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Photodetectors that convert light to electrical signals are useful for understanding lots of
information containing in the specific wavelength of the light. Depending on the spectral bands, the
photodetectors can be used for pollution detection, imaging, bioimaging, telecommunication,

chemical analysis, night vision, medical imaging, gas sensing, and astronomy observations. To sense
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the above-mentioned signals, the photodetectors with good photon absorption and high charge
collection efficiency are required. Quantum dots are promising materials for the photodetectors
because of their strong light absorption, direct and size tunable band gap properties, but quantum
dots have very poor carrier mobility leading to low charge collection efficiency. Two-dimensional
materials such as single layer graphene and MoS; have shown extraordinarily high mobilities, but
one or few atoms thickness are ultrathin, resulting in poor photon absorption. As a result, novel
strategy to overcome such limitations was demonstrated by integrating hybrid quantum dots and
two-dimensional materials. The hybrid structure takes advantage of the synergy between two
materials, combining the high mobility of two-dimensional materials for collecting charge efficiently,
as well as the strong photon absorption and bandgap tunability of quantum dots for carrier

photogeneration.

The focus of this dissertation is to understand the hybrid structure of PbS quantum dots and
single layer graphene for high performance photodetectors by investigating the interface and
structures. We found that the spectral photoresponse of the hybrid structure can be controlled by the
size or thickness of PbS quantum dots. Also, we have presented an effective technique to measure
the diffusion length of both holes and electrons in the bulk of thick quantum dots. Moreover, we
engineered the interface between quantum dots and graphene with pyrene molecules to enhance the
coupling between graphene and quantum dots via ©- 7 interactions. In addition, we controlled the
carrier transfer from PbS quantum dots to graphene via ZnO electron transporting layer. Finally, we
successfully fabricated micron size PbS quantum dot patterning on graphene for integrated

photodetector chips.
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This dissertation demonstrates the fundamental understanding of hybrid structure of
quantum dots and graphene. The research results can help to promote technologies and push the

limits in hybrid structure of quantum dots and graphene for optoelectronic research area.
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Chapter 1

Introduction

1.1 Background

Light delivers information. The detection for a specific wavelength from gamma ray to
long radio waves can be useful for understanding information of the light. The various applications
such as pollution detection, imaging, bioimaging, telecommunication, astronomy observations,
night vision, chemical analysis, thermal imaging, and medical imaging can be used depending on
the spectral bands shown in Figure 1.[Y Therefore, the high-performance photodetector, which

converts light to electronic signal, is required.

pollution deteq,bn

buibewnod

Chemical analys'®

Figure 1 Photodetector depending on the spectral bands from UV, Vis, to the broad IR including
NIR, SWIR, MWIR, LWIR, and FIR&THz can be useful various applications.!



There are currently developed photodetector technologies based on silicon (Si), germanium
(Ge), indium gallium arsenide (InGaAs), and mercury cadmium telluride (HgCdTe) materials shown
in Table 1.1>% Si-based photodetectors are widely used because of their monolithic integrability with
the low-cost complementary metal oxide semiconductor technologies, but their detection limit is
around 900 nm due to an absorption cutoff wavelength of ~1100 nm, which is relatively large band
gap of 1.1 eV. Ge-based photodetectors are one of the candidates to detect longer wavelength (~1800
nm) due to higher optical absorption and lower band gap than Si, but there is a lattice mismatch
between Si and Ge challenging obstacle towards monolithic integration. II-VI and III-V compound
semiconductors such as HgCdTe and InGaAs are recently promising materials because the detection
spectral bands can be extended from UV to the IR region depending on an appropriate material
composition, as well as they have high optical absorption due to direct band gap and high carrier
mobility, but Ga material is expensive and Hg—Te bond is weak and instable, which is an issue for

uniformity.

Table 1 Current photodetector technologies and their wavelength range, advantage, and
disadvantage

Materials | Wavelength range Advantage Disadvantage
Si 200 - 1100 nm Good integrability Limited spectral range
Ge 800 — 1800 nm High optical absorption Bad integrability
InGaAs 800 — 1700 nm Tunable spectrum Expensive
HgCdTe | 2,000 — 20,000 nm | Suitable for longer wavelength Bad uniformity

Inspired by nanoscience and nanoengineering, various nanomaterials with outstanding
electronic and optical properties are emerging for next generation photodetector devices because
nanoscale elements such as quantum dots (QDs), layered structures, and nanowires can be

manufactured for high performance photodetectors, which exhibit high sensitivity, fast response,



miniaturization potential, high responsivity, and low noise.'¥) QDs are one of the candidate
materials for next generation photodetectors because they offer size-tunable bandgap, easy and low-
cost solution-based processing, strong light absorption, and extended wavelength range depending
on an appropriate material composition. Due to quantum confinement effect, the bandgap of QDs is
dependent on the size and composition of the materials shown in Table 2.1 ¢! However, the
implementation of QDs into high performing photodetectors faces a significant challenge due to low
carrier mobility by the colloidal system. Unsaturated surface atoms of QDs cause to create the
dangling bonds, leading to the formation of intermediate states of varying energies near bandgap.!”)
This may generate various phenomena in QDs such as the formation of midgap trap density, which
results in reducing charge carrier mobility, decrease the carrier lifetime, and enhance the
recombination of photoexcited carriers. The other candidates for high performance photodetectors
are two-dimensional (2D) materials such as MoS; and single layer graphene. Recently, single layer
MoS; has been developed for ultrasensitive photodetectors because of its direct bandgap with a high
absorption coefficient, efficient hole-electron pair generation, and high carrier mobility.®
Nonetheless, it is ultrathin, resulting in poor light absorption, and becomes indirect bandgap as
thickness thicker. To overcome such limitations of QDs and 2D materials, a novel strategy has been
demonstrated by combining two emerging materials into a hybrid structure of QDs and 2D materials

for high performance photodetectors shown in Figure 2.3



Table 2 Tunable bandgap depending on the size and composition of the materials

Quantum dots Size range (nm) Bandgap range (eV) | Bandgap in bulk (eV)
CdS 2.6-5.6 249-2.78 2.42
CdSe 2.27-3.75 2.14-2.52 1.74
PbS 1.5-5 0.8-2.5 0.41
PbSe 817 0.35-0.50 0.28
HgTe 4.8-9.6 0.25-0.52 ~0
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Figure 2 Timeline showing the development of two dimensional materials and hybrid structure of
quantum dots and two dimensional materials in photodetectors!!#!



1.2 Hybrid structure of quantum dots and two-dimensional materials

Hybrid structure of QDs and 2D materials has the synergistic effects between these two
materials. As mentioned before, QDs provide strong light absorption for carrier generation under
the illumination with tunable bandgap, and 2D materials offer a high carrier mobility to collect
photoexcited carriers efficiently. Hybrid structure of QDs and 2D materials benefits from both
materials that are high light absorption in QDs and high carrier mobility in 2D materials. The
operational mechanism of hybrid structure is similar to the field effect transistor (FET). FET uses
an electrical potential to control the current flow by manipulating the density of carriers in a channel,
and, for hybrid structure, the photoexcited carriers in QDs influence the carrier density in two
dimensional materials. Under light illumination, QDs absorb the light, which creates the
photoexcited carriers. Spatial separation of carriers in hybrid structure prohibits a fast recombination
of photoexcited carriers because of their band structure. At the interface between QDs and 2D
materials, an equilibrium condition is reached that built-in potential occurs. It leads to a vertical
photo-doping effect. One of photoexcited holes or electrons transfer from QDs to 2D materials
depending on the band structure, and the other carrier is trapped in QDs. The transferred holes or
electrons from QDs flow laterally through the channel in two dimensional materials shown in Figure
3.51 As long as the electrons (holes) stay trapped within the QDs, holes (electrons) can recirculate
in 2D materials and generate gain. In hybrid structure of QDs and 2D materials for photodetector
applications, the phenomenon called gain is an important factor to optimize the performance of the
photodetectors. If the lifetime, which is caused by a trapped carrier in QDs, is longer than the transit

time of free carriers in two dimensional materials, photoconductive gain is generated. It can lead to



a large responsivity because more than a carrier per photon contribute to the current flow but cause

slow response time due to trapped carriers.
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Figure 3 Operating mechanism for hybrid structure of quantum dots and two-dimensional materials

Single layer graphene is one of the most promising materials as a photoexcited carrier
transport layer for hybrid structure photodetectors because of its unique properties such as high
transparency and superior carrier mobility compared to other 2D materials such as MoS,. Even
though MoS; is a large and direct bandgap, which leads to low dark current and high absorption
coefficient, it is not suitable for hybrid structure because limited manipulation of the interface and

architecture. For example, first single layer MoS; exhibits a photoresponsivity of 7.5 mA/W due to



poor quality of the contact between metal and MoS», and the photoresponsivity is enhanced to 880
A/W after improving the quality between contacts at the interface to reduce the trap states.® !°
However, there are several issues for engineering the interface of MoS,. MoS, layers can have
several different phases, and phase engineering is difficult to control reliably in one atom thickness.
Also, chemical doping methods on MoS; to reduce the trap density are difficult to control. Moreover,
MoS; can be used for photodetector transistor architecture due to limited manufacturing skills. On
the other hand, graphene is well studied for the interface engineering and architecture design.['’”! The
bandgap of graphene can be easily manipulated by doping of atomic or molecular bonding. Also,
graphene can be used for many structural models such as anchored, wrapped, encapsulated,
sandwich-like, layered, and mixed models to transport photoexcited carriers from QDs shown in
Figure 4 as a conductive network. For example, the quantum efficiency of hybrid structure of single
layer graphene and PbS QDs is 25 percent, but it can be increased in the structure of sandwich-like
model to 90 percent.['*> ¥ The diffusion length of PbS QDs is between 150 — 200 nm, so it is not
sufficient to absorb most incoming light, which leads to low quantum efficiency. With multiple
intercalated graphene between QDs, the photoexcited carriers are collected in each graphene layers.
Finally, photoexcited carriers from the any QDs can be transferred to graphene channel regardless

of bandgap of the materials without blocking the transfer of photoexcited carriers.['* 1]



Figure 4 Structural models of hybrid structure of graphene and QDs.

1.3 Thesis objectives and outlines

The main objective in this dissertation is to investigate the possibilities of hybrid structure
of PbS QDs and single layer graphene for photodetectors. Synthesis of PbS QDs, structure

characterization, device fabrication, and performance testing are included in this dissertation.

Chapter 2 will present the fundamental optoelectronic properties of the hybrid structure of
PbS QDs and SLG depending on the size and thickness of QDs. An effective method to calculate
the diffusion length of photoexcited holes and electrons will be investigated in chapter 3. Chapter 4
will discuss a novel strategy tailoring the surface ligands at the interface and between QDs. Chapter
5 will present the control of photoexcited carriers depending on the structural configuration. Chapter

6 will show the patterning technique to fabricate high resolution photodetector array.



Chapter 2

Optoelectronic response of hybrid PbS-QD/graphene photodetectors

Lead sulfide quantum dots (QDs) have been widely used for various optoelectronic devices
due to their high absorption coefficient and tunable bandgap. However, the low mobility of QD films
results in poor charge collection and device performance. By combining QDs with graphene into
hybrid graphene/QD photodetectors, photocarriers from QDs are transferred to graphene, improving
charge collection and transport, drastically increasing the photoresponsivity. Herein, we carry a
systematic analysis on how critical tuning parameters such as QD size and QD film thickness affect
responsivity, spectral response, and time response. We report the absorption coefficient, refractive
index (n, k), penetration depth, and energy bandgap of PbS QDs of different sizes. We study
systematically how the photocurrent, photoresponsivity, time response, and power density
dependence vary with QD size in hybrid Gr/QD. The bandgap of lead sulfide quantum dots was
size-tuned between 0.86 and 1.39 eV. The time response shows that subsecond modulation can be
achieved for different QD sizes with a responsivity up to 107 A/W at power densities of 107> mW/cm?.
We also studied how the performance of the photodetectors is affected by the thickness, discussing
the limitations on the thickness by the compromise between light absorption and charge collection.
We describe how the optical response shifts toward the infrared as QD films get thicker. Time
responses below 1 s are obtained for graphene/QD devices with thickness from 150 nm to 1 pm.

This systematic study provides important guidelines to design hybrid graphene/QD photodetectors

and tune their spectral response and performance.



2.1 Introduction

Quantum dots (QDs) are semiconducting optoelectronic nanoparticles that offer significant

20, 21

advantages over their bulk versions due to quantum confinement.?® 2! QDs have shown very high

22,23

extinction coefficient and tunable bandgap.”> 23] They have been used as active materials in solar

cells, light-emitting diodes, and photodetectors in both electronic and medical applications. 2! 24 23]
In particular, lead sulfide (PbS) QDs have been widely used due to their high absorption coefficient,
direct bandgap, wide spectral range, chemical stability, and affordable synthesis using the hot-
injection method.! 26271 PbS QDs have been used for both photodetection and luminescence in the
infrared range.”* 2! PbS QDs have also been used for high-resolution ex vivo and in vitro
bioimaging, allowing for the acquisition of deep imaging inside biological tissues.!*”) PbS QDs have
been utilized as active materials in solar cells because of their high visible (vis)-IR light absorption
and high chemical stability.l?”- 3! The power conversion efficiency of PbS QD solar cells has

gradually increased to surpass 10%.5'=
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Hybrid Gr/QD Photodetection

Photocar.rier- Graphene Hole Graphene Hole
(%5 heration Collection Photocurrent
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Figure 5. Schematics of hybrid Gr/QD device and operation. QDs absorb light and generate
photocarriers. Single Layer Graphene (SLG) behaves as a p-type channel and PbS QDs as the n-
type material, sending photoholes to graphene for current generation while photoelectrons
accumulate in the QD film, generating a photogating effect.!!® 133433 The device is built on SiO»/Si
chips with the prepatterned electrodes.

Recently, hybrid photodetectors combining PbS QDs with single layer graphene (SLG)

13151 This system combines

showed excellent performance reaching a high responsivity (>10” A/W).!
and compensates the advantages and limitations of both nanomaterials. QDs have strong and size
tunable light absorption with direct bandgap resulting in high carrier photogeneration, but their
charge confinement and nanoparticle composition results in films with very poor conductivity,
strongly limiting charge collection and transport.[*% 3738391 On the other hand, graphene has the
highest mobility and excellent electrical conductivity, but its one-atom thickness severely limits its
light absorption and practical application as an active material in solar cells or photodetectors. The
hybrid Gr/QD configuration allows a synergy between materials, using QDs for light absorption to
generate photocarriers that are then transferred to graphene for efficient charge transport and

photocurrent generation. The Gr/QD device and operation is shown in Figure 5. The operational

principle is that under illumination, PbS QDs transfer photoexcited holes to the Gr channel, which
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leads to an increase in the hole density of typically p-type graphene on the SiO,/Si substrate, leading

to an increase in conductivity.[?#!

In this work, we present a systematic study on how the two main tunable parameters of QD
size and QD film thickness affect the spectral response, responsivity, and time response of hybrid
PbS QDs and graphene (Gr) photodetectors. Previous reports have focused on maximizing the
photoresponse; however, the effect of QD size and film thickness has been not studied in detail. This
information is critical to understand and optimize the operation of hybrid Gr/QD photodetectors. We
study QD sizes from d = 2.65 nm (A = 805 nm) to 4.96 nm (A = 1350 nm), covering a broad spectral
response from the visible to the near IR and analyzing how the QD size affects the photoresponsivity
of the devices.’?) We describe the synthesis of QDs of different sizes, their structural and optical
properties, and the fabrication of hybrid Gr/QD devices. We study the spectral and time response as
well as the effect of power density. Finally, we also study the effect of thickness on the photoresponse,

which provides an alternative way to tune the spectral response of Gr/QD devices.
2.2 Experimental methods

PbS QDs synthesis: 0.94 g of lead oxide (PbO) was dissolved in 25 ml of 1-octadecene
(ODE) with different concentrations of oleic acid (2.98, 7.45, 11.92, 19.37, and 35.76 ml) to achieve
various sizes of PbS QDs.[*! After that, it was degassed under vacuum at 90 oC for 2 h to be
dissolved. When the color of the solution becomes clear, 420 pl of bis(trimethylsilyl) sulfide
dissolved in 12.8 ml of ODE was injected into the solution. Next, we waited for 30 s for the reaction
to be done and then cooled down by placing the flask in water. The PbS QDs were separated from

the raw solution by centrifugation, followed by cleaning with toluene and acetone, and then
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dissolved in toluene. The PbS QD solution was filtered with a 0.25 pm pore size filter.

Graphene transfer: Single layer graphene on copper coated with poly-methyl methacrylate
(PMMA) was purchased from Graphenea (Spain) and transferred by the wet method using PMMA
as the supporting layer.*!! The copper layer was removed by wet etching using an ammonium
persulfate solution. After the copper layer was completely etched, the transparent PMMA/graphene
layer was transferred to deionized (DI) water to remove Cu etching residues. Then, the graphene
layer was transferred onto an Au patterned electrode SiO,/Si substrate and dried for 2 h at room
temperature. Finally, PMMA was removed by acetone and cleaned with isopropyl alcohol and DI

water.

Material characterization: The absorption and transmission of PbS QDs were measured by
UV-vis spectroscopy (UH4150, Hitachi). The crystallographic phase of PbS quantum dots was
investigated by X-ray diffraction (XRD) (Smartlab, Rigaku) equipped with Cu Ka radiation. The
refractive index and extinction coefficient of PbS quantum dots were analyzed by an ellipsometer
(M-2000D, J. A. Woollam). The size of PbS QDs was analyzed by transmission electron microscopy
(TEM), and the images were recorded on a field emission gun JEOL-2800 at 200 kV with the Gaten
OneView Camera, installed at the UC Irvine Materials Research Institute (IMRI). The average

diameter of the particle size was analyzed using Image J software.

Device fabrication: PbS quantum dot films were prepared by a spin coating method. 0.1 ml
of PbS quantum dots in toluene was deposited on the substrate by spin coating at 2500 rpm for 10 s.
Next, 0.03M tetrabutylammonium iodide (TBAI) solution in methanol was added for ligand

exchange by incubation for 30 s and followed by cleaning in methanol. The concentration of PbS
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QD solutions for spin coating was 60, 50, 50, 40, and 30 mg/ml for QD sizes of d =2.65, 3.16, 3.62,
3.9, and 4.96 nm, respectively. The SEM cross sections of the QD films are shown in Figure 6. Their
respective thickness for a single coating layer was 30, 30, 30, 17, and 14 nm measured by the
ellipsometry. For Gr/QD photodetectors, QDs were deposited on Gr layers on Si/SiO2 chips with
the prepatterned Au electrodes. The active area of the photodetectors is defined by the area between

electrodes, which have a width of 500 um and are separated by 100 pum.

Figure 6. 5 layers of 2.65 nm (left) and 3.16 nm (right) PbS QDs. Single coating layer of PbS QDs
is ~30 to 35 nm, which is similar with the data from Ellipsometry.

The optical images of the Gr/QD devices are shown in Figure 7 of the supplementary
material. Optoelectronic characterization: The light power of a 635 nm laser diode (CPS635R,
Thorlabs) was measured with a standard silicon photodetector (S120VC, Thorlabs). The power
intensity of the 635 nm laser diode was achieved by absorptive neutral density filters (NES03A,
NES510A, NE520A, and NES30A, Thorlabs). Current vs voltage and current vs time data were
measured using a Keithley 2400 source meter. The spectral response was measured using a Keithley
2400 source meter under a xenon lamp and filters (66485-500HX-R1, USFW-100, Newport) with a

monochromator (CS260-RG-3-FH-D, Newport).
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Before After

Figure 7. Optical images showing device geometry. Active area defined between electrodes is
100x500 pm?.

2.3 Structural properties of PbS QDs

We synthesized PbS QDs with the ratio of PbO to oleic acid (PbO:0A) of 1:2, 1:5, 1:8,
1:13, and 1:24, resulting in QD sizes of d = 2.65, 3.16, 3.62, 3.90, and 4.96 nm, respectively. The
TEM images and their PbO:OA ratios are shown in Figure 8 (a). Histograms with the size
distributions of QDs are shown in Figure 9 of the supplementary material. Figure 8 (b) shows the
relation between the PbO:OA ratio and the resulting size of the QDs. In addition to the PbO:0OA
ratio, previous reports show that the injection temperature can also be used to control the size and
dispersity of PbS QDs.[*% 421 X.ray diffraction (XRD) spectra shown in Figure 8 (c) show the
crystallographic phase of the QDs. The peaks are well matched with a cubic PbS structure in
accordance with previous reports.** The broad peaks of the (111), (200), and (220) planes suggest
that the size of PbS quantum dots is in the nanometer scale. The full-width-at-half maximum
(FWHM) of the diffraction peaks increases as the size of the PbS QDs decreases as shown in Figure
8 (d). For nanocrystal particles, the Scherrer equation below allows us to estimate the particle size

from the FWHM, 4!
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K2
~ BcosH

where d is the particle size, A is the wavelength of the radiation, 0 is the Bragg angle,  is the FWHM
on a 20 scale, and K is a dimensionless shape factor. By correlating the QD size extracted from TEM
with d from the Scherrer equation, we can extract a shape factor of K = 1.05 to predict the size of

the QDs from the FWHM of XRD data as shown in Figure 8 (e).
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Figure 8. Structural information of PbS QDs. (a) TEM images of PbS QDs with different PbO:0OA
ratios (1:2, 1:5, 1:8, 1:13, and 1:24) (scale bar is 5 nm). The corresponding size distribution
histograms are shown in Figure 9 of the supplementary material. (b) Average size vs PbO:OA ratio.
(c) XRD patterns for different sizes (2.65, 3.16, 3.62, 3.90, and 4.96 nm) of PbS QDs. (d) FWHM
of the (220) plane of different sizes of PbS QDs. FWHM increases as the QD size decreases. (€)
Size estimation from XRD and the Scherrer equation closely matches the size of QDs from TEM
images by fitting to K = 1.05.
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Figure 9. TEM size histograms for various PbO:OA ratio.

2.4 Optical properties of PbS QDs

Figure 10 (a) shows a series of absorption spectra for the PbS QDs of different sizes,
showing a clear shift in absorption and its first exciton peak from A = 805 nm for d = 2.65 nm to A
= 1350 nm for d = 4.96 nm. As expected from quantum confinement, the first exciton goes to a

shorter wavelength (higher energy) as the size of the QD decreases. UV/vis transmission through
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QD films with varying thicknesses was performed to extract their absorption coefficients shown in
Figure 10 (b). The full set of absorption curves as a function of thickness and wavelength is shown
in Figure 11, clearly showing the decrease in absorption as the thickness decreases and as the
wavelength increases. The absorption coefficient was calculated by the Beer-Lambert law

equation,®!
IQA) = I,e~ Mt

where I(A) is the wavelength-dependent transmittance, I, is the reference transmittance
without the absorption film, a()) is the wavelength-dependent absorption coefficient, and t is the
thickness of the absorption film. The absorption coefficients obtained and shown in Figure 10 (b)
reach more than 105 cm™ in the visible range, in good agreement with previous reports. The
absorption coefficients also show a peak due to the first exciton level. From ellipsometry
measurements, we extracted the refractive index and the extinction coefficient (n, k) of PbS QDs in
the visible range. The (n, k) values for d = 3.62 nm QDs are shown in Figure 10 (c), and the full set
of (n, k) for the rest of QD sizes is shown in Figure 12. The extinction coefficient (k) from
ellipsometry provides a second way to extract the absorption coefficient from the following

expression:[#6]

Atk

The absorption coefficient values from ellipsometry and UV-vis absorption are shown in
Figure 10 (d) for d = 2.65 nm, showing similar behavior in the vis range. The absorption coefficients

from UV/vis absorption and from k (ellipsometry) for the rest of the QDs are shown in Figure 13,
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which also show similar behavior in the vis range. The penetration depths extracted from UV-vis
absorption coefficients are shown in Figure 10 (e). In the visible range (400—700 nm), the absorption
levels are very similar for different QD sizes, showing that the most visible light has a penetration
depth of 700 nm), the penetration depths increase drastically. IR photons have much larger
penetration depths in smaller QDs since photons with large wavelengths do not have enough energy
to be absorbed by smaller QDs with higher bandgaps. The penetration depths show a minimum at
the first exciton level, which dominates the light absorption in the IR. The bandgap of PbS quantum

dots is calculated from the following equation:™*”]
(ahv)¥/" ~ (hw — Ej)

where a is the absorption coefficient, h is Planck’s constant, v is the photon’s frequency, and E, is
the bandgap. The value of the exponent denotes the nature of the electronic transition. PbS is the
direct allowed transition, so r = 1/2 is used for the calculation. The bandgaps of PbS quantum dots
shown are E, = 1.39, 1.14, 1.07, 0.96, and 0.86 eV for PbS QDs with respective d = 2.65, 3.16, 3.62,

3.9, and 4.96 nm, as shown in Figure 10 (f).
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Figure 10. Optical properties of PbS QDs of different sizes. (a) Absorbance of PbS QDs of different
sizes. The first absorption peaks are located at A = 805, 1010, 1080, 1200, and 1350 nm depending
on the size of PbS QDs (d = 2.65, 3.16, 3.62, 3.90, and 4.96 nm, respectively). (b) The absorption
coefficient of different sizes of PbS QDs. (c) Complex refractive index (n, k) (k: extinction
coefficient) extracted from ellipsometry for d = 3.62 nm. The rest of (n, k) for different QD sizes is
shown in Figure 12. (d) Absorption coefficient from ellipsometry and UV-vis absorption show
similar behavior for d =2.65 nm in the visible range. (¢) Penetration depth vs wavelength of different
PbS QDs. In the vis range, the penetration depth is <400 nm for QDs of different sizes. In the IR
range, the penetration depth is dominated by the exciton peak. (f) (ahv)1l/r for PbS QDs allows
extracting bandgaps of E;= 1.39, 1.14, 1.07, 0.96, and 0.86 eV for d = 2.65, 3.16, 3.62, 3.90, and
4.96 nm, respectively.
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be absorbed.
d=2.65nm

3.0 15
o
3
3 25 1.0
£
(]
=
©
o
£ 204 Los
4

1.5 T T T 0.0

200 400 600 800 1000
Wavelength (nm)
d=3.90 nm

35 15
c
% 3.0
2 1.0
£
2 25
B
©
% +0.5
o 2.0

15 . , . 0.0

200 400 600 800 1000

Wavelength (nm)

Figure 12. Refractive index (n,k) of QD films with QD sizes of d=2.65, 3.16, 3.90 and 4.96 nm as

Extinction coefficient, k

Extinction coefficient, k

function of wavelength obtained by ellipsometry.

22

Refractive index, n

Refractive index, n

200 400 600 800
Thickness (nm)

--@--1800 nm
-@- - 1400 nm
—@— 1100 nm
—@— 1000 nm
—@—900 nm
—@—800 nm
—@—700nm
—@— 600 nm
—&— 500 nm
—@—400 nm
—@—2300nm

1000 12

d=3.16 nm
3.0 15
25 1.0
2.0 0.5
1.5 x : - 0.0
200 400 600 800 1000
Wavelength (nm)
d=4.96 nm
3.0 15
25 10
20 05
1.5 - - - 0.0
200 400 600 800 1000

Wavelength (nm)

00

Extinction coefficient, k

Extinction coefficient, k



108 —~ 10°

TE ——d = 2.65 nm (Ellipsometry) TE ——d = 3.16 nm (Ellipsometry)
S e = 2.65 nm (Uv-vis spectroscopy) c3 == (] = 3.16 nm (Uv-vis spectroscopy)
€ =
20 2
L Q2
3‘]:, 10°1 % 10°4
Q Q
(8] o
= c
e 2
8 1
] <]
(%] w
2 10% < 10
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
Wavelength (nm) Wavelength (nm)
~ 10° - —~ 10° -
- ——d = 3.90 nm (Ellipsometry) - = d = 4.96 nm (Ellipsometry)
g s f = 3.90 N (Uv-vis spectroscopy)| § —d = 4.96 nm (Uv-vis spectroscopy)
= =
Q R
£ 10 £ 10°;
] [}
] Q
o o
C c
o 2
8 1
2 104 g 10%;
Qo Q9
< <
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
Wavelength (nm) Wavelength (nm)

Figure 13. Absorption coefficients. Comparison of absorption coefficients obtained by UV/Vis
spectroscopy and by Ellipsometry showing show similar behaviors.

2.5 Photoresponse of hybrid graphene — PbS photodetectors

Hybrid photodetectors were fabricated by spin coating PbS QDs on single layer Gr to
investigate the hybrid Gr/QD photoresponse performance. PbS QDs of different sizes were coated
on a graphene monolayer to reach a thickness of 150 nm. The photocurrent normalized for different
sizes of QDs as a function of light wavelength is shown in Figure 14 (a) using a Xe lamp with a
monochromator. The photocurrent is normalized to the highest photoresponse for each QD. The
photocurrent shifts toward the IR and has a peak closely matching the absorption exciton peak. This

behavior resembles the absorption spectrum behavior, proving the role of QDs absorbing light and
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generating photocarriers. After the photoresponse exciton peak, the photocurrent drops since longer
wavelengths are not able to excite photocarriers. Figure 14 (b) shows the photoresponsivity of 150
nm thick films with different sizes as a function of QD size under a A = 635 nm laser excitation. The
photoresponse clearly decreases as the size of the QDs increases. This can be related to a higher
filling factor, i.e., more packed QDs, with smaller QDs. This higher filling factor will result in more
QDs absorbing light with the same thickness. In addition, better packed QDs can result in easier
transport of photoexcited holes through the QDs in their path to the bottom graphene. A lower
response for larger QDs has also been observed in previous reports.'*! The time response of Gr/QD
photodetectors was also investigated, as shown in Figure 14 (c¢). The devices with different QD sizes
show similar time responses in the time scale of the experiments, in all cases showing subsecond
modulation, with rising times of ~10 to 50 ms and slower recovery times of 50—100 ms. Time fittings
are shown in Figure 15. The recovery process also has a slower component >1 s, which has also

13,34 However,

been reported in previous hybrid Gr/QD reports associated with traps in the QDs.!
Figure 14 (c) shows that subsecond modulation is possible with different quantum sizes and,
therefore, with a broad spectral range. The time responses in Figure 14 (c) also confirm the higher
photoresponse for smaller QDs. We also measured the effect of light intensity on photoresponse,
showing a decrease in photoresponsivity as the light intensity decreases as shown in Figure 14 (d).
The plot also confirms higher responsivity for smaller QDs. The decrease in responsivity with the
light intensity is due to saturation in traps in QDs, higher recombination rate, and lower transfer of

photocarriers from QDs to Gr.'>3] Small QDs d = 2.65 nm can reach a photoresponsivity >107 A/W.

Overall, photoresponsivity is affected by QD size, bias voltage, power, and wavelength, with clear
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trends showing higher photoresponsivity for smaller QDs and under low incident power.
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Figure 14. Photoresponse of hybrid Gr/QD photodetectors. (a) Normalized current vs wavelength
(Xe lamp with monochromator) for different sizes of PbS QDs but with the same film thickness of
t =150 nm. (b) Responsivity as a function of QD size under A = 635 nm for different QD sizes (t =
150 nm), showing a decrease in responsivity as the QD size decreases. (c) Time response showing
subsecond modulation capability for QDs of different sizes and confirming a larger photoresponse
of smaller QD size. Rising times are ~10 to 50 ms, and recovery times are ~50 to 100 ms. The
recovery process also has a slower component >1 s. (d) Responsivity decreases as the light intensity
increases for different sizes of QDs. Smaller QDs also show the highest responsivity for different
light intensities. Smallest PbS QDs (d = 2.65 nm) have highest responsivity reaching >107 A/W.
The I/V curves for different light intensities and QD sizes are shown in Figure 16.
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Figure 16 1/V curves. I/V curves under A=635 illumination for various powers and QD size.

An important design parameter for QD photodetectors is the thickness. For correct
operation, there is a lower limit to the film thickness set by the penetration depth, which is

wavelength dependent. Films thinner than the penetration depth would rapidly collect less than 63%
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of light at the wavelength of interest, drastically reducing its photoresponse. Thickness also has an
upper limit set by the diffusion length, which sets the maximum length that photocarriers can travel
before they recombine. Due to the poor mobility of QD films, the diffusion length is typically below
200 nm."®! This compromise in thickness is illustrated in Figure 17(a). We study the photoresponse
of hybrid Gr/QD devices as a function of thickness using the smallest PbS QDs (d =2.65 nm). Figure
17 (b) shows the photocurrent vs wavelength with various thicknesses of 2.65 nm PbS QDs. Thin
layers show higher responsivity in the vis range (~400 to 600 nm). As the thickness increases, their
photoresponse improves toward the infrared. Figure 17 (¢) shows that for visible light (A = 500 nm),
the maximum photoresponse is at t = 360 nm, but for thicker films, the responsivity rapidly decreases.
For near IR light (A = 800 nm), the maximum photoresponsivity is at t = 1250 nm, followed by a
decrease as t increases. Thin films absorb visible light efficiently due to its short penetration depth
while also collecting photocarriers efficiently since they are thinner than their diffusion length.
However, thin films collect IR light poorly, resulting in a low photoresponse. For thick films, such
as t = 1200 nm, visible light is effectively absorbed in the top 500 nm layers, but the charges
recombine before reaching the bottom graphene charge collector. For IR light, as the wavelength
increases, it gets absorbed deeper into the QD film and closer to the graphene collector, increasing
the photoresponse as the wavelength increases until reaching the bandgap edge. Figure 17 (d) shows
the wavelength detection window vs thickness. The long wavelength limit (low energy) is
determined by the size (bandgap) of the PbS QDs, and the bottom limit (high energy) of the window
is set by the thickness of PbS QDs. The window was set as the full-width at half maximum of the

spectral response from Figure 17 (b). Above t = 700 nm, high energy photons absorbed at the top
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cannot reach the graphene layer and only longer wavelengths penetrate deep enough to produce
photocarriers near the graphene layer. As t increases, the response window narrows down toward
the infrared. In cases in which the graphene collector would be on top, these trends would reverse.
Recently, it was shown that intercalated layers inside the QD film can overcome the limitations of
the short diffusion length on the thickness of hybrid Gr/QD photodetectors.!'8 Figure 17 (e) shows
the time response for different thicknesses under A = 635 nm. The photoresponse is higher for thin
films and decreases as the films get thicker. In all cases, we observe fast modulation below the
subsecond scale. These results show that in addition to the QD size, the thickness can also be used
to tune the spectral response of hybrid Gr/QD photodetectors keeping subsecond time modulation

capabilities.
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Figure 17 Effect of thickness. (a) Diagram showing light absorption and charge collection in thin
and thick QD layers with respect to the diffusion length DL. (b) Normalized photocurrent vs
wavelength with different thicknesses of PbS QDs showing a shift in response toward larger A as t
increases. (c) Photocurrent vs thickness for A = 500 and 800 nm. (d) Window response shifts
toward longer wavelengths as the thickness of the QD film increases. The windows correspond to
the FWHM of the photocurrent vs wavelength in (b). (¢) Time modulation of photocurrent for
different thicknesses of PbS QDs on graphene.
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In summary, we report on the optical properties of PbS QDs and the effect of QD size and
film thickness on the photoresponse of novel hybrid PbS QD on graphene photodetectors. The size
of PbS QDs is controlled by the ratio of PbO and oleic acid. The size allows controlling the
absorption spectrum, shifting the absorption peak due to the first exciton peak to longer wavelengths
as the QD size increases. The absorption coefficient of PbS QDs reaches values of 10° to 10* cm™
in the visible region with little variations with the QD size. In IR, the absorption coefficients are size
dependent as the first exciton peak shifts. The photoresponse of hybrid Gr/QD photodetectors has a
high responsivity (>10” A/W), with a response time of ~50 ms and a recovery time of ~100 ms for
varying QD sizes and film thicknesses. As expected, as the QD size increases, the spectral
photoresponsivity is shifted toward the IR. For a fixed thickness, the responsivity decreases as the
QD size increases, which can be due to a lower packing factor as the QD size increases; however,
further analysis is required. The thickness also allows us to tune the spectral response of the QDs,
with thin (t <400 nm) films having stronger photoresponse in the visible and thicker films enhancing
the response toward the IR. The results herein provide valuable information to design the QD size

and film thickness for a high response and tunable spectrum hybrid QD/Gr photodetector.

Chapter 2, in full, is a reprint of the material as it appears in “Optoelectronic response of
hybrid PbS-QD/graphene photodetectors”. Seungbae Ahn, Hyeseung Chung, Wenjun Chen, Miguel
A Moreno-Gonzalez, Oscar Vazquez-Mena, The Journal of Chemical Physics, 151, 23, 234705

(2019). The dissertation author was the primary investigator and author of this paper.
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Chapter 3
Measuring the carrier diffusion length in quantum dot films using graphene as

photocarrier density probe

The diffusion length of quantum dot (QD) films is a critical parameter to improve the
performance of QD-based optoelectronic devices. The dot-to-dot hopping transport mechanism
results in shorter diffusion lengths compared to bulk solids. Herein, we present an experimental
method to measure the diffusion length in PbS QD films using single layer graphene as a charge
collector to monitor the density of photogenerated carriers. By producing devices with different
thickness, we can construct light absorption and photocarrier density profiles, allowing to extract
light penetration depths and carrier diffusion lengths for electrons and holes. We realized devices
with small (size: ~2.5 nm) and large (size: ~4.8 nm) QDs and use A=532 and A=635 nm illuminations.
For small QDs, we obtain diffusion lengths of 180 nm for holes and 500 nm for electrons. For large
QDs, we obtain diffusion lengths of 120 nm for holes and 150 nm for electrons. Our results show
that films made of small QD films have longer diffusion lengths for holes and for electrons. We also
observe that wavelength illumination may have a small effect, with electrons showing a diffusion
length of 500 nm and 420 nm under A=532 nm and A=635 nm illumination, respectively, which may
due to increased interactions between photocarriers for longer wavelengths with deeper penetration
depths. Our results demonstrate an effective technique to calculate diffusion lengths, and indicate
that QD size and wavelength illumination can play important roles in the diffusion and electrical

transport of QD films.
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3.1 Introduction

Colloidal quantum dots (QDs) have important advantages for optoelectronics such as
strong light absorption coefficient, a size tunable direct band gap, and low-cost wet chemical
synthesis, making them very attractive for different optoelectronic applications such as solar cells

6,20-24,26,27, 30,31, 36, 37, 48, 49-31] HOWCVCI‘, due to their inherent

light-emitting diodes, and photodetectors.!
nanoparticle structure, colloidal QD films have poor conductivity because their electronic transport
relies on dot-to-dot hopping mechanisms and on surface ligands to facilitate electron coupling
between QDs, resulting in low charge mobilities (u<1cm?/'Vs) and short diffusion lengths (Lp ~100

28,33, 38,39, 52531 Photoconductive

nm) compared with conventional bulk crystalline semiconductors.!
detectors that combine PbS QDs, as light absorbers and photocarrier generators, with single layer
graphene (SLG), as a charge collector and photocurrent channel, have shown very high responsivity
(107 AW!) with very thin active films with thicknesses (t) in the order of ~100 nm. !0 13- 18, 34,35, 56-60]
The high mobility of graphene compensates for the poor conductivity of QDs, which combined with
the long lifetime traps in QDs results in high photogain and high photoresponsivity.!'*] Herein, we
demonstrate that the photocurrent in graphene can be used to measure the diffusion length of
photogenerated holes and electrons in QD films. Diffusion length is a critical parameter for the

[33, 39, 55,61

performance of photovoltaic and photodetector devices. I Therefore, reliable measurements

of diffusion lengths are important to understand the electronic transport in QDs and to improve the

design of photodetectors and photovoltaic devices based on QDs.
3.2 Results and Discussion

Our concept is similar to a previous report in which light incident on the front surface of
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colloidal QD films generate photocarriers that diffuse through the film to reach a QD acceptor layer
on the back surface, where charges recombine radiatively to generate a photoluminescent signal.l*®!
In our approach, we have a colloidal QD film, but with a SLG on the back surface instead of the QD
acceptor layer. The incident light penetrates into the QD film following the Beer-Lambert law
(~exp(-x/Dy)), characterized by the light penetration depth (D), producing photocarriers upon
absorption. Then, the photocarriers diffuse in the QD film with a characteristic diffusion length (Lp).
The photocarriers that reach and transfer to SLG produce a photocurrent as shown in Figure 18 (a).
As it has been reported previously, in the case of a PbS QD film directly in contact with SLG, the
SLG photocurrent is due to the transfer of photogenerated holes to SLG. Therefore, by probing the
SLG photocurrent due to photogenerated holes in QD films with different thickness (t), we can
estimate the diffusion length of holes (Lps) in the QDs.['3! This concept also allows probing the
diffusion length of electrons Lp. in QDs. As previously reported as well, by adding an intermediate
ZnO layer between the PbS QD film and SLG, electrons get transferred to SLG instead of holes,
allowing to measure the electron Lp. as shown in Figure 18 (b). By measuring the light absorption
and the photocurrent for devices with different thickness, it is possible to extract the light penetration
depth and the diffusion length. Since the photocurrent in graphene is proportional to the transfer of

photocarriers from the QDs to SLG, then the SLG photocurrent Iph-SLG is also proportional to the

photocarrier distribution ng,},ll (x) at the SLG-QD interface (x=t).

h
Iph—SLGan,h(x =t) (Eq.1)

A typical photocarrier distribution with light incident on the front surface is shown in Figure 18 (c).

This profile depends on the wavelength-dependent penetration depth (Dy) and on the diffusion length
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(Lp). For these experiments, we have produced QD films with thicknesses reaching ~1 um, which
are significantly larger than the depletion layer between SLG and PbS QDs. In addition, we do not
apply any voltage bias between the QD film and SLG, avoiding drift currents like in FET mobility

[53. 34, 62. 631 Therefore, our estimated values correspond to bulk diffusion lengths in

measurements.
PbS QD films in the absence of electric fields to tune Fermi level or driving charge motion. In order

to explore the effect of the QD size, we studied Lo, and Lp for QDs of two different sizes: ~2.5 nm

and ~4.8 nm as shown in Figure 19.
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Figure 18 Light penetration and carrier diffusion. a) Incident photons onto a QD film with a
wavelength dependent penetration depth (D,) are absorbed generating photocarriers that then diffuse
through the film (Lp). The photocarriers that reach graphene (SLG) produce a photocurrent. By
measuring the light transmission and photocurrent as function of thickness, it is possible to estimate
penetration depths and diffusion lengths. For direct QD/SLG junction, holes are transferred to SLG,
allowing to estimate the hole diffusion length (Lps). b) In the case of devices with an intermediate
ZnO layer, electrons are transferred from the QDs to SLG, allowing to estimate the diffusion length
of electrons (Lp,.). ¢) Typical behavior of photocarrier concentration under illumination assuming
Beer-Lambert model for light penetration and diffusive behavior of photocarriers based on
generation and recombination events.

36



Small QDs Large QDs

0.45
; 0.20
——Small QD Large QD
0.18 4
0.40
0.16
o
8 8
So03s 5
I 'g 1320
2 2 0.14 320 nm
< <
0.30 815 nm 0.12
0.254 a0
400 600 800 1000 1200 1000 1200 1400 1600 1800
Wavelength (nm) Wavelength (nm)

Figure 19 Absorption spectrum and TEM of PbS QDs.

The geometry for the device to measure the hole diffusion length is shown in Figure 20 (a).
It is based on a SLG on a glass substrate layer covering a large area of the chip with two predefined
Au contacts to apply a bias voltage (Vg) and measure the current through graphene. On top of the
graphene there is QD layer that absorbs light and generate photocarriers that are collected by SLG,
generating a photocurrent. The device also contains a light penetration testing area without electrical
contacts that serve to test the transmission of light and extract the light penetration depth for different
light wavelengths. By fabricating a series of devices with different thicknesses, we were able to

extract light absorption and photocurrent curves as a function of thickness. We also prepared devices
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to measure the electron diffusion by adding a ZnO layer in between the QDs and SLG as shown in
Figure 20 (b). Optical images of the fabricated devices for measuring the hole (QD/SLG) and
electron (QD/ZnO/SLG) diffusion lengths are shown in Figure 20 (¢ and d), respectively. The active
areas have a channel length of 100 um and width of 500 pm, defined by the contact geometry. We
tested two different PbS QD sizes: Small QDs with first exciton absorption peak at 815 nm (1.52
eV) and Large QDs with first exciton peak at 1320 nm (0.94 e¢V) as shown in Figure 19. Therefore,
we fabricated four types of devices: 1) Small PbS QDs on SLG, 2) Small PbS QDs on ZnO/SLG, 3)
Large QDs on SLG, and 4) Large PbS QDs on ZnO/SLG. For each type of device, we prepared 5,
10, 15, 20, 30, 40 and 50 layers of QDs. The fabrication process of the photodetectors for QD/SLG
and QD/ZnO/SLG are described in the chapter 3.4 Fabrication process. Briefly, a CVD-SLG
(Graphenea, Spain) is transferred onto a substrate with prepatterned Au contacts using wet transfer
with PMMA as supporting layer. Then, PbS QDs functionalized with oleic acid in toluene solution
are spin coated on the substrate followed by ligand exchange with tetrabutylammonium iodide
(TBAI). This coating process is repeated for different number of layers. The thickness is estimated
from a calibration device based on spin coating of 50 QD layers, as show in SEM cross section
images in Figure 21. For our Small QDs, we obtain a 1027+50 nm thick film for 50 layers,
corresponding to 20.54+1 nm per layer. For the Large QDs we obtain a 653+30 nm thick film for 50
layers, corresponding to 1340.6 nm per layer. For the ZnO layer devices, we spin coated and anneal

a 100 nm thick layer of ZnO nanoparticles after the SLG transfer and then adding the PbS QDs
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b) Device diagram to measure electron diffusion (QD/ZnO/SLG)
Transfer of photo-electrons from QD to SLG
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a) Device to measure hole diffusion (QD/SLG)
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c) Device image for hole diffusion (QD/SLG) d) Device image for electron diffusion (QD/ZnO/SLG)
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Figure 20 Device structure. a) Device diagram to measure hole diffusion length with a glass substrate,
predefined Au contacts, a bottom SLG, and a PbS QD film. b) Device diagram to measure electron
diffusion length with a glass substrate, predefined Au contacts, a bottom SLG, a PbS QD film, and
an intermediate ZnO layer that transfers photogenerated electrons from the QDs to SLG. c,d) Optical
images of the devices shown in a,b), showing the Au electrodes defining the active photodetection

areas with channel length of 100 pm and width of 500 pm

Small PbS QDs on SLG

Large PbS QDs on SLG
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Figure 21 SEM Cross sections
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The photoresponse and charge transfer for QD/SLG and QD/ZnO/SLG devices under
A=635 nm illumination are shown in Figure 22. As it is observed in Figure 22 (a), in the QD/SLG
devices the photocurrent is positive as the current through SLG increases when the light is ON. This
is expected as SLG on glass typically has a ‘p’-type behavior. When photogenerated holes are
transferred to SLG, this increases the number of majority hole carriers, resulting in an increase in
the current. In contrast, in the case of QD/ZnO/SLG, the current decreases when light is ON. The
transfer of photogenerated electrons to p-type SLG results in a decrease in the number of holes, and
therefore in a reduced current and a negative photocurrent. This is also shown in the
transconductance measurements performed on Si/SiO2 substrates using a 300 nm thick SiO> as gate
dielectric and doped-Si as back gate (Figure 23). Figure 22 (c) shows the SLG drain current as
function of gate voltage (Ips vs V) for QD/SLG devices. The Ips minimum, corresponding to the
Fermi level hitting the Dirac point of SLG, is at V,= 8 V, meaning a p-type conductance as electrons
have to be added to reach the Dirac point. Under illumination, the Ips minimum shifts towards larger
V,, indicating that SLG becomes even more p-doped and therefore that photogenerated holes are
transferred from the QDs to SLG. Figure 22 (d) shows the opposite behavior for QD/ZnO/SLG. In
this case, the SLG with ZnO and PbS QDs on top still shows a p-type behavior as the Ips minimum
is also at Vg>0. However, under illumination the Ips minimum shifts towards lower Vg values,
indicating that the Fermi level has increased, and therefore that photogenerated electrons are
transferred from the QDs to SLG. These results indicate that in the case of QD/SLG devices, the
SLG photocurrent is proportional to the photogenerated holes that reach the QD/SLG junctions,

whereas for QD/ZnO/SLG the photocurrent is proportional to the photogenerated electrons reaching
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SLG.
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Figure 22 Photoresponse and charge transfer. a,b) Time response of QD/SLG and QD/ZnO/SLG
devices, showing their respective increase and decrease in current under A=635 nm illumination,
indicating positive and negative photocurrents, respectively. ¢,d) Transconductance of QD/SLG and
QD/ZnO/SLG devices on Si/Si02 substrates (Figure 23), showing the opposite shifts in Fermi level
under illumination. For QD/SLG, photogenerated holes are transferred to SLG, and for
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Figure 23 Transconductance devices

In order to extract the diffusion length from the photocurrent measurements as function of
thickness, it is important to estimate the light penetration depth (inverse of the absorption
coefficient). The penetration depth for PbS QDs has been reported in previous works,!*Y however,
the QD size and morphology has a strong impact in the band gap and thus on absorption coefficients.
Therefore, we measured the light absorption for incident wavelengths of A=532 and 635 nm for each
sample. The results for light transmission as function of thickness are shown in Figure 24 with their
exponential fitting to the BeerLambert law (~exp[t/D,]) for the four types of devices using two
different wavelengths: A=532 nm and A=635 nm. As expected, the penetration depths were deeper
for the longer 635 nm wavelength. In principle, the ZnO layer should not affect the penetration depth,
however, the penetration depth for QD/SLG and QD/ZnO/SLG showed slight variations of 20—30
nm for the small QDs and 20—25 nm for the large QDs. We ascribe these variations to thickness
errors which reach ~+50 nm for thicker devices. However, for different QD size we observe notable
differences, with shorter penetration depths for the Large QDs. For A=532 nm in QD/SLG devices,

the penetration depth was D;=130 nm for Small QDs and D3=85 nm for Large QDs. For A=635 nm,
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also in QD/SLG devices, the penetration depth was D;=385 nm for small QDs and D;=200 nm for
large QDs. This indicates stronger absorption in the visible range for larger QDs, which has also
been reported in PbS QDs as well as in other types of QDs.[?> ¢ %I Table 3 summarizes the

penetration depths extracted from the light absorption measurements with the R2 fitting parameters.
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Figure 24 Light penetration depths. a), b), ¢), d): Transmission as a function of thickness for A=532
nm and A=635 nm through Small QD/SLG, Small QD/ZnO/SLG, Large QD/SLG, and Large
QD/ZnO/SLG devices, respectively. The dot points correspond to experimental values and the
dashed lines correspond to fittings to Beer-Lambert model (e~*/?). The extracted penetration depths
(Dy) are indicated in each panel. The results are summarized in Table 3.
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Table 3 Summary of penetration depth results

Small QDs, Exciton Peak @ 850 nm Large QDs, Exciton Peak @ 1320 nm
QD/SLG devices QD/ZnO/SLG QD/SLG devices | QD/ZnO/SLG
devices devices
Hlumination | 532 nm 635nm | 532 nm | 635 nm 532nm | 635nm | 532 nm | 635 nm
Wavelength
Penetration | 130 nm | 385 nm 150 nm | 403 nm 85 nm 200nm | 110 nm | 213 nm
Depth D,
R’ fitting 0.9936 0.985 0.9955 | 0.9947 0.9844 0.996 0.9938 0.9925
parameter

After measuring the penetration depth, we performed graphene photocurrent measurements

in the same samples. A fundamental assumption is that the graphene photocurrent I,4-sig is
proportional to the density of photocarriers, electrons or holes, at the SLG/QD interface (~nsl;l (x =

t)) opposite from the incident light surface. The carrier density was modeled in steady state

illumination assuming the diffusion model with recombination time (t) and generation rate (Gpn) of

photocarriers®):
dzngﬁ(x) _ dng_ﬁ —c ngﬁ(x) Eq 2
dx? - dt — Uph — ( q )

which in steady state has a solution:

X X

nPh~A (e Tip — e_D_/l) (Eq 3)

where /2, is the wavelength light penetration depth, £, is the diffusion length and 4 is just
a constant that as first approximation does not affect the profile as we work with normalized

photocurrent and absorptions. Having obtained the penetration depths D, for A=532 and 635 nm, we
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measured the photocurrent with the same illumination wavelengths and fit our experimental data to
Eq 3 to obtaining the values of Lp for holes using the direct QD/SLG junction devices (Figure 18
(a) and Figure 20 (a)) and Lp . for electrons using devices with the ZnO intermediate layer (Figure
18 (b) and Figure 20 (b)). The experiments were carried with Small and Large QDs to explore
possible effects of the QD size on diffusion length. In principle, hole and electron diffusion lengths
should not depend on light illumination, but as we will see, some variations in Lp were observed.
The experimental results with their corresponding Lp values based on fittings to Eq. 3 are shown in
Figure 25 and the results are summarized in Table 4. For A=532 nm illumination and Small QDs,
Lp; of holes is relatively 180 nm, which is expected for minority carriers in PbS QD, limited
typically to < 200 nm. However, for electrons, we observed much longer Lp., reaching 500 nm
which can be due to their majority carrier nature, reducing recombination events. Remarkably, we
observe that Lp does show a small dependence on wavelength illumination in the case of Small QDs.
For small QDs under A=635 nm illumination, we observe that both L, of holes and electrons are
reduced with respect to A=532 nm illumination: Lp is reduced from 180 nm to 140 nm, and Lp.
from 500 nm to 420 nm. These variations cannot be due to variations or measurement errors in
thickness as the measurements under both wavelengths are done in the same devices. In the case of
Large QDs, the variations in Lp for holes and electrons between the two different illuminations, are
much smaller, with variations of 10 and 5 nm respectively. Another important remark is the impact
of the QD size on the diffusion length. For electrons and holes, and for both illuminations, Lp
decreases significantly from Small to Large QDs. For A=532 nm, Lp for holes decreases from 180

nm in Small QDs to 120 nm in Large QDs, and Lp for electrons decreases from 500 nm to 150 nm.
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Similarly, for A=635 nm, Ly for holes decreases from 170 nm in Small QDs to 130 nm in Large QDs,

and Lp for electrons decreases from 420 nm to 145 nm.
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Figure 25 Holes and electron diffusion length. a), b), ¢), d) Normalized SLG photocurrent as function
of thickness under A=532 nm and A=635 nm illumination for Small QD/SLG, Small QD/ZnO/SLG,

Large QD/SLG, and Large QD/ZnO/SLG devices, respectively. The dot points correspond to
experimental values and the dashed lines correspond to fittings to Eq. 3. The extracted diffusion
lengths (Lp) with R2 fitting parameters are indicated in each panel. The results are summarized in

Table 4.
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Table 4 Summary of diffusion length results

Small QDs, Exciton Peak @ 850 nm Large QDs, Exciton Peak (@ 1320 nm
QD/SLG devices QD/ZnO/SLG QD/SLG devices QD/ZnO/SLG
devices devices

Holes Electrons Holes Electrons
Ilumination | 532 nm 635 nm 532nm | 635 nm 532nm | 635nm | 532nm | 635 nm
Wavelength
Diffusion 180 nm | 140 nm 500 nm | 420 nm 120 nm 130 nm 150 nm 145 nm
Length Lp
R’ fitting 0.9908 0.9782 0.9732 0.9142 0.9893 0.9634 0.9857 0.9622
parameter

The main findings of our measurements are the dependence of the diffusion length on the
QD size and, in the case of the Small QDs, the slight reduction in diffusion length for A=635 nm in
comparison to A=532 illumination. In the case of the reduction of Lj for larger QDs, there are two
effects to consider. As QDs get larger, there are “less jumps” from dot-to-dot required to achieve the
same distance, but on the other hand, the film becomes more porous and less compact with “smaller
contact area” between QDs. It is possible that in our case, the second phenomenon may dominate
reducing the dot-to-dot conduction. In a previous report, Liu et al reported an opposite behavior in
PbSe QDs, with increasing mobility as QD size increased, however, they use field-effect
measurements in dark with a bias voltage and very thin films (t ~30 nm) that probably involved
transport in a depleted regime. Their conditions therefore are significantly different from our case,
in which our samples are thicker (t>100 nm), without a bias, without depletion layers and under
illumination with photocarrier population. Therefore, further analysis and experiments are required
to understand this behavior and the different trend between Liu et al and our experiments. However,
these results clearly indicate that even though the use of the QD size for tuning its bandgap is an

advantage, altering the size can also have important effects in charge transport and therefore on
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optoelectronic device performance. Therefore, in addition to tuning optical properties using the size,

it is important to take into account size effects on transport in QD films.

In regard to the effect of the wavelength on diffusion length, this is observed mainly on
Small QDs, and more limited on the Large QDs. The limited effect in Large QDs could be due to
the already short Lp. However, for electrons in Small QD, Lp, is reduced from 500 nm for A=532
nm to 420 nm for A=635 nm. In principle, the mobility of the photocarriers should be independent
of the wavelength of the photon that created them. However, the light penetrations depths are
significantly different: Dj=s3=130 nm and Dj=¢35=385 nm. The shorter Lp for A=635 nm than for
A=532 nm could be due to a second order effect related to interactions with other photogenerated
carriers that have a distribution that does depend on the wavelength. For A=532, D;=130 nm, so most
of the light (80%) is absorbed in the first 200 nm of the QD film (Figure 24 (a)), which means that
after 200 nm, the photocarriers will diffuse just limited by traps or recombination but with almost
mo photons creating more photogenerated charges. However, for A=635 nm, D;=385 nm and 80%
of the light is absorbed up to 600 nm in depth, which means that in the first 600 nm of the material,
photocarriers will interact with a significant amount of other photocarriers as photons can still
generate carriers at such depths. These interactions will result in addition recombination events with
other photogenerated carriers, which can result in a reduction of diffusion length. In short, it is
possible that illuminations with longer wavelengths, and deeper penetration depths, results in an
increase in recombination events between photogenerated carriers, decreasing the diffusion length.
The mechanisms herein proposed are just suggested mechanisms, but further measurements and

analysis are required for more solid understanding. However, the presented results highlight the
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effect that size and illumination wavelengths have on diffusion lengths.

3.3 Conclusions

In conclusion, we have presented an effective technique to measure the diffusion length of
both electrons and holes in the bulk of thick QD films without the effect of drift currents, field effects,
or Fermi level tuning. These values are important for understanding and improving the performance
of optoelectronic devices based on QDs. By measuring the light absorption and photocurrent on
hybrid QD/SLG devices, it is possible to extract the penetration depth and diffusion lengths by
preparing devices with different thicknesses. Our measurements show that QDs with larger size have
shorter penetration depths (larger absorption coefficients), as well as shorter diffusion lengths. We
suggest that the shorter diffusion length could be due to smaller contact area between QDs, limiting
hopping transport, but it is imperative to do more analysis with other variables to determine the
causes of this behavior. We also observe that the illumination wavelength also influences the
diffusion length, with longer wavelengths showing shorter diffusion lengths. We suggest this is a
second order mechanism related to increased interactions between photocarriers for wavelengths
with longer penetration depths. Further analysis and measurements are required to understand this
behavior, but our results indicates that photocarrier transport in QD films is also affected by the size

of the QDs and wavelength illumination.

3.4 Fabrication process.

The devices were fabricated on glass substrates with predefined Au/Cr electrodes with 100/10

nm thickness. The electrode geometry gave an active area of 100 pm long channels by 500 um in

49



width. In the case of QD/ZnO/SLG devices, a solution with ZnO nanoparticles was added before
adding the PbS QDs. The ZnO layer was prepared by spin coating 100 uL of a ZnO nanoparticle in
chloroform solution at 2500 rpm for 10 seconds and dried at 2000 C for 10 min, repeating this
process 3 times to obtain a ~110 nm thick layer. Then the PbS QD layer was prepared by spin coating
different number of layers (5, 10, 15, 20, 30, 40, 50). The concentrations of the PbS QDs in toluene
were 40 mg/ml for the Small QDs and 30 mg/ml for the large QDs. For spin coating, 0.1 mL were
dropped on the substrate for spin coating at 2500 rpm for 10 seconds. Then a 0.03 M
tetrabutylammonium iodide (TBAI) in methanol was added and left for incubation for 30 seconds.
This process was repeated according to the desired thickness. Their respective thickness for a single
coating layer was 21+0.6 nm and 13£0.7 nm for the Small and Large QD respectively. This was
estimated from the thickness of 105030 nm for 50 layers for Small QDs and 650+34 nm per 50

layers of Large QDs.

Chapter 3, in full, is a reprint of the material as it appears in “Measuring the carrier diffusion
length in quantum dot films using graphene as photocarrier density probe”. Seungbae Ahn and Oscar

Vazquez-Mena. Submitted. The dissertation author was the primary investigator and author of this

paper.
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Chapter 4
7t -1t Interactions Mediated Pyrene based Ligand Enhanced Photoresponse in Hybrid

Graphene/PbS Quantum Dots Photodetectors

Hybrid graphene and quantum dots (QDs) photodetectors merge the excellent conductivity
and ambipolar electric field sensitivity of graphene, with the unique properties of QDs. A critical
aspect for the photoresponsivity of these devices is charge transfer at the graphene/QDs interface.
Here we use 1-pyrene butyric acid (PBA)-coated PbS QDs with single layer graphene (SLG) to
investigate the effect of pyrene as a n-m mediator to enhance charge transfer at the SLG/QDs junction
under illumination. The surface chemistry at the QD-QD and SLG/QD interface is studied before
and after treatment with the conventional tetrabutylammonium iodide (TBAI) QD linker. The hybrid
SLG/QD photodetectors prepared using PBA as a SLG-QD linker demonstrate a photoresponse up
to 30% higher than that recorded for devices where only TBAI is used, due to the strong electron
coupling between SLG and QDs. Transconductance measurements show that PBA provokes electron
depletion in SLG ascribed to the tendency to delocalize the QDs holes, favouring their transfer to
SLG. This surface ligand is found to improve the interaction between the QDs light absorbers and
the SLG charge collector, leading to an increased photodetection response. Ligand engineering

demonstrates able to enhance charge dynamics and thus boost the performance of the hybrid device.

4.1 Introduction

Graphene and semiconducting quantum dots (QDs) offer attractive properties for

optoelectronic and sensing applications. Graphene has the highest carrier mobility and its charge

51



density can be tuned by electrostatic gating, as well as by charge transfer from adjacent materials.[6%
671 Semiconducting QDs are excellent light harvesters, present a size-tunable bandgap and can be
obtained by low-cost chemical synthesis, resulting highly processable due to their solution
dispersibility, and their tunable surface chemistry.?% 3% %1 Recently, hybrid photoconductive
detectors, combining QDs as light absorbers and photocarrier generators with graphene or other 2D
materials as charge collectors, have attracted great interest due to their ultrahigh gain and high
responsivity (10" AW-! ), enabling high-sensitivity and gate-tunable photodetection.!% 13- 15 18. 3435,
57.69-72. 131 Recent advances in hybrid photodetectors combining two-dimensional (2D) materials and
PbS or other QDs are summarized in Table 5. In graphene/PbS QD based photodetectors, the band
offset at the graphene/QD junction induces a built-in potential that keeps the photogenerated
electrons in the QDs and transfers photo-holes to graphene producing a photogating effect, leading
to a change of carrier density and a photocurrent under the bias voltage Vsp across graphene, as

3. B A critical aspect for the performance of these devices is the

shown in Figure 26 (a).!
graphene/QD interface. As shown in Figure 26 (b), QD surface ligands play a major role in the
effective transfer of photo-holes from the QDs to graphene. A weak graphene/QD coupling limits
the photogenerated carriers from being collected at SLG, leading to more recombination with the
opposite carriers or with “trap” states, thus ultimately limiting charge transfer and device
photoresponsivity. Currently, the transfer of photo-holes from the QDs to graphene has been made
effective by using surface ligands such as tetrabutylammonium iodide (TBAI) or 1,2-ethanedithiol

(EDT) that, exchanging the pristine long chain molecule at the QD surface, allow for the charge

transfer between QDs, as shown in Figure 1¢. Band offset engineering has also been used to improve
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charge injection from QDs to graphene. A ZnO layer between graphene and PbS QDs has been used
to enhance the built-in potential, driving extraction and collection of charge from the QDs/ZnO p-n
junction to the graphene channel, leading to a reverse and an improvement of charge collection.!”*!
Specifically, in such a device, electrons photogenerated in the QDs are transferred to graphene and
a responsivity of 3 x 103 AW, improved of ca. one order of magnitude with respect to the device
without ZnO, has been reached.27 Similarly, an intermediate TiO, layer has been used in PbS
QDs/MoS; hybrid junctions, passivating defect sites and inducing an offset at the MoS,»/TiO»/PbS
interface that generates a built-in potential at the TiO»/PbS p—n junction, thus facilitating electron
transfer to the MoS, channel.” The latter avoids the formation of a high density of localized states
in the sub-band-gap region that pin the Fermi level in graphene, and hampers significantly current
modulation at the interface, resulting in phototransistors showing a high detectivity of 5x 10'? Jones
in the Vis. Modification of the QD surface chemistry through ligand exchange also allows the
modification of energy levels in QD film, thus allowing the engineering of the band offset at the
graphene/QD interface.l””! In graphene/PbS QD photodetectors the ligand coordinating the QD
surface plays a major role in the device performance. In fact, insulating oleic acid (OLEA), that is
the pristine QDs ligand, enables inter-QDs charge transfers only via a tunneling mechanism, while
shorter ligands improve carrier mobility, that is reported to increase exponentially with the decrease
of the ligand chain length.[** The effect of the length of ligand molecules on the charge transfer from
QDs to graphene has been studied, showing that short ligands (I~0.5 nm) result in improved
responsivity compared to longer ligands (1~5 nm).’% In addition, suitable selected ligands can

passivate trap sites at the surface of the QDs increasing lifetime of carriers, and affect valence and
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conduction band energy levels, thus modifying the band offset with the Fermi level of graphene."
761 The described approaches have been applied for improving QD-QD electron transfer and for
optimizing the offset of the levels involved in the graphene/QD charge transfer, whereas the
improvement of the electron coupling at the graphene/QD interphase for enhancing charge
collection at the channel has not been extensively investigated, thus remaining a demanding
challenge. Recently, a 3% decrease of the sheet resistance and an effective light energy conversion
have been demonstrated by using 1-pyrenebutyric acid (PBA) as a surface ligand for PbS QDs
immobilized by ©-m interactions onto the basal plane of chemical vapour deposition (CVD) grown
single layer graphene (SLG), demonstrating that PBA is an effective coupling agent in channeling

charge transfer between the hybrid components.©®!

Table 5. Summary of recent reports on established advances on hybrid photodetectors combining
2D materials and QDs.

Year | Developmentin QDs/2D Reference work
material based photodetectors
2012 | Demonstration of effective Zhang, D. et al. Understanding Charge Transfer
charge transfer between QDs at PbS-Decorated Graphene Surfaces toward a
and Graphene Tunable Photosensor.[*%
2012 | Demonstration of Ultra High- Konstantatos, G. et al. Hybrid Graphene—
Gain in Hybrid Gr/QD Quantum Dot Phototransistors with Ultrahigh
Photodetectors Gain.*¥
2012 Infrared Gr/QD Photodetectors Sun, Z. et al. Infrared Photodetectors Based on
with CVD graphene CVD-Grown Graphene and PbS Quantum Dots
with Ultrahigh Responsivity.!**!
2015 | Hybrid PbSe/Gr composite Zhang, Y. et al. Multiheterojunction
phototransistor Phototransistors Based on Graphene-PbSe
Quantum Dot Hybrids.[*%
2015 | Studying the effect of ligand Turyanska, L. et al. Ligand-Induced Control of
chain on QD/Gr phototransistor | Photoconductive Gain and Doping in a Hybrid
Graphene—Quantum Dot Transistor.®
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Table 5. Summary of recent reports on established advances on hybrid photodetectors
combining 2D materials and QDs. Continued.

Development in QDs/2D

Reference work

Year | material based photodetectors

2015 | Photoactive material based on Ingrosso, C. et al. Photoactive Hybrid Material
PbS QDs decorating CVD Based on Pyrene Functionalized PbS
Graphene monolayer Nanocrystals Decorating CVD Monolayer

Graphene.[8

2015 | Hybrid 2D MoS. / PbS QD Kufer, D. et al. Hybrid 2D-0D MoS.-PbS
Photodetector Quantum Dot Photodetectors.[’"

2016 | Integrating a Photodiode and Nikitskiy, I. et al. Integrating an Electrically
Phototransistor Gr/QD Active Colloidal Quantum Dot Photodiode with
photodetector a Graphene Phototransistor.™

2016 | Engineering interface between Kufer, D. et al. Interface Engineering in Hybrid
2D MoS2 and PbS QD hybrid Quantum Dot-2D Phototransistors.[*!
photodetector

2016 | Hybrid Gr/QD solar cell Kim, B.-S. et al. High Performance PbS

Quantum Dot/Graphene Hybrid Solar Cell with
Efficient Charge Extraction.’!

2017 | Field-effect phototransistor Song, X. et al. Graphene and PbS Quantum Dot
based on a graphene and lead Hybrid Vertical Phototransistor.[!
sulfide quantum dot (PbS QD)
hybrid matrix

2017 | Graphene/PbS-Quantum Nian, Q. et al. Graphene/PbS-Quantum
Dots/Graphene Sandwich Dots/Graphene Sandwich Structures Enabled by
Structures Enabled by Laser Laser Shock Imprinting for High Performance
Shock Imprinting Photodetectors.["®!

2017 | Hybrid 2D MoS2 HgTe QD Huo, N. et al. MoS2 -HgTe Quantum Dot Hybrid
hybrid photodetectors Photodetectors beyond 2 um."™

2017 | Image sensor based on Gr/QD Goossens, S. et al, Broadband Image Sensor
photodetector on CMOS readout | Array Based on Graphene-CMOS Integration.
system

2019 | Intercalated Multijunction Chen, W. et al. Improved Charge Extraction
Gr/QD photodetectors Beyond Diffusion Length by Layer-by-Layer

Multistacking Intercalation of Graphene Layers
inside Quantum Dots Films.!

2019 | Metallic VIAs for intercalated Chen, W. et al. Implementation of Metallic

Gr/QD Photodetectors

Vertical Interconnect Access in Hybrid
Intercalated Graphene/Quantum Dot
Photodetector for Improved Charge
Collection.["
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Table 5. Summary of recent reports on established advances on hybrid photodetectors
combining 2D materials and QDs. Continued.

Year | Developmentin QDs/2D Reference work
material based photodetectors
2019 | Characterization of hybrid Ahn, S. et al. Optoelectronic Response of Hybrid
Gr/QD photodetector as function | PbS-QD/Graphene Photodetectors.[*?
of QD size, film thickness and
wavelength
2020 | Near unity Quantum Efficiency | Chen, W. et al. Near Full Light Absorption and
in NIR with intercalated Gr/QD | Full Charge Collection in 1-Micron Thick
photodetectors Quantum Dot Photodetector Using Intercalated
Graphene Monolayer Electrodes.["!]
2020 | ZnO intermediate layer for Ahn, S. et al. Enhanced Charge Transfer and
enhancec charge collection in Responsivity in Hybrid Quantum Dot/Graphene
Gr/QD photodetectors Photodetectors Using ZnO as Intermediate
Electron-Collecting Layer.["*]
2021 | Tunable Response Time and Sahoo, A. et al. Optical Modulation Frequency
Responsivity in Graphene-PbS Mediated Tunable Response Time and
QD Based Hybrid Responsivity in Graphene-PbS QD Based
Photodetectors Hybrid Photodetectors.
2021 | Studying carrier diffusion length | Dutta, R. et al. Enhancing Carrier Diffusion
in Gr/QD photodetectors Length and Quantum Efficiency through
Photoinduced Charge Transfer in Layered
Graphene—Semiconducting Quantum Dot
Devices. 5%
2021 | Patterning of Gr/QD Ahn, S. et al High Resolution Patterning of PbS

photodetectors using a Gr-
PMMA protective layer

Quantum Dots/Graphene Photodetectors with
High Responsivity via Photolithography with
Top Graphene Layer to Protect Surface
Ligands.[®?
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a) SLG/QD photodetection mechanism b) Surface ligands and charge transfer to SLG
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Figure 26 a) Principle of operation in hybrid SLG/QD photoconductive detectors based on carrier
photogeneration in QDs and charge transfer to SLG to produce a photocurrent under the bias voltage
VDS across SLG. b) Surface ligands play an important role in transfer of charges from QDs to SLG.
c¢) Conventional hybrid SLG/QD photodetectors use TBAI to facilitate charge transfer between QDs,
but without specific coupling between QDs and SLG. d) Our proposed approach uses PBA as a
ligand at the SLG/QD interface to improve electron coupling and enhance charge transfer.

In this work, we report on hybrid photodetectors that use PBA as a ligand between CVD
SLG and QDs, while keeping TBAI as a QD—QD ligand, as shown in Figure 26 (d). Maintaining
TBAI as a ligand between QDs ensures an efficient transport of photocarriers along the QD layers,
while PBA forms a n-n bond with SLG enhancing the coupling and improving charge collection
from QDs to SLG. The characterization of the prepared PBA-coated PbS QDs shows the effect of

PBA on the light absorption and emission of the QDs. The molecular interface between SLG and
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PBA-QDs has been investigated by means of FTIR and Raman spectroscopy to elucidate the
chemical interactions between QDs and PBA and between the latter and SLG. Then, we have
performed transconductance measurements in SLG to study the behavior of the Fermi level in
SLG/QDs devices for PBA and non-PBA devices. Finally, the recorded electrical conductivity and
photoresponsivity of the photodetectors has shown a 30% enhancement in photocurrent in the
PBA/TBAI-QD based architecture (Figure 26 (d)) with respect to the OLEA/TBAI-QD based device
(Figure 26 (c)), thus highlighting the effectiveness of the coupling between pyrene and SLG via n-

7 interactions.
4.2 Results and Discussion

Oleic acid (OLEA)-coated PbS QDs have been synthesized by the colloidal chemistry route
and then functionalized by a capping exchange procedure with pyrene-1-butyric acid (PBA).® 831
This aromatic molecule is typically used as a multifunctional anchoring system for carbon based
allotropic forms.!®™ Similarly, here, PBA is expected to link the QDs, which coordinates by its end
carboxyl functionality, to the SLG platform by means of ©-n interactions. In fact, although a direct
synthesis of semiconducting PbS QDs in PBA could be, in principle, an interesting strategy to
achieve QDs already surface coordinated by PBA, the synthesis of the QDs by using a long alkyl
chain surfactant as OLEA has been preferred. The OLEA based route offers reliable control of the
nucleation and growth processes in the QDs synthesis essential to achieve a controlled and narrow
size dispersion, and to obtain stability in non-polar organic solutions.®* Conversely, for a PBA direct
synthesis of PbS QDs, the PBA capability to form highly soluble species for rapid nucleation and

then controlled growth to achieve a precise size distribution has yet to be demonstrated. In addition,
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the presence of bulky pyrene pendant moiety of the ligands on the surface of PbS QDs would likely
hamper their colloidal stability. Therefore, here the post-synthetic ligand exchange of OLEA-capped
PbS QDs with PBA has been carried out. To assess the QD surface chemistry modification and the
retention of the intrinsic geometry and optical properties, electron microscopy and spectroscopy
measurements have been performed before and after treatment with the PBA ligand. The TEM
images in Figure 27 (a) display spherical nano-objects having a mean size of ca. 2.1 £ 0.5 nm, that
stays unchanged after treatment with PBA (Figure 27 (b)). The UV-Vis-NIR absorption spectrum of
the OLEA-QDs (Figure 27 (c)) shows a peak at ca. 788 nm, ascribed to the first allowed exciton
transition of QDs having size consistent with that estimated by TEM investigation (Figure 27 (a)).[%]
The photoluminescence spectrum of the OLEA-QDs (Figure 27 (c)) presents an intense emission
peak due to band-edge recombination, Stokes shifted at 939 nm and having a relatively narrow
fullwidth at half maximum (FWHM: 91 meV) that accounts for the narrow size distribution of the
QDs. 1! After exchange with PBA, the absorption spectrum of the QDs significantly broadens,
featuring a shoulder that monotonically increases towards the high energy side, whereas the intensity
of the emission peak slightly quenches with respect to that of the pristine OLEA-QDs, with a
maximum that red-shifts up to 971 nm, and a FWHM that increases up to 130 meV (Figure 27 (¢)).
These changes in the spectral features can be reasonably explained by the redistribution of the mid-
gap surface defect states, induced by desorption of OLEA upon PBA treatment, that reduce QD
passivation, turning in a quenching of the emission peak (Figure 27 (c)).[**! This is also consistent
with the hole acceptor behavior of PBA, which stabilizes them by the & ring system, thus limiting

radiative exciton recombination.®®! The interactions between SLG and QDs were studied by FTIR
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and Raman spectroscopy. Figure 27 (d) reports the infrared spectra of both OLEA- and PBA-QDs,
spin-coated onto SLG before and after treatment with TBAI. The typical signals of both PBA and
OLEA ligands characterize the high wavenumber region of the spectrum of the PBA-QDs with the
aromatic -C-H stretching of pyrene ring at 3041 cm™! , the weak shoulder of the asymmetric -CHj
stretching, and the strong asymmetric and symmetric stretching of —CH»- of OLEA at around 2954

cm!, 2923 cm! and 2852 cm!, respectively. All these signals are present also in the pristine OLEA-

QDs.
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Figure 27 TEM micrographs of (a) OLEA- and (b) PBA-QDs. Steady state UV-Vis-NIR absorption
and photoluminescence (PL) spectra of QDs before and after capping exchange with PBA (c). FT-
IR absorption spectra of OLEA- and PBA-QDs deposited onto SLG transferred onto glass, before
and after treatment by spin-coating with TBAI (d). Raman spectra of bare SLG, and of OLEA- and
PBA-QDs on SLG, before and after treatment by spin-coating with TBAI, highlighting with * the
signals ascribed to PBA (e).
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Such features indicate that coordination of PBA at the surface of the QDs takes place
concomitantly with a partial retention of OLEA.® In the low wavenumber region, the PBAQDs
spectrum presents vibrations at 1511 cm™ and 1413 cm™! , observed also in the OLEA-QDs, and
accounted for by the antisymmetric and symmetric -COO- stretching modes, respectively, of
residual OLEA and PBA both coordinating the QD surface via a bidentate link.%®! Interestingly, the
lack of a free C=0 stretching band of the PBA molecule, expected at 1691 cm™, excludes the
presence of uncoordinated PBA in the PBA-QDs solution.[’® After treatment with TBAI, the
intensity of these OLEA related peaks significantly decreases, both in the TBAI treated PBA-QDs
and OLEA-QDs, whereas the aromatic -C-H stretching of PBA is still evident as a weak shoulder in
the high wavenumber region. These results confirm effective exchange of most of OLEA molecules

with TBAI at the QDs surface, and the preservation of part of PBA coordinating molecules therein.*!
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Figure 28 Raman spectra of SLG and OLEA-QDs onto SLG before and after treatment with TBAI.
Raman spectra of the SLG, bare and after deposition of the OLEA- and PBA-QDs, before
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and after treatment with TBAI, have been recorded (Figure 27 (e)). SLG shows the G and 2D peaks
at 1581 cm™ and 2671 ecm™ (Figure 27 (e)), respectively, ascribed to the bond stretching between
two C-sp’ atoms and the second-order breathing modes of C-sp? atoms in hexagonal rings,
respectively. Such peaks, that after OLEA-QDs deposition are at 1582 cm™ and 2671 cm™! | after
TBAI treatment move to 1585 cm™' and 2673 cm™' , respectively (Figure 28) likely due to p-doping
effect induced by transfer from QDs to SLG of the hole photogenerated upon the intrusive effect of
the laser excitation source used for the Raman measurement®®.87] The spectrum of the PBA-QDs
deposited onto SLG, before and after treatment with TBAI, shows a broad photoluminescence
background signal and new peaks at ca. 1233 cm™ , 1382 cm™ and 1614 cm™ , marked with * in the
plot (Figure 27 (e)), which are assigned to the C sp? vibration modes of PBA.*¥ Such spectral
features, though weak, are still evident after TBAI treatment, thus further confirming the
preservation of PBA molecules coordinating the QD surface. The functionalization of SLG with
PBA-QDs does not turn in any defect induced peak (D) in the Raman spectra, thanks to the non-
covalent nature of the m-m interactions.”® ¥ Finally, in the spectrum of the sample after TBAI
treatment of the PBA-QDs functionalized SLG, the G and the 2D peaks up-shift up to the same
wavenumber observed for the TBAI treated OLEA-QDs, 1585 cm™ and 2673 cm?! , as a
consequence of the same p-doping effect of QDs upon laser irradiation during the Raman
investigation.®® The ensemble of results from FTIR and Raman spectra points out that PBA

molecules are preserved after treatment with TBAI of the QDs film onto SLG.
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Figure 29 measurements (I vs VG @ VDS=1 V) for a) bare SLG (grey curve), after deposition of
OLEA-QDs (blue curve), after TBAI ligand exchange (black curve), and under illumination (A=635
nm) (red curve), and b) SLG (grey curve), after deposition of PBAQDs (blue curve), after TBAI
ligand exchange (black curve), and under illumination (A=635 nm).

Transconductance measurements have been performed to investigate the direction of
charge transfers after deposition of QDs onto SLG, and after the different surface treatments, thus
providing information about the effectiveness of the charge transfer between materials in the system.
The experiments have been performed by measuring the current through SLG, as a function of the
gate voltage (I vs V) under a bias voltage between drain and source (Vps) of 1 V. The extent of the
shift of Vg may give indication on the intensity of the charge coupling between the two materials,

being higher the shift, more efficient the charge transfer. Figure 3a shows the transconductance
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measurements of the SLG samples, as bare, after coating with OLEA-QDs (SLG/OLEA), then after
TBAI ligand exchange (SLG/OLEA/TBALI), and finally under illumination of a diode laser at A=635
nm (SLG/OLEA/TBAI Light On). Figure 30 (a and b) show the position of the Fermi level (Ef) in
SLG inferred from the transconductance measurements. For the bare SLG sample, the negative slope
at V=0 indicates a p-type doping, as expected for SLG samples transferred onto SiO, substrates.
The p-doping state is due to oxygen terminations at the basal plane defects and grain boundaries, to
interface effects with the substrate, and to physisorbed contaminants from air, such as O, H,O, and
CQO,.*1 The Dirac point, that stems on the neutrality charge point of the density of state distribution
(DOS) of SLG, that is observed as a minimum of the current in the I vs Vg plot, is not observed in
Figure 29 (a), as the Vg value, required to reach it, is beyond the range of voltages considered (100
V <Vg) in the investigated experimental conditions, to prevent breaking the gate dielectric (280 nm
thick Si0O,). After spin-coating OLEA-QDs onto SLG, the transconductance trace is shifted to lower
Vi (SLG/OLEA trace is left-shifted in Figure 29 (a), indicating an increase of Er (Figure 30 (a)),
which can be ascribed to electron transfers from the QDs to SLG, induced by the built-in potential
generated at the junction because of a favourable SLG/QDs level off-set (Figure 30 (a)), being the
lowest unoccupied molecular orbital (LUMO) state at -3.5 eV as reported for similar OLEA-PbS

QDs, just slightly larger, that is an energy higher than the Dirac point of SLG, that is ca. -4.6 eV.[?:

90, 91]
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Figure 30 Models of the energy levels behavior trends depicted for SLG a) after deposition of
OLEA-QDs, b) after TBAI ligand exchange, and c) upon illumination, on the basis of the
transconductance measurements reported in Figure 29 (a) and relative QDs energy levels position
from the references!'* *?1 and for SLG d) after deposition of PBA-QDs, ¢) after TBAI ligand
exchange, and f) upon illumination, on the basis of the transconductance measurements reported in
Figure 29 (b) and relative QDs energy levels positions from the references.!-*

After TBAI ligand exchange, the curve is further shifted to lower Vg (Figure 29 (a)),
indicating that Er moves further upwards towards the Dirac point (Figure 30 (b)), that still leaving
it above. This evidence can be accounted for by coordination of halide ions (I') that displace OLEA,
and behave as an electron-donating QD ligand, lowering the energy of the LUMO level (ELumo) of

90.92,941 Then, under illumination, the curve has a

the QD, and favoring electron transfers to SLG.!
reverse shift towards larger Vg (Figure 3a), indicating that the built-in electric field at the SLG/QD

interface provides exciton separation at the QDs, with transfer of photoholes from the highest

occupied molecular orbital (HOMO) level of the QDs to SLG, shifting Er downwards away from
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the Dirac point (Figure 30 (c)), whereas photoelectrons stay in the QDs.

The transconductance behavior of SLG after coating with PBA-QDs (Figure 29 (b)) shows
a striking difference from that of OLEA-QDs (Figure 29 (a)). The bare SLG still presents the p-type
behaviour with the Dirac point beyond Vg of 100 V. However, after deposition of PBA-QDs, the
curve (SLG/PBA) has a significant shift towards higher Vg (Figure 29 (b)), indicating a large
electron depletion that shift Er downwards away from the Dirac point (Figure 30 (d)). This finding
can be ascribed to the tendency of the aromatic ligand to delocalize the QD photoholes increasing
the Enomo level of QDs, thus favoring holes transfer to SLG.! After treatment with TBAI
(SLG/PBA/TBALI), the curve shift is largely reversed towards lower Vg (Figure 30 (e)) with again a
rise in Er due to the lowering of Exomo of the TBAI treated PBA-QDs, the latter induced by the
electron-donating I', recovering the same behavior observed for SLG/OLEA/TBALI. Finally, under
illumination, the transconductance is shifted to higher Vg, again for the transfer of photoholes from
the QDs to SLG and shifting Er downwards (Figure 30 (f)). The large shift of Er in the opposite
direction upon deposition of PBA-QDs on SLG with respect to OLEA-QDs, suggests a strong
interaction between the QDs and SLG, that can be ascribed to PBA-mediated n-m interactions
between the SLG basal plane and the QDs. After the TBAI exchange, charge flow through the QDs
is improved, and thus electronic equilibrium between SLG and QD films can be reached, resulting
in a comparable built-in potential between QD and SLG, and, thus, in a photoresponse similar for

both OLEA/TBAI and PBA/TBAI devices.
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Figure 31 I/V measurements for bare SLG, SLG/OLEA/TBAI, and SLG/PBA/TBAI samples,
showing reduction in conductance after QD deposition.

The current vs. bias voltage (I/V) characteristics of bare SLG, SLG/PBA/TBAI and of
SLG/OLEA/TBAI devices also offer evidence of the PBA-mediated interactions between SLG and
QDs. I/V curves are shown in Figure 31, showing that after deposition of either PBA-QDs and
OLEA-QDs on SLG, and their subsequent treatment with TBAI, the conductivity of the samples is
reduced with respect to bare SLG samples. This is consistent with the electron transfers taking place
from the QDs to SLG, which reduce holes majority carrier density. Taking averages over 5
measurements, we obtain a resistance of 968.00 + 2.05 Q for bare SLG, 1446.00 + 5.02 Q for
SLG/OLA/TBALI and 1884.00 = 1.72 € for SLG/PBA/TBALI. The stronger reduction in conductivity
for SLG/PBA/TBALI than for SLG/OLEA/TBAI with respect to bare SLG is probably due to the

stronger electron coupling between QDs and SLG, due to the delocalization of charge in PBA.F!
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Figure 32 a) Photoresponse of the SLG/OLEA/TBAI and SLG/PBA/TBAI devices collected under
ON/OFF light stimulation (A= 635 nm, 14.33 mWecm™, Viiee= 1 V). b) Photocurrent as a function of
light wavelength, showing higher photocurrent for SLG/PBA/TBAI devices trough the A~600-1200
nm range. ¢) Photoresponsivity as a function of wavelength for thicker devices made of 5 spin-
coated layers of QDs, showing the improved responsivity of SLG/PBA/TBAI devices over
SLG/OLEA/TBALI devices. d) Photoresponsivity as a function of light intensity for 5 spin coated

QD layers, showing higher responsivity at lower intensity for both SLG/OLEA/TBAI and
SLG/PBA/TBALI devices.

The photoresponse of hybrid SLG/QD photodetectors has been assessed by comparing the
performance of the SLG/OLEA/TBAI devices in which TBAI acts as both QD-QD and SLG/QD

ligand (SLG/OLEA/TBALI device in Figure 26 (c)), versus SLG/PBA/TBAI devices in which PBA
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induces a strong coupling between SL.G and QD (SLG/PBA/TBAI device in Figure 26 (d)). The
fabrication is discussed in more detail in the Methods section. The thicknesses of the QD films were
28.21+4.58 nm for 1 layer of SLG/OLEA/TBAI and 28.37+3.64 nm for 1 layer of SLG/PBA/TBAL
The photoresponse of the devices has been collected under ON/OFF light stimulation (A= 635 nm,
100 mWem? | Viis= 1 V) as shown in Figure 32 (a). The SLG/PBA/TBAI device generates a
photocurrent of 42pA while the SLG/OLEA/TBAI device produces 33 pA, which means a ~30%
improvement in photoresponse. The higher photocurrent observed in the SLG/PBA/TBAI device
with respect to the SLG/OLEA/TBAI photodetector can be explained considering the presence of
PBA molecules that act as a transfer channel of the holes photogenerated in the QDs to SLG via
delocalization in the aromatic 7 electron system. The rising (OFF—ON) and recovery (ON—OFF)
times of the SLG/OLEA/TBAI and SLG/PBA/TBALI devices were extracted by exponential fitting
of the transient photocurrent time response (see Figure 33-32). SLG/OLEA/TBAI devices have a
rising time of 69.98 ms and recovery time of 853.24 ms and SLG/PBA/TBAI devices have slower
transients, with rising time of 101.64 ms and a recovery time of 2.11 s (Table ). As can be noticed
from Table , the response time presents two components; a fast one, in the order of ms, that can be
ascribed to the direct transfer of photocarriers from the QDs to SLG and a slow one, in the order of
s, that can be, instead, related to surface trap states that slow down the release of carriers.” The
longer times of the SLG/PBA/TBAI device can be attributed to the delocalization of charge in the
PBA ring which mediates the charge transfer between SLG and the QDs. In addition, both
SLG/OLEA/TBAI and SLG/PBA/TBALI devices show slower time components (> 1 s) due to the

interface traps as reported previously.[* %4
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Results

General model Exp2:
f(x) = a*exp(b*x) + c*exp(d*x)
Coefficients (with 95% confidence bound

3= 0.8183 (0.7928, 0.8438)
b= -14.20 (-15.48, -13.09)
c= 01703 (0.1665, 0.1742)

d= -0.05102 (-0.05273, -0.049;

Goodness of fit
SSE- 0.07956
R-square: 0.9557
Adjusted R-square: 0.9555
RMSE: 0.01285

Results

General model Exp2:
fix) = a*exp(bx) + crexp(d*x)
Coefficients (with 35% confidence bount

a= 0.4528 (0.4291, 0.4765)
b= -1.172 (-1.278, -1.065)
c= 0.2514 (0.2445, 0.2583)

d= -0.03793 (-0.03945, -0.036

Goodness of fit:
SSE: 0.185
R-square: 0.951
Adjusted R-square: 0.9507
RMSE: 0.01959

Results

General model Exp2:
f(x) = a*exp(b*x) + c*exp(d*x)
Coefficients (with 95% confidence bount

a= 0.7174 (0.6839, 0.7509)
b= -9.839 (-10.86, -8.822)
c= 02524 (0.2478,0.257)

d= -0.0376 (-0.03873, -0.0364

Goodness of fit
SSE: 0.1405
R-square: 0.9463
Adjusted R-square: 0.9459
RMSE: 0.01708
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Figure 33 SLG/OLEA/TBAI rising time
photocurrent time response of Figure 32.
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Figure 34 SLG/OLEA/TBALI recovery time (Light ON — OFF) achieved by fitting the transient
photocurrent time response of Figure 32.
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Figure 35 SLG/PBA/TBALI rising time (Light OFF — ON) achieved by fitting the transient
photocurrent time response of Figure 32.
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Results

~
General model Exp2:

f(x) = a*exp(b*x) + c*exp(d*x)
Coefficients (with 95% confidence bound
a= 02743 (0.2618, 0.2868)
b= -0.473 (-0.5129, -0.4332)
c= 0.4209 (0.4757, 0.488)
d= -0.01379 (-0.01419, -0.013

«  PBA_recovery vs. x
untitied fit 1

Goodness of fit
SSE:0.1092
R-square: 0.9755
Adjusted R-square: 0.9753 T
RMSE: 0.01505 I L L L L L L L L I ——
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Figure 36 PBA/TBAI recovery time (Light ON — OFF) achieved by fitting the transient
photocurrent time response of Figure 32.

Table 6 Rise and Recovery times of SLG/OLEA/TBAI and SLG/PBA/TBAI devices.

Rise time Recovery time
(OFF to ON) (s) (ON to OFF) (s)
Fast Slow Fast Slow

component componentf component component

SLG/OLEA/TBAI 0.06998 19.6 0.85300 26.0

SLG/PBA/TBAI 0.10164 26.6 0.00211 72.0

Figure 32 (b) highlights how SLG/PBA/TBALI device exhibits a photoresponse higher than
that shown by SLG/OLEA/TBAI device through the entire spectrum, from A~600 nm to 1200 nm.
The photocurrent spectral response of the SLG/OLEA/TBAI and SLG/PBA/TBAI devices, recorded
for one layer of QDs (Figure 32 (b)), shows a high photoresponsivity matching the absorption
spectra of the QDs in solution (Figure 27 (b)), whereas no photocurrent is observed for photon
energies below the bandgap of the QDs, because photocarriers generation from SLG is not expected
to yield photoconductance due to their ultrafast recombination.”® The current traces under different
wavelengths with the dark current reference is shown in Figure 37. These evidences assess the

spectral selectivity of the manufactured SLG/QD photodetector, and hence, the possibility to tune
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spectral responsivity by changing the QD band gap.

—— PBA/TBAI (1 layer)
—— OLEA/TBAI (1 layer)
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600 800 1000 1200 1400 1600
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Figure 37 Raw data from the spectral response measurement. The current under 40 mV bias is
measured for each wavelength step with an integration time of 10 s.

Since light absorption and responsivity of the hybrid SLG/QD photodetector are limited by
the low thickness (ca. 30 nm) of the film obtained upon a single deposition of QDs, devices with a
higher number of layers are required to increase light absorption, especially in the Vis-NIR range,
where radiation has a penetration depth higher than 200 nm. In Figure 32 (c) the spectral
photoresponsivity of thicker devices, obtained, by i. depositing 5 layers of OLEA-QDs, being each
of them ligand exchanged by using a TBAI solution, and ii. by depositing 4 layers of OLEA QDs,
undergoing each a ligand exchange with TBAI, onto a first layer of PBA-QDs. In this way, PBA is
expected to anchor by m-m interactions onto SLG, while QD-QD coupling is ensured by TBAI
(Figure 26 (d)).5% #- 971 The photoresponsivity as a function of wavelength shows the higher
responsivity for the SLG/PBA/TBAI device through the ~600-1200 nm range, proving its higher

performance also for thicker films. Figure 6d shows the dependence of responsivity on light density
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extracted from I/V curves taken at different light intensities shown in Figure 38. The responsivity of
the SLG/PBA/TBAI devices drops with light intensity, following the same trend as
SLG/OLEA/TBAI devices and as reported in previous reports of hybrid SLG/QD photodetectors. !>
18.34] This behavior is due to larger recombination rates at high light influx, reducing the number of
the photogenerated holes that can reach the SLG/QDs interface. At low intensities of ~10712 Watts
(A=635 nm), the responsivity is 3x107 AW-!, which is in line with the magnitude found for such
hybrid SLG/QD devices.!'> 13:34 35731 These results show that the use of PBA QDs as a priming layer
enhances the responsivity performance of SLG/QD devices through a stronger interaction between
the two nanomaterials, but also induces a slower response.

SLG/OLEA/TBAI (5 layers) SLG/PBA/TBALI ( 5 layers)
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Figure 38 I/V curves of SLG/QD devices at different light intensities (A=635 nm)

4.3 Conclusion

In conclusion, we have presented a novel strategy tailoring the surface ligands according

to their roles: TBAI has been used to achieve a strong QD—QD coupling, while PBA, a pyrene based
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ligand, present as a capping ligand coordinating the surface of the first layer of QDs, has been used
to enhance SLG-QD coupling via n—m interactions. We have demonstrated that PBA ligand has a
negligible effect on the light absorption edge of the NCs, which is the main factor affecting the
photodetector performance. FTIR and Raman analysis demonstrate that PBA serves as an effective
linker between QDs and SLG, that, via the carboxyl group of pyrene, creates a stable n—r bond that
retains its coupling role even after TBA exchange. Transconductance measurements also suggest
that PBA-SLG interactions result in electrons participating in m—n bonds between PBA and SLG.
The photoresponse measurements show that the improved responsivity is uniform across different
wavelengths in the A~600-1200 nm range, reasonably due to the more effective electron coupling at
the SLG/QD junction provided by the PBA linker, which acts as a channel in transferring the charge
to the delocalized 7 electrons system of SLG. Slower response times for PBA/TBAI are also
observed due to the same n—n interactions that would need to be addressed for applications requiring
high speeds. However, the higher responsivity achieved in this work demonstrates that ligand
engineering can enhance the performance of hybrid devices based on nanomaterials, where interface

engineering plays a major role in charge exchange dynamics.

4.4 Experimental section

Materials: 1-pyrene butyric acid (PBA), lead(Il) oxide (PbO, powder 99.99%),
hexamethyldisilathiane (HMDS, synthesis grade), trioctylphosphine (TOP, 90% technical grade),
methanol (CH3OH > 99.8%) and chloroform (CHCI3, > 99.8%) were purchased by Sigma-Aldrich
and used as received. Tetrabutylammonium iodide (TBAI), 1-Octadecene (ODE, 90% technical

grade) and oleic acid (OLEA, technical grade 90%), also purchased by SigmaAldrich, were distilled
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before use. Single layer graphene (SLG) was purchased from Graphenea.

Synthesis of OLEA-capped PbS QDs: The preparation of PbS QDs was carried out as
previously reported. 35 In a typical synthesis, 4 mmol of PbO, 3 mL of trioctylphosphine (TOP) and
2.35 g of oleic acid (OLEA) were added to 36 mL of 1-octadecene (ODE) and stirred under vacuum
at 120°C. Then, a 2 mM solution of sulfur precursor, hexamethyldisilathiane (HMDS) in ODE, was
rapidly injected, followed by fast cooling at room temperature. The obtained QDs were purified by
centrifugation adding to the reaction product a large amount of ethanol and the precipitate was then

dispersed in CHCl3

Capping exchange of OLEA-capped PbS QDs with 1-pyrene butyric acid (PBA): The
ligand exchange was carried out under inert atmosphere as reported in the reference.® First, as
synthesized 102 M QDs were repeatedly washed with cycles of precipitation by centrifugation and
redispersion in CH3OH to remove the excess of OLEA ligand coordinating the QDs surface. A 0.5
M PBA solution in CHCI3 was added to the washed QDs and the mixture was left to stir overnight
at room temperature. The QDs were then washed with repeated cycles of precipitation by
centrifugation and redispersion with CH3;OH to remove the aromatic ligand in excess and then re-
dispersed in CHCI; for further studies. A concentrated transparent solution of 102 M PBAQDs in

CHCI; was obtained.

Material characterization: Steady state UV—Vis absorption spectra were recorded with a
Cary 5000 (Varian) UV/Vis/NIR spectrophotometer. Steady state photoluminescence spectra were
collected by using a Fluorolog 3 spectrofluorimeter (HORIBA Jobin—Yvon), equipped with double

grating excitation and emission monochromators. All optical measurements were performed at room
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temperature. TEM analyses were performed using a Jeol Jem-1011 microscope, operating at 100 kV
and images were acquired by a Quemesa Olympus CCD 11 Mp Camera. The samples were prepared
dipping a 300 mesh amorphous carbon-coated Cu grid in CHCI; solution of QDs and leaving the
solvent to dry. Size statistical analysis (NPs average size and size distribution) of the samples were

performed by freeware Imagel] analysis program. At least 150 QDs were counted for each sample.

Graphene transfer: SLG was transferred onto the substrate by PMMA wet-transfer.[%% %]
The PMMA/graphene layer on copper was left floating on a 0.1 M sodium persulfate solution until
the copper was dissolved. Then the PMMA/graphene layer was transferred to two subsequent DI
water baths and finally to the target device and left drying. Finally, PMMA is removed by acetone

and isopropanol.

Deposition of QDs onto SLG: SLG/OLEA/TBALI type devices were fabricated by spin
coating (2500 rpm for 10 s) 0.1 ml of 10-2 M OLEA-QDs in CHCI; onto CVD SLG. Then, ligand
exchange was performed, after each layer deposition, by incubation in a 0.03 M TBAI CH30H
solution for 30 s, and then rinsing with CH3OH. SLG/PBA/TBALI devices were prepared, the first
was obtained by spin coating 1 layer of 0.1 ml of 10> M PBA-QDs in CHCl; followed by ligand
exchange with TBAI and rinsing with CH3;OH. The thickness of the QD films was measured by

ellipsometry (Rudolph Auto EL Ellipsometer).

Spectral photoresponse characterization: The spectral response was performed over
wavelengths from 500 to 1200 nm with a 5 nm step size with a monochromator. The calibration to
obtain the power intensity at each wavelength was performed before data collection using a silicon

photodiode (S-120VC, Thorlabs). Light was generated by a Xe arc lamp with a Newport CS260 UV-
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Vis monochromator to select desired wavelengths. The experiment was done by measuring the
current through graphene at a fixed voltage (40 mV) with a time integration of 10 s at each
wavelength. The photocurrent was extracted by measuring the current under different wavelengths

and subtracting the dark current.

Light intensity photoresponse: Photoresponsivity versus power intensity experiment was
performed by combining neutral density filters with optical densities (transmission) of 0.3 (50%) ,
1.0 (10%), 2.0 (1%) and 3.0 (0.1%) from Thorlabs (NE503A, NE510A, NE520A, and NE530A). A
CPS635R laser diode (red, A~635 nm) with a circular beam with diameter of 2.9 mm was used. The
calibration for a laser power was performed prior to data collection using a silicon photodiode (S-
120VC, Thorlabs). The graphene channel had a width of 100 pm and length of 100 pm, resulting in
an active area of 0.0001cm?. The photocurrent was measured from the photocurrent at a bias voltage

of 5V.

Time response analysis: Rising and recovery times were estimated by fitting the time
response with a two-components exponential decay functions. The rising (ON—OFF) times were
obtained by normalizing and inverting the response to obtain the decay behavior and fitting to an
exponential behavior. The recovery (OFF—ON) times were obtained by normalizing the response
and fitting to an exponential decaying behavior. In both cases MATLAB was used and the results

give a two-component exponential behavior, with a fast and a slow component.

Chapter 4, in full, is a reprint of the material as it appears in “n-r Interactions Mediated
Pyrene based Ligand Enhanced Photoresponse in Hybrid Graphene/PbS Quantum Dots

Photodetectors”. Seungbae Ahn, Chiara Ingrosso, Annamaria Panniello, Marinella Striccoli,
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Giuseppe Valerio Bianco, Angela Agostiano, Giovanni Brunoc, Maria Lucia Curri, and Oscar
Vazquez Mena, Advanced Electronic Materials, Accepted. The dissertation author was the primary

investigator and author of this paper.
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Chapter 5
Enhanced Charge Transfer and Responsivity in Hybrid Quantum
Dot/Graphene Photodetectors Using ZnO as Intermediate Electron-

Collecting Layer

Hybrid graphene (Gr)—quantum dot (QD) photodetectors have shown ultrahigh
photoresponsivity combining the strong light absorption of QDs with the high mobility of Gr. QDs
absorb light and generate photocarriers that are efficiently transported by Gr. Typically, hybrid PbS—
QD/graphene photodetectors operate by transferring photogenerated holes from the QDs to Gr while
photoelectrons stay in the QDs inducing a photogating mechanism that achieves a responsivity of
6x10” A W', However, despite such high gain, these systems have poor charge collection with
quantum efficiency below 25%. Herein, a ZnO intermediate layer (PbS-QD/ZnO/Gr) is introduced
to improve charge collection by forming an effective p-n PbS-ZnO junction driving the electrons to
the ZnO layer and then to Gr. This improves the photoresponsivity of the devices by nearly an order
of magnitude with respect to devices without ZnO. Charge transfer to Gr is demonstrated by
monitoring the change in Fermi level under illumination for conventional PbS-QD/Gr and for ZnO
intermediate PbS-QD/ZnO/Gr devices. These results improve the capabilities of hybrid QD/Gr

configurations for optoelectronic devices.
5.1 Introduction

Light to electricity conversion is a fundamental process required in a broad range of

optoelectronic applications such as imaging, photovoltaics, and telecommunications.% - 191 While
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current technologies are mainly based on inorganic materials (Si, GaAs, GaN) and low-cost organic
molecules, nanomaterials with extraordinary electronic and optical properties are emerging for next
generation optoelectronic devices.* 1! Quantum dots (QDs) offer size-tunable band gaps, strong
light absorption, easy solution-based processing, and further capabilities with core—shell

28, 102

compositions.| I Similarly, 2D materials have shown extraordinary high mobilities like in

graphene (Gr), as well as high light adsorption/emission with transition metal dichalcogenides

monolayers.[® 103

However, the implementation of nanomaterials into high performing
optoelectronic devices still faces several challenges. QD films have very poor mobility, resulting in
poor photocarrier collection.?! One-atom thin Gr has extraordinary mobility and stability, but it
lacks a bandgap and is ultrathin, resulting in poor light absorption.”! 2D semiconductors also offer
high responsivity but do not offer the band gap size tunability of QDs. A novel strategy to overcome
such limitations was demonstrated by combining Gr and PbS-QDs into hybrid Gr/QD
photodetectors. 13- 34 35. 70. 80. 811 Thege devices exploit the synergy between these two materials,
combining the strong light absorption and bandgap tunability of QDs for carrier photogeneration,
with the high mobility of single-layer Gr for efficient charge transport resulting in ultrahigh gain
(=108 electrons/photon) and responsivity (=107 A W1).[13:15.1041 [ addition to single QD/Gr devices,
multistacked QD/Gr devices with intercalated Gr layers have also been reported, showing improved

70.811 All previously reported PbS-QD/Gr hybrid devices operate by transferring

photoresponsivity.!
photogenerated holes from QDs to Gr.l'!: 3 The long lifetime of electrons staying in the QDs acting

as a photogate, combined with the short transit time of holes through the Gr channels result in high

gains. However, the charge transfer from QDs to Gr is poor. The highest quantum efficiency (QE)
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reported in single PbS-QD/ Gr junction is 25%, probably due to a low built-in potential that limits
the force driving photogenerated holes from PbS-QDs to Gr. In this work, we add an intermediate
ZnO layer in between the PbS-QDs and the Gr layer (PbS/ZnO/Gr), forming a PbS-ZnO p-n junction
that reverses and improves the device operation by transferring photogenerated electrons, instead of
holes, from the PbS QDs to Gr. This strategy has been demonstrated using a P3HT layer to enhance
charge transfer from perovskites to Gr.'! Surface ligands have also been optimized resulting in
high responsivities using short-length ligands, but also resulting in hole-transfer from QDs to Gr.!®
In this work, the ZnO intermediate layer operates as an efficient electron collecting layer driving

electrons from QDs to Gr.

The hybrid photodetectors herein presented are constructed by a high mobility single-layer
Gr, a ZnO intermediate layer, and a light absorbing PbS-QDs layer. From here on, these devices will
be referred to as intermediate PbS/ZnO/Gr devices, and the control devices without ZnO will be
referred to as control PbS/Gr devices. Gate-sweep measurements are performed to monitor the Fermi
level and carrier concentration in Gr. We observe that in the case of control PbS/Gr devices, the
Fermi level of Gr decreases under illumination, pointing to transfer of holes from the QDs to Gr,
whereas for PbS/ZnO/Gr devices, the Fermi level increases under illumination, indicating electron
transfer. We show that PbS/ZnO/Gr devices have more efficient charge transfer with higher

photoresponsivity than PbS/Gr devices.
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5.2 Results and Discussion
5.2.1 Device Fabrication and Material Characterization

In brief, the devices are fabricated by transferring CVD Gr monolayers on a 500 pm thick
silicon chip with a thermal SiO, layer 285 nm thick used as gate dielectric. The chip has predefined
electrodes with a channel length/width of 500 um/500 pm on top of the SiO,. Field-effect
measurements indicate that bare Gr is p-doped, with the gate voltage (V) required to reach the
Dirac point (Vpp) located at Vpp =~80—120 V for various devices. An I versus Vg plot is shown in
Figure 39 (a). Using a value of Vpp =100 V for bare Gr, we estimate that the Fermi level (Er) is
~(.28 eV below the Dirac point in the valence band. This is consistent with previous works on hybrid
Gr/QD photodetectors reporting bare Gr monolayers on SiO; as p-type channels.!'¥ The resistances
of various Gr samples are shown in Figure 39 (b). Figure 39 (c) shows the Raman spectrum of a Gr
monolayer. After Gr transfer, ZnO nanoparticles are spin-coated on the Gr layer followed by an
annealing process at 200 °C to form continuous films. The thickness of the ZnO is controlled by the
number of spin-coated layers, with each ZnO layer being about 35 nm in thickness. PbS QDs films
are deposited by spin coating followed by a ligand exchange using tetrabutylammonium iodide
(TBAI). The thickness of one spin-coated layer is =30 nm for PbS QDs. SEM cross sections of
ZnO/Gr and PbS-QD/Gr devices are shown in Figure 40 (a and b), showing full coverage on Gr
layers. UV—vis absorption spectra of ZnO, PbS-QDs, and PbS-QD/ZnO films are shown in Figure
40 (c—e). XRD patterns of a ZnO films are shown in Figure 40 (f), confirming its crystallographic
structure. After adding either PbS QDs or ZnO nanoparticles, Er of Gr shifts upward toward the

Dirac point, shifting Vpp from =100 to =50-60 V, staying p-type in agreement with previous works
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on hybrid PbS-QD/Gr devices (see Figure 39 (d)).!!> 81
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Figure 39 a) I vs VG for a bare graphene sample, showing the Dirac peak at Vpp~90 V and that
graphene is p-type. b) Resistance histogram of different graphene samples with channel length and
width of 500 um. ¢) Raman spectrum of single layer graphene. d) Shift in Vpp for graphene from
~115 V to ~55 V after PbS quantum dots coating. This indicates that the Fermi level is up-shifted
towards the Dirac point, but that graphene remains p-doped.
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Figure 40 a) Five layers of PbS QDs coated on 285 nm of SiO,. The thickness of PbS quantum dots
is 150 nm, indicating a thickness of 30 nm per layer. b) Five layers of ZnO coated on 285 nm of
Si02. The thickness is 180 nm, indicating a thickness of =36 nm per layer. ¢c) UV—vis absorption
spectra of PbS QDs, showing a resonance peak at A = 1090 nm. d) UV—vis absorption spectra of a
ZnO layer, showing a strong response at A = 300 nm, but negligible response for higher wavelengths.
e) UV—vis spectrum of PbS quantum dots on ZnO, showing an overlap of the spectra in (c) and (d).
The resonance peak from ZnO can be observed at A = 300 nm as well as the weaker absorption peak
from PbS QDs at A = 1090 nm. f) X-ray diffraction patterns of ZnO layer.

5.2.2 Charge Transfer to Gr

The primary effect of the intermediate ZnO layer in the transfer of photogenerated charges

from PbS to Gr is shown in Figure 41, illustrating PbS/Gr and PbS/ZnO/Gr device diagrams with

84



their respective light and dark electrical current as function of gate voltage (I vs V). In the case of
the direct PbS/Gr junction (Figure 41 (a)), the gate voltage to reach the Dirac point (Vpp) shifts from
Vor =57 V in dark to Vpp = 80 V under light (A = 635 nm) as shown in Figure 41 (b). The positive
shift of Vpp under illumination indicates a downshift of Fermi level and therefore a transfer of
photogenerated holes from the PbS-QDs to Gr. In contrast, for the PbS/ZnO/Gr device (Figure 41
(c)), Vop shifts negatively under illumination, from Vpp =40 V in dark to —12 V under light (Figure
41 (d)), indicating an upshift in Fermi level and therefore a transfer of photogenerated electrons to
Gr. We infer that ZnO forms an effective p-n junction with the PbS-QDs (PbS/ZnO), transferring

photogenerated electrons from PbS to ZnO that are then collected and transported by Gr.
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Figure 41 a) PbS/Gr device schematics. b) I versus VG for a PbS/Gr device in dark (black) and under
A =635 nm light (red), showing the positive shift of the Dirac point from Vpp = 57 to 80 V in light,
indicating a downshift in Fermi level and transfer of photogenerated holes to Gr under light. ¢)
PbS/ZnO/Gr device schematics. d) I versus Vg for PbS/ZnO/Gr in dark (black) and under A = 635
nm light (blue), showing the negative shift from Vpp =40 V in dark to —12 V in light, indicating an
upshift in Fermi level and the transfer of photogenerated electrons to Gr under light. (Vps =1 V).

In order to gain understanding on the charge transfer to Gr, the resistance and Fermi level
of Gr were measured in PbS/Gr and ZnO/Gr junction devices. Figure 42 (a) shows the electrical
resistance of Gr as function of PbS film and ZnO film thickness. For PbS/Gr, the resistance jumps
from =250 Q without PbS (thickness t = 0), to =550 Q after the first layer of PbS (t = 30 nm) is
added. This initial drastic shift in EF indicates a transfer of electrons from PbS to Gr, reducing the
number of hole majority carriers. As more PbS QD layers are added, the resistance of Gr keeps
increasing up to 900 Q for t = 120 nm. Figure 42 (b) shows how Vpp decreases as PbS layers are

added, indicating an upward shift in Er toward the Dirac point. Even though from t = 30 to 60 nm,
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there is a slight increase in Vpp, from t = 60 to 120 nm, Vpp decreases from =60 to ~35 V. The
behavior of resistance and Vpp as function of thickness indicates that adding more PbS layers adds
more electrons to Gr. Since adding more PbS-QD layers keeps shifting the Fermi level, we infer that
the depletion layer at the PbS/Gr junction extends at least to =120 nm in the QDs. From the Fermi
level shift in Gr, we infer a PbS/Gr interface with accumulated negative charges in Gr and positive
charges in PbS generating a built-in potential. Under illumination, this built-in potential drives
photogenerated holes to Gr and keeps photoelectrons in PbS. In the case of the ZnO/Gr device, the
trends are different. Figure 3a shows that after adding the first ZnO layer, there is an initial increase
in resistance from =220 to =450 Q. However, as more layers of ZnO are added, the resistance of Gr
does not change significantly, remaining near ~450 Q up to t = 140 nm. Similarly, Vpp does not
show major changes, remaining at =55 V from t = 35 to 140 nm (Figure 42 (b)). From this behavior,
we infer a narrow depletion layer (=30 nm) and possibly lower built-in potential at the ZnO/Gr
interface compared to the PbS/Gr interface. It is important to mention that in the case of the PbS/Gr
junction, surface ligands have a strong effect on band alignment and charge transfer that also affect
the interface between PbS and Gr.l”> %! In the case of ZnO/Gr junctions, the ZnO nanoparticles are
deposited without intermediate molecules on Gr.l'%”) Figure 43 shows the complete set of I versus

Ve plots from which Vpp are extracted for Figure 42 (b).

87



(@) 1000 (b)

—@— Zn0O on graphene —@— ZnO on graphene

—@— PbS on graphene 704 —@— PbS on graphene
‘w 8004
E PbS QDs 60 Graphene
o] —_
= Graph
Py 600 raphene a
o n 50
[ [&]
o >
tn i
@ 400 40+
i)
o PbS QDs

200 Graphene 304 Graphene
0 30 60 90 120 150 30 60 90 120 150
Thickness (nm) Thickness (nm)

Figure 42 a) Resistance as a function of thickness for PbS/Gr and ZnO/Gr. For PbS/Gr the resistance
increases from R =250 to 900 Q as the thickness increases from t = 0 to 120 nm. For ZnO/Gr the
resistance increases from R =220 Q to 500 Q as the thickness increases from t = 0 to 35 nm but
remains constant from t = 35 to 140 nm. b) Dirac point gate voltage (Vpp) as a function of thickness.
For PbS/Gr, VDP increases slightly from t = 30 to 60 nm, but then decreases from t = 60 to 120 nm
as PbS QDs are added. For ZnO/Gr, Vpp remains stable as ZnO is added from t = 35 to 140 nm. The
complete set I versus VG plots for different thicknesses of PbS and ZnO on Gr from which Vpp are
extracted are shown in Figure 43 (a and b).
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Figure 43. Full I vs VG curves for ZnO/Gr and PbS/Gr as function of ZnO and PbS thickness
respectively from which Vpp is extracted for Figure 42 (b) in the main text. a) For ZnO, the shifts in
Vpp are minor as more ZnO layers are added. b) For PbS, there is slight initial right shift in Vpp from

t=30 nm to t=60 nm, but as t is increased to t=90 and t=120 nm there is a clear negative shift in Vpp.
The shifts in Vpp for PbS are clearly more significant that for ZnO.

5.2.3 Photoresponse of PbS/Gr and PbS/ZnO/Gr Devices

The inverted photoresponse under A = 635 nm illumination for the control PbS/Gr and the
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intermediate PbS/ZnO/Gr devices is shown in Figure 45. In both cases, the thickness of the PbS
layer is =30 nm, and for the intermediate device the ZnO layer is =110 nm thick. A ZnO/Gr control
device shows negligible response at A = 635 nm as shown in Figure 44; therefore, it is assumed that
the photoresponse in PbS/ZnO/Gr devices is due to light absorption by the PbS layer. Figure 45 (a
and b) shows the photocurrent I,n = Ligh—laark as function of Ve. For PbS/Gr (Figure 45 (a)), at Vg =
0 the photocurrent I, is positive as photogenerated holes are transferred from PbS to Gr, increasing
the carrier density and therefore the conductivity of the p-type Gr channel. For values of Vg <40V,
I;n is positive, and it increases as Vg increases because the Er upshifts toward the Dirac point and
the impact of photoholes transferred to Gr has a larger effect on its hole carrier density as Er gets
closer to the Dirac point. I, reaches its maximum at Vg =40 V, which corresponds to the Dirac point
in dark (Vpp.park). As Vg increases above 40 V, I, decreases as now Gr is n-type in dark but becomes
p-type under illumination due to photoholes transferred from PbS, reducing effectively Iyn. This
trend continues, passing by a zero-response (Ipn = 0) point near Vg.zero = 68 V, at which the n-type
Gr electron carrier density in dark is equal to the p-type Gr hole carrier density under illumination.
Passing the zero-response, I,x becomes negative and keeps decreasing, hitting a minimum at Vg =80
V, corresponding to the Dirac point under illumination (Vpp-Ligh). The maximum and minimum
points of I, in Figure 45 (a) can also be correlated to the dark and light Dirac points in Figure 41 (b)
(not same devices), since Iyn closely matches to the difference between the dark and light curves,
with the zero-response point I, = 0 at the crossing between the two curves. Figure 46 (a) has a
diagram showing how Fermi level and carrier concentration shifts in Gr under illumination,

explaining the photocurrent behavior. In the case of the PbS/ZnO/Gr device, the behavior is similar
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but inverted. At Vg = 0, I, is negative, indicating that photoelectrons are transferred to p-type Gr,
decreasing the net carrier hole density. From Vg = —50 to =35V, I, is negative and decreases until
reaching a minimum at the Dirac point under illumination at Vpp.righe = =35 V. From this point, Gr
still behaves as p-type in dark, but now it converts to n-type under illumination due to photoelectrons
transferred from PbS. The zero-response (I,n = 0) is reached at Vg.zero=22 V, where the hole carrier
concentration in dark is equal to the electron carrier concentration under light. I;; keeps increasing
until reaching a maximum at the Dirac point in dark at Vpp.pak =45 V. From there, Gr now behaves
as n-type in dark and photoelectrons transferred to Gr increase its conductivity, keeping I, positive.
As Vg increases above Vpp.park, Iph keeps positive, but its magnitude decreases because the impact
of photoelectrons in the carrier density diminishes as EF shifts upward away from the Dirac point.
This behavior can also be understood from Figure 41 (d), (not same devices) since I, corresponds
to the difference between dark and light curves. Shifts in Fermi level in Gr under illuminations are
shown in Figure 46 (b) Given that in both intermediate PbS/ ZnO/Gr and control PbS/Gr devices Gr
is p-type (Vor > 0 V), the inverted behavior of I, in Figure 45 (a and b) provides strong evidence of
transferring of photo-electrons from QDs to Gr in PbS/ZnO/Gr devices and photo-holes in PbS/Gr

devices.
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Figure 44 Current response under a A=635 nm laser of a ZnO/Gr structure, showing the zero
response of the system since A =635 laser cannot create photocarriers in ZnO due to its high band
gap.
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Figure 45 a) Iy versus Vg for PbS(30 nm)/Gr. At Vg = 0, the photoresponse is positive due to
photoholes transferred to p-type Gr. The maximum and minimum relate to the Dirac points in dark
and light respectively. b) Ipn versus Vg for PbS(30 nm)/ZnO(110 nm)/Gr. At Vg = 0, the
photoresponse is negative due to hotoelectrons transferred to p-type Gr. The minimum and
maximum relate to the Dirac points in dark and light respectively. ¢,d) Time response for ON/OFF
light switching for PbS/Gr and PbS/ZnO/Gr. The current increases for light ON for PbS/Gr, while it
is reduced for PbS/ZnO/Gr. e,f) Rising and recovery times for PbS/Gr and PbS/ZnO/Gr devices.
[llumination: A = 635 nm and laser frequency modulation: 2 Hz.
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Figure 46 Band diagrams of PbS/Gr and PbS/ZnO/Gr showing the shift in Fermi level under
illumination for representative Vg.

Time-modulated response for both devices are shown in Figure 45 (¢ and d). Both cases
show time modulation below 1 s with good time stability. The detailed response and recovery times
are shown in Figure 45 (e and f). For PbS/Gr, the current increases (positive I,z) with a response
time of 18.74 ms and a slower recovery time of 34.64 ms. In the case of the PbS/ ZnO/Gr device,
the light response is a decrease in current with a faster response time of 5.95 ms and a recovery time
0f 19.36 ms. The response times are similar to previous results using PbS/Gr (10 ms) and PbS/MoS2

(12 ms) junctions, but still below Gr/QD devices with an ITO top-gate encapsulation reaching sub-
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13, 35, 74

millisecond response.! ! The recovery time has a second time component of =1 s associated

13.15.74.77) Measurements for wide switching time interval

with surface traps as reported previously.!
(10 mHz) were also investigated to understand the stability in ambient air-condition as shown in
Figure 47. Both PbS/Gr and PbS/ZnO/Gr devices have good stability under ambient condition with
exposure time of about 1 h. Proper encapsulation is also required since QDs are known to be

sensitivity to humidity and further work is needed to study performance in extreme conditions such

as high humidity and for longer time periods.
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Figure 47 Time response for ON/OFF light switching for PbS/Gr and PbS/ZnO/Gr (a) with long

time exposure (>1 hour), (b) and (c) 5 cycles, and (d) and (e) one cycle. [llumination: A=635 nm
and light frequency modulation: 10 mHz.

5.2.4 Enhanced Photoresponsivity and Charge Collection

Figure 48 (a) shows the spectral response for PbS/ZnO/Gr and PbS/Gr devices, showing a

superior performance of intermediate ZnO devices in the A = 500-1100 nm range. In both cases
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there is a strong response in the A = 500-800 nm range, followed by a drop in Responsivity (Rp) at
A=800 nm which has also been observed in other PbS/Gr reports.['> 1381 Light with A > 800 nm has
a large penetration depth (>500 nm) and is poorly absorbed by the 90 nm PbS-QD thick film.
However, the Responsivity peak due to the QD first-exciton resonance absorption peak at
A=1050 nm shows a strong response matching almost the response in the visible range. Overall, the
performance of the device with intermediate ZnO layer shows a Ry, 10-times higher than the direct
PbS/Gr devices. Figure 48 (b) shows Ry, as function of incident power P, giving a similar 10-times
improvement for intermediate PbS/ZnO/ Gr over PbS/Gr devices from 107 to 10! mWem ™2, (I-V
and I vs Vg plots for various incident power illumination are shown in Figure 49 (a and b). At low
powers of 10 mWem 2, the intermediate ZnO devices reach a Ry = 108 AW ! which is superior to
10” AW! reached previously by PbS/Gr devices.["*! PbS/ZnO/Gr device also results in improved
detectivity (D*), indicating D* = 1.06 x 10'? Jones (NEP = 4.2 x 107'* WHz *°) and D* = 5.63 x
10 Jones (NEP = 7.95 x 107'* WHz %) for PbS/Gr device. As shown in Figure 50, the noise levels
for PbS/ZnO/Gr and PbS/Gr devices are very similar, therefore, the higher responsivity results in
higher detectivity.'¥ In both cases, PbS/Gr and PbS/ZnO/Gr, a reduction in Ry is observed toward
higher incident power. This behavior has been also reported for QD/Gr devices and is due to reduced
Tiifetime, Saturation of traps, and less efficient charge transfer at high light intensities as modeled by
Sun et al.** Figure 48 (c) shows how Vpp shifts from dark to light as function of light intensity with
expected opposite shifts for PbS/Gr and PbS/ ZnO/Gr devices. The shift in AVpp is clearly stronger
in the case of the PbS/ZnO/Gr, indicating a stronger shift in Fermi level and therefore a more

significant charge transfer to Gr under same illumination. Figure 48 (d) shows the absolute change
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in carrier density in Gr extracted from the shifts in Vpp, showing almost a 2x larger increments in
Gr carrier density for PbS/ZnO/Gr (electron transfer) than for PbS/Gr (hole transfer) devices due to
more efficient transfer of photocarriers under illumination and therefore improving the
photoresponse. This higher transfer of photocarriers (Figure 48 (d)) contributes to the higher
responsivity of the intermediate ZnO devices. In addition, difference in Gr carrier mobility and

photocarrier lifetime in QDs may increase the photogain in the intermediate devices.
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Figure 48 a) Responsivity as function of wavelength, showing a 10x higher response for intercalated
devices with ZnO. b) Responsivity as a function of power density, showing an increase in
responsivity as the power decreases. The responsivity of the PbS/ZnO/Gr devices is ~10x higher
than PbS/Gr over the broad range of power density. ¢) Dirac-point voltage Vpp as a function of light
intensity shows how VDP increases (Fermi level decreases due to hole transfer) for PbS/Gr devices
and how Vpp decreases (Fermi level increases due to electron transfer). The shift in Vpp is stronger
for intercalated ZnO devices, indicating a larger shift in Fermi level. d) Absolute change in carrier
density for PbS/Gr (hole transfer to Gr) and PbS/ZnO/Gr (electron transfer to Gr), showing the larger
charge transfer for intermediate ZnO devices. The full set of I versus Vg and [-V curves for PbS/Gr
and PbS/ZnO/Gr for different light intensities are shown in Figure 49.
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Figure 49. Full set of I vs VG and I vs VDS plots for different light intensities for PbS/Gr and
PbS/ZnO/Gr. This data is used to generate plots in Figure 48.(b and.c). (a) I vs VG for different light
intensity for PbS/Gr. The Dirac peak (VDP) increases to further positive values as light intensity
increases. This confirms that as light intensity increases more holes are transferred to Gr. (b) I vs
VG for different light intensity for PbS/ZnO/Gr. The Dirac peak (VDP) is negatively shifted as light
intensity increases, indicating more photoelectrons being transferred as more photons are absorbed.
(c) I vs VDS for PbS/Gr showing increase in current as light intensity is increased without an VG
applied. (d) I vs VDS for PbS/ZnO/Gr showing how the current is further decreased as light intensity
is increased without an VG applied. This shows how more photoelectrons are transferred to Gr as
intensity increases, reducing the conductivity of hole-majority carriers in Gr.
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Figure 50. Dark currnet traces. The detectivity was calculated by D* = /%, NEP = %, R =
Responsivity, A = 0.001 cm?,and Af = 20Hz

Based on the stronger photoresponse and larger charge transfer in intermediate ZnO devices,
we infer that a stronger driving force from PbS to ZnO than from PbS to Gr is the main factor for
their superior performance. Similar to ZnO/PbS-QD solar cells, the ZnO/PbS p-n junction creates a
strong charge separation junction, driving electrons toward ZnO. Due to the short =30 nm depletion
layer at the ZnO/Gr interface estimated from Figure 3b, we infer that the electrons are then
transferred from ZnO to Gr by diffusion. Once in Gr, charges are efficiently transported and collected.
Hybrid PbS/MoS; devices have been reported in which photoelectrons are also transferred from PbS
to MoS,, however, the mobility of MoS; is inferior to Gr, reaching a lower responsivity of 106 AW,

whereas our PbS/ZnO/Gr reaches ~10® AW ! 74 77]

shows the comparison of responsivity for PbS QD based photodetectors with different
carrier transportation layer. Future work is required to measure the built-up potential, charge

separation and charge transfer time scales at PbS/ZnO/Gr interfaces in order to better understand
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charge dynamics and improve hybrid Gr/QD photodetectors.

5.3 Conclusion

In conclusion, we report a high-responsivity photodetector based on colloidal PbS QDs on
a Gr monolayer with a ZnO intermediate layer that selectively allows the transfer of photogenerated
electrons from PbS to Gr, as opposed to the transfer of photoholes in PbS/Gr devices. Using gate-
sweep measurements it is possible to monitor Fermi level and charge transfer to Gr under
illumination, showing larger charge transfer in intermediate ZnO devices. The devices with
intermediate ZnO have a stronger photoresponse than the direct PbS/Gr devices, which we presume
is due to a stronger driving force from PbS to ZnO. This work also demonstrates how nanomaterials
such as nanoparticles, quantum dots and Gr can be integrated into novel architectures, maximizing
and complementing their optical and electrical properties for high performing optoelectronic devices.
The use of ZnO opens the route for new optoelectronic devices based on hybrid Gr and QD devices

that require both hole and electron transfer, such as photovoltaic cells and light emitting diodes.
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Table 7 Comparison of responsivity for PbS based photodetectors.

Carrier Structure Responsivity Laser power Ref
transport [A/W]
material
PbS/ZnO/Gr 6.16*%107 0.17mW/cm? (635 nm) This work
PbS-pyridine on Gr ~107 4.5 nW/em? (895 nm) B4
PbS on Gr 5*107 <10 fW (532 nm) 031
Gr -5 2
Intercalated  Gr/PbS QD 5.94*107 nrln(; mW/em® (532 g,
system
~1073 2
1 um thick intercalated ~10’ ( 81 50 Onm) mW/em® 7y,
Gr/PbS QD system
Gr/PbS QDs/Gr >10 430 pW/cm2 (650 nm) ¥
*10% [108]
PbS(EDT)/PbS(TBAIYMoS, >+ 10 20 pW (850 nm)
e PbS/MoS, 6*10° 3 pW/em? (635 nm) 77
SnS, SnS; nanosheet/PbS CQDs >10° 0.23 pW/cm? (970 nm) 1%
N 2
CdS:Serx  CdSiSeix nanosheet/PbS QDs  1.45%10° mori;)l mW/em® (405 i
InGaZnO  PbS QD/IGZO hybrid >10° 5.97 pW (1000 nm) (11
PbS PbS(TBAI)/PbS(EDT) ~0.25 10.6 pW/cm? (580 nm) [
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5.4 Experimental Section

PbS-QD Synthesis: Lead sulfide capped with oleic acid with emission at A =1100 nm was

purchased from Can GmbH Hamburg (Germany).

ZnO Nanoparticles Synthesis: The synthesis of ZnO followed the method described in

3] Tn brief, a solution of KOH was

literature using zinc acetate as precursor with a KOH solution.
added to a zinc acetate solution in methanol. 3.0 g of zinc acetate dihydrate was dissolved in 125
mL of methanol at 60 °C under stirring at 300 rpm for 1 h. Potassium hydroxide (1.48 g) was
dissolved in 65 mL of methanol with 400 rpm stirring for 1 h. The potassium hydroxide solution
was slowly added to the zinc acetate solution and the solution was kept stirring at 60 °C for 5 h. ZnO

nanoparticles were extracted by centrifugation and washed in by methanol. Finally, they were

dispersed in 20 mL of chloroform and filtered with a 0.45 pm filter.

Gr Transfer: Single-layer Gr was purchased from Graphenea (Spain). The product consists
of poly-methyl methacrylate (PMMA) film on Gr on copper foil. Copper was removed by wet
etching using an aqueous solution of ammonium persulfate (APS). Once copper foil was completely
etched, PMMA/Gr film was rinsed in DI water for 2 h. Finally, the layer was transferred onto an Au
patterned electrode SiO-/Si substrate and then dried for 2 h at room temperature, followed by the

removal of the PMMA coating using acetone, isopropyl alcohol, and DI water.[!!%]

Materials Characterization: The structural information of Gr was carefully analyzed by
employing Raman spectroscopy (Renishaw). The optical band gap of ZnO and absorption spectrum

of PbS QDs were investigated by the UV-vis spectroscopy (UH4150, Hitachi). Moreover,
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crystallographic characterization of ZnO was conducted by using X-ray diffraction (Smartlab,

Rigaku).

Device Fabrication: PbS QDs film was prepared by spin coat method. 100 uL of the
solution was deposited on the substrate by the spin coater at 2500 rpm for 10 s, then a ligand
exchange was performed by flooding the surface with 0.03 m tetrabutylammonium iodide (TBAI)
in methanol for 30 s before spinning dry at 2500 rpm. The thickness of five spin-coated layers of
PbS QDs was 150 nm as shown in Figure 40 (a). ZnO film was prepared by spin coat method.
100 uL of the solution was deposited on the substrate by the spin coater at 2500 rpm for 10 s and
dried at 200 °C for 10 min. This process was repeated according to the number of ZnO layer. The
thickness of five spin-coating of ZnO was 180 nm, as shown in Figure 40 (b). Optoelectronic
Characterization: The light intensity was measured with a standard silicon photodiode power sensor
(S120VC, Thorlabs) at the same position of the samples. A pinhole of 1 x 1 mm? was used to
illuminate only the active area. Current-voltage data were measured using a Keithley 2400 source
meter under a 635 nm laser diode (CPS635, Thorlabs). In order to achieve different light intensity,

absorptive neutral density filters (NES03A, NE510A, NE520A, NE530A, Thorlabs) were employed.

Chapter 5, in full, is a reprint of the material as it appears in “Selectively Electron-transport
from PbS quantum dots to single layer graphene with ZnO intermediate layer with Ultrahigh
Responsivity”. Seungbae Ahn, Miguel Angel Moreno Gonzalez, Wenjun Chen, Malcolm Lockett,
Jiaying Wang, Oscar Vazquez-Mena, Advanced Electronic Materials 2020, 6 (6), 2000014. The

dissertation author was the primary investigator and author of this paper.
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Chapter 6
High resolution patterning of PbS quantum dots/graphene photodetectors
with high responsivity via photolithography with top graphene layer to

protect surface ligands

Photodetectors based on colloidal quantum dots (CQDs) and single layer graphene (SLG)
have shown high responsivity coming from the synergy of strong light absorption from CQDs and
high mobility from SLG. However, it is still challenging to achieve high-density and small-foot print
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 noncompatible with
the 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 processing solvents that deteriorate the carrier mobility of CQDs and therefore
photoresponse. Herein we report patterning of CQDs using conventional UV photolithography,
achieving reproducible five-micron length PbS CQDs/SLG photodetector with a responsivity of 108
AW-1. We have also fabricated thirty-six PbS CQDs/SLG photodetectors on a single chip to
establish micron size photodetector. This process offers an approach to pattern QDs with
conventional UV lithography and dry etching semiconductor technology to facilitate its integration

into current semiconductor commercial technology.
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6.1 Introduction

Colloidal quantum dots (CQDs) are promising nanomaterials for light emission and
detection applications because of their unique characteristics such as tunable band gaps that cover
ultraviolet (UV), visible (Vis), and infrared (IR) bands (A: 300 nm — 8 pm) depending on their
composition (e.g. ZnO, CdS, PbS, GaAs, and HgTe) and size.[''*! Optical properties such as high
absorption and emission are very attractive for various applications such as photovoltaics,
photodetectors, and light-emitting diodes.!”> 1l Whereas inorganic semiconductors offer high-speed
performance, Gr/QD system offer ultrathin and flexible active films with high responsivity that are
important in biomedical applications. Even though there have been various studies to improve the
efficiency and stability of CQD, there are still limitations regarding the patterning techniques
compatible with conventional semiconductor processing to facilitate their integration into electronic

"7 The ligands required to stabilize films and facilitate charge transport are chemically

devices.!
fragile with respect to chemicals involved in conventional lithography processes such as photoresists,
developers, and resist removers. Proposed methods allowing CQDs patterning include jet printing,
dip-pen nanolithography, contact-printing, light-driven ligand crosslinking, assisted patterning, and
direct extreme ultraviolet and electron-beam lithography.!''® ") However, there is still a challenging
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 the resolution, throughput

rate, and uniformity. Light-driven ligand crosslinking patterning can achieve high resolution, but it

requires specific light-sensitive ligands. Conventional UV photolithography has strong limitations
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since the photoresist and developer react with the short-chain ligands on CQDs, causing

performance degradation.

In this study, we develop 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 induced on
the CQD surface ligands by photolithography chemicals. This is extremely relevant since damaging
of QD surface ligands can result in severe degradation of photocarrier transfer in the QD film and
therefore on photodetection performance. There have been numerous reports showing the use of
SLG as an impermeable layer to various liquids and gases, allowing the protection of chemically
fragile structures.!''”) Based on this report, we use SLG to protect the QDs ligands during the
pattering process to successfully pattern PbS QD films reaching minimum features of 10 um by 10
um squares and line arrays with 3 pm pitch. More importantly, we demonstrate the fabrication PbS
QDs/SLG photodetectors with different SLG channel lengths (5, 10, 20, 50, 100, 200, and 500 pm)
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 reach the high responsivity of 108 AW with the smallest channel length of 5 um. Also, thirty-
six PbS QDs on SLG photodetectors have been fabricated to test the reliability after the patterning

process.
6.2 Results and Discussion

Figure 51 shows the process flow for patterning of CQDs on SLG with a PGPL via a

conventional photolithography method to obtain CQD based photodetectors. The substrate has
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predefined Au electrodes prepared by lithography and lift-off with a channel length of 5, 10, 20, 50,
100, 200, and 500 pm, and with fixed width of 500 pm on top of SiO, as shown in Figure 51 (a).
Then SLG layer as conductive channel was transferred on the substrate via PMMA supported wet
transfer (Figure 51 (b)). The patterning of SLG using AZ1518 photoresist and oxygen plasma
etching is described in the experimental section (Figure 51 (c)). SLG channels with fixed width of
100 pm and varying channel lengths adapted to the 50—500 pum long predefined electrodes were
patterned (Figure 52 (a)). The patterned SLG substrate was coated by PbS CQDs via spin coating
(Figure 51 (d)). The deposition of PbS CQDs and ligand exchange are described in the experimental
section. After that, PGPL was transferred on top of the CQDs film following conventional
PMMA/Gr transfer in aqueous solution (Figure 51 (e)). During PGPL transfer, the device is
immersed in DI water, however, previous reports show that this process does not induce significant
degradation of the light absorption of the PbS CQDs film.['®: 7% 711 AZ1518 UV photoresist was spin
coated on top of the PGPL as shown in Figure 51 (f). 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 (Figure 51 (g)). The etching process was done
in two steps. First, the top PGPL was etched by the oxygen plasma. After that, the PbS CQDs were
etched by a mixture of Ho/CH4/Ar.'*" After etching process, PGPL layer was removed by immersing
in acetone and cleaned by IPA and DI water. The conditions for etching SLG and PbS QDs and
cleaning process are described in experimental section. The gas mixture of CH4+/H, plasma dry
etching commonly used for III-V and II-VI semiconducting materials. In the process, CH4 gas forms

volatile metal organic species with lead, which is easily taken off from the surface by Ar ion, and
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H, forms volatile hydride species with sulfur. Optical pictures of the final patterned PbS CQDs/SLG
photodetectors are shown in Figure 52 (b). Our final devices have a bottom SLG that serve as charge
collector, the PbS CQDs film that serves as light absorber, and the top PGPL that protects the QD
during photolithography but also contributes to charge collection in this case. Figure 51 (i) — (k)
show the scanning electron microscope (SEM) images of examples of different patterns of CQD
films that illustrate the capabilities of our method to pattern CQD films. Figure 51 (i) shows a 2D
array of 10 pum x 10 pm squares, Figure 51 (j) shows a line grid of 3 pm wide CQD films separated
by 3 um, and Figure 51 (k) shows the “UCSD Nanoengineering” legend. These pattered array of
PbS CQDs shows no significant residue in regions where etching process occurred. The inset in

Figure 51 (k) shows images of the Pb signal from EDX.
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Figure 51 Schematic diagram of the patterning process for PbS CQDs using PGPL. (a) Au (100
nm)/Cr (10 nm) electrodes were deposited using e-beam evaporator with different channel lengths
(5, 10, 20, 50, 100, 200, and 500 um). (b) PMMA/SLG layer was transferred on the prepatterned-
electrodes substrate via PMMA supported wet transfer method. (¢) SLG was patterned by
photolithography method with the same channel width (100 um). (d) PbS CQDs were deposited by
spin-coating method with TBAI ligand exchange. (¢) PGPL was transferred on PbS CQDs on
patterned SLG substrate. (f) Photoresist was coated on the substrate. (g) The patterning was executed
by the conventional UV photolithography process. (h) Exposed PGPL and PbS CQDs were removed
by oxygen plasma and CH4/Ha/Ar plasma, respectively. After that, PGPL layer was removed by
acetone, IPA, and DI water cleaning process (i) SEM image of 10 um x 10 pm square array. (j) SEM
image of 3 um line array. (k) SEM image of “UCSD Nanoengineering legend” words. Insets: Pb
EDX signal from SEM.
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(a) SLG pattern (b) PbS CQDs/SLG pattern
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Figure 52 a) Optical images of pattered SLG. The length of SLG is 500, 200, and 100 pm in first
row from top to bottom, respectively, and 50, 20, and 10 um in second row, from top to bottom,
respectively, and 5 pm in third row and the width of all SLG channel is 100 um. b) Optical images
of patterned PbS CQDs on patterned SLG.

In order to understand the possible effects of the photolithography process on the
performance and chemistry of the CQDs, we investigated the UV-Vis spectroscopy and Fourier
Transform Infra-Red spectroscopy (FTIR) of the CQDs as we performed lithography patterning with
and without the protective layer. It is observed that first absorption peak of pristine PbS CQDs is
930 nm. However, after the patterning without the PGPL, there is a blue shift of ~ 35 nm and a

reduction in the first absorption peak as shown in Figure 53 (a). In contrast, when using the PGPL,
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the blue shift is limited to ~6 nm (Figure 53 (b) and the first exciton absorption peak is not reduced.
We suggest that for the samples without PGPL, the spectrum modification is due to the formation
of minibands in PbS QDs induced by electron coupling between adjacent QDs when the ligands are

modified by the organic developer or photoresist.!?!

I'FTIR is shown in Figure 53 (c), providing
further insight on the surface chemistry of the CQDs during the lithography process and on the
impact of the PGPL. FTIR spectra of the pristine (black trace) and patterned PbS CQDs with PGPL
(red trace) indicate asymmetric C-H (2925 and 2956 cm™) and symmetric C-H (2853 cm™)
vibrations, but no vibration modes between 1400 and 1600 cm™.['>?) On the other hand, FTIR
spectrum of patterned PbS CQDs without PGPL shows weaker stretching modes around 2900 cm™,
with additional CH bending modes (1461 cm™) not present in pristine and PGPL samples. The FTIR
and UV-VIs spectra of the samples without PGPL indicate a modification of the ligands probably

due to resist and developer processing. Therefore, we infer that PGPL plays an important role

protecting the chemistry of the CQD during the lithographic process.
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Figure 53 (a) UV-vis absorption spectra of PbS CQDs without PGPL, showing the shift of a
resonance peak from 930 nm to 895 nm. (b) UV-vis absorption spectra of PbS CQDs with PGPL,
representing the shift of a resonance peak from 930 nm to 924 nm. (c¢) FTIR spectra of photoresist,
pristine PbS CQDs, and the patterned PbS CQDs with and without PGPL.
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The impact of the PGPL on the photoresponse of hybrid SLG/CQDs photoconductive
detectors was tested on devices with graphene channels of length of 100 um and width of 100 um
(underneath SLG, Figure 51 (¢)) under A = 635 nm illumination. The principle of operation of the
devices is shown in Figure 54. Light is absorbed by QDs generating photocarriers, followed by
charge separation. In the specific case of Gr and PbS-QDs, due to band alignment and interface
built-in potential, electrons stay 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 PGPL were tested. The thickness of the CQD film was ~150 nm obtained by spin coating 5
CQD layers. More details about the sample preparation are given in the Experimental section. Figure
55 (a) shows the time-modulated response for the three devices. All cases show similar time
modulated response with good time stability. Variations in the dark current base level can be due to
variations in the resistance of SLG (Figure 56) probably associated to residues after PMMA/wet and
SLG patterning. The reference performance is the device without CQD patterning, producing a
photocurrent of 50 pA. If the QDs are patterned without the PGPL, the photocurrent drops
significantly to ~18 pA (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 with PGPL
results in a higher photocurrent of ~63 pA. The dark current increases due the top graphene of the
PGPL which contributes to the conductivity of the device. Furthermore, the top SLG of the PGPL
increases the responsivity as it helps to collect photocarriers and increase the photocurrent as shown

previously.!"¥ Photo-excited carriers on the surface of PbS CQDs can be efficiently collected by the
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top graphene channel of the PGPL, instead of recombining while crossing the entire film thickness
to reach the bottom SLG. However, it is important to remark 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 after the lithography does not recover the photoresponse. This is shown in
Figure 57, showing that without the PGPL, the lithography induces damages and poor performance
that cannot be recovered adding the PGPL after the lithography. Therefore, the critical role of the
PGPL is to protect the ligands during lithography. The enhanced collection with the top graphene of
the PGPL is an added, but not essential, benefit. Regarding the time response, the devices show a
long-time delay (> 1 s) response is due to trap states in the QDs and at the QD/Gr interface as has

13.34.94] Passivating layers can be used to reduce

been reported previously for hybrid Gr/QD systems.!
the response delay.*> 7 Figure 58 shows 60 seconds time traces showing the stability of the
photoresponse. Figure 55 (b) shows the spectral response, using Hg-Xe lamp light source and a
monochromator, showing the similar trend of superior performance for devices with PGPL in the
entire A = 400 — 1000 nm range. The photoresponsivity as a function of power is shown in Figure
55 (c), showing the expected trend in hybrid SLG/CQDs photodetectors of higher responsivity for
lower power, which is due to higher recombination at higher light intensity. Through the wide range
of intensities, the patterned devices with PGPL devices show superior performance. Figure 55 (d)
shows the photoresponsivity for the shortest channel length 5 um with 100 um width. The 5 um

length PbS QDs on SLG photodetector shows a record high responsivity of 10® AW, This is

expected as the photogain of the devices is proportional to the ratio of the lifetime t of the photo-

. . . .o L?
induced carrier over carrier transit time 7; = "
DS

, where L is the channel length, p is the carrier
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mobility, and Vps is the drain-source voltage. As expected, the shorter 5 um long channel results in

a higher photogain and therefore photoresponsivity.

Gr/QD photodetection mechanism

QD Photocarrier  Charge Photogating by
I,,---\generatlon Separation electrons in QD film

Feou 101o SRS

5 : _
LLLLLLLLL S
\‘/ eraphene Graphene Hole Gral.p-)’rhlé.nhelﬁole——
SD Collection Photocurrent ~

Figure 54 Light is absorbed by QDs generating photocarriers, followed by charge separation. In
the specific case of Gr and PbS-QDs, due to band alignment and interface built-in potential,
electrons stay 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.
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Figure 55 (a) Time response for on/off light switching for pristine PbS CQDs/patterned SLG,
patterned PbS CQDs/SLG with PGPL, and without PGPL (Viias= 5 V, A=635 nm, 17 mW/cm?). (b)
Responsivity as function of wavelength, showing the highest response for patterned PbS CQDs/SLG
with PGPL (Hg-Xe lamp with monochromator). (c) Responsivity versus power, showing an increase
in responsivity as the power decreases (A=635 nm). (d) Responsivity as a function of power (A=635
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nm), showing that the shortest channel length of 5 um reaches a responsivity of 10% A/W.

117



—@-— Pristine SLG
~@-— SLG after lithagraphy process

1000 4

Resistance (Ohms)

=}
=

10 100
Channel length (um)

Figure 56 The resistance of various lengths SLG before and after lithography process.
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Figure 57 Photoresponse: PGPL before and after lithography. These results clearly show the use of
lithography without the PGPL result in significant degradation of the photoresponse. Adding the

PGPL with the top graphene layer after the lithography does not show any significant enhancement
since the QD ligands are already damaged.
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Figure 58 The 60-seconds time traces show the stability of the photoresponse.
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Our patterning technique allows to fabricate an array of thirty-six PbS CQDs/SLG
photodetectors with dimensions of 100 um by 100 um. Figure 59 (a) shows the optical images of
the electrodes with patterned SLG and Figure 59 (b) shows the same chip after deposition and
patterning of PbS CQDs with the PGPL protective layer. Patterning capabilities can be extremely
important for hybrid QD/Gr image sensors arrays on CMOS platforms as has been reported
elsewhere with pixel sizes of 3 pum based only on Gr patterning achieving detectivities of 10'-108
Jones.® Adding the patterning of QDs can improve pixel resolution and reduce the noise,
potentially getting to detectivities of 10'? Jones achieved for individual detectors. We measured
photoresponse on randomly selected six photodetectors on the chip. Figure 59 (c) shows the
responsivity versus incident power and Figure 4 (d) shows the spectral response, illustrating a good
uniformity in device characteristics. The detectivity (D*) is also investigated as shown in Figure 59
(e), showing that the devices can reach D* ~10'? Jones at low powers (10 mW) at 40 Hz. The
details on the noise measurements and detectivity calculations are shown in the Figure 60. The
responsivity and detectivity of the devices improve significantly as the light intensity decreases. For
large intensities, there is a significantly increase in charge recombination, reducing the number of
photocarriers transferred from the QDs to Gr. This behavior has been observed in previous reports
in QD/Gr photodetectors as well for QD only based photodetectors.!!? 34 3% 73 1231 Ag described
elsewhere, the amount of charges transferred from QDs to Gr has a sub-linear dependence on the

light intensity, resulting in an overall decrease in responsivity as light intensity increases.* 73
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Figure 59 (a) Optical images of 100 um by 100 um patterned SLG. (b) Same devices after coating
PbS CQDs/SLG, forming a photodetector array. (c¢) Responsivity as a function of power for PbS
CQDs/SLG photodetector array, showing the small variations in the performance of the
photodetectors in the array. (d) Photocurrent versus wavelength for the array, showing the reliable

photocurrent response depending on the wavelength. (e) Detectivities versus power incident for PbS
CQDs/SLG photodetector array at 40 Hz.
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Device dimensions: Device Area (Aq): (100um)*=0.0001 cm?
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Figure 60 Calculation of detectivity at incident light power of 1.6x10®* mW at 40, 10 and 2 Hz.
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6.3 Conclusion

In conclusion, we report the high-resolution patterning of high-responsivity photodetectors
based on PbS CQDs/SLG via conventional UV photolithography with PGPL as an impermeable
layer that prevents the damage of the surface ligands of the PbS CQDs during the UV
photolithography and dry etching process. The resolution of PbS CQDs patterning can reach a few

microns. The photoresponse for 5 pm length and 100 pm width PbS CQDs/SLG photodetector has

a high responsivity (>10% AW™') and detectivity (~10' Jones). Moreover, the array for PbS

CQDs/SLG photodetectors shows reliable photoresponse for high responsivity and spectral response.
The results provide easy and promising patterning process for CQDs based devices such as

photodetectors.

6.4 Experimental section

PbS QDs synthesis: Lead oxide (0.94 g) was dissolved in 1-octadecene (25 ml) with an oleic
acid (4 ml) in the three neck flak. Next, the flask was degassed under vacuum at 90°C for two hours
to be dissolved. When the solution becomes clear, bis(trimethylsilyl) sulfide (420 pl) dissolved in
1-octadecene (12.8 ml) was injected in the solution. After that, we allowed the reaction to be done
for 30 seconds and cooled down by putting the flask in ice water. The solution was centrifugated,
followed by cleaning with toluene and acetone three times, and then dissolved in toluene (30mg/ml)

after filtration with a 250 nm pore size filter.!'?)

Graphene transfer: We purchased CVD-SLG on Cu coated with PMMA from Graphenea

(Spain). The backside of Cu was etched by oxygen plasma. It was transferred to the substrate by wet
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method. Cu was removed by ammonium persulfate solution. After Cu was completely etched,
PMMA/SLG layer was transferred to DI water to remove etching residues. Then, PMMA/SLG layer
was transferred onto an Au patterned electrode SiO»/Si substrate and dried for two hours at room
temperature. Finally, PMMA layer was removed by acetone and cleaned with isopropyl alcohol and

DI water.

Device fabrication: 1) Graphene patterning: PMMA/SLG layer was patterned by (i) spin
coating of a ~2 pm thick AZ1518 photoresist (3000 rpm, 45 s), (ii) irradiation of UV and (iii)
developing process using AZ300 MIF solution. Then dry etching was used to pattern the SLG
conductive channel by oxygen plasma dry etching (100 mTorr, 75W RIE, and 50 sccm of O2 for 5
min) and PMMA was removed by acetone, iso-propyl alcohol (IPA), and DI water shown in Figure
51 (c). 2) PbS CQDs coating: PbS QDs films were prepared by a spin coat method. 100 pl of PbS
QDs in toluene was deposited on the substrate with 2,500 rpm for 10 sec. 30 mM
tetrabutylammonium iodide (TBAI) solution in methanol was added for a ligand exchange by
incubation for 30 sec and followed by cleaning in methanol. The effect of the ligand exchange from
OA to TBAI is shown in Figure 61, showing the poor performance in photoresponse with OA and
the drastic improved response after exchanging to TBAI. The ligand exchange also induces a red-
shift of AA=30 nm in the absorption exciton peak. The active areas of the photodetectors are defined
by the area between electrodes, which have a width of 500 um and a variety of channel lengths (5,
10, 20, 50, 100, 200, and 500 pm). 3) PbS CQDs etching: Dry etching was used to pattern the PbS
CQDs film by the mixture of H,, CH4, and Ar gases. The conditions for etching 150 nm PbS CQDs

are 35 mTorr pressure, 400W ICP, 150W RIE, 70 sccm of H» gas, 10 sccm of CHy gas, and 10 sccm
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of Ar gas for 45 sec.

UV/Vis before and after Photocurrent before and after ligand exchange
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Figure 61 UV/Vis absorption and photocurrent before and after ligand exchange from oleic acid
(OA) to TBAL Ligand exchange is crucial to facilitate the charge transport along the QD film and
therefore the charge collection by the SLG. The ligand exchange induces a red-shift in the absorption.
However, the photocurrent is drastically improved after the ligand exchange, showing the
importance of the surface ligands ligand exchange.

Optoelectronic characterization

The power of A=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 achieved
by absorptive neutral density filters (NES03A, NES10A, NE520A, and NES30A, Thorlabs).
Current-voltage and current-time data were measured through a Keithley 2400 source meter. Noise
measurements for detectivity were extracted from RMS noise of dark current traces. Spectral
response was measured using a Keithley 2400 source meter under a 500 Watts Mercury Xenon lamp

and filters (66485-500HX-R1, USFW-100, Newport) with a monochromator (CS260-RG-3-FH-D,
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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
employing Raman spectroscopy (Renishaw). The absorption spectra of PbS QDs are analyzed by

the UV-Vis spectroscopy (UH4150, Hitachi).

Chapter 6, in full, is a reprint of the material as it appears in “High resolution patterning of
PbS quantum dots/Graphene photodetectors with high responsivity via photolithography with
graphene passivation layer”, Seungbae Ahn, Wenjun Chen, and Oscar Vazquez-Mena, Nanoscale

advance, accepted. The dissertation author was the primary investigator and author of this paper.
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