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Abstract

Whispering gallery mode resonators have been demonstrated to be a great way to achieve
superior optical cavities with high quality factor and small mode volume. However due to the
high sensitivity of these modes to the properties of the resonator boundary, they are susceptible
to parasitic splitting of clockwise and counter-clockwise modes. In this work, we investigate the
effect of implantation of an engineered notch into the boundary of a circular microdisk resonator
fabricated from colloidal quantum dots, which are particularly sensitive to boundary defects. We
observed a strong reduction of parasitic mode splitting with introduction of a large engineered
notch, as well as enhanced directionality of laser emission. We further investigate the
performance of these resonators in evanescently coupled pairs, where the modal interaction
allows modulation of laser behavior through variation of the gain and loss induced by the optical
pump. We show that two distinct cases of modal interaction can be achieved by adjusting the
size of the engineered notch, providing a bridge between intra- and inter-disk modal interactions
for laser spectral control.
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Introduction

One of the main goals in the development of laser cavity configurations is to achieve high quality
factor (Q), small mode volume (V), and small volume resonant cavities'. Large Q/V may result
in strong coupling between the cavity field and active material, which promotes low threshold
and narrow linewidth lasers®’. Whispering gallery mode (WGM) resonators have been realized
to be an efficient way to achieve high Q/V, because of total internal reflection at the
dielectric/environment boundary *. A large number of cavity structures have been fabricated to
support WGMs with high Q factors including microspheres’, microtoroids®, and microdisks’.
These WGM resonators have proven beneficial in applications ranging from low-threshold
lasers?, to environmental and particle sensors® and optical frequency combs’. Further potential
exists in the ability to link these resonators in arrays, as nicely demonstrated in the construction
of topological photonic lasers'’.

Since their realization, a significant focus of research on WGM lasers has been the ability to
control the directionality of light out-coupling. This is a challenge because the high-confinement
that makes these devices so beneficial provides near unity reflection at the boundary, and hence
out-coupling only occurs isotopically through evanescent leaking at the boundary walls.
Approaches to impart directionality have taken the form of perturbation of the boundary either
by global deformation into non-circular geometry or a localized disturbance'!'®. Such studies
have shown promising achievement in laser directional output. However, less attention has been
given to the ability to control the spectral properties of WGM lasers by boundary deformations.
This is particularly important for semiconductor lasers with large gain bandwidth that support
multi-modal emission even for small cavity dimensions. Obtaining spectral purity in such lasers
may be difficult, requiring high precision or greater complexity in the cavity design.

Engineering stable spectral purity of multi-mode resonators is important for applications such as
nanoparticle or environment sensing, where the frequency splitting of clockwise and anti-
clockwise modes is used to detect external particles, which would be rendered ineffective if the
unperturbed cavity suffered from parasitic mode splitting. Additionally, the presence of
broadband regularly spaced lines is necessary for optical frequency comb spectroscopy.

Laser materials systems such as colloidal quantum dots (CQDs) that lend to easier fabrication for
on-chip photonic modules and laser arrays are being intensively pursued'’%. A great benefit of
CQDs is the ability to choose emission wavelength by choice of the quantum dot size or
chemical composition. These materials also possess high optical gains for low-threshold lasing
which can reduce the power consumption of such modules while maintaining high-throughput
processing and size-scalability. In this work, we investigate the effect of implantation of an
engineered notch into the boundary of circular microdisk resonators fabricated from a hybrid
microfabrication and solution-based, size-scalable process based on colloidal quantum dots. As
we previously reported, in such resonators, parasitic mode-splitting in the laser emission
spectrum becomes an issue'®?°. Through the introduction of a large engineered notch, we
observe a strong and consistent reduction of mode splitting, as well as enhanced directionality of
the laser emission.



Meanwhile, the recent development of non-Hermitian and Parity-Time symmetric optics and
photonics®®*! has relied heavily on the capabilities of WGM resonators. Through judicious
control of optical properties such as refractive index, gain and loss, and modal coupling, these
systems exploit the physics of exceptional points and subsequently achieve intriguing behavior
such as single-mode lasing®>3*, chiral modes**, and orbital angular momentum beams*>. The
ability to chemically tailor the optical properties of CQDs makes them very attractive for
applications in this field. Here, we further exploit the ability to control the spectral purity
through the intra-cavity interaction resulting from the engineered notch to provide a wider range
of achievable behavior in evanescently coupled pairs, where the modal interaction allows
modulation of laser behavior through deliberate spatial distribution of the externally applied gain
and loss.

Results & Discussion
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Figure 1. Characterization of Engineered Notch Microdisks and Quantum Dots. a. 50x PL image of
individual microdisk with engineered notch. b. SEM image of individual microdisk with engineered notch. c.
PL spectrum of colloidal QDs used to fabricate the microdisk d. TEM of crosslinked QDs that shows uniform
size distribution and close packing.

For our study, we developed lasing systems based on high-optical gain, core/alloyed shell-
CdSe/CdixZnxSe1.ySy colloidal quantum dots (CQD) produced from a one-pot synthesis. The
large size (7.5 + 0.8 nm) and compositional gradient shell reduce Auger recombination and
provides low-threshold for laser action'®*¢3%  Circular microdisk CQD laser cavities were then
fabricated using a hybrid bottom-up/top-down approach in which a photoresist was
lithographically patterned with trenches for precise spatial position and size control microdisk
arrays, whereupon the microdisks were built up by a layer-by-layer deposition of CQDs and ligand
cross-linking treatment (see Methods and Supplemental Figures S1-2 for more details). This



procedure was used to produce microcavities of 26 um diameter and 100 nm thickness.
Furthermore, the lithographic fabrication allows for incorporation of an ‘engineered notch’
boundary deformation in the circular perimeter. The circumferential arc length of these notches is
3100 £ 500 nm whereas the radial depth of the notch, d, is systematically varied between 0 and
1000 nm. Such engineered notches allow for advantageous control of laser modes as described
below.

Microdisks were optically pumped with 532 nm pulsed laser of temporal pulse width of 7 ps and
200 Hz repetition rate. Figure 2a shows the emission spectrum of a microdisk with the largest
notch size (d = 1050 + 50 nm) when pumped at different intensities. At low pump fluence, that is
below the lasing threshold, there is only broad spontaneous emission. As the pump fluence is
increased, a series of equally spaced narrow modes emerge once the optical gain overcomes the
intrinsic loss at threshold and laser modes are generated in the cavity. These narrow modes show
constant free spectral range, AL = A*/nes(nD) which is 2.6 = 0.2 nm, where the D is the disk
diameter (D = 26 + 0.1 um). From these parameters, we can get the effective mode index of
refraction, nesr= 1.85 + 0.05, which matches the refractive index of CdSe/CdixZnxSeiSy (n=1.86
+ 0.05) that was determined by ellipsometry®”**. The mode spacing is equal to that of a pristine
microdisk without a notch (d = 0 nm) within the experimental uncertainty, which means that the
notch does not affect the free spectral range. This is shown clearly in the comparison of the Fourier
transform between normal disk and the notched disk shown in Fig. 2b. The emission intensity vs.
pump intensity of the two kinds of disk structures are shown in Fig. 2c. We find that the lasing
threshold of the notch disk is around 66.5 pJ/cm? which is higher than that of the pristine disk
(27.5 wl/cm?) as well as the threshold for amplified spontaneous emission of unpatterened CQD
film (Supplemental Figure S3); this is caused by the overall loss added to the modes by the
presence of the notch. In addition to the lasing threshold, the directional properties of the laser
emission are also significantly influenced by the notch. The emission power measured as function
of azimuthal angle in the plane of the disk is shown in Fig. 2d. The emission at the opposite
direction of the notch is strongly enhanced. The engineered notch acts as a large scatterer which
channels light to a unique direction (opposite from the notch position); this phenomenon has been
previously used to generate a highly unidirectional WGM laser!¢.
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Figure 2. Lasing properties of a microdisk with engineered notch of 1000nm depth. a. Emission spectrum
of microdisk laser with notch at various pump intensities as indicated. b. Fourier transform of the emission
spectrum for a pristine microdisk and engineered notch microdisk. ¢. Emission intensity vs. pump intensity of
pristine microdisk and microdisk with notch. The straight lines denote the asymptotes below and above threshold,
respectively. d. Angular dependence of the laser emission intensity of an engineered notch microdisk with
fluorescent image inset in the center. The notch is positioned at 60 degrees.

More strikingly, we find that the spectral properties of WGM are strongly influenced by the notch
depth, d. Fig. 3a shows the emission spectrum from a microdisk without an engineered notch (d =
0 nm). It is clear that there is an additional set of modes with the same free spectral range, as a
result of mode splitting. As we have previously reported®*, asymmetric scattering caused by
structural perturbation along the circumference results in breaking of degeneracy between
clockwise (CW) and counter-clockwise (CCW) propagating modes and the observation of mode
splitting. The perturbations in this case occur naturally with varying frequency as a result of the
fabrication process. In order to characterize the mode splitting between samples, we use an
empirical parameter ¢p* to quantify the splitting between individual broken-degeneracy WGM
mode-pairs,
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Where 4, and 4, are the peak wavelengths of the two modes and AA is the free spectral range. We
then take the average of the splitting parameter across all the modes in the spectrum of a microdisk
(p*) = YN ¢p#. We measured a large number of microdisks and obtained a distribution of the
splitting for each notch depth. Fig. 3b shows the splitting parameter distribution of normal



microdisks (d = 0 nm). We can see that there is a large ratio of microdisks with high splitting
parameter values. The splitting in this case results from perturbation introduced by fabrication
defects'®?°. The emission spectra of microdisk with an engineered small notch (d < 450 nm) also
shows similar mode splitting as demonstrated in the representative example in Fig. 3c. For this
range of notch depths, we see that the splitting parameter more consistently takes high values due
to the controlled implantation of the engineered notch (Fig. 3d). As the notch depth is increased
further, above 450 nm, then the mode splitting of CW and CCW propagating modes is not observed
since only one set of modes appears in the spectrum (see Fig. 3e). The spitting parameter
distribution, shown in Fig. 3f clearly demonstrates that the large notch depth produces emission
spectra free from mode-splitting with high regularity. We summarized the relation of splitting
parameter as a function of the engineered notch depth in Fig. 4a, which shows the splitting
parameter averaged over several samples at each notch depth.
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Figure 3. Spectral dependence of the notch depth. a. Typical emission spectrum of a pristine microdisk (no
notch, as seen in the inset). b. Splitting parameter distribution of pristine microdisks. ¢. Typical emission
spectrum of microdisk with an engineered notch depth d = 200 nm (SEM pictured in the inset). d. Splitting
parameter distribution of small notch microdisks with d < 450 nm. e. Typical emission spectrum of microdisk
with notch depth d = 1000 nm (SEM pictured in the inset). f. Splitting parameter distribution of microdisks with
large notch (d = 450 nm) which consistently shows a strong reduction in mode splitting.

In order to further understand the effect of the engineered notch on the spectral properties of CQD
microdisks, we also investigated structures with fwo engineered notches embedded in the
circumference, for various values of notch depth. Figure 4b presents the spectrally integrated
emission power as a function of notch depth. It can be seen that the power steeply decreases for d
> 450 nm and that the microdisks remain below lasing threshold for d > 550 nm. The transition



from lasing to the absence of lasing in microdisks with two large notches is also apparent from the
emission intensity observed along the circumference of the microdisks in the fluorescent images
shown in Fig. 4b. For the disks containing two notches that show lasing modes, i.e. for d <450
nm the mode splitting of CW and CCW is generally observed (not shown here), similar to
microdisks with a single small notch. We further confirmed that this was indeed due to the
destruction of stable lasing modes rather than to strong redirection of outcoupling in any particular
direction by measuring emission in the disk plane, which shows a similar emission power vs. notch
depth dependence (not shown here).
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Figure 4. Notch depth dependence of laser mode splitting in single notch disks, and emission power of
double notch disks. a. The laser modes splitting parameter averaged over several microdisks vs. engineered
notch depth, d. b. Emission intensity vs. notch depth of microdisks with two engineered notch implantations.
The insets show the fluorescent image of double notch disks with 400 nm (lower-left inset) and 1000 nm (upper-
right) depth notches.

Our results confirm that the engineered notch dominates the spectral properties of WGMs in
microdisk lasers. In such a laser cavity the frequency and amplitude of CW and CCW modes
describe the eigenvalues and eigenfunctions of the system. The single notch breaks the degeneracy
of the CW and CCW propagating modes, and instigates their mutual interaction leading to strong
coupling with each other described by a coupling coefficient k. This coupling results in the
splitting of each mode as described by the mathematical frameworks of coupled-mode theory™,
where the eigenvalues of CW and CCW modes are described in equations (2a) and (2b),
respectively,

da ) )
qf = Jwaa + jkb +y,a (2a)
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where a and b represent the amplitudes of CW and CCW modes, w, and w,, are the frequency of
the modes, and y, and y, are the modal gain values which are directly related to the pump
intensity. In the absence of coupling, w, = w, = wy, and the CW and CCW modes are degenerate.
When there is coupling, the eigenvalues of CW and CCW modes can be obtained by solving the
coupled rate equations. We then obtain the eigenvalue equation (3)
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In this situation, CW and CCW form an interactive system. The frequency splitting can be

expressed in the form w@?) = w, + /K2 —¥2, where y is the gain-loss contrast between the
coupled modes y = y, — y,. When the notch depth is small, the gain-loss contrast y of CW and

CCW mode remains below the coupling coefficient x; consequently \/k? — y? is real, and the
eigenfrequencies of the two modes have the same imaginary part but show splitting in the real part,
which represents the frequency splitting of the observed modes. As the depth ofthe notch increases,
because of the phase difference of CW and CCW modes, the notch adds additional loss to one of
the coupled WGMs, similar to the influence of nanoparticles on WGM modes as reported in Ref
8. The symmetric mode locates that notch at the antinode and the asymmetric mode locates the
notch at the node, the symmetric mode experiences frequency shift and amplitude decay. When
this additional loss is added to one of the CW and CCW modes, the gain-loss contrast y increases.
Consequently when y exceeds k, a conjugate pair of WGMs emerges. The eigenvalues of CW and
CCW now share real frequency but have different modal gains. This can explain why the mode
splitting disappears after a large notch is embedded in the microdisk. Furthermore, if a second
notch with large depth is embedded in the microdisk, it will add additional loss to the surviving
WGM, which will cause the net gain to remain below the threshold value for both CW and CCW
modes, preventing the microdisk from lasing.

In our previous result?’, we found that the CW and CCW modes similarly form a strongly
coupled lasing system in a microdisk laser with fabricated defects, and that coupling pairs of
such microdisks results in the reduction of parasitic mode-splitting due to an exceptional point of
the non-Hermitian system. The enhanced control over the influence of boundary perturbations
imparted by controlled engineered notch defects provides an interesting expansion to the various
phenomena that have been displayed in the non-Hermitian coupled WGM resonators®?-3340:41,
We have therefore subsequently investigated the coupling between two microdisks with
engineered notches. For these measurements, the microdisk pair is swept through the pump beam

spot incrementally. The offset between the pump spot and the pair center, which we call ADp,
then becomes a proxy for the gain/loss variation, between the two microdisks. In Figs. 5(a-c) we
show the emission spectra obtained when a pair of microdisks each with d = 1000 nm notch is

placed in the center of the laser beam, where ADp = 0 um, so that both individual disks are

pumped evenly (Fig. 5b), and when ADp = 25 um, the left and right disk are pumped
exclusively (Figs. 5a,c). This latter configuration resembles the Parity-Time (PT) symmetric
configuration®*. As discussed above, 1000 nm notch depth strongly reduces mode splitting
between CW and CCW modes. When we pumped the notched microdisk individually, the
emission spectra similarly do not show mode splitting since one of the CW and CCW diminishes
due to their mutual interaction caused by the notch. In Fig. 5b both disks are pumped evenly, and
the spectra show clear mode splitting. These results are consistent with the behavior of PT
symmetry breaking***°, This phenomenon can also be explained using coupled-mode theory,
similar to equations (2) above. With only one mode surviving in each disk due to the large notch,
lasing modes of the two disks interact with each other with inter-disk coupling strength k'. In this
case, w; and wy are the frequency of the surviving modes in the left disk, L and the right disk, R,



yrand yy is gain of left and right disk which is controlled by the spatial overlap of the pump
beam spot and the microdisk pair.
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After solving for eigenvalues, we get: w"®) = w, +/k'2 —y'2. ¥’ is the gain-loss contrast
between the coupled modes in left and right disks y; — yg. When left and right microdisks are

pumped evenly (Fig. 5b), /k'? — y'2 > 0, thus the frequency splitting occurs in the real part of
the eigenvalues and the spectra shows mode splitting. When either the left or right microdisk is

pumped exclusively, y' exceeds k', and thus \/k'? —y'2 < 0, and both modes have same
frequency but one of them is amplified and the other is attenuated. This causes the PT symmetry
breaking and mode-splitting to not be observed in the emission spectra (Figs. 5a,c)

Quite a different situation occurs when we pump the disk pair with 200 nm depth notch. The
emission spectrum of microdisk pair when the left and right disk are pumped individually show
mode splitting (Figs. 5d,f). Again, we see the results from asymmetric pumping of the pair is
similar to those of the individual disks, namely, mode splitting is observed because of the breaking
of degeneracy of CW and CCW modes through their interaction with each other, which is caused
by the engineered notch. Surprisingly, the emission spectrum of the evenly-pumped pair shows no
trace of the mode-splitting (Fig. 5e). These results are similar to our previous report®’, which
showed that mode splitting due to unintentional defects coalesce when both disks are equally
pumped. In the current situation, there are four interacting modes; these are CW and CCW modes
of the left and right disks. The CW mode in the left disk has stronger coupling strength to the CCW
mode in the right disk than CW mode due to mutual directionality of propagation. For the same
reason, the CCW mode in the left disk has stronger coupling strength to the CW mode in the right
disk than the CCW mode. This generates a similar situation to that in Ref. 29, in which the
existence of a large coupling anisotropy leads to coalescence of mode splitting when two disks are
evenly pumped. The ability to realize these two distinct scenarios for evanescently coupled
microdisk resonators is a direct consequence of the controlled intracavity coupling imparted by the
notch. This demonstrates the ability of intracavity elements such as the engineered notch to tune
interactions in PT-symmetric systems.



) @ " @ @
150
= 140 = < 120
= 120 s 3 100
£ 100 = -
2 g 1w N
2 a0 5 §
s @ E £ &0
s = c
'i 40 g 504 g 40
£ ki @
g 20 £ a 2
0 o 0
640 650 640 650 650
d - e . Wavelength (nm) fo Wavelanglh (nm)
~ 150
3 - 3
% 3 4
= 40 5 s 40
£ = =
g 100 z
= £ 2z
c £ £
§ M g sl 5
=5 [ w
E k4 i
- 5 MM i
I w
4] 0 0
640 650 660 840 850 660 640 650 660

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 5. Laser emission characteristics of coupled pairs of microdisk resonators with engineered notch.
a-c, Laser emission spectra from a coupled microdisk pair with 1000 nm depth engineered notch pumped in
various configurations, where the pair is placed at different locations in the pump beam spot, such that only the
left or right microdisk is pumped (a and ¢), or the pair is pumped evenly (b), as illustrated schematically above
each plot. d-f, Laser emission spectra from a coupled microdisk pair with 200 nm depth engineered notch,
pumped in the same configurations as in (a)-(c).

In order to provide direct experimental proof that the two scenarios described above result from
the presence of exceptional points in the coupled systems, we show the behavior near the center

of the beam spot as ADp is varied incrementally. The results are displayed in Figure 6. For large
notch depth of d = 1000 nm (Fig. 6a,b), we observe a single set of WGM modes localized in one

microdisk that begins to split when ADp = —7.5 um. The splitting then increases as the pump
beam moves closer to the center of the pair reaching a maximum near ADp = 0 um, where the

gain/loss contrast is minimal. The splitting then decreases as ADp increases, eventually coalescing
into a single set of modes now localized in the other microdisk. For a smaller notch depth of d =
200 nm, the opposite behavior is observed. In this case, the modes show broken degeneracy due
to the presence of the engineered notch when the gain/loss contrast is high and the modes are

localized. Then as ADp approaches zero from either side, the modes move closer together before
becoming indistinguishable and coalescing when the pump beam is placed at the center. The
nature of the exceptional point in the coupled microdisk system is thus observed to be determined
by the different kinds of intra-disk modal interactions provided by the depth of the engineered
notch.
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Figure 6. Modal behavior of coupled pairs of microdisk resonators in the vicinity of the exceptional point.
a. Laser emission spectra from a coupled microdisk pair with 1000 nm depth engineered notch as a function of
the overlap of the pump beam with the pair center, ADp. b. Positions of the mode peaks as a function of ADp.
¢, d. Same as (a,b) but for microdisk pairs containing engineered notch of 200nm depth.

Conclusion

By studying the lasing properties of microdisk cavities with engineered notches, we found that the
implantation of a large engineered notch into the circular microdisk resonator diminishes the
splitting between CC and CCW modes, as well as enhances the directionality of the resulting laser
emission. In addition, it strongly diminishes the effects of natural fabrication defects and therefore
can be a useful method for obtaining spectral purity in WGM resonators based on CQDs and other,
less rigid materials. The engineered notch may thus be used to overcome roadblocks to the use of
such low-cost flexible and chemically tunable materials that can expand the range of on-chip
photonic applications. The role of the notch was described via the intracavity interaction of the
counter propagating modes using coupled-mode theory. We further discussed the performance of
these resonators in evanescently coupled pairs. Parity-Time symmetry breaking generated mode
splitting due to inter-disk coupling when the external gain and loss contrast was modulated
between microdisk pairs with large size notches, where mode splitting is quenched, while
coalescence of mode splitting is achieved when disk pairs have small size notch and large coupling
anisotropy between broken-degeneracy modes. The controlled intracavity mode interaction



provided an additional element of spectral control for tuning in inter-cavity coupled resonator non-
Hermitian systems.

Supporting Information

Lithography based microfabrication process for CQD microdisks, Atomic Force Microscopy
image of height profile of microdisks, Amplified Spontaneous Emission and threshold behavior
of CQD thin film, Finite Difference Time Domain simulations of coupling rate and field profile
between microdisks.
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Materials and Methods
Chemicals and Materials

Cadmium oxide, tri-n-octylphosphine (TOP, 90%), zinc acetate, dodecanethiol and selenium
powder were obtained from Sigma Aldrich. 1-octadecene (ODE, 90%), butylamine (BA, 98%),
oleic acid (OA, 97%), and sulfur were obtained from TCI. 1,7 diaminoheptane (DIAH, 98%) and
ethyl lactate was obtained from Sigma Aldrich. Toluene and heptane were obtained from BDH
Chemicals. CYTOP was obtained from AGC Chemicals. NR 71-3000p photoresist was purchased

from Futurrex. All chemicals were used as received.

Synthesis of compositional gradient CdSe/Cd..Zn.Se;.,S, QD

CdSe/Cd,_xZn,Se,_,S, core/alloyed-shell QDs feature a CdSe core encased in a
Cdq_xZn,Se;_,S, alloyed-shell, where x and y increase from zero at the shell interior to 1 at the
shell outer-surface. These QDs were synthesized by modifying reported methods®'*’. The
compositional gradient shell is created by using the reactivity difference between Cd, Zn, Se, and
S precursors. Briefly, 1 mmol of CdO, 2 mmol of Zn(acetate),, 5 ml of oleic acid, and 15 ml of 1-

octadecene (ODE) were placed in a three-neck flask and degassed at 150°C for 1 h. The reaction



was heated to 300°C under Ar. At the elevated temperature (300°C), 0.2 ml of 1M Se/TOP
solution was rapidly injected to initiate nucleation and growth. After 5 min, 0.3 ml dodecanethiol
was added. The reaction was kept at 300°C for 20 min. Then, 1 ml of 2M S/TOP was added. Then
the heating mantle was removed to stop reaction. 10 ml of hexane was added to the solution once
the temperature reached 70°C. The QD solution was purified by adding acetone as antisolvent to
remove excess ligands. After discarding the supernatant, QDs were dissolved in heptane and stored

in a refrigerator.

Microdisk Fabrication.

Fabrication of QD microdisks includes several steps. First, a low refractive index layer of
CYTOP (n = 1.34) was deposited on the silicon wafer (n = 3.44) in order to provide light
confinement within the QD cavities. CYTOP solution was spun cast on the substrate with a spin
speed of 2500 rpm for 3 minutes. A subsequent baking at 100°C for 30 minutes was performed.
This process was repeated two times to achieve film thickness of 1.5 um. A short oxygen plasma
etch (5 seconds) was performed to improve the wettability of the CY TOP surface for the
deposition of the negative photoresist (NR 71-3000p). Ethyl lactate was added to the negative
resist NR71-3000p solution to dilute it to one third of the original concentration provided by the
company. The diluted resist was spun cast on the CYTOP/silicon substrate (3000 rpm for

1 minute). The cast film was subsequently soft baked at 165°C for 5 minutes and exposed to

365 nm with a dosage of 123 mW. The exposed film was then post-baked at 100°C for 5 minutes
and developed by soaking in RD6 developer for 5s. After the development, the film was rinsed
with water and dried by blowing with air. The QD microdisks were fabricated by spin casting
butylamine-capped QD solution (in heptane) of ~3-6 mg/mL at 1000 rpm for 1 minute onto the
polymer pattern. The cast layer was subsequently immersed in 0.1M diaminoheptane solution in
methanol for 1 minute and rinsed with methanol 2 times while spinning at 3000 rpm for

I minute. The above process was repeated multiple times to achieve the desired thickness. The
polymer pattern was subsequently removed by soaking in acetone while sonicating for 3-

10 seconds. The characterization of gain properties of films was previously described?2.

Scanning electron microscopy



SEM characterization was performed on a Hitachi S-3400N SEM with a back-scattering electron

detector with an accelerating voltage in the range of 5-10 kV.

Optical Characterization.

The samples were placed on a three-dimensional stage under a home-built confocal micro-
photoluminescence set-up. The excitation source was provided by the second harmonic (532 nm)
of a solid-state Nd:YAG laser delivering 7 ps pulses at a repetition rate of 200 Hz. The beam was
focused through a 40x (NA = 0.65) microscope objective onto the sample using a dichroic mirror
(550 nm long-pass). The emission from the sample was collected through the same objective,
transmitted through the dichroic mirror as well as an additional 550 nm long-pass filter, focused
onto a multimode optical fiber and recorded using a 2 m spectrometer and CCD array. The
spectral revolution of the setup was 0.2 nm. Alternatively, a camera was placed in the emission
path to collect fluorescent images of the microdisks. The beam size was set with an iris to 50 um

in diameter.
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