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ABSTRACT: We report the size-dependent pressure response for CsPbBr3 perovskite
nanocrystals in the size range 5.7−10.9 nm using photoluminescence spectroscopy in a
diamond anvil cell. As the nanocrystal size decreases below ca. 7.5 nm, we observe a decrease in
the transition pressure at which there is a change in the mode of deformation concomitant with
an isostructural phase transition. We hypothesize that surface fluctuations regarding the tilt and
distortion of surface PbBr6 octahedra facilitate the change in the mode of deformation and phase
transition at lower pressures for smaller nanocrystals.

Metal halide perovskite nanocrystals (NCs) have attracted
much attention in recent years for their unique

electronic and optical properties as well as for their potential
applications.1−6 For example, perovskites have been used to
make increasingly efficient solar cells, now surpassing 20%,7,8

and the high surface defect tolerance of perovskite NCs allows
photoluminescence (PL) quantum yields up to 90% without
any surface modification,9 reaching 100% with only minor
postsynthetic treatment.10,11

Similar to other semiconductor NCs, the optical properties
of perovskite NCs such as absorption and PL spectra depend
on their size, changing significantly when the diameter or edge
length is less than or equal to the material’s bulk Bohr exciton
diameter.9,12−17 As the NC size decreases, the energy gap of
the excitonic states is shifted to higher energies, blue-shifting
their absorption and PL spectra. Along with changes to the
band gap energy, other electronic properties such as
recombination rates,18 biexciton behavior,19 and Stokes
shifts20,21 change as a function of NC size as well.
In addition to optical and electronic characteristics,

thermodynamic and structural properties can also change as
a function of NC size. As NC size decreases, the surface-to-
volume ratio increases, altering the phase transition pressures
of NCs. For example, the surface energy at constant pressure
relaxes in the liquid phase relative to the solid phase, allowing
melting at lower temperatures for smaller sizes, as the
contribution of the surface energy to the overall internal
energy of the NC grows.22 Similarly, for many NC systems that
have been studied so far, it has been shown that the pressure at
which the NCs undergo a solid−solid phase transition (at
constant temperature) increases as size decreases.23−25 In most

cases, particles converted from ambient phases to higher-
pressure phases have higher index surfaces and therefore
increased surface energy.26 As a consequence, it usually takes
greater pressure to force smaller NCs into the high-pressure
phase.
Interestingly, many metal halide perovskite NC systems

undergo an isostructural solid−solid phase transition from
their ambient orthorhombic perovskite phase (γ-phase) to a
second orthorhombic perovskite phase (not to be confused
with the nonperovskite orthorhombic structure) under hydro-
static pressure.27−31 This change manifests itself in a change in
the mode of deformation as pressure increases further. Since
the associated structural transition does not involve a change in
surface indices, it is not at all clear a priori whether such
pressure-induced phase changes follow a similar size depend-
ence as in other materials, or whether metal halide perovskites
display a qualitatively different behavior.
Detailed size dependent studies of perovskite nanocrystals

are necessary to understand their properties and to optimize
their performance in devices.19,20,32−35 Recent improvements
in methods for synthesizing NCs with higher stability and
narrower size distributions11,17,36,37 allow such experiments for
CsPbBr3 NCs. While some work in the literature has reported
size dependent structural and optical properties,19,32,33,38 there
has been no study on the size dependence of their pressure
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response so far. The present work represents the first report on
the pressure response of CsPbBr3 NCs as a function of NC
size. By applying high hydrostatic pressure to five NC samples
of varying sizes with narrow size distributions (see Supporting
Information for synthesis and characterization), we found that
the PL pressure response of CsPbBr3 NCs has a clear size
dependence, deviating for the smallest NCs (below ca. 7.5 nm
edge length) from that of the bulk behavior. More importantly,
the observed behavior qualitatively differs from that of most
other NC systems.28,39

Before addressing the PL pressure response in detail, it is
necessary to discuss the structures of CsPbBr3 NCs. When
cesium lead halide perovskite NCs were first synthesized, there
was disagreement in the literature over their crystal structure at
ambient temperature and pressure.9,40,41 Even in the most
recent literature, some ambiguity remains as NCs with about
10 nm edge length can have a mixture of crystal structures at
room temperature and ambient pressure. Atomically resolved
high resolution transmission electron microscopy (HRTEM)
of CsPbBr3 NCs by Brennen et al. revealed that NCs with 5
nm edge size were entirely cubic in crystal structure, even
though larger NCs were at least partially orthorhombic.42 For 5
nm nanocrystals (and up to at least 6.5 nm), X-ray diffraction
(XRD) patterns suffer from Scherrer broadening that made it
impossible to unambiguously distinguish cubic from ortho-
rhombic based on XRD alone.33,43 Further, there is evidence of
the coexistence of tetragonal and orthorhombic crystal
structures in CsPbBr3 NCs at liquid helium temperature,
even though the orthorhombic to tetragonal phase transition is
at 88 °C in bulk CsPbBr3.

43,44 Similar behavior has been
observed in oxide perovskites, where the structure of crystalline
domains can vary, even in nanocrystalline samples. For
example, BaTiO3 NCs have a cubic “shell” surrounding a
tetragonal “core.”45

We analyzed our samples by XRD (Figure 1) at ambient
temperature and pressure. For sizes ≤8 nm, the broadening
due to overlap of the large number of diffraction features and
Scherrer broadening make it impossible to make a conclusive
structural assignment. However, we do observe diffraction
features for 22° ≤ 2θ ≤ 30° that suggest the γ perovskite
crystal structure for all of our samples. The main difference
between the cubic α-phase and the orthorhombic γ-phase is
the symmetry reducing tilt of the PbBr6 octahedra. In CsPbI3
nanocrystals, the crystals adopt the γ-phase for all sizes that
have been studied, although the smallest nanocrystals exhibit
less of an octahedral tilt than the larger nanocrystals, which
decreases the deviation from a cubic structure.32 Taking our
data and the recent results by Luther and co-workers on
CsPbI3 NCs into account, we assume that the CsPbBr3 NC in
the present work are orthorhombic for all sizes, even though
the smallest sizes may experience less of an octahedral tilt than
the larger sizes as was observed in CsPbI3 NCs.

32,40−42 While
this may seem to contradict the HRTEM results mentioned
above, HRTEM is biased toward the structure of the surface,
which could potentially exhibit even less octahedral tilt
(resulting in an essentially cubic character) due to the high
surface tension.32,45

Phase changes in metal halide perovskites can be studied by
monitoring the PL spectrum of a NC sample as a function of
pressure and temperature.27,28,33 While in situ XRD is in most
circumstances the cleanest way to determine the pressure
dependent phase behavior of a material, Scherrer broadening
for small sizes makes differentiating cubic from orthorhombic

phases impossible,32,43,44 as mentioned above, rendering
optical approaches the best strategy in many cases. As a
simple, phenomenological description of the pressure response,
the pressure dependent change of the PL peak energy from
ambient can be written as

E p E p p p( ) ( ) ( )0 αΔ = + · (1)

where α is a (pressure dependent) pressure coefficient
encoding the shift of the PL peak. For various lead halide
perovskites, a transition pressure has been shown to exist,
where the response of their electronic structure to further
pressure increase changes from a red shift to a blue-shift, i.e.,
where α(p) changes its sign.27−29,39,48 This sign change can be
explained by the orbital contributions to the band structure
and by the change in the mode of deformation at the transition
pressure.
In lead halide perovskites, the density of states at the valence

band maximum (VBM) consists of Pb 6s and halide p orbitals
with antibonding interaction between the two.49−51 The
conduction band minimum (CBM) is largely formed from
Pb 6p orbitals and halide valence p orbitals with nonbonding
interactions between them.49−51 As pressure is applied to the
perovskite crystal lattice, the mode of deformation at low

Figure 1. XRD Analysis of all nanocrystal samples used in our
experiments. (A) Simulations for cubic and orthorhombic structures
as a semilogarithmic plot to accentuate the low-intensity reflections.
The red lines represent the orthorhombic perovskite pattern,46 and
the violet lines are for the cubic perovskite crystal structure.47 (B)
Comparison of experimental XRD data with the simulated patterns
(linear scale). Peaks marked with an asterisk (appearing in some of
the samples, most clearly for 5.7 and 6.7 nm edge length) are due to
residual precursor material.
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pressures is characterized by isotropic compression of the PbX6

octahedra, forcing greater overlap of the antibonding
configuration of the Pb 6s and halide valence p orbitals.3,50,52

The compression of the octahedra therefore destabilizes the
VBM while leaving the CBM largely unaffected. This causes a
decrease of the band gap energy that manifests itself as a red-
shift of the PL peak.
At the transition pressure, this mode of deformation is no

longer the softest, and the mode of deformation changes
concomitant with the aforementioned isostructural phase
transition.30 Under continued pressure increase, instead of
further octahedral compression, the octahedra begin to change
the tilt angle relative to one another and distort, but they
preserve the overall orthorhombic crystal symmetry in
CsPbBr3 and CsPbI3 NCs.27,40,41 This octahedral tilting and
deformation diminishes the Pb character of the CBM and with
it the stabilization of the CBM afforded by the spin orbit
coupling in the Pb atoms.49,53 Consequently, the CBM energy
increases, while the VBM is mostly unaffected, which results in
a blue-shift of the PL spectrum. This change in the sign of the
pressure coefficient is a direct result of the change in the mode
of deformation of the crystal lattice and the isostructural phase
transition, so it can be used to track this structural change
without using in situ X-ray diffraction measurements. This
approach has been used from the earliest experiments on the
pressure response of semiconductor NCs54 to monitor phase
change behavior in high-pressure experiments and has more
recently also been employed for perovskite NCs in both high-
pressure and temperature dependent experiments.27,28,33

The transition pressure and the pressure coefficients α for
each NC size were found by pressurizing our NC samples in a
diamond anvil cell while tracking the PL peak energy (Figure
2, see Supporting Information for experimental details). The
transition pressure remains approximately constant with
decreasing NC size for NCs above 7.5 nm, decreases for
sizes around 7.5 nm edge length, and remains at a constant
value or the smallest sizes studied here (Figure 3). For the
largest NC samples, the transition pressure is slightly higher

Figure 2. PL pressure response of NC samples studied in the present work. (A) PL spectra of the 7.9 nm sample as a function of pressure as an
example for data from a typical high-pressure run (see Supporting Information for examples for all NC sizes). Arrows indicate the peak center from
a single Lorentzian peak fit. (B−F) The difference in the PL peak energy from ambient conditions, ΔE, as a function of pressure. Open circles are
raw data coming from at least two high pressure runs for each size, and black squares are the mean ΔE binned in pressure intervals of 0.2 GPa. The
transition pressure is marked with vertical dotted lines with the uncertainty shaded in gray. The uncertainty in pressure for each data point is ±75
MPa.

Figure 3. Transition pressure at which the PL turns from a red-shift to
a blue-shift as a function of NC size. This is compared to the
transition pressure in bulk CsPbBr3 (dotted line) and the
corresponding value reported in Xiao et al.28 for 11.7 nm CsPbBr3
NCs (dash-dotted line).
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than in bulk samples. Finally, the magnitude of the initial
pressure coefficient α, which is defined as α = dE/dp, is
relatively constant and close to the reported bulk value for NCs
with edge lengths above 7.5 nm, then decreases in magnitude
for edge lengths below 7 nm (Figure 4). We will discuss these

phenomena by taking into account the surface-to-volume ratio,
together with the fact that solid−solid phase transitions in NCs
occur simultaneously across the NC.23,24,26,55−58

In contrast to other NC materials, perovskite NCs undergo a
change in the mode of deformation and in the tilting angle and
distortion of the PbX6 octahedra at their isostructural phase
transition point, but they do not change the lattice indices of
their facets.27−29 Therefore, there is no significant surface
rearrangement. This implies that there is not a large penalty in
the surface energy, so the change in the overall internal energy
of the NCs at the transition does not increase drastically as the
NC size decreases.
Figure 3 shows the size dependence of the pressure at which

this change in the mode of deformation occurs. For the largest
sizes studied here, the transition pressure slowly diminishes as
the NC size decreases. For nanocrystal samples around 7.5 nm
edge length, there is a stronger decrease in the transition
pressure, which then remains constant as NC size decreases
further. The observed behavior could be due to multiple
factors.
It is well-known that NCs undergo phase transitions starting

from one nucleation site.23,26,54,56−58 For the smallest sizes, the
fluctuation length scale that can cause an isostructural phase
transition involving a different octahedral tilt can be shorter
than for the larger NCs. Low energy Raman spectroscopy
results on CsPbBr3 have shown that local polar fluctuations at
room temperature cause the Cs+ ion to be displaced off center,
inducing tilting in the octahedra.59 With a higher surface-to-
volume ratio, surface fluctuations that tilt the octahedra on
small NCs may be more likely to cause a coherent phase
transition than in larger NCs, leading to a lower transition
pressure.
The transition pressure for NCs with sizes from 5.7 to 7.3

nm edge length remains constant around 0.75 GPa. The
change in the transition pressure may be an indication that as

the size is decreased below 7.5 nm, the nanocrystals adopt a
crystal structure with less octahedral tilt at ambient pressure,
closer to the cubic perovskite structure. As the crystal structure
is compressed under pressure with less initial tilt, it may begin
to deform by tilting/distorting the octahedra at a lower
pressure than crystals that are already starting with tilted
octahedra at ambient conditions. This would initiate the
decrease of Pb 6p character in the CBM at a lower pressure,
indicated by a change in the sign of α. Our PL measurements
do not provide direct information about octahedral tilt or
distortion at any given pressure, but they can tell us about a
change in octahedral tilt or distortion from one pressure to the
next, because an increase in the tilt/distortion causes
destabilization of the CBM. The point at which the effect of
the destabilization of the CBM becomes greater than the
destabilization of the VBM (due to isotropic octahedral
compression), causing a blue-shift of the band gap energy, may
be significantly lower for smaller perovskite NCs.
In addition to having a lower transition pressure, NCs below

7.5 nm edge length also show a smaller magnitude of the initial
pressure coefficient for the isotropic compression phase
(Figure 4). As nanocrystal size decreases, the lattice constants
increase due to higher surface tension,32 and the overlap of the
Pb 6s and Br 4p orbitals is therefore initially less than for larger
NCs with smaller lattice constants. As the crystal is
compressed, the increase in overlap does not have as
pronounced an effect as it does for larger NCs with greater
initial orbital overlap. If all the nanocrystals continued to
deform in this mode only, we would expect to see an increase
in the magnitude of the pressure coefficient with increasing
pressure. However, the destabilization of the CBM due to
tilting/distortion of the octahedra competes with and
eventually surpasses the effects of compression, likely before
we can observe the pressure coefficient becoming more
negative.
In summary, we have probed the isostructural phase

transition pressures and PL pressure coefficients for a range
of sizes of CsPbBr3 NCs using PL spectroscopy. Contrary to
NC systems whose pressure induced solid−solid phase
transitions involve changing the crystal symmetry, we observed
a reduction in the phase transition pressure as NC size
decreases. We explain this observation by the fact that the
lowest pressure phase transition in perovskite NCs does not
lead to the formation of high index facets. Furthermore, the
smaller size of the NCs means that the fluctuation length scale
needed to cause a coherent transition is necessarily smaller
than for the larger NCs. These two factors lead to the
reduction of the transition pressure as NC size is decreased.
Finally, the expansion of the lattice at ambient pressures as NC
size decreases32 can explain the observed size dependent
reduction of the pressure coefficient.
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Figure 4. Magnitude of the initial pressure coefficient as a function of
NC size. The dotted line represents the bulk pressure coefficient
reported in Zhang et al.60 It is worth noting that Xiao et al.28 report a
pressure coefficient of −91 meV/GPa for 11.7 nm CsPbBr3 NCs.
However, this drastic red-shift is likely due to sintering of NCs into
bulk-like material as has been shown to occur in concentrated
CsPbBr3 NC samples under pressure.61
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