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ABSTRACT: We propose and demonstrate construction of highly
uniform, multilayered superstructures of CdSe/CdZnS core/shell
colloidal nanoplatelets (NPLs) using liquid interface self-assembly.
These NPLs are sequentially deposited onto a solid substrate into
slabs having monolayer-precise thickness across tens of cm” areas.
Because of near-unity surface coverage and excellent uniformity,
amplified spontaneous emission (ASE) is observed from an
uncharacteristically thin film having 6 NPL layers, corresponding
to a mere 42 nm thickness. Furthermore, systematic studies on
optical gain of these NPL superstructures having thicknesses
ranging from 6 to 15 layers revealed the gradual reduction in gain
threshold with increasing number of layers, along with a

_Si oil, Close-packed nanoplatelet monolayer

oo — — ——

L NN Py
Thickness-tunable nanoplatelet waveguide

continuous spectral shift of the ASE peak (~18 nm). These observations can be explained by the change in the optical mode
confinement factor with the NPL waveguide thickness and propagation wavelength. This bottom-up construction technique for
thickness-tunable, three-dimensional NPL superstructures can be used for large-area device fabrication.
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O ptical gain in colloidal semiconductor nanocrystals (NCs)
has thus far been thoroughly investigated in terms of their
gain performance and potential use as lasing media.' ~> Colloidal
quantum wells, also known as nanoplatelets (NPLs), are the
most recent class among these colloidal semiconductor NCs,
which offer favorable properties for lasing, including narrow
emission line width due to their atomically flat lateral surfaces
and enhanced oscillator strength.6 Soon after their introduction,
NPLs have been shown to be an excellent family of nanoemitters
for lasing as they feature suppressed inhomogeneous broad-
ening,é’7 reduced gain thresholds™®® and escalated gain
coefficients.'” Since then, NPLs have been extensively studied
for optical gain and lasing.™"'~"*

Solid films of nanoemitters require a minimum thickness to
display optical gain, which is typically achieved via spin-coating
or drop-casting of a concentrated NC solution onto the
substrate. However, drop-casting technique commonly leads
to nonuniform films with possibly large variance in thickness
across large area films. Although spin-coating generally produces
uniform films with a well-defined thickness, controlling the film
thickness via experimental parameters such as rotation speed of
the spinner and amount and concentration of NCs is challenging
in terms of precision and reproducibility, particularly in the case
of anisotropic NCs (i.e., nanorods and NPLs) that can exhibit
distinct in-film orientations.'>'® Liquid—air interface self-
assembly was utilized to control the orientation of the NPLs
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and deposit NPL films with uniform orientation (i.e., either all
face-down or all edge-up) ;'772° however, these earlier efforts
either focused on deposition of single layered films or lacked
exact control over film thickness. As a result, creating thickness-
tunable NPL films and studying and understanding their optical
gain by taking their thickness into account is cumbersome.

To address these issues, we propose and demonstrate the
construction of superstructures of NPLs, all oriented face-down
with a precise number of complete NPL monolayers using
liquid—air interface self-assembly to create large-scale (several
tens of cm*) and thickness-controlled (1- to 15-monolayered)
NPL films. To this end, densely packed monolayers of NPLs are
deposited on substrates repetitively via this self-assembly
deposition, yielding excellent homogeneity throughout the
film. This sequential deposition of NPLs enables construction
of large-area slabs of NPLs with precisely controlled thickness,
which can be utilized as optically active structures.

Equipped with the ability to construct thickness-controlled
NPL superstructures, we systematically studied their optical gain
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properties as a function of the number of NPL layers. The dense
packing and high uniformity of our deposited NPL super-
structures on fused silica enable the observation of optical gain
with only six NPL layers, which have a thickness of 42 nm. This
film thickness is much smaller than the previously reported
thicknesses typically of a few hundreds of nanometers for the
NC films displaying optical gain™'”*"** and, to the best of our
knowledge, the thinnest ever reported optical gain medium
without using any optical feedback on a bare substrate. We find
that the observation of optical gain is limited to a critical
thickness, below which no waveguiding mode within the NPL
slab exists. By increasing the number of NPL layers in the film
further beyond the critical thickness, we were able to observe a
gradual decrease in the gain threshold, which can be explained
by progressively increasing field confinement factor within the
NPL slab. Our results show that NPLs as well as other types of
NCs can benefit from this sequential liquid—air interface
deposition technique for the creation of two- or three-
dimensional (3D) pure or hybrid NC superstructures.

B RESULTS AND DISCUSSION

CdSe NPLs of 4.5 monolayer atomic thickness were synthesized
according to the previous literature.”” These cores were used in
the synthesis of CdSe/Cd,,sZn,5S core/alloyed-shell NPLs via
hot-injection technique, as previously reported by our group
(see Supporting Information).”” The transmission electron
microscopy (TEM) image in Figure la shows that the NPLs
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Figure 1. (a) Transmission electron micrograph of square-shaped
CdSe/Cdg,5Zny5S core/shell NPLs. (b) Absorbance and photo-
luminescence spectra for the CdSe/Cd,,5Zn,-sS NPLs.

have squarelike lateral shape with a side length of 17.8 + 1.5 nm
and a thickness of ~4.1 nm as determined from TEM imaging
(see Figure S1). The absorbance and photoluminescence (PL)
spectra of these NPLs are presented in Figure 1b. The first and
second excitonic peaks reside at 631 and 573 nm, respectively,
whereas the PL peak is at 642 nm.

To deposit these NPLs into thickness-controlled thin films,
we modified our previously reported self-assembly procedure”
and applied it sequentially as many times as needed to reach the
desired number of NPL layers in the construction. The process
is schematically illustrated in Figure 2a. Starting with precleaned
blank substrates treated with 1H,1H,2H,2H-perfluorodecyltrie-
thoxysilane™* (see Supporting Information) or continuing with
previously deposited substrates attached to a glass stage tilted by
about 10°, we fully immerse the stage and the substrates into the
subphase of diethylene glycol (DEG). Twenty-five microliters of
hexane solution of NPLs with a concentration of ~5.5 X 107 M
is then dropped onto DEG, resulting in the liquid interface being
almost fully covered with a membrane of NPLs after hexane is
fully evaporated. To create and maintain a compact membrane,
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we used silicone oil as a suspension material to create surface
pressure, which helps compress the deposited NCs, yielding a
close-packed NPL film, as was previously used for preparing a
close-packed film of gold nanoparticles.”” In our case, we
dropped the silicone oil (silicone elastomer, Sylgard 184)
dissolved in hexane from one edge to compress the membrane
(see SI Video). The subphase is then slowly drained with the
help of a peristaltic pump at a rate of 50 #L/min, corresponding
to ~260 nm descent of liquid level per second in the Teflon dish
with 64 mm diameter used for the deposition. As the subphase is
taken out, the membrane of NPLs eventually sinks onto the
substrates while DEG is drawn away from the substrates. The
surface treatment, which renders the substrates hydrophobic, as
well as their tilted placement help facilitate the repulsion of the
subphase during the transfer of the NPL membrane onto the
substrate. After the draining is complete, the residual DEG, if
any, on the substrates is evaporated under vacuum at room
temperature.

At the end of this procedure, one full monolayer of NPLs is
deposited onto multiple substrates, as seen in the scanning
electron microscopy (SEM) image of one of the substrates
shown in Figure 2b. The NPLs form a compact monolayer with
excellent uniformity with no visible multilayers or aggregation.
Furthermore, because of the compression by silicone oil the
deposited NPLs are densely packed, yielding near-unity surface
coverage. Without the assistance of silicone oil, only a fraction of
the NPLs on the membrane sticks to the surface during the
transfer process, yielding submonolayer coverage (see Figure
S2). To further demonstrate the applicability of this technique
to cover arbitrarily large areas, we deposited a single monolayer
of NPLs onto a 4 in. fused silica wafer. The photograph in Figure
2¢ displays the luminescence across the wafer under UV
excitation, where an area of about 80 cm? is uniformly deposited
with a monolayer of NPLs.

In order to create thicker films with multiple NPL layers, this
self-assembly procedure is repeated on the same previously
deposited substrates as many times as desired. The resulting
films maintain their strong emission and high uniformity. A
cross-sectional TEM image taken from an exemplary case of 11
NPL layers, seen in Figure 2d, reveals that the NPL layers remain
intact and do not introduce roughness as they build up. All of the
NPL layers are distinctly visible, separated by their surface
ligands. The uniformity of these layers continues to persist even
over larger areas (see Figures S3 and S6). Atomic force
microscopy (AFM) imaging shows that the roughness of these
multilayer films is limited to at most a few nanometers even for
the thickest NPL films (Figure S4b).

Ellipsometric measurements on the thicknesses of multi-
layered NPL films having different numbers of layers verify the
linear trend between the film thickness and the number of NPL
layers (Figure S4a). We extracted from the slope of the linear fit
that each deposited monolayer adds up 7.0 nm to the film
thickness. Because the thickness of the core/shell NPL structure
is ~4.1 nm, the ligand brush between the NPL layers is deduced
to be ~2.9 nm thick, which indicates a minor interdigitation
between the ligand brushes of oleic acid/oleylamine. This
interdigitation would allow the NPLs to stick together via van
der Waals interaction without having to deposit an oppositely
charged linker molecule between the monolayers, as is
commonly employed for layer-by-layer NC deposition.**™>’
Not having to rely on the deposition of oppositely charged
particles adds up to the versatility of our multilayer deposition
technique as the thickness of such oppositely charged bilayers
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Figure 2. (a) Schematic demonstration of liquid—air interface self-assembly of the NPLs. Blank or predeposited substrates are inserted into a subphase
of diethylene glycol. The NPL solution is dropped onto the subphase and quickly spreads across the liquid—air interface. Dropping silicone oil causes
compression of the NPL membrane. After the subphase is drained, all of the substrates are deposited with one additional layer of NPLs. (b) Scanning
electron micrograph of one monolayer of NPLs deposited through liquid—air interface self-assembly. (c) Photograph of one monolayer of NPLs
deposited onto 4 in. fused silica illuminated under UV light. Logos of Demir Group and UNAM used with permission. (d) Cross-sectional TEM image
of the 11 NPL monolayers sequentially deposited onto silicon. All the NPL layers are distinctly visible, separated by their surface ligands.

can be altered by the ambient conditions,™ or by unintentional
diffusion of charged particles into the previously deposited inner
layers during dipping steps, which leads to superlinear thickness
growth.”’ Our self-assembly technique thus presents an
alternative, robust approach to the existing methods' 7?73 of
NC self-assembly at liquid interface while maintaining large-area
uniformity and precision in film thickness.

To characterize these NPL slabs in terms of their optical gain
performance, we deposited NPL multilayers through the
aforementioned procedure onto fused silica substrates with a
varying number (n) of NPL layers up to n = 15. We were able to
observe amplified spontaneous emission (ASE) from these films
with n = 6 and above, whereas no ASE has been observed for n <
5. We therefore present our results for the films ranging from n =
6 (42 nm thick) to n = 15 (105 nm thick). We use a stripe
excitation configuration for the ASE measurements, where the
optical pump is normally incident on the specimen and the PL
emission is collected from the side (see Supporting Informa-
tion).” Our incident pump has 400 nm wavelength with 1 kHz
pulse rate and ~110 fs pulse width. The PL spectra were
collected at various pump fluences for each n. These spectra are
shown in Figure 3aforn = 6,9, and 15. ASE is evident in all three
cases from the emergence of the second emission feature beyond
a pumping threshold, as well as the superlinear increase of the
integrated emission intensity (Figure 3b). The per pulse gain
thresholds for these three cases have been determined to be 31.3,
19.3, and 7.5 uJ cm™? for n = 6, 9 and 15, respectively. The
tendency of the gain threshold to drop with increasing » is also
seen in Figure 3¢, where the thresholds for the films of all the
thicknesses from 1 = 6 to n = 15 are plotted. The gradual drop of
the gain threshold continues up to n = 15 for which it is 7.5 uJ
cm™2 This value is also on par with the reported gain thresholds
of CdSe-based core/shell NPLs synthesized with hot-injection
technique.”*%~*

Another notable observation is the evolution of the spectral
position of the ASE peak with respect to the spontaneous
emission for varied ». In Figure 3d, one PL spectrum is plotted
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for each n at pump intensities that are slightly above the
respective gain thresholds. For the thinnest slabs, the ASE peak
displays little or no shift with respect to the spontaneous
emission peak. As n keeps increasing beyond 9, however, a
gradual increase in the red shift of this peak is observed until n =
15 (see Figure 3d), where the ASE peak saturates at around 664
nm (see Figure 3d and Table S1) and its red shift is determined
to be 18.2 nm. A similar change in the shift of the ASE peak with
film thickness has previously been observed with the thin films
composed of other types of emitters and was attributed to the
change in the critical wavelength of propagation in the planar
waveguides as the film thickness is varied.>”*" In our case, this
shift of the ASE peak allows for fine-tuning of the optical gain
wavelength across a 17 nm wide spectral band (see Table S1) by
precisely adjusting the NPL waveguide thickness.

Finally, we demonstrate polarization in the ASE of ultrathin
NPL films. As two exemplary cases, the emission intensity versus
the polarizer angle has been plotted for 11- and 15-layered NPL
films in Figure 3e. The emission from the 11-layered film is
observed to be highly polarized with a polarization of 0.97,
whereas the polarization of the ASE reduces to 0.60 for the 15-
layered film. The evolution of the ASE polarization with film
thickness is plotted in Figure 3f, where we see a significant
decrease after n = 13, which is attributed to the emergence of the
TM mode in the thickest NPL films (i.e., n > 13) as further
discussed below.

To elaborate on the observed characteristics of the NPL slabs,
we employed a numerical analysis of guided modes within the
NPL layer (see Supporting Information). Approximating the
NPL multilayer as a homogeneous medium, our structure can be
modeled as an asymmetric planar waveguide confined between
semi-infinite fused silica and air (Figure 4a). As the refractive
index of the NPL layer, which is measured as n, = 1.96 via
ellipsometry, is greater than those of air (n, = 1) and fused silica
(n; = 1.45), this configuration will allow propagation of the
supported modes through the NPL layer via total internal
reflection. However, the existence of these modes requires a
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Figure 3. (a) Emission spectra of the NPL films having a different number n of layers excited with a pulsed laser at 400 nm: left, n = 6; center, n = 9;
right, n = 15. Colorbar at the bottom is common for all three plots. (b) Integrated intensity as a function of the pump fluence for all the NPL films from
n=6ton=15.(c) Evolution of the optical gain threshold with the number of layers n as deduced from the data in panel b. (d) Shifting of the ASE peak
with respect to the spontaneous emission for different n. Inset shows the difference between ASE and spontaneous emission peaks. The color coding is
identical in panels b—d. (e) Polarization measurements for the ASE from 11- (black) and 15- (red) layered NPL films. (f) Degree of polarization of ASE
in NPL superstructures as a function of the number of NPL layers n. Dashed line indicates the critical thickness for TM, mode (85.4 nm).

minimum thickness, which can be calculated using the well-
established planar waveguide formalism. Accordingly, the
critical thickness ¢ of the waveguide necessary for the presence
of the mth order transverse electric and transverse magnetic field
modes (TE,, and TM,,) is given by

2 2
P S ——— iy
' TE = - =|mz + tan T2
27any — nj hy =13
2 [ 2 2
R S WP ey
' TM = > =|mm + tan ) ) 3
2x\ny, — ny Ny =M (1)

where 1 is the wavelength of the mode in free space.”’ For 1 =
650 nm, eq 1 reveals that the minimum thickness required for
the TE, mode is 52.7 nm, which is in close proximity to the
experimental onset of ASE in our multilayered NPLs observed
with six layers (thickness of 42 nm). The slight discrepancy
between the experimental critical thickness and the calculated
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minimum thickness at which ASE is observed could be due to
the effective refractive index of the NPL medium being modified
under hard pumping conditions. The fact that optical gain is
observed at 42 nm shows that the actual refractive index of the
NPL film is greater than 1.96 and nonzero modal confinement is
possible at this thickness. For numerical convenience, we
therefore take n, = 2.10 for mode calculations that will follow.
This refractive index is not far off from the one measured by
ellipsometry (n, = 1.96) and numerically yields ¢. = 41.2 nm
(85.4 nm) for TE, (TM,) mode.

The calculated mode intensity profile of TE, mode is plotted
in Figure 4a for a six-layered NPL waveguide. Because of the
ultrathin NPL film, only a small portion of the propagating field
is confined within the gain medium. The field confinement
factor, I, is calculated as 6.3 X 1073 for n = 6. This factor
monotonously increases with additional NPL layers deposited,
as seen in Figure 4b. More notably, it undergoes a significant
jump of 4 orders of magnitude from n = S to n = 6, which is in
accordance with the onset of optical gain. By increasing the
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Figure 4. (a) Electric field profile of the fundamental TE mode numerically calculated for the NPL slab with n = 6. (b) Optical confinement factor I
calculated at 650 nm for a different number of NPL layers (and slab thickness). Dashed line indicates the critical thickness of 41.2 nm for the existence
of propagating modes within the slab. (c) Left axis: Variation of the confinement factor I" with wavelength for different numbers of layers. Right axis:
Material gain spectrum G(4) for our NPLs estimated using the measured ASE peaks at different film thicknesses, modeled as a Gaussian centered at
665 nm with a fwhm of 106.6 nm (blue). (d) ASE peaks calculated as the maximum of I'(1) X G(1) for each n (red stars), together with the

experimentally measured ASE peaks (blue squares).

thickness of the gain medium even further, the optical gain is
facilitated by the stronger confinement of the optical mode into
the NPL slab, hence the reduction in the gain threshold.
Above the critical thickness for TM,, mode, we also see the
confinement of the TM, mode starting to become significant,
albeit to a lesser extent. The emergence of the TM; mode at n =
13 is consistent with the reduction in the ASE polarization at n =
13 and above as seen in Figure 3f. With the TM,; mode present,
part of the emission is coupled into this mode, reducing the
overall polarization of the ASE. For n < 13, however, only the
TE, mode is present, which results in highly polarized ASE.
To account for the spectral shifting of the ASE peak with film
thickness, we consider the variance of the mode confinement
with propagation wavelength. Previously, observing a similar
trend in the ASE peak of optically pumped polystyrene films,
Calzado et al. argued qualitatively that each vibronic mode
experiences a different loss at different film thicknesses.** As a
result, the propagation losses for the modes having longer
wavelengths are enhanced compared to those supported at
shorter wavelengths, which explains the blue-shift of the ASE
peak at thinner polystyrene films.*> A similar argument can be
made for our NPL constructs as well, since the mode
confinement near the critical thickness is highly sensitive to
the wavelength, as seen in Figure 4c. Furthermore, the gain band
of the NCs, which determines the spectral range at which gain
can be observed from the material, is not flat in the generic case.
That is, the material gain coefficient G is a function of A. The film
gain coefficient will then be given by g(1) = G(A)I'(4),
neglecting the losses. Therefore, the ASE peak at a particular
thickness can be estimated by calculating the maximum of

GT(L).
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To test if this simple formalism can explain the observed ASE
shift, we model the gain spectrum of the material as a generalized
Gaussian function

]ﬁ
)

where G_ is the gain coeflicient at the peak wavelength 1, and
and a are parameters related to the shape and width of the
distribution, respectively. A is fixed at 665 nm since it is the peak
of the most red-shifted ASE feature among all the tested
multilayered films. The parameters 3 and o are swept to find the
parameter couple that minimizes the difference between the
experimentally determined ASE peaks and the calculated ones.
The optimum parameters found this way are = 2.0 and a = 64
for which eq 2 is plotted in Figure 4c. The calculated ASE peaks
are plotted in Figure 4d, along with the experimentally
determined peaks. We see that apart from the ASE peak for n
= 6, the assumed G(A) can estimate the trend in the ASE peak
shift fairly well. The discrepancy at n = 6 is most likely due to the
actual G(4) having a finite range that does not include 630 nm. It
is also worth noting that because for very thick films I'(4) =~ 1
throughout the gain band, this model can readily predict that
with increasing thickness the ASE peak will converge to 4.
Indeed, the experimental ASE peak seems to be saturating
toward a definite red shift around A = 665 nm. Although this type
of red shift is expected for NCs having type-I band alignment,**
here we show that it is possible to obtain nonshifting ASE from
type-I NCs by using their ultrathin films.

Py
a

G(A) = Gce_(

B CONCLUSION

We have created planar waveguides out of multilayered NPLs
laid in face-down orientation by a sequentially repeated liquid
interface self-assembly, which is applicable to large scales. The
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NPL films prepared with this technique have close packing and
excellent uniformity over many tens of cm”* large areas and can
work as optical slab waveguides of which optical confinement is
revealed as a function of the number of NPL layers, or
equivalently, the film thickness at monolayer precision. Our
findings show that these self-assembled NPL slabs can also be
used as optically active planar waveguides with precise thickness-
controlled gain, which can find applications in on-chip active
photonic devices requiring in-plane waveguided light.

In the case of electrically driven NC films, the organic
surfactants in NC films act as insulating barriers that impede
charge or heat transfer, limiting their use in electroluminescent
devices. The thickness of our NPL films inducing optical gain is
as small as ~40 nm, with only six NPL layers, may help
significantly to reduce the organic barriers that should be
overcome by the electric current in the vertical direction. This
work may therefore serve as a foundation for developing the
optically active media of electrically driven NPL lasers without
having to switch to inorganic ligands. The technique presented
in this work can be readily extended to other types of NCs to
create large-area hybrid NC superstructures to be used for
device fabrication. This work therefore paves the way for
exploration of a rich variety of large-area bottom-up NC
superstructures.
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