
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
0/

27
/2

02
5 

8:
01

:5
5 

A
M

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
High resolution p
Department of Nanoengineering, Center for M

Center for Resilient Materials and Systems,

Gilman Drive, La Jolla, CA, 92093, USA. E-m

† Electronic supplementary informa
10.1039/d1na00582k

Cite this: Nanoscale Adv., 2021, 3,
6206

Received 26th July 2021
Accepted 24th August 2021

DOI: 10.1039/d1na00582k

rsc.li/nanoscale-advances

6206 | Nanoscale Adv., 2021, 3, 620
atterning of PbS quantum dots/
graphene photodetectors with high responsivity via
photolithography with a top graphene layer to
protect surface ligands†

Seungbae Ahn, Wenjun Chen and Oscar Vazquez-Mena *

Photodetectors based on colloidal quantum dots (CQDs) and single layer graphene (SLG) have shown high

responsivity due to the synergy of strong light absorption from CQDs and highmobility from SLG. However,

it is still challenging to achieve high-density and small-footprint devices on a chip to meet the demand for

their integration into electronic devices. Even though there are numerous approaches to pattern the

chemically fragile CQD films, usually they require non-conventional approaches such as stamping and

surface modification that may be non-compatible with semiconductor processing. In this study, we

show that conventional lithography and dry etching can be used to pattern QD active films by employing

a graphene monolayer passivation/protective layer that protects the surface ligands of CQDs. This

protective layer avoids damage induced by lithography process solvents that deteriorate the carrier

mobility of CQDs and therefore the photoresponse. Herein we report patterning of CQDs using

conventional UV photolithography, achieving reproducible five-micron length PbS CQDs/SLG

photodetectors with a responsivity of 108 A W�1. We have also fabricated thirty-six PbS CQDs/SLG

photodetectors on a single chip to establish micron size photodetectors. This process offers an

approach to pattern QDs with conventional UV lithography and dry etching semiconductor technology

to facilitate their integration into current semiconductor commercial technology.
1. Introduction

Colloidal quantum dots (CQDs) are promising nanomaterials
for light emission and detection applications because of their
unique characteristics1 such as tunable band gaps that cover
ultraviolet (UV), visible (Vis), and infrared (IR) bands (l: 300 nm
to 8 mm) depending on their composition (e.g. ZnO, CdS, PbS,
GaAs, and HgTe) and size.2–4 Optical properties such as high
absorption and emission are very attractive for various appli-
cations such as photovoltaics, photodetectors, and light-
emitting diodes.5,6 Moreover inorganic semiconductors offer
high-speed performance and the Gr/QD system offers ultrathin
and exible active lms with high-responsivity that are impor-
tant in biomedical applications. Even though there have been
various studies to improve the efficiency and stability of
CQDs,7,8 there are still limitations regarding the patterning
techniques compatible with conventional semiconductor pro-
cessing to facilitate their integration into electronic devices. The
ligands required to stabilize lms and facilitate charge
emory and Recording Research, Calibaja
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tion (ESI) available. See DOI:

6–6212
transport are chemically fragile with respect to chemicals
involved in conventional lithography processes such as photo-
resists, developers and resist removers. The proposed methods
allowing CQD patterning include jet printing,9 dip-pen nano-
lithography,10 contact-printing,11 light-driven ligand cross-link-
ing,12 assisted patterning,13 and direct extreme ultraviolet and
electron-beam lithography.14 However, there is still a chal-
lenging trade-off between processing complexity, resolution
and cost. For example, direct patterning methods such as jet
printing, dip-pen nanolithography, and contact-printing have
been extensively developed, but they still fall short of current
industrial demands in terms of resolution, throughput rate, and
uniformity. Light-driven ligand crosslinking patterning can
achieve high resolution, but it requires specic light-sensitive
ligands. Conventional UV photolithography has strong limita-
tions since the photoresist and developer react with the short-
chain ligands on CQDs, causing performance degradation.

In this study, we developed an effective patterning technique
that uses conventional UV photolithography and dry etching of
CQDs by means of a poly(methyl methacrylate) (PMMA)/single
layer graphene (SLG) passivation layer (PGPL) to prevent the
damage of the CQD surface ligands by photolithography
chemicals. This is extremely relevant since damage of the QD
surface ligands can result in severe degradation of photocarrier
© 2021 The Author(s). Published by the Royal Society of Chemistry
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transfer in the QD lm and therefore in the photodetection
performance. There have been numerous reports showing the
use of SLG as an impermeable layer for various liquids and
gases, allowing the protection of chemically fragile struc-
tures.12,13 Based on this report, we use SLG to protect the QD
ligands during the pattering process to successfully pattern PbS
QD lms, achieving minimum features of 10 mm by 10 mm
squares and line arrays with a 3 mm pitch. More importantly, we
demonstrate the fabrication of PbS QDs/SLG photodetectors
with different SLG channel lengths (5, 10, 20, 50, 100, 200, and
500 mm) showing higher responsivity and avoiding performance
degradation as compared to devices fabricated without the
protective layer. Since the photogain increases as the device
length decreases, we achieve a high responsivity of 108 A W�1

with the smallest channel length of 5 mm. Also, thirty-six PbS
QDs on SLG photodetectors have been fabricated to test the
reliability aer the patterning process.
2. Results and discussion

Fig. 1 shows the process ow for the patterning of CQDs on SLG
with a PGPL via a conventional photolithography method to
obtain CQD based photodetectors. The substrate has pre-
dened Au electrodes prepared by lithography and li-off with
Fig. 1 Schematic diagram of the patterning process of PbS CQDs using a
beam evaporator with different channel lengths (5, 10, 20, 50, 100, 20
patterned-electrode substrate via the PMMA supported wet transfer me
same channel width (100 mm). (d) PbS CQDs were deposited by the spin
onto PbS CQDs on the patterned SLG substrate. (f) Photoresist was coate
UV photolithography process. (h) Exposed PGPL and PbS CQDs were rem
the PGPL was removed using acetone, and cleaned using IPA, and DI (i) S
line array. (k) SEM image of “UCSD Nanoengineering” legend words. Inse

© 2021 The Author(s). Published by the Royal Society of Chemistry
channel lengths of 5, 10, 20, 50, 100, 200, and 500 mm, and with
a xed width of 500 mm on top of SiO2, as shown in Fig. 1(a).
Then the SLG layer as a conductive channel was transferred
onto the substrate via PMMA supported wet transfer (Fig. 1(b)).
The patterning of SLG using a AZ1518 photoresist and oxygen
plasma etching is described in the Experimental section
(Fig. 1(c)). SLG channels with a xed width of 100 mm and
varying channel lengths adapted to the 50–500 mm long pre-
dened electrodes were patterned (Fig. SI.1(a)†). The patterned
SLG substrate was coated with PbS CQDs via spin coating
(Fig. 1(d)). The deposition of PbS CQDs and ligand exchange are
described in the Experimental section. Aer that, the PGPL was
transferred on top of the CQD lm following conventional
PMMA/Gr transfer in aqueous solution (Fig. 1(e)). During PGPL
transfer, the device is immersed in DI water; however, previous
reports show that this process does not induce signicant
degradation of the light absorption of the PbS CQD lm.15–17 The
AZ1518 UV photoresist was spin coated on top of the PGPL, as
shown in Fig. 1(f). The PGPL prevents the photoresist from
permeating into PbS CQDs due to low permeability of PMMA
and SLG. The photoresist was patterned and developed using
conventional UV photolithography (Fig. 1(g)). The etching
process was done in two steps. First, the top PGPL was etched
using oxygen plasma. Aer that, the PbS CQDs were etched
PGPL. (a) Au (100 nm)/Cr (10 nm) electrodes were deposited using a e-
0, and 500 mm). (b) PMMA/SLG layer was transferred onto the pre-
thod. (c) SLG was patterned by the photolithography method with the
-coating method with TBAI ligand exchange. (e) PGPL was transferred
d on the substrate. (g) The patterning was executed by the conventional
oved by oxygen plasma and CH4/H2/Ar plasma, respectively. After that,
EM image of the 10 mm � 10 mm square array. (j) SEM image of the 3 mm
t: Pb EDX signal from SEM.

Nanoscale Adv., 2021, 3, 6206–6212 | 6207
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using a mixture of H2/CH4/Ar.18,19 Aer the etching process, the
PGPL was removed by immersing in acetone and cleaned using
IPA and DI water. The conditions for etching SLG and PbS QDs
and the cleaning process are described in the Experimental
section. A gas mixture of CH4/H2 plasma was commonly used
for dry etching III–V and II–VI semiconducting materials. In the
process, CH4 gas forms volatile metal organic species with lead,
which is easily removed from the surface by Ar ions, and H2

forms volatile hydride species with sulfur. Optical pictures of
the nal patterned PbS CQDs/SLG photodetectors are shown in
Fig. SI.1(b).† Our nal devices have a bottom SLG that serves as
a charge collector, the PbS CQD lm that serves as a light
absorber, and the top PGPL that protects the QDs during
photolithography but also contributes to charge collection in
this case. Fig. 1(i)–(k) show the scanning electron microscope
(SEM) images of examples of different patterns of CQD lms
that illustrate the capabilities of our method to pattern CQD
lms. Fig. 1(i) shows a 2D array of 10 mm � 10 mm squares,
Fig. 1(j) shows a line grid of 3 mmwide CQD lms separated by 3
mm, and Fig. 1(k) shows the “UCSD Nanoengineering” legend.
This patterned array of PbS CQDs shows no signicant residue
in regions where the etching process occurred. The inset in
Fig. 1(k) shows images of the Pb signal from EDX.

In order to understand the possible effects of the photoli-
thography process on the performance and chemistry of the
CQDs, we investigated the lithography patterning with and
without the protective layer by UV-Vis spectroscopy and Fourier
transform infra-red spectroscopy (FTIR) of the CQDs. It is
observed that the rst absorption peak of pristine PbS CQDs is
at 930 nm. However, aer patterning without the PGPL, there is
a blue shi of �35 nm and a reduction in the rst absorption
peak, as shown in Fig. 2(a). In contrast, when using the PGPL,
the blue shi is limited to�6 nm (Fig. 2(b)) and the rst exciton
absorption peak is not reduced. We suggest that for the samples
without the PGPL, the spectral modication is due to the
formation of minibands in PbS QDs induced by electron
coupling between adjacent QDs when the ligands are modied
by the organic developer or photoresist.20 FTIR spectra are
shown in Fig. 2(c), providing further insight into the surface
chemistry of the CQDs during the lithography process and the
Fig. 2 (a) UV-Vis absorption spectra of PbS CQDs without the PGPL, sho
absorption spectra of PbS CQDs with the PGPL, representing a shift of
photoresist, pristine PbS CQDs, and the patterned PbS CQDs with and w

6208 | Nanoscale Adv., 2021, 3, 6206–6212
impact of the PGPL. The FTIR spectra of the pristine (black
trace) and patterned PbS CQDs with the PGPL (red trace) indi-
cate the asymmetric C–H (2925 and 2956 cm�1) and symmetric
C–H (2853 cm�1) vibrations, but no vibrational modes between
1400 and 1600 cm�1.21 On the other hand, the FTIR spectrum of
the patterned PbS CQDs without the PGPL shows weaker
stretching modes around 2900 cm�1, with additional CH
bending modes (1461 cm�1) not present in the pristine and
PGPL samples. The FTIR and UV-Vis spectra of the samples
without the PGPL indicate a modication of the ligands prob-
ably due to resist and developer processing. Therefore, we infer
that the PGPL plays an important role in protecting the chem-
istry of the CQDs during the lithography process.

The impact of the PGPL on the photoresponse of hybrid SLG/
CQD photoconductive detectors was tested on devices with
graphene channels of a length of 100 mm and width of 100 mm
(underneath SLG, Fig. 1(c)) under l¼ 635 nm illumination. The
principle of the operation of the devices is shown in Fig. SI.2.†
Light is absorbed by QDs generating photocarriers, followed by
charge separation. In the specic case of Gr and PbS-QDs, due
to band alignment and interface built-in potential, electrons
remain in the QDs while holes are transferred to graphene. The
transferred holes change the graphene (p-type) conductivity
while the electrons generate a photogating effect. Non-
patterned PbS CQDs on SLG (reference devices) and patterned
PbS CQDs on SLG with and without the PGPL were tested. The
thickness of the CQD lm was �150 nm obtained by spin
coating 5 CQD layers. More details about the sample prepara-
tion are given in the Experimental section. Fig. 3(a) shows the
time-modulated response for the three devices. All cases show
a similar time-modulated response with good time stability.
Variations at the dark current base level can be due to variations
in the resistance of SLG (Fig. SI.3†) probably associated with
residues aer PMMA/wet and SLG patterning. The reference
performance is that of the device without CQD patterning,
producing a photocurrent of 50 mA. If the QDs are patterned
without the PGPL, the photocurrent drops signicantly to �18
mA (blue trace). This is expected from the disorder and
contamination induced by the photoresist during the
patterning process. On the other hand, the patterned device
wing a shift of the resonance peak from 930 nm to 895 nm. (b) UV-Vis
the resonance peak from 930 nm to 924 nm. (c) FTIR spectra of the
ithout the PGPL.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Time response for on/off light switching of pristine PbS CQDs/patterned SLG, patterned PbS CQDs/SLGwith the PGPL, and without the
PGPL (Vbias¼ 5 V, l¼ 635 nm, 17mW cm�2). (b) Responsivity as a function of wavelength, showing the highest response for patterned PbS CQDs/
SLG with the PGPL (Hg–Xe lamp with a monochromator). (c) Responsivity versus power, showing an increase in responsivity as the power
decreases (l ¼ 635 nm). (d) Responsivity as a function of power (l ¼ 635 nm), showing that the shortest channel length of 5 mm achieves
a responsivity of 108 A W�1.
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with the PGPL results in a higher photocurrent of �63 mA. The
dark current increases due to the top graphene of the PGPL
which contributes to the conductivity of the device. Further-
more, the top SLG of the PGPL increases the responsivity as it
helps to collect photocarriers and increases the photocurrent,
as shown previously.17 Photo-excited carriers on the surface of
PbS CQDs can be efficiently collected by the top graphene
channel of the PGPL, instead of recombining while crossing the
entire lm thickness to reach the bottom SLG. However, it is
important to remember that the critical role of the PGPL is to
protect the ligands. Without the PGPL, lithography chemicals
harm the ligands permanently, and even adding a PGPL aer
lithography does not recover the photoresponse. This is shown
in Fig. SI.4,† which shows that without the PGPL, lithography
induces damage and poor performance that cannot be recov-
ered with the addition of the PGPL aer lithography. Therefore
the critical role of the PGPL is to protect the ligands during
lithography. The enhanced collection by the top graphene of the
PGPL is an added, but not essential, benet. Regarding the time
response, the devices show a long-time delay (>1 s) response
which is due to trap states in the QDs22 and at the QD/Gr
© 2021 The Author(s). Published by the Royal Society of Chemistry
interface, as has been reported previously for hybrid Gr/QD
systems.23,24 Passivation layers can be used to reduce the
response delay.25,26 Fig. SI.5† shows 60 second time traces
showing the stability of the photoresponse. Fig. 3(b) shows the
spectral response, using a Hg–Xe lamp light source and
a monochromator, showing a similar trend of superior perfor-
mance for devices with the PGPL in the entire l ¼ 400–1000 nm
range. The photoresponsivity as a function of power is shown in
Fig. 3(c), showing the expected trend of higher responsivity for
lower power in hybrid SLG/CQDs photodetectors, which is due
to higher recombination at higher light intensity. Through
a wide range of intensities, the patterned devices with the PGPL
show superior performance. Fig. 3(d) shows the photo-
responsivity for the shortest channel length of 5 mm with a 100
mm width. The 5 mm length PbS QDs on SLG photodetectors
show a record high responsivity of 108 A W�1. This is expected
as the photogain of the devices is proportional to the ratio of the
lifetime sl of the photo-induced carrier over carrier transit time

sl ¼ L2

mVDS
, where L is the channel length, m is the carrier

mobility, and VDS is the drain–source voltage. As expected, the
Nanoscale Adv., 2021, 3, 6206–6212 | 6209
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Fig. 4 (a) Optical images of 100 mm by 100 mm patterned SLG. (b) Same devices after coating PbS CQDs/SLG, forming a photodetector array. (c)
Responsivity as a function of power for the PbS CQDs/SLG photodetector array, showing small variations in the performance of the photo-
detectors in the array. (d) Photocurrent versuswavelength for the array, showing a reliable photocurrent response depending on the wavelength.
(e) Detectivities versus incident power for the PbS CQDs/SLG photodetector array at 40 Hz.
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shorter 5 mm long channel results in a higher photogain and
therefore higher photoresponsivity.

Our patterning technique allows us to fabricate an array of
thirty-six PbS CQDs/SLG photodetectors with dimensions of 100
mm by 100 mm. Fig. 4(a) shows the optical images of the elec-
trodes with patterned SLG and Fig. 4(b) shows the same chip
aer deposition and patterning of PbS CQDs with the PGPL
protective layer. Patterning capabilities can be extremely
important for hybrid QD/Gr image sensor arrays on CMOS
platforms, as has been reported elsewhere with a pixel size of 3
mm based only on Gr patterning achieving detectivities of 1010–
108 Jones.27 Patterning of QDs can improve the pixel resolution
and reduce the noise, potentially achieving a detectivity of 1012

Jones for individual detectors. We measured the photoresponse
of randomly selected six photodetectors on the chip. Fig. 4(c)
shows responsivity versus incident power and Fig. 4(d) shows
the spectral response, illustrating good uniformity in device
characteristics. The detectivity (D*) is also investigated, as
shown in Fig. 4(e), showing that the devices can reach D*� 1012

Jones at low power (10�8 mW) at 40 Hz. The details of the noise
measurements and detectivity calculations are shown in the
Fig. SI.6.† The responsivity and detectivity of the devices
improve signicantly as the light intensity decreases. For large
intensities, there is a signicant increase in charge recombi-
nation, reducing the number of photocarriers transferred from
the QDs to Gr. This behavior has been observed in previous
reports on QD/Gr photodetectors6,23,24,26 as well for QD based
photodetectors.28 As described elsewhere,6,23 the amount of
6210 | Nanoscale Adv., 2021, 3, 6206–6212
charges transferred from QDs to Gr has a sub-linear depen-
dence on the light intensity, resulting in an overall decrease in
responsivity as light intensity increases.
3. Conclusion

In conclusion, we report the high-resolution patterning of high-
responsivity photodetectors based on PbS CQDs/SLG via
conventional UV photolithography with a PGPL as an imper-
meable layer that prevents the damage of the surface ligands of
the PbS CQDs during the UV photolithography and dry etching
processes. The resolution of PbS CQD patterning can reach
a few microns. The photoresponse for 5 mm length and 100 mm
width PbS CQDs/SLG photodetectors has a high responsivity
(>108 A W�1) and detectivity (�1012 Jones). Moreover, the array
of PbS CQDs/SLG photodetectors shows a reliable photo-
response for high responsivity and spectral response. The
results provide an easy and promising patterning process for
CQD based devices such as photodetectors.
4. Experimental section
PbS QD synthesis

Lead oxide (0.94 g) was dissolved and degassed in 1-octadecene
(25 ml) with oleic acid (4 ml) in a three-neck ask under vacuum
at 90 �C for two hours. When the solution became clear, bis(-
trimethylsilyl) sulde (420 ml) dissolved in 1-octadecene (12.8
ml) was injected into the solution. Aer that, the reaction was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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carried out for 30 seconds and cooled down by placing the ask
in ice water. The solution was centrifuged, followed by cleaning
with toluene and acetone three times, and then dissolved in
toluene (30 mg ml�1) aer ltration with a 250 nm pore size
lter.29

Graphene transfer

We purchased CVD-SLG on Cu coated with PMMA from Gra-
phenea (Spain). The backside of Cu was etched using oxygen
plasma. It was transferred to the substrate by the wet method.
Cu was removed using ammonium persulfate solution. Aer Cu
was completely etched, the PMMA/SLG layer was transferred to
DI water to remove etching residues. Then, the PMMA/SLG layer
was transferred onto a SiO2/Si substrate with Au electrodes,
followed by drying for two hours at room temperature. Finally,
the PMMA layer was removed using acetone and cleaned with
isopropyl alcohol and DI water.

Device fabrication

(1) Graphene patterning. The PMMA/SLG layer was
patterned by (i) spin coating a �2 mm thick AZ1518 photoresist
(3000 rpm, 45 s), (ii) irradiation of UV and (iii) a developing
process using AZ-300 MIF solution. Then dry etching was used
to pattern the SLG conductive channel by oxygen plasma dry
etching (100 mTorr, 75 W RIE, and 50 sccm of O2 for 5 min) and
PMMAwas removed using acetone, iso-propyl alcohol (IPA), and
DI water, as shown in Fig. 1(c).

(2) PbS CQD coating. PbS QD lms were prepared by a spin
coating method. 100 ml of PbS QDs in toluene was deposited on
the substrate with 2500 rpm for 10 s. 30 mM tetrabutylammo-
nium iodide (TBAI) solution in methanol was added for ligand
exchange by incubating for 30 s, followed by cleaning with
methanol. The effect of the ligand exchange from OA to TBAI is
shown in Fig. SI.7,† showing poor photoresponse with OA and
the drastically improved response aer exchanging with TBAI.
The ligand exchange also induces a red-shi of Dl ¼ 30 nm in
the absorption exciton peak. The active areas of the photode-
tectors are dened by the area between electrodes, which have
a width of 500 mm and a variety of channel lengths (5, 10, 20, 50,
100, 200, and 500 mm).

(3) PbS CQD etching. Dry etching was used to pattern the PbS
CQD lm using a mixture of H2, CH4, and Ar gases. The
conditions for etching 150 nm PbS CQDs are 35 mTorr pressure,
400 W ICP, 150 W RIE, 70 sccm of H2 gas, 10 sccm of CH4 gas,
and 10 sccm of Ar gas for 45 s.

Optoelectronic characterization

The power of l ¼ 635 nm and 1.2 mW laser diode (CPS635R,
Thorlabs) was measured by a standard silicon photodetector
(S120VC, Thorlabs). The power intensity of the laser was ach-
ieved by using absorptive neutral density lters (NE503A,
NE510A, NE520A, and NE530A, Thorlabs). Current–voltage and
current–time data were measured through a Keithley 2400
source meter. Noise measurements for detectivity were extrac-
ted from the RMS noise of dark current traces. The spectral
response was measured using a Keithley 2400 source meter
© 2021 The Author(s). Published by the Royal Society of Chemistry
using a 500 Watts mercury–xenon lamp and lters
(66485-500HX-R1, USFW-100, Newport) with a monochromator
(CS260-RG-3-FH-D, Newport).
Materials characterization

The vibrational modes of PbS QDs were analyzed by FTIR
spectroscopy (Nicolet 6700). The structural information of Gr
was carefully investigated by Raman spectroscopy (Renishaw).
The absorption spectra of PbS QDs were recorded by using a UV-
Vis spectrophotometer (UH4150, Hitachi).
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