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ABSTRACT

Quantum dots (QDs) offer several advantages in optoelectronics such as easy solution
processing, strong light absorption and size tunable direct bandgap. However, their major
limitation is their poor film mobility and short diffusion length (< 250 nm). This has restricted the
thickness of QD film to ~200-300 nm due to the restriction that the diffusion length imposes on
film thickness in order to keep efficient charge collection. Such thin films result in a significant
decrease in quantum efficiency for 4>700 nm in QDs photodetector and photovoltaic devices,
causing a reduced photoresponsivity and a poor absorption towards the near-infrared part of the
sunlight spectrum. Herein, we demonstrate 1 pm thick QDs photodetectors with intercalated
graphene charge collectors that avoid the significant drop of quantum efficiency towards A >700
nm observed in most QD optoelectronic devices. The 1 um thick intercalated QD films ensure
strong light absorption while keeping efficient charge extraction with a quantum efficiency of
90%—70% from A =600 nm to 950 nm using intercalated graphene layers as charge collectors with
interspacing distance of 100 nm. We demonstrate that the effect of graphene on light absorption is
minimal. We achieve a time-modulation response of <1 s. We demonstrate that this technology
can be implemented on flexible PET substrates, showing 70% of the original performance after
1000 times bending test. This system provides a novel approach towards high-performance
photodetection and high conversion photovoltaic efficiency with quantum dots and on flexible

substrates.

KEYWORDS. Photodetector, Quantum Dots, Graphene, Efficient Charge Extraction
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Introduction

Photodetection and photovoltaic devices are of great relevance for a variety of applications,
such as optical communications, imaging, sensing and harvesting. Beyond the visible region, the
near-infrared (NIR) is especially important in night vision, medicine and other photodetection
devices'. Similarly, a significant part of the sunlight spectrum is in the NIR, contributing with a
significant number of photons that for single junction photovoltaic cells give the same contribution
as visible photons. Quantum dots (QDs) have emerged as promising materials for photodetection
and photovoltaics due to their easy and low cost synthesis and solution processing, and their high-
quality optoelectronic properties such as strong light absorption and size tunable direct bandgap™*.
However, the short diffusion length in QDs films (Lp < 250 nm) limits their useful thickness to
~200-500 nm>?; this is a result of the well-known compromise between light absorption and
diffusion transport charge extraction in QDs films. Visible photons have a penetration depth <200
nm, therefore they are effectively absorbed by ~300 nm thick QD films. However, in the near-
infrared range, the penetration depth increases drastically to > 400 nm and thin QD films #~200-
500 nm cannot capture NIR light efficiently (the penetration depth of PbS QDs is shown in the
supporting information in Figure S1). This results in a significant drop of quantum efficiency
(EQE) starting at A~700 nm that is present in several top performing solar cells reported
recently.®®!! This is a consequence of their short Lp limiting the QD film thickness (z < 500 nm).
Similarly, QD and hybrid QD/2D photodetectors show a drop in photoresponsivity as light
wavelength increases towards the NIR range'?>~'4, limiting the performance of QDs optoelectronics

in the NIR range.

Herein, we report the use of interacted graphene (Gr) transparent electrodes to achieve 1

micron thick QD films enhancing light absorption in the near-IR while keeping efficient charge
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collection. Previously, a novel configuration for QD films with intercalated graphene monolayers
was reported, showing improved responsivity and charge extraction compared to QD films with
bottom Gr collectors'>. However, these films reached only 200 nm in thickness due to fabrication
and carrier collection constrains. First, their interspacing distance between intercalated graphene
electrodes was only ~20 nm, which was not optimal to reach films thicker than 200 nm. Second,
they only used bottom contacts, limiting the charge collection from top graphene layers. This
resulted in poor performance in the near-infrared (1 >700 nm) despite the intercalated geometry'>.
Herein, we have tuned and optimized the interspacing between graphene layers to 100 nm, and we
have implemented vertical interconnect access electrodes (VIAs) to contact each of the intercalated
graphene layers to achieve thicker films with efficient charge collection, allowing us to reach an
unprecedented I-micron thick QD film (~5 times thicker than the diffusion length) and
significantly improve performance in the near-IR. Furthermore, we report similar 1-micron thick
QD films on flexible substrates, which shows this technology can be applied to flexible and
wearable technologies. Previous reports used a 2D matrix to improve coupling between quantum
dots, however, they reach only 600 nm thick QD film for solar cells with high EQE.? However,
reviews on QD optoelectronics suggest that ~1-micron thick QD films are required to efficiently

absorb sunlight in photovoltaic devices.'®'®

In this work, we show the increase in light absorption as function of thickness with a very
limited effect of the graphene intercalated layers on light absorption. The improved performance
of intercalated vs non-intercalated (bottom devices) under time modulated light is also shown. We
study how the interspacing distance between graphene layers (Dar) affects the performance of the
devices. Then, we study photoresponsivity and show the superior EQE of 1-micron thick QD

devices reaching near 90%—-70% EQE from A4 = 600 to 950 nm, avoiding the drop in performance
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at A ~700 nm observed in previous reports of QD devices®*!%!!. Finally, we show that the same
structure can be implemented on flexible devices showing superior photoresponsivity. To the best
of our knowledge, this is the best EQE performance in PbS QDs photodetectors reported, which
we attribute to the 1-micron thickness enabled by intercalated Gr layers. The use of intercalated
Gr collectors presented here, provides an alternative and complementary route to enhance the

performance of QD light absorbing optoelectronic devices.

2. Experimental

2.1 Device Fabrication

The hybrid photodetector used monolayer CVD graphene from Graphenea and PbS
quantum dots synthesized by existing method® (fluorescence Aem at 1050 nm). Chromium/gold
(10 nm/100 nm) was evaporated to form the electrodes with device dimension of 1 mm % I mm
by using a shadow mask on SiO»/Si (280 nm/500 um) substrate. Graphene was transferred onto
the substrate by poly(methyl methacrylate) (PMMA) supporting wet-transfer’®!. PbS QDs film
was deposited using spin-coating under ambient atmosphere. For each PbS QDs layer, the QDs
solution (55 mgmL™! in toluene) was spin-casted at 2500 rpm for 30s, then a solid-state ligand
exchange was performed by flooding the surface with 0.03 M TBAI in methanol for 30s before
spinning dry at 2500 rpm. For the intercalated with VIAs devices, QDs films were partially etched,
then chromium/gold (10 nm/100 nm) were deposited by e-beam evaporator, alternating Gr transfer
and QDs spin coating were carried out sequentially afterwards. For the bottom Gr/QD system,

QDs film was formed layer-by-layer.
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2.2 Optical and Electrical Measurement
UV-Vis Absorption: Absorption spectrum was measured using HITACHI UV-Visible/NIR

spectrophotometer model UH4150.

Spectral Measurements.: Current-voltage data were 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). The light intensity was measured with a standard silicon
photodiode power sensor (S120VC, Thorlabs) at the same position of the samples. A pinhole of

1x1 mm? was used to illuminate only the active area.

Photocurrent-power intensity measurements: Current-voltage data were measured using a
Keithley 2400 source meter under a A = 850 nm laser diode (CPS850, Thorlabs) in ambient. In
order to achieve different light intensity, absorptive neutral density filters (NES03A, NE510A,
NES520A, NES30A, Thorlabs) were employed. The light intensity was measured using a standard
silicon photodiode power sensor (S120VC, Thorlabs). A pinhole of 1x1 mm? was used to

illuminate only the active area.

Time modulation Response Measurements: A 2= 850 nm laser diode (CPS850, Thorlabs) is time-
modulated by a function generator Keysight 33500B Waveform Generator. Current-voltage data

were measured in ambient conditions using a Keithley 2400 source meter.

3. Results and Discussion
Diagrams illustrating the architecture and operation of bottom and intercalated hybrid
Gr/QDs photodetectors are shown in Figure 1a and 1b. The intercalated devices are fabricated by

sequential and alternating spin coating of PbS QDs with bandgap E;=1.18 eV (1050 nm) and wet
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transfer of graphene monolayers. In Gr/QDs hybrid system, photogenerated holes are transferred
to graphene and driven by a bias voltage to produce photocurrent, while photogenerated electrons
stay in QDs causing a photogating effect. In the case of bottom devices, only carriers generated
within the diffusion length from the bottom contact can be efficiently transferred to graphene,
whereas for intercalated layers the carriers can be collected at any point in the film as long as
Lp>Dc:'*". Figure 1¢ and 1d show SEM cross section images of bottom and intercalated devices
800 nm thick. The intercalated devices have a graphene interspacing of Dg:= 100 nm, with a clear
layered structure. Figure 1e shows the light absorption spectra of QD films with thickness # =200
and 400 nm with bottom and intercalated graphene layers showing the characteristic exciton
absorption peak at A~1050 nm. Evidently, thicker films have stronger absorption, but more
importantly, the intercalated and bottom devices show similar absorption spectra, indicating that
the graphene intercalated layers do not have a significant or degrading effect on the QD absorption.
In contrast, intercalated devices have a much higher photoresponse than bottom devices, as shown
in the time photoresponse under A = 850 nm illumination in Figure 1f. The improvement in
photoresponse is more pronounced for the 400 nm than for the 200 nm thick device. The
photocurrent of intercalated devices are 112 pA (¢ = 200nm) and 148 pA (¢ = 400nm), while for
the bottom devices are 75 pA (¢t = 200nm) and 57 pA (¢ = 400nm), indicating that intercalated

graphene layers improve photoresponse by enhancing the charge collection.
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Figure 1. Bottom and intercalated devices. Schematic images of a) conventional hybrid
Gr/QDs device with single graphene at the bottom (Bottom devices), and b) intercalated
configuration with Au VIAs for enhanced charge collection. SEM images of ¢) bottom device
and d) intercalated device both with total QDs film thickness of 800 nm. The layered nature
of the intercalated devices is clearly observed. e) Light absorption spectra of 200 and 400 nm
thick devices, showing no significant difference between bottom and intercalated devices. f)
Photocurrent response of 200 and 400 nm thick devices, showing stronger response of
intercalated over bottom devices. Measurements were performed using laser excitation at A = 850

nm and Vps=1 V.

A critical parameter in intercalated devices is the graphene interspacing (Dgr), which
should be smaller than the diffusion length Lp to keep efficient charge collection. At the same time,

D¢, should not be so small to the point of making the fabrication process extremely long by
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requiring too many graphene transfers. The first reported intercalated devices had Dg,= 20 nm,'?
which would require an impractical number of 50 intercalated layers for a 1-micron thick layer. In
order to study the effect Dg,, we fabricated 800 nm thick intercalated devices with varying spacings
of Dg-= 100, 133, 166, and 200 nm, which means 9, 7, 6, and 5 graphene layers, respectively,
where the number of layers is #L = t/Dg, +1. Figure 2a shows the absorption spectroscopy of the
¢t = 800 nm films with different D¢, showing no significant differences. The limited effect of Gr
on the absorption of intercalated films has been reported in intercalated QD/Gr devices and is
attributed to the low 2% absorption of graphene.!>** However, the photoresponsivity does show
significant changes with D¢, as shown in Figure 2b and 2¢. The intercalated device with D¢, =
100 nm gives the best photocurrent (Ipn = liight - laark) With lower response for larger Dg,. It is
possible that Dg-< 100 nm can give higher responsivity, however, the number of graphene layers
required would make it impractical. From these results, we fix Dg- = 100 nm to build intercalated
films up to 1-micron in thickness. The time response of the devices shows a fast and slow
component as shown in Supporting Information in Figure S2 and observed previously in first
Gr/QD hybrid devices.!? The fast components is ~70 ms, allowing for sub-second light modulation
shown in Figure 2b. We do not observe major variations in time response for different Dg,. The
slow component of the time response is ~3 second, which is responsible for the large photogain of
the devices analyzed in Supporting Information in Panel S3. This long lifetime is probably
associated to traps in the QDs and causes a long stabilization of the signal, which is more

pronounced in the intercalated than bottom devices.
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Figure 2. Effect of graphene interspacing (Dg¢,) in intercalated devices. a) Absorption of
intercalated QD films with D= 100 nm, 133 nm, 166 nm, and 200 nm and total thickness 7 =
800 nm. The effect of graphene is limited on light absorption. b) Light ON/OFF response for
intercalated devices with different Dg,and total thickness of # = 800 nm. Dg, = 100nm gives the
best light response with charge extraction decreasing for Dg,-> 100 nm. c) Plot of photocurrent
as function of Dg,. Measurements were performed using laser excitation at A =850 nm and Vps=1 V.
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Figures 3a and 3b show the spectral photoresponsivity (R = Ipn /Pinc, Iph = ILight -Ipark) of
bottom and intercalated (Dg-= 100 nm) devices with # = 100, 200, 400 and 1000 nm. Figure 3a
shows that for bottom devices, = 200 nm shows the best performance, keeping efficient charge
collection. Thicker =400 nm and 1 pum thick bottom devices give lower responsivity. However,
it is worth pointing out that the 1 pum thick film shows better performance than # = 100 and 400
nm in the 4 =900—-1100 nm, probably due to the infrared photons being absorbed deeper and near
to the bottom Gr/QD interface. The intercalated devices in Figure 3b show a drastic improvement
over their corresponding bottom devices. Furthermore, R increases as the thickness increases from
100 nm to 1 um across the entire spectrum, indicating efficient charge collection as thickness
increases. It is also important to point out that for # = 100, 200 and 400 nm intercalated devices, R
increases up to 4 ~700 nm, but then R decreases as longer wavelengths have deeper penetration
depths. In contrast, the 1-micron thick device shows a clear increase in responsivity up to 4 ~900
nm. Since the penetration depth for 4 ~900 nm is > 500 nm, reaching a 1-micron thickness enables
to enhance the performance beyond visible range keeping efficient charge collection with
intercalated graphene layers. This behavior marks an important contrast with previous hybrid
PbS/Gr and PbS/MoS, devices with bottom 2D material, which show a clear decrease in
responsivity from A= 600 nm towards A = 1000 nm.'?!421:22 The light absorption spectrum of the
intercalated films is shown in supporting information in Figure S4, showing the clear increase in
absorption as the thickness increases. The quantum efficiency can be extracted by estimating the
photogain® as shown in the supporting information in Panel S3. Using L =1 mm, z5~400 cm?V-

s, Vps=10 mV and zenime = 3.1 s, we obtain a photogain of G = 1.2x10°. The QE is obtained
from R = (QE )G(Z—j) and is plotted in Figure 3¢, reflecting the improved charge collection as

thickness increases beyond the diffusion length (Lp ~100-200 nm), breaking its restriction on the

11
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film thickness. The QE of the 1um thick device keeps at 70% —90% from A =600 nm to 950 nm,
avoiding the drastic drop at 4 =700 nm. Up to our knowledge, this is the first report with a PbS-
QD optoelectronic devices having such high EQE avoiding the drop of performance near 4 ~700
nm. The high charge collection achieved from A = 600 nm to 950 nm is remarkable for a QD film.
We remark that our intercalated and bottom devices show low performance at A ~500 nm, which
can be due to degradation by device fabrication in air and the Gr transfers in aqueous solutions.
Some reports show significant degradation of PbS-QD devices in the visible range after air
exposure.'!**% This can eventually be corrected by implementing the fabrication process in a
glove box and using Gr dry transfers. Further confirmation of the superior performance of
intercalated devices is shown in Figure 3d, showing R as function of light intensity with a A =850
nm laser (dark current traces are shown in Figure S5). Over the power intensity range of 10 to
10" mWem™, the 1-micron thick device has a 2-orders of magnitude improvement in
photoresponsivity over the 1-micron thick bottom device. The decrease in responsivity as light
intensity (Pinc) increases reflects the R~ Pinc?! (B<1) behavior of Gr/QD photodetectors,'® observed
in several QD photodetector reports.'>!>!*2! This behavior is mainly due to lower lifetime as light
intensity increases, reducing the photogain. The intercalated architecture also results in improved
Detectivity (D7), reaching D"=4.31x10'? Jones (NEP=2.35x10"'* W/Hz'"?) for intercalated devices
and D"=1.1x10"! Jones (NEP=9.01x10"3 W/Hz'"?) for bottom devices at 20 Hz (dark/noise levels

shown in Figure S5).

12
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Figure3. Spectral response. a) Spectral responsivity (R = Iy, /Pinc) for bottom devices with
different thickness under 10 mV bias. Highest R is obtained at = 200 nm, which ensures
efficient charge collection. b) Responsivity for intercalated devices, showing that R increases as
thickness increases from 100 nm to 1 mm over the entire spectrum. Only the 1-micron thick
device keeps R increasing in the A~600-900 nm range. (Bias voltage = 10 mV). ¢) EQE increases
across spectrum for intercalated devices as ¢ increases extracted from Responsivity in b).
Whereas ¢t =100—-400 nm devices show a drop in EQE at 4 = 700 nm, the 1 um thick device
keeps EQE without significant drop from 600 nm to 900 nm. d) R increases as light intensity
decreases. Intercalated device shows two orders of magnitude higher R than bottom device.
Devices in d) are under Vsp =5 V and 850 nm laser excitation.
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Gr/QD intercalated devices can be easily fabricated and implemented on flexible substrates.
CVD-grown single layer graphene and QDs were sequentially deposited on a polyethylene
terephthalate (PET) substrate. Figure 4a shows the optical image of the PET substrate with Gr/QD
intercalated film. Figure 4b and 4c¢ show the light response of the flexible VIAs device (¢ = 600
nm) under 850 nm light irradiation before and after a bending test for 1000 times, showing up to
70% degradation in response after 1000 bending cycles. Therefore, intercalated devices can be

easily applied onto flexible substrate for wearable sensing, imaging and other optoelectronic

applications.
a) b) c)
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Figure 4. Responsivity of intercalated device on flexible PET substrate. a) Optical image of
QDs and graphene intercalated device on PET substrate, QDs thickness ¢ = 600 nm. b) Light
response of device in (a) before and after a bending test for 1000 times under 1 V bias, A =850
nm Pi,c = 3.5 mW. c) Responsivity of the flexible VIAs device as a function of incident light
intensity characterized before and after bending test under 5 V bias, 4 =850 nm laser diode.

The 1-um intercalated QD films herein presented achieve improved photodetection
exhibiting high EQE~70-90% across the 4 = 600-950 nm range without the typical drop near A
~700 nm observed in top/bottom QD photodetectors and photovoltaic cells. The intercalating

graphene layers using VIAs allows efficient charge collection despite the total QDs film thickness,

14
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breaking the restriction that short diffusion length imposes on the thickness of QDs films. The
intercalated configuration herein presented has a direct application to improve broadband spectrum
detection towards the infrared using Gr/QD. Recently, the integration of Gr/QD with CMOS has
shown the power of this hybrid technology for broad spectrum imaging.?® In order to push
Gr/QD/CMOS detection technology towards longer wavelengths with deeper penetration depths,
thicker QD films can be required, in which case, intercalated films can be the perfect tool to
improve photon capture keeping charge collection. Another exciting but more challenging path
forward is to apply the intercalated architecture to photovoltaic cells intercalating QDs with n- and
p-type intercalated layers, such as MoS: (n-type)*'*? and Gr (p-type), allowing to separate both
electrons and holes to obtain a photovoltaic cell. State-of-the-art solar cells (¢ ~250 nm) from
leading groups in QDs typically show high EQE~80% in the 4 ~400—700 nm range, with strong
decline to 50% in the 4 ~700-1000 nm range. A recent device using a 2D-Matrix of QDs reported
600 nm thick devices but with overall power conversion limited to 12%. * Improving EQE to ~95%
in the entire 4 ~400—1000 nm range would help collecting almost the entire sunlight photon influx
above the bandgap, potentially boosting the photovoltaic performance of QD solar cells from the
current 10-15% range®3*"?® towards 20%. 1-micron thick QDs films with intercalated electrodes

represent a potential path forward to achieve 20% efficiencies with QD solar cells.

4. Conclusion

In conclusion, we have presented a technology enables strong and uniform EQE in the 1 =
600-950 nm range based on intercalated graphene collectors. The intercalated configuration herein
presented has a direct application to improve broadband spectrum detection towards the infrared
using Gr/QD. It also offers a potential path forward for intercalated photovoltaic devices by

integrating QDs with n- and p-type layers to separate electrons and holes. Intercalated photovoltaic

15
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devices with 1 um thick QD films could achieve high and uniform QE across the A= 400-1000
nm range to boost QD photovoltaic conversion efficiencies towards 20%. The charge collection
by graphene can also be affected by the QD ligands, therefore a study on the best ligands to
improve charge transfer and stability between QD and Gr can lead to improved performance of
this intercalated architecture. This intercalated technology is not restricted to QDs, it can also be
expanded to improve the performance of optoelectronic devices using low-cost materials such as
organic molecules, polymers, amorphous materials, or any other material that offers strong light

absorption but has short diffusion length.

16
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SUPPORTING INFORMATION

S1: Penetration depth of light in QD films

S2: Time constants in photodetector time response
S3: Photogain and EQE Calculations

S4: Absorption spectra as function of thickness
S5: Dark current traces and noise levels
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