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ABSTRACT: Colloidal quantum dots/graphene (QD/Gr) nanohybrids have been studied intensively
for photodetection in a broadband spectrum including ultraviolet, visible, near-infrared, and shortwave
infrared (UV−vis-NIR-SWIR). Since the optoelectronic process in the QD/Gr nanohybrid relies on the
photogenerated charge carrier transfer from QDs to graphene, understanding the role of the QD−QD
and QD−Gr interfaces is imperative to the QD/Gr nanohybrid photodetection. Herein, a systematic
study is carried out to probe the effect of these interfaces on the noise, photoresponse, and specific
detectivity in the UV−vis-NIR-SWIR spectrum. Interestingly, the photoresponse has been found to be
negligible without a 3-mercaptopropionic acid (MPA) ligand exchange, moderate with a single ligand
exchange after all QD layers are deposited on graphene, and maximum if it is performed after each QD layer deposition up to five
layers of total QD thickness of 260−280 nm. Furthermore, exposure of graphene to C-band UV (UVC) for a short period of 4−5
min before QD deposition leads to improved photoresponse via removal of polar molecules at the QD/Gr interface. With the
combination of the MPA ligand exchange and UVC exposure, optimal optoelectronic properties can be obtained on the PbS QD/Gr
nanohybrids with high specific detectivity up to 2.6 × 1011, 1.5 × 1011, 5 × 1010, and 1.9 × 109 Jones at 400, 550, 1000, and 1700 nm,
respectively, making the nanohybrids promising for broadband photodetection.
KEYWORDS: interface, photodetector, quantum dots, nanohybrid, broadband

1. INTRODUCTION
The colloidal quantum dots (QDs)/graphene (Gr) nanohybrid
heterostructure (QD/Gr) takes advantage of the strong
quantum confinement in both materials that results from the
low dimensionality of each.1 In graphene, this confinement
leads to exceptional charge carrier mobility at room temper-
ature.2−7 On the other hand, quantum confinement in QDs
leads to benefits in the form of enhanced light-matter
interaction, spectral tunability, suppressed phonon scattering,
and multiple exciton generation.8−14 For example, PbS QDs
have a broadband absorption covering from ultraviolet to
visible that could be further extended to near-infrared (NIR)
and shortwave-infrared (SWIR) via QD size tuning. Recently,
specific detectivities (D*) of 1013 and 1012 Jones have been
reported under 532 nm (visible) and 1550 nm (SWIR)
incident wavelength, respectively, on PbS QD/Gr nanohybrid
photodetectors.1 In fact, interest in nanohybrids comprised of
many different materials (such as WS2, WSe2, MoS2, ZnO,
graphite, Bi2Se3, and CsPbBr2I to name a few) has been
increasing for over a decade as the expected next generation of
photodetectors and solar cells with the promise to be made
into flexible devices.15−25

In the QD/Gr nanohybrid photodetectors, the optoelec-
tronic process includes three steps: light absorption by the QD
film typically consisting of multilayers of QDs of a few

nanometers in diameter, dissociation of photogenerated
excitons (electron−hole pairs) in the QDs, and charge transfer
from QD film to graphene driven by the built-in electric field
due to the band-edge alignment at the QD/Gr interface. It
should be noted that after one type of charge carriers is
transferred to graphene the other oppositely charged carrier is
trapped in the QDs before charge recombination occurs.26 The
consequent photogating effect on graphene results in the
electrical conductivity change of the graphene channel as the
photoresponse. Therefore, the optoelectronic process is
affected sensitively by two major kinds of interfaces: the
QD−QD interface and the QD-Gr interface, since the
photogenerated charge carriers must travel through multiple
QD−QD interfaces in the QD film of multiple QD layers and
across the QD−Gr interface to complete the optoelectronic
process. In probing the PbS QD/Gr nanohybrid at different
temperatures, Grotevent et al. reported an order of magnitude
lower D* at 1280 nm measured at room temperature
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compared to the same measurement at 80 K, suggesting the
performance limiting factors may affect the PbS QD/Gr
interface more at higher temperatures.27 A hypothesis is that
the defects and adsorbed molecules on the surface of QDs and
graphene may have a critical impact on the charge transfer at
the interfaces of the QD/Gr nanohybrids at room temperature,
while this impact could be reduced significantly at lower
temperatures when the motion and functionality of the defects
and molecules are suppressed. Since uncooled photodetectors
are preferred for a large spectrum of applications, under-
standing role of the interfaces through which to control the
QD/Gr interface is essential to optimization of uncooled QD/
Gr photodetector performance.27

Motivated by this, the PbS QD/Gr nanohybrid was selected
in this work to probe the role of interfaces on the noise and
photoresponse in the broadband spectrum of ultraviolet,
visible, NIR, and SWIR (UV−vis-NIR-SWIR in 400−1700
nm wavelength range) at room temperature. We found that
charge transfer may be blocked if molecules from the QD
synthesis solvents and from air are present at the PbS QD-QD
and QD/Gr interfaces. In order to address this issue, we have
developed interface engineering processes, including C-band
UV light (UVC) irradiation of graphene before QD deposition
and ligand exchange (LE) after each QD layer deposition.
UVC irradiation removes insulating residues that block charge
transfer to graphene as well as the polar molecules that trap
charge at the QD−Gr interface, resulting in an increased
photoresponse and faster response speed. Interestingly, we
have found that these polar molecules can be temporarily
removed from graphene with a moderate irradiation by UVC,
allowing PbS QD deposition to be completed before they
reattach to graphene. Additionally, LE is performed after
deposition of each PbS QD layer to link QD−QD and QD−Gr
interfaces with stable and conductive ligands to facilitate
charge transfer. With the combined layer-by-layer LE and UVC
for optimal interfaces, a high photoresponse in the broadband
of UV−vis-NIR-SWIR can be obtained.

2. EXPERIMENTAL SECTION
a. Fabrication of QD/Gr Nanohybrid Devices. Fabrication of

the QD/Gr nanohybrid devices begins with cleaning the SiO2/Si
substrates using 3 rinsing cycles of acetone, isopropyl alcohol, and
reverse osmosis water. Electrodes were patterned onto the substrate
via a shadow mask and deposited using DC sputtering in a high
vacuum chamber (2.5 × 10−7 Torr). The deposited electrodes are 40
nm Nb followed by 10 nm of Pd. The working gas was Ar at a
pressure of 14 mTorr/30 mTorr with a sputtering power of 75 W/87
W for Nb/Pd, respectively. Each sample has four electrodes, each
having dimensions of 4 mm (length) × 0.2 mm (width), allowing
three devices to be obtained on each sample for consistency
confirmation. Single layer graphene was grown on polycrystalline
copper foil with a thickness of 50 μm (Sigma-Aldrich) using low
pressure chemical vapor deposition at 1050 °C with H2/CH4 gases
following our previously reported method.28 The graphene was wet
transferred onto the patterned electrodes using a wet transfer method
reported on previously.29,30

PbS QDs were synthesized in an Ar environment using a Schlenk
line system method and were suspended in hexane as we reported
previously.31 A Bioforce Nanosciences UV/Ozone ProCleaner was
used prior to QD deposition for the specified samples. Deposition of
the QDs was carried out by a micropipet to transfer 10 μL of
suspended PbS QDs onto the substrate. A spin coater, operated at
3000 rpm for 1 min, was utilized to obtain a uniform thin film of PbS
QDs. Efficient charge transfer from QDs to graphene as well as from
QD to QD is necessary for high-performance devices.26,32 In order to

clean the graphene surface, UVC irradiation was employed on
graphene before PbS QD deposition. The UVC irradiation was
carried out in an Ozone Cleaner (ProCleaner plus) that has two
emission wavelengths of 185 and 254 nm. The graphene/SiO2/Si
substrates were placed in the Ozone Cleaner and the UVC irradiation
was carried out at room temperature of 22 °C for 4 min. It should be
noted that UVC photons have fairly high energies of 4.9 eV
(wavelength of 254 nm) and 6.7 eV (wavelength of 185 nm), which
can induce desorption of residual molecules from the surface of the
carbon nanostructures,33,34 as well as effectively breaking the carbon−
carbon bond on graphene.35−37 A careful calibration of the UVC
irradiation effect was carried out previously,36,37 with the optimal
condition of 4 min UVC treatment employed in this work. The
insulating long-chain ligands of oleylamine (OLA) and oleic acid
(OA) that encapsulate the QDs from the synthesis solvents must be
exchanged with more conductive ones to facilitate charge transfer.
Ligand exchange was performed by drop exposure of the QDs to 3-
mercaptopropionic acid (MPA) to replace the OLA and OA ligands.38

After coating PbS QDs on the substrate, 20 μL of MPA and methanol
(1:1 mixture) were micropipetted on the sample followed by a 1 min
wait duration with subsequent removal of the MPA/methanol mixture
by spin coating for 1 min at 3000 rpm. Lastly, 20 μL of methanol was
dropped on the sample to remove any residual MPA, this step was
carried out twice. This deposition procedure was repeated a number
of times to achieve multiple layers of PbS QDs. Finally, platinum
wires that were soldered to the electrodes prior to QD deposition had
the unconnected side soldered to a chip carrier that could be plugged
into the readout electronics.

b. Characterization of QD/Gr Nanohybrids. Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
analysis of PbS QDs were carried out on a JEOL 2100 system with a
field-emission filament and an accelerating voltage of 200 kV. For this
study, the PbS QDs were deposited over a 300 mesh holey carbon Cu
TEM grid. A UV-3600 Shimadzu spectrometer was used to measure
the optical absorption spectra of the PbS QDs. Raman spectra, using a
488 nm excitation laser, were obtained for the graphene using a
WiTec Alpha300 confocal micro-Raman system. The thickness of the
PbS QD film was measured by using a KLA Tencor P-16 profiler. A
Stanford Research Systems SR760 Fast Fourier Transform Spectrum
Analyzer was employed to collect noise spectra for the fabricated
samples.

c. Optoelectronic Characterization of PbS QD/Gr Devices.
The spectral responsivity from 400 to 1000 nm was measured using a
Newport Oriel Apex Monochromator Illuminator and a Newport
Oriel Cornerstone 130 1/8m Monochromator. Diode lasers of output
wavelengths of 1500 nm (SEI SLA5653) and 1700 nm (Eblana
EP1735−0-DM-B06-FM) in the SWIR spectrum were used as the
light source for optoelectronic characterization of the PbS QD/Gr
nanohybrids. The power supply used with these diode lasers was an
Arroyo Instruments 6310. Modulation of the light sources was
achieved with a Thorlabs MC1000 optical chopper, and the resulting
device photocurrent was measured using a CH Instruments 660D
electrochemical workstation.

3. RESULTS AND DISCUSSION
Figure 1a exhibits schematically the device architecture of 2
electrodes connected by a graphene channel with PbS QDs
deposited on top of the graphene channel. Each sample has
four electrodes as shown in the upper-right inset of Figure 1a
and hence consists of 3 devices to obtain reasonable statistics.
The graphene channels are 0.2 mm long and 4 mm wide. The
red arrows in the central graphic of Figure 1a indicate the two
interfaces, QD-Gr (right) and QD-QD (left), whose charges
must be transferred across to photogate the graphene after
exciton dissociation. The built-in electric field at the QD-Gr
interface is due to the band-edge alignment, as shown in the
upper-left inset of Figure 1a, which drives the charge transfer
from QDs to Gr. The graphene surface can be refined by UVC
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irradiation as depicted in Figure 1b to remove unwanted polar
molecules and breakdown residual polymer left from the
graphene transfer process. The second step to enhance the
QD−QD and QD−Gr interface is the exchange of ligands
surrounding the QDs from long-chain insulating OLA and OA
to short-chain conductive MPA ligands, as shown schemati-
cally in Figure 1c.
Characterizations of the PbS QDs and graphene are shown

in Figure 2. QD size and crystallinity were determined from
the TEM data (Figure 2a). The HRTEM of a representative
PbS QD in the inset of Figure 2a confirms the halite crystalline
structure as expected for PbS with the lattice spacing of d(220) =
0.23 nm and d(011) = 0.41 nm, respectively. The HRTEM
image in the inset of Figure 2b shows the presence of both Pb
(black) and S (yellow) atoms, which is demonstrated by
overlapping the simulated projections using Vesta software and
the halite.cif file. The .cif file was obtained from the American
Mineralogist Crystal Structure. Figure 2b shows the QDs size
distribution with an average size of 8.4 nm. However, it is
important to note that the QD size has a broad distribution in
the range of 2−20 nm with ∼60% of the PbS QDs having sizes
between 2 and 6 nm, as seen in Figure 2b.
The absorption spectrum of the PbS QDs can be seen in

Figure 2c with an absorption peak at 1770 nm, and the
broadband absorption is associated with the nonuniform size
of the PbS QDs. Figure 2d contains a representative Raman
spectrum for the graphene. Peaks at 1370 and 1610 cm−1 are
the so-called D and G bands corresponding to the in-plane
vibrational mode and A1g breathing mode of the hexagonal
rings, respectively. A third peak at 2740 cm−1 is of the second
order of the D band. Graphene quality can be determined from
the height of the D band relative to the G band; a low D/G
peak height ratio, as shown in Figure 2d, indicates a low
concentration of defects in the graphene crystal structure. The
number of graphene layers is typically determined from the
2D/G peak height ratio. Generally, a 2D/G ratio greater than
1.4 is considered monolayer.28,39,40 2D/G and D/G ratios of
2.57 and 0.14 were calculated from the spectrum shown in

Figure 2d, confirming the graphene is a monolayer with
negligible defects.
One of the interfaces scrutinized by this study is the QD−

QD interface. At the heart of matter are capping ligands
attached to the dangling bonds on the surface of the PbS QDs.
Typically, OLA ligands are present after QD synthesis and are
kept in place to help suspend the QDs for processing and
protect the QDs from degradation that results when the
uncapped surface is exposed to polar molecules.41,42 However,
the insulating OLA ligands hinder charge transfer from QDs to
graphene, as shown in Figure 3a by the negligible photo-
response measured on a PbS QD/Gr device with OLA capped
(red) PbS QDs. This means the insulating ligands must be
replaced with conducting ligands, such as MPA, to enable
charge transfer across QD−QD and QD−Gr interfaces.
Indeed, a large photoresponse can be observed after LE with
MPA (blue) on the same device, illustrating the critical effect
of LE on the photoresponse (Figure 3a). A looming question
exists of how complete the ligand exchange process is when
comparing devices with a single layer of QDs versus multiple
layers of QDs. Figure 3b compares 2 devices, one with a single
QD deposition and the other with 6 depositions, both with a
single LE step after the deposition(s). The negligible difference
in the photocurrent between the two devices suggests that the
additional 5 layers of PbS QDs make almost no contribution to
the photoresponse. A possible explanation is that the majority
of the OLA/OA capping ligands could not be exchanged with
MPA effectively using the one-step LE after multiple QD layer
depositions, as shown schematically in Figures 3c,d.
Prior to QD deposition, the graphene is cleaned by acetone

and 2-propanol rinses to remove any residual PMMA left by
the transfer as well as any dust or air particles that may have
settled on the sample. Under the assumption that this may not
be enough to guarantee a pristine graphene surface (for a clean
QD-Gr interface), a UVC/ozone cleaner was utilized to
provide further decontamination. The effects of the UVC
treatment on noise current, photocurrent, and channel
resistance are shown in Figure 4. Six samples were fabricated
and exposed to 0, 2, 4, 5, 6, and 7 min of UVC. Before UVC
irradiation, the resistance of each device on all samples was
recorded. Immediately after the UVC radiation, the resistance
and noise spectrum of each sample was measured followed by
PbS QD deposition. There is little change in the noise
spectrum of graphene as can be seen in Figures 4a,b. The error
bars represent the standard deviation of the 3 devices on each
sample. The dynamic response of an on/off cycle for
illumination by a 1500 nm laser diode for a single device
from each of the six samples is displayed in Figure 4c. From
the dynamic photoresponse, it can be seen that the UVC
treatment results in an enhanced photocurrent, the factor of
enhancement being shown on the left-side y-axis of Figure 4d,
for all irradiation durations. The maximum enhancement factor
of 3.92 ± 0.55 was observed for a 4 min UVC exposure
(green). Changes in resistance are shown on the right-side y-
axis of Figure 4d, from which it can be seen that UVC
durations greater than 4 min result in significant resistance
increases. Raman spectra taken on a different set of samples
(with only graphene) saw significant increases in the average D
peak height for samples irradiated for longer than 4 min in
UVC, indicating damage to the graphene (see Figure S2).
Therefore, exposing graphene to moderate UVC irradiation
prior to QD deposition likely improves the photoresponse by
generating a cleaner QD-Gr interface. However, damage to

Figure 1. (a) Device design consists of 2 electrodes, a graphene
channel, and photosensitive PbS QDs on top of the graphene. The
upper-left inset depicts the interface energy band diagram between
QD−Gr, while the upper-right inset shows the 3-device design
adopted for this study. (b) Illustration showing the removal of polar
molecules from graphene via UVC irradiation. (c) Exchange of long-
chain insulating OLA and OA (left) with short-chain conducting
MPA (right) ligands that surround the deposited QDs.
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graphene may occur for UVC exposure for longer than 4 min,
which could reduce the benefits of the clean QD−Gr interface.
Nevertheless, all five samples with UVC exposure times in the
range of 2−7 min exhibit higher photoresponse than that of
the unexposed counterpart (red), demonstrating the critical
importance of a clean QD-Gr interface to charge transfer and
hence optoelectronic performance of the QD/Gr nanohybrids.
With the understanding of the effect of UVC irradiation on

the QD−Gr interface and LE on both Gr-QD and QD-QD
interfaces, an additional question is raised of how thick the PbS
QD film should be for maximum photoresponse if efficient
charge transfer can be established across both QD−QD and
QD−Gr interfaces. In order to answer this question, LE was
performed after every PbS QD deposition up to six depositions
on UVC treated graphene (4 min). Figure 5a shows that the
QD thickness increases linearly with the number of QD
depositions, as expected, with each deposition step increasing
the QD film thickness by about 50 nm. The photoresponsivity
(R*) of a photodetector is defined as the ratio of the
photocurrent to the illumination power upon the device,

* =R
I I

P
L D

0 (1)

Figure 5b displays the normalized R* measured at nine
different wavelengths in the range of 400−1700 nm, at
different stages in the device fabrication process, showing a
drop in R* after every deposition step (D1 through D5)
followed by an increase after every LE step (LE1 through
LE5). Interestingly, a monotonic increase of R* with PbS QD
depositions can be clearly seen in the broadband of UV−vis-
NIR-SWIR. The normalization is made by dividing all R*
values by that after the completion of LE5. This linear trend of
the R* in Figure 5b suggests that the consecutive LE following
each PbS QD deposition is effective in removing charge traps
by the OLA/OA capping ligands and replacing them with
conductive MPA ligands for optimal QD−QD and QD−Gr
interfaces. The R* for 3 different devices on the sample as the
function of increasing PbS QD film thickness is plotted in
Figure 5c, indicating that QD layers higher than ∼250 nm (or
five QD depositions) from the graphene do not contribute to
the photoresponse (charges are either not collected or the
photoinduced exciton in the QD is not dissociated). It should
be noted that this thickness is comparable to that of the
colloidal PbS QD heterojunction photodiode for maximal
charge extraction and hence quantum efficiency.43 The effect
of the fabrication steps on the graphene noise is presented in

Figure 2. (a) TEM image of the PbS QDs showing the regular morphology of the PbS QDs. The inset exhibits the HRTEM image of a
representative QD, which shows the location where the HRTEM FTT and IFTT were taken, respectively. (b) Histogram showing the PbS QD size
distribution with an inset showing the Vesta projection of the PbS (halite) over the HRTEM image. (c) Absorption spectrum of the PbS QDs, and
(d) Raman spectrum of the graphene.
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Figure 5d from which a decrease in the noise current at low
frequencies, by as much as an order of magnitude, after the first
QD deposition and ligand exchange can be observed. This is
accompanied by an increase in the graphene channel
resistance, likely caused by n-type doping of graphene
introduced by dangling bonds on the PbS QD surface that

were not capped with a MPA ligand or the ligand fell off. While
the specific mechanism associated with the noise decrease
requires further investigation, we hypothesize that the n-
doping of graphene would reduce the p-type doping typical of
CVD graphene by adsorbed polar molecules, primarily from
air, bringing the Fermi energy closer to the Dirac point or

Figure 3. (a) Dynamic photoresponse comparison of before and after ligand exchange for a sample with 1 layer of PbS QDs. (b) Comparison of
the dynamic photoresponse for 2 different samples, 1 layer and 6 layers of PbS QDs, both with a single MPA ligand exchange. (c,d) Drawings
comparing ligand exchange effectiveness for 1 layer and 6 layers, respectively. The need to perform ligand exchange for every layer to ensure all
QDs are electrically well connected with MPA can be seen as not all QDs having exchanged OLA/OA with MPA. It should be noted that after the
LE, the QD film becomes highly reflective indicating a fairly uniform dispersal of QDs.

Figure 4. (a) Noise spectra for different UVC exposure times. (b) Noise current at a frequency of 60 Hz and 1 V bias voltage for varied UVC
exposure times. (c) Dynamic response to 1.5 μm light. (d) Responsivity enhancement factor for 1.5 μm light (left-side y-axis) and the change in
resistance for different UV exposure times (right-side y-axis).
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closer to the intrinsic charge carrier density and hence lower
noise.

D* can be estimated using the equation of * =
*

D
R LW f

IN
,

where Δf is the bandwidth, IN is the noise current, and L and

W are the graphene channel length and width, respectively.44

Figure 6a,b compares the D* for illumination wavelengths
between 400 and 1700 nm and varied light intensity on two
samples, both with 6 PbS QD depositions. One sample had
only a single ligand exchange at the end of the QD depositions

Figure 5. (a) PbS QD film thickness vs number of deposition cycles. (b) R* vs PbS QD depositions (D) and LEs. Note that the R* values are
normalized to that after D5 and LE 5 were completed. (c) Responsivity vs number of depositions, tested under 1500 nm illumination. (d) Noise vs
device fabrication step. The steps labeled with an * denote the data was taken with the sample illuminated by a broadband high intensity white
light.

Figure 6. (a,b) D* vs incident light power on the PbS QD/Gr heterostructure devices with 6 depositions and (a) one LE at the end. (b) 6 LEs, one
after each deposition, for several wavelengths. (c,d) Predicted D* enhancement factor between 6 LEs and 1 LE (c) vs wavelength for several
incident light powers. (d) vs incident light power for several wavelengths.
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(Figure 6a) and the other with 6 ligand exchanges, one after
each of the 6 QD depositions (Figure 6b). While the two
samples show qualitatively similar light intensity dependence at
the same wavelengths, the D* values for the sample with 6 LEs
(Figure 6b) are considerably higher by approximately 1 order
of magnitude than its counterpart with only 1 LE (Figure 6a).
Figure 6c,d displays the enhancement factor between the
sample with 6 LEs and that with 1 LE as a function of
wavelength and illumination intensity, respectively. The dotted
lines in Figure 6d are the predicted enhancement factor from
fits to the data points in Figure 6a,b. Interestingly, the
enhancement factor increased with the wavelength. In UV−vis
spectra, the enhancement factor is in the range of 2−3 while in
the SWIR spectrum, it exceeds 10. This indicates that the
QD−QD and QD−Gr interfaces would have a more significant
impact on optoelectronic performance at longer wavelengths.
This is anticipated since a more efficient charge transport is
required as the photogenerated changes generated by photons
of longer wavelengths would have lower kinetic energies. D*
values of 2.6 × 1011, 1.5 × 1011, 5 × 1010, and 1.9 × 109 Jones
at 400, 550, 1000, and 1700 nm were measured for the 6 LE
sample that harnessed both QD−QD and QD−Gr interface
enhancements. Comparing the 550 nm result (1.5 × 1011 Jones
for a light intensity of 1.7 μW/cm2) to that of Konstantatos et
al. (the first report on PbS QD-Gr nanohybrids), the D* in our
work is 2 orders of magnitude lower.1 The difference can be
explained by (1) use of a gate to enhance the charge transfer
from QD to graphene, (2) lower light intensity, and (3)
smaller QDs, which are optimized for shorter wavelengths with
a higher photoconductive gain. We estimate all of these factors
would account for at least 2 orders of magnitude (a factor of 2
from (1) and an order of magnitude each from both (2) and
(3)), rendering our result comparable with that of
Konstantatos et al. Table 1 summarizes recent work on QD/
graphene photodetectors.

Lastly, to highlight the importance of balancing light
absorption by the QD film and subsequent charge transfer
from to graphene, an illustration is presented in Figure 7 of the
three possible situations arising from the QD film thickness:
too thin, optimal, and too thick. In the case of a QD film that is
too thin (Figure 7a), a significant portion of the incident light
is not absorbed. The obvious solution would be to increase the
film thickness (Figure 7b). Careful attention is required to not
overdo the film thickness (Figure 7c) as the likelihood of failed
charge dissociation or charge recombination before charge
transfer to graphene can occur increases with the thickness of
the QD film. While the optimal PbS QD film thickness was
found to be around 250 nm, testing is required to define the

optimal film thickness for other films of different QD material
and/or QD size.

4. CONCLUSIONS
In summary, this work probed the role of interfaces in PbS
QD/Gr nanohybrid photodetectors in terms of the charge
transfer across the QD−QD layers and QD/Gr interface
during the optoelectronic process for photodetection in a
broadband of UV−vis-NIR-SWIR. The critical role of the
interfaces on the figures of merit, R* and D*, has been
revealed, and optimization of the charge transfer across QD−
QD layers and QD/Gr interface was found imperative to
achieving high photodetector performance. In order to obtain
efficient photocarrier transfer across the QD−QD interface, a
layer-by-layer MPA ligand exchange was developed in this
work and a monotonic increase of the R* with the QD layer
coating up to six layers has been observed. In contrast, a single
MPA ligand exchange, after completing all six QD layer
depositions, yielded a comparable R* to that of only one QD
layer, indicating the majority of photocarriers generated in the
six QD coatings were annihilated via recombination with no
contribution to R* due to the lack of efficient charge transfer in
the QD layer. To improve the QD/Gr interface for charge
transfer from QD to graphene, a UVC irradiation on the
graphene was developed to provide cleaning of the graphene
surface prior to QD deposition to remove any insulating
residues and polar molecules that either block charge transfer
or trap transferred charges. Overall, a factor of ∼2−10 and ∼4
improvement in R* was achieved by layer-by-layer MPA ligand
exchange and UVC treatment, respectively. This has yielded
high D* up to 1.5 × 1011, 5 × 1010, and 1.9 × 109 Jones at 550,
1000, and 1700 nm, respectively.
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Table 1. Summary of Recent Work on QD/Graphene
Photodetectors

QD material
test wavelength

[nm] R*[A/W] D* ref.

PbS 532 107 7 × 1013 1
PbS 635 107 N/A 45
PbS 550 1.5 × 1011 this

work
FeS2/PbS 500 3.27 × 106 4.89 × 1011 38
CdS 450 40 46
Cu3‑xP 405 9.37 5.98 × 1012 47
CsPbBr3‑xIx 405 8 × 108 2.4 × 1016 48

Figure 7. Illustration of the balance needed between light absorption
and charge transfer to obtain optimal device performance, mediated
by the QD film thickness. (a) QD film that is too thin leads to less
light absorption, thus less possibility for dissociated exciton charges to
be transferred to graphene. (b) Optimum QD film thickness that
balances light absorption and charge transfer. (c) QD film that is
thicker than optimal absorbs more light but may have charges
recombined before transfer to graphene can occur.
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