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olloidal nanocrystals (NCs) are recog-

nized as the elemental building

blocks of emerging nanotechnolo-
gies. Recently, semiconductor NCs have
garnered immense interest as material can-
didates for low-cost energy technologies
including photovoltaics, photodetectors,
thermoelectrics, and light-emitting diodes
due to their solution processability com-
bined with size- and shape-tunable optical
and electrical properties.” 8 While new NC
materials continue to emerge, realization of
the proposed NC-based technologies risks
stalling in its rapid progress if unresolved
challenges related to the processing of
NCs into functional superstructures are not
addressed.’~ "> A common requirement to
bring their technological potential to frui-
tion is to arrange NCs into functional struc-
tures in which the NCs are electrically
coupled to each other and their surround-
ing environment. As-prepared colloidal NCs
are typically coated with long-chain organic
ligands that aid in dispersing the NCs and
passivating their surfaces (Figure 1A). Un-
fortunately, this ligand shell also electrically
isolates NCs from each other. Without sur-
face stabilization, NCs are prone to sinter
into mesoscopic aggregates and thus lose
their nanoscale size-controlled properties.
The fundamental challenge is therefore to
balance the seemingly contradictory require-
ments of coupling NCs while preserving the
effects of quantum confinement; the idea-
lized confined-but-connected structure is
illustrated in Figure 1B. A recent theoretical
study by Sayle et al'® mapped out the
rich diversity of nanostructures possible
if controlled connections between NCs in
periodic assemblies could be achieved. The
lack of processing approaches to achieve
such confined-but-connected nanostruc-
tures provides a strong motivation to inves-
tigate physical and chemical approaches to
process NC assemblies.
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ABSTRACT We investigated how pulsed laser annealing can be applied to process thin films of

colloidal nanocrystals (NCs) into interconnected nanostructures. We illustrate the relationship

between incident laser fluence and changes in morphology of PhSe NC films relative to bulk-like

PbSe films. We found that laser pulse fluences in the range of 30 to 200 mJ/cm” create a processing

window of opportunity where the NC film morphology goes through interesting transformations

without large-scale coalescence of the NCs. NC coalescence can be mitigated by depositing a thin film

of amorphous silicon (a-5i) on the NC film. Remarkably, pulsed laser annealing of the a-Si/PbSe NC

films crystallized the silicon while NC morphology and translational order of the NC film are

preserved.
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Previous efforts to improve inter-NC con-
nections include physical treatments (e.g.,
thermal annealing'”'® or plasma processing'®)
and chemical treatments (ligand exchange
and displacement)."'82%21 A critical draw-
back of thermal annealing is NC sintering,
which leads to the loss of size-tuned proper-
ties. Chemical treatments effectively reduce
the inter-NC separation, but typically dis-
rupt the spatial coherence of the NC assem-
bly leading to disordered films.'®2°~2% To
preserve the nanostructured morphology
and the order of the superstructure, the
processing must be achieved with minimal
diffusion of the constituent NCs. Nonequili-
brium processes, such as rapid thermal
annealing or pulsed laser annealing offer
significant potential to decouple the diffu-
sion dynamics from the physical processing.
Laser annealing has already demonstrated
numerous advantages in the fabrication of
semiconductor thin films.?® The prospect of
applying laser annealing with rigorous con-
trol over the kinetics of NC melting, diffu-
sion, and recrystallization is particularly
attractive for the processing of NC assem-
blies and is the focus of this paper.

Pulsed laser annealing (PLA) utilizes a
high intensity (0.3—30 MW/cm?), but very
brief laser pulse (3—30 ns) to irradiate the
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Figure 1. Schematic illustration of the balance between quantum-confinement and quantum-coupling. (A) Colloidal NCs
passivated with organic ligands are strongly confined but largely isolated from one another. (B) Confined-but-connected
structures that balance quantum confinement and coupling. (C) Complete coupling of the NCs in panel A leads to sintered

polycrystalline structures.

sample, creating either a melting front that subse-
quently solidifies into a single or polycrystalline ma-
terial, or thermal heating in solid phase on short time
scales. The time scale for sample melting and resolidi-
fying is typically submicrosecond.?** The brief time in
the molten state limits diffusion and enables the
fabrication of unique and intricate structures.?® Adjust-
ments of the pulse duration and intensity introduce a
high degree of tunability, including the ability to
crystallize amorphous material and selectively anneal
specific regions of a film.>*?*” The prospect of exploit-
ing the tunability of PLA processing to create nanos-
tructures with controlled morphologies is intriguing,
but surprisingly the technique has been applied to
nanomaterials only sparingly in the past, with some
study of gold nanorods and nanoparticles, as well as
synthesis of nanomaterials via ablation from the
bulk. 23" Recently, laser annealing of an amorphous
silicon/PbS NC solar cell device was shown to broaden
the spectral response and increase external quantum
efficiency, but detailed analysis of the structure was not
reported.? Taking advantage of the uniquely short
melt duration, we conjectured that it may be possible
to anneal proximate NCs just enough that they be-
come electronically coupled, while still preserving their
quantum confinement as separate NCs. Furthermore,
this process could be aided by embedding NCs in a
matrix of a higher melting point material, allowing a
small amount of flow between adjacent NCs while still
being locked in their positions. Such films could have a
transformative effect on NC device performance, but
will require a systematic effort from the community to
realize. This paper represents initial steps toward un-
derstanding the PLA process for NCs, in order to enable
the fabrication of these and other film morphologies in
the future.

Colloidal lead-salt (PbX; X =S, Se) NCs provide an
ideal experimental platform for the study of confined-
but-connected nanostructures processed by PLA. Es-
tablished synthesis methods offer robust control over
NCs with well-defined size, shape, and crystal structure.
The large diameter of the Bohr exciton leads to efficient
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quantum mechanical coupling between proximate
NCs?° and sets the stage for creating metamaterials
in which emerging optical and electrical properties can
be controlled by adjusting the physical and electrical
coupling between NCs in the superstructure. Previous
NC syntheses®*** and recent in situ transmission elec-
tron microscopy (TEM)*> showed that PbSe NCs can
fuse at temperatures far below their melting points.
These observations present a strong motivation to
investigate whether such NC fusion processes can be
controlled and directed during the processing of NC
thin films. To establish the appropriate controls, we
start our investigation by comparing laser annealing of
NC thin films with those of a “bulk” PbSe film. This
provides comparison for NC melt conditions, giving
insight into the annealing process and allowing for
better understanding of the evolution of crystal struc-
ture and morphology of NC films under a variety of
annealing scenarios. We probed the structure of an-
nealed films using electron microscopy and X-ray
scattering. Additionally, we illustrate PLA on nanocom-
posites comprised of amorphous silicon layers sputter
deposited onto a PbSe NC assembly.

RESULTS AND DISCUSSION

To understand how the nanostructured morphology
influences the laser-annealing threshold, we compared
a thin film of bulk PbSe crystal and colloidal PbSe NC
films. We irradiated a 900 nm thick PbSe crystal grown
via molecular beam epitaxy with (111) orientation on a
BaF, substrate.>® We adjusted the laser pulse energy den-
sity in the range of 10—500 mJ/cm? and monitored the
reflectance of the film using a 650 nm laser diode and
photodetector. Time-resolved reflectance measure-
ments exhibit two distinct features. First, the spike in
reflectance immediately following the laser pulse is
characteristic of the transient melt of a semiconductor,
as their liquids are typically metallic.>*”~° Second,
long-term (after 1 us) changes in the reflectance base-
line indicate a permanent change in film reflectance
arising from either modifications in the electronic
structure or the morphology of the film.
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Figure 2. Reflectance data for a variety of different laser shots on both bulk PbSe and PbSe_OA NCs. (A) Reflectance versus
time traces for bulk PbSe at a variety of different laser fluences. (B) Reflectance versus time traces for a thin layer of spin-casted
PbSe_OA NCs. (C) Baseline and peak reflectance characteristics for bulk PbSe at a range of laser fluences. Peak reflectance is
defined as the maximum reflectance minus the postannealing baseline. The method for baseline subtraction is described in
the Supporting Information. (inset) Schematic of the bulk PbSe sample. (D) Baseline and peak reflectance characteristics for
PbSe_OA NCs at arange of laser fluences. The curves are presented as a guide to the eye and do not represent any statistical or

theoretical model. (inset) Schematic of PbSe_OA sample.

Figure 2A shows the time-resolved reflectance for
bulk PbSe films as a function of the incident pulsed
laser fluence. Figure 2C illustrates how the peak reflec-
tance (defined as the maximum reflectance minus
the postannealing baseline) varies under the same
conditions. The melt transition is marked by a sudden
increase in peak reflectance. In the case of bulk PbSe
crystal, the apparent melt onset occurred near 220 mJ/cm?.
The change in baseline reflectance after the laser pulse
as a function of incident laser fluence is also presented.
The baseline remains essentially constant at laser
fluences below 350 mJ/cm?, at which point both the
baseline and peak reflectance rapidly increase. This
behavior, combined with visual changes to the film's
appearance were consistent with the onset of damage
(material ablation, macroscopic inhomogeneities, etc.).
Taken together, these threshold studies suggest that
laser pulses in the range of 220—350 mJ/cm? can melt
the PbSe crystal without causing permanent changes
in the film.

BAUMGARDNER ET AL.

In contrast to the well-defined melting threshold

observed in the bulk PbSe crystal, PbSe NC films exhibit
a more gradual evolution of the peak reflectance with
increasing laser fluence starting at about 200 mJ/cm?
(Figure 2D). The magnitude of the melting signal is
much smaller than for the bulk sample; we attribute
the reduced melting signal to the difference in film
thicknesses (20—25 nm vs 900 nm). Analysis of the post
annealing reflectance baseline (Figure 2D) shows a
gradual increase beginning with very small laser flu-
ence (30 mJ/cm?) which saturates above approxi-
mately 250 mJ/cm? The trends in short- and long-
term reflectance lead to the encouraging conclusion
that the laser pulses with fluence ranging from 30 to
200 mJ/cm? provide a window of opportunity to in-
duce permanent changes in the NC film morphology
without actually melting the NCs. We note that these
observations are consistent with recent reports by
van Huis et al. in which in situ TEM experiments ob-
serve NC fusion at temperatures well below the melt
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threshold.>®> The melt duration of the NCs, defined as
the full width half-maximum of the melt peak was
consistently about 20 ns, further supporting the case
for limited diffusion. Changes in the morphology of the
NC film are likely sensitive to a complex set of para-
meters including the reduced melting point of isolated
NCs, the initial separation between NCs and the extent
of order within the film, as well as the film thickness
and related vertical gradients arising from the transient
laser heating and cooling.

Colloidal NC systems are known to melt at signifi-
cantly lower temperatures than their bulk counter-
parts.*°~*? We investigated phase transitions of colloi-
dal PbSe NC films via differential scanning calorimetry
(DSC). Owing to instrumental constraints of the DSC to
temperatures below 600 °C, this study was limited to
small (diameter ~1.9 nm) NCs with pronounced reduc-
tion of melting point. The first DSC scan shows two
prominent features: first a pronounced transition near
355 °C, which we attribute to the evaporation of oleic
acid ligands. A second broad transition near 450 °C
(Supporting Information, Figure S1) is attributed to the
melting of the PbSe NC core. The magnitude of the
melting point reduction is consistent with related theo-
retical and experimental studies which showed that
the melting point of compound semiconductors is
expected to vary inversely with (1/d)?, where d is the
particle diameter.*’ Given the melting point of the
small diameter PbSe NCs, bulk PbSe as reference
points, and the 1/d” scaling relation,*" we can roughly
approximate the melting point of the 4.5 nm PbSe
NCs used in the PLA studies to be in the range of
950—1000 °C.

The extent to which proximate NCs fuse during PLA
processing should be sensitive to the initial separation
between NCs, their order in the film and the thickness
of the film. To investigate these parameters we com-
pared NC films formed from oleic acid passivated NCs
to films subjected to ligand exchange by ethanedithiol
(EDT) treatment. The EDT ligand treatment significantly
alters the structure of the NC film including a substan-
tial reduction in inter-NC separation®' as well as a loss
of long-range translational order.?*** We will refer to
NC films with oleic acid or ethanedithiol ligands as
PbSe_OA and PbSe_EDT, respectively. To simulate
NC film conditions encountered in device studies,’
we limit the study here to film thicknesses below
100 nm. In thicker films, vertical gradients in the melt-
ing and recrystallization are likely to obscure the direct
comparison. Additional experiments and theoretical
investigation are required to understand melting and
recrystallization dynamics in thicker NC films in which
extremely low thermal conductivities may impact laser
melt dynamics.>***” In particular, more study is
needed to understand how the annealing process
varies as a function of film depth in thicker samples
(Supporting Information, Figure S2).
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Figure 3. (A) X-ray diffraction of PbSe_EDT NCs annealed at
various fluences. (B) Plot of the grain size as determined by
Scherrer analysis of the (111) reflection versus laser fluence.
The curve does not represent any statistical or theoretical
model. (Inset) Photograph of a PbSe_EDT sample annealed
at various laser fluences, increasing in power from the top
left to the bottom right.

The laser annealing threshold of PbSe_EDT films
differs significantly from the PbSe_OA NC films dis-
cussed above. The maximum and baseline reflectance
rise as laser fluence increases (Supporting Information,
Figure S3). Unlike PbSe_OA films, we cannot discern a
minimum fluence required to induce permanent struc-
tural changes in the PbSe_EDT NC film; even very low
fluences (<30 mJ/cm?) induce permanent changes in
the baseline reflectance. Furthermore, in contrast to
the oleic acid-capped samples, a melt signal threshold
could not be directly correlated to laser fluence since
the transient melt signal is obscured by the rougher
film morphology. These data indicate that the initial NC
spacing and film thickness significantly impact the
response to PLA. The complex trends in film reflectance
with increasing laser fluence are likely the result of
vertical variations in the melting and recrystallization
behavior; further studies to elucidate this effect are
currently underway.

To obtain more information about the crystallo-
graphic nature of the annealed NC films, we turned
to X-ray diffraction (XRD). For this study, we focused on
PbSe_EDT NC films since the layer-by-layer deposition
enabled the formation of crack-free films with appro-
priate thickness required to obtain sufficient signal-
to-noise in the diffractogram. Separate regions of the
same NC film were illuminated with different laser
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Figure 4. Scanning electron micrographs of NC films. (A) Unannealed, single-spin-coated layer of PbSe_OA NCs, about 20 nm
thick. (B) Film A after laser annealing at 14 mJ/cm?. (C) Film A after laser annealing at 248 mJ/cm?. (D) Unannealed, layer by
layer deposited PbSe_EDT NCs, about 50 nm thick. (E) Film D after laser annealing at 13 mJ/cm?. (F) Film D after annealing at

241 mJ/cm?.

fluences (Figure 3A) and then probed using a general
area diffraction detector system. From the diffraction
data, it is apparent that even at 5 mJ/cm? laser
fluence there is a narrowing of each of the character-
istic reflections, indicative of a grain size increase
(Figure 3B). Correlated with the results from the
reflectance analysis, we can conclude that this is
not due to a substantial amount of NC melting
(Figure 2), but rather due to a permanent change in
the morphological structure and organization of the
NC film. Three discrete regimes of grain size increase
are observed: from 5 to 50 mJ/cm?, 75—100 mJ/cm?,
and above 125 mJ/cm?. Beyond 125 mJ/cm? there is
an increase in grain size to about 9 nm, a little over
twice the original NC size (4.3 nm). Further increase in
laser power to 250 mJ/cm? did not significantly
increase the average crystal grain size. We attribute
these discrete steps to the destruction of ligands
causing short-range agglomeration of proximate
NCs at low fluences, followed by local sintering at
intermediate fluences and more complete sintering
at high laser fluences. Since the NCs do not begin
with orientational ordering, it is not expected that NC
fusion will be wholly or mostly epitaxial. We interpret
the asymptotic relationship between NC grain size
and laser fluence above 125 mJ/cm? as an indication
for the diffusion limitation to the coalescence of
neighboring NCs. In other words, NCs appear to be
restricted to fuse with NCs in theirimmediate vicinity,
while diffusion to form larger aggregates is kinetically
avoided due to the short duration of the laser pulse.
By contrast, NC films subjected to conventional ther-
mal annealing show grain sizes on the order of
(40—50 nm) (Supporting Information, Figure S4)'®
and a high degree of oxidation.*® The important
conclusions emerging from this comparison is that

BAUMGARDNER ET AL.

PLA processing avoids the mesoscale sintering encoun-
tered in thermal annealing and chemical reactions with
the environment.

We analyzed the NC films using scanning electron
microscopy (SEM) to gain further insights into the mor-
phological changesinduced by PLA. The SEM images in
Figure 4 compare the structures of PbSe_OA NC films
and PbSe_EDT NC films. The direct comparison of the
morphology changes in response to PLA illustrates the
role of NC film thickness, ordering of NC within the film
and the initial separation between NCs. PbSe_OA films
exhibit hexagonal packing with a nearest neighbor
spacing on the order of the length of the oleic acid
ligand (~1.8 nm); the PbSe_EDT films on the other
hand are disordered with inter-NC separations typically
less than a nanometer.?

The SEM images show that low fluence laser irradia-
tion substantially changes the morphology of both
PbSe_OA and PbSe_EDT NC films (Figure 4B,E). Laser
annealing of the PbSe_OA NC film with a single 14 mJ/cm?
shot converted the 5 nm particles into 20 nm nano-
structures. Irradiating the same film with a single
248 mJ/cm? shot yielded a film with similar morphol-
ogy, but with a somewhat smaller average size for the
nanostructures (~15 nm). The morphology of laser
annealed PbSe_EDT NC films differs significantly from
the PbSe_OA films. Low fluence irradiation led to a film
of densely packed and disordered nanostructures with
characteristic length scale of ca. 20—35 nm (Figure 4E).
Higher fluence irradiation (241 mJ/cm?) resulted in the
formation of porous network structures (Figure 4F).
X-ray scattering analysis reveals a grain size on the
order of 9 nm which indicates that the ~25 nm nano
structures seen in the SEM images are multicrystalline.
The images support our interpretation that grain
size growth with higher laser fluence is not due to a
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Figure 5. (A) Scanning electron microscopy image of a spin coated PbSe NC film. (B) Film A after sputter deposition of
100 nm a-Si. (C) Film B after laser annealing. Grazing incidence small-angle X-ray scattering of the PbSe/a-Si film after
(D) no laser irradiation, (E) a 70 mJ/cm? pulse, (F)a 120 mJ/cm? pulse, (G) 4 pulses of 40 mJ/cm?. (H) Wide angle X-ray
scattering of the PbSe/a-Si film laser annealed at a variety of laser fluences. Literature reflections of Si and PbSe are
marked by the dashed and solid lines, respectively. The emergence of the (220) and (311) Si peaks prove the crystallization

of the amorphous layer.

substantial increase in feature size, but rather the
annealing of grain boundaries within the agglomer-
ated nanostructures. Pulsed laser annealing at high
fluence (~250 mJ/cm?) also led to the formation of
micrometer long networked fibers. Additional SEM and
TEM images of these structures, as well as microscale
and intermediate annealing condition images, are
shown in the Supporting Information (Figure S5). These
structures likely form during the partial ablation of the
PbSe_EDT NC film, although the underlying mechan-
ism is presently still unknown.

Collectively, the structural analysis of PLA processed
NC films shows that laser annealing leads to partial
coalescence of the NCs in the film. Although the PLA
treatment successfully avoids the formation of larger
aggregates formed during conventional thermal an-
nealing, we sought to refine the processing to further
restrict NC coalescence and to preserve the ordering
of NCs in the film. We conjectured that the introduction
of a percolated inorganic matrix that is immiscible
with the NC phase would create a unique system
in which solid-phase kinetics are entirely suppressed
(insufficient time) and immiscible liquid phase kinetics
are severely restricted. In the specific example of PbSe
NCs within a Si matrix, it may be possible to melt the
NCs, while the percolated matrix remains solid, con-
trolling diffusion of the particles and only allowing
limited agglomeration. This approach was inspired
by a recent work of Arora et al. who demonstrated
that amorphous silicon deposited within porous tem-
plates can be laser annealed to yield single crystal Si
structures.”®

BAUMGARDNER ET AL.

As a proof of concept for these ideas, we encapsu-
lated PbSe_OA films by sputter depositing a thin layer
(100 nm) of amorphous silicon (a-Si) on top of the NCs
and annealing the composite film with a range of
different laser fluences (Figure 5). We probed the
nanostructure of the composite a-Si/PbSe films using
synchrotron-based grazing incidence small-angle
X-ray scattering (GISAXS). Small-angle scattering per-
pendicular to the substrate provides information
about the ordering of NCs along the substrate normal
and scattering parallel to the substrate surface yields
information about the lateral ordering. Ring-like scat-
tering features indicate a random polycrystalline ori-
entation of NCs while well-defined scattering peaks
indicate NC assemblies with specific orientations with
respect to the substrate. An important advantage of
GISAXS structure characterization is that it does
not suffer from sampling bias like conventional ima-
ging techniques, as it is an ensemble technique that
gathers data from a relatively large region of the
sample.

GISAXS patterns acquired at variable angles of in-
cidence ranging from 0.05° to 0.45° confirm the
layered structure of the a-Si/PbSe NC films (Supporting
Information, Figure S6). Importantly, GISAXS analysis of
the a-Si/PbSe films shows that the NCs retain a large
degree of their translational ordering even after laser
annealing (see Figure 5D-G). With increasing laser
fluence, there is a significant reduction in superlattice
d-spacing, likely caused by the partial loss of ligand
coverage and the subsequent reduction of inter-NC
spacing (Supporting Information, Figure S7). The grain
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Figure 6. (A, B) Cross-sectional annular dark field scanning transmission electron microscopy images of a PbSe/a-Si
nanocomposite film annealed by a 50 mJ/cm? laser pulse. (C) Tomographic reconstruction of the laser annealed
nanocomposite film illustrating the three-dimensional (3D) arrangement of the NCs in the film. The 3D structure is shown by
direct volume rendering of the reconstruction. The first NC layer is highlighted using a red-yellow-white color scale. (D) In
plane ordering of the NCs in the first three layers of the film are shown as indicated in the individual panel.
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Figure 7. Ultraviolet—visible—near-infrared spectra of laser
annealed (A) unencapsulated and (B) a-Si/PbSe_OA com-
posite films. The large absorbance near 1400 nm is the
excitonic peak of the NCs, while the trace labels are the laser
power density for each trace in mJ/cm?.

size is also reduced by about 50%, but long-range
ordering (superlattice grain size ~700 nm) is evident
even in samples annealed at 120 mJ/cm?. Remarkably,
corresponding powder XRD patterns (Figure 5H) sug-
gest that the PbSe NCs retain their original crystal size,
while the emergence of the (220) and (311) silicon
reflections show the crystallization of the a-Si. Cross-
sectional scanning transmission electron microscopy
(STEM) images showed that NCs within these films
were partially coalesced but, importantly, retained much
of their nanocrystalline character. (Figure 6, Supporting
Information, Figure S8). Rather than the aggregation of
particles into superstructures, the high-resolution
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Figure 8. Fourier transform infrared spectroscopy of
PbSe_OA NC films without an a-Si coating. Spectroscopy
includes an unannealed region of the sample, as well as
regions with varying amounts of 50 mJ/cm? shots. (Inset)
Plot of integrated peak areas for the C—H stretch near 3000
wavenumbers presented as a percent of the unannealed
peak area vs number of 50 mJ/cm? shots. PbSe_OA and a-Si/
PbSe composite films are both presented.

micrographs evidence the partial fusion of NCs with
their proximate neighbors. This provides the first hint
of structures similar to the idealized confined-but-
connected networks illustrated in Figure 1B. STEM
tomography, which allows the 3-dimensional arrange-
ment of the NCs in its network to be studied, confirmed
that the ordering of the NCs is intact throughout
much of the sample (Figure 6, Supporting Information,
Figure S9). Near the top of the NC film, the ordering was
less pronounced; this is either due to vertical variations
in the laser induced restructuring or caused by the
sputter deposition of the a-Si layer. To investigate
the extent to which the sputter deposited silicon is
integrated in the interstitial volume of the NC film,
we analyzed the spatially resolved composition of
the composite a-Si/PbSe NC film. Electron energy loss
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spectroscopy of the film cross section shows that sil-
icon is not present in the interstitial volume of the
PbSe NC film which suggests that the silicon did not
flow into the NC matrix under these conditions (Sup-
porting Information, Figure S10). Instead, it appears
that carbonaceous material is retained in the interstitial
volume of the NC film. The ability of these heterosys-
tems to control the particle aggregation and retain
ordering while also forming crystalline inorganic/inor-
ganic interfaces likely applies well beyond the studies
here, and is useful for a wide variety of materials
systems.

Optical measurements provide the most straight-
forward indication of optoelectronic coupling be-
tween NCs in connected superstructures. Optical
absorption spectra of isolated PbSe NCs in solution
are characterized by size-dependent excitonic signa-
tures. A red-shift and broadening of the excitonic
peak in NC films are attributed to changes in the
polarization of the dielectric environment and
changes in the electronic coupling.***° A complete
loss of excitonic spectral signatures is generally inter-
preted as an indication that NCs have sintered into a
polycrystalline film. To study the extent of optoelec-
tronic coupling in laser annealed PbSe NC films, we
measured the optical absorption spectra of NC films
processed under varying laser annealing conditions
(Figure 7). We find that the evolution of the excitonic
spectra in response to laser annealing depends criti-
cally on the presence of the sputter deposited a-Si
layer. In the case of PbSe NC films without the a-Si, the
excitonic peak survives low laser fluences (<50 mJ/
cm?) but is broadened sufficiently to be eliminated by
85 mJ/cm?. By contrast, at each of the laser fluences
measured (up to 210 mJ/cm?) the excitonic peak
signature remains prominent for composite a-Si/PbSe
NC films, with a small amount of redshift and broad-
ening as laser power increases. These findings sug-
gest that PbSe_OA NC films are vulnerable to aggre-
gation and loss of either monodispersity, quantum
confinement, or both. Conversely, a-Si/PbSe NC com-
posite films maintain a high degree of quantum
confinement and monodispersity. Both of these find-
ings are well supported by the XRD and microscopy
data presented earlier.

One final consideration is the fate of the ligands
during the annealing process. It is likely that many of
the organics coating the particles are ablated, decom-
posed, or otherwise destroyed during the heating
process. This supposition is supported by the X-ray,
reflectance, and SEM data which show significant
morphological changes despite minimal melting at
low laser fluence. To examine this further, we probed
the fate of the organics using Fourier transform infra-
red spectroscopy (FTIR) (Figure 8). By examining laser
annealed PbSe_OA films, it is clear that the spectral
signature of the organic ligand, most notably the C—H
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stretches near 3000 cm ™' diminish considerably with
laser annealing. An approximate quantification of the
ligand loss based on integration of the C—H peak
area shows that for PbSe_OA NCs films, after one
50 mJ/cm? laser shot, the C—H stretches were dimin-
ished by an average of 58% per shot, indicating a
substantial amount of ligand loss or decomposition.
By coating the NCs in a-Si, an average of 17% of the
C—H stretch was lost with each shot, proving that a-Si
encapsulation significantly inhibits ligand degrada-
tion during the annealing process. This further ex-
plains why the a-Si/PbSe NC composite films have
much less pronounced agglomeration despite the
minimal flow of Si into the matrix. As expected, higher
powers eliminate more ligands, though a fair amount
survive even a 200 mJ/cm? pulse (Supporting Infor-
mation, Figure S11). The excitonic peak, presenting
near 6100 cm™ ', shows the same behavior as in the
UV—vis—NIR spectra, broadening with a single 50 mJ/
cm? shot and being eliminated by three. This data
supports the notion that particle aggregation is
caused at least partially by the destruction of ligands,
while encapsulation is one method to control these
effects.

CONCLUSIONS

We investigated how pulsed laser annealing can
be applied to process colloidal films of PbSe NCs. We
used reflectance measurements to determine the
melt threshold of bulk and nanocrystalline PbSe films.
Even at very low fluences (20 mJ/cm?), permanent
reflectance changes in response to PLA indicate struc-
tural changes in the NC film. Significant melting of the
NC occurs at higher laser pulse fluences (>200 mJ/cm?).
XRD structural analysis revealed that PLA induces a
small change in crystal grain size and seems to max-
imize around twice the original NC size. SEM structural
characterization illustrated the porous, aggregated
nature of laser annealed NC films, as well as the
tendency for the particles to aggregate into one-
dimensional strings. Much of the aggregation and
disorder that is induced by the laser can be mitigated
by adding a conformal layer of amorphous silicon on
top of the film. At sufficiently intense laser fluences
the silicon can be crystallized while translational
ordering of PbSe NC in the underlying film is pre-
served. Characterization of the NC surface chemistry
showed that the laser annealing process destroys
many of the ligands coating the surface of the
particles, but does so much less aggressively when
they are encapsulated by sputter deposited a-Si.
Collectively, our results illustrate how nonequilibrium
processing, specifically pulsed laser annealing, can
be applied to transform colloidal NC films into novel
connected nanostructures. Further refinements of
the processing conditions and exploration of other
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NC core and matrix compositions are expected to
yield a promising class of nanostructured confined-

METHODS

Lead oxide (99.99%), selenium (99.999%, pellets), trioctylpho-
sphine (90%, technical grade), 1-octadecene (90%, technical
grade), oleic acid (90%, technical grade), hexamethyldisilathiane
(synthesis grade), 1,2 ethanedithiol (90%, technical grade) were
all purchased from Sigma-Aldrich and were used without
purification. Common solvents such as hexanes and ethanol
were purchased from various sources and used without pur-
ification. Bulk PbSe thin films were 900 nm and grown by
molecular beam epitaxy on a (111) barium fluoride substrate.
Prior to annealing, bulk PbSe films were soaked in a mild base
bath in order to remove the thin native oxide layer.

Lead selenide NCs were synthesized using a modification of
the method by Yu et al.>? A typical synthesis is as follows: 0.90 g
of PbO was mixed with 12.0 g of squalane and 2.9 g of oleic acid
in a 3-neck flask and heated to 150 °C under nitrogen flow. The
reactants are allowed to mix for 1 h until all of the PbO is
dissolved. A 91 uL portion of diphenylphosphine was mixed
with 12 mL of 1 M trioctylphosphine/selenide and rapidly in-
jected into the lead/oleate solution. The mixture is allowed to
heat back up to 150 °C and grow for 4 min until it is quenched.
The product is rinsed with hexane and ethanol as solvent and
antisolvent three times and stored dry in a nitrogen glovebox.
Except for those used in DSC experiments, all PbSe NCs used in
this experiment were 4—5 nm, with a size distribution under
10%.

PbSe_OA films were fabricated by spincoating 20 mg/mL
PbSe NCs in chlorobenzene onto a clean Si substrate at
1000 rpm. PbSe_OA films were 20—25 nm thick. PbSe_EDT
films were fabricated by spin coating 20 mg/mL PbSe NCs in
chlorobenzene onto a clean substrate, then exposing the film to
0.1 M EDT in acetonitrile solution. The film was subsequently
rinsed with acetonitrile and chlorobenzene. The process was
repeated two more times for a total of three layers. PbSe_EDT
films were 45—55 nm thick. All solutions used in film fabricated,
including NC solutions, were filtered through a 0.45 um filter
prior to use. For encapsulated films, a-Si layer was deposited
with CVC 601 sputter deposition system. RF magnetron source
was used to reduce charge build-up. With source power at
2 kW and 10 mT of argon sputtering gas, the a-Si deposition
rate was 87 A/min. The deposition was done for 12 min to
obtain ~100 nm thick a-Si film. The films used for UV—vis—NIR
spectroscopy were similarly produced, but not the same that
underwent STEM analysis.

Laser annealing was performed using a 308 nm Lambda
Physik LPX205i XeCl eximer laser with a 30 ns pulse at full width
half max, and a maximum pulse energy of 500 mJ. The beam
is homogenized to 3.2 x 3.2 mm? square with fluences up to
1.5 J/cm?. The time-resolved laser power is detailed in the
Supporting Information (Figure S12). Reflectance was measured
using a 650 nm diode laser monitored using an ORTEC FND-
100Q detector connected to a Tektronix TDS 3054 500 MHz
oscilloscope. Laser fluence was calibrated to the melt onset of
(100) monocrystalline Si at 600 mJ/cm? Laser annealing is
carried out in ambient atmosphere.

Wide angle XRD measurements are carried out using a Bruker
General Area Detector Diffraction System with a 2-dimensional
detector. Small angle X-ray measurements are carried out using
the GISAXS setup at the Cornell High Energy Synchrotron Source
(CHESS) (for details see ref 22). FTIR spectroscopy was performed
using a Bruker Optics Vertex 80v spectrophotometer. UV—vis—NIR
spectra were measured using a Varian Cary 5000 spectrophot-
ometer operating in transmission mode with an air background.
DSC was performed in a nitrogen environment using a TA Instru-
ments DSC Q2000 instrument. SEM was performed on a Leo 1550
Field Emission SEM. Low resolution TEM images were obtained
using an FEI T12 microscope operating at 120 kV. STEM imaging
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but-connected materials as a platform for exciting
structure—property studies.

and tomography was performed on a 200 kV FEI Tecnai F20
SuperTWIN STEM equipped with a Gatan Tridiem 865ER imaging
filter used for electron energy loss spectroscopy.
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