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ABSTRACT: Surface functionalization of nanoscale materials has a significant impact on their
properties. We have demonstrated the effect of different passivating ligands on the crystal
phase of organometal halide perovskite quantum dots (PQDs). Using static and dynamic
spectroscopy, we studied phase transitions in CH3NH3PbBr3 PQDs ligated with either
octylaminebromide (P-OABr) or 3-aminopropyl triethoxysilane (P-APTES). Around 140 K, P-
OABr underwent a structural phase transition from tetragonal to orthorhombic, established by
the emergence of a higher energy band in the photoluminescence (PL) spectrum. This was not
observed in P-APTES, despite cooling down to 20 K. Additionally, time-resolved and
excitation power-dependent PL, as well as Raman spectroscopy over a range of 300−20 K,
revealed that recombination rates and types of charge carriers involved are significantly
different in P-APTES and P-OABr. Our findings highlight how aspects of PQD phase
stabilization are linked to nanoscale morphology and the crystal phase diagram.

Over the past decade, organometal halide (OMH) based
perovskite materials have been extensively researched as

promising candidates for photovoltaic and other optoelectronic
applications, such as light-emitting diodes (LEDs).1−7 Follow-
ing the excellent performance of single-crystal samples and
polycrystalline thin films, research efforts have broadened to
investigate perovskite nanocrystals, also referred to as perov-
skite quantum dots (PQDs).8−10 These studies have shown
that, with typically high quantum yield and versatility regarding
bandgap tuning within the visible spectrum, PQDs are ideal
materials for use in LEDs, lasers, biomedical applications, and
optical sensors.11−13 They have demonstrated good amplified
spontaneous emission (ASE) response, with thresholds as low
as 220 nJ/cm2, narrow spectral width, and high output
intensity.14 Aside from device applications, PQDs have also
served as ideal platforms to study the aspect of chemical
instability that plagues perovskites and has hindered the
widespread implementation of perovskite solar cells, despite
thin films demonstrating a higher power conversion efficiency
than existing silicon solar cells.15 These many desirable
properties in PQDs have not translated into the expected
high performance metrics, particularly when compared to their
thin film counterparts, although they have the potential to
outperform them. For example, perovskite thin film-based LED
devices have reported external quantum efficiencies (EQEs) of
3.5 and 8.5% for infrared and green wavelengths,16 respectively,
and with higher exciton binding energy, PQDs should have
higher EQEs. However, the highest reported EQE is ∼1%, far

less than expected, attributed to incomplete surface passivation
and poor charge transport in PQD films.16 Similarly, while
hybrid perovskite thin films have demonstrated optical
efficiency of ∼30% as luminescent solar concentrators, one of
the highest reported in the field, PQD-based concentrators
have only achieved 6%, a result of fluorescence quenching when
deposited within polymer matrixes, again a consequence of
incompatible surface properties.17,18

It is well-known that surfaces of nanocrystals have several
charge trap states, arising either from intrinsic defects or from
differences in the local environment when compared to the
bulk, leading to accumulation of surface charges and thus
driving charge carrier migration.19 Therefore, surface passiva-
tion of PQDs using appropriate ligands is necessary to
minimize surface trap-related recombination and to improve
and sustain fluorescence quantum yield. There have been
successful reports of capping PQDs with linear straight chain
ligands such as octylamine (OA) and octylaminebromide
(OABr), but these synthesis approaches have led to nonuni-
form structures with variation in morphologies due to the rapid
delivery of monomers, resulting from minimal steric hindrance
of the capping layer.9 The use of branched ligands has partly
resolved this issue, leading to spherical morphology with higher
uniformity. Additionally, computational results have indicated
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that capping ligands can improve the chemical stability of
PQDs, and ligand-dependent variation in morphology and
surface properties has been experimentally linked to PQD
crystal stability in our prior work.9

Methylammonium lead bromide (CH3NH3PbBr3) PQDs
with a linear (OABr) or a branched (APTES) ligand have been
synthesized using a dissolution−precipitation method.9 Both
types of dots are stabilized in the crystalline α cubic structure at
room temperature. Under ideal conditions, to maintain high
cubic symmetry, the tolerance factor t of the crystal should be
close to unity.20 A deviation from this value will lead to crystal
distortions and crystal structures with lower symmetry. Density
functional theory calculations have shown the α cubic phase to
be the most unstable as it is difficult to satisfy the t = 1
condition, and hence, iodide-based perovskite thin films exist in
the cubic phase only at a temperature greater than 330 °C.20

However, bromide-based perovskite crystals do exist in a
pseudocubic phase at room temperature due to the difference
in the ionic radii of Br− and I−, with the smaller Br− helping in
stabilizing the cubic lattice.21 Interestingly, the phase diagram is
also tunable by crystal size, as evident from the fact that iodide-
based PQDs exist in the cubic phase at room temperature.22

Further, in the quest for improved stability and performance of
perovskite-based devices, the crystal phase plays an important
role. Substitution of methylammonium (MA) with formamidi-
nium (FA) enhances chemical stability considerably, but FA-
based perovskite crystals have a phase transition to the yellow
nonperovskite polymorph (δ-phase), very close to photovoltaic
operational temperatures, making the performance unpredict-
able.23 The current route has been to adopt multi-cation
synthesis, such as MA/FA or FA/cesium (Cs), with the goal of
optimizing both performance and stability, the latter focusing
on arresting the phase transition.2,24

In this work, we report phase stabilization in PQDs,
manifesting as a consequence of morphological and surface
ligation differences in PQDs. This results in a difference in
surface energy contribution toward the enthalpy of formation of
the PQDs, leading to an altered crystal phase diagram
compared to the bulk and thin film counterparts. Room-
temperature photoluminescence (PL) spectra confirm a
bandgap around 530 nm, with a spectral full width at half-
maximum (fwhm) of 135 meV. However, below 150 K, while a
low-wavelength peak emerges in the PL signal at 470 nm for
the PQDs functionalized with OABR (termed P-OABr), no
such peak is observed in the ones with APTES (termed P-
APTES). This high-energy peak is attributed to the low-
temperature transition to the orthorhombic crystal phase,
typical of OMH perovskites. Unlike P-OABr, P-APTES appears
to be arrested in the high-temperature cubic phase with no
apparent transition at temperatures as low as 20 K. We further
validate phase transition in P-OABr using temperature-
dependent Raman scattering, with P-OABr exhibiting phonon
modes below 150 K, whereas P-APTES shows no sharp features
indicating the persistence of the Raman-inactive cubic phase.
The presence of two phases can have detrimental effects on the
performance of the PQDs due to charge transfer between the
two phases, loss of monochromaticity, and reduction in
recombination lifetime.25 Our investigation, therefore, not
only pertains to improving the optoelectronic properties of
PQDs but also has far-reaching consequences for enhancing
stability of perovskites in general.
Schematics of the ligands OABr and APTES are shown in

Figure 1a,b, along with the functionalized PQDs, referred to as

P-OABr and P-APTES, respectively, and the branched structure
of APTES is represented as conical appendages on the dot’s
surface. X-ray diffraction (XRD) patterns of P-OABr and P-
APTES shown in Figure 1d have peak positions that confirm
the cubic crystal phase of CH3NH3PbBr3 at room temperature.
Both P-OABr and P-APTES are highly dispersive (inset),
remaining stable in solution for almost a week, which we
attribute to the high yield of ligand-passivated PQDs obtained
through the dissolution−precipitation synthesis route. Trans-
mission electron microscopy (TEM) images in Figure 1e show
that while P-OABr has a nonuniform morphology, consisting of
both particulate and sheet-like structures, P-APTES has a far
more uniform distribution of almost exclusively spherical
structures with an average diameter of 6.2 ± 1.5 nm. The
amorphous network visible in the background is due to an
excess amount of APTES ligand added during synthesis to
counter steric factors. An additional high-resolution image is
included as an inset as further affirmation of the spherical
morphology. The nonuniformity of P-OABr is typical of PQD
ensembles and follows as a result of the fast transport of
monomers through the capping layer.9 The higher steric
hindrance offered by the branched ligands on P-APTES reduces
this transport rate, facilitating uniform shape and size
homogeneity. The absorption spectra in Figure 1c show that
both PQDs have a characteristic broad spectrum with an
excitonic peak centered at 520 nm. The long tails observed at
longer wavelengths are due to scattering from the bigger dots in
the ensemble.9 Room-temperature PL spectra of P-OABr and
P-APTES in the same figure reveal Gaussian-shaped emission
spectra centered at 531 nm with a fwhm of 135 meV. PQDs

Figure 1. Schematics of ligand molecules and corresponding
functionalized PQDs with (a) OABr, referred to as P-OABr, and (b)
APTES, designated P-APTES. (c) Absorption and emission spectra for
P-OABr and P-APTES at room temperature. (d) XRD confirming the
cubic phase of the quantum dots at room temperature with relevant
identifying peaks labeled. (e) TEM images of the samples. (bottom,
inset) High-resolution TEM image of single P-APTES. The scale bar is
6 nm.
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have Bohr radii ranging between 1.2 and 4 nm, smaller in
comparison to those of dichalcogenide dots, and as a result,
variations in the fwhm are dominated by homogeneous
broadening effects.26,27 Consequently, a phonon energy value
of 62 meV in P-OABr can be derived from the variation of the
fwhm with decreasing temperature (Figure S1).
The difference in surface functionalization causes intriguing

differences in the optical properties of the PQDs as well, arising
from their surface energy differences, as borne out in
temperature-dependent PL spectroscopy. The PL emission
for both P-OABr and P-APTES red shifts with lowering
temperature, contrary to conventional semiconductors, a result
attributed to the reverse band ordering in perovskite crystals.20

CH3NH3PbBr3 transitions from the room-temperature α cubic
phase to tetragonal (∼220 K) and orthorhombic (∼140 K)
phases, and the PL emission of P-OABr red shifts from 531 to
545 nm upon lowering the temperature from 300 to 150 K
(Figure S2). However, this linear shift in PL peak with
temperature has an observable change of slope at 220 K, which
could be an indication of the phase transition from the cubic to
tetragonal phase. Yet, obtaining a clear proof of a phase
transition using PL measurements alone becomes difficult as
the bandgap is similar in the two crystal phases and hence both
phases have indistinguishable emission spectra. At temperatures
below 140 K, the spectrum of P-OABr has multiple emission
bands, a result also observed in perovskite thin films due to the
coexistence of both orthorhombic and tetragonal phases.25 The
map in Figure 2a shows a high-energy emission band at 470 nm
that arises from the orthorhombic phase owing to its larger
bandgap, a low-energy band at 545 nm from the remnant
tetragonal inclusions, and a broad band centered at 505 nm,
arising from defect and bound exciton emissions in the

orthorhombic phase. Figure 2c is a representative spectrum at
40 K.
The most prominent difference in the emission properties of

P-OABr and P-APTES at low temperatures is clear in Figure
2b,d. There is no emergence of the high-energy emission peak,
indicating that P-APTES remain in the original cubic phase. P-
OABr and P-APTES have identical chemical structures before
passivation, implying that the origin of this phase stabilization is
in the variation of surface energy between the quantum dots
due to differences in surface ligands and nanoscale morphology.
Our group previously reported the formation of smaller and
more uniform spherical PQDs with branched ligand APTES
due to slower monomer delivery, while linear ligands lead to a
significant percentage of sheet-like structures, some of which
can be seen in Figure 1e.9 Researchers have previously observed
such intriguing crystal phase dynamics in MA- and FA-based
PQDs, although the underlying reasons have been difficult to
identify.28

Unlike bulk materials, the surface energy contribution has a
more significant perturbation in the Gibbs free energy of
nanoparticles and hence plays an important role in determining
the crystal phase. By varying the surface energy of nanoma-
terials, it is possible to attain a thermodynamically stable
polymorph of the crystal, otherwise metastable in the bulk. One
example is the stabilization of the α-Al2O3 phase at room
temperature for crystallites smaller than 14 nm, while bulk
prefers γ-Al2O3.

29 Size-driven effects on structural phases have
also been observed in metal oxides like TiO2 and lanthanides,30

while low-temperature phase stabilization has been reported in
CsPbI3 nanocrystals.

10 Furthermore, bromide-based perovskite
crystals have an internal energy difference of 7 kJ/mol between
the cubic and orthorhombic crystal phases at room temper-
ature, which can be used as an estimate of the surface energy
contribution needed to modify the crystal phase diagram.31 To
further understand the mechanism behind this phase
stabilization in P-APTES and uncover any other consequences,
we follow up with PL spectroscopy as a function of temperature
and include not just P-OABr and P-APTES but additional
PQDs of different sizes ligated with APTES, one larger (>10
nm) and one smaller than P-APTES (<3 nm). These are
designated P1-APTES and P2-APTES, respectively. As
expected, the PL spectrum of the larger quantum dots (P1-
APTES) is red shifted, while that of the smaller quantum dots
(P2-APTES) is blue shifted compared to that of P-APTES, as
shown in Figure 2e,f. Neither of these quantum dots shows the
phase transition, implying that the surface energy structural
stabilization has contributions from both the nanoscale
morphology and surface ligation, unlike the stabilization of
the α-Al2O3 phase, which solely arises from morphology. The
temperature-dependent integrated PL intensity of the PQDs
(F i gu r e S3) , fi t w i th the Ar rhen iu s equa t i on

=
+ −( )

I T( ) I

C1 exp E
k T

0

1
B

B

, allows us to extract their respective

exciton binding energies EB. I(T) and I0 are integrated PL
intensities at temperatures T and 0 K. C1 is a constant, and kB is
the Boltzmann constant. The fits give values of 105 ± 4.3 meV
for P-APTES and 230 ± 7.4 meV for P-OABr. The higher value
of the latter is because of the presence of nanosheets in the
ensemble.32

Given that there could be a small chance that the absence of
PL may be a result of trap states, we further probe the phase
transition in the PQDs using temperature-dependent Raman

Figure 2. PL intensity mapped with the emission wavelength and
temperature for (a) P-OABr and (b) P-APTES. Line cuts of the same
maps at 40 K for (c) P-OABr and (d) P-APTES. PL maps of (e) P1-
APTES and (f) P2-APTES PQDs ligated with APTES but with larger
and smaller diameters than P-APTES.
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scattering in the high-frequency region where phonon modes
appear, depending on structural symmetry. Intermolecular
modes originating from methylamine can serve as an indication
of a structural phase transition. As seen in Figure 3a,b, room-
temperature Raman scattering of P-APTES and P-OABr can
exhibit broad peaks with no significant sharp features, typical
for perovskite crystals with cubic phase symmetry, as they have
no Raman-active phonon modes present.33 However, upon
lowering the temperature below 120 K, we observed a sharp
Raman band for P-OABr at around 105 cm−1, consistent with
previous reports of phase transition from tetragonal to
orthorhombic phases.34 On the other hand, no sharp feature
in the Raman spectra was observed for P-APTES, even upon
lowering the temperature below 70 K, as shown in Figure 3a,
confirming that the structure remains arrested in the cubic
phase and supporting our conclusion drawn from PL data.
Structural phase transition in perovskite thin films is

accompanied by changes in charge carrier behavior, including
both the type of carriers that dominate recombination
(bimolecular or excitonic) as well the associated time scales.
To correlate the phase transition with carrier dynamics, we
measured low-temperature time-resolved PL between 290 and
20 K. Given that the calculated EB for the PQDs is larger than
those of thin films, free carrier recombination is suppressed
across the entire temperature range. The average lifetimes of
exciton decay for P-OABr and P-APTES are calculated by
fitting the data in Figure 4a,b to a stretched exponential fit

= τ β
I t I( ) e t

0
( / ) , to account for continuous higher-order

recombinations.35 However, even without the benefit of
quantitative analysis, a difference between the two trends
with temperature is clearly visible. For P-OABr, the results
mimic what is observed in thin film samplesa single, long
lifetime in the tetragonal phase between 300 and 140 K
followed by the emergence of a rapid recombination route
when the orthorhombic phase appears.25 In contrast, the P-
APTES time-resolved curves show a continuous and gradual
decrease of exciton lifetime with temperature. The values of
these recombination times, extracted from fits, are plotted in
Figure 4c,d for P-OABr and P-APTES, respectively. They reveal
an average lifetime of 2 and 9 ns for the two at room
temperature, and the mildly longer value for the P-APTES
ensemble is likely a reflection of more homogeneous
morphology and size. The dynamics of the low-energy PL in
P-OABr in Figure 4c shows a sudden jump in the lifetime at
around 210 K, reaching a value of 13.5 ns. It is interesting to
note that this occurs at the same temperature where one would
expect the cubic to tetragonal phase transition and where such

enhancements in carrier lifetimes can occur due to excessive
scattering of excitons at grain boundaries. The lifetime
decreases to 4 ns at 190 K, and no big changes are observed
until 140 K, where another sudden rise in carrier lifetime is
observed, attributed to the phase transition from the tetragonal
to orthorhombic phase. As the temperature was reduced
further, a gradual decrease in the carrier lifetime was observed.
Most colloidal quantum dots show an increase in PL lifetime
with lowering temperature due to dominant excitonic
emissions. Nevertheless, previous reports have indicated a
reverse trend in PQDs where a reduction in charge carrier
lifetime with lowering temperature arises from the interactions
of free and trapped excitons with surface states or localized
states as relaxation pathways.36

At around 130 K, the high-energy band emerged with a much
shorter lifetime, ∼350 ps, compared to the lower-energy band.

Figure 3. Raman microscopy results for (a) P-APTES and (b) P-OABr with varying temperature. While P-AOBr data show a second emerging peak
at 120 K proclaiming the onset of transition to the orthorhombic phase, no such peak is observed in P-APTES.

Figure 4. Time-resolved PL curves for (a) P-OABr and (b) P-APTES
as functions of temperature. Recombination lifetimes extracted from
stretched exponential fits of the two are plotted in (c) and (d),
respectively. For P-OABr, the high-temperature, low-energy phase is
plotted as squares, and the low-temperature, high-energy ortho-
rhombic phase is represented as circles. All lines in (c) and (d) are
guides to the eye.
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This short carrier lifetime has been observed in perovskite thin
films for the orthorhombic phase and is attributed to the
migration of charge carriers from the higher-energy band to the
lower-energy tetragonal inclusions.25 In the P-OABr dots, an
interesting observation is the small contribution of higher-order
exponential decay terms in the higher-energy band (evident
from β values close to 1), indicating that the charge transfer rate
between high- and low-energy bands is at least an order of
magnitude faster than the charge recombination rate. The
formation of smaller tetragonal inclusions as the temperature
was lowered further increased the biexcitonic recombination
rate, with a gradual decrease in lifetime of this energy band,
down to 300 ps at 40 K. As shown in Figure 4b,d, the time-
resolved PL of P-APTES is far less complicated. The charge
carrier lifetime continuously decreases as temperature is
reduced, bottoming out at 1.4 ns at 70 K, with a small
recovery beyond that. The recovery mechanism is still not fully
understood but may be related to thermal activation energy for
charge transfer to localized centers or surface states previously
mentioned.
Finally, we consider the dependence of integrated PL

intensity on excitation power in Figure 5. The fit used is a

power law, described as =I Ik
PL ex . In direct bandgap semi-

conductors, k > 2 indicates free charge carrier recombination, 1
< k < 2 for free and bound exciton recombination, and k ≤ 1
signifies free to bound exciton recombination or the emission
from excitons bound to isoelectronic defects or localized states,
as observed in the case of silicon.37,38 Due to the high exciton
binding energies in all of our PQDs, we do not expect free
carrier recombination to have a significant presence, and this is
proven correct. In Figure 5a, P-OABr quantum dots show k ≈
1, confirming excitonic recombination, although there is a
change of slope at higher powers due to saturation of the
localized states involved, particularly at 290 K. In P-APTES, k =
0.8 at 290 K, which means that, while recombination is
predominantly due to free excitons, there is possibly some
contribution from bound excitons. The weight of this latter

category increases with decreasing temperature, and we
observed k ≈ 0.5 at 200 and 120 K.
In this work, we have studied the temperature-dependent PL

emission of PQDs ligated with two different ligands, OABr and
APTES. PL spectra at low temperatures reveal the expected
phase transition, from the tetragonal to orthorhombic phase in
P-OABr at ∼140 K, but no such phase transition was observed
in P-APTES, which remained in the cubic phase. We attribute
this absence of phase transition to differences in surface energy
contributions to their Gibbs free energy, which significantly
modifies the crystal phase diagram, leading to an energetically
stable crystal cubic phase in P-APTES nanocrystals. This
difference in surface energy arises from a difference in the
surface ligation and the morphology of PQDs, with APTES
favoring the formation of uniform spherical nanostructures.
The observed phase stabilization in P-APTES was further
demonstrated using Raman spectroscopy and time-resolved PL,
which showed a sudden drop in PL recombination lifetime
associated with the transition to orthorhombic structure in P-
OABr but not in P-APTES. Temperature- and power-
dependent PL reveals strictly excitonic recombination over
the full temperature range at which measurements are
performed, albeit with varying contributory levels from bound
and free excitons. Our reported results establish a link between
phase stabilization and morphology-related surface stabilization
of PQDs. This opens up new possibilities of phase stabilization
in other quantum dot systems using appropriate ligands and
provides insights into proposing new routes for the stabilization
of perovskite crystals.

■ EXPERIMENTAL METHODS

PQDs are synthesized using previously reported methods by
our groups.8,9 Detailed description of the synthesis process and
an affirmation of surface ligation can be found in ref 9. Samples
for low-temperature PL were prepared by drop-casting 2 μL of
the PQDs in toluene onto clean glass slides and subsequently
drying. For optical measurements, we used two excitation
sources: a tunable, pulsed ultrafast laser (MIRA 900) with a
repetition rate of 76 MHz and continuous-wave (CUBE) laser
emitting at 409 nm. The PL data were taken using an Acton
300i spectrometer and then dispersed onto a thermoelectrically
cooled charge-coupled device (CCD) with a spectral resolution
of 0.18 nm. For time-resolved PL measurements, we used a
time-correlated single-photon counting (TCSPC) system
(Picoquant) in conjunction with the pulsed source. The
temperature-dependent measurements were done in a cryo-
free system from Advanced Research Systems with a base
temperature of 10 K. TEM and X-ray powder diffraction were
used to demonstrate high crystallinity and attain average PQD
size. The P-APTES and P-OABR were carefully dispersed on a
silicon substrate to perform the Raman scattering measure-
ments. A variable-wavelength continuous wave diode laser
source, operated at a wavelength of ∼915 nm with a power of
∼100 μW, was focused on the sample using a 50× objective.
The wavelengths below the bandgap were used to minimize the
exciton−phonon interaction. The backscattered light was
passed through the same objective and a single stage
spectrometer and collected using a liquid-nitrogen-cooled
CCD camera. The slit width of the single spectrometer was
set at 100 μm. All measurements were done in a closed-cycle
helium-cooled cryostat at a temperature of 70−300 K.

Figure 5. Integrated PL intensity as a function of excitation power at
different temperatures for (a) P-OABr and (b) P-APTES. Power law
fits are used to identify the type of carriers participating in the emission
(explained in the text).
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