sn4+-CuI samples 
with Sn4+ addition of 0.5%, 1%, 5%, and 10% were denoted as 0.5% 
Sn4+-CuI, 1% Sn4+-CuI, 5% Sn4+-CuI, and 10% Sn4+-CuI, separately.

Characterization of Sn4+-CuI/ZnO Film: The morphology and element 
composition of the Sn4+-CuI/ZnO film was investigated by field-emission 
scanning electron microscopy (Zeiss Sigma) and X-ray EDS. Selective 
area electron diffraction of the Sn4+-CuI samples was conducted on 
TEM (FEI Tecnai F30). The AFM measurement was conducted on a 
Bruker Dimension Edge atomic force microscopy. The grazing incidence 
X-ray diffraction measurement was conducted on a Rigaku Smartlab9 
diffractometer to observe the crystal structures of Sn4+-CuI samples using 
Cu Kα radiation (λ  = 1.5406 Å) at a scan rate of 10° min−1. The surface 
elemental composition and chemical state of the Sn4+-CuI/ZnO samples 
were measured by X-ray photoelectron spectroscopy using a PHI 5300 
ESCA system (Mg, 14  kV, 250 W). UV–vis transmission and absorption 
spectroscopy was obtained using a UV–vis spectrophotometer (Hitachi 
U-3900H). Hall effect measurements were performed on a four-probe MMR 
H50 system. Photoluminescence emission spectra were obtained on Varian 
Cary Eclipse spectrofluorometer with excitation wavelength of 320 nm.

Photoelectronic Measurements: Indium was used as electrodes for the 
fabrication of Sn4+-CuI/ZnO photodetectors. And the photodetecting 
performance of Sn4+-CuI/ZnO was characterized using a semiconductor 
characterization system (Keithley 4200, USA). The light source was 
a 450 W Xenon lamp equipped with a monochromator, whose light 
flux intensity was measured with a NOVA II power meter (OPHIR 
Photonics). The pulse response of the sample was tested by a digital 
oscilloscope (Tektronix DPO 5140B) and a 355 nm Nd:YAG pulsed laser 
system with pulse duration of 3–5 ns.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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