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ABSTRACT: Patterning functional inorganic nanomaterials is an important
process for advanced manufacturing of quantum dot (QD) electronic and
optoelectronic devices. This is typically achieved by inkjet printing,
microcontact printing, and photo- and e-beam lithography. Here, we
investigate a different patterning approach that utilizes local heating, which
can be generated by various sources, such as UV-, visible-, and IR-
illumination, or by proximity heat transfer. This direct thermal lithography
method, termed here heat-induced patterning of inorganic nanomaterials
(HIPIN), uses colloidal nanomaterials with thermally unstable surface
ligands. We designed several families of such ligands and investigated their
chemical and physical transformations responsible for heat-induced changes
of nanocrystal solubility. Compared to traditional photolithography using
photochemical surface reactions, HIPIN extends the scope of direct optical

lithography toward longer wavelengths of visible (532 nm) and infrared (10.6 ym) radiation, which is necessary for patterning
optically thick layers (e.g., 1.2 #m) of light-absorbing nanomaterials. HIPIN enables patterning of features defined by the diffraction-
limited beam size. Our approach can be used for direct patterning of metal, semiconductor, and dielectric nanomaterials. Patterned
semiconductor QDs retain the majority of their as-synthesized photoluminescence quantum yield. This work demonstrates the
generality of thermal patterning of nanomaterials and provides a new path for additive device manufacturing using diverse colloidal

nanoscale building blocks.

B INTRODUCTION

There is a growing number of studies showing that colloidally
synthesized quantum dots (QDs) and other functional
inorganic nanocrystals (NCs) can offer competitive advantages
for a variety of applications, from already broadly commer-
cialized quantum-dot light-emitting diode (QLED) TVs' to
infrared (IR) cameras in smartphones and self-driving cars,”
among other electronic and optoelectronic devices.’™>
Colloidal materials enable device fabrication via solution-
based nonepitaxial deposition under ambient environments.
To obtain target device structures, material- and process-
tailored patterning methods need to be developed with
improved resolution, throughput, fidelity, and cost efficiency
per patterned element. Various patterning techniques based on
inkjet printing,6’7 optical®” and dip-pen'’ lithography have
been developed to optimize these parameters. These
approaches typically use colloidal NCs capped with long-
chain organic ligands that act as insulating layers blocking
efficient charge transport and heat dissipation. Since the
performance and stability of nanocrystal-based optoelectronic
devices are largely defined by their charge and heat transport
properties, new approaches to NC patterning are required.
Direct optical lithography of functional inorganic nanoma-
terials (DOLFIN) is a methodology for photoresist-free
patterning of colloidal NCs using surface ligands designed to
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chemically transform upon exposure to light (typically UV) or
an electron beam."'™"* NC solubility is altered by this surface
modification, forming distinct patterns between the exposed
and unexposed regions. The ligands for DOLFIN can be
engineered to be sensitive to different UV and blue spectral
regions (254—450 nm) and suitable for various nanomaterials
and solvents. Like any other patterning method, DOLFIN has
limitations. One is imposed by limited penetration of UV light
into nanomaterials that strongly absorb in that spectral region.
This reduces the thickness of patternable metal and QD films,
and it can be partially addressed by implementing high-
exposure dose or multistep patternin% but often at the expense
of throughput and pattern quality.'*"> The lateral resolution of
DOLFIN patterns is further limited by the Abbe diffraction
limit and by blurring of pattern edges due to light scattering
during exposure. Despise intense research into novel photo-
sensitizers and photoacid generators for general photolitho-
graphic applications, their quantum efliciency is typically 10—
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Figure 1. Chemical structure and thermal decomposition of thermally sensitive ligands on nanocrystal surface. (A) Chemical structures of thermally
sensitive ligands and schematics of their use in NC patterning: ammonium carbamate (ACM) and N-(tert-butoxycarbonyl)-L-cysteine methyl ester
(CME) applied to exchange the original ligands at nanocrystal surface and corresponding thermally triggered surface reactions. (B)
Thermogravimetric analysis (TGA) curves for octyl-ACM and CME ligands compared to the standard thermal resist material polyphthalaldehyde
(PPTA). The temperature ramp rate is S °C/min. The decomposition threshold temperature (Ty,) and the end point temperature (T,,q) are
indicated as green dots. (C) Colloidal solutions of different nanocrystals capped with various thermally sensitive surface ligands. (D) TGA curve of
CdSe-CME nanocrystals at the ramp rate of S °C/min and (E) nanocrystal solubility test in the developer solvent CHCl;/EtOH (v/v = 4:1) after
heating to various temperatures at the same ramp rate (5 °C/min). The final temperatures from left to right were 150, 180, 190, 195, 200, 205, 210,

300, and 500 °C.

20% and most of light energy is lost as heat.'® Utilization of
this heat may create new opportunities for nanomaterial
patterning.

Recently, thermal lithography has attracted attention as a
possible alternative to photolithography. Thermal scanning
probes and pulsed lasers are used to induce localized
temperature jumps, patterning materials through thermal
ablation, crystallization, phase change, etching, oxidation,
decomposition, or structural conversion of the target.'” '
Thermal lithography is potentially capable of breaking the
Abbe diffraction limit for patterning nanoscale features. For
example, upon pulsed illumination with a laser beam focused
into a diffraction-limited spot, fast nanoscale heat transfer
creates a large transient temperature jump in the center of the
illuminated spot relative to the temperature of the surrounding
area. Only a small subset of the illuminated region reaches the
threshold temperature, so sub-beam size resolution can be
achieved.”” Our previous study shows that the low thermal

10496

conductivity of NC and QD layers™ suppresses lateral heat
diffusion and hence is favorable for pattern resolution.

A wide range of materials can be thermally patterned,
including polymer resists,”* metal—organic frameworks,"’
phase change materials,”® two-dimensional (2D) materials,”
and biomolecules.”® Thermal patterning has also been applied
to nanoparticles. Most of the work on thermal patterning of
nanomaterials has used thermal scanning probes, e.g,, Lee et al.
used a hot tip to pattern polymer—nanoparticle composites.””
In an early work by the Prasad group, silver nanoparticles with
thermally sensitive N-(tert-butoxycarbonyl)-L-cysteine methyl
ester (CME) ligands were patterned using two-photon
femtosecond illumination.”® Huang et al. prepared patterns
of plasmonic silver nanoparticles through local decomposition
of silver nitrate salt.”” Ooms et al.’’ patterned gold
nanoparticles through heat-induced sintering. Consideration
of these references shows an obvious lack of work on thermal
patterning of functional nanomaterials using high-throughput
and scalable optical techniques.

https://doi.org/10.1021/jacs.2c03672
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Inspired by the success of DOLFIN chemistry, we
focused on designing new thermally sensitive ligands that can
be applied to a broad scope of functional inorganic
nanomaterials. Here, we introduce the direct heat-induced
patterning of inorganic nanomaterials (HIPIN) method, which
can directly pattern NCs of various metals, dielectrics, and
semiconductors using 10.6 ym CO, laser light, proximity heat
from LED pixels, 405 nm continuous wave (CW) and 532 nm
pulsed lasers, and heated stencils. Volatile amine ligands,
thermally sensitive and engineerable ammonium carbamates
(ACMs), or N-(tert-butoxycarbonyl)-L-cysteine methyl ester
(CME) ligands are used to thermally pattern NCs and QDs
while preserving their size and morphology. HIPIN also can
achieve diffraction-limited features (~480 nm) at a numerical
aperture (NA) of 0.7 using a 532 nm (green) laser. Finally, we
observe that the decrease in the photoluminescence quantum
yield (PLQY) of core—shell QDs is small following the HIPIN
process, which is promising for fabricating high-performance
QD LEDs and other optoelectronic devices.

B RESULTS AND DISCUSSION

Designing Thermally Sensitive Ligands for HIPIN. We
explored three families of thermally sensitive surface ligands:
ammonium carbamates (ACMs), alkylamines, and methyl
esters—specifically, N-(tert-butoxycarbonyl)-L-cysteine methyl
ester (CME). These ligands have different thermal properties
and different decomposition thresholds. They also have
distinct binding affinities, making them compatible with
different types of inorganic NCs.

ACM compounds have been actively researched for CO,
sequestration technologies due to their structure-dependent
thermal decomposition properties.”’ These ligands can be
easily prepared by adding CO, in form of dry ice to primary or
secondary amines. Aliphatic ACM compounds are transparent
throughout most of the UV—vis region and hence are not
suitable for use as photosensitive ligands (Figure S1).
However, they can be used as thermally sensitive ligands due
to their facile decomposition back into CO, and the
corresponding amine (Figure 1A, top). Generally, an increase
in the bulkiness of the alkyl group leads to a higher
decomposition threshold, which allows for a thermally
engineerable decomposition threshold in the range of 50 °C
to above 100 °C (Figures 1B (blue), S2, and Table 1).

CME was first studied by the Prasad group as a thermally
cleavable ligand for metal NCs.*® This ligand has a labile tert-
butoxycarbonyl group that thermally decomposes into CO,

Table 1. Ty, and T,y Summary of Various ACM, CME, and
Polyphthalaldehyde (PPTA) Ligands (Ramp: § °C/min)

ACM type Ty, (°C) Tenq (°C) range (°C)
methyl-ACM S2 76 24
butyl-ACM NU 71 21
isopentyl-ACM S2 69 17
pentyl ACM 64 93 29
hexyl-ACM 68 91 23
octy-ACM 77 104 27
dibutyl-ACM 58 78 20
cyclohexymethyl-ACM 85 93 8
propylene diamino-ACM 102 126 24
CME 161 197 24
ref PPTA 119 158 39

and isobutene upon sufficient heating, leaving behind
secondary amine (Figure 1A, bottom). Compared to ACM
ligands, CME has a higher decomposition threshold of about
160 °C (Figure 1B, green). This means that more heat needs
to be applied to induce ligand decomposition, leading to less
thermally sensitive nanocrystal inks. This insensitivity can be
advantageous for room temperature stability.

The thermal decomposition behavior of ACM and CME
ligands used in this study can be compared with that of thermal
resist polyphthalaldehyde (PPTA) commonly used in thermal
scanning probe lithography.*”*> PPTA has a decomposition
threshold of about 120 °C (Figure 1B, gray), making it more
thermally sensitive than CME but less thermally sensitive
compared to ACMs. Importantly, we also compared the
thermal decomposition temperature window (defined as the
difference between T4 and Ty, in Figure 1B) of these
compounds and found that both ACMs and CME have a
narrower temperature window between the start and
completion of thermal decomposition (between 8 and 29
°C) compared to PPTA (39 °C). This implies that the thermal
decomposition contrast of ACMs and CME is comparable to
or even better than that of PPTA. In addition, PPTA also
leaves more residue (~5 wt %) after approaching its
decomposition end point, T4 compared to both ACMs
(typically <0.5 wt %) and CME (~1 wt %). This observation
suggests that ACM and CME molecules are not prone to side
reactions besides their main decomposition pathways outlined
in Figure 1A.

To prepare thermally patternable NC inks, the heat-sensitive
ligands need to be attached to the NC surface. The details of
surface exchange depend on the specific interactions between
the ligand and the NC surface. For ACM ligands, the binding
affinity of the carbamate group to the NC surface is not
sufficiently strong to displace native carboxylate or phospho-
nate ligands. Hence, we adopted a two-step process that first
involved the removal of native ligands using a stripping agent
like nitrosonium tetrafluoroborate (NOBF,)** or triethyloxo-
nium tetrafluoroborate (Meerwein’s salt, Et;OBE,)*> to
prepare “bare” NCs (Figure 1A, top). We then introduced
ACM ligands to the bare NCs to prepare colloidal NCs capped
with ACM (Figure 1C and Scheme S1). This ink maintains
high colloidal stability in chloroform, chlorobenzene, and
dichlorobenzene, e.g., up to concentrations of about 130 mg/
mL in chlorobenzene. As a demonstration of the thermal
instability of this ink, a solution of CdSe NCs in CHCl;/EtOH
(v/v = 4:1) capped with ACM ligands turns cloudy upon
heating to 100 °C (Figure S3). Interestingly, the NCs become
colloidal again upon the addition of more ACM, showing that
the NC surface remains accessible after ligand decomposition.

For CME, the stronger binding affinity of its thiol group to
the NC surface allows for a more straightforward one-step
ligand exchange that produces stable colloidal NC solutions
(Figure 1A (bottom),1C).*® This one-step process avoids
using acidic and oxidative stripping agents, which may create
surface defects that decrease the luminescence efficiency of
semiconductor QDs. This is important for the fabrication of
patterned light-emitting diodes and color filters for display
applications.

CdSe NCs capped with CME (Figure S4) showed clear
weight loss in TGA measurements associated with the
decomposition of CME ligand (Figure 1D). However,
compared to the decomposition of pure CME ligand, the
decomposition of CME bound to the NC surface showed two
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Figure 2. Properties of nanoparticles with HIPIN ligands. Fourier transform infrared (FTIR) spectroscopy spectra of (A) octyl- ACM and CdSe-
octyl-ACM before and after heating at 120 °C for S min. All samples are drop-cast onto ZnSe substrates for FTIR measurement. (B) Oleylamine
and as-synthesized HfO, NCs with oleylamine ligands before and after heating at 150 °C for 3 min. (C) N-(tert-Butoxycarbonyl)-L-cysteine methyl
ester (CME) and CdSe NCs with CME ligands before and after heating at 200 °C for 3 min. Transmission electron microscopy (TEM) images of
CdSe/ZnS core—shell quantum dots (QDs) with CME ligands before (D) and after (E) exposure to 400 mW, 10 ns-pulsed laser.

distinct steps, each corresponding to a weight loss of about
11%. This is consistent with the decomposition of CME (MW
= 235.30) into 3-mercaptopropanoate (MW = 120.17) during
the first step, with the second decomposition step probably
being attributable to the further decomposition of 3-
mercaptopropanoate and thiolation of the NC surface.”® The
second dissociation step occurs at a significantly higher
temperature than the boiling point of 3-mercaptopropanoate
(bp 166 °C) due to the strong interaction of the ligand with
the metal cations on the NC surface. TGA analysis also allows
us to estimate the surface ligand density of CME to be about
3.5 ligands/nm>

We first studied how the thermal decomposition of NC
surface ligands affects their colloidal stability. CdSe-CME NCs
were heated to various temperature points in the TGA
instrument (with a ramp rate of 5 °C/min) and then rapidly
cooled (e.g, the temperature dropped from 200 to 120 °C
within 1 min). For each temperature end point, we attempted
to disperse the preheated NC solids in CHCL/EtOH (v/v =
4:1) mixture, which we used as a developer solvent for HIPIN
(Figure 1E). It can be clearly seen that there is a sharp
solubility change between NCs heated to 195 °C with those
heated to 200 °C. From the TGA curve, this § °C window
corresponds to only a 0.57 wt % drop (from 89.85 to 89.28 wt
%), which can be attributed to the decomposition of a mere
5% (0.57/11.12) of CME into 3-mercaptopropanoate. This
implies that a very small change in the ligand decomposition
fraction can have a dramatic effect on NC solubility, and such
nonlinearity is desirable for thermal patterning with high
resolution and sharp edge contrast. We also noticed that after
heating to 200 °C for 3—5 min, CdSe-CME NCs can
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colloidally disperse in another solvent mixture (CHCL,/
EtOH, v/v = 1:4) that was not originally a good solvent for
the CME-CdSe NCs (Figure SS), possibly due to the polarity
change of the ligands. This observation implies that thermally
sensitive NC inks can be suitable for dual-tone patterning. This
is an important quality because the remaining nanomaterial is
not exposed to high temperature, e.g, photoluminescence
(PL) undergoes additional quenching because of surface
trapping by the thermally created surface defects.’”

NCs capped natively with n-alkylamine ligands, e.g,, InP and
HfO, NCs capped with oleylamine (Figure 1C), can also be
thermally patterned (without any additional ligand exchange)
because amines are weakly bound L-type ligands and can
partially dissociate from the NC surface upon heating. In
contrast, NCs that are capped with more strongly bound L-
type or X-type ligands (e.g., trialkylphosphine oxide or oleate)
cannot be thermally patterned without destroying the NC
cores. Strongly bound X-type native ligands can be exchanged
with amines to enable thermal patternability, but we found it
difficult to obtain good colloidal stability at high NC
concentrations while using labile amine ligands.38

Probing Heat-Induced Transformations of Nano-
crystal Surface. After heating the CdSe-ACM film to 120
°C on a hot plate, we observed a diminishing of the peak
intensity for bound carboxylate (—COO—) groups on the
surface of CdSe-ACM NCs, as measured using Fourier
transform infrared (FTIR) spectroscopy. The suppression of
a band at 1558 cm™ (Figure 2A) indicates complete
decomposition of ACM into free amine ligands, which are
weakly bound L-type ligands and are not able to remain on the
NC surface after heat treatment. This dissociation results in

https://doi.org/10.1021/jacs.2c03672
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Figure 3. Heat-induced patterning of inorganic nanocrystals (HIPIN). (A) General scheme of HIPIN process. (B—E) Various heating sources for
HIPIN: (B) pulsed or continuous-wave laser light can be absorbed by the material in the patterned layer; (C) thermal contact can transfer heat to
material in the patterned layer; (D) patterned layer can be transparent to the laser beam (e.g., 10.6 ym IR CO, laser), but the heat generated in the
substrate underlying can be transferred to the patterned nanocrystal layer by conduction; (E) a heat source (e.g., heat generated by a light-emitting
diode, heated cantilever, or hot stencil) can be transferred to the patterned material layer to induce local thermal transformation of surface ligands.

Table 2. Tested NC-Ligand Combinations and Patterning Conditions

ligand material solvent developer temperature (°C)
oleyamine CdSe, HfO,, InP/ZnS, Au toluene, chlorobenzene chloroform 150-200
ACM CdSe, CdSe/ZnS chlorobenzene chloroform, chlorobenzene 80—-150
CME CdSe, CdSe/ZnS, HfO,, Au chloroform, chlorobenzene chloroform/ethanol 150—200
changes of the NC solubility in a nonpolar solvent. Similarly, In this study, we explored several approaches to supply heat
L-type oleylamine is a weakly bound ligand and can readily to the NC film: direct laser heating, indirect laser heating, and
dissociate from the NC surface upon heating, and the degree of proximity heat transfer. Each of these approaches has different
dissociation strongly depends on the heating temperature. degrees of spatial and temporal control of the heating profile,
FTIR spectra showed that the bound amine (—NH,) peak at leading to variations in the pattern resolution. Obviously,
1419 cm™ of HfO,-oleylamine NCs nearly disappeared after better control over the heating profile is desirable, but this can
heating to 150 °C (Figure 2B).>® Upon heating NCs protected involve cost and throughput tradeofs.
with CME ligands, the ratio of the peak associated with tert- Direct laser heating involves scanning continuous wave
butyloxycarbonyl (t-boc) carboxylate groups to that of the (CW) or pulsed laser beams across a highly absorbing NC film
ester group decreased, as did the ratio of the intensities of (Figure 3B). To get high-resolution patterns, we utilized a 10
imido (—NH) to amino (—NH,) vibrational signals. The ns-pulsed 532 nm laser scanning system coupled with a
reduction of the relative intensities corresponding to bound homebuilt microscope. With this system, we successfully
surface groups, as well as the disappearance of bands from the patterned CdSe-CME NCs with good contrast and feature
C—H bonds in the t-boc group, supported the thermal ligand sizes down to below 500 nm, as characterized by scanning
decomposition pathway proposed in Figure 1A (Figure 2C). electron microscope (SEM, Figures 4A,C and SC) imaging.
The ligand transformations can be carried out without We also patterned luminescent InP/ZnSe/ZnS-OAm NCs,
introducing significant changes in NC morphology. Trans- showing the generality of this process (Figure 4B). Typically,
mission electron microscopy (TEM) images show no NC 532 nm light cannot be used for direct patterning NCs that do
sintering or necking after the laser exposure, though the not absorb at this wavelength (e.g, green-emitting CdSe/
distance between neighboring NCs became smaller due to the CdZnS QDs), but this limitation can be overcome using a laser
transformation or evaporation of thermally sensitive ligands with a shorter wavelength. For example, a 405 nm CW laser
(Figure 2D,E). can generate high-contrast patterns on different materials
Heat-Induced Patterning of Inorganic Nanocrystals. (Figure 4D).
To obtain two-dimensional HIPIN patterns, the NCs need to Another way to supply heat to the NC film is through an
be deposited as a film and then subjected to local heating indirect laser heating process (Figure 3D). In this approach, a
(Figure 3A). This heat treatment changes the colloidal CO, laser can be used to heat the underlying substrate which
solubility of NCs, allowing patterns to emerge upon develop- subsequently transfers heat to the NC layer. CO, lasers are
ment with a suitable solvent (e.g, a Christmas tree in Figure widely used in industry to produce mid-infrared (IR) light with
34, inset). The combinations of NCs and thermally sensitive principal bands centering at 9.4 and 10.6 um. They can have a
surface ligands are shown in Table 2, along with their high power density, 5S—100 W mm™, and can be rapidly
patterning conditions, such as the solvent for NC ink, scanned. An advantage of this indirect approach is that any
developer, and temperature. NCs with thermally sensitive ligands can be patterned on a
10499 https://doi.org/10.1021/jacs.2c03672
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Figure 4. Examples of thermally patterned inorganic nanomaterials. (A) CdSe QDs patterned using CME ligands (10 ns, 20 mJ cm™2), (B) InP/
ZnS core—shell QDs with oleylamine ligands (10 ns, 150 mJ cm™), and (C) line patterns of CdSe QDs with CME ligands patterned (10 ns, 25 m]J
cm™?) using a 532 nm pulsed laser. (D) CHICAGO pattern made from CdSe QDs using a 405 nm CW laser. (E—H) Different colloidal NC inks
patterned using a CW CO, laser (10.6 um): (E) InP-oleylamine, (F) Au-CME, (G) CdSe-ACM, and (H) HfO,-oleylamine NCs. The inset images
show photographs of the corresponding thermally sensitive inks. (I, J) Self-aligned patterning of CdSe-CME NCs using local heat generated by an
array of blue (460 nm) light-emitting diodes turned on in two different patterns. (K) CdSe/ZnS QDs with ACM ligands used for a dual-color
pattern. (L) InP/ZnSe/ZnS QDs with oleylamine ligands (red) and CdSe/ZnS QDs with ACM ligands (green) patterned using 532 nm pulsed and
CO, CW lasers, respectively. Scale bars in panels (A)—(C) and (E)—(H) are 100 ym; in panels (D), (I)—(L), 1 cm.

suitable substrate regardless of the light absorption properties
of the NCs themselves.

Suitable substrates for CO, laser patterning can be chosen
based on the following requirements: (1) strong absorption at
10.6 pm to convert photon energy to heat; (2) low thermal
conductivity to limit heat dissipation and increase local
temperature; and (3) resistance to nonpolar solvents. Based
on these criteria, borosilicate glass is a good substrate for
HIPIN, as it can fully absorb 10.6 ym light (Figure S6), has a
relatively low thermal conductivity (1.05 W/(m K)), is stable
toward all common solvents, and is already widely used in
micro- and nanofabrication (Table S1). We were able to
pattern InP-OAm NCs, Au-CME NCs, CdSe-ACM NCs, and
HfO,-OAm NCs on glass using a commercial CO, laser
scanner (Figure 4E—H). We obtained feature sizes below 200
pum, with the resolution being limited by the beam size of our
CO, laser, estimated to be about 375 um (see Section S3 in
the Supporting Information, along with Figures S13—S15, for
details on the characteristics and testing of the commercial
CO, laser).

Thermal patterning of NCs can also be realized by a direct
heat transfer from a proximal hot object (Figure 3C), such as a
heated cantilever'® or stencil. For example, we pressed an
aluminum stencil preheated to 350 °C against a film of HfO,-
OAm NCs for S s, resulting in a pattern formed upon

development with chlorobenzene (Figure S7). This control
experiment nicely demonstrates that the solubility change of
our NC films is achieved with heat alone, irrespective of light
exposure.

NC patterning by proximity heating offers an interesting
opportunity for self-aligned patterning of quantum dots using
local heat generated by blue InGaN LEDs (Figure 41]). An
increase of the local temperature near a blue LED upon
turning it on can be recorded using a thermal camera (Figure
S8). This heat is sufficient to pattern a film of CdSe-isopentyl-
ACM NCs with about 60 s exposure time at the contact
temperature of ~60 °C provided by our low-power blue LEDs.
By switching different pixels on and off, we generated different
patterns of CdSe quantum dots (Figure 41,]). This approach
could be particularly interesting for patterning quantum dot
color conversion filters for y-LED arrays.”” Such u-LED
displays are currently under development for various display
applications, and local heating of y-LED surface to more than
100 °C is routinely observed,” which can be utilized for self-
aligned patterning of color-converting quantum dot layers with
micron resolution (Figure 3E).

It is noteworthy that different NCs can be patterned on the
same substrate by sequential patterning steps. Multicolor
patterning is important for optoelectronic applications, such as
QLED displays. For example, red- and green-emitting CdSe/
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Figure S. Properties of thermally patterned QDs. (A) Ultraviolet—visible absorption and photoluminescence (PL) spectra of CdSe/ZnS quantum
dots with native oleate and thermally sensitive ligands. (B) Evolution of PL quantum yield for CdSe/CdS/ZnS QDs at different stages of the
HIPIN process: pristine QDs with oleate ligands, QDs exchanged with thermally sensitive octyl-rACM and CME ligands in solution and film, and
QDs exposed by CO, laser (1 W at 200 mm/s scanning speed) and after treatment with developer solvent. (C) SEM image (bottom) and its
corresponding line profiles (top) extracted from the image of CdSe-CME stripe pattern with 480 nm linewidth (developer CH;CI/EtOH = 4:1).
(D) 200 pm pitch and 1.2 um thickness CdSe stripes patterned by green pulsed laser and corresponding height profile (developer CH;Cl/EtOH =

1:4).

ZnS-octyl ACM NCs were patterned in two steps using CO,
laser heating (Figure 4K). Furthermore, different patterning
tools can be used for each step, as shown by the patterning of
green-emitting CdSe/ZnS-ACM NCs by indirect CO, laser
heating, followed by the patterning of red-emitting InP/ZnSe/
ZnS-OAm NCs by direct 532 nm laser heating (Figure 4L).
The heat-induced surface modification makes it possible for
the first-deposited green-emitting QDs to retain the pattern
without getting dissolved upon the subsequent patterning
process of red-emitting QDs.

The exchange of native oleate ligands for thermally sensitive
ACM and CME ligands did not dramatically change the
absorption of core—shell QDs in the ultraviolet and visible
spectrum, as shown by our investigation of the photo-
luminescence quantum yield (PLQY) after each step of the
HIPIN process (Figure SA,B). For one particular set of
conditions, we found that after ACM ligand capping, the
absorption spectrum is well maintained, and PL slightly blue-
shifts, while the solution PLQY dropped from 70.9 + 4.2%
(oleate) to 43.8 + 2.9% (octyl ACM), which may be due to
partial surface etching during the ligand stripping. The film
fabrication slightly decreased PL, possibly due to Foerster
energy transfer between NCs introducing additional PL
quenching. After the laser treatment, the film PL increased,
which was attributed to defect annealing. PLQY decreased
after the final step development, since the weakly bound amine
ligands could be partially washed off by the developer. CME
ligands generally enabled higher PLQYs, which we attribute to
a stronger binding ability of CME ligands to the NC surface.

10501

This stronger binding allowed us to directly exchange the
original oleate ligands with CME, avoiding the intermediate
step of ligand stripping. We did not observe any shifts of the
PL peak when using CME ligands, and the solution PLQY
dropped from 66.3 + 3.6% (oleate) to 53.8 + 3.2% (CME).
The photoluminescence measurements showed significantly
improved PLQY after patterning with HIPIN relative to that
from our previous optical patterning methods (Table $2)."' ™"

High-Resolution Patterning of Nanocrystals by HIPIN. To
explore the feasibility of high-resolution HIPIN patterning,
narrow lines of CdSe NCs were thermally patterned using a
homebuilt optical setup equipped with an objective with a
numerical aperture (NA) of 0.7. The theoretical diffraction-
limited resolution of an imaging system can be defined by the
point spread function. The radius of the airy disk d ~ 0.611/
NA = 464 nm is close to the full width at half maximum
(fwhm) of the point spread function, and this number can be
used as the diffraction-limited linewidth. When CdSe NC
stripes were patterned on a glass substrate, the linewidth
patterned by HIPIN was ~570 nm (Figure S11A). According
to the simulation results presented in the following sections,
substrates with higher thermal conductivity facilitate prompt
cooling of the patterned layer and therefore should be
favorable for achieving a higher pattern resolution. Thus, we
chose to pattern CdSe stripes using an indium tin oxide
(ITO)-coated glass substrate, the thermal conductivity of
which is ~4 times higher than the thermal conductivity of
borosilicate glass. With the same patterning settings, we
achieved ~480 nm linewidth measured as fwhm of the peaks in
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Figure 6. Modeling HIPIN temperature profile and patterning resolution. (A) Scheme of the volumetric heat source model (VHS): 100 nm thick
CdSe nanocrystal film (absorption coefficient 2.5 X 10* cm™, emissivity 0.6, reflectance 0.8) coated on a silica glass and exposed with green 532
nm Gaussian beam (o = 1 ym) for 10 ns with 800 mW peak power. (B) Experimental pattern of CdSe NCs using 2 ym diameter green pulsed laser
light. (C, D) Simulations of the in-plane temperature distribution on top of CdSe NC film during (C) laser heating period and (D) film cooling
period. (E) Ligand conversion fraction (C) calculated at each point throughout CdSe NC film (left) and C versus distance from the beam center
(right). The white dashed line is the 1/¢* light iso-intensity profile corresponding to ¢ = 1 ym from the center.

SEM image line scan (Figures SC and S11B). This linewidth
matched, within experimental uncertainty, the theoretical
fwhm of diffraction-limited point spread function of our
imaging system. Based on our modeling described in the
following sections and previous experimental studies of other
types of thermal resists,”> HIPIN should be capable of
exceeding the optical diffraction limit after optimizing thermal
diffusion parameters and film thickness and applying NC
ligands with larger activation energies for the thermal
decomposition reaction. Switching to ultrashort laser pulses

10502

and using multiple pulses to expose the same area offer
additional opportunities for achieving thermal patterning with
sub-diffraction resolution.”

Thick-Layer Patterning of Nanocrystals by HIPIN. Some
applications require patterning thick NC films. For example,
for display applications, QD color conversion filters need to
efficiently absorb the blue light from y-LED or liquid-crystal
display (LCD) backlighting panels, with an optical density of 2
or more at the excitation wavelength. The DOLFIN method
relies on the photochemical reactions of surface ligands, and
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the light used for optical patterning must penetrate through the
full thickness of the NC layer. For materials like QDs with high
absorption in UV, light penetration becomes the limiting factor
that defines the photochemical patternability of thick QD
layers (Figure S9). In contrast, HIPIN provides significant
flexibility for patterning thick layers of light-absorbing NCs
because (i) the exposure wavelength is not defined by the
ligand absorption spectrum but can be tailored to provide a
desired tradeoff between the absorption (and heating)
efficiency and light penetration depth and (ii) the heat flow
inside the NC film does not cease immediately when
illumination is off. Instead, photogenerated heat can diffuse
throughout the NC film into the substrate. As a proof of
concept, we blade-coated CdSe QDs with CME ligands onto a
glass substrate to make a thick film, and we used 532 nm
pulsed laser to write stripe patterns followed by development
in CH;CI/EtOH solution (v/v = 1:4). This resulted in a QD
film with a thickness of over 1 ym (Figure SD). HIPIN can be
used to pattern micron-thick films of light-absorbing materials,
such as metals, oxides, core—shell QDs, etc., for light
conversion and other applications (Figure S12), which are
not easy to pattern at such thicknesses with single-step
DOLFIN'' or traditional photolithography.

Modeling Heat Flow and Surface Reaction Kinetics.
In HIPIN, the solubility contrast develops through the
convolution of time- and temperature-dependent reaction
kinetics, making thermal lithography different from DOLFIN
and traditional photolithography utilizing light-sensitive
polymers. For example, when the temperature is close to the
onset temperature for ligand transformation, it takes several
minutes to generate HIPIN patterns. However, an intense
pulsed laser can promptly generate a hot spot with a very high
local temperature, but heating and cooling around this spot can
occur on the time scale of nanoseconds to microseconds. As
we show below, this transient heating and cooling can enable
high-resolution patterning. This effect depends on the ligand
decomposition kinetics, which should be modeled quantita-
tively to describe the temperature and reaction kinetic profiles
inside patterned NC layers.

Kinetics of Ligand Thermal Decomposition. HIPIN
patterning can use conversion or desorption of NC surface
ligands. These processes can also happen together, either
successively or simultaneously. In Figure 1D, we demonstrated
that the thermal decomposition of CME ligands is responsible
for the solubility change of CdSe NCs, and this material system
is chosen here as an example. To first order, the analysis can be
simplified into investigating thermal decomposition kinetics of
pure CME ligands. To estimate thermal decomposition
kinetics, we carried out thermogravimetric studies of CME
decomposition at different heating rates (Figure S10A). The
decomposition rates can be related by the Arrhenius
equation40

€ _ Zj(cy etermn
dr  p (1)

where C is the fraction of thermally converted CME ligand, T
is temperature, Z is a pre-exponential factor, 3 is the heating
rate (temperature ramp), f(C) is a function of the conversion
fraction, depending on the reaction order (typically first order
for thermal decomposition), R is the ideal gas constant, and E,
is the activation energy. At a constant C and E,/RT > 20, the
eq 1 can be expressed as™’

pubs.acs.org/JACS
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1\ 0457 °
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The linear relationship between Inf and 1/T provides a
reasonable fit (Figure S10B) with an activation energy E, = 168
k] mol™ and pre-exponential factor Z = 1.6 X 10" s7/,
assuming first-order reaction kinetics."' With the above kinetic
information, the time to complete conversion (C > 95%) can
be calculated for different temperatures (Table S3). This
information is useful for determining the threshold for an
isothermal patterning process. For example, it takes 10 min to
decompose CME ligands at 400 K but only 11 ns at 1000 K.
However, isothermal kinetics cannot fully describe the HIPIN
process with complex time-dependent temperature profiles.
Hence, we modeled the full temperature profile and
convoluted it with the surface reaction kinetics.

Modeling Temperature Profiles in Nanocrystal Layers. To
understand the heat flow and time-dependent temperature
distribution in NC layers exposed to a laser beam, we used the
volumetric heat source (VHS) model as implemented in the
COMSOL Multiphysics package to simulate HIPIN patterning
of CdSe QDs with a nanosecond pulsed 532 nm laser. The
model is schematically presented in Figures 6A and S16. The
optical energy of the laser beam can be absorbed by the
material being patterned, transmitted into the substrate, or
reflected. For the normal incidence of 532 nm laser light, the
reflectivity (R) or CdSe NC layer can be calculated as

(1-ny
R=
components of the complex refractive index. We used the
literature values in our model.*” The light absorption follows

where n and k are the real and imaginary

the Beer—Lambert law :—i = —al, where I is the laser light

intensity, h is the depth from the film surface, and «a is the
linear absorption coeflicient, implying that light intensity
decays exponentially inside the patterned layer (Figure S9).
The value of @ ~2.5 X 10* cm™ at 532 nm corresponds to a
typical value for absorption in CdSe NC film.*

Only a fraction of absorbed light energy is converted into
heat. The absorbed light can generate photoluminescence, and,
for well-optimized synthetic protocols, core—shell QDs can
achieve near-unity PLQY.* However, even for a perfect QD
emitter, localized heating will be produced from the Stokes
shift (difference between the energy of absorbed and emitted
photons). Moreover, the Auger process dramatically increases
the heat yield at the high illumination power used for
patterning. We found nanocrystals with higher photolumines-
cence quantum yields required a higher dosage to generate
enough heat to complete the thermal transition on the surface,
thus achieving a decent pattern contrast. For example, a good
pattern of InP/ZnS (PLQY: 97%) required a dosage of 150 m]J
cm ™2, while CdSe/ZnS (PLQY: 40—70%) required a dosage of
80—100 mJ cm™ and CdSe (PLQY: 5—20%) required only
20—25 mJ cm™2 For CdSe QDs with no shell, it is reasonable
to assume that the majority of absorbed energy will be
converted to heat. This heat can increase the local temperature,
diffuse into lower temperature regions, or radiate to the
atmosphere with an emissivity of about 0.6.*

When heat flows into a material, its temperature increases in
proportion to the amount of heat divided by the amount of the
material, described by pCpdT/0t + pCouVT, where p is the
material density, Cp is specific heat capacity, T is the absolute
temperature, and u is the velocity vector for heat flux. Heat will
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flow from hotter regions to adjacent colder regions, in
proportion to the temperature gradient and the thermal
conductivity k of the material, described by —kVT. In
summary, assuming the material has no thermoelastic damp-
ing, the heat diffusion follows the equation: Q = pCpdT/0t +
pCpuVT — kVT.

The heat supply q is the only energy source. It can be
expressed as

2P _
g = —— e kel £(£) X w X €

ﬂ'.rspot (3)

where the first exponential term, with the pre-exponential
factor, is related to the energy density distribution within the
Gaussian beam, in which P is the laser power, 7, is the laser
Spot size, rg,. is the distance from a certain point to the central
point of the laser focal plane, and f(t) describes the time-
dependence of light intensity, such as pulse duration. w
accounts for incomplete light-to-heat conversion efficiency due
to film reflectivity. € is the emissivity of CdSe film. In our
model, the NC layer is exposed to a 10 ns light pulse, followed
by rapid cooling and f(t) = 1 for 0 < ¢t < 10 nm and 0
otherwise.

Temperature Distribution Profile. The COMSOL Multi-
physics package was used to model the heating and cooling
profiles defined by the light exposure and thermal diffusion
among the material and substrate layers (Figure 6C—E and
Animation S1). During the 10 ns laser pulse, the temperature
of the NC layer promptly increases due to local laser heating.
The temperature in the beam center can reach as high as
~1400 K at t = 10 ns, followed by rapid cooling when the
energy supply is cut off until the sample reaches thermal
equilibrium. Finally, the entire film starts cooling, with the rate
determined by thermal radiation and boundary thermal
diffusion.

The patterned region should not only reach a specific
temperature threshold, e.g., the ligand decomposition onset
temperature (T,,), but also be held at a high temperature for a
time sufficient for enough ligands to decompose. With the first-
order rate law assumption and the kinetic parameters
experimentally derived for CME ligands, the reaction time
required to pattern NCs (C > 95%, as illustrated in Figure 1E)
at different temperatures can be calculated (Table S3). For
example, CdSe-CME film should remain above 1000 K for 11
ns, above 900 K for 104 ns, or above 800 K for 1.7 us to
completely dissociate the CME ligands. If the region fails to
remain at this temperature for the minimum time required to
fully dissociate the surface ligands, NCs may remain soluble,
and no pattern can be formed during development.

The rapid cooling results from thermal emission into the
ambient environment and vertical heat diffusion into the
substrate layer, which typically has a larger thermal diffusivity
than the patterned NC layer (Table S2), so that the substrate
acts as a heat sink. Vertical thermal diffusion into the substrate
is more favorable for substrates with high thermal conductivity,
as demonstrated by the comparison of simulated HIPIN
temperature profiles for silica glass and silicon as the substrates.
When silicon with high thermal conductivity is used as a
substrate, the layer of patterned CdSe NCs cools more rapidly,
just as observed in a previous study (Figure S21)."" The
suppression of in-plane heat conductivity is favorable for
thermal patterning with high lateral resolution. The use of a
thinner layer of patterned NCs also decreases thermal diffusion

length in the less thermally conductive NC layer and facilitates
material cooling through vertical thermal diffusion into the
substrate (Figures S17—S21).

HIPIN Contrast Defined by NC Solubility Change. Because
of the nonlinear relationship between the temperature and
ligand conversion fraction (C), temperature profiles cannot be
solely used to describe the patterning contrast. To address this
point, our approach convolved heat generation, diffusion, and
temperature-dependent reaction kinetics. We integrated the
temperature profile using the reaction activation energy E, and
pre-exponential factor Z to plot spatial distributions of C values
based on the Arrhenius equation and first-order rate law
assumption (see Section S4 in the Supporting Information):

/QOZ exp(— E, ) dt
0 RT(t) (4)

The combination of fast cooling with suppressed horizontal in-
plane heat diffusion due to the low thermal conductivity of the
patterned NC layer and the exponential acceleration of ligand
conversion kinetics with temperature creates a very sharp
threshold between the regions with C & 1 and C = 0, as
indicated by a very narrow, sub-100 nm transition layer
(Figures 6E, S22, and 23). The simulated pattern feature size is
1.16 um (2 X radius), which is comparable to the
experimentally observed value of 1.76 um (Figure 6B,E). We
view this agreement as reasonable, given the simplicity of our
computational model, which did not account for possible
multistep reaction kinetics, etc.

The effective parameters E, and Z for the ligand conversion
reaction play an important role in the HIPIN pattern
resolution in addition to the thermal diffusivities discussed
previously. When reducing E, from 168 to 100 kJ mol™’, the
pattern feature size increases, and resolution worsens (Figures
$24 and S25). This observation provides guidance for the
design of future thermally patternable NC inks and resists.
Based on our computational analysis and previous exper-
imental and theoretical studies, it should be possible to
overcome the diffraction limit by thermal rather than
photochemical patterning of NC inks.

C=1-exp

B CONCLUSIONS

In summary, we developed a thermal lithography method,
HIPIN, which can directly pattern semiconductor, dielectric,
and metal nanocrystals. We studied thermally induced
reactions at NC surfaces and incorporated their kinetics into
a model of the HIPIN process, thus obtaining the relationship
between laser beam parameters and temperature profile, which
will be useful in optimizing HIPIN for patterning thick films
with high resolution. HIPIN can achieve a 480 nm feature size,
which is comparable to the diffraction resolution limit. Based
on theoretical models and simulations, HIPIN resolution can
be further improved beyond the Abbe limit and used to
fabricate ultrahigh-resolution devices. It can also maintain
>78% of original PLQY and achieve ~1.2 ym pattern thickness
in highly light-absorbing semiconductor materials, which is a
promising development for manufacturing highly efficient
light-emitting quantum dot displays.
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