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ABSTRACT: The encapsulation of a monolayer of CdSe
quantum dots (QDs) by one-to-three layer graphene and
MoS, sheets protects the QDs from oxidation. Photo-
luminescence (PL) from the QD cores shows a much slower
decrease in core diameter over time due to slower oxidation in
regions where the QDs are covered by van der Waals (vdW)
layers than in those where they are not, for chips stored both in
the dark and in the presence of light. PL mapping shows that
the CdSe QDs under the central part of the vdW sheet age
slower than those near its edges, because oxidation of the
covered QDs is limited by transport of oxygen from the edges
of the vdW sheets and not transport across the vdW layers.
The transport of oxygen to the covered QDs is analyzed by
coupling the PL results and a model of QD core oxidation.

B INTRODUCTION

CdSe quantum dots (QDs) with core surfaces capped by
ligands are known to deteriorate in air, by oxidation at the
surface of the core that can occur in the dark and occur even
faster in the presence of light.'~® This leads to a decrease in the
diameter of the core, which is accompanied by a decrease in the
wavelength of absorption and luminescence and often a
decrease in photoluminescence (PL) intensity. This product
oxide shell also serves as a barrier to the transport of charge,
including electrons, holes, and excitons. To improve and
stabilize luminescence efliciency, semiconductor shells are
sometimes grown on the cores of CdSe QDs with Type I
band alignment, such as ZnS shells.”® Photoexcitation of these
core/shell QDs can still be transferred to nearby materials by
Forster resonant energy transfer (FRET),”'° but the movement
of electrons and holes and excitons is slowed by this barrier.®
When the movement of charges is desired, alternative methods
of passivation of the cores are needed that are consistent with
the use of the QDs. Using shorter capping ligands or removing
ligands could improve charge transfer, but can lead to faster
oxidation of the core, which would slow charge transfer.

The prospect of passivating QDs by van der Waals (vdW)
materials is raised by the use of chemical vapor deposited
graphene to protect metal substrates from oxidization''~'® and
theoretical studies of the use of MoS, and WS, monolayers
(MLs) for oxidization protection.'” By fabricating and studying
heterostructures of graphene and QD MLs,”® we show that
CdSe QD MLs can be passivated well by covering them with
van der Waals (vdW) materials, such as graphene and MoS,,
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that are one to several MLs thick. Because vdW MLs absorb
light very weakly, this is a potentially interesting way to
passivate QDs in a range of optoelectronic applications and is
also of interest in heterostructures fabricated using QD MLs
and vdW layers.*

B EXPERIMENTAL SECTION

QD Preparation and QD Monolayer Preparation. CdSe QDs
with a 3.1 nm diameter were synthesized by hot-injection methods
(300 °C with cadmium oleate, from CdO, and trioctylphosphine
selenide (TOPSe) precursors),” their ligands were exchanged to
oleates, and they were stored in a glovebox to minimize exposure to
air. Within the glovebox, close-packed QD MLs were then formed by
drop-casting 100 uL of the colloids of QDs in hexane on a ~10 cm?
dimethyl sulfoxide (DMSO) subphase. After the alkane solvents
evaporated, a ML of QDs remained, floating on top of the DMSO,*°
which were then scooped up on a chip (Piranha cleaned Si wafers with
~300 nm thermally grown oxide) (Figure 1). In one case, the QD ML
was scooped onto a chip with a predeposited graphene sheet. (see
Figure S4 in the Supporting Information).

Fabrication of the vdW Sheet/QD ML Structure. The QD ML
assembly on the chip was then overlaid by several sheets of few-layer
graphene or MoS,, by standard dry transfer methods (Figure 1),* in
an ambient environment, and within 10 min of removal from the
glovebox. In this procedure, a separate silicon chip was coated with a
layer of polyvinyl alcohol (PVA) and poly(methyl methacrylate)
(PMMA) (~280 nm thick) for optimized visual contrast to help
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Figure 1. Schematic of the experimental procedures and the effect of
vdW monolayer encapsulation. (a, b) A monolayer of CdSe QDs
(yellow) is deposited onto the Si chip (with ~300 nm thermally grown
Si0,), followed by the dry transfer of few-layer vdW sheets (blue). (c)
Oxygen molecules (red) react with the uncovered QDs over time,
while the QDs are protected from oxidation in the covered region. (d)
QDs near the center of the covered region are observed to age more
slowly than those in uncovered regions.

identify the sheet locations and thicknesses. The graphene and MoS,
vdW sheets were transferred onto these PMMA/PVA/Si chips via
mechanical exfoliation by scotch tape (“scratching”). These chips were
suspended in water to dissolve the PVA, leaving floating films of
PMMA covered with the vdW sheets. Metal scoopers with
polydimethysiloxane (PDMS) covering holes at one end were used
to carefully scoop up these films, with the desired vdW sheet(s) clearly
visible through the center of the holes. The scoopers were then flipped
upside down and positioned with the vdW sheet(s) hovering on top of
the QD ML. Contact between the PMMA film and the QDs was made
at 30 °C, and the temperature increased gradually to 120 °C to bring
PMMA above its glass transition temperature and detach it from the
PDMS. Usually, several sheets were transferred each time, but only
one or two were 1, 2, or 3 MLs thick, and these were later examined.
The first PL analysis of the chip was then made (0 h). In 4 of the 11
chips, the PMMA overlayer was removed by soaking the chip in
acetone for 24 h; this was followed by PL analysis. In these aging
experiments, most chips were stored in the dark between PL probing
cycles and were in ambient room lighting for ~30 min during PL
analysis. Each chip was stored individually in a 100 mm X 15 mm
polystyrene container; the oxygen consumed by the QD MLs during
oxidation is negligible compared to that in the container.

The number of MLs in the transferred vdW sheets was determined
after scratching by optical microscopy and then confirmed by Raman
spectroscopy and also by photoluminescence (PL) for MoS,. > >
Using optical microscopy, the shapes of the vdW sheets were
approximated as rectangles with shorter and longer side lengths, for
classification and analysis. (See the Supporting Information.)

Except as indicated otherwise, the assembly and subsequent analysis
of the chips were performed at room temperature.

Optical Excitation and Photoluminescence Collection and
Analysis. In point-to point measurements (Figures 2 and 3), PL was
excited using a cw laser at 532 nm with 30 yW power, which was
focused to a ~1 um spot size and measured at several points, as
described above. CdSe QD PL was measured from 531 to 587 nm
(which does not include the spectral region of PL from a MoS, ML)
with the spectral region at and near the laser wavelength blocked by an
edge filter, with a 1 s integration time (Renishaw system). Each PL
spectrum was fit by the sum of a Gaussian and Lorentizan of equal
peak wavelength and height, and equal half-width at half-height, to
obtain the peak wavelength and intensity, as used in Figures 2 and 3.
The spectra were better fit by these profiles than by pure Gaussian or
Lorentzian lineshapes. The fit parameters were not sensitive to the
details of the fitting methods.

In the other set of experiments, PL was mapped across several
structures by scanning a 440 nm ultrafast laser with a 100 ps pulse
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width and 10 MHz repetition rate and low-average power (S W), at
the Center for Functional Nanomaterials (CFN) at the Brookhaven
National Laboratory (BNL). The laser was imaged to a ~1 um spot
size on the structure with an optical microscope, and then scanned
over the structure (~0.3 um?/s). The PL was measured using a
bandpass filter, which peaked at 550 nm and had a full width of 88 nm,
to transmit the CdSe QD PL and block the MoS, PL (see Figure S1,
Supporting Information), using a PicoQuant time-correlated single
photon counting (TCSPC) system.

B RESULTS

In one set of experiments with chip preparation as portrayed in
Figure 1 (and see Figure 6, below), the PL of the closed-packed
3.1 nm diameter CdSe QD ML was measured six times (cycles)
over 27 days after the chips were fabricated, the first time
within 2 h of vdW transfer. The 11 chips where the QD MLs
were also partially covered by vdW sheets (five covered by 1—3
sheets of graphene and six by 1—2 sheets of MoS,) were
probed in regions covered and uncovered by the vdW sheets;
reference chips of QD MLs without vdW sheets were also
probed. During each measurement cycle, PL was induced by a
focused 532 nm cw laser fixed at one of five different random
sampling points near the center of each of the vdW sheets atop
the QD ML and in the uncovered QD ML regions. In these
point-to-point studies, different spots were illuminated in each
cycle to avoid interrogating previously illuminated regions
where photooxidation could occur (see below). A Raman
spectrum of Si was taken three times with the same laser
parameters at the beginning, middle, and end of the
measurement cycle, and this showed that the collected PL
was stable within ~ + 10% during each experiment. After the
first PL measurement, right after fabrication, the 225 + 15 nm
thick PMMA backing that initially overlaid the vdW sheets and
the otherwise uncovered QD ML on all chips was removed in 4
of the 11 chips by soaking them in acetone for ~24 h. Most
chips were stored in a dark ventilated box between PL
measurement cycles, except for two chips (one with graphene
and one with MoS, sheets) that were stored under continuous
room lighting in a fume hood to examine the effect of light
degradation with vdW layer encapsulation.

Figure 2ab shows representative PL spectra from QDs
covered by 1 ML graphene and 1 ML MoS,, as well as from
uncovered QDs on the corresponding chips. The first set of
measurements was taken immediately after chip fabrication and
PMMA removal and the last set 27 days later, with chip storage
in the dark. The PL is from the CdSe QDs; PL can also be seen
from the MoS, MLs, but at wavelengths longer than those
shown (see Figure S1 in the Supporting Information). There is
a substantial decrease in both the intensity and the peak
wavelength of the uncovered QDs over this period. There are
smaller decreases in the PL peak wavelength in the chip regions
covered by a graphene or MoS, ML sheet, and little change in
PL intensity.

Panels (c) and (d) in Figure 2 plot the mean value and
standard deviation of the peak PL wavelengths from the
random spots picked near the center of the same chip region
during each run. They also show the diameter of the core, d, as
determined from the peak wavelength, by using the calibration
between the core diameter and first exciton peak in
absorption®® and the ~70 meV Stokes shift between this
absorption peak and the PL peak.”” Aside from the points at
185 h (see below), the diameter of the CdSe core decreases
monotonically with time due to oxidation, and this decrease is
slower in both covered chip regions than in their uncovered
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Figure 2. PL of the QD ML that was covered (red) by 1 ML graphene in (a), (c), and (e) and 1 ML MoS, in (b), (d), and (f), and uncovered
(black) (a—f), excited by a cw 532 nm laser with 30 #W power. (a, b) PL spectra at the beginning (24 h) (solid lines) and end (27 days) (dashed
lines). (c, d) PL peak wavelength vs time, with the QD diameter axis added on the right. (e, f) PL peak intensity vs time. In (c)—(f), the points at 0 h
were taken before PMMA overlayer removal, and those at 24 h and later were taken after PMMA removal. Lines connecting the data points (except

those at 185 h; see the text) are added to aid viewing.

counterparts due to slower oxidation. Panels (e) and (f) in
Figure 2 are the corresponding PL intensities. PMMA still
overlaid the chip for the first data point and was removed
before subsequent ones were obtained. After PMMA removal,
the intensities of uncovered chip regions drop monotonically
over the course of the experiment (aside from the points at 185
h), whereas the intensities of the QD PL in covered chip
regions fluctuate more or less around their values right after
PMMA removal. The data in Figure 2a,c,e are all for the same
chip region, as are the data in Figure 2b,df (The Raman
intensity count rate from a bare silicon chip was abnormally
low, by a factor of 3, during the fifth set of measurements (at
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185 h), which was attributed to poor instrument alignment. To
try to account for this, the PL integration times were 3X longer
at 185 h than otherwise. These points, displayed in Figure 2c—f
as open symbols, are not included in the lines connecting the
points that have been added to aid viewing. The data points in
this measurement cycle do not follow the trends that are seen
to be very consistent for all other cycles.)

The change in QD core diameter over the 27 day period is
plotted for each region probed on each chip in Figure S2 (in
the Supporting Information) as a function of the smallest full
dimension of the vdW (based on approximating the shape of
the vdW sheets as rectangles) and in Figure 3 as a function of
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Figure 3. Decrease in QD size (27 days after fabrication) vs the
effective dimension of the vdW sheet, with different variables indicated
by the appearance of the data points, including the presence of room
light illumination (filling color), the presence of a PMMA overlayer
(edge color), the type of vdW sheet (shape), and the number of layers
in the vdW sheet (number of hairs).

the effective dimension of the vdW sheets. (As detailed in the
Supporting Information, this dimension for a vdW sheet
(approximated as a rectangle) is defined as the side length of a
square for which diffusion from the edges to the center occurs
over the same amount of time as the rectangle. Therefore, a 9
um X 9 ym sheet has an effective dimension of 9 ym and a 9
pum X 23 ym sheet has an effective dimension of ~11 ym.) The
dependence on size is very similar in the two plots. The
symbols denote the type of vdW material and the number of
vdW monolayers (1, 2, or 3), whether the PMMA overlayer was
present, and whether the chips were stored in the dark or in the
presence of light. All the points at dimension 0 are for the QD
MLs not covered by a vdW sheet (sometimes with a PMMA
overlayer). Some of these are for regions on chips that have
vdW sheets elsewhere (and are consequently subject to the
same process procedures as the vdW sheet regions), and others
are for reference chips with no vdW sheets.

PL was also measured on several chips by using a 440 nm
ultrafast laser (at the Brookhaven National Laboratory) with
low-average power imaged on the structure with an optical
microscope, and then scanned over the structure (~1 pm spot
size). The bandpass filter used transmitted the CdSe QD PL
(peak at ~570 nm) and removed the MoS, PL (see Figure S1,
Supporting Information). No photoinduced changes in the
QDs were observed even after multiple scans over the same
area with this mapping system, which enabled aging studies;
photoinduced changes were seen when scans were made using
the 532 nm cw laser, during which >1000X as many photons
impinged on the QDs than with the ultrafast laser, so that
system was used only for the above point-to-point study. Figure
4b,c plots emission in the spectral region of CdSe QD PL, for a
chip where 1 and 2 ML sheets of MoS, overlay regions with
(upper right) and without (lower right) a QD ML (Figure 4a)
(both with the PMMA overlayer); PL was mapped 24 h and 50
days after chip fabrication. As expected, there is very little signal
from regions where there are no QDs, including from the
regions where there is only MoS,. At 24 h, the QD PL is weaker
in regions covered by MoS, than in those in uncovered regions;
these PL variations track the regions shown in the optical
micrograph in Figure 4a. At 50 days, the covered areas are
brighter than the uncovered areas, but some of the covered
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Figure 4. (a) Optical image of 1 and 2 ML MoS, sheets transferred
onto the edge of a 3.1 nm CdSe QD ML. (b) Map of PL from the
CdSe QDs taken 24 h after chip fabrication (with the PMMA
overlayer), excited by a scanning 440 nm ultrafast laser. The brighter,
green areas indicate PL from the uncovered QD ML, and the dimmer,
gray areas indicate PL where the QD ML was covered by few-layer
MoS,. There are no QDs in the dark triangle on the left. (c) PL
mapping S0 days after fabrication, showing that the PL from CdSe
QDs near the center of the overlaying few-layer MoS, was stronger
than that from uncovered QDs. The absolute scales are different in (b)
and (c).

regions are brighter than others. (PL mapping of an aged
structure with the CdSe QD ML overlaying graphene in some
regions and overlaid by graphene in others is shown in Figure
S4 in the Supporting Information.)

Figure S shows the QD emission with a 1 ML MoS, sheet in
the middle of a QD ML (and not overlapping regions without

Figure S. (a) Optical image and (b) PL map of 1 ML MoS, sheet
transferred onto 3.1 nm CdSe QD ML on a SiO,/Si chip, taken 106
days after the chip fabrication (with the PMMA overlayer removed).
QD:s are present in the large light blue area in the background of (a),
while the central shape is the 1 ML MoS, sheet.

QDs, as in Figure 4), taken 106 days after chip fabrication (with
the PMMA removed), along with an optical image of this
structure. The QD PL in the covered region is generally
brighter than that in the uncovered region and is brighter
nearer the center of the covered region than in the outer
regions. The QD PL at the edge of the sheet is weaker, even
weaker than in QD regions that are totally uncovered by the
MoS, sheet.

B DISCUSSION

General Observations. Overlaying vdW sheets provides
good, but not perfect, encapsulation of the QDs. The results in
Figures 2—S5 are consistent with vdW MLs being very good
barriers against O, penetration and present a consistent picture
when comparing covered and uncovered regions. It is also
consistent with the current understanding that semiconductor
QD cores oxidize to form smaller cores, surrounded by oxide
shells. It is thought that SeO, forms on the surface of CdSe
QDs in the presence of oxygen in the dark' ™ and oxidizes even
faster in the presence of light;*® this has been attributed to the
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binding of the surface ligand TOPO to cadmium but not
selenjum. There is apparently no evidence of cadmium
oxidizing in TOPO-covered QDs exposed to air,' > but there
is when it is capped by pyridine.”* Katari et al.® found that the
oxidized selenium subsequently desorbs.

Therefore, during QD aging, oxygen produces an oxide shell
of SeO, and perhaps CdO surrounding the shrinking CdSe
core. In the early stages of aging, the local O, becomes
depleted, while the local N, remains undepleted, and new
oxygen needs to arrive at the outer shell to continue oxidation.
In the air trapped by the vdW overlayer, there are an estimated
~0.25 O, molecules per QD; this produces an ~0.0010 nm
thick oxide shell (for the moment assuming a continuum
model), which is much thinner than a full monolayer of oxide,
and decreases the core diameter by only ~0.00093 nm.
Consequently, assembling the structure in an environment free
of O, would have little effect on the total QD oxidation here.
This trapped air needs to be replaced ~290 times to enable
oxidation that decreases the diameters of CdSe QD cores from
3.1 to ~2.8 nm (as in Figure 3), which requires ~75 O,
molecules per QD (assuming that only the Se is oxidized®).
This corresponds to an effective air layer that is at least 1.7 ym
thick.

Immediately after assembly, the QD PL peaks at the same
wavelength, ~570 nm, in both the uncovered and covered
regions, and blue shifts with time due to oxidation; the shift is
much slower in regions covered by vdW layers, which indicates
much slower QD oxidation there (Figure 2a—d). More
generally, Figure 3 shows that the oxidation of CdSe QDs, as
monitored by the decrease in the diameter of the core, (1)
decreases when the QDs are blanketed by ~225 nm thick
PMMA, (2) decreases much more so when overlaid instead by
a vdW sheet (which is much thinner than the PMMA layer),
and (3) decreases even a bit more when that sheet is blanketed
by PMMA (Figure 3). Graphene and MoS, sheets slow down
oxidation roughly equally. Oxidation is slower for larger vdW
sheets (Figure 3). It is not clear (from Figures 3, S2, and S3,
Supporting Information) whether oxidation is slower with
several-layer vdW sheets than for a single ML, in part because
the lateral size of the sheets seems to dominate the trends in
this chip set. (Note that the thicker sheets tended to be smaller
here.) The 2D transport of O, between the vdW sheet and the
QD ML from the edges of the sheets to its center appears to be
the main route of replenishing O, near the QDs (on the basis
of Figures 3 and S), and not transport across the vdW sheet
(with or without the PMMA overlayer), as portrayed in Figure
6. The progress of oxidation would likely be even slower than
that observed here for even larger vdW sheets; however, it is
not clear that there would be no evidence of oxidation. Given
previous studies of photodegradation,®® it is not surprising that
oxidation is seen to be faster with storage in the presence of
light.

The time variation of the PL intensity (Figure 2e,f) depends
on the rate of photoexcitation and the quantum yield [7,,4/(Y;a4
+ Ynonrad) for radiative decay rate y,,4 and nonradiative decay
rate Yponal, which, in turn, depend on oxidation and other
factors. In the uncovered regions, the PL intensity increased
after the PMMA overlayer was removed and then monotoni-
cally decreased with time, while its peak blue-shifted monotoni-
cally (Figure 2). As the core diameter d decreases, absorption in
this optically thin QD ML changes little (Figure SS, Supporting
Information). The decrease in the QD absorption cross section
at the first exciton peak, which is proportional to d*° is
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Figure 6. Diagrams of the four types of probed regions on the chips,
each with a different assembly of the QD ML with vdW ML or few-
layer sheets and PMMA overlayers, with the primary pathways of O,
flow to the center of the region indicated.

(d)

balanced by the increase due to more resonant excitation as the
first exciton peak (553 nm for 3.1 nm; 537 nm for 2.8 nm)
approaches the 532 nm laser wavelength, so the decay of the PL
intensity indicates that the quantum yield of the CdSe QD ML
decreases during oxidation. As d decreases, the quantum yield
of (uncovered, individual) CdSe QDs is thought to increase,
with 7,,4 increasing and 7,on-q decreasing,”® so the decrease in
PL intensity with time for uncovered QDs is likely largely due
to the increased nonradiative decay rate at the core/oxide shell
interface due to the formation of traps and other defects. The
initial increase following PMMA removal may be caused by
decreased QD quenching due to FRET from the QDs to the
PMMA. Given that graphene absorbs less light than MoS,, the
greater quenching of QD PL right after PMMA removal for
QDs covered by graphene may indicate that the QDs are more
strongly coupled by FRET to graphene than to MoS, for these
conditions (and specific distances between the QDs and vdW
layer).

The PL from QDs covered by the vdW sheets is weaker than
that from uncovered QDs early during the aging run because of
the weak absorption in the vdW sheet (for graphene and MoS,:
~2.3% and ~7.5% per layer at 532 nm and ~2.3% and ~13% at
440 nm29’30), the altered reflection coefficient, and increased
nonradiative decay due to FRET to the vdW layer.”'® The
subsequent slower decay, and occasional slight increase, of PL
intensity suggests that this slower oxidation leads to fewer
recombination sites at the core/oxide shell interface.

The slower decay of QD PL intensity with vdW sheets
overlaying the QDs is also indicated in the PL maps in Figures
4 and S. Figure 4 shows that not all of the covered areas were
well-protected from oxidation. This is probably because the
MoS, sheet was placed on the edge of the QD ML, where the
~3.1 nm difference in the height of the sheet (due to the size of
the QDs) may create an air gap that allows oxygen to diffuse
underneath the MoS, sheet and diminish encapsulation in some
nominally covered regions. There is no corresponding edge
region in the geometry for Figure 5, and this effect is not seen.
In Figure Sb, the decrease of the QD PL intensity away from
the center suggests there is increased oxygen concentration
beneath the MoS, sheet and nearer to its edges due to 2D
diffusion there. This figure also shows very weak QD PL at the
very edge of the sheet, which is even weaker than that from
QDs in totally uncovered regions. This was also observed in
other scans. Nonradiative losses are largest in this region
because the QDs are exposed to ambient air and oxidize rapidly
(so have the high nonradiative decay rates of QDs in totally
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uncovered regions, due to decay routes other than FRET) and
are close to the vdW sheets (so there is significant FRET to the
vdW sheet, as occurs in the totally covered regions). The lower
PL intensity at the MoS, edges may also be due to catalytic
activity there that degrades the QDs.

Modeling the QD Oxidation. The first part step in
oxidation is transport of oxygen from the ambient to the “bulk”
near the QD surface. For covered QDs, this would be described
by the diffusion equation (for this atomistic limit) in 1D for
only a PMMA overlayer and in 2D for diffusion (or
permeation) between the vdW sheet overlayer and QD ML-
covered substrate. This presumes that there is no significant
transport across the vdW sheet, which is supported by the
experimental results. (Thermal emission and quantum
tunneling transport of O, across a vdW ML, with an estimated
barrier height of S eV and thickness of 0.5 nm from ref 19,
provides ~107% X the flow needed to produce the observed
~0.3 nm thick oxide shells over 27 days.) The primary modes
of O, transport to the QD surface for the different experiments
are depicted in Figure 6. This transport is described further
below.

The Deal—Grove model of the thermal oxidation of
silicon®"** can be applied to QD oxidation, with oxygen: (a)
transport from the bulk to the ligand-free QD core surface; (b)
diffusion through the oxidized shell to the surface of the
remaining QD core; and (c) reaction with the surface of the
remaining QD core. The importance of diffusion through the
ligand shell will be addressed later. It is reasonable to assume
that no gas-phase products are produced directly from step (c)
on the basis of models of CdSe oxidation.> It is also assumed at
first that the oxide shell does not desorb during aging (see
below). (Transport of direct oxidation products or molecules
slowly desorbing from the oxide shell could slow step (a) and
tend to decrease the oxidation rate in covered regions. Oxide
shell desorption would enhance step (b) because the oxide shell
would be thinner, and this would tend to increase the oxidation
rate, other things being equal.)

As for Si oxidation, in the oxidation of uncovered QDs, the
effective O, flux at each step, for a given local “bulk” pressure of
oxygen in the gas outside the QDs, Cy is

]gas = hg(c - CS) (1)
]oxide = _DOXVC (2)
]react = kici (3)

where Jo. Jovider a0d Jreact are the fluxes for the three respective
steps, with C, the oxygen concentration at the outer surface of
the oxide and C; that inside the oxidized shell just outside the
remaining core. C* is the equilibrium value of C; and is
proportional to C, according to Henry’s law. h, is the gas-phase
transport coeflicient, D, is the effective diffusion coefficient of
oxygen in the QD oxide shell, and k; is the reaction rate
constant. In steady state, the gas fluxes 47R’J are the same at
each interface, where R is the radius of that shell. Solving eqs
1-3 in spherical coordinates gives the thickness of the oxidized
shell with time.>* This assumes that the reaction at the core
does not produce volatile products and the oxide layer does not
desorb.

The solution to eqs 1—3 is used to compare the oxide
thickness as a function of C, for different measurement
conditions. This solution shows that the time f,, required to
reach a given oxide layer thickness is proportional to 1/C,. This
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means that, if these equations were strictly applied to all
uncovered and covered regions, decreasing C, by a factor of x,
say, by covering the QD film with a vdW ML, would be
equivalent to slowing down other characteristic oxidation times
by x. The shape of a curve plotting QD size versus time (from
the runs shown in Figures 2 and 3) would then be almost the
same for different covered and uncovered chip regions, with the
time axis scaling by x (using the scaling procedure described in
the Supporting Information). With the O, partial pressure near
the QDs for uncovered chip regions of ~160 Torr for
atmospheric conditions, the effective pressure near the QDs for
covered chip regions would be ~160 Torr/x. The O, in this
local bulk environment would be supplied by 2D transport
from the ambient near the chip, to the region under the vdW
layer, and to the QDs in the center of the chip region
(Supporting Information). (Some O, may react before reaching
the center; if so, the slower oxidation in the center could be
explained by this, the transport profile in the absence of QD
oxidation, and by how transport could be different through a
ML of nonoxidized and oxidized QDs.)

This scaling procedure is found to be approximately valid
when comparing the oxidation of QDs that are uncovered and
covered on the same chip for chips stored in the dark, as is seen
Figure 7 for an overlaying sheet of 1 ML MoS, and in Figure
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Figure 7. Scaling fit of QD core diameter vs aging duration for regions
on a chip where the QD ML is covered by a 7.0 yum X 53 ym MoS,
ML (with an effective dimension of 8.6 #m) or uncovered (both with
the PMMA overlayer and storage in the dark). The scaling factor is S5.3.

S6a in the Supporting Information for an overlaying sheet of
graphene. In each case, the two curves are fit well with the same
parabolic function, but with different scaling. The respective
scaling factors are ~5.3 and 2.1, which means that, according to
this model, the effective O, pressure due to the encapsulation is
estimated to be ~30 and 76 Torr, respectively. The scaling
factor increases with sheet dimension (Figure S7 in the
Supporting Information). This analysis suggests that the
effective diffusion coefficient for 2D transport of O, between
the vdW layer and the QD ML-covered substrate is ~107*
cm?/s, when assuming a 1 nm thick medium. This is smaller
than the diffusion coefficient for O, in polystyrene® of 3.8 X
107® cm?/s and larger than that for O, in solids such as vitreous
SiO, (from ref 34, after scaling from the elevated measurement
temperature to room temperature) and suggests that the vdW
sheet follows the QD ML topography very well, with few gaps,
and that this transport is limited by the 2D diffusion across the
ligand shells in the QD ML.
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This scaling argument could be invalid because it neglects the
QD ligand shell. In addition to eqs 1-3, there should be an
equation describing the diffusion of oxygen from the “bulk”,
through the fixed ligand shell, to the outside of the outer
surface of the QD oxide shell. The Supporting Information
shows that this scaling procedure is still valid when this fourth
equation is included. Scaling would also be rendered invalid if
the impact of oxide desorption were different for covered and
uncovered chip regions. (The impact of oxide desorption would
be stronger in uncovered regions, where it would lead to
thinner oxide shells and relatively faster diffusion of O, through
the oxide shell.) Scaling was found to be less successful when
comparing PL from QDs on different chips and QDs on the
same chip when the chips were stored in the presence of light
(Figure S7, Supporting Information), which is not surprising
given the variability in process conditions between different
runs and with different storage conditions.

B CONCLUSIONS

The encapsulation of a monolayer of CdSe quantum dots by
one-to-three layer graphene and MoS, sheets protects them
from oxidization. Photoluminescence from the QD cores shows
a much slower decrease in core diameter, due to slower
oxidation, in regions covered by vdW layers than in those
where they are uncovered, whether the chips were stored in the
dark or in the presence of light. PL mapping shows that the
CdSe QDs under the central part of the vdW sheet age slower
than those at the edge, because the oxidation of these covered
QDs is limited by the transport of oxygen from the edges of the
vdW sheets and not oxygen transport across the vdW layers.
The partial pressure of oxygen near the covered QDs is
determined by coupling the PL results and models of the
transport of oxygen and QD oxidation. The overlaying vdW
sheets provide good, but not perfect, encapsulation of the QDs,
likely due to the limited lateral dimensions of the vdW sheets.
We expect the diffusion time scales will be on the order of years
for vdW lateral dimensions exceeding ~500 um, so vdW layer
encapsulation would improve prospects for the applications of
QD MLs.
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