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ABSTRACT: Nanomaterials are naturally metastable with respect
to bulk solids. This raises the very important fundamental problem
of their morphological stability, especially when nanoscale
crystallites are touching or nearly touching each other, such as in
thin-film devices. In some cases, nanostructuring must be
preserved under operational conditions (e.g., in quantum dot
LEDs, lasers, photodetectors, and nanogranular thermoelectric
devices). In other cases, we use nanocrystalline particles as
precursors to a material with large crystalline grains and aim to
sinter them as efficiently as possible (e.g., in polycrystalline thin-
film solar cells). We carried out a systematic study of sintering and
grain growth in materials composed of various sub-10 nm
semiconductor grains. The boundaries between individual semiconductor grains have been chemically engineered using inorganic
surface ligands. We found that the early stages of sintering and grain growth of nanocrystalline semiconductors are controlled by the
ion mobility at the nanocrystal surfaces, while the late stages of grain growth are controlled by the mobility of the grain boundaries.
This appears to be a general phenomenon for semiconductor nanocrystals, and it leads to several interesting and counterintuitive
trends. For example, III−V InAs nanocrystals are generally much more resilient against sintering and grain growth compared to II−
VI CdSe nanocrystals even though bulk CdSe has significantly higher melting point temperature than InAs (1268 °C vs 942 °C).
Grain growth can be dramatically accelerated when coupled to solid−solid phase transitions. These findings expand our toolbox for
rational design of nanocrystal materials for different applications.

1. INTRODUCTION
Solution-processed colloidal nanocrystal (NC) inks have
emerged as cost-efficient building blocks for the fabrication
of optoelectronic devices such as light-emitting diodes (LEDs),
photodetectors, solar cells, thermoelectric elements, and
printable electronic circuits. The performance of these devices
is dependent on the properties of NCs used in device active
layers. The size, shape, composition, and connectivity of
semiconductor NCs define their properties, such as bandgap
energy, emission color, recombination rate, thermal con-
ductivity, and charge carrier mobility.1−5 Even though the
behaviors of individual NCs and their ensembles in solution
are well-studied, little work has been dedicated to the evolution
of NC layers at elevated temperatures and the understanding
of their thermal stability, which are crucial for device
fabrication and operation. To elucidate this, two contrasting
examples can be given. When using quantum confinement to
tune the spectral response of quantum dot light-emitting
devices or lasers, it is important that NCs perfectly maintain
their stability against sintering and grain growth induced by
elevated temperatures during device fabrication and oper-
ation.5−8 In other cases, e.g., for solar cells made of CdTe,

CuInxGa1−xSe2 (CIGS), or Cu2ZnSnS4 (CZTS) NCs, fast and
efficient sintering and recrystallization of sub-10 nm NCs into
micron-sized crystalline grains are desired to create an absorber
layer with low concentration of recombination sites at the grain
boundaries.9−11 The above examples illustrate the importance
of NC sintering and grain growth behavior, but surprisingly
little attention has been paid to understanding the thermal
stability of films prepared from colloidal NCs.
Thermal treatment of NC films causes the NCs to fuse and

ripen, which is accompanied by an increase in the average NC
size. The concepts of sintering and grain growth have been
originally developed by the ceramics community, where
sintering was related to densification and the microstructure
changes occurring during densification (neck formation, grain
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boundary formation, pore size decrease, etc.).12 One has to be
careful with nomenclature because the nanomaterials com-
munity often has used the term sintering to describe the
transformation of discrete NC assemblies into a material
composed of connected, fused, or ripened crystalline domains,
without emphasis on densification. This implicitly treats grain
growth as a part of sintering rather than as a separate
process.13,14

Sintering of micron and submicron powders is routinely
used to improve mechanical properties, to increase electrical
and thermal conductivity in ceramics, in powder metallurgy,
for fabricating thermoelectric materials, and so on.15−17 On the
other hand, preventing sintering of catalytically active metal
clusters is an active area of research in heterogeneous
catalysis.18−22 Colloidally synthesized NCs bridge the size
gap between micron-sized ceramic powders and metal clusters,
which are typically smaller than 2 nm. Sintering and grain
growth of ALD-passivated PbS NCs, superlattices of PbSe
NCs, CIGS NCs, and CZTS nanorods have been stud-
ied;13,14,23−25 however, a systematic understanding of NC
sintering and grain growth is largely lacking. Sintering studies
of as-synthesized colloidal NCs are complicated by organic
surface ligands that separate inorganic NC cores at room
temperature but desorb and decompose upon heating.23 With
organic ligands, the sintering and grain growth processes are
strongly dependent on sample history, which makes systematic
studies and data interpretation difficult. In recent years, our
group and others have developed methods to replace the long-
chain organic ligands with a variety of compact inorganic
ligands such as chalcogenidometallates, chalcogenides, halides,
and halometallates.6,7,26 The inorganic ligands facilitate charge
transport through NC films, improving the characteristics of
optoelectronic devices.6,7,27,28 The inorganic ligands also have
clean and well-defined reactivity at elevated temperatures,29,30

in contrast to complex carbonization chemistry of organic
ligands.31

In this work, we investigate the effects of NC size, surface,
and phase on the sintering and grain growth behavior of all-
inorganic semiconductor NC films. We also investigate general
trends for NCs belonging to II−VI, III−V, and IV−VI
semiconductor families and provide a generalized description
of the sintering and grain growth process in NC solids at
temperatures relevant to thin-film processing of NC devices.

2. METHODS
2.1. Nanocrystal Synthesis. Zinc blende (zb-) and

wurtzite (w-) phase CdSe NCs, zb- and w-CdTe, zb-InP, zb-
InAs, rock salt PbS, kesterite (k-), and wurtzite (w-)
Cu2ZnSnS4 (CZTS) were all synthesized following reported
protocols. zb-CdSe NCs were prepared with SeO2 and
cadmium myristate at 240 °C, following Cao et al.32 w-CdSe
NCs were obtained with Se:TOP and CdO as precursors and
ODPA as the surfactant at 370 °C following Manna et al.33 zb-
and w-CdTe NCs were synthesized with octadecylphosphonic
acid (ODPA) and oleic acid (OA) as the surfactants,
respectively, following Peng et al.34 Trioctylphosphine
(TOP) and trioctylphosphine oxide (TOPO) capped InP
were synthesized at 270 °C overnight using Micic’s recipe.35 4
nm TOP-capped InAs NCs were obtained with two additional
injections with InCl3 and (TMS)3As as the precursors using
Guzelian’s recipe.36 PbS NCs were synthesized using the
protocol by Hines et al.37 k-CZTS was synthesized using the
recipe of Riha et al.,38 and w-CZTS was synthesized using the

protocol by Jao et al.39 Necessary modifications were
performed to obtain the desired size and morphology.

2.2. Preparation of (N2H5)2In2Se4- and (NH4)2S-
Capped zb- and w-CdSe, (N2H5)2In2Se4-Capped InAs
and InP NCs, (N2H5)2In2Te4-Capped CdTe NCs, and
(NH4)2S-Capped w- and k-CZTS Inks. A two-phase ligand
exchange approach was performed with toluene and N2H4 as
the top and bottom phases, respectively. Ligand exchange
duration ranges from 30 min to 3 h, depending on the ligands
used during synthesis. ODPA-capped w-CdSe normally takes a
few hours before the ligand exchange completes, whereas
TOP-capped InAs NCs finish the ligand exchange with
(N2H5)2In2Se4 within 30 min. N2H4 is used as the polar
solvent, based on the following arguments: first, it is a good
solvent to disperse most inorganic ligand-capped NCs; second,
it is a volatile solvent which can be removed after annealing at
80 °C for 30 min on the hot plate; and third, even the residue
which remains adsorbed to the surface can cleanly decompose
into N2 and H2 at elevated temperature.
(NH4)2S can only exist in aqueous solution. Since moisture

is found to greatly suppress NC sintering, an amount of
(NH4)2S just sufficient to complete phase transfer was used for
the ligand exchange. For example, for 0.2 mL CdSe NCs (60
mg/mL), 5 μL (NH4)2S aqueous solution (48% by weight)
was used. The inorganic ligand-capped NCs were meticulously
washed to remove any remaining free ligands. The as-prepared
N2H4 solution of inorganic ligand-capped NCs was passed
through a 0.2 μm PTFE filter before being precipitated with
such an amount of acetonitrile that a slight nanocrystal color
was left in the supernatant. The precipitate was redispersed
into N2H4, and filtration was performed again. In a similar way,
a second precipitation cycle was performed to completely
separate free ligands from nanocrystals.

2.3. Preparation of “Bare” zb- and w-CdSe NC Inks.
Both ODPA and carboxylic acid on the surfaces of w- and zb-
CdSe NCs were stripped with HBF4 solution or Me3OBF4
powder in hexane. The NC precipitate was then dissolved into
DMF for purification, which is an important step to remove
impurities. The NC solution in DMF was filtered through a 0.2
μm PTFE filter and precipitated with toluene. The precipitate
was then mixed with N2H4 to form suspensions for the XRD
sample preparation.

2.4. Preparation of NC Films. Highly concentrated
solutions with concentrations up to 40−60 mg/mL were
drop-cast onto oxygen-plasma-treated silicon wafers with a 300
nm silicon dioxide surface layer. The NC film was annealed at
100 °C on the hot plate inside a glovebox for 30 min to
remove the volatile solvent, before it was transferred either into
the furnace for higher-temperature annealing or to the XRD
equipment for the in situ measurements.

2.5. Preparation of (NH4)2S-Capped PbS NC Film.
Sulfide-capped PbS NCs were obtained by treating a PbS NC
film with (NH4)2S solution, following literature procedures.40

2.6. In Situ and Ex Situ XRD Measurements. Diffraction
patterns were obtained with a Bruker D8 diffractometer with a
Cu Kα X-ray source, operating at 40 kV and 40 mA, and a
Vantec 2000 area detector. Two kinds of sintering experiments
were performed: ex situ and in situ XRD measurements. For ex
situ sintering, the NC film was annealed in a furnace inside the
glovebox from low to high temperature, and corresponding P-
XRD patterns were collected after each annealing period. In
detail, the NC film was transferred into the furnace, which was
preset to a certain temperature, and annealed for 10 min before
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being taken out for P-XRD measurement. The temperature
was monotonically increased from 50 to 600 °C in steps of 25
or 50 °C. During the whole process, the same NC film was
used. To minimize temperature fluctuations and annealing
duration variances when comparing the thermal stability of
different samples, those samples’ annealing steps were
performed at the same time in the same furnace.
For in situ XRD experiments, on the other hand, the sample

was loaded onto a holder covered by an airtight dome in the
XRD equipment chamber. An air-free environment was
achieved by evacuation and refilling of the chamber with N2
three times. An amount of 1 atm of N2 was used to protect the
sample from oxidation during elevated temperature XRD
measurement. The sample was heated from room temperature
to 600 °C, with a ramp rate of 3 °C/min. Meanwhile,
continuous XRD measurements were performed, with each
pattern acquisition taking 9 min. In total, around 21 XRD
patterns were collected during each run, with each covering an
approximately 27 °C range.
2.7. SEM Studies. SEM images were acquired with an FEI

Nova NanoSEM 200 operated at 10.0 kV. The SEM samples
were prepared by drop-casting an NC solution onto silicon
wafers, followed by annealing in the furnace inside the
glovebox with the same temperature ramp rate as in the
XRD measurements. In order to observe the morphologies of
the top, bottom, and cross-sectional regions of the films, they
were scratched into powders with razor blades and then rinsed
with one drop of acetone to improve the attachment of the
powder onto the wafer.
2.8. In Situ and Ex Situ TEM Studies. For ex-situ TEM,

the images were taken by using an FEI Tecnai F30 microscope
operating at 300 kV. In situ and ex situ TEM samples were
prepared by drop-casting dilute NC solutions in N2H4 onto Au
and Cu grids, respectively. These were then annealed at 80 °C
for 30 min on the hot plate to remove volatile solvent. For in
situ TEM, the sample was directly loaded onto a TEM sample
holder with a heating setup. As a tentative measure to prevent
the sublimation of NCs at elevated temperature, another Au
grid was used to cover the TEM sample in one case. Heating
power was manually controlled to maintain a similar
temperature ramp rate to that of the XRD and SEM runs. A
series of TEM images were taken while the temperature was
ramping up. For ex situ TEM, as-prepared samples were
transferred into the furnace for further annealing at various
temperatures. The annealing in the furnace followed the same
schedule as in the ex situ XRD and SEM measurements.
2.9. Solution and Thin-Film Absorption Spectra

Measurements. A Cary 5000 UV−vis spectrophotometer
was used for both solution and thin-film absorption measure-
ments. A DRA 2500 diffuse reflectance accessory (integrating
sphere) was used to record both transmittance and reflectance
for the thin-film absorption. For thin-film absorption spectra,
film quality and thickness directly determine the signal-to-noise
ratio of the spectrum. Therefore, the film was prepared on a 2”
× 2” quartz plate by spin-coating with a concentrated solution
(40−60 mg/mL). The film was annealed according to the
schedules above in the furnace inside the glovebox before the
absorption spectrum measurements.

3. RESULTS AND DISCUSSION
3.1. Preparation of Nanocrystal Films for Sintering

and Grain Growth Experiments. Colloidal CdSe, CdTe,
PbS, InP, InAs, and CZTS NCs were synthesized according to

the established protocols with slight modifications as needed to
obtain a desired size and morphology. CdSe and CdTe NCs
have been synthesized in two polymorphs, hexagonal wurtzite
(w) and cubic zinc blende (zb). Wurtzite and kesterite (k)
polymorphs have been synthesized for CZTS NCs. The
original long-chain hydrocarbon surfactants were replaced with
inorganic ligands such as (N2H5)2In2Se4, (N2H5)2In2Te4, and
(NH4)2S using a two-phase ligand exchange approach.26,41 To
minimize the introduction of heterogeneous atoms, we paired
the inorganic ligand and NCs in such a way that either the
cation or anion in both the NC and the ligand was identical. As
an example, (N2H5)2In2Se4 was used as the capping ligand for
CdSe, InAs, and InP NCs; (N2H5)2In2Te4 was used to
passivate CdTe NCs; and (NH4)2S was used for PbS and
CZTS NCs. Ligand-free NCs were prepared by treating NCs
with ligand-stripping agents such as HBF4 and Me3OBF4.

41,42

We used the minimal amount of inorganic surface ligands
sufficient to provide colloidal stability. To eliminate the solvent
effects, we used N2H4 as solvent for colloidal NCs. (Note:
hydrazine is a hazardous solvent which is explosive when reacting
with oxygen at elevated temperature. Appropriate precautions
should be exercised while handling hydrazine.) Unlike many high-
boiling polar solvents which tend to decompose, forming
nonvolatile residues, hydrazine has a low boiling point, and its
thermal decomposition products are N2, NH3, and H2 which
immediately escape from the film. The absorption spectra after
surface modification indicate that the NCs retained their size
and size distribution (Figure S1). The NC inks were then spin-
coated onto Si substrates and dried at 100 °C for 1 h.
(NH4)2S-capped PbS NC films were obtained by an on-film
ligand exchange process where a film of PbS NCs capped with
oleate ligands was dipped into (NH4)2S solution, following a
reported protocol.40 This was done to avoid oriented
attachment and coarsening during the two-phase ligand
exchange process for PbS NCs.43 For all studied samples, the
film thickness was on the order of a micron (Figure S2), and
the highest temperature used in this study was 600 °C. No
significant material sublimation at ambient pressure was
observed at this temperature. As-deposited NC films showed
short-range order and could be approximated by randomly
packed spheres, which are reported to have up to 64% volume
packing density.44,45

By using a combination of powder X-ray diffraction (P-
XRD), electron microscopy, and optical absorption measure-
ments, we followed the evolution of structure and morphology
of semiconductor NC films subjected to thermal treatments at
different temperatures. The early stages of NC sintering and
grain growth can be investigated by monitoring the evolution
of the optical absorption spectra because NC necking boosts
electronic coupling between semiconductor NCs and causes
broadening and red shifting in their absorption spectra. On the
other hand, P-XRD is a powerful tool to track the later stages
of NC grain growth. The analysis of P-XRD patterns provides
information about the NC phase and the average size of
crystalline domains, as calculated from the Scherrer equation.
It is important to add that changes of XRD crystallite size can
occur with or without changes in average density and should
not be used to assess densification without additional
experimental support. Both grain growth and densification
are different thermally activated processes, so while density and
grain size increases can be simultaneously observed as the
annealing temperature is increased, one should not draw a
conclusion that the grain size increase caused the density
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increase or vice versa. SEM and TEM measurements provide
additional insights into the morphology, density, and grain size
of annealed NC films, including those needed to make this
distinction. For ex situ experiments, the NC films were
annealed in a furnace preset to a certain temperature for 10
min inside an N2 glovebox. The temperature was steadily
increased from 50 to 600 °C, in steps of 25 or 50 °C (Figure
S3a). We also carried out in situ P-XRD experiments where the
NC film was placed under a nitrogen atmosphere inside an
airtight dome (Figure S4). The sample was heated from room
temperature to 600 °C with a ramp rate of 3 °C/min.
Meanwhile, continuous recording of P-XRD patterns was
carried out, with each pattern acquisition taking 9 min. In total,
21 P-XRD patterns were collected during a full temperature
ramp, with each pattern covering a range of approximately 27
°C (Figure S3b).
3.2. Onset of Nanocrystal Sintering and Grain

Growth. We found that NC sintering starts at much lower
temperatures compared to sintering and grain growth of bulk
powders, similar to the melting point depression effect
observed for metal and semiconductor NCs.46,47 For example,
4 nm w-CdSe NCs capped with (N2H5)2In2Se4 surface ligands
start to sinter between 250 and 300 °C, far below the bulk
CdSe melting temperature of 1268 °C. Figure 1a shows a series
of X-ray diffraction patterns collected for a film of
(N2H5)2In2Se4-capped w-CdSe NCs as it was heated from
50 to 600 °C with a ramp rate of 3 °C/min. With an increase
of the annealing temperature, the width of all diffraction peaks
decreased due to the increase of the crystalline domain size.
The onset of sintering around 250 °C was also evident from
the changes of the absorption spectra of w-CdSe NC films

(Figure S5), which show smearing of the first excitonic peak
starting at 225 °C as the NCs are joined together due to the
decomposition of (N2H5)2In2Se4 to In2Se3.

48 Densification of
the NC films after heat treatment is evident from SEM images
in Figure S2, where the top view of the film after a 450 °C
thermal treatment shows extensive cracking. This cracking is
due to stress that develops due to constrained sintering
(densification): the film shrinks laterally, but the substrate does
not; hence, a tensile stress develops that causes cracking.49

3.3. Effect of Nanocrystal Surface Ligands on
Sintering and Grain Growth. To better understand the
role of surfactants in the process of NC sintering and grain
growth, we compared the grain growth profiles for 4.2 nm w-
CdSe NCs capped with three different types of surface ligands.
As-synthesized w-CdSe NCs were capped with n-octadecyl-
phosphonic acid (ODPA). The pristine ODPA ligands can be
stripped with Cd(BF4)2 to prepare “bare” CdSe NCs where the
surface of CdSe NCs is positively charged with an excess of
Cd2+ ions.41 Finally, (NH4)2S and (N2H5)2In2Se4 were used as
inorganic ligands. Figure 1b shows the grain growth of CdSe
NCs with different surface ligands. Bare CdSe NCs with a
cadmium-rich surface started grain growth at 200 °C, whereas
for (NH4)2S-capped CdSe NCs grain growth began at 300 °C.
Grain growth was found to be significantly impeded for
ODPA-capped CdSe NCs, where narrowing of the X-ray
diffraction peaks was observed only above 450 °C (see Figure
S6 for P-XRD patterns). As discussed below, the early stage of
NC sintering is defined by the diffusion of ions at the NC
surface.50 The nature of chemical bonding between the
capping ligands and surface atoms of the NC core plays an
important role in tuning surface energy, which in turn affects

Figure 1. (A) X-ray diffraction patterns of a film of 4 nm w-CdSe NCs capped with In2Se42− ligands heated to different temperatures in situ. The
NC films, named here w-CdSe/In2Se3, were prepared by drop casting a hydrazine solution of w-CdSe NCs capped with (N2H5)2In2Se4 ligands.
These ligands decomposed to In2Se3 upon heating.48 (B) Grain growth for w-CdSe NCs capped with n-octadecylphosphonic acid (ODPA),
(NH4)2S, and “bare” CdSe NCs colloidally stabilized with BF4− counterions.41 (C) Grain growth profiles for films of three differently sized w-CdSe
NCs all capped with (N2H5)2In2Se4 ligands. (D) Comparison of grain growth profiles for different semiconductor NCs capped with cation-/anion-
matched inorganic ligands.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c07400
J. Phys. Chem. C 2022, 126, 21136−21148

21139

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c07400/suppl_file/jp2c07400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c07400/suppl_file/jp2c07400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c07400/suppl_file/jp2c07400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c07400/suppl_file/jp2c07400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c07400/suppl_file/jp2c07400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c07400/suppl_file/jp2c07400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c07400/suppl_file/jp2c07400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c07400/suppl_file/jp2c07400_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07400?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07400?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07400?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07400?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c07400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the rate of surface diffusion. In CdSe, cadmium cations are
smaller and significantly more mobile than selenide anions.51

We can speculate that the Cd-rich surface of “bare” CdSe NCs
facilitates the rate-limiting step, surface diffusion of Se2− ions,
during the early phase of grain growth. On the other hand,
CdSe NCs with (NH4)2S surface ligands upon heating undergo
ligand decomposition, forming CdSe NCs with sulfide-
terminated surfaces favorable for surface diffusion of cations
but not optimal for rate-limiting anion diffusion. The CdSe
NCs with inorganic ligands show an appreciably lower grain
growth onset temperature as compared to CdSe NCs capped
with bulky ODPA ligands. ODPA molecules have aliphatic
hydrocarbon tails about 2.5 nm long52 that decompose into
amorphous carbon above 400 °C. The nonvolatile layer of
amorphous carbon effectively inhibits surface diffusion
between NCs and encapsulates NC cores inside graphitic
shells.53

NCs with compact ligands are expected to demonstrate
more efficient sintering due to tighter interparticle contacts
(Figure 1b). A small distance between NC cores in a NC film
determines the ease of neck formation between NCs, which is
a prerequisite for grain growth. In the presence of ODPA and
other bulky organic surface ligands, the initial spacing between
4.2 nm w-CdSe NC cores is much larger than the hopping
distance of an atom diffusing between neighboring surface
sites, which inhibits the NC necking process.54

Impurity doping of the lattice can also impact sintering and
grain growth, as has been observed for ceramic powders.55 We
tried to minimize the influence of impurity dopants in our
study by using ligands that share at least one of their ions with
the NC lattice. In the case of “bare” w-CdSe NCs with BF4−

counterions, the doping of B or F into a NC lattice is unlikely
due to very large B−F bond energy. Generally, we did not
notice NC−(inorganic ligand) pairs with pronounced doping-
induced acceleration or suppression of NC sintering and grain
growth.
3.4. Effect of NC Size. Since the surface-to-volume ratio in

NCs is strongly dependent on the NC size, we compared the
grain growth onset temperatures of different sizes of CdSe NCs
capped with In2Se4

2 ligands (Figures 1c and S7). The grain
growth onset temperatures for smaller particles were slightly
lower due to their larger surface to volume ratio. Even though
the profiles were qualitatively similar, the final grain sizes at
400 °C were relatively smaller for 2.6 nm particles, likely
because the density of grain boundaries was significantly larger
in the films made of partially sintered small NCs compared to
the films made of larger NCs.
3.5. Sintering and Grain Growth Behavior of Differ-

ent Semiconductor Nanocrystals. We carried out a
comparative study of different NCs belonging to II−VI, III−
V, and IV−VI semiconductor families. w-CdSe (hexagonal
crystal lattice) and zb-CdTe (cubic lattice) are typical II−VI
semiconductors corresponding to thermodynamically stable
phases of bulk solids. zb-InAs and zb-InP were chosen as
typical examples of III−V compounds with cubic zinc blende
crystal structure, while PbS with cubic rock salt structure is a
typical IV−VI compound. All of these NCs have nearly
spherical shapes and sizes of about 4 nm, and their surfaces
were capped with ion-sharing chalcogenidometallate inorganic
ligands for consistent comparison.
A comparison of grain size evolution trajectories with

temperature for various NCs is shown in Figures 1d, S6, and
S8. The lowest temperature onset of grain growth was

observed for PbS NCs (∼100 °C). Grain growth in the case
of II−VI CdSe and CdTe NCs started at around 250 °C, while
III−V InAs and InP NCs showed the highest resilience to heat-
induced structural transformations, having no appreciable grain
growth below ∼450 °C. Strikingly, there is no correlation
between the grain growth onset and melting point temper-
atures of the corresponding bulk phases: InAs (Tm = 942 °C) <
InP (1062 °C) < CdTe (1092 °C) < PbS (1114 °C) < CdSe
(1258 °C).
A comparison of X-ray diffraction patterns of zb-InAs and w-

CdSe NCs at different temperatures, presented as 2D maps
(Figure 2), highlights a drastic difference in the thermal

stability of typical II−VI and III−V compounds sharing
tetrahedral coordination and very similar lattice parameters.
InAs NCs remain intact up to temperatures above 400 °C,
whereas the X-ray reflections of w-CdSe NCs start sharpening
at temperatures below 300 °C. The difference in thermal
stability for II−VI and III−V NCs is also evident from the
absorption spectra of annealed NC films (Figure S9). For InAs
NC films, the size-dependent excitonic transitions can be
clearly observed in films annealed at 300 °C. On the other
hand, the absorption peak related to the first excitonic
transition in CdSe NCs continuously red shifts upon heating
and is completely smeared out at 300 °C, indicating significant
necking and ripening in these NCs. It is important to
emphasize that the melting point of bulk CdSe (1258 °C) is
over 300 °C higher than that of InAs (942 °C), which strongly
suggests that NC sintering and grain growth behavior cannot
be directly correlated with the melting points of their bulk
counterparts.

3.6. Kinetics of NC Grain Growth. Our experimental data
suggest that, for the films of semiconductor NCs, grain growth
kinetics can show rather complex and counterintuitive
behavior. Figure 3a shows isothermal grain growth in films
of 4 nm w-CdSe NCs capped with (N2H5)2In2Se4 surface
ligands. At 250 °C a very slow but steady increase of the grain

Figure 2. Two-dimensional representations of X-ray diffraction
patterns measured in situ at different temperatures for 4 nm zb-
InAs and 4 nm w-CdSe NCs capped with (N2H5)2In2Se4 ligands. The
dotted lines indicate the temperatures corresponding to the onset of
grain growth.
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size was observed, with Scherrer size of crystalline domains
approaching 7.1 nm after 8.5 h of continuous heating. On the
other hand, at 300 and 350 °C we observed two different time
scales�a fast grain growth at early times abruptly switching to
a regime of slow continuous growth. Likely, there exist two
different rate-limiting diffusion mechanisms, corresponding to
fast surface diffusion and much slower grain boundary
diffusion, as discussed below.
Even more striking behavior was observed for the film of 4

nm zb-CdSe NCs capped with the same (N2H5)2In2Se4 surface
ligands (Figure 3b). At 250 °C, the grain growth behavior of
zb-CdSe NCs was similar to that for w-CdSe NCs, and their
Scherrer grain size approached 6.5 nm after 6.5 h of
continuous heating. However, heating at 300 °C resulted in

a qualitatively different behavior, with rapid grain growth to
∼45 nm during the first 150 min. At 350 °C, the crystalline
domains grew from 4 nm to ∼55 nm in less than 10 min,
approaching the instrumental limit for measuring Scherrer size
for this sample. The rate of grain growth changed by almost 3
orders of magnitude over this relatively narrow temperature
range. From a practical point of view, such behavior suggests
that caution is required when performing and analyzing
accelerated stability tests for NC-based devices.
The above examples show that sintering and grain growth of

semiconductor NCs are rather complex phenomena. A better
understanding is critical for evaluating the thermal stability of
semiconductor nanostructures and the rational development of
thermally robust NC layers for optoelectronic devices.

Figure 3. (A) Time evolution of crystalline domain size for a film of wurtzite CdSe NCs with (N2H5)2In2Se4 surface ligands held at different
temperatures. (B) Time-dependent evolution of crystal size for zinc blende CdSe NCs of similar original size and with the same surface ligands.

Scheme 1. Phenomenological Description of NC Sintering and Grain Growth Processesa

a(A) Upon heating, individual NCs touch and form necks and grain boundaries. Different diffusion channels (surface, grain boundary, volume)
determine the dynamics of NC sintering and grain growth. (B) Schematic representation of vacancies and defects at grain boundaries. (C) Sintering
and grain growth in films of semiconductor NCs. From left to right: as-deposited NCs separated from each other form necks via surface diffusion
upon heating. Further neck growth happens through grain boundary diffusion. Grain growth then takes place via grain boundary migration.
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3.7. Phenomenological Description of the Sintering
Processes. Sintering of crystalline particles has been
extensively studied for ceramics56 and in powder metallurgy.57

The studies of ceramic powders revealed that sintering kinetics
is often controlled by diffusion-limited mass transport such
that the grain size (d) of ceramic powders scales as the square
root of the annealing time (d ∼ t1/2) at constant temperature,
which is typical for diffusion-controlled processes.56 An
exponent in t greater than 1/2 is usually considered as
reflecting discontinuous grain growth, spurred by impurity
doping or other factors.56

The sintering kinetics is defined by the competition between
several diffusion mechanisms shown in Scheme 1a, such as
surface diffusion (defined by the diffusion coefficient Dsurf),
diffusion along grain boundaries (Dgb), and volume diffusion
(Dvol). Atomic diffusion is a thermally activated process, and
diffusion coefficients generally scale with temperature as D =
D0 exp(−EA/kBT), where EA is the activation energy for a
particular diffusion mechanism; kB is the Boltzmann constant;
and T is temperature. The surface atoms, due to their
unsaturated bonding, have higher mobility and diffuse with
lower activation energy compared to those of other diffusion
channels. Similarly, undercoordinated lattice sites facilitate
diffusion along grain boundaries (Scheme 1b), and grain
boundary diffusion has a lower activation energy than volume
diffusion. This hierarchy of energy scales determines the
sequence of grain growth stages following gradual heating of a
powdered material.
The sintering and grain growth processes can be

qualitatively described in three stages, as demonstrated in
Scheme 1c.50 In the early stages, individual particles adhere to
each other, forming necks. At low temperatures, surface
diffusion is expected to be the dominant mass-transport
mechanism responsible for the early stages of sintering and
grain growth. The second stage, neck elongation, is observed at
a higher temperature. It involves diffusion of atoms along grain
boundaries between particles and causes the widening of necks

connecting adjacent crystalline domains. During the neck
growth stage, grain boundaries do not move. At even higher
temperatures, grain boundary migration enables the formation
of large grains when the conditions are right, ultimately leading
to a dense polycrystalline material that may contain macro-
scopic pores.

3.8. Early Stage of Semiconductor NC Sintering and
Grain Growth. Scheme 1 was originally developed to describe
sintering and grain growth of ceramic powders with rather
large, micron size crystalline grains. NCs have much smaller,
typically sub-10 nm crystalline domains and a correspondingly
larger fraction of surface atoms. For example, the fraction of
surface atoms in a 5 nm NC is above 20%.58 Naturally, this
makes surface diffusion a key player during the early stage of
NC sintering. The low activation energy for diffusion of atoms
at NC surfaces has been demonstrated both experimentally
and theoretically.59−62

The differences in surface diffusion rates can explain the
higher thermal stability of III−V NCs compared to II−VI NCs
despite the significantly lower melting temperatures of the
corresponding III−V phases. The chemical bonds in CdSe are
more ionic than in InAs or InP, and the bond energies in III−V
semiconductors (In−As: 201 kJ/mol) are significantly higher
than those in II−VI (Cd−Se: 127.6 kJ/mol).63 However, the
absolute standard enthalpy of formation for bulk w-CdSe (Hf

o

= −159 kJ/mol) is more than twice as large as that for zb-InAs
(Hf

o = −60 kJ/mol).64 These differences between local bond
energies and enthalpies of formation for crystalline compounds
confirm that the InAs bonds are mostly defined by covalent
interactions between nearest neighbors, while in CdSe long-
range electrostatic interactions make lattice energy less
dependent on the local bonds. In a covalently bonded
compound, surface diffusion requires breaking of short-ranged
covalent bonds during atom movement, while in ionic crystals
diffusing atoms interact with the collective electric field of
multiple ions, forming the crystal lattice. Ionic bonding is
therefore more delocalized and less sensitive to the nearest-

Figure 4. (A) Temperature-dependent grain growth profile of 4.2 nm w-CdSe NCs with (N2H5)2In2Se4 surface ligands. (B) Temperature-
dependent grain growth profile for 12 nm kesterite CZTS NCs with (NH4)2S ligands. Both samples were characterized by monitoring X-ray
diffraction upon continuous heating (in situ). (C) Cross-sectional SEM images of CZTS/(NH4)2S at 315 °C, 465 °C, and 600 °C corresponding to
the three stages of sintering and grain growth as indicated in panel (B).
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neighbor coordination environment and bond angles. As a
result, the diffusion of Cd2+ and Se2− ions on CdSe surfaces
should be facilitated compared to the diffusion of In(III) and
As(III) species on InAs NC surfaces. This is borne out by
calculations from different literature sources: the energy
barriers for Cd and Se diffusion on CdSe surfaces have been
calculated to be between 0.2 and 0.4 eV,65 while In diffusion
on the InAs surface requires activation energies of 0.6−1 eV.66

For GaAs, the activation barrier for surface Ga diffusion has
been measured and computed to be 1.3 eV.67

The above arguments strongly suggest that sintering and
grain growth onset temperatures in films of semiconductor
NCs are related to the ionicity of NC atomic lattices. Ionic
NCs are expected to sinter at lower temperatures compared to
their covalently bound counterparts. The ionic character is
further promoted in NCs with crystalline lattices with large
coordination numbers, such as rock salt PbS and other lead
chalcogenide NCs, which explains their low grain growth
temperatures. High ionicity in crystalline lattices can also
explain the low-temperature sintering and grain growth of
CsPbX3 (X = Cl, Br, I) NCs and other lead halide perovskite
nanostructures.68,69

3.9. Late Stages of NC Sintering and Grain Growth.
Surface diffusion results in material transfer toward necks and
other regions with high local surface curvature (Scheme 1c).
The driving force is the same as in Ostwald ripening�a system
lowers its surface-to-volume ratio by eliminating the smallest
grains and minimizing the number of dangling chemical bonds.
We found that in many NC films the stage of early grain
growth is followed by a plateau where an increase of the
annealing temperature induces no further grain growth. Figure
4a shows the grain growth profile for 4.2 nm w-CdSe NCs,
where three distinct regimes can be easily identified. The low-
temperature grain growth period (“I”) is related to surface
diffusion, which is followed by a temperature range (“II”)
where no appreciable grain growth takes place. Once the
temperature is sufficiently high to overcome the activation
barrier for grain boundary migration, there is again a stage of
steep grain growth (“III”). This behavior was consistently
observed for different NC sizes (Figure S10). Kesterite
Cu2ZnSnS4 (k-CZTS) NCs with ∼12 nm size capped with
(NH4)2S also showed a qualitatively similar grain growth
profile (Figures 4b and S11), even though the grain growth
started at higher temperatures and the final grain size was
larger.
The grain size evolution during the three stages of growth

could be further tracked with electron microscopy. Figure 4c
shows cross-sectional SEM images of (NH4)2S-capped k-
CZTS NC films annealed at temperatures corresponding to
sintering stages I, II, and III in Figure 4b. Randomly packed
individual NCs can be seen after annealing at 313 °C.
However, when the annealing temperature was increased to
465 °C, significantly larger, 50 to 80 nm, grains are observed in
SEM, consistent with the Scherrer size calculated from P-XRD
measurements. Finally, in the films annealed at 600 °C, the
original ∼12 nm k-CZTS NCs are transformed into a dense
polycrystal with micron-size crystalline domains, which is again
consistent with the sharp increase of the grain size at
temperatures close to 600 °C in P-XRD measurements.
Similar cross-sectional SEM measurements for w-CdSe NC
films, corresponding to the P-XRD data in Figure 4a, are
shown in Figure S12. TEM images provide additional insights
into the microstructural development of NC films annealed to

different temperatures (Figure S13). In particular, substantial
loss of porosity is seen at high temperatures, illustrated by the
fusing together of the original NC grains into a nearly
continuous film. The increase in density across the sample is
consistent with the shrinkage of the substrate-deposited films
that caused cracking in much thicker samples (Figure S2).
A survey of different NC materials capped with different

inorganic ligands demonstrated the generality of grain growth
stages I, II, and III for films of semiconductor NCs that do not
undergo phase transitions, as discussed below. Depending
upon the activation energies for surface diffusion and grain
boundary migration in different compounds, stage II (no grain
growth window) can span a wide or narrow temperature range.
For example, in zb-CdTe NCs with (N2H5)2In2Te4 ligands, we
were not able to observe stage III below 600 °C, the highest
temperature used in this study (Figures S14 and S15). This
could be explained by a high activation energy for grain
boundary mobility in CdTe in the absence of grain growth
promoters70 and a relatively low sublimation temperature of
CdTe. For III−V NCs, grain growth starts at high temper-
atures (Figure 2), and only stage I could be observed below
our experimental ceiling of 600 °C. Heating to higher
temperatures would not be useful, because both InP and
InAs are prone to thermal decomposition above 600 °C.
The existence of stage II, stalled grain growth, is in most

cases unfortunate because it prevents efficient conversion of
NCs into polycrystalline solids under conditions compatible
with most technologically important substrates. Typical grain
sizes corresponding to the stage II plateau are too large to
retain useful quantum-confined properties but too small for
achieving carrier mobilites and diffusion lengths typical for
solids with large crystalline domains. In some cases, proper
surface engineering allows achieving excellent electronic
properties in materials with sub-50 nm grains,71 but such
examples are not very common. Grain growth can be
accelerated by the addition of grain growth promoters, such
as CdCl2 for CdTe,

70 Mg2+ for CeO2,
72 or Sr2+ for Y2O3.

55 For
semiconductors, this approach is not very useful because
foreign impurities typically result in uncontrolled doping of the
semiconducting phase. Only a few examples of grain growth
promoters are known for technologically important II−VI
semiconductors, and we are not aware of efficient promoters of
grain growth in III−V semiconductors.

3.10. Acceleration of Grain Boundary Mobility during
Phase Transitions. Solid−solid phase transitions are
ubiquitous and important for many industrial and geological
processes. An important case is the austenite to martensite
phase transition, which is vital to improve steel hardness.73 On
the other hand, the retardation of tetragonal to monoclinic
phase transition via addition of Y2O3 or MgO is required to
make high-quality ZrO2 ceramics.74 Modern colloidal methods
provide impressive versatility in the synthesis of various
polymorphs corresponding to stable and metastable phases of
different semiconductor NCs. Structural phase transitions are
well-known in NCs and can be triggered by applying pressure
or temperature.75,76 Irreversible phase transitions of NCs from
wurtzite to zinc blende or vice versa have been investigated
both theoretically and experimentally.60−62,77 For example,
phase transition from a zb- to a w-ZnS phase has been explored
in hydrothermal conditions and in solid samples at elevated
temperatures.60 The zinc blende phase is distinguished from
wurtzite by different atom stacking sequences along the zinc
blende (111) or wurtzite (001) crystal axes. It has been
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proposed that switching between these two structures can be
achieved by the defect-initiated simultaneous reorganization of
strips of atoms.78,79 The phase boundary continuously moves
through the NC until the new phase completely replaces the
old one.79

It was previously observed that wurtzite-to-kesterite phase
transition at elevated temperature led to enhanced grain
growth in w-CZTS nanorods.23,24,80 Here, we demonstrate the
generality of this phenomenon for various nanomaterials
synthesized as metastable polymorphs by colloidal methods.
Figure 5a shows the change of P-XRD patterns of zb-CdSe
NCs with (N2H5)2In2Se4 ligands upon heating. The P-XRD
peaks related to the thermodynamically stable w-CdSe phase
first appear around ∼350 °C and become much more
pronounced at higher temperatures. There was some variation
in the onset temperature of phase transition from sample to
sample, probably related to minor differences in sample
preparation, but in all samples this transition occurred between
300 and 400 °C. The zinc blende-to-wurtzite phase transition
coincided with a steep increase in the grain size as shown in
Figure 5b. Figure 5b also shows a direct comparison of grain
size evolution with temperature for w-CdSe NCs of similar size
capped with the same (N2H5)2In2Se4. Such a comparison rules
out the role of ligands as possible grain growth promoters in
zb-CdSe NCs.
For CdSe NCs, grain growth was much faster when coupled

to the phase transition, and the final grain size at a given
temperature was much larger when we started with metastable
zb-CdSe NCs. This was further confirmed by TEM and SEM
analysis. TEM images showed necking and slight grain growth

at 350 °C for zb-CdSe NCs (Figure S16). Further heating to
400 °C resulted in a sudden increase in grain size. Large-area
(∼0.1 μm2) HRTEM images showed thin films with
unperturbed atomic planes (Figure 5d). In contrast, w-CdSe
NCs heated to the same annealing temperature showed large
numbers of small crystalline domains tightly connected to each
other (Figure 5c). This size evolution trend was corroborated
by SEM images where grain size increased abruptly from 350
to 400 °C and then continued to grow, forming very large
grains at 600 °C (cf., Figures 5e and 5f, S12, and S17). We
observed very similar results for zb-CdSe NCs capped with
(NH4)2S or “bare” NCs (Figures S18 and S19). These control
experiments further rule out that impurity doping from ligands
can be responsible for accelerated grain growth. In yet another
control study, we tested the effect of substrate and compared
the grain growth behavior of thin submicron films and thick
pressed pellets of zb-CdSe NCs with (N2H5)2In2Se4 ligands
and observed no effect of film thickness on the grain growth
behavior (Figure S20). Experiments with zb-CdSe NCs capped
with bulky maleate ligands showed that no accelerated grain
growth occurs if NC cores do not touch each other when the
phase transition takes place (Figure S18).
Grain growth in CdSe NC films is related to the transition

from the metastable cubic (zb) to hexagonal (w) phase, which
raises a question about the possible role of crystal type in
sintering and grain growth kinetics. For CdTe NCs, the stable
and metastable phases are reversed, with thermodynamically
stable zinc blende and metastable wurtzite. As in the case of
CdSe, films of CdTe NCs with (N2H5)2In2Te4 ligands showed
accelerated grain growth for metastable w-CdTe compared to

Figure 5. (A) X-ray diffraction patterns of zb-CdSe/In2Se42− films with increasing temperature. Notice the transformation from the zinc blende to
wurtzite phase at 350 °C. (B) Temperature-dependent grain growth profiles of NC films with starting materials w-CdSe/In2Se42− and zb-CdSe/
In2Se42−. The vertical line indicates the temperature where phase transition was observed. (C, D) TEM images of films annealed at 400 °C on TEM
grids with starting materials: 4 nm w-CdSe/In2Se42− and zb-CdSe/In2Se42− NCs. The insets show fast-Fourier transforms of the entire image areas.
(E, F) SEM images of films annealed at 600 °C with starting materials: 4 nm w-CdSe/In2Se42− and zb-CdSe/In2Se42− NCs.
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the zb-CdTe polymorph (Figure S15). Furthermore, essen-
tially the same behavior was observed for the films of w-CZTS
and k-CZTS NCs, where phase transition from the hexagonal
(w) to cubic (k) phase resulted in accelerated grain growth
(Figure S11). These examples demonstrate that both zb → w
and w → zb phase transitions accelerate grain growth in NC
films. The effect appears to be general, at least for chalcogenide
semiconductor NCs. Surprisingly, little is known about the
nature of this effect. The transformation of NCs from the
metastable phase to the stable phase is an exothermic process
which requires heating above the equilibrium phase transition
temperature to overcome the nucleation barrier. We can
estimate associated temperature change as ΔT = ΔEw−zb/Cp,
where ΔEw−zb is the energy difference between wurtzite and
zinc blende phases of a semiconductor material and Cp is the
heat capacity. Both calculations and experimental data suggest
that ΔEw−zb for II−VI semiconductors is below 10 meV/
atom,81 while Cp for NCs is a weighted average of the bulk
specific heat capacities of the inorganic core material and the
ligands. For CdSe NCs, this quantity should be ∼0.5 J g−1

K−1.82 The resulting local temperature changes ΔT associated
with a phase transition should not exceed a few tens of Kelvin,
which is not sufficient to explain a difference in grain size based
on the temperature difference. Therefore, the effect of phase
transitions on grain growth cannot be purely thermal. On the
other hand, phase transition involves correlated rearrangement
of atoms. The nucleation of a new phase is a low-probability
event that occurs in a small number of NCs, leading to
recrystallization fronts which propagate across multiple
partially sintered NCs. Recent studies of solid−solid phase
transitions also revealed transient formation of a liquid-like
state separating two phases.83,84 Formation of these disordered
regions should dramatically increase ion mobility near the
moving boundary, separating two phases during a solid−solid
phase transition. A cascade of bond rearrangements during the
phase transition can accelerate volume diffusion at temper-
atures where, in the absence of a phase transition, only surface
diffusion would be possible. Both surface and volume diffusion
processes contribute to align the crystal lattices of touching
grains. Further experimental and theoretical studies will be
necessary to fully understand the microscopic coupling
between phase transitions and accelerated grain growth in
NC films. We speculate that it can be a phenomenon inherent
to nanoscale crystals, where the width of a transient disordered
state during phase transition is comparable to NC size. For
example, oriented attachment43 and NC ion exchange
reactions51 are not common for bulk solids but are widely
observed for NCs. From a practical point of view, accelerated
grain growth can help make materials composed of large
crystalline domains without applying very high temperatures or
using grain growth promoters.

4. CONCLUSIONS
In summary, this systematic investigation of sintering and grain
growth behavior in semiconductor NC solids has yielded
several important insights. Our observations suggest that II−
VI, IV−VI, and III−V semiconductor NCs have qualitatively
different thermal stabilities and grain growth behaviors that can
be traced to the peculiarities of ion diffusion in crystals with
ionic or covalent bonding. Generally, covalently bonded III−V
NCs have much better thermal stability than more ionic II−VI
materials, while lead chalcogenide IV−VI NCs are the least
thermally stable against recrystallization and grain growth.

Grain growth in NC films typically follows a pathway with two
distinct kinetic regimes controlled by the surface diffusion at
low temperatures and by grain boundary mobility at high
temperatures. These regimes can be separated by a large
temperature window with very slow grain growth. Phase
transitions between wurtzite and zinc blende phases in
chalcogenide NCs were found to greatly accelerate grain
growth in NC films.
These observations can guide the rational selection of NC

materials for fabricating thin-film optoelectronic devices using
solution-processed NC inks. For devices utilizing quantum
confinement effects in the visible spectral range, the thermal
stability of InP NCs will be superior to that of CdSe NCs. For
near-IR applications, films of InAs NCs will be far more
thermally stable than films of PbS NCs. The latter material,
and corresponding devices using PbS QDs, may not be able to
tolerate heating above 100 °C for extended periods of time.
NCs of metastable phases, such as zb-CdSe, may not be an
optimal choice for high-temperature applications because
solid−solid phase transitions greatly accelerate NC sintering
and grain growth. On the other hand, metastable NCs could be
excellent precursors for growing large crystallites at relatively
low temperatures. NCs with small inorganic ligands are
particularly useful for preparing NC films with large grains
and may be utilized in preparing NC inks for large-area device
fabrication.
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