Chapter 5 )
Liquid Interface Self-Assembly skl
of Colloidal Nanoplatelets

for Optoelectronics

Abstract In this chapter, we discuss how liquid interface self-assembly can
contribute to the utilization of colloidal semiconductor nanoplatelets in optoelec-
tronics. Self-assembled nanoplatelet mono- or multilayers can be used as two-
dimensional optically active waveguides, gain media of ultra-thin lasers, or energy
transfer-based photosensitizers.

Keywords Optoelectronics * Nonradiative energy transfer + Optical gain *
Waveguides - Photosensitization

The previous reports summarized in Table 4.1 not only propose various approaches
for liquid interface self-assembly of colloidal nanoplatelets (NPLs) but also discuss
and study the potential uses of these self-assembled NPLs for different optoelec-
tronic applications. As argued earlier, anisotropy in optical and electronic properties
of NPLs can be highly useful in enhancing the performance of optoelectronic devices
employing colloidal nanocrystals (NCs). Liquid interface NPL assembly can, there-
fore, serve as a tool to exploit this NPL anisotropy and benefit the devices in which
these NPLs are employed. The bottom-up approach of NPL deposition also facilitates
the construction of NPL superlattices at desired film thickness.

5.1 Orientation-Controlled Nonradiative Energy Transfer
with Self-Assembled Nanoplatelet Monolayers

Part of this section is adapted with permission from [1]. Copyright 2019 American
Chemical Society.

The phenomenon of nonradiative migration of excitation energy from one fluo-
rophore (donor) to another one (acceptor) in the close proximity is known as
Forster (or fluorescence) resonance energy transfer (FRET). Named after Theodore
Forster, who was the first to come up with an accurate theoretical description of
the phenomenon [2], FRET is induced by near-field oscillating dipole interactions
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between the donor and acceptor fluorophores. FRET is significantly distance sensitive
for most donor—acceptor pairs and can occur only when the donor and acceptor are
close (10 nm or less). FRET can also be referred to as nonradiative energy transfer
(NRET), as no photon is emitted during the excitonic energy migration through
FRET.

Initially, FRET has been extensively studied with fluorescent organic dyes or
proteins and employed in their biological applications such as distance measure-
ment, biosensing, and fluorescence microscopy [3—7]. The prospects of FRET
using colloidal NCs have gained attraction due to the high absorption cross-section
and spectral tunability of semiconductor NCs, which is a favorable property for
high-efficiency energy transfer [8—10].

Apart from the distance between the donor and the acceptor, the strength of FRET
depends on the presence of the resonant states in the two fluorophores, the refractive
index of the medium, and the relative orientation of the dipole states of the donor and
acceptor. In the most straightforward case of two pointlike dipoles representing donor
and acceptor in a homogeneous medium, the rate of nonradiative energy transfer is
given by
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where r is the donor—acceptor distance, N is Avogadro’s number, 7 is the refractive
index of the medium, 7, is the radiative lifetime of the donor in the absence of
the acceptor, and J; is the spectral overlap between the donor’s photoluminescence
spectrum and the acceptor’s absorption spectrum [11]. The factor «* accounts for
the relative alignments of donor and acceptor dipoles, 7 , and 7 ,, with

Kk = co8(By,) — 3cos(0,,)cos(6,,) 5.2)

Here, 64, is the angle between the donor and acceptor dipoles and 64, 1s the angle

between the donor (acceptor) dipole and the vector that is connecting the donor and
% . . .

acceptor ( 7 ) as shown in the drawing of Fig. 5.1.
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Depending on the orientations of the donor and acceptor dipoles with respect to
each other, k2 can take values ranging from O to 4. Typically, the fluorophores are
randomly oriented and rotate freely in nonviscous solvents. When these rotations are
much faster than the energy transfer, an average value for «? is used. In the case of
random 3D rotations of both, this average can be calculated as (k) = 2/3 [2].

Even though Eq. 5.1 indicates that the parameter that the rate of FRET most
strongly depends on is the donor—acceptor separation, the effect of «? is also signif-
icant as it can zero the rate of energy transfer. The effect of dipole orientation on
FRET has been studied experimentally and theoretically on organic chromophores
[12—14]. To analyze the orientation dependence of the energy transfer with colloidal
NCs, we use a self-assembled monolayer of NPLs with a uniform orientation across
the substrate. While colloidal quantum dots (QDs) have randomly oriented dipoles,
which means that (k?) = 2/3 in QD-to-QD FRET systems, (k2) can vary when
anisotropic NCs such as nanorods and NPLs are employed. In addition, as NPLs
cannot be approximated as pointlike particles, further modifications to the basic
theory outlined in Eq. 5.1 is required.

To demonstrate that energy transfer can be tuned by controlling («?) via setting
the NPL orientation, we used an energy transfer working model with colloidal QDs
as the donor and one monolayer of orientation-controlled NPLs as the acceptor.
The monolayer of 4.5 ML CdSe NPLs on top of Al,Os-coated silicon substrates
is deposited using the liquid interface self-assembly method described in Sect. 4.1
and also in [1]. The CdZnS/ZnS core/shell QDs are deposited directly on these self-
assembled single NPL monolayers via spin coating. The schematic of this system is
illustrated in Fig. 5.2a, b, along with the scanning electron microscopy images. The
spectral overlap of the photoluminescence (PL) spectrum of the donor QDs and the
absorption spectrum of the acceptor NPLs (Fig. 5.2¢) implies that FRET from these
QDs to the NPLs is possible when they are close. To calculate the rate of energy
transfer, PL decays of the QD film in the presence, and the absence of the acceptor
NPL monolayer have been collected. Compared to the PL decay of an only-QD
sample, the PL decay of the QDs is significantly accelerated when they are on top
of acceptor NPLs (Fig. 5.2d), which is due to the additional decay channel of FRET
from the QDs to the NPLs. While the amplitude-averaged lifetime of the QD-only
sample is 4.72 ns, it reduces to 1.08 ns for QDs on top of a face-down NPL monolayer
and to 0.79 ns for QDs on a monolayer of edge-up NPLs.

The rate of nonradiative energy transfer from donor to acceptor can be experi-
mentally calculated as

kr = — — — (5.3)

where 1p is the PL lifetime of the donor-only sample and tp4 is the PL lifetime of
the donor in the presence of acceptor(s). Using the measured PL lifetimes for the
only-QD, QDs on face-down NPLs, and QDs on edge-up NPLs, the rate of FRET
from QDs is then calculated as 0.71 ns~! to the face-down NPL monolayer and
1.05 ns~! to the edge-up NPL monolayer. These results show a ~50% enhancement
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Fig. 5.2 Scanning electron microscopy images of spherical quantum dots (QDs) on top of a single
monolayer of a face-down and b edge-up nanoplatelets (NPLs), along with the schematic drawings
on top. ¢ Absorbance spectrum of 4.5 ML CdSe NPLs (green) and photoluminescence (PL) spectrum
of blue-emitting CdZnS/ZnS core/shell QDs. d Time-resolved PL decays of the only-QD sample
(blue), QDs on top of face-down NPL monolayer (red), and on top of edge-up NPL monolayer
(green), along with multiexponential fittings convolved with the instrument response function.
Adapted with permission from [1]. Copyright 2019 American Chemical Society

in the energy transfer from the QDs to NPLs when the monolayer of NPLs is oriented
vertically instead of horizontally.

A systematic study for distance dependence of FRET from QDs to an NPL mono-
layer has also been carried out in a similar configuration, which is shown in Fig. 5.3a,
b. Herein, the QDs and the NPL monolayer are separated with a layer of Al, O3 spacer,
which is coated on top of the self-assembled NPL monolayer via atomic layer depo-
sition (ALD). PL decays for QDs deposited over a face-down and an edge-up NPL
monolayer, separated by an Al,O3 spacer, are plotted in Fig. 5.3c and Fig. 5.3d,
respectively. The PL decays of the no-spacer cases, presented in Fig. 5.2d, are also
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Fig. 5.3 FRET working model system between donor QDs and acceptor NPL monolayer for a
face-down and b edge-up NPLs. PL decays of QDs over ¢ face-down (nonstacked) and d edge-up
(stacked) NPLs collected at the PL emission peak of the QDs (460 nm). The decays labeled as
“0 nm” correspond to the PL decay without the spacer in between, which were separately plotted
in Fig. 5.2d. e Amplitude-averaged PL decay lifetimes of QDs and f the FRET rates to the face-
down (red circles) and edge-up NPLs (green triangles). The dashed line is the decay lifetime of the
only-QD film. Adapted with permission from [1]. Copyright 2019 American Chemical Society

added here as a reference, labeled “0 nm” in the legend. The gradual acceleration of
the PL decays with the decreasing spacer thickness is evident, which is due to the
increase in FRET as the donor—acceptor distance gets smaller.

Similarly, the decays converge to that of only-QD as the thickness of the Al,O3
layer gets progressively larger. The amplitude-averaged lifetimes of these multiexpo-
nential decays are given in Fig. 5.3e. The rate of energy transfer versus spacer thick-
ness, calculated using these lifetimes in Eq. 5.3, is plotted in Fig. 5.3f. The smaller
decay lifetimes translate to higher FRET rates for QDs coupled with an edge-up NPL
monolayer. It is also seen here that for any given separation, FRET from QDs to the
edge-up NPL monolayer outpaces that to the face-down NPL monolayer.

5.1.1 Distance-Dependence of FRET from QDs
to a Monolayer of NPLs

To quantify the distance dependence of the FRET from QDs to a monolayer of NPLs,
the efficiency of FRET as a function of donor—acceptor distance can be analyzed.
FRET efficiency is defined as the ratio of the FRET rate to the total rate of excitation
decay. Following Eq. 5.3, it can be shown that FRET efficiency can be calculated as
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n=1-24 (5.4)
D

using the donor decay times that were experimentally obtained. The FRET efficiency
can also be calculated theoretically using Eq. 5.1 as

1
n=—— (5.5
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is the donor—acceptor distance for which the FRET efficiency is 50%), i.e. the rate of
FRET equals that of radiative recombination at r = Ry. This distance is known as
the Forster radius. 7—%-dependence of FRET means that FRET efficiency approaches
unity below r = Ry and quickly converges to zero for r > Ry. Therefore, the Forster
radius is a useful metric to define the range of FRET However, r~® dependence is
valid only for pointlike donor and acceptor. To account for the multidimensional
FRET systems where the distance dependence deviates from r—°, Eq. 5.5 can be
generalized as

1
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with d as the donor—acceptor separation and d the Forster distance. While p = 6 for
0D donor and acceptor pairs, as stated above, it is expected to be smaller when the
acceptor has higher dimensionality [15, 16].

In the case of a QD and an NPL monolayer, approximating the donor as point
a dipole in the center of the QD, the donor—acceptor separation d is defined as the
distance from the center of a QD to the top surface of the NPL monolayer (Fig. 5.4).
This distance thus includes not only the Al,O5 thickness but also the length of the
oleic acid ligands (1.8 nm) attached to NPLs and QDs, as well as the radius of the
QDs (~4.5 nm). Fitting the efficiency versus distance to Eq. 5.7 results in dyp =
11.2 nm and p = 3.78 for FRET between QDs and face-down NPL monolayers, and
dp = 12.1 nm and p = 4.08 for FRET between QD and edge-up NPL monolayers.
For both NPL orientations, it is thus observed that the distance dependence is close
to d~*, as expected for the case of the plane of acceptors [15, 17].
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Fig. 5.4 Efficiency of FRET from QDs to a monolayer of face-down (red circles) and edge-up
(green triangles) NPLs, as a function of QD to monolayer distance d. The distance is taken from
the center of the quantum dot to the top of the NPL monolayer in both cases. Solid lines in the plot
are fit to Eq. 5.7. The calculated efficiencies capture the d—# behavior for face-down and edge-up
NPL monolayer, with a Forster distance of 11.2 and 12.1 nm, respectively

5.1.2 Theoretical Modeling of Orientation-Controlled FRET
to NPLs

Dipole alignment factor between QDs and oriented NPLs. The acceleration of
FRET from QDs to a monolayer of NPLs when the NPLs are oriented vertically
(edge-up) can be qualitatively accounted for from two aspects. The first one is that
depositing NPLs vertically results in a denser packing of acceptors. Using the average
lateral size of 14.4 nm, the thickness of 1.2 nm, and an approximate spacing of 3 nm in
between the NPLs of a stack [18], the surface NPL density has been estimated as 3.1
x 103 and 1.3 x 10* NPLs/pm? for horizontally oriented (face-down) and vertically
oriented (edge-up/stacked) NPLs, respectively [1]. As a result, more acceptor NPLs
can be in close proximity to a QD when they are in edge-up orientation, which
would increase the probability of energy transfer from the QD. Secondly, due to the
in-plane confinement of the excitonic dipole in core NPLs [19, 20], the average dipole
alignment factor (k?) of a QD-NPL pair changes with NPL orientation. Considering
a QD in the proximity of a 2D array of face-down NPLs, as seen in Fig. 5.5a, it can
be shown that the average relative orientation factor of the QD dipole and an NPL
dipole is [1]

_ 243sin’0

2
(k=) G (5.8)
where 6 is the angle between the surface normal of the NPL plane and the distance
vector 7 extending from the QD to the NPL dipole (Fig. 5.5a). Therefore, the degree
of alignment of a freely rotating QD dipole and the in-plane confined NPL dipole
also depends on the location of the NPL dipole with respect to the QD. Similarly,
(k%) can also be calculated with a 2D array of edge-up NPLs, such as the one in
Fig. 5.5b. Here, the NPL stacks are assumed to be aligned with respect to each other,

which is a reasonable approximation due to the local alignment of the stacks in the
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Fig. 5.5 a, b Relative alignment factor (k2) of a QD dipole and an NPL dipole depends on the
position of the NPL relative to the QD (determined by angles 6 and ¢), as well as the NPL orientation.
Plot of (k2) as a function of NPL position for ¢ face-down and d edge-up NPLs. Colorbar is common
for cand d

edge-up NPL films across grains as large as a few pm [1]. In the configuration of
Fig. 5.5b, the stacks are extended along the y-axis, in which case the NPL dipoles
are confined into the xz-plane. It can then be shown that the dipole alignment factor,
in this case, is [1]

<K2> — M (5'9)
6

where ¢ is the angle between the x-axis and the projection of the distance vector onto

the xy-plane. Similar to the face-down NPL case, («?) is strongly position-dependent.

This position dependency of («?) is visualized in Fig. 5.5c and Fig. 5.5d for the case

of face-down and edge-up NPL arrays, respectively.

Even though Egs. 5.8 and 5.9 are valid everywhere across the acceptor plane, the
value («?) is of the most interest only for the acceptor NPLs that are in the closest
proximity of a donor QD, i.e. for @ close to zero, because regardless of («*), FRET
to NPLs further away from the QD is highly unlikely due to the strong distance
dependence. Setting, & = 0 in Eq. 5.8, one sees that (k%) = 1/3 for an NPL dipole
that is positioned right below a QD. Similarly, Eq. 5.9 implies that («?) = 5/6 at 6
= 0. This indicates that the dipole alignment of a QD and the NPLs right “below”
that QD is strongly enhanced when the NPLs are standing vertically compared to a
face-down NPL.

We, therefore, see that the enhancement of the FRET rate from QDs to NPLs
when the NPLs adopt edge-up orientation could be explained by the change of the



5.1 Orientation-Controlled Nonradiative Energy Transfer ... 53

NPL density and the dipole alignment factor for two different NPL orientations.
The density of acceptors is larger in the case of edge-up orientation, and the donor—
acceptor dipole coupling is stronger compared to the face-down NPLs due to larger
(%). Both of these factors favor the energy transfer to the edge-up NPLs more than
to the face-down NPLs.

Delocalized dipole model. The energy transfer from the QDs to the NPL mono-
layers can be quantified using a model based on the Forster theory. Equation 5.1
holds for pointlike donors and acceptors, or more generally, when the size of the
donor and acceptor is much smaller than the distance between them. In the case
of this QD to NPL FRET system, QDs can be roughly approximated to have point
dipoles since the excitonic wavefunction of this kind of CdZnS/ZnS core/shell QDs
are mostly confined near the core [21]. However, as the lateral dimensions of the
NPLs are comparable to the separation distances used, this approximation cannot be
made with the NPLs. Instead, NPLs can be treated to have a point dipole state, whose
wavefunction is assumed to be uniformly distributed across the lateral dimensions,
neglecting the thickness. For the NPLs in the close proximity to a QD, the rate of
FRET to a point dipole in the NPL can vary depending on the position of the dipole
within the NPL. This is illustrated in Fig. 5.6 with face-down and edge-up NPLs.

—

Depending on the exact position 7" of the NPL dipole, the dipole—dipole distance
—

7l = ‘Ro + 7

also changes. This can be accounted for by calculating the FRET

rate using Eq. 5.1 for a point dipole at any possible position 7’) across the lateral
surface, and taking the average of these rates.

Considering a two-dimensional NPL grid such as the one depicted in Fig. 5.7,
where each NPL is numbered by a set of two integers (gy, g,), the rate of FRET to a
point dipole in an NPL with (g,, g,) = (m, n) can be calculated using Eq. 5.1 as

K} 9In10
- —>|6 12875Nn* "
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(5.10)
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Fig. 5.6 Variation of dipole—dipole distance and its effect on the strength of FRET for a localized
dipole state in a face-down and b edge-up NPLs. Insets show the cross-sections of the schematics
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Fig. 5.7 The total rate k7 of
FRET from a QD to an NPL
monolayer is the sum of
FRET rates to every NPL in
the acceptor plane
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where 75,"’,, is the vector from the QD donor to the center of NPL,, ,, 7’) is the
position of the in-plane NPL dipole with respect to the center of the NPL. (k?) is
calculated using Eq. 5.8 for the face-down NPL array and Eq. 5.9 for the edge-up
NPL array. The rate of FRET to this NPL can then be found by

1
kT,m,nZX // Ko oy dydx (5.11)
NPLyy

where the A is the NPL lateral area and the integral is taken across the area occupied
by NPLpy 5.
It should be noted that, in Eq. 5.10, (k2) is angle-dependent and changes with

7. Therefore, (k2) is not the same everywhere across a single NPL, as also seen in
Fig. 5.6. This variation in (k2) leads to significantly different results in calculating
the FRET rate, especially in the proximity of the QD (i.e. for small m, n), and needs
to be taken into account.

Finally, the FRET rate from the QD to all the NPLs can be found by

kr =Y krgq, (5.12)

4x.9qy

In the numerical calculations, the effective radiative recombination lifetime of
donor-only QDs has been found by normalizing the measured amplitude averaged
PL lifetime of 4.72 ns by the quantum efficiency of in-film QDs, which is measured
as 65% [1], i.e. T; = 4.72 ns/0.65 = 7.26 ns. The refractive index is taken to be n
= 1.72, which is close to the refractive index of Al,O3 as well as to the reported
refractive indices of NC thin films [22, 23]. The separation between the NPLs in a
two-dimensional grid has been taken as 3 nm. The thickness of the NPLs and the
out-of-plane component of the excitonic dipole, which has been demonstrated to be
tiny compared to the main in-plane component [19, 20], have been neglected.

The estimated rates of FRET from QDs to face-down and edge-up NPL mono-
layers using this model are plotted in Fig. 5.8a and Fig. 5.8b, respectively. It can be
seen that the delocalized dipole approach based on the Forster theory can predict
the energy transfer rates much better compared to the direct application of Forster’s
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Fig. 5.8 Comparison of experimentally measured rates of FRET from QDs to a a face-down and
b edge-up NPL monolayer, with the rates calculated theoretically using a center-to-center dipole
approach (black dots) and a delocalized dipole approach (blue diamonds). Red circles in a and green
triangles in b are the data presented in Fig. 5.3f. Adapted with permission from [1]. Copyright 2019
American Chemical Society

formulain Eq. 5.1 with an approximation of point dipole at the NPL center. In the case
of the latter approach, the FRET rates divert significantly for the smaller spacer thick-
nesses. However, it is worth noting that the rate estimations using both approaches
converge to the experimental values when the spacer thicknesses are larger. This can
be expected as the centered point dipole approximation does hold for large enough
donor—acceptor separations.

This work demonstrates the tunability of the nonradiative energy transfer with
anisotropic colloidal NPLs by controlling the dipole alignment factor between a QD
and NPLs. This control has been achieved through dictating the NPL orientation
via liquid interface self-assembly deposition of CdSe NPLs as a single close-packed
monolayer across cm?-large areas. Being able to control the orientation of the NPLs
this way enabled studying the anisotropy of NPLs on a macro-scale and shedding
further light on the direction-dependent properties of colloidal semiconductor NPLs.

Readers interested in a more detailed overview and biological applications of
FRET can refer to [11, 24-26]. For the fundamental theory of FRET, [2] and [27]
can be consulted. More generalized theoretical treatments are available to tackle more
complex FRET problems [14, 28-30]. For an overview of FRET with semiconductor
NCs and its applications, readers are referred to [15, 31, 32].

5.2 Optically Active Planar Waveguides of Self-Assembled
NPL Multilayers: Enabling Ultrathin Gain Media

Quasi-2D colloidal NPLs have rather favorable properties for optical gain, such as
narrow photoluminescence due to the lack of inhomogeneous broadening [33] and
much slower Auger recombination compared to quasi-OD colloidal QDs [34, 35].
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Extensive studies on optical gain with NPLs have shown that NPLs are an excellent
class of materials for lasing applications with reduced gain thresholds [22, 36, 37] and
uncharacteristically high gain coefficients [38, 39]. NPLs of various compositions and
heterostructures under different device geometries, including Fabry—Perot cavities
[40], on-chip micropatterns [41, 42], whispering gallery mode [43, 44], and in-
solution [45, 46] have been studied in terms of their amplified spontaneous emission
(ASE) and lasing performance.

To evaluate the gain performance of the NC solids, NCs are typically prepared
into thin films with a certain minimum thickness. The films are commonly prepared
via spin-coating a concentrated NC solution or drop-casting onto the film. However,
it is cumbersome to control the film thickness with these procedures. In addition, the
film might also suffer from inhomogeneity and thickness variation [47-50], which is
generally undesirable as it contributes to optical losses. Layer-by-layer assembly via
dip coating can be used to obtain highly uniform and homogeneous NC films [51-53],
yet this method requires the deposition of an oppositely charged layer of particles
between the target NCs. The presence of such layers in between the nanoemitters
reduces the particle density in the gain medium, which is undesirable in lasing.

To study the effect of film thickness on the optical gain of NPLs, we therefore
deposit thin films of CdSe/Cdj5Zng75S core/shell NPLs using the multilayered
liquid interface self-assembly deposition technique described in Sect. 4.2 and [54],
by depositing one complete monolayer at a time, thereby achieving high precision
in film thickness while maintaining large-scale film uniformity and tight packing
of the deposited NPLs. These multilayered NPL films act as optically active two-
dimensional waveguides, through which light can propagate and be amplified under
sufficient pumping. The level of pumping required for optical amplification depends
on several factors, including the presence of the waveguided optical modes, the
electromagnetic confinement factor of these modes, the material gain coefficient of
the NPLs, and the amount of losses due to external effects such as scattering. The
self-assembled NPL multilayers facilitate studying and understanding the effect of
optical confinement on the gain threshold owing to the precision in film thickness
and uniformity and minimize the scattering losses due to ultralow roughness in films
[54].

To quantify the ASE performance of NPL films having a different number of
NPL monolayers, g, a stripe excitation geometry is used [55], which is schematically
depicted in Fig. 5.9. A pulsed excitation beam with a pulse rate of 1 kHz and a pulse
width of ~110 fs is focused into a stripe onto the sample using a cylindrical lens. The
emission from this excited stripe of the film is collected into an optical fiber that is
connected to an optical spectrometer. Using this setup, the optical gain performance
of the multilayered NPL films with a number of layers ranging fromg = 1to g =
15 has been examined. An ASE feature in the PL spectrum has been detected for
samples with g > 6, whereas only spontaneous emission has been observed for g <5,
even at high pump powers. The pump power-dependent PL spectra for multilayered
NPL films of various thicknesses are plotted in Fig. 5.10a. ASE is evident from the
emergence of a second, narrower emission feature beyond a threshold intensity, as
well as the superlinear increase of the emission intensity with respect to the pump
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fluence (Fig. 5.10b). The per-pulse gain thresholds have been determined to be 31.1,
19.3, and 7.5 pJ/cm? for g = 6, 9, and 15, respectively. The gain threshold is thus
reduced significantly at the thickest sample in the set, with a thickness of 105 nm. The
gradual drop of the threshold is also evident in Fig. 5.10c, where the gain thresholds
for all 10 films with thicknesses from g = 6 to 15 monolayers.

Another notable observation is the evolution of the spectral position of the ASE
peak with respect to the spontaneous emission peak for different g. While this shift
is small for the thinnest slabs that are capable of displaying ASE (¢ = 6-8), the ASE
feature shifts notably away from the spontaneous emission peak (Fig. 5.10d) for g >
10. The difference between the two peaks is as large as 18 nm for the thickest NPL film
[54]. A similar thickness-dependent ASE shift has been observed previously with
organic-based 2D waveguides, and has been attributed to the change in the critical
wavelength of propagation with film thickness, which enforces a blue shift in the
ASE feature as the films get thinner [56—58]. In the case of the NPL superstructures,
tuning the ASE peak across a 17-nm-wide spectral band (Table 5.1) is possible simply
by adjusting the thickness of the NPL film at the monolayer precision.

To elaborate on the observed gain characteristics of these NPL films, numerical
electromagnetic calculations are carried out for optical mode analysis of the structure.
When the NPL thin film is approximated as a 2D homogeneous slab, the entire struc-
ture can be modeled as an asymmetric planar waveguide, as described in Fig. 5.11a.
Accordingly, the NPL slab of refractive index n, = 2.10 is sandwiched between
semi-infinite media of air and fused silica on both sides, with refractive indices n;
= 1.00 and n; = 1.45, respectively. As n; is larger than n; and n;3, guided modes
in which electromagnetic waves can propagate across the NPL slab through total
internal reflection can be present in the structure, given that the slab has a minimum
critical thickness. For the transverse electric (TE) field, this required thickness is
given by [59].
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Fig. 5.10 a Emission spectra of NPL films having different number (g) of monolayers excited at
different pump fluences: left, ¢ = 6; center, ¢ = 9; and right, ¢ = 15. b Integrated intensity as a
function of pump fluence for NPL films having a different number of multilayers. ¢ Optical gain
threshold of multilayered NPL films as a function of a number of NPL monolayers. d Shifting of
the ASE peak with respect to the peak of the spontaneous emission feature for different g. Inset
shows the difference between the ASE and spontaneous emission peaks as a function of the number
of layers. Adapted with permission from [54]. Copyright 2020 American Chemical Society

Table 5.1 Gaussian fitting parameters for the spontaneous emission (SE) and amplified sponta-
neous emission (ASE) components of the PL spectra presented in Fig. 5.10d. The ASE spans a
range of 17 nm from 6 to 15 monolayers. Reprinted with permission from [54]. Copyright 2020
American Chemical Society

# NPL layers (q) SE peak (nm) SE width (nm) ASE peak (nm) ASE width (nm)
6 647.6 31.8 650.2 7.2
7 648.8 32.6 647.4 7.4
8 650.3 29.1 653.7 5.9
9 647.8 30.3 652.7 7.6
10 651.3 35.0 657.1 6.2
11 649.7 35.5 660.8 5.9
12 648.0 34.0 661.9 5.7
13 647.7 323 663.0 5.5
14 647.7 33.0 664.8 5.5
15 645.9 31.1 664.1 7.2
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Fig. 5.11 Asymmetric planar waveguides of self-assembled NPL superstructures. b Electric field
profile of the fundamental TE mode for the NPL slab with ¢ = 6. Reprinted with permission from
[54]. Copyright 2020 American Chemical Society. ¢ Optical confinement factor I" of TE( (solid
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and 85.4 nm for the existence of TEy and TM( modes, respectively
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where m is the order of the electromagnetic mode that can take integer values starting
from zero and A the propagation wavelength. For the presence of the TM;;, mode, the
critical thickness is [59]

A n? |n?—n?
tC(TM) =——  Imm+tan! (—5 H (5.14)
27\ /n} — n? Yy T

With A = 650 nm, the critical thicknesses for the TE; and TMy modes are 41.2 nm
and 85.4 nm, respectively. The critical thickness increases to 255 nm for the TE| mode
and 299 nm for the TM; mode. Since the maximum thickness for this set of self-
assembled NPL waveguides is 105 nm (see Sect. 4.2), m = 1 or higher order modes
are not present in these waveguides, and TE; and TM are the only modes that are
relevant. Accordingly, the waveguiding starts at ¢ = 6, which is barely thicker than
t{TE) | with only the TEy mode available. The mode profile for this sample is plotted
in Fig. 5.11b. It can be seen that only a small fraction of the electromagnetic energy
is confined within the NPL slab, while the rest is leaking out of the structure on both
air and substrate sides. It is only this portion of the mode energy that propagates
through the NPL slab and is capable of inducing light amplification. For an optical
mode of the planar waveguide, this fraction of energy is called the mode confinement
factor and can be quantified as [59]
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where i and H are the electric and magnetic field vectors, respectively, ¢ is the NPL
film thickness and the substrate-NPL boundary is at z = 0 so that the integral in the
numerator is taken along the thickness of the NPL film. The mode confinement factor
for the TE( and TM modes in these NPL waveguides is plotted in Fig. 5.11c for 1-15-
layered NPLs. It can be seen that the confinement factor I” increases monotonically
with the number of NPL layers ¢ (i.e. film thickness). I" of the TE; mode undergoes
a significant jump of 4 orders of magnitude from ¢ = 5 and ¢ = 6 due to the onset
of waveguiding. The confinement of the TM, field experiences a similar jump of
2 orders of magnitude when ¢ increases from 12 to 13. In general, by increasing
the thickness of the gain medium, the optical gain is facilitated by more efficient
confinement of the electromagnetic energy within the NPL slab, which is in line
with the decrease of the ASE threshold with increasing film thickness.

While there is only the TE; mode for the thinner NPL waveguides, the TM,
mode also emerges beyond ¢t = tT™) = 85.4 nm, i.e. for the samples ¢ = 13-
15. The effect of the emergence of this second guided mode can be understood via
polarization-dependent ASE measurements. Considering the geometry in Fig. 5.12a,
the polarization of the ASE signal propagating along the x-axis is expected to have
an electric field in the y-direction for the TE field and in the z direction for the TM
field. The angle-dependent ASE intensity measurements confirm the existence of the
TM mode in the thickest NPL films by revealing that part of the ASE in these films is
polarized along the z-axis. A comparison of the angle-dependent ASE intensity for
an NPL waveguide that only allows TEy mode (¢ = 11) and another one where both
TEy and TE( modes are present (g = 15) can be seen in Fig. 5.12b. The presence of
the ASE signal at 90° polarization for the 15-layered sample confirms the emergence
of TMy mode and emission. The degree of linear polarization is given as

V= Imax - Imin (516)
Imax + Imin

where I, and I,;, are the maximum and minimum angle-dependent emission
intensities. Fitting the polarized intensity data to I (8) = a +bcos?8, the polarization
degree can be found as V = b/(b + 2a). The polarization degree of the ASE from g
= 11 sample is then calculated as V = 0.97, while V = 0.60 is found for g = 15. The
evolution of linear polarization degree before and after the critical thickness #{7*) =
85.4 nm is shown in Fig. 5.12c. The significant drop in the ASE polarization from
q = 12 to g = 13 is evident, which is due to the emergence of the TMy mode and
partial coupling of the guided ASE into this mode.

It should be noted that, even with the presence of an available TM mode, coupling
into this TM mode requires dipole oscillations along a suitable direction. Figure 5.12a
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Fig. 5.12 a Polarization of the ASE of the thin NPL slab propagating along the x-axis. In this
case, the TE field will be polarized in the y-direction, while the TM field will be polarized in
the z-direction. Dipoles oscillating along the y- and z-axis can emit photons into TE and TM
modes, respectively, while NPL dipoles oscillating along the x-direction will not couple to either
of the waveguided modes. b ASE intensity as a function of polarizer angle for 11- and 15-layered
NPL films. The polarizer angle of 0° (90°) corresponds to the TE (TM) polarization. ¢ Degree of
polarization as a function of the number of NPL layers in the film. The dashed red line indicates the
critical thickness for TMy mode. b, ¢ Adapted with permission from [54]. Copyright 2020 American
Chemical Society

shows which components of an NPL emission dipole are capable of contributing to
the guided mode emissions along the direction of ASE emission (selected as the
x-axis in the figure). In this configuration, one of the in-plane NPL dipoles, 71 ys
can have TE far-field radiation in the x-direction, while it cannot emit into the TM
modes. The far-field emission of the other in-plane dipole, fo, on the other hand,
cannot couple into either TE or TM modes in the x-direction. The only possible
source of a TM electric field that propagates along the x-axis is a dipole oscillating
along the z-direction, i.e. the out-of-plane component of an NPL emission dipole.
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The results of these polarization experiments, therefore, prove that unlike core-only
NPLs, for which the emission dipole is almost entirely confined within the NPL
plane [19, 20], the core—shell NPLs may possess an out-of-plane component in their
emission dipoles, possibly due to the leakage of the excitonic wavefunction into the
shell. Therefore, in a multilayered planar waveguide constructed with face-down
core-only NPLs having 4.5 or 5.5 ML thickness, this TM polarization in the ASE
is not expected even if the NPL slab is thick enough to allow propagation of TM
waves. In that case, the ASE is predicted to have virtually 100% linear polarization
regardless of the number of face-down NPL monolayers.

5.2.1 Dielectric-Assisted Enhancement of the Optical
Confinement in Self-Assembled NPL Waveguides

The six-layered NPL film that displays optical gain has enabled observation of optical
gain from a film that has a mere 42 nm thickness for a gain medium on a bare substrate
without optical feedback. Achieving optical gain from an even fewer number of NPL
monolayers is possible when the presence of guided modes is ensured. To this end,
a dielectric coating of TiO, with a high refractive index of 2.41 has been deposited
onto the substrate via the atomic layer deposition technique before depositing the
self-assembled monolayers of CdSe/CdZnS core/shell NPLs (Fig. 5.13a) [60]. Such
stratified media of NC-dielectric composites enable the enhancement of the optical
mode confinement around the NC layer [61]. In the case of TiO,-supported NPL
multilayers, numerical mode calculations revealed that for a three-layered NPL film,
an optimum TiO; thickness of 55 nm is required to ensure the presence of the TE,
mode in the waveguide structure and maximize its confinement factor across the
NPL layer [60]. Owing to the TiO, layer under the NPL multilayers, the I"-factor
for the three-layered asymmetric waveguide is nearly as large as the I'-factor of a
six-layered film on a bare substrate (Fig. 5.13b). Thanks to this enhancement in the
mode confinement, observing ASE has been possible from only a three-layer (21 nm)
thick film of self-assembled NPLs [60]. Supporting the NPL film with a TiO, layer
on both sides enables a more efficient mode confinement so that the NPL thickness
can be reduced even further while maintaining the optical gain. With an NPL bilayer,
electromagnetic simulations for mode analysis revealed that I” is maximized when
there is a 40 nm TiO; layer at the bottom and 50 nm TiO; on top (Fig. 5.13d, e) [60].
Similar to the asymmetric waveguide case, ASE is also observed from this symmetric
waveguide (Fig. 5.13f), for which the thickness of the gain medium is only 14 nm.
Lasing action has also been demonstrated using ultrathin self-assembled NPL
films inside Fabry—Perot cavities. Monolithic fabrication of vertical-cavity surface-
emitting lasers (VCSELs) with distributed Bragg reflectors (DBR) as mirrors and a
few monolayers of self-assembled NPLs in between them enables single-mode lasing
with high-quality factor [62]. Herein, to achieve the spectral alignment between the
peak of the NPL gain spectrum and the resonant modes of the cavity, a thin film of
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Fig. 5.13 a Schematic of asymmetric waveguide consisting of three monolayers of NPLs (i.e.
CQWs) on top of a thin TiO» film and fused silica substrate. b The presence of the high-dielectric
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¢ Pump-dependent emission spectra (top) and the peak intensity versus pump fluence (bottom) for
the asymmetric waveguide structure. d Schematic, e mode profile, and f pump-dependent emission
spectra of the planar waveguide made of an NPL bilayer sandwiched between slabs of TiO;.
Copyright 2020 Wiley. Used with permission from [60]. © 2020 Wiley—VCH GmbH

Al,O3, deposited via ALD, is employed inside the cavity (Fig. 5.14a, b). Another
function of this thin Al,O; layer is to ensure that the gain slab is positioned near the
peak of the mode profile (Fig. 5.14b), thereby maximizing the stimulation of the gain
medium by the highest possible electric field intensity across the cavity. For VCSELs
with different NPL film thicknesses (1-4 monolayers), the Al,O3 layer thickness
is optimized by numerical simulations on the resonance spectrum (Fig. 5.14c). In
each case, the spectral position of the measured lasing peak shows an excellent
agreement with the simulated ones (Fig. 5.14d). Lasing has been observed from all
four VCSEL structures having 1-4 monolayers of NPLs with thresholds ranging from
78 to 112 pwJ/cm?. The lasing threshold reduces monotonically with an increasing
number of NPL layers. In each case, the lasing operation is single mode (Fig. 5.14e),
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Fig. 5.14 a Electric field intensity profile of the resonant mode inside a DBR Fabry—Perot cavity
with one monolayer of NPLs and 30 nm of Al,O3. b Magnified plot of the main lobe of the E-field
intensity distribution in panel a. ¢ Simulated transmission spectra for the proposed cavities having
1-4 NPL monolayers, in each case with a mode tuning Al,O3 layer with appropriate thickness. d
Measured (top) and simulated (bottom) resonant modes in the VCSELSs having 1-4 NPL monolayers.
e Lasing spectra of the VCSEL having three monolayers of NPLs. f Intensity versus pump fluence
for the measured lasing spectrum (top). Evolution of spectral linewidth and lasing wavelength with
increasing pump fluence (bottom). Copyright 2021 Wiley. Used with permission from [62]. © 2021
Wiley-VCH GmbH

with a spectral linewidth of the lasing feature ranging from 0.46 to 0.8 nm [62] and
quality factors as high as 1,400.

5.3 Other Applications for Liquid Interface NPL
Assemblies: Photovoltaics, Displays, and Beyond

Besides being spectrally narrow and tunable emitters, colloidal NPLs are also effi-
cient light absorbers owing to their large absorption cross-section. This property of
NPLs can be used for transferring excitation into lesser absorbers through charge
transfer or nonradiative energy transfer. Previously, colloidal QDs were employed
to sensitize silicon for photovoltaic devices [63—65]. This approach aims to inject
additional charges into the silicon layer via energy transfer from the NCs. This way,
relatively weak absorption of silicon in the visible range due to its indirect bandgap
can be compensated by additional excitonic energy that is fed by the NCs through a
radiative or nonradiative energy transfer channel.

To study the prospects of silicon sensitization with colloidal NPLs, self-assembled
monolayers of CdSe/CdZnS core/shell NPLs have been employed together with
crystalline silicon, which forms a 2D donor/3D acceptor energy transfer working
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model system [66]. To understand the FRET dynamics and its dependence on the
donor—acceptor distance, the separation between the NPL monolayer and the silicon
surface has been adjusted via a thin layer of Al,Os. The overall structure of this
donor—acceptor energy transfer system is given in Fig. 5.15a. The time-resolved PL
decays of the NPLs show the gradual acceleration of the PL decay of the NPLs
(Fig. 5.15b), and shortening of their PL lifetimes (Fig. 5.15¢), while the spacer
thickness is decreased from 50 to 1 nm. The FRET rates calculated using Eq. 5.3 are
plotted in Fig. 5.15d versus the separation between NPL donors and the surface of the
silicon substrate. The logarithmic plot reveals the slope to be —1.02, suggesting an
uncharacteristic d™! dependence of FRET, which was attributed to the delocalization
of the electric field across the NPL monolayer as well as inside silicon [66]. As a
result of this d"! dependence, the range of FRET can extend to a few tens of nm
(Fig. 5.15e) despite the relatively small Forster distance of 6.1 nm [66].

To demonstrate the effect of the FRET from the NPL monolayer on the bulk
silicon, a proof of concept photo-detecting device has been proposed and fabricated,
which is schematically depicted in Fig. 5.15f. A silicon-on-insulator base is added
Schottky contacts of aluminum, a spacer of Al,O3, and finally, a single monolayer
of NPLs via liquid interface self-assembly. The photocurrent on the silicon slab has
been observed to increase as much as threefold compared to the control sample
with no NPL monolayer [66]. The enhancement factor is larger for smaller Al;O3
thicknesses (Fig. 5.15g) due to the acceleration of FRET from the NPLs to the silicon
slab. This proof of concept device thus demonstrates the capability of a single NPL
monolayer for silicon sensitization through FRET.

In the aforementioned reports, self-assembled NPLs have been used as continuous
and large-scale films in the optoelectronic applications and systems in which they
are employed. It is also of interest to create NC structures of smaller scale, such as
NC micro- and nano-arrays, which can be utilized in applications including displays,
waveguiding, and biosensing [67-69]. Such two-dimensional arrays of NCs or NC-
organic hybrid systems have been created by deep direct patterning via electron
beam lithography (EBL) [68, 70]. More recently, EBL has been employed in deep
direct patterning of CdSe/Cdy25Zng75S NPL films to create on-chip self-resonant
microlasers. This work reports deep patterning of 300 nm thick NPL films with high
aspect ratio patterns and below 100 nm feature sizes [42].

EBL has also been utilized in the direct patterning of ultra-thin self-assembled
NPL films. To this end, a sequential fabrication technique involving liquid inter-
face NPL assembly and electron beam lithography has been proposed and demon-
strated [71]. The fabrication steps of this approach are visualized in Fig. 5.16a—
f. Initially, red-emitting CdSe/ZnyCd;_yS core/shell NPLs are deposited onto the
substrate via self-assembly on a dimethylformamide interface, resulting in two-
or three-monolayered films with a face-down NPL orientation, corresponding to
a film thickness of 7-12 nm [71]. This film thickness is adjusted by changing the
concentration of the NPL solution.

After the EBL patterning of the red NPLs, green-emitting CdSe;_xSx/Zn,Cd;_S
are also deposited via the same-self-assembly procedure, followed by a second EBL
process. The SEM images of patterned CdSe/ZnyCd;_yS and CdSe;_»Sx/Zn,Cd;_,S
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concept photodetector device to demonstrate photosensitization of silicon using a self-assembled
NPL monolayer. g Photocurrent enhancement in the photodetector device with a monolayer of
NPLs with respect to the negative control group device having no NPLs (dot-dashed line). b—e, g
Copyright 2021 Wiley. Used with permission from [66]. © 2021 Wiley—~VCH GmbH
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NPLs are seen in Fig. 5.16g and Fig. 5.16h respectively. While the size of the square-
shaped patterns here is ~250 nm, nanopatterns with the shape of hollow squares and
circles and feature sizes of ~40 nm have also been demonstrated [71]. The fluores-
cence microscopy images of single-color 2D NPL arrays are given in Fig. 5.16i, j
with patterns of 2 um squares. This same square size has also been used in fabricating
bicolor NPL arrays fabricated using sequential self-assembly and direct patterning
steps, as seen in the SEM image of Fig. 5.16k and fluorescence microscopy image
of Fig. 5.161. The fluorescence intensity profile in Fig. 5.16m reveals that the photo-
luminescence intensity of each pixel remains constant for each color, suggesting
that homogeneity is preserved after the patterning steps. Such pixelated structures of
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Fig. 5.16 a-f Fabrication of multicolored patterns via sequential self-assembly steps and direct
electron beam lithography (EBL). High-resolution SEM images of self-assembled g red-emitting
CdSe/ZnyCd; —yS and h green-emitting CdSe;—xSx/ZnyCd;—yS NPLs after direct patterning. Fluo-
rescence microscopy images of red (i) and green (j) NPL arrays with 2 pm square patterns. k SEM
and 1 fluorescence microscopy image of multicolored NPL patterns. m Light intensity profile of the
patterned red and green NPLs across the pink line in panel 1. Reprinted with permission from [71].
Copyright 2021 American Chemical Society

ultrathin NPL films can be beneficial for lighting and display applications, imaging
systems, and on-chip microelectronics.

The studies presented in this chapter demonstrate how liquid interface self-
assembly can help exploit the favorable optical properties of NPLs and their incor-
poration into optoelectronic devices and applications. The compatibility of this
technique with other fabrication methods can facilitate this incorporation. The self-
assembled thin films remaining intact after subsequent deposition steps or electron
beam lithography [54, 71] are promising signs of compatibility.

Liquid interface self-assembly allows the deposition of device-scale uniform NPL
films in a material-efficient manner. In this respect, it can be treated as a fabrication
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tool such as thermal evaporation, chemical vapor deposition, or nanoimprint lithog-
raphy, all of which are used for nanoscale device fabrication. In principle, many of
the applications of NC optoelectronics, where other classes of NCs are employed,
can benefit from the liquid air interface self-assembly. These applications extend to
photodetection, field-effect transistors, solar cells, etc. In the case of applications of
such as LEDs, liquid-air interface NPL assembly comes with the additional benefit of
directional emission control. The layer-by-layer approach with liquid—air interface
self-assembly can be highly beneficial in patterning NPL films of precise thickness
in the ever-shrinking on-chip nanodevices.
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