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ABSTRACT: Here, the first account of self-resonant fully
colloidal p-lasers made from colloidal quantum well (CQW)
solution is reported. A deep patterning technique is developed to
fabricate well-defined high aspect-ratio on-chip CQW resonators
made of grating waveguides and in-plane reflectors. The fabricated
waveguide-coupled laser, enabling tight optical confinement,
assures in-plane lasing. CQWs of the patterned layers are closed-
packed with sharp edges and residual-free lifted-off surfaces.
Additionally, the method is successfully applied to various
nanoparticles including colloidal quantum dots and metal nano-
particles. It is observed that the patterning process does not affect
the nanocrystals (NCs) immobilized in the attained patterns and
the different physical and chemical properties of the NCs remain
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pristine. Thanks to the deep patterning capability of the proposed method, patterns of NCs with subwavelength lateral feature sizes
and micron-scale heights can possibly be fabricated in high aspect ratios.

KEYWORDS: semiconductor nanocrystals, direct nanopatterning, UV-induced ligand exchange, electron beam lithography, microlaser,

optical nanocircuit, colloidal quantum wells

B INTRODUCTION

Quantum photonics holds great promise for future technolo-
gies such as secure communication, quantum computation,
quantum simulation, and quantum metrology. The technolo-
gies of semiconductor integrated circuits and electronic devices
are rapidly approaching their fundamental limits in terms of
both processing speed and data transmission rate. One way to
overcome this limitation is to employ photons rather than
electrons in the functional processing components."” Although
tremendous progress has been made toward the development
of scalable miniature circuits, integration of a versatile optical
source that couples light into the waveguides as one of the
main elements of a photonic circuit is highly desirable because
it would avoid the limitations of otherwise delivering light from
a bulky external source to the nanometer scale. Microlasers (u-
lasers) may provide a viable option, as they perform single-
mode photon emission and allow for the generation of
coherent radiation within an extremely small footprint.
However, despite many demonstrations of this class of lasers
based on III-V materials and silicon, the required high growth
temperatures and large lattice mismatch between laser material
and substrate in monolithic integration as well as the
difficulties in precise surface flatness required for bonding
fabricated lasers on a substrate, and the realization of low
cryogenic operation temperature of these lasers, present a
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formidable array of challenges to current fabrication
technologies.3

Colloidal semiconductor nanocrystals (NCs) are emerging
as new optoelectronic materials that have recently been
commanding considerable attention in photonics thanks to
their size-tunable bandgaps, strong light absorption, narrow
spectral emission, chemical stability, and easy processability.”””
Compared to the epitaxial growth of III-V quantum wells,
solution-processing of NCs offers low-cost manufacturability in
optoelectronics. A variety of types of colloidal quantum dots
(QDs) and their two-dimensional counterparts, colloidal
quantum wells (CQWs), have been widely explored as optical
gain medium and several successful optical feedback
configurations including Fabry—Pérot cavity, whisperin
gallery mode (WGM) and distributed feedback (DFB)*~
lasers have been developed recently. However, these reports
mostly focused on the performance of individual devices, and
despite the confirmation of NCs as optical-gain media in these
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Figure 1. (a) Flow of the processing steps for fabricating patterned NC films. (b) PL and absorption spectra of CdSe/Cd0.25Zn0.75S core/HIS
CQWs. The inset shows high-resolution transmission electron microscopy (HR-TEM) image of the CQWs (the scale bar is 20 nm). (c) Schematic
view of the designed self-resonant all-colloidal laser made of DBR waveguides and mirrors. (d) Scanning electron micrograph of the final colloidal
device structure at different magnifications. (Mirrors and emitters have 200 and S00 nm pitches, respectively).

structures, a practical and fundamental way to develop a fully
integrated on-chip waveguide-coupled p-laser sources has yet
to be achieved. A challenge in the NC solution-based device is
to create high-density, close-packed, well-defined colloidal
nanopatterns with controllable film thickness. Different
methods of NC film patterning have been considered and a
few successful NC patterning techniques including UV/
photocuring patterning,lg_22 microcontact printing,zs’24 and
patterning through electrospinning™ have been studied. Still,
in most of these methods, colloidally synthesized NCs capped
with long-chain organic ligands are patterned directly or
blended with organic polymers. Unfortunately, these organic
ligands and additives adversely affect device performance.
These act as insulating barriers that impede charge or heat
transport between NCs and decrease film density, because they
do not form close-packed films, leading to limited pattern
thickness and resolution. These issues become more critical
when NCs are used as gain material. The gain value is
dependent on the packing density of the NCs inside the
surrounding matrix. Low packing density reduces the gain
coeficient as well as refractive index of these layers and then
their optical mode confinement.*®

Here, we demonstrate the first account of on-chip self-
resonant all-NC p-laser that incorporates patterned NCs as a
gain medium between ultracompact patterned NCs as mirrors.
The proposed structure has the potential to be coupled to a
waveguide to be used in chip-scale photonic devices. Unlike
exploitation of simple fabrication methods””*® such as “coffee-
stain” cavities,”” ' which have resulted in limited control over
the cavity geometry, our proposed fabrication approach
enables tight confinement of light, significantly enhances the
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directionality of the output beam, and assures in-plane laser
emission propagation. Here, the devised fully colloidal laser
architecture relies on self-resonating distributed Bragg reflector
(DBR) grating waveguide as the gain section integrated in
plane with a pair of reflectors, one of which is a highly
reflective (100%) DBR grating, whereas the other is defined as
a moderately reflective (90%) DBR outcoupler. All these parts
are directly patterned using the same NCs, a specific type of
CQWs synthesized in core/hot-injection shell (HIS) both as
gain and dielectric media. Indeed, the fabrication of such high-
quality resonators requires close-packed, high-contrast, and
contamination-free subwavelength patterning technique.

In this study, we developed a novel deep-patterning method
to process NC films in close packing. This technique combines
electron beam lithography with UV-induced ligand exchange
and enables fabrication of the nanopatterned NC structures.
The original long bulky insulating ligands are replaced with
shorter compact ones to obtain close-packed patterned films,
while intrinsic physical and chemical properties of the NCs are
not altered. Using the proposed direct deep-patterning
technique, high-aspect-ratio NC patterns are fabricated. Lateral
feature sizes below 100 nm resolution, limited by the available
electron beam lithography (EBL) apparatus are achieved, while
feature thicknesses up to 1.5 um were reproducibly obtained.
These achievable dimensions conveniently allow for con-
struction of fully colloidal self-resonant p-laser with grating
waveguides as gain medium as well as a pair of in-plane mirrors
made of DBRs.

From the fabricated pu-laser, the low lasing threshold was
achieved under femtosecond optical pumping. The lasing
action was characterized via measuring the photoluminescence
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Figure 2. (a) FTIR spectra of CQWs capped with native oleate ligands and after UV exposure on Si substrate. (b) TEM images of CQWs before
and after UV exposure. (c) Real and imaginary effective refractive indices of the CQW thin film before and after ligand exchange, measured via
spectroscopic ellipsometry. (d) PL decay kinetics of CQW ensembles before and after the patterning process.

(PL) intensity versus pump power. The achieved lasing
threshold is comparable to those obtained using external
DEFB and WGM schemes with NCs."**>7 In the case of using
such an on-chip self-resonant y-laser cavity, the high refractive
index contrast between the patterned CQWs and the air
increases the optical mode confinement in the gain medium,
which makes it relatively easier to lase. Low-threshold lasing is
indicative of efficient in-plane feedback and low-loss wave-
guiding, and therefore a further confirmation of the high
structural fidelity of our deep-patterned films.

B RESULTS AND DISCUSSION

The fabrication of self-resonator p-laser started with the
patterning of CdSe/Cd,5Zn;sS core/hot-injection shell
(HIS) CQWSs, which is synthesized using modifications
according to the synthesis recipe reported in our group’s
recent studies’*® (see the Supporting Information). To
assemble the CQWs into nanoscale patterns, we used EBL
to pattern resist followed by deposition of functionalized
photosensitive NCs and UV exposure for ligand replacement
and lift-off. Figure la shows a schematic of the process flow.
Figure 1b depicts photoluminescence (PL) spectrum of these
CQWs along with their absorption spectrum at the emission
peak centered at 647 nm with a fwhm of 25 nm.

As a suitable candidate to conduct measurements in visible
light range, a well-cleaned fused silica substrate was used on
which the p-laser was fabricated.” After spin-coating of an
electron beam resist on the prepared substrate, EBL was used
to create the designed y-laser structure (Figure la, steps L, II,
111, and IV). A detailed description of the fabrication steps can
be found in SI. A scheme of the p-laser consisting of emitter
and mirror is shown in Figure 1lc.

Complete coverage of a patterned trench structure with
colloidal NCs is the next crucial step in such a way that voids
and vacant sites between NCs were avoided. If not, the lasing
performance of the fabricated structure would be drastically
affected. Indeed, when colloidal NCs are assembled into NC
solids, the long, bulky, insulating ligands prevent close packing
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of these NCs, and consequently, undesired weak interparticle
coupling adversely affects device performance. One of the
promising solutions to increase the packing density and
coupling strength of the NCs is to exchange the native capping
ligand on the NC with smaller molecules either in solution and
before film formation or by immersing their dried film in a
solution containing smaller molecules.*”*" As an alternative to
these approaches, UV light was used to initiate ligand
replacement. There have been several reports that have
endorsed and demonstrated the capability of this technique.
Jun et al. previously demonstrated the possibility of cross-
linking the unsaturated double bonds between oleic acid (OA)
ligands under UV illumination.*” David et al. showed the
decomposition of CS,N; ligands to thiocyanate under UV
exposure.”” Kim et al. reported an approach to functionalize
NCs by incorporation of the functional t-butoxycarbonyl (t-
BOC) ligand, which has an acid-labile moiety and activates
upon UV exposure.”” Recently, Talapin and collaborators have
reported a comprehensive study on series of photochemically
active surface ligands for NCs. They designed a broad class of
photochemically active ligands using various photon energies
including DUV, near-UV, blue, and visible light where the
change in surface chemistry was successfully exploited for
direct patterning of NCs.”” Although the direct lithography of
NCs requires fewer steps with respect to conventional
lithography, the reported patterns suffered from imprecise
control of film thickness and the remaining residual layer on
the surface. However, in the NC solution-based device
fabrication process, fabrication of contamination-free, closed-
packed, well-defined nanopatterns with controllable film
thickness is essential, which remains a challenge to date.
Here, we have circumvented the aforementioned problems
with combining electron beam lithography and UV-induced
ligand exchange procedure. In the film formation step (Figure
1a, steps V and VI), the well-cleaned NCs capped with organic
ligands such as OA and oleylamine were dispersed in octane
and functionalized by incorporation of (C6HS);S+OTf,
(triphenyl sulfonium triflate) photo acid generating (PAG)
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Figure 3. (a) PL spectra of the deep-patterned CQWs under various excitation intensities. Three lasing modes at 662, 650, and 638 nm appear with
onsets of ~21, ~23, and ~70 uJ/cm?, respectively. (b) Peak intensities of the three lasing modes at ~662 (red circles), ~650 (green squares), and
~638 nm (blue triangles). (c) Simulated cavity mode intensity profile for the dominant mode at 664 nm. Dashed lines specify the 40 ym long
active emitter region. Aside from the leaks into the substrate and air, the mode is confined to the cavity formed by the mirrors. As expected, the
lasing frequency is pulled toward the PL peak. (d) PL spectra of the deep-patterned CQWs under pulsed excitation of various intensities. (e) Peak
intensity of the spectra as a function of the pump fluence. The steep increase in the curve corresponds to the onset of the lasing at a threshold of
~140 pJ/cm?, followed by the saturation of the peak intensity. (f) Simulated cavity mode intensity profiles for the dominant mode at ~663 nm.
Dashed lines specify 20 pym long active region. Like in ¢, the energy is mostly confined to the cavity, with small leaks in the vertical direction.

surface ligands. According to established procedures, PAG
molecules were dissolved in EtOH and mixed with the NC
solution (5%, by weight)."” The photochemically active
solution is deposited on predefined patterns resist and let to
dry. Subsequently, Under UV exposure, (C6HS),S+OTf"
molecules decompose and generate a strong acid, triflic acid
(HOTY). The strong acid interacts with the NCs surface and
the photogenerated protons efficiently attack lyophilic ligands
and replace them with OTf  groups. As a very weak
nucleophile, triflate forms an ion pair rather than a covalent
bond with metal sites at the NC surface. The new OTf"
ligands represent a substantial decrease in ligand size. The lift-
off process was performed by immersion of the sample in
acetone/octane mixture under mild ultrasonic stirring (Figure
1a, step VII). The product of the mentioned steps is a robust,
consistently crack-/void-free film with strong adhesion to the
surface. Atomic force micrograph (AFM) shows a uniform
height of the deep-patterned CQW films with no chip-off after
development of the pattern (Figure S1). High-resolution
scanning electron microscopy of fabricated CQW self-resonant
distributed Bragg reflector grating structure at different
magnifications is presented in Figure 1d. Unlike regular
methods, UV-assisted ligand exchange offers a substantial
simplification of the processing steps.

Fourier transform infrared (FTIR) spectroscopy was used to
monitor OA left on the deep-patterned film. The exchange can
be followed by comparing the vibrational spectrum before and
after the exchange. Figure 2a shows diagnostic signals for
native organic ligands at 2800—3000 cm™' for C—H stretching
mode,"™ which CQWs-OA thin films exhibited before UV
exposure, were drastically suppressed after UV exposure. The
new shorter ligands form an ion pair rather than a covalent
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bond with metal sites at the NC surface and lead to a
substantial decrease in the interparticle separation. The
comparison of TEM images in Figure 2b shows the synthesized
CQWs with lyophilic ligands and large interparticle separation
(2.15 nm) retained their size and morphology after UV-
induced ligand exchange and the gaps between individual
CQWs are reduced to 1.08 nm. Switching to shorter ligands
has resulted in improved performance of solution-processed
solar cells,” photodetectors,” and field-effect transistors
(FETs)." Similarly, the refractive index of the deep-patterned
NC films plays a pivotal role in photonic applications. To
determine the effective complex refractive index of the CQW
films before and after UV-induced ligand exchange, variable-
angle spectroscopic ellipsometry was used. Unlike the intrinsic
refractive index, the effective refractive index is sensitive to
morphology, as it accounts for the NCs, ligands, and void
space, which make up the overall film. The results in Figure 2c
show that the films subjected to UV-induced ligand exchange
procedure have a higher effective complex refractive index
because the decreased bound ligand chain length during
pattering process led to the increment of inorganic volume
fraction, optical density, and associated packing fraction of
these films. The effective complex refractive index of NC solid
films is dominated by the fill fraction of NCs, with only
secondary influence from interparticle interaction and vary
because of the particle size, the ligand chain length, and the
deposition process.48’49

Figure 2d shows the recorded PL decay curves for both of
the samples that were used to estimate the effect on the PLQE
following the pattern formation and subsequent ligand
exchange. The lifetime of the thin-film sample drops was
comparable to that of the solution sample. However, there is a
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Figure 4. Bilayer of red-emitting CdSe/CdZnS CQWs and green-emitting CdSe/ZnS QDs patterned with (a) EBL, (b) photolithography, and
imaged with SEM and PL microscopy. (c) High-quality and thick green-emitting CdSe/ZnS QDs patterned with EBL and imaged with SEM and
PL microscopy. (d) High-quality and thick red-emitting CdSe/CdZnS CQWs patterned by EBL. (e) Bragg gratings patterns of red-emitting CdSe/
CdZnS CQWs and (f) Au NPs patterned by EBL and imaged with SEM.

marginal difference before and after the patterning process of
the thin film, albeit a slight decrement in the lifetime,
suggesting insignificant modification of the PLQE (see Table
S1). To check potential damage on the CQWs during the
fabrication process, we compared QE of the CQW films before
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and after the fabrication process and found the deviation is in
the range of a few percent (see Figure S3).

The design parameters of mirror and emitter slab
thicknesses and lateral dimensions, waveguide width, and
emission wavelength of the p-laser structure were carefully
chosen to achieve high optical mode confinement and enable a

https://doi.org/10.1021/acs.nanolett.1c00464
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low lasing threshold via full electromagnetic solution using
finite difference time-domain (FDTD) simulations. The
resulting self-resonant CQW p-laser attained by our direct
deep-patterning approach forms an in-plane version of a
Fabry—Peérot resonator consisting of DBR-based self-resonat-
ing gain section laterally sandwiched between a pair of DBR
reflective regions. The gain part is composed of an array of
deep-patterned CQW gratings with a film thickness of 300 nm.
The mirrors are made of the same NCs, designed with a 200
nm pitch from multiple layers of alternating CQWs and air
resulting in periodic variation in the refractive index and act as
a high-quality reflector. The emitters are designed with a 500
nm pitch to effectively confine and guide the emission of the
CQWs at 650 nm. To achieve a higher level of optical
confinement, better beam quality and reduced optical damage
to the emitting surface, the gain medium of the proposed p-
laser was designed to be composed of multistripe index-guided
laser arrays vertically sandwiched between SiO, (substrate)
and air. The structure thus operates as a dielectric waveguide
that ensures efficient confinement of photons, overlapping with
the active optical gain region. However, the number and type
of oscillating resonator modes in the y-laser depend on the
length of gain medium between mirrors, the amount of
material gain and losses (scattering and reabsorption). In this
regard, two p-laser structures with different lengths of gain
media (40 and 20 um long) were designed and lasing
capabilities were evaluated.

To investigate the lasing performance of the patterned
structures, we conducted PL measurements where the
patterned (40 um in length) substrates were excited with a
pulsed laser beam of 400 nm wavelength, ~110 fs pulse width,
and 1 kHz pulse rate. The PL emission at different pump
intensities was collected from the side of the substrate with an
optical fiber. The resulting spectra of the deep-patterned
CQWs are displayed in Figure 3a. For low pump intensities, a
broad spectrum of spontaneous emission is observed, whereas
narrow spectral features with fwhm around 0.6 nm appear
above 21.0 yJ/cm?® These features are attributed to the lasing
modes because of their ultrasmall FHWM accompanied by the
superlinear increase in the intensity at the spectral peaks of
these features beyond the threshold as shown in Figure 3b.
After the appearance of the first lasing mode at ~662 nm, the
second one emerges at ~650 nm with a threshold of 23.0 uJ/
cm®. By increasing the pump intensity even further beyond 70
uJ/cm?, a third peak at ~638 nm is observed. The spectral
spacing of these modes are about 12 nm, which agrees with the
expected mode spacing of the designed CQW patterns. The
simulated cavity mode intensity profile for the dominant mode
with = 664 nm is shown in Figure 3c.

A possible approach to attain single-mode lasing is to reduce
the length of cavity. However, this will inevitably increase the
lasing threshold of the p-laser and require significantly high
pumping intensity. Single-frequency operation is desirable but
at the same time more difficult to achieve as this requires a
cavity with precisely tuned free spectral range that permits only
one mode across the gain spectrum of the emitters. Thereby,
the same experiment was conducted using the shorter gain
medium laser (20 ym in length). Figure 3d shows the pump
intensity dependent spectra of the deep-patterned CQWs. We
observe the lasing behavior at a threshold of 147 uJ/cm?,
which is evident from the spectral narrowing of the PL
spectrum beyond the threshold as well as the superlinear
increase of the intensity at the wavelength of interest as seen in
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Figure 3e. Simulated cavity mode intensity profiles for the
dominant mode at ~663 nm is shown in Figure 3f.

Finally, to assess the reliability and feasibility of the
proposed direct deep-patterning method in optoelectronic
applications, our procedure is applied to different group of
colloidal particles including colloidal quantum dots (QDs) and
metal-oxide nanoparticles and by adapting (CMOS)-compat-
ible processes by changing electron beam lithography to
photolithography. The mentioned nanoparticles are commonly
used in pixelated lighting for liquid crystal displays. The high-
resolution dual-color and multicolor lithographic patterning is
also shown with our direct deep-patterning fabrication method.
Figure 4a shows bicolor patterning of red-emitting CdSe/
CdZnS CQWs and green-emitting CdSe/CdS QDs with
electron beam lithography, which may provide a new and
unique approach also for realizing efficient micro-LED
displays. Ultrafine submicron-scale pixelated, high-efficiency,
multicolor light sources integrated on a single chip are required
by the display technologies of tomorrow. Figure 4b shows the
bicolor patterning of two different NCs with photolithography
(see the Supporting for detail). Figure 4c, d show high-quality,
ultrathick patterns of green-emitting QDs and red-emitting
CQWs that patterned by EBL with high-aspect ratios, which
are the highest values in their class reported to date, to the best
of our knowledge. Fabrication of thick NC-based Bragg
gratings with small periods and high refractive index have so
far not been reported. Figure 4e shows deep-patterned CQW
bull’'s-eye geometry with a pitch of 650 nm. These bull’s-eye
geometries favor enhanced light extraction from light-emitting
diodes and for demonstrating annular Bragg lasers. Figure 4f
displays deep-patterned Au NPs. Detailed results are shown in
Figure S4.

Bl CONCLUSION

In conclusion, we have successfully developed a direct deep-
nanopatterning technique based on EBL used in conjunction
with UV-induced ligand exchange. This method allows to
pattern semiconductor NCs and metal nanoparticles. Using
this approach, we fabricated the first high-quality fully colloidal
self-resonant p-laser, which operates with a low optical pump
threshold at room temperature, with in-plane emission. The
fabricated p-laser is an excellent candidate to be used in
integrated photonic circuits for practical applications such as
lab-on-a-chip and optofluidics. The design and technique for
fabricating all-colloidal self-resonating y-lasers presented in this
work can be a future direction for ongoing works on colloidal-
based microlasers operating under ns-CW-pumping.
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