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mance of ZnO nanoparticle
decorated all-inorganic CsPbBr3 quantum dot
photodetectors†
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Ting Zhang,e Shibin Li, e Guifu Zou, c Kwang-Leong Choy,*b Ivan P. Parkin, d

Zhengxiao Guo, dfg Huiyun Liua and Jiang Wu *ah

All-inorganic perovskite quantum dots have attracted substantial attention due to their excellent optical

properties. However, the surface states of colloidal quantum dots and the insufficient carrier transport in

a quantum dot film hinder their further development. Here, solution-processed CsPbBr3/ZnO quantum

dot/nanoparticle nanocomposites are used to lessen the impact of surface states as well as facilitate

charge transport. The blending of ZnO nanoparticles during CsPbBr3 quantum dot synthesis results in

improved optical properties as well as film formation that enhances charge transport. A photodetector

based on the CsPbBr3/ZnO/glassy-graphene heterostructure is fabricated, which exhibits an enhanced

photoresponse and distinct self-powered operation with an open-circuit voltage as large as 150 mV.

Most importantly, an excellent stability of the hybrid nanoparticle/quantum dot photodetector is

reported and consistent high performance with marginal degradation is achieved for more than 7 months.
Introduction

Photodetectors play an important role in a wide range of
applications, such as optical communication, environmental
monitoring, imaging and biochemical sensing.1–4 Various
semiconductors have been employed in photodetectors, such as
GaN, Si and InGaAs.5–7 Although the technologies of commer-
cial photodetectors are mature and reliable, there has been
increasing interest in developing cost-effective photodetectors
Engineering, University College London,

E-mail: hao.xu.15@ucl.ac.uk; jiangwu@

sity College London, Torrington Place,

.ac.uk

Energy and Materials Innovations, Key

and Wearable Energy Technologies of

u 215006, China

e London, 20 Gordon Street, Bloomsbury,

ilms and Integrated Devices, School of

Electronic Science and Technology of

, China

ngineering, The University of Hong Kong,

n, The University of Hong Kong, Qingshan

nce, University of Electronic Science and

. China

tion (ESI) available. See DOI:

–6142
using emerging materials as alternatives to conventional ones
in the state-of-the-art photodetectors.

Recently, organolead halide perovskites (OHPs), a family of
cost-effective and high-throughput materials, have been exten-
sively explored for optoelectronic devices, including solar cells,
light emitting diodes (LEDs), and photodetectors, owing to their
excellent optoelectronic properties, such as tunable direct band
gaps, large absorption coefficients, high carrier mobility, and
long diffusion lengths.8–11 Within a few years, halide perovskite
based photovoltaic devices have achieved impressive power
conversion efficiencies as high as 23.6%.12 However, OHPs are
unstable in ambient air and sensitive to moisture and heat,
causing signicant degradation and hindering their further
development. In comparison, all-inorganic halide perovskite,
cesium lead halide (CsPbX3, X ¼ Cl, Br, I), quantum dots (QDs)
not only inherit the advantages of OHPs, but also exhibit better
thermal stability.9,13 For example, Liu et al. presented photode-
tectors made of CsPbCl3 nanocrystals, which exhibited a good
photoresponse to UV light.14 Han and co-workers reported
CsPbBr3 microcrystal based photodetectors with high on/off
ratios as well as a fast response speed,15 and Fan et al. demon-
strated CsPbI3 nanowire congured array-photodetectors,
which had a stabilized cubic phase and exhibited high
responsivity.16 Apart from that, the excellent emission efficiency
and tunable emission color of CsPbX3 QDs benet from the
quantum size effect and anion exchange, and make them
potential candidates in high quantum efficiency and low-cost
LEDs.13,17,18 Particularly, CsPbBr3 exhibits better environ-
mental stability, which does not need to be synthesized in
This journal is © The Royal Society of Chemistry 2019
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a glove box with a N2 atmosphere to prevent degradation.18–21

However, CsPbBr3 QDs, the same as general colloidal QDs, are
prone to a high density of trap states which are detrimental to
device performance.22,23 On the other hand, the insulating
barriers, produced by a large number of long ligand chains or
dangling bonds in CsPbBr3 QDs, signicantly mitigate efficient
carrier transport. Therefore, new ligand or passivation strate-
gies are highly desirable and being sought to promote the
carrier transport as well as lower surface state densities and
associated surface recombination. To date, atomic-ligand and
hybrid passivation schemes have been demonstrated by intro-
ducing monovalent halide anions and organic crosslinks, but
they are time-consuming and the synthesis was at relatively
high temperature, not suitable for exible devices.24,25

In this work, cost-effective and solution-processed CsPbBr3
QDs were synthesized immediately followed by in situ blending of
ZnO nanoparticles (NPs) at room temperature without the use of
an inert gas. The ZnO NP blended CsPbBr3 QD lm clearly
exhibits improvement in crystal quality, in terms of grain
boundaries. The blending of ZnO NPs also reduces surface trap
states and enables increased control over the balance of charges
on the surface of the QDs, which leads to an increase in carrier
transport. Photodetectors based on the hybrid CsPbBr3 QDs/ZnO
NPs show enhanced performance, including higher photocur-
rent, lower dark current, better photoresponsivity and faster
response speeds. Most importantly, the photodetectors exhibit
excellent stability aer being stored in air for more than 7
months, which is promising for practical perovskite-based
devices and further promotes their potential commercialization.

Results and discussion

The hybrid of CsPbBr3 QDs/ZnO NPs was synthesized by an
optimized one-step injection method at room temperature.26 A
Cs+ precursor was prepared by dissolving Cs2CO3 powder in
propionic acid (PrAc), and PbBr2 powder was dissolved into
a mixture of solvents of butylamine (BuAm), isopropanol
(IPrOH) and PrAc to prepare a PbBr2 precursor, as illustrated in
the schematic owchart in Fig. 1a. The PbBr2 precursor was
then mixed with the Cs+ precursor, hexane (HEX) and PrAc,
which immediately turned yellow aer stirring and was centri-
fuged and dispersed in toluene 3 times to remove irrelevant
solvents. ZnO NPs dispersed in chloroform were injected into
CsPbBr3 QD solution. Subsequently, ZnO NP blended CsPbBr3
QD lms were prepared using spin coating followed by
annealing. Transmission electron microscopy (TEM) was
employed to investigate the crystal quality of the as-prepared
perovskite QDs. A representative TEM image of CsPbBr3 QDs
is shown in Fig. 1b, in which well-crystallized dots without any
lattice distortion or crystal defects were observed. The average
size of the as-prepared nanocomposites is measured to be
�9 nm (Fig. S1, ESI†). Furthermore, chemical compositions (Cs,
Pb, Br, Zn and O) and their distributions were analyzed by
energy dispersive X-ray spectroscopy (EDX) in a zoomed-out
area as shown in Fig. 1c. Each element, particularly Zn and O,
is uniformly and well distributed in the observed area, con-
rming that ZnO NPs and CsPbBr3 QDs were uniformly mixed.
This journal is © The Royal Society of Chemistry 2019
Fig. 1d shows the surface morphology evolution of CsPbBr3
QD lms aer introducing ZnO NPs, obtained from scanning
electronmicroscopy (SEM). As shown in Fig. 1d, the lm surface
of pristine QDs without ZnO NPs is comprised of large grains
with an average dimension of circa 1 mm, which resulted from
clustering or agglomeration of CsPbBr3 QDs. Long grain
boundaries and large pinholes were observed as well, indicative
of the relatively poor coverage of the lm on the substrate. In
contrast, via blending more ZnO NPs by increasing the injection
volume from 20 mL to 100 mL but at the same concentration, the
perovskite lms possessed smaller grains and fewer pinholes.
Additionally, the increase in ZnO NP blending gradually results
in a more compact lm and thus better surface coverage, as
depicted in Fig. 1d and S2.† This signicant improvement of
surface morphology reveals successful binding of CsPbBr3 QDs
by ZnO NPs, which is potentially advantageous to reduce grain
boundaries and facilitate charge transfer as a result of the high
conductivity of ZnO NPs.

The as-prepared materials were studied by powder X-ray
diffraction (PXRD). In Fig. 2a, CsPbBr3 QD lms exhibit
almost unchanged XRD peaks before and aer injecting ZnO
NPs. The characteristic peaks at 15.1�, 21.45� and 30.7� were
assigned to the (110), (112) and (220) planes of the crystalline
orthorhombic CsPbBr3 perovskite (ICSD # 97851), respectively,
consistent with reported work.26 The dominant peaks with
a full-width at half-maximum (FWHM) of �0.5� not only indi-
cate the uniformity of QDs but also the high crystallinity of the
CsPbBr3 QD lms. Notably, there is an additional peak located
at 11.65�, which could be attributed to the formation of
CsPb2Br5 or excess PbBr2.27,28 By adding ZnO NPs, this peak
tends to be reduced due to the capping of CsPbBr3 QDs with
ZnONPs, which protects CsPbBr3 QDs from reacting with excess
Pb2+ and Br� ions.29

In order to gain further insight into the optical properties of
CsPbBr3 QD lms with ZnO NPs, UV-Vis spectroscopy, photo-
luminescence (PL) and time-resolved PL (TRPL) measurements
were performed. In Fig. 2b, the steady-state absorption spec-
trum of pure CsPbBr3 QDs exhibits a sharp absorption edge at
531 nm, corresponding to a direct bandgap of 2.34 eV, slightly
higher than that of their bulk counterparts due to the quantum
size effect.9,30 Aer introducing 20 mL to 100 mL of ZnO NPs, the
absorption edges gradually shied to shorter wavelengths. This
blue shi indicates the formation of CsPbBr3 QDs/ZnO NP
nanocomposites and hence stronger quantum connement of
charges, i.e., holes, in CsPbBr3 QDs/ZnO NPs. PL spectra excited
using a 405 nm laser are illustrated in Fig. 2c, in which an
evident peak at 526.9 nm with a narrow FWHM of 29.1 nm was
identied for the pure CsPbBr3 QDs. It was observed that the PL
emission peak of the ZnO NP blended CsPbBr3 QD lm shis
from 526.9 nm to 514 nm aer increased injection of ZnO NPs,
in good agreement with the absorption spectra (Fig. 2b).
Moreover, the ZnO NP blended CsPbBr3 QD lms possessed
narrower FWHMs of PL spectra, indicating the better unifor-
mity of QDs owing to suppressing agglomeration of CsPbBr3
QDs (Fig. S3, ESI†). In order to understand charge carrier
dynamics and conrm the benets of adding ZnO NPs, TRPL
spectra of CsPbBr3 QDs were obtained (Fig. 2d), which can be
J. Mater. Chem. A, 2019, 7, 6134–6142 | 6135
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Fig. 1 Synthesis, and structural and film properties of the CsPbBr3 QDs blended with ZnO NPs. (a) Schematic representation of the growth
process of the CsPbBr3 QDs. (b) High resolution TEM image of the CsPbBr3 QDs. The scale bar is 10 nm. (c) A lowmagnification TEM image of the
CsPbBr3 QDs and element mapping within this area by EDX. The scale bar in the low magnification TEM image is 200 nm. (d) SEM images of
CsPbBr3 QD films with different amounts of ZnO NPs: pure CsPbBr3 QDs, and CsPbBr3 QDs with 20 mL ZnO, 40 mL ZnO, 60 mL ZnO, 80 mL ZnO
and 100 mL ZnO. The scale bar is 1 mm.
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tted with a multi-exponential decay function with three decay
components. These three time constants s1, s2 and s3 obtained
by the tting are summarized in Table S1.† The average decay
lifetimes of CsPbBr3 QDs with an increasing amount of ZnONPs
can be calculated as 13.431, 13.921, 16.530, 11.006, 11.536 and
11.724 ns, respectively. A shorter decay time, beneting from
the reduced carrier trapping by surface states, is important for
fast photodetectors. To understand the carrier dynamics of
CsPbBr3 QDs aer blending ZnO NPs, the decay times and the
ratios of each decay component are plotted in Fig. 2e and f. The
fastest decay time, s1, and the ratio of this decay component are
barely changed. This decay time is most likely associated with
non-radiative recombination, as the crystal quality of the
CsPbBr3 QDs should not be inuenced by ZnO NPs. The ratio of
this decay is the lowest, which again indicates high crystal
quality of the CsPbBr3 QDs. The time constants s2 and s3 have
a distinct dependence on the amount of ZnO NPs incorporated
into the QDs. The former, s2, is about 1–2 ns, which can be
assigned to typical radiative recombination.31 The long decay
time, s3, of over 10 ns may be caused by the surface trap states of
6136 | J. Mater. Chem. A, 2019, 7, 6134–6142
CsPbBr3 QDs. From Fig. 2e and f, it can be seen that the increase
of ZnO NPs (>40 mL) clearly leads to reduction of s3 and reduced
ratios of surface trap-related decay or increased ratios of radi-
ative recombination, suggesting surface passivation of CsPbBr3
QD lms by ZnO NPs. It should be noted that the increase in s2
and relatively low ratio of radiative combination even aer
incorporating ZnO NPs is due to the type II CsPbBr3/ZnO band
alignment and thus electrons transfer from CsPbBr3 QDs to
ZnO NPs. In summary, the ZnO blended CsPbBr3 QDs, exhibit
a better surface morphology, higher crystal quality, and lower
trap states, and are promising for low-cost and solution-
processed optoelectronics.

Photodetectors based on the CsPbBr3/ZnO QD/NP nano-
composites were fabricated on quartz substrates. The device
structure is schematically shown in Fig. 3a. Glassy-graphene
thin lms, possessing excellent properties of transparency,
conductivity, and chemical inertness, were employed as the
electron transport layer and transparent electrode.32,33 Two
devices, one based on perovskite QDs with 60 mL ZnO NPs
(PGH_1) and the other based on perovskite QDs only (PGH_2),
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Structural and optical characterization of ZnO NP blended CsPbBr3 QDs. (a) XRD patterns. (b) Absorption spectra. (c) Steady-state PL
spectra. (d) Time-resolved PL measurement. Each color represents the different quantities of ZnO NPs involved. The excitation laser wavelength
is 405 nm. (e) Decay times and (f) decay component ratios extracted from the TRPL spectra in (d) as a function of the amount of ZnO NPs added
to the CsPbBr3 QDs.

Fig. 3 The overview and electrical performance of the CsPbBr3 and glassy-graphene heterostructure device. (a) Scheme of the architecture of
the PGH photodetector (quartz/Au/Ni/Glassy-graphene/CsPbBr3/Ni/Au). The inset shows a device placed over the UCL Engineering logo,
showing good transparency. (b) I–V characteristic curves of the PGH_1 device in the dark and under white light and different illuminations,
405 nm and 520 nm. (c) The photocurrent and dark current of the PGH_1 and PGH_2 photodetectors. (d) The calculated photoresponsivity of
the two devices above under 405 nm and 520 nm illumination, respectively.

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. A, 2019, 7, 6134–6142 | 6137
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were studied. As shown in the inset of Fig. 3a, a device with
glassy graphene electrodes shows good transparency. Fig. 3b
shows the current–voltage (I–V) curves of PGH_1 measured in
the dark, under white light, and under 405 nm and 520 nm laser
illumination at room temperature, respectively. The linear
dependence of I–V curves suggests good conductivity and effi-
cient charge carrier transport between perovskite QDs and
glassy-graphene. This is not the case when no ZnO NP was
added, and a higher dark current and lower photocurrent were
measured for device PGH_2 as shown in Fig. 3c. Notably, there
is a distinct open circuit voltage when illuminated using lasers.
At 405 nm illumination, the photovoltage of PGH_1 can be as
high as 150 mV; however, the photovoltaic effect was not
observed in the PGH_2 photodetector (Fig. S4, ESI†). This
phenomenon can be assigned to the introduction of a built-in
electric eld by ZnO nanoparticles. As one of the key gures-
of-merit, photoresponsivity, which can be expressed as RA ¼
Iph/P (where Iph denotes the photocurrent and P represents the
incident light intensity), was calculated and is plotted in Fig. 3d,
as a function of applied voltage.33 The obtained largest photo-
responsivity of the PGH_1 device at 1 V bias was 0.4mAW�1 and
0.03 mA W�1 when illuminated using 405 nm and 520 nm
lasers, respectively. The lower response at 520 nm is due to
a lower absorption of photons with energy close to the band
edge (Fig. 2b). The RA values of PGH_2 under different illumi-
nations were both one order smaller than those of PGH_1
measured under the same conditions. The improved photo-
current and photoresponse again conrm the advantages of
blending ZnO NPs in perovskite QDs.
Fig. 4 Surface morphology characterization and passivation process o
percentage of ZnO from 0 mL to 80 mL by AFM. (b) The corresponding cur
the CsPbBr3 QD film.

6138 | J. Mater. Chem. A, 2019, 7, 6134–6142
The effects of introducing ZnO NPs on the detector perfor-
mance were further investigated by atomic force microscopy
(AFM) and conductive atomic force microscope (CAFM). The
surface morphologies of the samples prepared with 0–80 mL
ZnO NPs are displayed in Fig. 4a, respectively. Similar to the
SEM images (Fig. 1d), it was observed that pinholes were
gradually lled by ZnO NPs, so the surface of QD lms became
much more compact and smoother, consistent with the
decreased surface roughness. Surface current maps were ob-
tained by CAFM to evaluate ZnO NP treatment induced impacts
on the electrical properties of lms, as illustrated in Fig. 4b.
Without adding ZnO NPs, higher current is measured for the
QD lms. On increasing the amount of ZnO NPs, the current
gradually became lower and more uniform across the scanned
area. This behavior can be explained by the illustration shown
in Fig. 4c. Without ZnO NPs, clustering or agglomeration of
CsPbBr3 QDs resulted in rough surfaces along with a high
density of pinholes, which induced a high leakage current.
These pinholes compromise lateral charge transfer and hence
collection of photocurrent. The assumption can be well sup-
ported by the I–V characteristics shown in Fig. 3c. Blending ZnO
NPs in the CsPbBr3 QDs prevented serious clustering or
agglomeration of QDs and hence enabled the formation of
compact and smooth lms. Photocarriers generated in CsPbBr3
QDs can be more effectively transferred to the terminals when
ZnO NPs bridge the gaps between the QDs. The ZnO NPs also
function as a means of passivation. Consequently, the devices
were able to have smaller leakage current and lower dark
current but deliver higher photocurrent aer ZnONP treatment.
f CsPbBr3. (a) Surface morphology of each sample with an increasing
rent mapping. (c) Schematic process of applying ZnO NP passivation to

This journal is © The Royal Society of Chemistry 2019
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Typical I–V curves of PGH_1 photodetector under the 405 nm
laser illumination with various power intensities are shown in
Fig. 5a, exhibiting the apparent dependence on light intensity.
With increasing light intensity, photocurrent was enhanced due
to a larger population of photogenerated carriers. Power-
dependent photocurrent is plotted in Fig. 5b, tted by the
power law (Iph f Pb, where b denotes the Duane plot slope). The
best tting gave a non-linear behavior of b ¼ 0.502, which is
associated with the increased recombination of photogenerated
charge carriers at high light intensity. This indicates presence of
some recombination centers within the perovskite.34,35 As shown
in Fig. 2f, the non-radiative recombination time constant, s1,
barely changed aer adding ZnO NPs, which requires further
optimization of QD synthesis. Current–time (I–t) curves of
Fig. 5 Electrical properties of the PGH_1 photodetector. (a) I–V curves
intensity varied from 1.3 mW cm�2 to 22.8 mW cm�2. (b) The photocur
sponding power fitting curve. (c) The transient photocurrent response of
mW cm�2 to 22.8 mW cm�2 at 1 V bias. (d) The transient photoresponse
mination with an intensity of 22.8 mW cm�2. The applied voltages are 1 V
PGH_1 photodetector under 405 nm illumination at 0 V. (f) The correspon
and fall time at 0 V bias. (h) The long-term stability of the PGH_1 photod
device around the middle and end of the stability test.

This journal is © The Royal Society of Chemistry 2019
transient photoresponse as a function of incident light intensity
were measured and are plotted in Fig. 5c. It was observed that all
the dynamic curves exhibited a sensitive and reproducible pho-
toresponse, and the photocurrent continuously increased with
the irradiation power raised from 1.3 mW cm�2 to 22.8 mW
cm�2. Fig. 5d shows the photoresponsive dynamics of the PGH_1
photodetector at 1 V and�1 V bias illuminated using 405 nm and
520 nm lasers, respectively. A larger photocurrent was obtained at
�1 V than 1 V bias, caused by the built-in electric eld. Notably,
the PGH_1 photodetector displayed an excellent photoresponse
under 0 V bias (Fig. 5e), demonstrating self-powered operating
mode enabled by the built-in electric eld.

As displayed in Fig. 5f, the rise time (srise) and fall time (sfall)
of the PGH_1 device were determined to be less than 76.5 ms
of the device illuminated using a 405 nm laser with the incident light
rent measured as a function of incident light intensity and the corre-
the device illuminated using a 405 nm laser with varying power from 1.3
curves of the PGH_1 photodetector under 405 nm and 520 nm illu-
and �1 V, respectively. (e) The transient photoresponse curves of the
ding rise and fall time under 1 V bias voltage. (g) The corresponding rise
etector over 7 months. (i) The transient photocurrent response of the
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and 73.5 ms at 1 V bias, respectively, which reached the steady-
state condition faster than the PGH_2 device (Fig. S5 and Table
S3, ESI†). This pronounced enhancement was mainly attributed
to faster charge separation and more efficient carrier transport
at interfaces that resulted from surface passivation by ZnO NPs.
As compared with previous reports, the photoresponse time of
our ZnO NP blended PGH photodetectors is much shorter by
two orders than that of all-inorganic perovskite based and 2-D
material heterostructure based photodetectors,36–38 indicating
the good light-switching behavior of the as-prepared devices.
For self-powered photodetection (Fig. 5g), it was found that the
fall time is almost unchanged while the rise time is obviously
increased under 0 V bias (tted by a single-exponential decay,
Fig. S6 and Table S2, ESI†), which was probably due to the
internal electric eld not being strong enough to separate the
electron–hole pair efficiently. The stability of perovskite-based
devices is a critical factor for practical applications. To test
the stability of the device reported in this study, the photocur-
rent of the PGH_1 photodetector was recorded over a seven-
month period, as shown in Fig. 5h. The dark current
maintained similar values between 1 nA and 5 nA, and the
photocurrent still retained its initial value with negligible
degradation aer storing under ambient conditions for more
than 7 months. Notably, the PGH_1 photodetector still dis-
played good reproducibility, as well as marginal degradation in
response speed, aer being stored under ambient conditions
for over 7 months, as shown in Fig. 5i, exhibiting outstanding
stability. In contrast, PGH_2 photodetectors signicantly
suffered from degradation, with respect to the response speed
(Fig. S7 and Table S3, ESI†). This is mainly ascribed to the
passivation of ZnO NPs. By comparing with other reported
perovskite-based photodetectors,39–44 the ZnO NP decorated
PGH photodetector achieves the best reported stability under
ambient conditions.

Conclusions

In summary, CsPbBr3 QDs decorated by ZnO NPs were
successfully synthesized by a simple non-vacuum solution-
processed method. By introducing ZnO NPs, a better lm
surface morphology with fewer defects at the grain boundaries
and fewer pinholes was achieved. Improved optical and elec-
trical properties of CsPbBr3 QDs were observed aer adding
ZnO NPs. PGH photodetectors based on ZnO/CsPbBr3 hybrids
were fabricated. The detectors exhibited excellent responsivity,
fast photoresponsive on-off switching (<76.5 ms), and self-
powered operating mode. Moreover, an outstanding stability
over 7 months was achieved for our devices reported in this
study, which could pave the way for future commercialization of
perovskite-based optoelectronic applications.

Experimental section
Chemicals

PbBr2 (99.9%), Cs2CO3 (99%), butylamine (BuAm, 99.5%), iso-
propanol (IPrOH, 99.5%), propionic acid (PrAc, 99.5%), N-
hexane (HEX, 99.5%), toluene (99.8%) and ZnO nanoparticles
6140 | J. Mater. Chem. A, 2019, 7, 6134–6142
(99.9%) were purchased from Sigma-Aldrich. Chloroform
(99.9%) was purchased from Fisher Chemical. All chemicals
were used as received without further purication.

Material synthesis

Procedures involved in the preparation of ZnO NP blended
CsPbBr3 QDs are carried out in ambient air at room temperature,
as shown in Fig. 1a. A Cs+ precursor was prepared by dissolving
Cs2CO3 powder (1.1736 g) in the PrAc (2 mL). Meanwhile, the
PbBr2 powder (0.9175 g) was dissolved into a mixture of solvents
of BuAm, IPrOH and PrAc (5 mL, 1 : 1 : 1) to form the PbBr2
precursor. Subsequently, the PbBr2 precursor (270 mL) was swily
injected into the solution mixture containing the Cs+ precursor
(25 mL), IPrOH (5 mL) and HEX (10 mL). This solution turned
light yellow within seconds. Subsequently, high-quality CsPbBr3
QDs were obtained by centrifuging and dispersing the as-
prepared solution in toluene 3 times, in order to eliminate
the trace of other solvents. Different centrifugation speeds of
1500 rpm, 2000 rpm and 1500 rpm for 2min were used each time.
Finally, different amounts of ZnO NP precursor (0.5 M, dissolved
in chloroform) from the top of the clear solution were injected
into the as-prepared CsPbBr3 QDs.

Materials characterization

Transmission electron microscopy (TEM) images and energy
dispersive X-ray (EDX) mappings were obtained on a JEOL 2100
microscope attached with an X-MaxN detector (Oxford Instru-
ments). The surface morphology of the samples was examined
using an EVO LS15 scanning electron microscope (ZEISS). X-ray
diffraction was recorded using a powder X-ray diffractometer
(PXRD, Bruker D8 Discover) with CuKa1,2 radiation (l ¼
1.54056 Å). Optical absorption spectra were measured using
Lambda 750S UV-Vis spectrometers (Perkin Elmer) at room
temperature. Steady-state and time-resolved PL spectra were ob-
tained on a TCSPC (LifeSpec-ps) from Edinburgh Instruments
with an excitation wavelength of 405 nm at �15 �C. The current
mapping measurements were carried out on a Keysight 5600LS
atomic force microscope (AFM) in the current sensing mode in
the air.

Device fabrication

Few-layer glassy-graphene (5 nm) was pre-deposited onto the
quartz substrate by a polymer-assisted deposition (PAD)
approach.32 The as-synthesized perovskite precursor was then
spin-coated on the glassy-graphene coated substrate at
1000 rpm for 60 s. Subsequent deposition cycles were applied to
increase the thickness of the absorbing layer. The samples were
annealed at 120 �C for 1 min aer each spinning, and baked at
120 �C for 5 min aer spin coating of the last layer. The total
thickness of the active layer was around 150 nm (8 deposition
cycles). The heterojunction was formed at the interface where
the perovskite and glassy-graphene were overlapped, with the
dimension circa 2 mm by 5 mm. The Ni/Au (10/100 nm) elec-
trodes were nally deposited through a shadow mask by
thermal evaporation. The size of the metal contact pads was
circa 1 mm by 4 mm.
This journal is © The Royal Society of Chemistry 2019
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Device characterization

I–V characteristics of devices were determined using a Keithley
4200 semiconductor parameter analyzer and an attached probe
station. Two laser diodes (405 nm and 520 nm) were employed
as the illumination source, with the corresponding power
intensity of 22.8 mW cm�2 and 10.5 mW cm�2, respectively. The
spot size of the two laser diodes was estimated to be 0.75 mm in
radius. During the measurements, all devices were kept at room
temperature in the ambient atmosphere.
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