ROYAL SOCIETY

Journal of

Materials Chemistry C

OF CHEMISTRY

View Article Online
View Journal | View Issue

Enhancement of optical gain characteristics
of quantum dot films by optimization of organic
ligands+

CrossMark
& click for updates

Cite this: J. Mater. Chem. C, 2016,
4, 10069

Sidney T. Malak,® Evan Lafalce,” Jaehan Jung,® Chun Hao Lin,® Marcus J. Smith,*
Young Jun Yoon,? Zhiqun Lin,? Z. Valy Vardeny® and Vladimir V. Tsukruk*?

This work examines how the optimization of molecular dimensions and chemical functionality of the
organic ligands of quantum dots (QDs) can be explored for dramatic enhancement of the optical
properties of QD films, particularly, optical gain. We show that the replacement of traditional
QD organic ligands with a much shorter ligand, butylamine, yields a dense QD-packing that results in a
two-fold increase in optical gain. Overall, the highly packed QD films exhibit very large net gain values
(~500 cm™Y) which greatly exceed typical Cd-based QD films with traditional ligands. In addition,

~2 were observed, which is

thresholds for amplified-spontaneous emission (ASE) down to 50 pJ cm
exceptionally low for ns-pulse pumped QD systems. Our results confirm an additional route for
obtaining high optical gain using QDs, and outline a strategy for modifying the optical gain
characteristics by ligand exchange without needing to modify the QD selection. Consideration of the
ligands along with QD compositional design could make it possible to fabricate photonic systems with

exceptionally low lasing thresholds, and offers a route toward achieving high gain using steady state
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Introduction

The large variety of nanoparticles, nanoscale deposition approaches,
and nanoscale patterning strategies that have been recently
introduced open up tremendous possibilities in the area of
nanophotonics.™ A primary advantage of nanoscale particles
over conventional bulk materials is their size-and-shape depen-
dent properties.”™ The tuning of nanoparticle properties is
possible by carefully controlling their dimensions and shape,
and allows a single nanomaterial to satisfy multiple system
constraints (for example, multiple emission colors), which in a
bulk scale system may require multiple materials. This tun-
ability has led to exciting possibilities in the areas of lasers,'*"*
LEDs,">"? solar cells,"* and imaging."”

Quantum dots (QDs) are well-known semiconducting nano-
particles with a diameter typically below 10 nm that exhibit
size-dependent properties due to quantum confinement of the
exciton Bohr radius.’ QDs have attracted much attention due
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pumping, an extremely difficult feat to achieve in traditional QD systems.

to their broadband absorption, narrow band emission, high
quantum yield, and minimal optical loss (which continues to
be an obstacle for plasmonic particles).’® Since the degree of
confinement depends on the size and material of the quantum
dot, the absorption and emission can be tuned from blue to
NIR,'” with smaller QDs displaying bluer absorption/emission.'®
QDs exhibit a number of additional characteristics that make
them ideal candidates for photonic applications, including:
polydispersity below 10%," full-width at half-maximum (FWHM)
down to 30 nm,"” quantum yields up to 90%,?° and tunable
chemical functionality and packing density via ligand exchanges.*"**
Research into the underlying mechanisms behind the confinement
phenomena has been enabled in large part by the development
of reliable synthesis approaches for semiconducting QDs.**?*
Furthermore, QDs are compatible with many nanoscale deposition
techniques (spin-assisted layer-by-layer assembly,*>?® Langmuir-
Blodgett,”” Langmuir-Schaefer’®) and patterning techniques
(jet printing,”® upContact printing,"* transfer printing,*
photopatterning®'), allowing for control over the arrangement
of QDs and their collective behavior. This universality makes
QDs ideal candidates for next generation photonic applications,
including imaging and labelling,'® solar cells,"* LEDs," and
quantum computing.’?

Quantum dots have particular potential in the area of optical
gain and lasing systems. For example, gain from the blue to NIR
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has been demonstrated using many types of QDs, including
CdTe,*® PDbS,** Cdse,**° CdSe/znS,’” and CdSe/CdS/znS.*®
Typical gain values range from 60-200 cm ' depending on the
pumping conditions, system design, and type of QD.**"*® various
feedback mechanisms for lasing have also been demonstrated,
including microcapillary resonators,*>*® microsphere resonators,*’
distributed feedback resonators,”’ and planar microcavities.*>
These studies clearly demonstrate the potential of quantum dots
for optical gain and lasing applications.

To date, the majority of studies have tried to maximize
optical gain by minimizing the Auger recombination rate via
size,*® type-I design," type-II design,***> and QD composition.**~*
These studies have been complemented by investigations on
the formation and relaxation dynamics of the various exciton,
biexciton, and multiexciton states in different types of quantum
dots (core, core/shell, core/graded shell) using state-resolved
pumping/probing.*®~*° This has resulted in a steady increase in
understanding of the structural dynamics of multi-excitons,
and led to important discoveries like size-independent occupa-
tion thresholds and gain tailoring via excitonic state.*®*° However,
only a few studies have considered how QD packing density and
thermodynamic properties of the film affect the optical gain
characteristics.*® This is surprising since QD packing is a
particularly important area of investigation in QD photovoltaics
where ligand selection has been used to increase QD packing
and therefore charge transport.”” Initial results, however, have
shown that small ligand engineering can allow for ultra-high
optical gain of 650 cm™ " to 1200 cm ".'>*' The increase of
optical gain stems from the fact that the ligand affects QD
packing density (QD-loading), and, in turn QD-loading affects
the stimulated emission build-up time and optical gain value
(ESL:t eqn (S1) and (S2)).° In addition, QD-loading affects the
effective refractive index of the film which affects the degree of
light confinement.” Furthermore, tightly packed QD films with
short QD ligands exhibit higher thermal transport, which is an
important factor to consider for film integrity under optical
pumping.'®>* The functional groups of the ligand also control
the type of bonding to the QD surface (L-type versus X-type) and
how readily reversible adsorption/desorption occurs.>*** Finally,
the thermodynamic properties of the ligands (melting point,
vapor pressure, boiling point) can vary widely between short and
long ligands,” which can affect the physical and optical stability
of the films due to desorption of ligands, film dewetting, or
rearrangements of QDs. Understanding how the QD ligand
choice affects the optical gain properties is thus critical to
optimize system design, and could offer new strategies for
tuning the magnitude and stability of optical gain that have
not been considered before.

In this work, we demonstrate how the optical gain charac-
teristics (threshold, magnitude, and stability) of QD films
depend on the type of ligand used to stabilize the QD. These
results are examined from the perspective of how the size and
thermodynamic properties of the QD ligand affect the physical
characteristics of the film, including QD-loading fraction and
refractive index. We show that replacing traditional long chain
ligands with shorter ligands can increase QD-loading up to 50%
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and consequently increase the refractive index up to 1.88
(at 650 nm). These changes profoundly influence the emission
light confinement within the film, as well as the optical gain
magnitude, with more than a two-fold increase observed between
the long and short QD-ligand systems. These property changes
have led to exceptionally high net gain values (~500 cm™") for
a Cd-based QD system, as well as excellent optical stability.
This research shows a facile approach for tuning the QD gain
characteristics that does not require any modification to the QD
synthesis process or selection of different QDs.

Experimental
Chemicals and materials

Cadmium oxide (CdO), zinc acetate (99.99%), zinc acetylacetonate,
tri-n-octylphosphine (TOP, 90%), selenium powder, and
1-dodecanethiol (98%) were obtained from Sigma Aldrich.
Hexanes, heptane, and octylamine (OctA, 98%) were obtained
from Alfa Aesar. 1-Octadecene (ODE, 90%), hexadecylamine
(HDA, 90%), butylamine (BA, 98%), and oleic acid (97%) were
obtained from TCIL Toluene was obtained from BDH Chemicals.
The fluorinated polymer CYTOP was obtained from AGC
Chemicals. All chemicals were used as received.

Preparation of core/graded shell CdSe/Cd,_,Zn,Se,_,S,
quantum dots

High quality oleic acid-capped red emitting core/graded shell
CdSe/Cd, _,Zn,Se;_,S, QDs were prepared by slightly modifying
the reported method.>******” 1 mmol of CdO, 2 mmol of zinc
acetylacetonate, 5 ml of oleic, and 25 ml of ODE were placed in
a 150 ml three neck flask. The mixture was degassed at 150 °C
for 1 h. The temperature was then increased to 300 °C under Ar.
Subsequently, 0.2 ml of 1 M Se/TOP solution was rapidly
injected to initiate nucleation and growth. After 5 min elapsed,
0.3 ml of dodecanethiol was added drop-wise. The reaction was
kept at 300 °C for 20 min. Then, 1 ml of 2 M S/TOP was injected.
The heating mantle was removed to stop the reaction after
10 min. 10 ml of hexanes was added when the temperature
becomes 70 °C.

Ligand exchange: preparation & characterization

The ligand capping the QDs was exchanged from oleic acid (the
original ligand during QD synthesis) to one of the other ligands
used in this study by a multistep ligand exchange. The prepared
CdSe/Cd, _,Zn,Se;_,S, QDs were purified with acetone three
times to remove excess oleic acid and ODE. Subsequently, oleic
acid-capped CdSe/Cd,_,Zn,Se;_,S, QDs were re-dispersed in
hexane, and then an excess amount of the new ligand (butyl-
amine, octylamine, or hexadecylamine) was added. The ligand
exchange reaction was allowed to proceed at 45 °C for 4 hours.
The solution was then precipitated using methanol and
re-dispersed in a mixture of hexane and the new ligand. This
procedure was repeated three times. It is worth noting that a
residual amount of the original ligand is typically present after
a ligand exchange so a mixture of oleic acid and the new ligand
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(butylamine, octylamine, or hexadecylamine) might likely exist.”*
However, the three rounds of ligand exchange should minimize
this possibility to a level not easily detectable. The resulting
product was finally precipitated using methanol and dispersed
in the desired solvent. Proton nuclear magnetic resonance
(HNMR) was used to examine how effectively the new ligand
displaced the original ligand by examining changes in peak
intensity, shifts in peak position, and the emergence of new
peaks. Measurements were made using a Varian Mercury 400
NMR instrument with samples in deuterated chloroform.

The morphology of the core/graded shell CdSe/Cd,;_,Zn,Se;_,S,
QDs was studied by transmission electron microscopes (JEOL
100cx (100 kV) and Tecnai F30 (300 kV)). The mass fraction of
the QDs in solution was determined by analyzing the amount
of mass present versus temperature using a thermal gravimetric
analysis (TGA) instrument (TA Instruments TGA Q50) with a 100 ul
open platinum pan. Samples were analyzed by first equilibrating
at 30 °C followed by ramping the temperature to 600 °C using a
10 °C min ™" temperature profile under a constant flow of nitrogen.
Volume fractions of the organic and inorganic components were
calculated using the bulk density of each component.

QD-ligand film preparation

QD films were fabricated via spin-casting (2000 rpm, 1.5 minutes)
a QD solution (heptane or toluene). Film thickness ranged from
150-250 nm in order to support only the first waveguide mode.
QD films were deposited on a CYTOP film (1400-1600 nm thick)
which has a sufficiently low refractive index (1450 = 1.34) to cause
light confinement and waveguiding within the QD film.*® The
CYTOP was exposed to air or Ar plasma for 5 seconds in order
to improve wetting of the CYTOP by the QDs. Silicon with a
290-295 nm thick SiO, surface layer was used as a substrate to
minimize leakage (and attenuation) of light from the QD film.
However, the attenuation of light that does leak from the QD film
into the Si substrate helps ensure that the light detected at the
edge of the substrate (during the gain measurement) is the light
that has propagated through the QD film (and not the substrate).
The substrates were cleaved to obtain sharper, cleaner edges
which improve the intensity of the output light and to help ensure
that the area of the film exposed to the pump light was uniform
over the length of the pump strip length.

Film & solution characterization

UV-vis extinction of the QDs was collected from 350-800 nm
(1 nm intervals) using a Shimadzu UV-vis-2450 spectrometer
with D2 and tungsten lamps offering a wavelength range
of 300-1100 nm. The photoluminescence of the films from
550-750 nm was measured using a Shimadzu RF-5301PC
spectrofluorophotometer. The quantum yield of the QDs was
approximated using the relative method according to outlined
procedures.”® Rhodamine 101 was used as the reference dye
due to its appropriate absorption and emission overlap with the
QDs used in this study.

Dark field, bright field, and photoluminescence images were
collected using a Dagexcel-M Digital Firewire camera (cooled)
and a 50x objective (NA: 0.80). Photoluminescence imaging
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was performed using excitation from a blue bandpass filter
(450-490 nm) with a dichroic mirror that reflects optical
wavelengths below 495 nm and with a longpass emission filter
that passes optical wavelengths above 500 nm. Both filters and
dichroic mirror are from Chroma Technology Corp. The light
source was a quartz halogen lamp with an aluminum reflector
providing an emission range of 420-850 nm and a maximum
power of 150 Watts.

The QD films were examined using a spectroscopic ellipso-
meter from Woollam (model M2000) with a wavelength range
of 245-1000 nm and a rotating compensator configuration.
Film thickness was determined by applying a Cauchy model to
the transparent region of the optical spectrum. The refractive
index at 650 nm (also in the transparent region) was estimated
with the Cauchy model. QD-loading (volume fraction) was
calculated using the Bruggeman model, the effective refractive
index of the film (at 650 nm), and the refractive index of
the appropriate ligand. The refractive index of the CdSe/
Cd,_,Zn,Se;_,S, QD material was approximated using CdSe
while the refractive index value of the ligands was determined
from literature or supplier.

Atomic force microscopy (AFM) images were collected using
a Dimension Icon AFM microscope (Bruker) in tapping mode
according to the usual procedure.®® MikroMasch pyramidal
silicon tips were used for scanning.

Confinement factor modeling

Modeling of the confinement factor was done using Mode
Solutions (version 7.7.786) from Lumerical Solutions Inc. The
confinement factor (for the E, component) was determined by
integrating the power of the electric field over the thickness of
the QD film and normalizing against the total power in the
system. A 1 dimension y-direction solver (1DT: Z-propagation
model) was used to determine the modes and electric field
distributions, where the film cross-section was in the xy-plane
and the light propagation in the z-direction. The theoretical
layered model corresponded closely to the actual layered systems
in terms of thicknesses and refractive index (the refractive index of
each QD-ligand combination was obtained from an average of
multiple films).

Optical gain and loss measurements and fitting

The third harmonic (355 nm) of a Spectra Physics Quanta-Ray
INDI-series Pulsed Nd:YAG laser (pulse width of 5-8 ns, repeti-
tion rate of 10 Hz) was used as a seed for a GWU-Lasertechnik
basiScan Beta-Barium Borate Optical Parametric Oscillator,
producing a pulse of wavelength 440 nm. This wavelength
of 440 nm was used for all ASE threshold, gain, and loss
measurements in this study.

Variable stripe length (VSL) gain measurements were per-
formed according to standard procedure.”® The excitation beam
was shaped into a stripe of 125 pm width using a cylindrical lens
(15 cm focus length), and the stripe length was controlled by a
pair of blades mounted on mechanically controlled stages that
provided an adjustable slit. Only the central 10% of the beam
was used to minimize pump inhomogeneity due the Gaussian
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intensity profile. The pump beam intensity, Iump, was varied by
means of a pair of polarizers or neutral density filters. One end of
the stripe excitation was placed on the cleaved edge of the film
while the length of the excitation stripe was progressively
increased. The emission from the edge was collected with a
5 mm fiber and recorded using a commercial spectrometer
(Ocean Optics USB4000; resolution 2 nm). Gain values were
extracted according to the model proposed by Malko et al.,* that,
in addition to the exponential gain term, incorporates a linear
exciton term to account for photoluminescence. This has been a
common approach for fitting QD gain.'"?*3>>!

Loss measurements were conducted in the same experi-
mental geometry. However, in this case, the length of the
excitation stripe was held constant, while the distance of the
stripe from the edge of the film, d, was varied by simultaneously
varying the position of both blades.®’ As the emission propa-
gates towards the collecting fiber, it experiences attenuation by
scattering and re-absorption in the unexcited region of the film.
The decay of the collected emission signal with increasing
distance, d, from the edge was fit to an exponential law:
I(d) = 1(0) exp(—ad) to extract the loss coefficient o.

Gain threshold values were obtained by determining the
intersection of the linear fits to the low intensity (linear) region
and the high intensity (superlinear) region of the pump fluence
versus emission plot (on a log-log scale).

Results and discussion
Quantum dot characteristics

The quantum dots in this study have a core/graded shell type-I
composition (CdSe/Cd,_,Zn,Se;_,S,), diameter near 8 nm, and
exhibit typical broadband absorbance below 614 nm and a
Stokes-shifted narrow emission peak near 624 nm (Fig. 1a). All
QD films use the same type of quantum dot since the presence
(and type) of inorganic passivating shell has been shown to
affect exciton dynamics and gain properties.*®*® The length of the
amine-functionalized ligands was varied from 16 (hexadecylamine),

(a) (b) w

Oleic acid (oleic)

CH3(CH,),CH=CH(CH.),COOH
\--|=

KRS8

CH3(CHy)1sNH,

Octylamine (OctA)
CH5(CH,);NH,

Butylamine (BA)
CH;(CH,);NH,

Absorbance
Photoluminescence

400 500 600 700 800
Wavelength(nm)

Hexadecylamine (HDA)
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8 (octylamine), to 4 (butylamine) carbon atoms in order to examine
how the maximum QD-packing density depends on the ligand
length (Fig. 1b and c). Oleic acid was chosen as a standard control
primarily for comparative purposes because it is a common QD
ligand widely used in the literature.'®***>>

The efficiency of the ligand exchange process is monitored
and confirmed via NMR, an example of which is shown in
Fig. S1 and S2, see ESL.{ The optical properties of the QDs were
examined before and after the ligand exchange since the
process involves exposure to multiple solvents and washing
steps, as well as a change from a carboxylic functional binding
group to an amine group. Quantum yield experienced the most
notable change (decrease) after the ligand exchange process,
with other optical properties remaining nearly unaffected
(Table S1, ESIf). Decreases in quantum yield are typically
attributed to less effective passivation of the QD surface which
opens up nonradiative relaxation pathways for exciton
recombination.’®®*®* However, in this case the variation in
QY should not be a critical factor since the stimulated emission
lifetime of these QD films (less than 0.1 ns) (Table S2, ESIt) is
much shorter than typical alloyed QD spontaneous recombina-
tion lifetimes (<4 ns).®*>*

QD film uniformity & morphology

QD films were fabricated via spin-casting, covering the sub-
strates uniformly and having uniform PL emission (Fig. 1a
inset), as evidenced by bright field, dark field, and photolumi-
nescence imaging (Fig. S3, ESIt). The QD films were deposited
on a fluorinated polymer layer (CYTOP) with a low refractive
index to improve light confinement (waveguiding) within the
QD film.>"*® The CYTOP film was briefly exposed to plasma in
order to promote wide-spread wetting by the QD film. AFM
topographical and phase images show that the morphology of
the QD films depends on the ligand coating the QDs. Films
of oleic acid capped QDs (oleic-QD) show the presence of
domains with a dense arrangement of QDs (Fig. 2a). The phase
image indicates that the QD domains are separated from

(c)
Q-
0- 000
Q- 0000 -

QD-Packing
30%

Fig. 1 The QDs show broadband absorption and narrowband emission (a), which is easily visible under UV excitation (Inset). Ligands of different size (b)
were used to stabilize the QDs in order to control the spacing between adjacent QDs when deposited into film (c). The QD-QD spacing dictates the

maximum QD-packing density.
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Fig. 2 AFM surface morphology (column 1), 3D topography projection (column 2), topographical cross-section (column 3), and phase (column 4) for
(a) oleic acid, (b) hexadecylamine, (c) octylamine, and (d) butylamine capped QD films. Z-scale is 20 nm for the oleic—QD film scan and 10 nm for all
others. Phase scale is 20° for the oleic—QD film scan and 10° for all others.

adjacent QD domains by regions of a different phase which is
likely excess oleic acid that was not removed during washing as
well as a thick coating of oleic acid from submerged QDs.
The QD films of hexadecylamine-capped QDs (HDA-QD),
octylamine-capped QDs (OctA-QD), and butylamine-capped
QDs (BA-QD) have larger particle-like domains (likely aggre-
gated QDs) that appear to cover the entire surface area (Fig. 2b-d).
The formation of localized lattice-like regions has been observed
previously in oleic acid-QDs films, as well as the transformation
to a more chaotic pattern upon replacement with a shorter ligand
like butylamine.* We attribute the presence of a lattice arrange-
ment in the oleic-QD film and the tighter aggregate arrangement
in the BA-QD, OctA-QD, and HDA-QD films to two factors.
First, oleic acid provides exceptional colloidal stability due
to its covalent bond with the QD surface and large size, which
reduces aggregation of QDs in solution and allows for deposition
of individual QDs that can form uniform QD lattice domains
during spin-casting. On the other hand, the QD colloidal stability
provided by the amine-based ligands (BA, OctA, HDA) is not as

This journal is © The Royal Society of Chemistry 2016

effective, which can lead to minor QD aggregation in solution
that leads to larger domains in the film state. Second, the volume
of oleic acid is greater than all the amine functionalized ligands
(discussed later), which leads to greater spacing between QDs in
the film state than that provided by the smaller amine-ligands.
Greater QD spacing makes it easier for lattice-like QD arrange-
ments to be observed.

Cross-sections of the height scans show a surface with sub-
nanometer high bumps, indicating that the QDs are tightly
packed with the free ligand filling the areas between adjacent
QDs. The Ry roughness spans from approximately 4 nm
(500 nm scan area) to 8 nm (10 um scan area) for all samples.
In some instances, BA-QD films will appear smooth with no
clear indication of QDs if examined very soon after film
deposition, which is likely due to the fluid-like nature of
butylamine at room temperature (melting point of —49 °C in
free state) and its volatility (vapor pressure of 82 mmHg).”> This
fluid nature can compromise the AFM scanning to track surface
features.

J. Mater. Chem. C, 2016, 4, 10069-10081 | 10073
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Ligand characteristics & QD-loading (volume fraction)

The four ligands used in this study each have a different
molecular volume in the free-state (oleic acid: 0.320 nm?,
HDA: 0.295 nm®, OctA: 0.159 nm?, BA: 0.091 nm®).>® Therefore,
changing the ligand may change the maximum allowable
QD-packing density (volume loading) in QD films, which could
impact the magnitude and threshold of optical gain.

The QD-packing density was monitored using a variety of
approaches. High-resolution TEM (HR-TEM) of drop-cast QD
films shows that the space between QDs decreases as the size of
the ligand is decreased, with oleic-QDs having the largest QD
spacing and BA-QDs having the smallest (Fig. 3a). In addition,
QD content was estimated using ellipsometry (see Experimental
section).”® Examination of multiple films for each type of
ligand-QD film agrees with the trend observed in HR-TEM,
with QD-loading (volume percent) ranging from approximately
30% for oleic-QD films to 50% for the BA-QD films (Fig. 3b).
A similar increase in density of QD films has been observed

(a) Oleicacid

60

(b) QD Films

o
o

»
o

N
o
L

QD-loading (vol %)

-
o
I

04

Oleic acid-QD HDA-QD OctA-QD BA-QD

Fig. 3 Four ligands of different size were used in order to examine
how QD-packing is affected by ligand size. (a) HR-TEM micrographs of
drop-cast QD solutions and (b) ellipsometry characterization of spin-cast
QD films show that reducing the size of the ligand increases the
QD-loading (packing density) of QDs in films. Scale bar is 20 nm for all
TEM micrographs.
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previously upon exchanging oleic acid for butylamine (before
film deposition).>* The observed trend between ligand size
and QD-loading follows the theoretical relationship between
QD-loading and ligand size, which predicts 40% face-centered-
cubic (FCC) loading for oleic-QD and 50% for BA-QD (no
unbound ligand is present in the film) (Fig. S4, ESIT).

Finally, TGA of drop-cast QD films shows that the amount of
organic material (excess ligand and bound ligand) present in
the QD solutions generally decreases for shorter ligands
(Fig. S5, ESIt), which corroborates the trend seen in HR-TEM
and ellipsometry. Differences in the specific QD volume fraction
between the spin-cast QD films and drop-cast QD films can be
attributed to the difference in deposition methods, as well as the
volatility of the ligands (Fig. S5, ESI{).>>%>%°

QD packing is a critical characteristic since optical gain is
proportional to QD volume fraction.®> For example, an increase
of QD packing from 30% to 45% (factor increase of 1.5) is
expected to cause a similar 1.5 factor increase in the magnitude
of optical gain (ESLt eqn (S1)). In addition, QD packing
affects the film refractive index, which affects the degree of
light confinement within the QD film, the number of wave-
guide modes, and the optical loss due to leakage of light during
propagation.®”” A higher film refractive index increases the
index contrast with the underlying material (CYTOP) and
increases light confinement within the film, a necessary con-
dition for achieving high optical gain.

Optical gain threshold, magnitude, & stability

The existence of ASE is supported by a number of emission
characteristics such as the presence of clear threshold behavior
in emission intensity versus excitation intensity plots.'***%8
At threshold, the emission dependence on the pump excitation
intensity transitions from approximately linear at low intensity
to super-linear at successively higher pump fluence, as was
clearly observed for all QD samples (Fig. 4a) (note both axes are
log scale). ASE threshold values were obtained by determining
at what fluence this transition occurs (Fig. S6, ESIt). The light-
light curves were quite consistent over multiple spots (Fig. S7,
ESIt). The BA-QD, OctA-QD, and HDA-QD films exhibited
thresholds of approximately 30-50 pJ cm '* which matches
many of the lowest QD film thresholds to date,'®'" and is
5-10 times lower than the threshold of typical drop-cast QD
films using traditional ligands.*>°® The exceptionally low
thresholds are attributed to the uniformity of the QD films
and the high QD-packing density, which allow for efficient light
generation and propagation. Furthermore, the core/graded
shell composition of the QD also plays an important role,
with previous studies showing that a graded shell imparts very
effective surface passivation of the core. This passivation
decouples the core exciton states from surface trap states,
effectively deactivating the non-radiative surface trap relaxation
pathway.*¢%°

ASE threshold indicates the point where optical gain and
loss are equal, and can depend on a number of factors.”® In this
case, the large differences in threshold are attributed primarily
to the nature of the physical and thermal properties of the
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ligand. All ligands with the alkane structure and amine func-
tionalization (butylamine, octylamine, and hexadecylamine)
have similar thresholds, which are also much lower than that
shown by the film with the oleic acid ligand (which has an
internal double bond and a carboxylic acid terminal group).
The internal double bond makes oleic acid waxy at room
temperature and therefore highly fluid under optical pumping.
This fluidity allows for more QD diffusion, which can lead to
QD aggregation that increases optical scattering (optical loss)
and modifies the localized refractive index (disrupts light
propagation), both of which would delay the onset of ASE
(increase the threshold). Furthermore, the waxy nature makes
oleic acid QD films highly susceptible to physical damage.
The functional group of the ligand could play a role as well
by imparting different degrees of surface passivation to the QD,
which has been shown to have an impact on exciton trapping
rates and the required average exciton gain threshold.*®”*
Auger recombination (an important obstacle for achieving QD
optical gain) has also been shown to depend on factors like
charged exciton states that could be influenced by the ligand
functional group.”””* In addition, non-radiative hole relaxation
has been shown to occur through a non-adiabatic ligand-mediated
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mechanism, which means different ligands could increase or
decrease this non-radiative pathway.”* However, this phenomenon
is hindered by the presence of an inorganic shell so it is not likely
to be an important factor for the core/graded shell QDs in this
study. Likewise, it has also been shown that the Auger recombina-
tion rate can, in certain instances, be relatively independent of
surface passivation.” So, at this point in time it is unclear how
intrinsic exciton dynamics are affected by the ligand choice and its
influence on ASE threshold.

Spectral narrowing of the emission peak occurs simulta-
neously with threshold behavior and is an additional critical
indication of the ASE phenomenon.""*® The FWHM of PL of all
samples was approximately 30-40 nm, but narrowed to around
10 nm once ASE emerged (Fig. 4b), which is common for QD
ASE.'"%% All films show similar spectral narrowing (78 + 3%
reduction) compared to their initial PL FWHM. However, the
QD film with the oleic acid ligand (carboxylic acid functionality)
displayed the narrowest ASE FWHM (6 nm) since it began with
the narrowest PL FWHM (32 nm). The QD films with amine
functionalized ligands all show similar spectral narrowing to a
FWHM of 11 nm (from =40 nm). The difference in PL FWHM
appears to be correlated with how well the QDs are physically
arranged and the chemical functionality of the ligand. As shown
previously, the oleic acid-QD film has domains of well-ordered
QDs while the amine-QD films (BA-QD, OctA-QD, and HDA-QD)
have a less ordered arrangement (Fig. 2). These differences could
affect the degree of optical scattering during light propagation
(and therefore the broadening of PL FWHM). In addition, the
chemical functionality of the ligand can affect QD surface
passivation which affects the emission position, quantum yield,
and electronic structure of the QD surface.”® Additional con-
firmation of ASE is provided by the 10-15 nm red-shift of the ASE
peak compared to the PL peak. This is a common trait of ASE
often attributed to interparticle electronic energy transfer and
optical re-absorption (Fig. S8, ESIt).*%””

The direct quantitative measurement of optical gain for
each film was obtained using the variable stripe length (VSL)
pumping approach, which involves optical excitation of the
film using an excitation strip of variable length (Experimental,
Fig. 5a and b).”® If positive net gain is achieved, the spectrally
narrowed ASE peak will emerge as the pump length is increased
and the emission will exhibit an exponential increase of inten-
sity as the optical pump strip is lengthened (Fig. 5a and b).>**

Optical gain appears to scale with QD-packing (for the same
ligand functional group), with the HDA-QD film displaying
modest gain (225 + 53 cm™ ') similar to that reported in the
literature for Cd-based QD films.**®® In contrast, the OctA-QD
and BA-QD films exhibit the highest gain (518 + 49 cm™ ' and
508 + 113 cm ', respectively) (Fig. 6a). The OctA-QD and
BA-QD films have similar gain values because in this case the
films had similar QD-loading (50% and 49%, respectively),
indicating that QD-loading is affected by both ligand length
and the washing process. Gain values were averaged from
multiple spots over a sample (Fig. S9, ESIt).

These gain values exceed typical QD gain values (60-200 cm ™)
due to the exceptionally high QD-loading,*****"*® approaching

J. Mater. Chem. C, 2016, 4, 10069-10081 | 10075


http://dx.doi.org/10.1039/c6tc03148j

Published on 05 October 2016. Downloaded by Georgia Institute of Technology on 12/12/2016 21:18:38.

Emission (a.u.)

A ; ‘)‘ ;
EAER ;.n‘u’,h i :
550 600 650 700 750

(b) D:? @annn
_ Iﬂvum?m 5o 0%
= oy 00
< DWV © g g,, =508113cm"
g vv " = 518z49cm”
& v o © g, =225:53cm”
E v o o g, =61Hx9cm”

0.00 .01 0.02 0.'03 O.;M 0.:)6 0.& 0.’07
Stripe Length (cm)
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indicated by narrowing of the emission peak. (b) Emission intensity versus
pump length for various QD-ligands (curves were off-set for clarity). The
intensity data was fit to determine the gain value (/,ymp = 200 pJ cm™2).

some of the highest values reported.>® Although, as we suggest,
the high optical gain is primarily a result of QD-loading, a number
of additional system characteristics play a role. These factors
include reduced surface trapping and Auger recombination due
to the core/graded shell QD interface,>**® strong light confine-
ment due to the incorporation of a sub-cladding layer with a very
low refractive index, and increased absorption of the pump beam
caused by the use of a reflective substrate.>” An oleic acid QD film
displayed a low optical gain (61 + 19 cm™ ") that was difficult to
reliably measure due to its fluctuating ASE but was included as a
reference sample since oleic acid is a commonly used QD ligand
(discussed below).

The difference in optical gain magnitude between the films
with different ligand-QD combinations can be attributed to a
number of factors. First, as mentioned above, the material gain
value is expected to depend on the QD packing density
(eqn (S1), ESIt)’ due to an increase in the density of optically
excited QDs that participate in the ASE process as well as an
increase in the optical density of the film. An increase of optical
gain due to higher QD packing density has been observed
experimentally in layer-by-layer systems.** For example, the

10076 | J Mater. Chem. C, 2016, 4, 10069-10081

View Article Online

Journal of Materials Chemistry C

(a)
600
€ i
3400
£
O
o
200
0 T T T
30 32 48 50 52
QD-loading (vol %)
(b) 20
<o
<o
T
S 1.
N
©
£
Lo
2 :
~— 0<> v
w o0 .
(7)) o & Oleic-QD
< 0.5- —O—HDA-QD
- OctA-QD
~7—~BA-QD
0.0 1 T T T T T T
0 5 10 15 20 25 30

Time (min)
Fig. 6 The magnitude and stability of optical gain depends on the type of
QD-ligand pairing. (a) Optical gain versus QD-packing density. QD films
with higher QD-packing exhibit higher optical gains. (b) Stability of ASE
over a 30 minute period.

increase of QD packing from the HDA-capped QD film (34%)
to the BA-capped QD film (49%) can explain a factor increase
of 1.44 for the gain, which accounts for a portion of the
differences between these films (factor of 2.3).

Second, gain depends on the degree of light confinement
exhibited by the film since efficient light confinement leads
to more stimulated emission within the film, as well as lower
propagation losses from light leakage into adjacent layers.
Light confinement depends primarily on film thickness and
refractive index (RI) contrast between the QD film and the
surrounding layers, with higher refractive index contrast leading
to more efficient light confinement. Refractive index contrast was
dictated by the RI of the QD film since the underlying material
was always CYTOP (n = 1.34) and the top layer always air.
Reducing the molecular dimensions of the ligands increases
QD-loading which increases the RI of the film (since QDs have
a higher refractive index than the ligand).

For example, the OctA-QD and BA-QD films had the highest
refractive index of all the films (1.86 £+ 0.05 and 1.88 + 0.06,
respectively) near the propagation wavelength (630-650 nm).
On the other hand, the oleic-QD and HDA-QD films had the
lowest refractive index (1.72 + 0.04 and 1.76 + 0.05, respectively).
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The resulting degree of light confinement can be quantified by
the confinement factor (I'), which is a measure of the power of the
E-field confined to the QD film versus the power of the E-field
present within the entire system.'® Higher confinement factors
indicate greater localization of light within the QD film and an
increase of modal gain (gmodal = I’ X Zmateriar)- . Modeling of the
confinement factor for each of the ligand systems for various
thicknesses shows that the BA-QD film can exhibit a confinement
factor up to 1.7 times that shown by the oleic-QD films and
1.4 times that exhibited by the HDA-QD films for relevant
thicknesses (Fig. S10, ESIt). In addition, the refractive index
and thickness of the QD film determines the number and type
of waveguiding modes, which affects propagation losses and
might increase waveguiding efficiency. Therefore, all samples
were designed to support only one waveguide mode by ensuring
that the film thickness was above the first critical waveguiding
thickness (¢.;) but below the next highest critical waveguiding
thickness (z,) (Fig. S11, ESI).%

Third, the arrangement of QDs within the film (lattice-like,
aggregated, or intermittently spaced) can affect how light
propagates through the film, either through the introduction
of scattering sites, QD-QD coupling,”” or transverse localiza-
tion effects.”® Optical losses associated with scattering (and
re-absorption) are examined later. Fourth, thermal transport
(and dissipation) depends on the length of the QD ligand and
has been shown to be an important factor in QD gain systems
due to thermal mediated Auger recombination.'®>>% Finally,
the difference in gain value between the oleic-QD and HDA-QD
film could be due in part to the chemical functionality of
the ligands since these films have similar QD-loading and
refractive index. The chemical functionality of the ligand has
been shown to affect QD surface passivation, which in turn
affects the quantum yield and electronic structure of the QD
surface and trapping rates.”””’® The Auger recombination rate
could also play a role, although previous studies have shown
the Auger recombination rate is more strongly dependent on
other factors like the QD core-shell interface and volume than
surface passivation.”*®*" The combination of these factors likely
contributes to the difference in optical gain values that can
be obtained from QD films and indicates that the type of ligand
on the QD surface can strongly impact optical gain a number
of ways.

Photostability of the QD films

The stability of ASE was examined over a period of 30 minutes
for each type of QD film (Fig. 6b). The QD films with amine
functionalized ligands (HDA-QD, OctA-QD, BA-QD) display
very stable ASE, which is an indication of the stable physical
and thermal characteristics of the films under pumping. The
stability of each ligand—-QD combination can be explained by
considering the interplay between QD-loading, the thermody-
namic properties of the ligands, and the thermal transport/
dissipation of the film. In general, stable ASE will arise if QD
mobility is minimized since mobility/rearrangement of QDs
during optical pumping can lead to the formation of scattering
sites (which increase optical loss) in the film, as well as alter the
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effective refractive index (which can affect light propagation).
In addition, ASE will be more stable if heat dissipation is
efficient since localized heating of the film can lead to disso-
ciation of the ligands from the QD surface (which results in
loss of QD surface passivation), and to more efficient Auger
recombination (which also increases intrinsic optical loss).*°

It is worth noting that the HDA ligand is relatively long so
it yields films with relatively low QD-loading (34%) and
only moderate thermal conductivity (near 0.25 W m ™' K 1).>?
However, the HDA-QD films show stable ASE, which suggests
the solid state of HDA (melting point of 45 °C) and its low vapor
pressure (~0 mmHG at 25 °C) are the strongest factors.>> On
the other hand, butylamine seems to derive its ASE stability
from its high QD packing (49%) and higher thermal conduc-
tivity (1.5x higher than oleic-QD),>” rather than its low melting
point (—49 °C) or high vapor pressure (8 mmHG at 25 °C).>* In
fact, it is somewhat surprising that BA-QD films exhibit such
stable ASE given the volatile nature of butylamine. It is likely
that desorption of weakly bound BA occurs very quickly during
spin-casting and storage so that by the time gain measurements
are conducted there is minimal loosely bound BA to desorb
during the optical pumping process. On the other hand, apart
from its low vapor pressure (0 mmHG at 25 °C) oleic acid is
a poor choice for imparting optical stability due to the low
QD-loading (29%), moderate thermal conductivity (near
0.25 W m~ " K '),>” and its relatively low melting point (14 °C)
due to the double bond in its structure. These characteristics
could allow for significant QD mobility and thermal modifica-
tion of the ligands when the QD films are optically pumped,
which manifest in the widely fluctuating ASE. These results show
that the QD ligand is an important factor to consider in terms of
optical gain magnitude and stability.

Optical loss

The intrinsic optical loss of the films was also measured to
determine whether loss can account for differences in the gain
values. Optical loss is determined by measuring the attenuation
of ASE over different propagation distances (Fig. 7).°" Greater
attenuation of ASE occurs as the distance travelled by the light
to the edge of the sample increases. Attenuation of ASE is
clearly evident in the spectra for all films and is shown for the
HDA-capped QD film (Fig. 7a). All amine films exhibit an
exponential decrease in emission as the collective distance is
increased (Fig. 7b), as expected for films that exhibit optical loss.
Loss values are averaged from multiple spots (Fig. S12, ESIT).
The optical loss is observed to be proportional to the QD-loading
of the film, with the HDA-QD film (lowest QD-loading) exhibiting
the lowest loss (60 & 19 cm™ ') and the BA-QD and OctA-QD films
(highest QD-loading) exhibiting the highest loss (82 cm™") (Fig. 7c).
It is difficult to judge the magnitude of these QD loss values since
optical loss is often overlooked in gain studies on QD films.
However, these optical loss values are similar (within a
factor of 2) to those exhibited by conjugated polymers films.®*
The scaling of loss with QD-loading is not surprising since
optical re-absorption (an important component of optical
loss) is proportional to QD-loading since the emitted light
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encounters more QDs (for a given distance) as it propagates
through the film. In fact, the predicted loss for the BA-QD and
OctA-QD films (scaled against the HDA-QD loss) falls within
+5% of the measured values, well within the measured stan-
dard deviations. The unstable nature of ASE for the oleic-QD
film made measuring loss unreliable (Fig. 6b). These results
suggest that optical loss is not the primary factor underlying
the observed trends in gain versus QD-loading since the films
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with highest optical loss still displayed the highest net
optical gain.

Ligand selection

The ideal ligand depends on the relative importance of gain
threshold, FWHM, magnitude, and stability, as well as optical
loss. Aliphatic amine functionalized ligands (butylamine, octyl-
amine, hexadecylamine) were shown to provide lower gain
threshold than that provided by oleic acid (internal double
bond and carboxylic acid functionalization), while the narrowest
FWHM of ASE was obtained using oleic acid (presumably due to
the well-ordered physical domains). On the other hand, shorter
ligands can result in higher QD-loading (which increases the
number of optically stimulated QDs) and higher refractive index
(which increases the confinement factor), both of which result in
proportional increases to optical gain.

Obtaining stable ASE is slightly more complex, but generally
requires very tight QD packing, good thermally stability (high
melting and boiling points, low vapor pressure), and high
thermal transport/dissipation. Unfortunately, these charac-
teristics are not always independent, as seen with short organic
ligands that offer high QD packing and large thermal
dissipation,” but which typically exhibit low melting and
boiling points and high volatility (and vice versa).>® Predicting
the relative impact of these factors is difficult. Finally, optical
loss scales closely to QD-loading (neglecting losses associated
with the presence of physical defects, surface roughness, and
waveguiding losses).

Additional considerations when choosing a ligand include
the colloidal stability imparted to the QDs in solution. Oleic
acid typically provides very good colloidal stability due to its
strong covalent bonding to the QD surface (X-type ligand).>*>*
However, amine functionalized ligands (butylamine, octylamine,
hexadecylamine) form a coordinate bond to the QD surface
(L-type ligand) that leads to reversible adsorption/desorption
from the QD surface.>®>* The desorption of ligands can lead to
colloidal instability (aggregation of QDs) which causes scattering
sites to form in the QD film during deposition and a lower than
expected optical gain. QD instability was observed to be more
pronounced for shorter ligands like butylamine than for longer
ligands like octylamine or hexadecylamine. Therefore, the length
of time before the colloidal QDs are deposited into films should
factor into the choice of ligand.

Conclusions

This work demonstrates how the molecular dimensions and
functionality of the ligand capping the QD affects film mor-
phology, QD-packing density, refractive index, and the resulting
optical gain characteristics. Specifically, this work shows that
changing the ligand greatly affects the factors that control light
propagation in the film (refractive index and refractive index
contrast). Furthermore, the ligand affects QD-packing density,
which has a direct effect on optical gain. Finally, evidence was
provided that the chemical structure and physical and thermal
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properties of the ligand affect ASE threshold. The combination
of these factors resulted in a 2.25 fold increase in optical gain
between the lowest and highest QD-packed films (with the
same functional group), with the highest QD-packed films
exhibiting exceptionally high net gain values (x500 cm™%).
Reductions in ASE threshold and improvements in optical
stability were also observed when switching from the commonly
used waxy, large ligand oleic acid to the amine-functionalized
ligands.

These findings outline a simple but significant strategy for
altering optical gain that does not require modification to the
synthesis approach or composition of the QDs. This approach
allows for significant improvements in optical gain charac-
teristics (5x reduced threshold, 2.25x increased magnitude,
improved stability) via simple post-synthesis modification of
the QD ligand. Furthermore, this approach should be compa-
tible with any type of QD, representing a significant departure
from previous studies on increasing QD gain through a sole
focus on QD composition. This work is important for those
interested in developing QD systems that exhibit exceptionally
stable, high magnitude optical gain QD systems. Consideration
of the proper ligands along with QD compositional design
could offer a route toward obtaining high optical gain using
steady state pumping, a major obstacle in current QD systems.

Further work should examine whether the chemical func-
tionality of the ligand may affect QD Auger recombination rates
in core/graded shell QDs, a characteristic that has a profound
impact on optical gain in QD films. Furthermore, additional
investigation could examine whether QD packing affects the
formation and relaxation dynamics of exciton, biexciton, and
multi-exciton states through the use of state-resolved pump/
probe transient techniques. This could have important impli-
cations in increasing gain bandwidth and further reducing gain
thresholds.*’
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