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Abstract

In this report we demonstrate highly efficient nonradiative energy transfer (NRET) from alloyed
CdSeS/ZnS semiconductor nanocrystal quantum dots (QDs) to MoS: films of varying layer
thicknesses, including pristine monolayers, mixed monolayer/bilayer, polycrystalline bilayers
and bulk-like thicknesses, with NRET efficiencies of over 90%. Large-area MoS: films were
grown on Si/SiO2 substrates by chemical vapor deposition (CVD). Despite the ultrahigh NRET
efficiencies there is no distinct increase in the MoS: photoluminescence intensity. However, by
studying the optoelectronic properties of the MoS: devices before and after adding the QD
sensitizing layer photocurrent enhancements as large as ~14 fold for pristine monolayer devices
are observed, with enhancements on the order of ~2 fold for MoS2 devices of mixed monolayer
and bilayer thicknesses. For the polycrystalline bilayer and bulk-like MoS: devices there is
almost no increase in the photocurrent after adding the QDs. Industrially scalable techniques
were specifically utilised to fabricate the samples studied in this report, demonstrating the

viability of this hybrid structure for commercial photodetector or light harvesting applications.

1. Introduction

Over the past decade there has been significant interest in two-dimensional (2D) materials.
In particular, the transition metal dichalcogenide (TMDC) family of materials has been the
subject of substantial investigation driven by their promising optical and electrical properties.!~
4 Much of this interest arises due to the fact that the layered material’s electronic bandgap
transitions from an indirect bandgap at a few-layer thickness to a direct bandgap at monolayer
thickness.['’] The presence of a direct optical bandgap in the TMDC monolayers leads to
promising applications in optoelectronic devices such as phototransistorsl®’! and
photodetectors.!®! These devices are most commonly fabricated using few-layer and monolayer
MoS: flakes obtained using mechanical exfoliation, a process that is not particularly scalable

or reproducible. However, bottom-up approaches such as chemical vapor deposition (CVD) are
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more desirable as these methods can achieve larger area coverage of monolayer and few-layer
regions of the active material on the substrate.1"]

A significant drawback with these 2D materials is the low absorption of incident light as a
result of the atomic thickness of the active region. This low absorption of incoming light limits
the device in terms of both performance and efficiency. A common method used to increase the
absorption of incoming light is to incorporate a sensitizing layer on top of the active region in
the device. There have been a few reports of dye sensitized!!!) and quantum dot (QD)
sensitized'>!3] MoS: photodetectors in the literature. However, these demonstrations have
focused on mechanically exfoliated MoS: devices and the mechanism for the transfer of energy
from the sensitizing species was that of charge transfer. While charge transfer is an efficient
energy transfer process, charge transfer has a stringent distance dependence (< 3 nm) and will

[14]° As mentioned, previous

only occur if the donor and acceptor wavefunctions overlap.
examples have used mechanical exfoliation techniques to obtain the monolayer material. This
manuscript considers CVD-grown films of MoS2 which provides large-area coverage of
monolayer and mixed layer MoS: on the substrate; a quicker, cheaper and more suitable method
for industrial processing.

Another method for the transfer of energy between donor and acceptor species is that of
nonradiative energy transfer (NRET). NRET is an efficient dipole-dipole coupling mechanism
which occurs due to the Coulomb interaction between confined excitons in the donor (QD) and
acceptor (MoS:2) semiconducting species.!!>!%! The efficiency of NRET relies on the spectral
overlap between the donor emission and the acceptor absorption and the centre-to-centre
distance between the donor and acceptor. Consideration of the dimensionality of the donor-
acceptor pair (where the distance dependence of NRET is ultimately determined by the acceptor
dimensionality!!®!) and the electric field screening of the donor dipole in the acceptor medium

are also important factors in the design of the optimal hybrid device.['*"'®! NRET also has a

well-defined distance dependence and can occur over distances of ~15 nm, beyond the limits
3
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of charge transfer.l'>?% The NRET process has been reported for larger donor core-shell QDs
in which the exciton is confined to the core.['®21* The ability to control the aforementioned
parameters makes the longer range NRET a promising mechanism applicable for applications
in phototransistors,>> photocells!*! and LEDs.*”]

Recent studies have demonstrated highly efficient NRET from semiconductor QDs to mono-

(1521241 Tt has been shown that the NRET efficiency increases as the

and few-layer MoS:.
number of layers of MoS: decreases, in contrast to the trend observed for NRET to graphene.['”!
The increase in the NRET efficiency as the number of MoS: layers decreases is attributed to
the reduced dielectric screening of the QD electric field in monolayer MoS2.['>%2] QDs have
many advantages as the donor species in such a hybrid system including tunable and narrow
emission profiles, enhanced photostability, high quantum yield and broadband optical
absorption which allows for a broad range of excitation wavelengths, in contrast with organic
dyes.[2829]

CVD growth techniques are the proposed route towards large-scale synthesis of monolayer
MoS:z. However, while the process results in large-area growth of MoS:2 on the substrate it does
not specifically yield purely monolayer material across the entire area. There are regions of
monolayer, mixed layer, polycrystalline, and bulk-like thicknesses of MoS: on the substrate. In
this study, we address how the performance of the hybrid QD-MoS: devices varies as the MoS:
channels gradually change from pristine monolayers to more polycrystalline channels. The
degree of crystallinity of the MoS: channels was identified using Raman and
photoluminescence (PL) mapping and the MoS: layer thicknesses were determined using
Raman spectroscopy. We find the largest photocurrent enhancements for the pristine monolayer
devices, after the addition of the QDs, and little to no enhancement for the polycrystalline

devices. This indicates that the NRET from the QDs has less impact on the extracted

photocurrent of polycrystalline samples.
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2. Results and Discussion
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Figure 1. (2) Extinction spectra of monolayer MoS:2 (black dash) and QDs in PMMA (blue dot),
and normalized PL spectra of monolayer MoS: (green solid) and QDs in PMMA (red solid).
The PL spectra were acquired under excitation with a 405 nm pulsed laser diode. The extinction
spectrum of monolayer MoS2 was measured from a CVD-grown triangular monolayer on a
quartz substrate. The extinction spectrum of the QDs was obtained from the solution of QDs in
PMMA that was subsequently spincast onto the devices. (b) Schematic diagram of experimental

device.

The optical characteristics of monolayer MoSz and QDs in 0.1% wt. PMMA are shown in
Figure 1a. The alloyed CdSeS/ZnS QDs, with a diameter of (6.0 + 0.7) nm (see Figure S1 in
the Supporting Information), have a peak emission wavelength of 630 nm which overlaps well
with the B exciton of the monolayer MoSz at ~ 630 nm. The monolayer MoS:2 has a peak
emission wavelength of ~ 677 nm corresponding with the spectral position of the A exciton. A
schematic representation of the experimental devices is shown in Figure 1b. The hybrid devices
are realized by spin coating a dilute monolayer of QDs in PMMA on top of the chip containing
the devices with a concentration of ~ 2.3 x10'! QDs/m?. Spectral and time-resolved PL (TRPL)
measurements are compared on and off the MoS: film on the same chip. Strong quenching of
the QD emission and a faster QD PL decay are observed on the film indicating the introduction

of a new relaxation mechanism. The quenching is attributed to NRET, as found in previously
5
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reported experiments, due to the larger size of core-shell QDs, ligand, dispersion in the PMMA
host, confinement of the exciton to the QD core and strong overlap of the QD emission with
the B exciton peak of the MoS: absorption spectrum.['®!-24] The measured NRET efficiency,
nnrer, of over 90% (see Figure S2 in the Supporting Information) is also consistent with values
reported in the literature.[?>23] Despite the large NRET efficiency no appreciable increase in the
MoS: PL intensity is observed (See Figure S2 in the Supporting Information), which is thought
to be due to nonradiative recombination at defect sites in the MoS2. Observation of increased
PL emission from the acceptor (MoS2) resulting from NRET relies on the radiative
recombination of excitons. However, the electrical processes depend more on the separation of
the photo-generated charge carriers under an applied bias. Therefore, it is of interest to
investigate the electrical extraction of energy transferred from the donor to the acceptor by

NRET.
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Figure 2. (a-d) Optical images of MoS2 devices (red boxes indicate the PL and Raman mapping
areas). (e-h) Raman maps indicating the separation between the 4 and E peak positions. The
yellow dash box represents the channel in the devices. Black and green boxes correspond to the
regions where the Raman and PL spectra were extracted, shown in (i-1) and (u-x), respectively.
(m-p) PL maps of the same areas highlighted in the red boxes in the optical images (a-d).The
PL maps are centered on the QD peak emission wavelength (630 nm). The maps clearly show
that the QD emission is quenched most strongly on the monolayer device and less quenched
moving to the right. (q-t) PL maps of the devices centered on the MoS2 peak emission

wavelength. (u-x) PL spectra extracted from the maps in areas indicated by black and green
7
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boxes on the Raman maps in (f-h). The QD PL spectrum, measured from a position on the
sample containing no MoSz, is shown in (u) to indicate the peak position of the QDs relative to
the MoS2 B emission peak. There is a clear redshift in the MoS2 peak emission wavelength as
the MoS: thickness increases from monolayer to bilayer. The regions where there are a change
in layer thickness are indicated by black and green boxes in the Raman maps and represented
by the corresponding colors in the Raman and PL spectra in (i-1) and (u-x), respectively. Higher
QD PL emission is observed on the regions of increased layer thicknesses, indicating a
reduction in the NRET efficiency. The NRET efficiency is highest on the monolayer MoS2. A

full set of data for a bulk-like device is shown in Figure S3 (Supporting Information).

Optical images of four devices (D1, D2, D3 and D4) are shown in Figure 2a-d. The volume
of bilayer MoS: is increasing across the devices, moving from a purely pristine monolayer
device, D1 (Figure 2a), to a polycrystalline bilayer device, D4 (Figure 2d). The devices, D2 and
D3 (Figure 2, panels b and c, respectively), are representative of intermediary phases between
pristine monolayer and polycrystalline bilayer. The assignment of the sample crystallinity is
discussed in detail below. The red box in each device image (Figure 2, panels a-d) indicates the
region in which Raman and PL mapping was performed. It is clear from the optical images that
the polycrystallinity of the devices is increasing from D1 to D4, with D1 showing a pristine and
uniform channel area while D4 appears to have a multitude of nucleation points throughout the
channel and a clear abundance of bilayer MoSoz. It is also worth noting that device, D3 (Figure
2¢), has more bilayer regions in the channel than device, D2 (Figure 2b). Raman maps of the
areas indicated by red boxes in Figure 2, panels a-d, are presented in Figure 2, panels e-h,
respectively. These Raman maps plot the separation between the 4 and E peak positions in the
MoS2 Raman spectrum. Device D1 (Figure 2e) shows no variation in the peak position across
the device, indicating the presence of a uniform and pristine layer. The corresponding Raman

spectrum averaged over the region indicated by a dash yellow box (excluding the electrodes) in
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Figure 2e is given in Figure 2i, showing a separation between the 4 and E peaks of ~18 cm’!,
which is consistent with the presence of monolayer Mo0S2.*%*!] The Raman maps in Figure 2,
panels f and g, indicate the emergence of nucleation points of bilayer thicknesses through an
increased separation between the 4 and E peaks.*%3!! The Raman spectra in Figure 2, panels j
and k, are taken from the regions identified by black and green squares in Figure 2, panels f and
g, respectively. The black and green line spectra are measured in the areas indicated by black
and green squares, respectively. The regions indicated in black and green on both devices in
Figure 2, panels f and g, show a separation between the 4 and E peaks of ~20 cm™ and ~23 cm’
!, respectively, indicating the presence of both monolayer and bilayer MoS2.5%3! The slight
increase in the separation between the 4 and E peaks on the monolayer regions from 18 cm™!
on the purely monolayer device, D1 (Figure 2i), to a separation of 20 cm™ on the devices
containing a mixture of both monolayer and bilayer MoS2, D2 and D3 (Figure 2, panels j and
k), is attributed to signal mixing due to the small size of the grains on the devices, with similar
effects observed in the corresponding PL spectra (Figure 2, panels u-w). It should be noted that
while both devices, D2 and D3, contain a mixture of monolayer and bilayer MoS:, there is a
larger proportion of bilayer MoS: in the channel of the device D3 (Figure 2g) as compared to
device D2 (Figure 2f). The Raman map for device D4 (Figure 2h) again shows little variation
in the separation between the 4 and E peaks. The corresponding Raman spectra (Figure 21)
reveal separations of ~22 cm™! and ~23 cm! indicating that the majority of MoS: in the device

30311 The channel in the bulk-like device presented in Figure S3

channel is of bilayer thickness.!
(Supporting Information) consists mainly of bulk thicknesses with a separation between the 4

and E Raman peaks of ~25 cm™!, with a small region of bilayer thickness, having a separation

between the 4 and E Raman peaks of ~22 cm™'.

PL mapping was also carried out on each of the devices following the addition of the QD

sensitizing layer. These PL maps help not only to identify the MoS2 emission intensity and peak
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wavelength but they can also reveal information regarding the interaction between the QDs and
the MoS2, such as quenching of the QD PL which is indicative of NRET. The QD PL maps for
each device can be seen in Figure 2, panels m-p. The PL maps are centered on the QD peak
emission wavelength (630 nm) to indicate the relative PL intensity on each of the devices. It is
instantly apparent that the strongest quenching of the QD emission occurs on the monolayer
device, D1 (Figure 2m). Quenching of the QD emission decreases moving from devices D2 to
D4, as the devices become more polycrystalline with the nucleation of bilayer regions (Figure
2, panels n-p). This indicates that the NRET efficiency decreases as the MoS: layer number
increases, which is consistent with optical studies in the literature.['>*? From the QD PL maps
for the devices D2 and D3 (Figure 2, panels n and o) the quenching of the QD PL is strongest
in the monolayer regions that can be seen in the corresponding Raman maps (Figure 2, panels
f and g), respectively, further confirming the decrease in NRET efficiency as the MoS: layer
number increases. There is a much weaker quenching of the QD PL on the polycrystalline
bilayer device, D4, as can be seen from the PL. map (Figure 2p), which is expected due to
increased dielectric screening of the QD electric field dipole in the bilayer material, in contrast

to the monolayer material.l'>%2

PL maps of the devices, centered on the MoS2 peak emission wavelength are presented in
Figure 2, panels g-t. These PL maps clearly demonstrate that the regions of high PL intensity
are decreasing as the devices transition from pristine monolayer (D1) to polycrystalline bilayer
(D4). The MoS2 PL intensity is fairly uniform across the monolayer device, D1 (Figure 2q),
while the PL is quite non-uniform across devices D2 to D4 and the areas showing high PL
intensity are reducing (Figure 2, panels 1, s and t, respectively). While the Raman maps indicate
the regions of the device that differ in layer thickness, the corresponding MoS2 PL maps do not
show similar patterns in terms of the PL intensity. The PL maps reveal that for devices D2 and

D3 (Figure 2, panels r and s) the PL intensity is larger in regions where there is variation of

10
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layer number as can be seen in the corresponding Raman maps (Figure 2, panels f and g) and
not solely higher PL intensity from monolayer regions as is expected. The corresponding PL
spectra for each of the PL maps are shown in Figure 2, panels u-x. Similar to the Raman
spectrum in Figure 2i, the PL spectrum in Figure 2u is an average over the device channel
indicated by the yellow dash box in Figure 2e. The pristine monolayer MoS: has a peak emission
wavelength of ~ 677 nm which is expected for monolayer MoS: flakes.®) The QD PL spectrum
is also shown in Figure 2u to indicate the peak position relative to the MoS2 B emission peak.
The black and green lines in the PL spectra in Figure 2, panels v-x, were extracted from the
same regions as the Raman spectra in Figure 2. The PL spectra in Figure 2, panels v and w,
show both a redshift in the peak emission wavelength for MoS: and an increase in QD PL
intensity at the bilayer thickness locations, as expected. However, both devices consisting of a
mix of monolayer and bilayer MoS2 show PL intensities for the bilayer region either equal to
or greater than the PL intensity from the purely monolayer region. This increase in PL intensity
can be attributed to increased scattering at defect sites introduced by the grain boundaries'*?! at
the edges of the nucleation sites where the second layer has formed. The PL spectra for the
polycrystalline bilayer device, D4 (Figure 2t), shows a larger QD PL intensity as compared to
the other devices and shows very little variation in the MoS2 PL intensity across the whole
device, once again verifying the decrease in the NRET efficiency. Similarly, the bulk-like
device presented in Figure S3 (Supporting Information) shows higher QD PL intensities and
lower MoS:2 PL intensities as compared with the devices presented in the main manuscript (D1-
D4), indicating a lower NRET efficiency from the QDs to the bulk-like MoS2 and reduced

emission intensity from the bulk-like material.

11
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Figure 3. (a-d) I-V curves for the MoS:2 devices before (blue line) and after the addition of the

QD sensitizing layer (red line). The I-V curves were measured under excitation from a 405 nm

laser at an excitation power of 30 uW. (e-h) Plots of photocurrent as a function of excitation

power for each MoS2 device before (blue dots) and after the addition of the QD sensitizing layer

(red dots). (i-1) Photoresponsivity of each device before (blue open circles) and after the

addition of the QD sensitizing layer (red open circles).

The current-voltage (I-V) characteristics for each device (before and after the addition of the

QD sensitizing layer) were measured as a function of laser excitation power in the range of ~1-

100 uW between -1 and +1 V. All devices were measured under the same conditions and had a

linear or close to linear I-V curve at all laser powers before and after the addition of the QD

sensitizing layer. I-V curves for each device at a laser excitation power of 30 uW with (red)

and without (blue) the QD sensitizing layer are shown in Figure 3, panels a-d. The largest

enhancement in photocurrent is seen for the pristine monolayer device, D1 (Figure 3a). Similar

enhancements are observed for devices D2 and D3, both containing portions of monolayer and

12
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bilayer MoS: (Figure 3, panels b and c¢). There is little to no enhancement of the photocurrent
for the polycrystalline bilayer device, D4, shown in Figure 3d. The bulk-like device also shows
no enhancement in the photocurrent following the addition of the QD sensitizing layer (See
Figure S3 in Supporting Information).

Figure 3, panel e-h, show the generated photocurrent, /pn, as a function of laser excitation
power for the four devices. All devices exhibit a similar dependence on the excitation power
before and after the addition of the QD sensitizing layer, having either a linear or slightly
sub/super-linear slope. Similar to the I-V curves (Figure 3, panels a-d) it is clear that the largest
enhancement in the photocurrent is obtained from the purely monolayer device, D1 (Figure 3e),
with comparable levels of photocurrent enhancement across the full excitation power range for
the devices D2 and D3, containing regions of both monolayer and bilayer MoS: (Figure 3,
panels fand g). It is worth pointing out that while the device, D3, containing more bilayer than
monolayer regions (Figure 2c) should give higher levels of photocurrent due to a greater
abundance of charge carriers, we observe lower levels of photocurrent compared to device, D2,
which contains almost equal portions of monolayer and bilayer regions (Figure 2b). We
attribute this to a larger number of grain boundaries in the channel leading to a larger density
of scattering points (Figure 2c), this is also in agreement with the PL from the bilayer regions
shown in Figure 2w. The photocurrent obtained from the polycrystalline bilayer device, D4
(Figure 3h), shows almost identical curves with and without the QD sensitizing layer indicating
that the addition of the sensitizing layer has no effect on polycrystalline bilayer devices resulting
from a combination of grain boundaries leading to electron scattering at defect points, and
increased dielectric screening of the QD electric field dipole in the bilayer material.l'>??]
Measurements performed on the bulk-like device also reveal is no enhancement of the
photocurrent after the addition of the QD sensitizing layer (See Figure S3 in Supporting

Information).

13
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The photoresponsivity, R, gives a measure of the current output as a function of incident optical
power. The photoresponsivity is given by R = Iri/Pex, Where Pex is the excitation power. The
photoresponsivity measured for each of the devices across the full excitation power range is
given in Figure 3, panels i-1. The photoresponsivity of the pristine monolayer device, D1 (Figure
3i), shows a typically steady decrease in photoresponsivity as the optical excitation power
increases which corresponds to a sub-linear dependence of photocurrent on the excitation
power. The largest photoresponsivity for the monolayer device is achieved at the lowest
excitation power of ~1 pW for both the MoS: device only (R = 2.6 x10° A/W) and with the
QD sensitizing layer (R = 2.1 x102 A/W), giving > 8 fold enhancement in photoresponsivity.
The photoresponsivity curves for the mixed layer devices, D2 and D3 (Figure 3, panels j and |,
respectively) however, display a different character as compared to the monolayer device, D1.
These devices show a combination of increasing, constant and decreasing photoresponsivity
regimes as the excitation power increases. The increasing and constant regimes correspond to
super-linear and linear dependences of photocurrent on excitation power, respectively. Sub-
linear dependence of photocurrent on excitation power in MoS2 devices is commonly observed
at large excitation intensity(®33**] while linear dependences are observed at lower excitation
intensities.>”8] However, a super-linear dependence of the photocurrent on excitation power is

[35] The presence

less documented and can be explained by multi-centre recombination models.
of surface defects and edge states at grain boundaries, due to the granular nature of the channel
in devices D2 and D3, could give rise to a variety of recombination centers, such as dangling
bonds at the MoS> surface, and contribute to this super-linear behavior.l*>=% Device D4 shows
a similar decrease in the photoresponsivity with increasing excitation power as for D1 both with
and without the QD sensitizing layer.

To calculate the average photocurrent enhancement for each of the devices, the photocurrent

vs. excitation power curves were averaged across the full laser excitation power range. The

enhancement was then calculated as /mos2-0ps/Imos2. We find photocurrent enhancements as high
14
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as ~14 fold for the pristine monolayer device and photocurrent enhancements of ~2 fold for
devices D2 and D3, and no enhancement for device D4 after adding the QD sensitizing layer
(Figure 4a). There is also no enhancement for the bulk-like device presented in Figure S3
(Supporting Information). This indicates that the QD sensitizing layer is most effective for
monolayer devices, while the benefits of the QD sensitizing layer disappear as the MoS: regions

in the device become polycrystalline.
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Figure 4. (a) Average photocurrent enhancement for each device. (b) PL decay curves of the
QDs off the MoS:2 (orange) and the QDs on each of the devices. The decays are presented over
the first 5 ns for easier comparison of the curves. Full decays are presented in the supporting
information, Figure S4. (c) NRET rate between the QDs and MoS: in each of the devices. The

black dash line in c is a guide to the eye.

Time-resolved PL (TRPL) measurements were performed to further investigate the
interaction between the QDs and the MoS2 devices. The PL decay curves for the QDs off the
MoS:2 and on each of the devices are presented in Figure 4b. The PL decays were fit with a bi-

exponential decay curve given by

_t _t 1
I(t)=116’ T1+126’ T2 ( )
where [; and 1> are the intensities of both decays with lifetimes of 7; and 72, respectively. The
average lifetime was calculated from the fitting parameters as an intensity weighted average

lifetime, z4vg, given by
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Liti + 115 (2)
Lty + LT,

Tavg =
The QD PL lifetime measured off the MoS: film represents the total spontaneous emission
lifetime, 7op = ky L+ k!, where k,. and k,,, are the radiative and nonradiative decay rates,

respectively, and therefore the lifetime takes account of the intrinsic QD carrier dynamics in a

dilute monolayer on the chip. The total PL lifetime of the QDs on the MoS2 is Tgp_mos, =

k7t + k! + kyigr, where k, and k,,, are the same as the QD reference off the MoS2 and
kyger is the rate of NRET from the QDs to the MoSa. Therefore, kygrer = Tgp-mos, — Top and

_ knrer  _ q _TQD-Mos,

= . The substantial
kr+knr+knNRET 7QD

the NRET efficiency is given by Nyrer =

reduction in the QD PL lifetime on the MoS: devices indicates that the NRET process is highly
efficient in this hybrid system, with NRET efficiencies, #nrer, of over 90% for each of the
devices including the bulk-like thickness device (See Figure S4 in the Supporting information).
The highest NRET efficiency is found for the pristine monolayer device, D1, with an NRET
efficiency of ~98 + 3%, while the TRPL measurements on the more polycrystalline devices,
D2, D3 and D4, reveal NRET efficiencies of ~97 £+ 2%, ~97 + 3% and 95 + 2%, respectively.
The NRET efficiency for the bulk-like thickness device is ~94 £ 2%.

The NRET rate, knrer, provides further information on the temporal scale over which the
NRET process occurs. A plot of the NRET rates for each device is presented in Figure 4c. There
is a clear trend in the reduction of the NRET rate as the devices become more polycrystalline.
The NRET rate between the QDs and the polycrystalline bilayer device, D4, is ~1.1 £ 0.1 ns™!
which is less than half the NRET rate between the QDs and the monolayer device, D1, which
has an NRET rate of ~2.5 + 0.1 ns’\. This increase in the NRET rate as the devices reach
monolayer thickness is due to the reduced dielectric screening of external electric fields in the
MoS: as the layer number decreases.!!>??] The difference in NRET across the devices cannot

account for the larger difference in the photocurrent enhancement. The larger variation in the
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photocurrent enhancement can be explained by the increased number of grain boundaries
arising from the formation of bilayer MoS: at nucleation points leading to greater scattering of
electrons***?! and consequently reduced mobility. This lower enhancement resulting from poor
carrier transport due to the scattering of electrons is consistent with the photocurrent and
photoresponsivity values obtained from the devices as they become more polycrystalline in
Figure 3, panels b-d, and f-h, respectively. Typically, as the proportion of bilayer MoS:
increases an increase in photocurrent could be expected due to the larger number of charge
carriers available!'*3%!. However, the observed decrease in device performance is due to the

increasing number of grain boundaries and defect sites.

3. Conclusion

In summary the optoelectronic properties of hybrid QD-MoS: devices show a strong
dependence on the properties of the MoS: layer, despite highly efficient NRET from
semiconductor QDs in an ultrathin sensitizing layer to a variety of MoS2 devices varying from
pristine monolayer to polycrystalline devices composed of mixed layer thicknesses (monolayer
and bilayer). While NRET efficiencies exceeding 90% have been demonstrated across all
devices, measurements reveal a decrease in the NRET efficiency and rate as the ratio of bilayer
to monolayer MoS: in the device channels increases. Despite the high NRET efficiency,
spectral PL measurements reveal that there is little to no enhancement of the MoS:2 PL intensity
after the addition of the QD sensitizing layer, attributed to nonradiative recombination of
excitons at defect sites. Optoelectronic measurements revealed that the energy transferred from
the QDs to the MoS:2 through NRET pathways could be extracted electrically. Photocurrent
enhancements as large as ~14 fold were found for the pristine monolayer MoS: device after
adding the QD sensitizing layer, while devices consisting of a mixture of monolayer and bilayer
MoS: gave ~2 fold enhancement. No enhancement was observed as the active region of the

devices became more polycrystalline and predominantly bilayer. The photocurrent
17
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measurements also revealed that the photocurrent decreased as the devices became more
polycrystalline due to increased scattering of charge carriers, and lower photocurrent
enhancements were observed. Importantly, we have demonstrated that increased absorption of
incident light in a 2D photodetection system can enhance the electrical output from the 2D
material using NRET, with the greatest advantages obtained from monolayer MoS: devices.
This hybrid system which combines large-area synthesis of MoS: films and a simple spin-
coating process, both of which are industrially scalable and economically viable methods,
suggests a potential route for hybrid 2D optoelectronic devices, most notably, photodetection

and light harvesting applications.

4. Experimental Section

Growth of MoS>: Large-area coverage of MoS2 was achieved using a previously reported
CVD growth technique.l'” In brief, a microreactor was formed between the seed and target
substrates by placing a target substrate (typically a blank SiO2/Si substrate) face down on top
of a seed substrate, which consisted of liquid-phase exfoliated MoO3 nanosheets**! drop cast
onto a Si/Si0O2 substrate. This microreactor was placed into the center of a quartz tube furnace
where it was heated to 750 °C under 150 sccm Ar flow and then exposed to sulfur vapor, which
was generated by heating sulfur powder to ~120 °C in an independently-controlled upstream
zone of the furnace. While this technique produces MoSz which is predominantly monolayer,
regions of other layer thickness could be identified by optical inspection of the substrates.

Preparation of QD/PMMA layers: Alloyed CdSeS/ZnS QDs (1 mg/mL) in toluene were
purchased from Sigma-Aldrich. The QDs were used as supplied in stock solution. The
QD/PMMA solutions were made up by dispersing the stock QDs (12.5 pL) in 0.1% wt. PMMA
in toluene (500 pL). The dispersions were sonicated for 20 s to ensure even dispersion of the

QDs (diameter = 6.0 £ 0.7 nm) in the PMMA solution.
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Extinction Measurement of Monolayer MoS:: The extinction spectrum of the monolayer
MoS:2 was measured following the CVD of MoS2 onto a quartz substrate. The extinction
measurement was then performed using a custom built transmission apparatus using a Xenon
lamp and a 100x microscope objective.

MoS> Characterization: The CVD-grown MoS:2 used in this study was characterized by
photoluminescence (PL) and Raman spectroscopy. These measurements were performed using
a WITec Alpha 300R tool with a 532 nm excitation laser operating at a power of ~250 pW with
a 100x objective (N.A. = 0.95). Maps were obtained by acquiring 4 spectra per um in x and y
directions. For PL measurements a spectral grating with 600 lines/mm was used whereas for
Raman measurements a higher-resolution spectral grating with 1800 lines/mm was used.

Time-resolved ~ Photoluminescence:  Time-resolved  photoluminescence  (TRPL)
measurements were performed using a PicoQuant Microtime200 time-resolved confocal
microscope system using an excitation of 90 ps pulses at a wavelength of 405 nm with a
repetition rate of 10 MHz and an integration time of 4 ms per pixel. The laser spot size was
~430 nm. The sample was excited through a 40x objective (NA = 0.65) and the PL was collected
through the same objective. The excitation power used for the measurements was 1.0 pW. All
scans were performed over 3 um x 3 um square areas in the device channels (excluding the QD
only measurements). A bandpass filter, centered at 635 nm and with a 10 nm full-width-at-half-
maximum, was used to ensure that only the PL from the QDs was collected.

Device Fabrication: The electrical devices were fabricated by patterning a PMMA resist
using electron beam lithography (EBL). The Ti/Au (5 nm/ 45 nm) contact pads and electrodes
were deposited using electron beam evaporation. The contact pads have dimensions of 80 pym
x 80 um and each device has a 5 pm channel length between the electrodes. All MoS: devices
discussed in this manuscript were grown on the same Si/SiOz chip in a single growth process,

these devices were also patterned in a single EBL run.
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The hybrid devices were realized by spin casting an ultra-thin layer (~8 nm, See Figure S5 in
the Supporting Information) of dilute QDs in 0.1% wt. PMMA (12.5 pL QDs in 500 pL
PMMA) to achieve monolayer coverage of QDs on the MoS: devices. The MoS:2 samples were
characterized using scanning Raman spectroscopy to obtain a map of the active region in the

3% in the channel. As a result of the large (5

devices and identify the number of MoS: layers
um) channel length for each of the devices we find very little current during dark measurements.
However this large channel length was necessary to ensure that the laser excitation spot (~3 um
diameter) could fit comfortably in the centre of the channel without impinging on the electrodes.
The excitation laser used for the photocurrent measurements was a variable power Toptica
iBeam smart laser diode with a 405 nm excitation wavelength. The active regions of the devices
were excited through a 10x objective (NA = 0.25) with an excitation spot diameter of ~ 3um.

The electrical measurements were carried out using a Keithley 2400 source meter to provide a

bias and measure the current through the devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) Extinction spectra of monolayer MoS: (black dash) and QDs in PMMA (blue dot),
and normalized PL spectra of monolayer MoS: (green solid) and QDs in PMMA (red solid).
The PL spectra were acquired under excitation with a 405 nm pulsed laser diode. The extinction
spectrum of monolayer MoS2 was measured from a CVD-grown triangular monolayer on a
quartz substrate. The extinction spectrum of the QDs was obtained from the solution of QDs in
PMMA that was subsequently spincast onto the devices. (b) Schematic diagram of experimental

device.
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Figure 2. (a-d) Optical images of MoS2 devices (red boxes indicate the PL and Raman mapping
areas). (e-h) Raman maps indicating the separation between the 4 and E peak positions. Yellow
dash box represents the channel in the devices. Black and green boxes correspond to the regions
where the Raman and PL spectra were extracted, shown in (i-1) and (u-x), respectively. (m-p)
PL maps of the same areas highlighted in the red boxes in the optical images (a-d).The PL maps
are centered on the QD peak emission wavelength (630 nm). The maps clearly show that the
QD emission is quenched most strongly on the monolayer device and less quenched moving to
the right. (g-t) PL maps of the devices centered on the MoS:2 peak emission wavelength. (u-x)

PL spectra extracted from the maps in areas indicated by black and green boxes on the Raman
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maps in (f-h). The QD PL spectrum, measured from a position on the sample containing no
MoSz, is shown in (u) to indicate the peak position of the QDs relative to the MoS2 B emission
peak. There is a clear redshift in the MoS2 peak emission wavelength as the MoS: thickness
increases from monolayer to bilayer. The regions where there are a change in layer thickness
are indicated by black and green boxes in the Raman maps and represented by the corresponding
colors in the Raman and PL spectra in (i-1) and (u-x), respectively. Higher QD PL emission is
observed on the regions of increased layer thicknesses, indicating a reduction in the NRET
efficiency. The NRET efficiency is highest to the monolayer MoS2. A full set of data for a bulk-

like device is shown in Figure S3 (Supporting Information).
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Figure 3. (a-d) I-V curves for the MoS:2 devices before (blue line) and after the addition of the
QD sensitizing layer (red line). The I-V curves were measured under excitation from a 405 nm
laser at an excitation power of 30 uW. (e-h) Plots of photocurrent as a function of excitation
power for each of the MoS2 device before (blue dots) and after the addition of the QD sensitizing
layer (red dots). (i-1) Photoresponsivity of each device before (blue open circles) and after the

addition of the QD sensitizing layer (red open circles).
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Figure 4. (a) Average photocurrent enhancement for each device. (b) PL decay curves of the
QDs only (orange) and the QDs on each of the devices. The decays are presented over the first
5 ns for easier comparison of the curves. Full decays are presented in the supporting information,
Figure S4. (c) NRET rate between the QDs and MoS:2 in each of the devices. The black dash

line in c is a guide to the eye.
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S1:  Size distribution of quantum dots (QDs).
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Figure S1: (a) TEM image of CdSeS/ZnS QDs. (b) Size distribution histogram of CdSeS/ZnS
QD diameters. (c) PL spectrum of CdSeS/ZnS QDs in toluene (black solid) and Gaussian fit

(red dash).

Figure Sla shows a typical TEM image of the alloyed CdSeS/ZnS QDs and a narrow
QD size distribution of (6.0 = 0.7) nm can be seen from the histogram in Figure S1b. Figure
S1c shows the PL spectrum of the QDs in solution and a Gaussian fit to the spectrum. The full-
width at half-maximum (FWHM) is (30.6 £ 0.1) nm further verifying the narrow size

distribution of the QDs in the ensemble.

32



WILEY-VCH

S2.  Time-resolved and Spectral Photoluminescence (PL) Measurements of QDs on

monolayer MoSa.
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Figure S2: (a) Fluorescence lifetime map (80 pm x 80 pm) of QD film on a chip showing
monolayer MoS: triangular flakes. (b) PL decays of QDs off the flake (black) and on monolayer
MoS: device DI (red). (c) PL spectra of QDs off the flake (black), QDs on monolayer MoS:

(red) and MoS:2 before adding QDs (blue).

The quenching of the QD PL intensity and the lifetime is clear from the black triangles
in the fluorescence lifetime map in Figure S2a. The reference QD PL spectrum and PL decay
is measured ~ 20 pum away from the MoS: flake on the same chip as indicated in the dashed
boxes in the example shown in Figure S2a. The PL decays and PL spectra shown in Figure S2b
and Figure S2c, respectively, are averaged over 3 um x 3 um areas.The NRET efficiency, #nrer,

was calculated from the QD lifetimes as

Top-Mos
NMnrer = 1 — T—z (1)
QD
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where 7op is the lifetime of the QDs alone and top-mos:2 is the lifetime of the QDs on the MoSa.
From the values given in Figure S2b, the NRET efficiency on the monolayer device was ~98%.
Figure S2¢ shows the PL spectra of the QDs alone (black), the MoS: alone (blue) and the QDs
and MoS:> together (red). It is evident from the PL spectra that there is no enhancement of the
MoS: PL intensity following the addition of the QD sensitizing layer as the MoS2 PL intensity
remains the same while the QD PL intensity has been substantially quenched, similar to the QD
lifetime in Figure S2b. The NRET efficiency can also be quantified using the integrated PL
spectra, #NRer-PL, given by

lop-mos,

)

Nnrer-pL = 1 — I
oD

where Iop-mos2 and Iop are the integrated PL spectra of the QDs on the MoS: and the integrated
PL spectra of the QDs alone, respectively. The NRET efficiency calculated from the integrated
PL spectra is ~99% which is in good agreement with the NRET efficiency extracted from the

lifetimes.
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S3:  Bulk-like device characteristics.
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Figure S3: (a) Optical image of bulk-like device, D5. (b) Raman map of D5 plotting the

separation between the 4 and £ Raman peak positions. (¢) Raman spectra corresponding to the

positions labelled in black and green in (b). (d) PL map of D5 centred on the MoS:2 peak

emission wavelength. (e) PL map of D5 centred on the QD peak emission wavelength. (f) PL

spectra corresponding to the position labelled in black and green in (d) and (e). (g) I-V curve

for device, D5, before (blue line) and after (red line) the addition of the QD sensitizing layer at

a laser excitation power of 30 uW. (h) Plot of photocurrent vs. excitation power for device, D5,

before (blue dot) and after (red dot) the addition of the QD sensitizing layer. (i)

Photoresponsivity as a function of excitation power for device, D5, before (blue dots) and after

(red dots) the addition of the QD sensitizing layer.
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Similar to the polycrystalline bilayer device, D4, in the main manuscript there is little
to no change in the electrical performance of the device after the addition of the QD sensitizing
layer (Figure S3, panels g, h and 1) indicating that the enhancement of the electrical properties
of the devices through NRET from QDs in a sensitizing layer relies on the underlying
crystallinity of the MoS: in the device channel. While this device consists mainly of
multilayer/bulk-like thicknesses of MoS: there are some regions of the device that consist of
bilayer MoSz as can be seen in blue in the Raman map (Figure S3b) and the corresponding
Raman spectra for these regions is shown in black in Figure S3c. This bulk-like device gave the
highest photocurrent and photoresponsivity values compared to all the monolayer/bilayer

devices measured in this study.
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S4:  NRET efficiencies for all devices.
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Figure S4: (a) Full PL decay curves of the QDs only (orange) and the QDs on each of the
devices. (b) Plot of NRET efficiency, #nrer, for each of the devices. Device 5 is the bulk like

device shown in Figure S3.

Full decays of the QDs alone and on each of the MoS: devices are shown in Figure S4a.
Figure S4b demonstrates how the NRET efficiency decreases as the devices become more
polycrystalline resulting from larger portions of the device channel being occupied by bilayer
MoSz. The red line in the plot is a single exponential fit and is presented solely as a guide to the
eye. Despite the fact that the NRET efficiency is decreasing as the device becomes more
polycrystalline, the NRET process in this system is highly efficient with values >90% across

all devices.
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SS.  Atomic Force Microscopy (AFM) profiles of QD/PMMA sensitizing layer.
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Figure S5: (a) AFM image of QD/PMMA film. (b) Height profile measured from the
QD/PMMA film in (a). The dashed white line in (a) represents the position of the height profile

presented in (b).

Figure S5a shows the AFM image of the QD/PMMA film with the corresponding height

profile given in Figure S5b. A razor blade was used to score a single narrow trench in the

QD/PMMA film and allow for the measurement of the film thickness.
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