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incorporation†

Keke Qiao,a Yulin Cao,*b Xiaokun Yang,a Jahangeer Khan,a Hui Deng,a Jian Zhang,a

Umar Farooq,a Shengjie Yuana and Haisheng Song *a

Lead sulfide colloidal quantum dots (PbS CQDs) exhibit outstanding optoelectronic properties owing to

their low temperature solution-processability and bandgap tunability. PbS QD heterojunction detectors

suffer from an incomplete interface and bulk passivation. Herein, a simple passivation method based on

PbI2 was developed, which can effectively suppress the heterojunction interface and PbS QD surface

defects by interface and ligand passivation. Utilizing the present strategies, PbS QD photodetectors can

decrease the dark current and simultaneously increase the photocurrent. Such photodiode detectors

also showed a fast response on the order of microseconds which is much faster than that of

photoconductive CQD detectors (millisecond order). Also, an ultra-high specific detectivity of 1013 Jones

was obtained. Meanwhile, the energy conversion efficiency of PbI2 based devices reached 8%, a twofold

value compared to the control one. The convenient and efficient passivation method is expected to hold

great potential for high performance QD optoelectronic devices.
Introduction

Colloidal quantum dots (CQDs) are unique optoelectronic
materials and have achieved rapid progress in various research
elds over the past few decades owing to their solution-based
processability,1 bandgap tunability,2 and multi-exciton genera-
tion properties.3 For PbS CQDs, they have large Bohr exciton
radii (�18 nm),4 solution processability, tunable bandgaps and
a high light conversion quantum yield,5 which makes them
a promising candidate for optoelectronic devices. PbS QD
infrared (IR) detectors (up to 1500 nm) have obtained a high
detectivity value of 7 � 1013 Jones, which is even higher than
that of commercial InGaAs photodiodes.6 Although PbS QD
photoconduction detectors are facile to fabricate and demon-
strate a high responsivity, they are limited by the response
speed, signal to noise ratio and difficulties with the integration
of detector arrays. On the contrary, depletion heterojunction
based PbS photodiodes can overcome the above limitations and
have obtained signicant progress in the last few years.7,8

The most utilized photodiode device structure is based on
the ZnO/PbS CQD heterojunction.9,10 In order to optimize the
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ZnO/PbS CQD solar cell performance, it is not necessary to
ensure that dark currents will be compellingly low for light
harvesting. While in photodetectors (PDs), it is imperative to
investigate material strategies that systematically minimize
dark current and improve light current due to the high depen-
dence of D* f Jdark

�1/2, where D* is the specic detectivity. The
total dark current density, Jdark, includes both the reverse
saturation current density (J0) of the photodiode and also any
parallel shunt path currents. Thus, the interface and bulk defect
passivation (IP and BP) played vital roles to suppress dark
current so as to improve detector performances. For a ZnO
buffer layer, the existence of band tail states seriously increased
the J0 value. An interlayer intercalation which could suppress
the recombination of band tail states has been demonstrated as
an efficient strategy to minimize J0.11 On the other hand, the
ultra-high surface area of QD lms has motivated the develop-
ment of a series of ligands for QD surface passivation.12,13 Iodide
salts that featured atomic spacings and an efficient passivation
were widely applied in high performance PbS QD optoelectronic
devices.14 In order to not introduce an exotic counterion, lead
iodide was utilized for ligand exchange.15 Simultaneously, it
also shows great potential as an intercalation layer due to its
high resistivity and compatibility for device fabrication. Thus,
the present work investigated the utilization of PbI2 for both
interface and QD surface passivation for high performance PbS
QD infrared photodetectors.

Herein, three types of PDs with ZnO/PbS–TBAI (tetrabuty-
lammonium)/PbS–EDT (1,2-ethanedithiol) (the control device),
ZnO/PbI2/PbS–TBAI/PbS–EDT (the IP device) and ZnO/PbI2/
RSC Adv., 2017, 7, 52947–52954 | 52947
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PbS–PbI2/PbS–EDT (the IP/BP device) device structures were
designed and implemented by the PbI2 passivation strategy. A
series of prototype devices veried a sufficient interface and
bulk defect passivation effect with a normalized detectivity of
about 1013 Jones and an improved efficiency of 8% has been
achieved. The combination of the interface and bulk passiv-
ation efficiently suppressed the dark current and pronouncedly
enhanced the responsivity and detectivity. The presented IP/BP
PDs with a convenient operation and an efficiency improvement
are expected to make contributions to high performance PbS
CQD optoelectronic devices.

Results and discussion

The as-synthesized PbS QDs showed an exciton absorption peak
located at 888 nm, shown in Fig. 1a (black curve). Also, the size
of the PbS QDs was estimated to be �2.9 nm according to the
Moreels equation and their bandgap was �1.4 eV.16 The peak to
valley ratio was �2.88 demonstrating a uniform QD size
distribution. In addition, the absorption of the PbI2–DMF
solution in Fig. 1a (blue curve) demonstrated an ultra-low
response at long wavelengths (>550 nm) with a bandgap of
�2.3 eV. The PbS QD lm was further characterized by XRD as
shown in Fig. 1b, and the typical diffraction peaks agreed well
with those of the PbS standard PDF card (JCPDS no: 02-0699).
The broadening and low intensity of the diffraction peaks
conrmed the small size of the QDs. Utilizing a photodiode
device structure, the obtained PbS QDs were fabricated into
heterojunction photodetectors, as shown in Fig. 1c. Comparing
with a typical PbS QD photodiode device, ITO/ZnO/PbS–TBAI/
PbS–EDT/Au (the control device), the newly developed device
has a PbI2 interlayer with a structure of ITO/ZnO/PbI2/PbS–
Fig. 1 (a) Absorption spectra of the PbS QDs and PbI2 film. (b) XRD spe
diagram of the IP-PDs. (d) Energy band alignment diagram of the IP-PD

52948 | RSC Adv., 2017, 7, 52947–52954
TBAI/PbS–EDT/Au that was denoted as the interfacial passiv-
ation (IP) device. Utilizing the energy levels of ITO,17 ZnO,9,18

PbI2,19 PbS–TBAI/PbS–EDT20 and Au,21 their energy band align-
ment diagram was plotted in Fig. 1d. The conduction band
minimum of PbI2 is much higher than those of the ZnO and PbS
active layer, thus it could introduce a transfer barrier for pho-
tocarriers so as to suppress the photodetector dark current.

Photodetector performances are typically evaluated from the
responsivity (R), response speed and detectivity (D*). The
responsivity shows the device sensitivity toward light detection

and can be calculated from R ¼ Ip
P
. And, the shot noise derived

normalized detectivity can be obtained by D* ¼ Ip
ffiffiffi

A
p

P
ffiffiffiffiffiffiffiffiffi

2qId
p , where

Ip is the photocurrent, Id is the dark current, P denotes the light
power density illuminated on the device, A is the device area,
and q represents the elementary charge. According to the R and
D* formulas, Ip and Id contain a trade-off dependence from the
insulative PbI2 layer intercalation. Thus, the thickness of the
PbI2 layer should be optimized in order to control the Id and Ip
values. A series of PbI2 concentrations from 0 g mL�1 to 0.5 g
mL�1 were investigated and their I–t responses are shown in
Fig. 2a, and the photocurrents rstly increased from 15.5 mA to
20.5 mA and then decreased at high PbI2 concentrations.
Meanwhile for the dark current values, the IP devices obtained
a monotonic decrease indicating an efficient dark current
suppression by the insulative PbI2 layer (Fig. 2b). At low
concentrations such as 0.05 and 0.0025 gmL�1, the low electron
injection barrier had little effect on the photocurrent suppres-
sion and simultaneously the thin PbI2 layer could help to
passivate the interface defects of ZnO. Thus, the obtained
photocurrent was improved similar to the PbI2 passivation
ctrum of the as-synthesized PbS QDs. (c) Schematic device structure
s.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The performances of the IP-PDs at different PbI2 concentrations: (a) I–t responses of the IP-PDs. (b) I–V curves in dark conditions under
ambient environment with a sweep voltage from�1 V to 1 V. (c) Responsivity (black) and detectivity (red) evolution curves. All the measurements
were performed utilizing an 850 nm LED lamp with a 430 mW cm�2 light intensity.
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effect in perovskite photodetectors.22 If the PbI2 concentration
was further increased (�0.5 g mL�1), the injection barrier was
elevated and led to a decrease of the photocurrent. As a conse-
quence, the optimized concentration was 0.0025 g mL�1 which
could implement the trade-off between the Ip improvement and
Id suppression. Similarly, the responsivity and detectivity
showed the same evolution trend as the PbI2 concentrations
varied and obtained a peak value of 0.57 A W�1 and 9.54 � 1012

Jones, respectively (Fig. 2c). Also, the R and D* values of the
control devices were 0.43 A W�1 and 5.23 � 1012 Jones,
respectively. Therefore, the accession of the PbI2 interlayer PDs
carried out the suppression of Id and the enhancement of Ip
compared with the control device.

As well as interface passivation, ultra-high surface area QD
absorbers should be efficiently capped by short chain ligands
for enhancing the photocarrier transport and surface dangling
bond passivation.15 PbI2 could be utilized not only for interface
passivation but also as an efficient QD ligand for the passivation
of absorber bulk defects by a phase-transfer ligand exchange
process.23 Thus, the integration of both the interface and bulk
passivation photovoltaic PDs could be facilely implemented
utilizing PbI2.

The PbI2 phase-transfer ligand exchange process is roughly
described in the inset of Fig. 3a. The starting materials were PbS
QD octane solution and PbI2–DMF solution. When the black
PbS–OA QD octane solution was added into the yellow PbI2–
Fig. 3 (a) Absorption spectra of the PbS QDs before (black) and after th
transfer process. (b) FTIR spectra of PbS–OA and PbS–PbI2.

This journal is © The Royal Society of Chemistry 2017
DMF solution with an equal volume, an obvious delamination
was obtained owing to the immiscible property between octane
and DMF (le). Aer 15–30 minutes of vigorous stirring for
ligand exchange, the black PbS QDs transferred to the bottom
DMF solution. Also, the QD ligand was exchanged from OA to
PbI2 with transparent octane le. The corresponding exciton
absorption peak shied from 878 nm to 919 nm. The detailed
comparative characterizations before and aer the PbI2 treat-
ment are shown in Fig. S1–S3 (ESI†). Therefore, the phase-
transfer ligand exchange process could be facilely imple-
mented in one step demonstrating a more convenient and
efficient operation than the traditional layer-by-layer (LBL)
method. The Fourier transform infrared (FTIR) spectrum of the
PbI2 treated lm (red line) in Fig. 3b has nearly no characteristic
peaks of the OA ligand (i.e., C–H, C]O). Thus, the phase-
transfer ligand exchange process can sufficiently remove the
surface OA ligand.

Utilizing the strategies of IP and BP, photovoltaic PDs were
fabricated to investigate the PbI2 passivation effect. The sche-
matic diagram of the IP/BP PD device is shown in Fig. 4a with
a structure of ITO/ZnO/PbI2/PbS–PbI2/PbS–EDT/Au, where the
PbI2 material not only acted as the interface passivation layer
but also worked as the QD absorber ligand. The photoresponse
for the IP and IP/BP devices is shown in Fig. 4b. The photo-
current of the IP/BP devices further increased from 19 mA to 21
mA, which manifested the improved QD surface passivation by
e PbI2 treatment (red). The inset shows the solution-processed phase

RSC Adv., 2017, 7, 52947–52954 | 52949
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Fig. 4 Comparative analysis between the IP-PDs and IP/BP-PDs. (a) A schematic device structure diagram of the IP/BP photovoltaic PDs. (b) I–t
curves of the IP and IP/BP PDs. The measurements were performed utilizing an 850 nm LED lamp with a 430 mW cm�2 light intensity at 0 V bias.
(c) Dark I–V curves of the control and the IP and IP/BP PDs under ambient environment with a sweep voltage from �1 V to 1 V. (d) J–V curves of
the IP and IP/BP based devices tested under 100 mW cm�2 AM 1.5G illumination.
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the PbI2 ligands compared with the traditional TBAI one.
Furthermore, the low dark currents are drawn in a logarithmic
plot, the dark current could be gradually decreased from the
control PDs (2.82 � 10�4 A, black curve) to the IP/BP PDs
(2.85 � 10�5 A, red curve) (Fig. 4c), which is one order of
magnitude lower than that of the control one. On the other
hand, the IP/BP photovoltaic PDs could also be applied in
energy conversion and their current density–voltage (J–V) curves
are shown in Fig. 4d. The IP/BP devices obtained an efficiency of
8% (Voc ¼ 0.65 V, Jsc ¼ 21.84 mA cm�2 and FF ¼ 0.56), which is
almost double the value of the IP devices (4.2%).

The two most important gures of merit for the photode-
tector, the responsivity and detectivity, were also measured to
evaluate the PD performances, as shown in Fig. 5. As the applied
bias was increased, their responsivity monotonically increased.
The R values of the IP/BP PDs slightly increased from 0.42 AW�1

to 0.53 A W�1 as the reverse bias increased from 0 V to �1 V.
Meanwhile, the control device obtained lower values which
evolved from 0.21 A W�1 to 0.31 A W�1 as the bias was varied.
The small bias-dependent R values manifested the depletion of
the heterojunction and transfer barrier effect from PbI2. At the
same applied bias, the IP/BP devices obtained higher R values
indicating a passivation effect from the IP and BP treatment.
For the bias dependence of the specic detectivity (Fig. 5b), it
scaled with Jd

�1/2, thus it obtained a peak value of 4.91 � 1012
52950 | RSC Adv., 2017, 7, 52947–52954
Jones at low bias. This was one order higher than that of the
control device and comparable to those of commercial silicon
photodetectors in the IR spectrum.24 To study the device
response under a varied input irradiance, the control and IP/BP
PDs were excited by a wider-bandgap laser at l ¼ 650 nm. The
responsivity and detectivity of the measured devices were linear
across a wide range from 10�6 W cm�2 to 10�3 W cm�2 with high
quantum yields (Fig. 5c and d). A high D* value of 1.3 � 1013

Jones was obtained from the IP/BP PDs at 0 V bias.
Normalized photocurrent–time curves are shown in Fig. 6a.

Under the same measurement conditions, the IP/BP devices
obtained 5.3 ms for the rise time and 4.9 ms for the decay time,
respectively, which were also better than the corresponding
values of the control devices (10 ms and 7 ms). The faster
response time of the IP/BP devices further demonstrated an
efficient interface and bulk defect passivation. The linear
dynamic range (LDR) or photosensitivity linearity and 3 dB
bandwidth are key parameters for characterizing the detectable
linear light intensity of QD PDs. According to the equation re-
ported in the literature LDR ¼ 20 log(Jph/Jd),25 where Jph is the
photocurrent measured at a light intensity of 1 mW cm�2. The
LDR values of the IP/BP and control devices were calculated to
be 101.28 dB and 92.78 dB, respectively (Fig. 6b), which were
close to that of Si PDs (120 dB) and much higher than that of
InGaAs PDs (66 dB).26 The 3 dB bandwidth of the IP/BP device
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a and b) Bias dependence of the responsivity and detectivity. The measurements were performed utilizing an 850 nm LED lamp with
a 430 mW cm�2 light intensity. (c and d) The responsivity and detectivity dependence on the incident illumination intensity. The measurements
were performed utilizing a 650 nm LED lamp with a 430 mW cm�2 light intensity at 0 V bias.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 3

/2
0/

20
26

 1
0:

04
:2

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
could reach 5 kHz (Fig. 6c), which is much higher than that of
the control device (1 kHz) verifying the fast response of the IP/
BP device.

According to the above comparison analysis, a pronounced
enhancement was obtained from the IP/BP devices. A possible
mechanism for the improvement is schematically described in
Fig. 7. For the control device utilizing TBAI as the ligand, there
may exist sub-bandgap defect states for the absorber layer and
interface defects originating from oxidation species in the PbS
QDs–TBAI lm (Fig. 7a).27 In contrast, the sub-bandgap states
Fig. 6 Performances of the control device and IP/BP-PDs. (a) The n
Photocurrent linearity upon the incident light intensity. (c) Responsivity
performed utilizing an 850 nm LED lamp with a 430 mW cm�2 light inte

This journal is © The Royal Society of Chemistry 2017
can be removed and favor carrier transfer by the PbI2 treatment
for the interface and QD ligands (Fig. 7b). Meanwhile, the
conduction band of a thin layer of PbI2 was a little higher than
those of ZnO and PbS–TBAI, so it could work as a barrier for
electron injection and thus suppressed the dark current.
Therefore, the IP/BP devices could reduce the bulk recombina-
tion and enhance the charge carrier collection efficiency for the
photovoltaic PDs.

The normalized transient photovoltage decay is shown in
Fig. 7c. The decay time of the IP/BP device (590 ms) is much slower
ormalized photocurrent decay of the control and IP/BP devices. (b)
evolution with the input signal frequency. All the measurements were
nsity at 0 V bias.

RSC Adv., 2017, 7, 52947–52954 | 52951
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Fig. 7 (a) Schematic energy–band diagram for TBAI treated PbS QD PDs. (b) Energy–band diagram of the IP/BP treated PDs. (c) The normalized
photovoltage decay of the control and IP/BP devices. (d) EQE spectra of the control and IP/BP PDs. (e) EIS diagrams of the IP/BP PDs and control
device.
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than that of the control one (282 ms). It can be inferred that the
charge recombination lifetime of the IP/BP devices is much
longer than that of the control device, and thus could improve PD
performances. An external quantum efficiency (EQE) was
measured in order to further verify the spectra dependent
quantum yields. Both the IP/BP and control devices demonstrated
wide spectra and a high EQE response (Fig. 7d). In the spectra at
high photon energies (300–560 nm), the EQE values of the IP/BP
device were nearly the same as those of the control device. At
longer wavelengths (570–980 nm), the EQE values of the IP/BP
devices were much higher than those of the control one. As the
EQE values in the spectra at long wavelengths highly depended on
the bulk passivation and carrier transport, this further veried the
IP and BP treatment functions. Therefore, the IP/BP devices could
obtain a higher photocurrent up to 21.84 mA cm�2, in good
agreement with the measured Jsc. Electrochemical impedance
spectroscopy (EIS) is a powerful tool to understand photocarrier
transport related information. Fig. 7e shows the EIS spectra of the
control and IP/BP devices and that the IP/BP devices obtained
a smaller series resistance and larger shunt resistance compared
with the control device. The enhanced performance of the IP/BP
PDs is similar to the prediction results, which veried the supe-
rior effect of the combination of interface and bulk passivation.

In order to make clear whether the PD signal was from
thermal effects or light conversion, the temperature dependent
responsivity of the PbI2 treated PbS QDs was investigated from
80–300 K (Fig. S4†). The responsivity contained little increase
(<5%), which may be ascribed to a temperature increase.
However, the main contribution of the obtained photodetector
52952 | RSC Adv., 2017, 7, 52947–52954
signal was achieved from light conversion rather than
a temperature increase. Thus, the present PD detection was
stable avoiding the effect of temperature change within the
above measurement range.
Conclusions

In summary, we have systematically demonstrated IP/BP PDs by
utilizing PbI2 for the interface passivation and QD ligand. A
series of PDs were fabricated and demonstrated passivation
capability. The PbI2 layer intercalation could elevate the
photocurrent and reduce the dark current at the same time by
interface-passivation and a carrier-transferring-barrier effect.
The developed IP/BP PDs combining interface and bulk
passivation together have successfully increased the photocur-
rent to 4 times higher and suppressed the dark current to one-
tenth lower than those of the control device. It’s worth
mentioning that a high detectivity (1.3 � 1013 Jones) and effi-
ciency (8%) were also obtained in the IP/BP PDs. The efficient
passivation potential and convenient operation process of the
present IP/BP PDs could shed light on the further study of
advanced PbS QD optoelectronic devices.
Experimental section
PbS CQD and QD ink synthesis

The QDs were synthesized according to the method of Hines28

with slight modications.29 The PbI2 ligand passivated PbS CQD
ink was prepared according to the literature method.23
This journal is © The Royal Society of Chemistry 2017
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ZnO lm fabrication

The ZnO precursor solution was obtained by dissolving 1.5 g of
zinc acetate dehydrate (99%) in 20 mL of 2-methoxyethanol
(99%) with 0.4 mL of ethanolamine (99%) at 60 �C for 10 h
under vigorous stirring. The ZnO lm was prepared by spin-
coating the precursor on a clean ITO substrate at 4000 rpm
for 30 s and then annealing at 400 �C for 15 min. The above step
was repeated for several times to reach the desired thickness.

Device fabrication

For the layer-by-layer (LBL) method, the PbS QD lm was
deposited by spin-coating the QD octane solution on the ZnO
coated ITO substrate with or w/o the PbI2 (in DMF, ca. 0.5, 0.05,
and 0.0025 g mL�1) interface layer at 2500 rpm for 30 s. The
ligand exchange was conducted by dropping 10 mg mL�1 tet-
rabutylammonium (TBAI) (in methanol) and then spinning
with the same speed once and rinsing twice with methanol to
remove the residual TBAI. Such a deposition process was
repeated for 8–10 times to get the desired thickness. For a one
step method, the QD lm was made by spin-coating at 400–
600 rpm and then annealing at 90 �C for 1 min. Subsequently,
two layers of EDT treated QDs were deposited through spin-
coating the PbS QD octane solution at the same speed fol-
lowed by one time EDT acetonitrile (0.01%) treatment and
acetonitrile washing 2 times. Finally, Au electrodes (�100 nm
thick) were made with a shadow mask (0.09 cm2) by thermal
evaporation.

Characterization and measurements

The materials were characterized by UV-Vis absorption spec-
troscopy (Cary, Lambda 950) and X-ray diffraction spectrsocopy
(XRD, XRD-7000S/L). Performances of the PDs were measured
using a probe station connected to an Agilent B1500A semi-
conductor characterization system. Illumination was generated
from different light-emitting diodes with different absorption
peaks controlled by a functional generator (Agilent 33210A). The
light intensity was calibrated using a silicon PD (Newport 818-
UV). The J–V curves were measured using a Keithley 2400 source
unit with a xenon lamp (Newport, 3A solar simulator, 94023A-U,
Germany) as simulated AM 1.5G irradiation at 100 mW cm�2

under ambient air conditions. The EQE spectra were taken
using a home-made setup containing a Keithley 2400 source
measure unit and Newport monochromator. The output power
was also calibrated by a Si photodiode. EIS was performed on an
electrochemical workstation (ZAHNER Zennium, Germany) in
the dark state with the frequency ranging from 10 mHz to 4MHz.
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