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ABSTRACT: All-inorganic perovskites nanostructures,
such as CsPbCl; nanocrystals (NCs), are promising in
many applications including light-emitting diodes, photo-
voltaics, and photodetectors. Despite the impressive
performance that was demonstrated, a critical issue
remains due to the instability of the perovskites in ambient.
Herein, we report a method of passivating crystalline
CsPbCl; NC surfaces with 3-mercaptopropionic acid
(MPA), and superior ambient stability is achieved. The
printing of these colloidal NCs on the channel of graphene
field-effect transistors (GFETs) on solid Si/SiO, and
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flexible polyethylene terephthalate substrates was carried out to obtain CsPbCl; NCs/GFET heterojunction
photodetectors for flexible and visible-blind ultraviolet detection at wavelength below 400 nm. Besides ambient stability,
the additional benefits of passivating surface charge trapping by the defects on CsPbCl; NCs and facilitating high-
efficiency charge transfer between the CsPbCl; NCs and graphene were provided by MPA. Extraordinary optoelectronic
performance was obtained on the CsPbCl; NCs/graphene devices including a high ultraviolet responsivity exceeding 10°
A/W, a high detectivity of 2 X 10" Jones, a fast photoresponse time of 0.3 s, and ambient stability with less than 10%
degradation of photoresponse after 2400 h. This result demonstrates the crucial importance of the perovskite NC surface
passivation not only to the performance but also to the stability of the perovskite optoelectronic devices.
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ecently, organic, inorganic, or hybrid perovskites have
Kittracted extensive research interest due to their

uperior properties and potential application in
optoelectronic devices.' > However, the instability caused by
the inevitable volatilization and decomposition of organic
components within the hybrid perovskites must be addressed
before realization of practical application.”” Compared with
the organohalide perovskites, the all-inorganic counterparts
have excellent crystallinity with a smaller detrimental effect of
grain boundaries, which results in improved stability and
bandgap tunability.®”® After Kovalenko et al. reported
successful fabrication of nanocrystals (NCs) of inorganic
cesium lead halide perovskite (CsPbXj, where X is Cl, Br, and
1), the inorganic CsPbX; NCs have gained interest and have
been widely developed in many high-performance optoelec-
tronic devices, such as light-emitting diodes,”™"* lasers,"*~'¢
solar cells,"”'® and photodetectors.w’20 Furthermore, the
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solution processed colloidal CsPbX; NCs provide the merits
of being low-cost, soluble, and printable.é’ls’21

Despite the exciting progress made in the fabrication and
characterization of CsPbX; NCs-based optoelectronic devices,
the device performance especially stability is far from meeting
the application requirements.”” >* One of the important
factors is the intrinsic dynamic chemical instability of
CsPbX; NCs induced by the active nature of the chemical
bonding between the long-chain capping ligands and the
inorganic surface.”” ™' Furthermore, the solution synthesis
process introduces capping ligands, such as 1-octadecene
(ODE), oleic acid (OA), and oleylamine (OLA), which form
an insulating layer on the surface of the CsPbX; NCs and block

Received: October 14, 2018
Accepted: January 28, 2019
Published: January 28, 2019

1772 DOI: 10.1021/acsnano.8b07850

ACS Nano 2019, 13, 1772-1783


www.acsnano.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.8b07850
http://dx.doi.org/10.1021/acsnano.8b07850

ACS Nano

—_~
o))
~—

— CsPbCl: W/O MPA
— CsPbCls with MPA

Intensity (a.u.)

450 500 550
Wavelength (nm)

350 400 600
(c)
OA and OLA ligands

Cs @ Pb @ CI

CsPbCls
Weak Interaction

) addl

(b)

UV light

o ®
l\ v

M

(1) Radiative recombination

(2) Electron trapping

(3) Hole trapping

(4) Charge transfer

G— " #ECsPOCh

Ligand-NCs Surface’s Interaction

Strong Interaction

Figure 1. (a) Comparison of PL emission spectra of CsPbCl,; NCs as synthesized (black) and after the MPA ligand exchange (red) in hexane;
the PL quenching is a signature of the excited electrons transfer to the MPA ligands. (b) Competing dynamic relaxation processes in
CsPbCl; NCs upon photon excitation with an UV light. (c) Schematic description of the surface passivation process in which the weak-
interaction OA, OLA, and ODE ligands on as-synthesized CsPbCl; NCs are replaced by the strong-interaction MPA ligands on the CsPbCl,
NCs, resulting in both superior stability of the CsPbCl; NCs and high charge-transfer efficiency from the MPAs of excellent electrical

conductivity.

the carrier transport and injection at the interface of the
CsPbX; NCs and other components in the optoelectronic
devices. Charge carrier transport is a key step in optoelectronic
devices, which directly determines the performance of the
device including both sensitivity (quantum efficiency) and
response speed. The semiconducting or insulating alkyl chain
ligands introduced in the growth of colloidal CsPbCl; NCs is
well-known as the barrier of charge transfer. In addition, the
weak connection between the alkyl chain ligands and the
surface of NCs can cause ligand loss in purification process and
even in storage stage of the NCs.””™** The exposed surface of
the perovskite NCs is prone to degradation in ambient,
resulting in instability of the perovskite NCs in ambient
conditions. Thereafter, the surface engineering replacing the
insulating and unstable layer on the CsPbX; NCs becomes
critically important in perovskite-NC-based optoelectronic
devices. A variety of methods and strategies have been
developed to address this issue, including adding molecular
additives in colloidal solutions of NCs,>>~*° and embedding
the NCs into a chemically stable, amorphous, oxygen- and
water-impermeable glass matrix.”*">* However, limitations of
these approaches remain. For example, the added molecular
additives >>*° are normally movable and prone to be
separated from the surface of the NCs instead of forming a
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uniform surface protective coating on the CsPbX; NCs.*
However, those glass matrix strategies can somewhat solve the
stability problem but limit the application in a narrow emitting
area. In particular, passivation of the CsPbX; NCs with
insulating molecules or a glass matrix would block charge
transfer between the CsPbX; NCs and the other device
components in the optoelectronic devices and cannot be
employed for optoelectronics that rely on such charge transfer.
Therefore, it is imperative to address the critical need for a
NCs’ surface engineering to not only protect the CsPbX; NCs
for their ambient stability but also facilitate the highly efficient
charge transfer required for optoelectronic applications.”
Herein, a robust surface-engineering strategy is reported on
inorganic perovskite CsPbCl; NCs using a thiol (3-
mercaptopropionic acid, MPA) passivating process. We show
such a surface engineering can not only facilitate high-
efficiency charge transfer between CsPbCl; NCs and graphene
in field-effect transistors (GFETs) but also passivate the NCs’
surface to minimize the charge trapping and prevent
degradation of the CsPbCl; NCs in ambient conditions.
Excitingly, these engineered CsPbCl; NCs/GFET photo-
detector devices with a van der Waals (vdW) heterojunction
interface demonstrate ultrahigh visible-blind UV responsivity
exceeding 10° A/W, high detectivity up to 2 X 10" Jones, and
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Figure 2. (a) TEM and HRTEM (inset) images of CsPbCl; NCs. (b) High-angle annular dark field scanning TEM image of CsPbCl, NCs. (c)
STEM image of CsPbCl; NCs and the corresponding EDS element maps of Cl, Cs, and Pb and the combination Cs/Pb/Cl on the same area,
together with a schematic illustration of the CsPbCl; with identical octahedral coordination environment of host cation formed by six halide
atoms. (d) UV—vis absorption and PL spectra upon excitation at 320 nm of the CsPbCl; NCs. The insets are photos of CsPbCl; NCs in
hexane solution under natural light (left) and 360 nm UV light (right), respectively.

a fast photoresponse time of 0.3 s. In particular, we show that
the CsPbCl; NCs/GFET photodetectors can be stable,
exceeding 2400 h under ambient conditions, making them
robust and promising for practical applications.

RESULTS AND DISCUSSION

Figure la compares the photoluminescence (PL) spectra of
CsPbCl; NCs without and with ligand exchange and
passivation via MPA. The as-synthesized CsPbCl; NCs exhibit
strong PL properties with a prominent PL peak at 407 nm,
coming from the radiative electron—hole pair combination in
the CsPbCly; NCs. The narrow emission line width of 11.3 nm
at the full width at half-maximum (fwhm) is indicative of the
high crystallinity of the CsPbCly; NCs (Figure 1a). The strong
PL emission observed in the as-synthesized CsPbCly; NCs is
anticipated from the insulating (OA and OLA) ligands layer on
the surface of the NCs. In a sharp contrast, the PL peak
disappeared in the surface-engineered CsPbCl; NCs after the
MPA ligands exchange and passivation, confirming that the
MPA ligands replace the initial alkyl ligands attached on the
NC surfaces and provide an excellent charge-transfer pathway
and, hence, completely quenches the radiative electron—hole
recombination.
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Figure 1b shows the optoelectronic processes in CsPbCl;
NCs before and after the surface engineering with an MPA
passivation. The three mechanisms of radiative recombination
(1), electron trapping (2), and hole trapping (3) typically
occur in CsPbCl; NCs or other semiconductor NCs. The
charge-trapping mechanisms due to surface defects and other
impurity states of the NCs are particularly harmful to
optoelectronics illustrating typically in reduced photocurrents
and slow photoresponse. The implementation of the
passivation via MPA (4) with thiol ligands provides an
efficient pathway through which to resolve such issues. This is
primarily because the MPA passivation provides three
distinctive advantages. First, it passivates the surface of the
CsPbCl; NCs to minimize the charge trapping, which can lead
to faster photoresponse and higher photoresponsivity.”’ >’ In
addition, the surface defects and weak ligands—NCs
interaction are prone to instability and degradation of the
CsPbCl; NCs or most semiconductor nanostructures in
ambient conditions, resulting in the degradation of the NCs,
typically within a few hours to a few days. The MPA
passivation of the CsPbCl; NC surface provides a solution to
the degradation problem. Finally, MPA itself has a short thiol
ligand can offer a highly efficient carrier-transfer avenue from
CsPbCl; NCs to acceptors, such as graphene, which is critical
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Figure 3. (a) Schematic of computer controlled printable process. (b) Schematic of the CsPbCl; NCs/GFET photodetector under UV
illumination. (c) A digital photograph of a GFET chip with 36 GFETs of different designed graphene with the same channel width of 20 ym
and different channel lengths of 2, 5, 10, and 20 um as labeled. Top: a zoomed-in optical microscope view of a CsPbCl; NCs/GFET device
with a § ym channel length. The right image is an AFM image of the CsPbCl; on the GFET channel. Time domain photoresponse of the
CsPbCl; NCs/GFET device to 400 nm wavelength excitation (d) before and (e) after the MPA treatment. The light intensity and source-
drain bias voltage are 8.17 gW/cm? and 0.2 V, respectively. The GFET channel is 4.0 gm (length) X 12.1 gm (width). The inset of Figure 3e
shows the energy level diagram of the CsPbCl; NCs/GFET vdW heterojunctions and charge-transfer process under illumination.

to high-performance optoelectronics based on the CsPbCl;
NCs. This argument is supported by the complete quench of
the PL in the CsPbCl; NCs after the MPA passivation shown
in Figure 1a and density function theory (DFT) simulations to
be detailed in the following. Accordingly, the distinction in the
exciton relaxation dynamics in the CsPbCl; NCs before and
after the MPA passivation has a significant impact on the
dynamics of the optoelectronic process and, therefore, the
performance of the CsPbCl; NCs-based optoelectronic
devices. To examine the integrity of the CsPbCl; NCs, SEM
images before and after the MPA ligand exchange are
demonstrated in Figure S1. The CsPbCl; NCs seem intact
based on the negligible variations in the morphology of the
CsPbCl; NCs.

On the basis of the above analysis, the prominent role of the
MPA ligands on the CsPbCl; NCs is illustrated in Figure Ic.
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The original CsPbCl; NCs are capped by the organic ligands
(OA and OLA) and exhibit some extent stability only in the
organic reagent environment. While OA and OLA ligands play
an important role as surface-chelating ligands, they can easily
be removed in the purification process of the CsPbCl; NCs or
even during the storage due to their weak interaction
(bonding) with the NCs.”” The ligands loss surrounding the
surface of CsPbCl; NCs leads the instability of the CsPbCly
NCs, or perovskite NCs in general, resulting in the perovskite
NC degradation in ambient. When the organic OA and OLA
ligands are replaced with MPA ligands, the strong interaction
between negative HS™ ligands in MPA and the positively
polarized Pb*" terminating surface of the CsPbCl; NCs enables
a strong bonding of the MPA ligands to the NC surface, which
provides benefits of (1) enhanced ambient stability of the
CsPbCl; NCs, (2) reduced charge trapping by the surface
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Figure 4. (a) FTIR spectra of CsPbCl; NCs before and after the MPA ligand exchange on transparent fused silica substrates. (b) Raman
spectra of CsPbCl; NCs before and after the MPA ligand exchange on SiO,/Si substrates. (c) The photoresponse time and photocurrent
dependence on the MPA passivation time. The inset shows the dynamic photocurrent of the CsPbCl; NCs/GFET photodetector with
passivation processing time of 90 s upon 400 nm and 8.17 gW/cm? illumination with four light on/off cycles. (d) Photocurrent measured on
a CsPbCl; NCs/GFET photodetectors without and with passivation under ambient conditions.

defects of the CsPbCly; NCs, and (3) highly efficient charge
transfer between CsPbCl; NCs and other functional materials
through highly conductive MPA ligands. These will be
demonstrated by the following simulation and experimental
characterization of the CsPbCl; NCs/GFET photodetectors
with and without the MPA passivation.

The transmission electron microscopy (TEM) images
demonstrate that the obtained CsPbCl; NCs have an
approximately cubic structure with an average size of 10.5
nm (Figure 2a). The inset shows a high-resolution TEM
(HRTEM) image of the NC with a very clear lattice-fringes of
0.39 nm that matches well with that expected for the crystal
plane of (110). The HRTEM image confirms the CsPbCl,
NCs have high crystallinity, which is critical to optoelectronic
device performance. The morphology and purity of CsPbCl;
NCs were more conspicuous from dark-field scanning
transmission electron microscopy (STEM) (Figure 2b). The
STEM image combined with the energy-dispersive spectros-
copy element mapping (Figure 2c) confirms the structure and
elemental components of the CsPbCl; NCs. The composite
images of Cs, Pb, and Cl show a uniform distribution of each
of these elements incorporated into the CsPbCl; NCs. The
schematic shows a perfect octahedral coordination structure of
host Pb cations surrounded by six halide atoms for CsPbCl;
NCs. Figure 2d display the UV—visible absorption spectrum
(black) and PL spectrum (red) of the CsPbCl; NCs. The
fwhm of the PL peak is ~11.3 nm, located at the wavelength of
~407 nm, which matches well with the absorption edge of
CsPbCl; NCs in the absorption spectrum.

The schematic image of the vdW heterojunction CsPbCl;
NCs/GFET device printing process is demonstrated in Figure
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3a with the printing process detailed in the Methods section.
The printing of CsPbCl; NCs in hexane on GFET's was carried
out on a printer (SonoPlot, Inc.). Figure 3b demonstrates one
of the CsPbCl; NCs/GFET vdW heterojunction photo-
detector with drain, source, and back-gate electrodes. The
photodetector is composed of a GFET fabricated on
monolayer graphene on Si/SiO, (90 nm in thickness as gate
dielectric) substrate and a layer of printed CsPbCl; NCs
(purple cubes) on the GFET channel of typical dimension of
40 pm X 12.1 pym (length X width) (see the Methods
section). Figure 3c shows a digital image of GFET chip and a
magnified optical image of one GFET device (top) taken from
a chip of 36 GFETs. The atomic force microscopy (AFM)
image taken on a representative CsPbCl; NCs/GFET device
also shown in Figure 3c reveals a dense CsPbCl; NCs film
covering the underside of the GFET channel. The thickness of
this CsPbCly; NCs layer is around 10 nm (Figure S2). The
root-mean-square (RMS) roughness of the CsPbCl; NCs film
is 1.32 nm. Figure 3d,e demonstrates that the MPA treatment
dramatically improves the performance of the CsPbCl; NCs/
GFET photodetectors. The dynamic photoresponses are
compared on photodetectors without (Figure 3d) and with
(Figure 3e) the MPA treatment. The profound effect of the
MPA treatment is demonstrated in the shortened photo-
response time and enhanced photocurrent (Lo, = Lighe —
Iian)- On the photodetector without the ligand treatment, the
photoresponse time is ~191.8 s, which defines the time span
10%—90% of the photocurrent peak amplitude, and the
photocurrent is around 1.54 X 1076 A. The device treated with
methanol only demonstrates the similar performance to that of
the untreated device based on the photocurrent and response
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Figure S. Atomic trajectories after the DFT relaxation calculations for a series of hybrid structures: (a) Pb-terminated CsPbCl; plus MPA,
(b) Pb-terminated CsPbCl; plus MPA plus Graphene, and (c) Pb-terminated CsPbCl; plus 4MPA plus graphene. The electron localization
function (ELF) plots after the DFT relaxation calculations for a series of hybrid structures: (d) Pb-terminated CsPbCl, plus MPA, (e) Pb-
terminated CsPbCl, plus MPA plus graphene, and (f) Pb-terminated CsPbCl, plus 4MPA plus graphene. The MPA ligands are connecting
on one side to the graphene and the other side toward the CsPbCl; NCs.

times (Figure S3). In particular, the slow response times on
these devices are comparable to that reported earlier on the
organometallic perovskite/PCBM bulk heterojunction photo-
detectors that exhibit a rising time of 92 s (0% to 70% of the
Lhoto peak amplitude) and decay time of 6203 s (100% to 30%
of the Ly, peak amplitude) for the 1% [6,6];phenyl—C61—
butyric acid methyl ester (PCBM) devices.”” In these
organometallic perovskite/PCBM devices, the perovskite
domains are surrounded by organic molecules of PCBM,
which serve as the carrier traps and are responsible for the
longer response times compared with the similar devices
without PCBM. Moreover, considering the dramatic improve-
ment of the response times by about 3 orders of magnitude
with the MPA ligand exchange, we argue that the long
response time in the CsPbCl; NCs/graphene photodetectors is
primarily due to the non-optimal surface of the NCs and their
interface with graphene; both can cause serious charge
trapping and, hence, slow photoresponse. The improvement
in the photoresponse and response times by the MPA ligand
exchange supports this argument and suggests that the
performance can be further improved with optimal engineering
of perovskite NCs surface and their interface with graphene.
The I, was increased by >73.3% to 2.67 X 107° A in the
photodetector with the MPA ligand treatment. Furthermore,
the photoresponse of the CsPbCl; NCs/GFET vdW
heterojunction devices is significantly faster after the MPA
passivation. The rise time (0.3 s) and fall time (0.35 s) are
reasonably symmetric, with a slightly longer fall time that may
be attributed to some minor charge-trapping mechanisms. It
should be noted that these response times are about 2 orders
of magnitude shorter than that in the prior reports of similar
devices based on organic or organic—inorganic hybrid
perovskite films and NCs,***' illustrating the importance of
the surface engineering on the performance of the CsPbCl;
NCs-based optoelectronic devices. It also confirms the benefits
of the ligand exchange in removing the charge-transfer
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blocking and trapping layer from the long-chain carbonate
on the surface of the CsPbCl; NCs.

The completeness of the MPA ligand processing and
passivation can be certified by characterizing the C—H bond
stretch intensity of OA and OLA using Fourier-transform
infrared (FTIR) spectroscopy (Figure 4a).*> The success of
the ligand exchange strategy can be attributed to the relative
weak bonds between NCs and OA/OLA compared to the thiol
bond connection to the NCs. Figure 4b shows the Raman
signature spectra of CsPbCl; NCs without and with ligand
exchange. The bands associated with the OA/OLA at 1301,
1441, and 1523 cm™ are observed in as-synthesized CsPbCl,
NCs (black curve). The band at 1301 cm™! is due to the C—H
bending twist mode in the —CH, group, while the band at
1441 cm™ comes from the CH, and CH; bending or
scissoring motions, and the band at 1523 cm™ is ascribed to
the C—C—C stretching mode.*>** Additionally, the observa-
tion of additional group bands in the higher wave-number
range (2800—3100 cm™') come from the C—H stretching
modes.”” It is noted that all of the C—H and C—C-C
vibrational band peaks related with OA/OLA are disappeared
after ligand exchange via MPA (red curve). The Raman spectra
well confirm the completeness of the ligand exchange
procedure. The Raman signatures are well consistent with
the FTIR spectra (Figure 4a), indicating the success of the
ligand exchange process. Figure 4c demonstrates the photo-
response time and photocurrent dependence on the ligand
exchange and passivation time. The photoresponse time
dramatically decreases from 192.8 s without ligand passivation
to 0.25 s with 120 s passivation. Accordingly, the photo-
currents monotonically increase from 1.54 uA without
passivation to 2.67 pA passivation processing time 90s,
followed with a slight decrease at a longer passivation time
from 90s to 120s. The slight decrease in photocurrent can be
attributed to minor CsPbCl; NCs peeling off from the
graphene surface.”” The photocurrent of 2.6 uA at a
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passivation time of 120 s is 16% higher than the 2.23 A at a
passivation time of 60 s. The longer passivation time of 120 s
also results in the fastest response time of 0.25 s in contrast to
1.2 s on the device with passivation time of 60 s. Therefore, the
optimal passivation time is around 90 s. The inset of Figure 4c
shows the dynamic photocurrent of a CsPbCl; NCs/GFET
vdW heterojunction device to the light ON/OFF at the bias
voltage of 0.2 V. After more than four “on/off” light cycles, a
stable current density level was maintained, illustrating
photodetection reversibility of the device. In addition, an
effect of the MPA passivation is illustrated in the stability of the
device performance tested for 2400 h. As shown in Figure 4d,
the photocurrent of a CsPbCl; NCs/GFET vdW hetero-
junction device without MPA ligand passivation dramatically
decreased by more than 50% of its initial value after about 800
h. In contrast, the MPA passivated device with a 90 s
passivating time demonstrates superior ambient stability with
only 8.2% reduction of the photocurrent after 2400 h.

A theoretical simulation was carried out to shed light on the
passivating mechanisms of the MPA ligands and the role of the
ligands on the charge transfer across the interface of CsPbCl;
NCs/GFET and on the stabilization of CsPbCl; NCs. We
tested a number of scenarios by which the NCs can possibly be
connected to the MPA based on the variations of the
terminating surface, namely the Pb** cation and Cl~ anion
on the (001) surfaces in Figures S and S4. With respect to the
Pb*" cation, the connectivity could be bridged by the S*~
anion, whereas to the CI™ anion, a possible connectivity with
HS end member of the MPA linker exists. In both cases, the
OH™ end member of MPA linker is directed toward the
graphene. We did not consider the last alternative, which is the
Cs*, due to the likelihood that its higher electron affinity (46
kJ/mol vs 34 kJ/mol for Pb) will result in the CI~ ionic capping

at a hypothetical Cs" terminating surface. The scenario from
which the Pb terminating surface connects with the S*~ ligand
(after deprotonation within the solution) appears to be the
more likely possibility especially under an acidic solution from
which deprotonation of the thiol group will yield the negatively
charged sulfur end member. The Supporting Information
provides further details on our approach to arrive at this
conclusion. Figure Sa shows the relaxed structure of the
CsPbCl; NCs with the MPA ligands on the NC surfaces. The
more likely scenario is that the MPA forms bonds with the
positively polarized Pb capping the surface of the CsPbX; NCs.
The MPA ligands attached to the surface of the CsPbCl; NCs
play a critical role in the passivation of the NCs surface
through the formation of the Pb—S bonds. In addition, the
NCs—MPA—graphene connection motivates an increase in the
electron delocalization, indicative of the formation of the
bridge bond as shown in Figure Sb,c of the CsPbCl; NCs/
graphene vdW heterojunction structures composed of one
(Figure Sb) and four (Figure Sc) MPA ligands connected on
one side to the graphene and the other side to the CsPbCl;
NCs. Figure Sd—f shows the trajectory of the hybrid structure
showing the relative configuration stability of the connections
by the MPA ligands toward both ends. This leads to two
beneficial effects: preventing the degradation of the CsPbCl;
NCs and reducing charge trapping by the intrinsic surface
defects such as dangling bonds. Table S1 lists the Bader charge
of the relevant species on the two scenarios considered; Pb
(linked to MPA), S (linked to CsPbCl;), CI (linked to MPA),
H (linked to CsPbCly), O (linked to the graphene sheet), and
the average charge or atom of the graphene sheet, supporting
the charge connectivity from CsPbCl; to the graphene by MPA
ligands. The presence of MPA linkers between the CsPbCl,
NC and graphene provides an efficient pathway for the
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Table 1. Summary of Performance of Photodetectors Based on All-Inorganic Perovskite and Nanostructures/Graphene

Hybrid Structures

structure drive voltage (V) responsivity (A/W)

ITO/CsPbBry NS/ITO* 10 0.64
CsPbBr; NS/CNTs 10 311
CsPbBr; NPs/Au NCs 2 0.01
ITO/CsPbBr; MCs/ITO 3 6 x 10*
Au/CsPbBr; SCs/Au 30 2.1
CsPbBr; NCs/G 0.2 2 x 10*
Au/CsPbCl; NCs/Au 10 0.18
CsPbCly NCs/G 0.5 >10°

detectivity (Jones) rising time/falling time stability ref

0.019 ms/0.024 ms 49
0.016 ms/0.38 ms 50

4.56 x 10° 0.2 ms/1.2 ms 51

10" 0.5 ms/1.6 ms 52
035s/Ss 53

8.6 x 10" 320 h 54
1.8 ms/1.0 ms >1440 h SS

>10" 0.3 5/0.35 s 2400 h this work

“NS, nanosheets; NPs, nanoparticles; MCs, microcrystals; SCs, single crystals; NCs, nanocrystals; G, graphene.

electron injection between them, as evidenced by the much-
improved photoresponsivity to be discussed in the following
section.

The photoresponsivity (R*) is an important figure of merit
for a photodetector and can be expressed as the photocurrent
generated per unit power of absorbed incident light on the
active area of CsPbCly; NCs/GFET photodetector: R* = I,/
P,,. The I, represents the photocurrent equal to the
illuminated current under illumination of incident power
density (P,,) minus dark current. The wavelength-dependent
responsivity matches well with the absorption spectrum of the
CsPbCl; NCs coated on a fused silica substrate in Figure 6a
with an obvious band edge at about 407 nm. In particular, a
sharp edge of the R* can be observed across the band edge.
For example, the responsivity is as high as 7.48 X 10° A/W at
390 nm and decreases by 2 orders of magnitude or more at 430
nm or longer wavelengths. This proves the high crystal quality
of the CsPbCl; NCs with negligible band gap defect states.
The extraordinary spectral selectivity of the CsPbCl; NCs
photosensitizers makes the CsPbCl; NCs/GFET device a good
candidate for high-performance, visible-blind UV photo-
detectors.

The strong quantum confinement of the CsPbCl; NCs due
to small size effects and high carrier mobility of graphene were
believed to optimize the photoconductive gain. To quantita-
tively verify the underlying physical mechanism of the high
photoresponsivity, it is necessary to determine the photo-
conductive gain in the device. The gain in this CsPbCl; NCs/
GFET vdW heterojunction photodetectors can be calculated

by the following equation:*®
I, hv T.
G= }.’h = (agNVIy )L = = %
qlWL qlVVL ’I;ransit 1+ (L)
lo

(1)
Here, q is the elementary electron charge; i is the light power
absorbed by the CsPbCl; NCs on the GFET channel; L and W
are, respectively, the GFET channel length and width; a4,
indicates the photogenerated charge-transfer efficiency from
NCs to GFET channel; N is Avogadro’s constant; V = uVps/L
represents the charge drift velocity; and u is the charge
mobility in graphene. Vi is the source-drain bias voltage, hv
represents the elemental photon energy (h is the Planck’s
constant and v is the photon frequency), @ represents the
internal quantum efficiency of CsPbCl; NCs, Ty represents
the lifetime of photogenerated carriers, Ty, represents the
charge transit time in the GFET channel, i, represents the
saturation light intensity absorbed by the NCs when all of the
surface states are filled, and n represents a phenomenological
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fitting parameter. Figure 6b illustrates the theoretical fitting
(red curve) and photoconductive gain of experimental results
(black dots) as a function of the light power (i), which was
tested on CsPbCl; NCs/GFET vdW heterojunction devices. It
shows an experimental maximum gain of 3.6 X 10° for an
optical illumination power of 2.18 pW and demonstrates a
monotonic decrease trend with increasing incident light power,
which can be ascribed to the saturation of the surface states
and the shortening average lifetime of carriers. The theoretical
fitting curve (red) agrees well with the experimentally
measured gain with the parameters of ay@ = 0.20, i, = 0.70
pW, and n = 0.90. The gain predicted from the theoretical
calculation can be reached to ~1.13 X 10’ under a lower
incident optical power <0.1 pW. The high photoresponsivity
and photoconductive gain demonstrate the promising
application perspective of the CsPbCl; NCs/GFET vdW
heterojunction photodetector for practical applications. Figure
6¢ plots the bias voltage Vjs-dependent photoresponsivity, and
a high responsivity of >10° A/W can be obtained on the
CsPbCl; NCs/GFET devices with Vg > 0.5 V.

Besides the photoresponsivity (R*) and gain, another
important parameter used to characterize a photodetector
performance is the specific photodetectivity (D*), which can
be calculated by eq 2:*

D* —VSXAf

NEP

(Jones) 2)

where S is the active area of the CsPbCl; NCs/GFET
heterojunction photodetector (cm?), Af (Hz) and NEP (A/
Hz'/?) are the bandwidth and noise equivalent power,

respectively. The NEP is a standard metric to demonstrate
the sensitivity of the photodetector, which can be obtained by

—1/2
the equation of NEP = ]ﬂ2 /R*. The mean square noise

current ]_n2 can be obtained from the current noise density
spectra of CsPbCl; NCs/GFET devices (Figure S7). The
linearity relationship of the ]: vs frequency can be fitted with

]_nzo< 1/f, exhibiting that the I/f noise dominates the current

noise signal in the devices in the low-frequency range up to 1
kHz (Figure S7). The source-drain bias voltage-dependent D*
of the CsPbCl; NCs/GFET photodetectors is shown in Figure
6d. It is found that the D* could reach to >2 X 10" Jones at
Vps of 1.0 V. The performance and stability results of our
CsPbCl; NCs/GFET photodetectors represents the best
performing perovskite/graphene hybrid photodetectors (see
Table 1).
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Figure 7. (a) PET flexible substrates before (left) and after (right) coating of CsPbCl; NCs. Logo reprinted with permission from the
University of Kansas (copyright 1947). (b) Digital photograph of the flexible CsPbCl; NCs/graphene devices. (c) Photocurrent vs bias
voltage curves of the flexible CsPbCl; NCs/graphene photodetector before and after 25 bending cycles. (d) Dynamic photoresponse after

different numbers of bending cycles.

The ink-based printable process and the adaptability of
graphene can enable flexible CsPbCl; NCs/GFET photo-
detectors. To certify the viability for flexible device
applications, the CsPbCl; NCs/GFET photodetectors were
also fabricated and tested on flexible PET substrates. Figure 7a
displays the PET substrates before (left) and after (right) the
printing of CsPbCl; NCs. The high transparency is expected
considering the thin layer of the CsPbCl; NC coating. Figure
7b demonstrates the digital image of the printed devices with
the rectangular Au electrodes clearly visible. Up to 25 bending
cycles were applied for the investigation of the device stability.
Figure 7c shows that the photocurrents stayed unchanged after
25 bending cycles, illustrating the performance of the flexible
devices were not affected by bending. The dynamic photo-
current of the photodetector measured after different numbers
of bending cycles is shown in Figure 7d, exhibiting superior
stability of the flexible devices. These results demonstrate that
the CsPbCl; NCs/graphene heterojunction photodetectors
offer excellent stability and are promising for applications in
flexible optoelectronic devices.

CONCLUSIONS

In summary, a MPA ligand passivation process has been
developed to resolve the critical issues of ambient stability of
CsPbCl; NCs. It has been found that the HS™ ligand, through
deprotonation that results in S*~ in MPA, can bind firmly to
the positively Pb-terminating surface of the CsPbCl; NCs,
which can effectively minimize the ligands loss on the surface
of the NCs, resulting in outstanding stability of the CsPbCl,
NCs in ambient. In addition, the MPA passivation of the
CsPbCl; NC surface effectively suppresses charge trapping by
the surface defects. This, in combination with the outstanding
charge transfer along the MPA ligands, enables high-efliciency
charge transfer from CsPbCl; NCs to other functional

1780

materials demonstrated using both DFT simulations and
experimental investigation on visible-blind UV CsPbCl; NCs/
GFET photodetectors. On these devices, extraordinary
optoelectronic performance has been obtained including high
responsivity exceeding 10° A/W, detectivity of 2 X 10" Jones,
fast photoresponse within 0.3 s, and ambient stability for more
than 2400 h, which represents the best so far achieved on
perovskite/graphene hybrid photodetectors. Finally, the entire
colloidal process developed in this work for fabrication of the
CsPbCl; NCs/GFET photodetectors can be extended to
flexible PET substrates retaining the optoelectronic perform-
ance with respect to 25 bending cycles. Therefore, this work
provides a practical strategy with which to strengthen the
stability and charger-transfer efficiency of inorganic perovskite
NCs with great potential applications for scalable and foldable
optoelectronic devices.

METHODS

Chemical and Materials. Lead(II) chloride (PbCl, 99.999%
trace metals basis), cesium carbonate (Cs,COs, 99%), 1-octadecene
(90%), oleic acid (90%), oleylamine (70%), trioctylphosphine (TOP,
90%), acetone, and hexane (anhydrous, 95%) were bought from
Sigma-Aldrich and used without further dilution or modification.

Synthesis of CsPbCl; NCs. CsPbCl; NCs were fabricated
according to a modified process from a previous reported approach.®
Briefly, 0.814 g of Cs,CO; was first added to a 100 mL 3-neck round-
bottom flask containing 2.5 mL of OA and 40 mL of ODE, and
vacuum-pumped and refilled Ar back and forth at 25 °C for 20 min
and then increased to 120 °C under an Ar flow with a stirring speed of
600 rpm for 1 h to exclude the moisture in the reaction reagent. In
another 3-neck round-bottom flask, we put 0.104 g of PbCl, into a
mixture solution with 1 mL of OLA,1 mL of OA, 2 mL of TOP, and
10 mL of ODE, and we vacuum-pumped and refilled Ar back and
forth at temperatures of 25 °C for 20 min and then increased the
temperature to 120 °C under an Ar flow with a spinning speed of 600
rpm for 1 h to exclude the moisture in the reaction reagent.
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Thereafter, the above two mixtures were heated to 150 °C under an
Ar atmosphere with a constant stirring. A total of 0.8 mL of Cs-oleate
precursor solution was then injected rapidly into the second Pb-based
precursor. After 10 s of reaction, the reaction was stopped and the
reagents cooled to 0 °C rapidly via using an ice—water mixture bath to
obtain monodispersed CsPbCl; NCs with an average size around 10.5
nm. The NCs were obtained by centrifugation at 11 000 rpm for 10
min and cleaned using acetone/hexane mixture solution. The final
NCs were stored in a N, environment in a glovebox. The UV—vis
spectra were also collected on the CsPbCl; NCs immediately after
they were synthesized and 3 months after the storage (Figure S8),
which suggest the NCs in storage have negligible degradation.

CsPbCl; NCs/GFET Photodetector Fabrication. Commercial
Si/SiO, (90 nm) wafers were used as the substrates. Monolayer
graphene was grown using chemical vapor deposition and transferred
onto the above Si/SiO, substrates as our earlier work.*® A total of 36
GFETs with different graphene channel sizes of 2—20 pm were
patterned using the photolithography method.””** Patterned Au (80
nm)/Ti (2 nm) bars as drain and source contact electrodes were
fabricated via an electron-beam evaporator under a high vacuum of
1.0 X 1077 Torr, followed by lift-off. The CsPbCly NCs (5 mg/mL)
dissolved in hexane via sonication were used as the printing ink and
printed on the patterned GFET channel by using an inkjet
microplotter (SonoPlot, Inc.).*®

CsPbCl; NCs Surface Engineering. The surface of as-
synthesized CsPbCl; NCs were encapsulated a layer of insulating
long carbon chain length molecular OA and OLA, which was
effectively replaced by short and highly conductive molecules of MPA.
The processing solution was prepared by dissolving and mixing MPA
in methanol (50% v/v) in a glove box. The fabricated CsPbCl; NCs/
GFET devices were dipped into the processing solution for different
times in the range of 30—120 s at room temperature. The residual
processing solution on the surface of CsPbCl; NCs/GFET devices
was washed away by methanol. The final devices were stored in
glovebox and dried about 10 min before characterization.

Optical and Optoelectronic Characterization. A UV-3600
Shimadzu was applied to characterize the absorption property of
CsPbCl; NCs. A field-emission FEI Tecnai F20XT was used to take
the morphology and nanostructure of the CsPbCl; NCs. The optical
photos of CsPbCl; NCs/GFET devices were taken from an optical
microscope (Nikon Eclipse LV 150). The optoelectronic properties
were characterized and recorded via a device analyzer (Agilent
B1505SA). A xenon lamp with a monochromator system (Newport)
provided a tunable light source for the device characterization. The
instant power density absorbed by the active layer of CsPbCl; NCs/
GFET devices was calibrated and recorded by a certified Newport
power meter. The noise signal of the photodetectors was tested via a
spectrum analyzer (Stanford Research SR 760).
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