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ABSTRACT: Pressure quenching of optical emission largely
limits the potential application of many materials in optical
pressure-sensing devices, since emission intensity is crucially
connected to performance. Boosting visible-light emission at high
pressure is, therefore, an important goal. Here, we demonstrate
that the emission of CdSe nanocrystals (NCs) can be enhanced
by more than an order of magnitude by compression. The
brightest emission can be achieved at pressures corresponding to
the phase transitions in different sized CdSe NCs. Very bright
blue emission can be obtained by exploiting the increase in band
gap with increasing pressure. First-principles calculations indicate
that the interaction between the capping oleic acid (OA) layer and the CdSe core is strengthened with increased Hirshfeld
charge at high pressure. The effective surface reconstruction associated with the removal of surface-related trap states is highly
responsible for the pressure-induced emission enhancement of these CdSe NCs. These findings pave the way for designing a
stress nanogauge with easy optical readout and provide a route for tuning bright-fluorescence imaging in response to an
externally applied pressure.

■ INTRODUCTION

Luminescent semiconductor nanocrystals (NCs) hold im-
mense promise in applications such as light-emitting diodes,
biomedical labeling, and lasers devices.1,2 One of the most
extensively studied semiconductor NCs, CdSe NCs are of
considerable interest in view of their narrow-band and size-
dependent photoluminescence (PL), dictated by the quantum
confinement effect.3 It is well established that the PL intensity
and wavelength are two key parameters used to assess the
performance of optoelectronic devices. To date, considerable
efforts have been made to enhance the emission at tunable and
controllable wavelengths in CdSe NCs. Several approaches
have been taken, including surface passivation with inorganic
shells, suppression of nonradiative recombination at low
temperature, and introduction of cation disorder.4−6 Despite
significant progress, success in increasing the PL intensity has
been limited and there are very few reports of the blue-blind
emission. It is increasingly apparent that high pressure may
significantly modify the electronic structure, and hence
chemical behavior, of compounds. Examples include new and
unexpected sodium−chlorine compounds that become stable
at high pressure,7 as well as very many other reports of the use

of pressure to generate novel materials.8−17 Examples of
successful synthesis even extend to high-pressure metastable
phases,18 such as B31-MnS nanomaterials, which are unlikely
to be crystallized as bulk counterparts at ambient conditions.19

Recently, mechanically stable one-dimensional CdSe nano-
wires were obtained via a high pressure route through the
consolidation of spherical CdSe NC arrays.20 Additionally,
obtaining improved performance from nanomaterials at high
pressure is important over a wide range of applications. Thus,
Tolbert and Alivisatos pioneered the improvement of the high-
pressure optical response of organic phosphine capped CdSe
NCs.21 Subsequently, high-pressure optical techniques have
been used to determine the band structures and phase
stabilities of a number of semiconductor nanomaterials,
including Si nanoparticles, MoS2 nanosheets, InP nanowires,
and CsPbBr3 NCs.

22−28 These materials are, however, plagued
by stress-induced PL degradation which frequently dominates
at high pressure and limits their potential application as optical
pressure-sensing devices.
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We here demonstrate a pressure-induced emission enhance-
ment (PIEE) of oleic acid (OA) capped CdSe NCs. The
maximum PL intensity at high pressure becomes approximately
an order of magnitude greater than its original value.
Furthermore, very bright blue emission is possible as a result
of the band gap blue shift upon increasing pressure.
Anomalous pressure antiquenching of luminescence in CdSe
NCs terminated with OA manifests the importance of the
interaction between the capping layer and the semiconductor
core, especially for the interface energy-level structure. First-
principles calculations indicate that the increased Hirshfeld

charge transferred from the OA molecule to CdSe NCs,
accompanied by the disappearance of surface-related trap
states at high pressure, is the driver for the marked PIEE. Thus,
a previously unreported route for tuning bright-fluorescence
imaging is proposed, resulting from an externally applied
pressure. These processes may find application in a wide range
of optical pressure-sensing devices.

■ RESULTS AND DISCUSSION

Size-controlled CdSe NCs were synthesized following
previously described methods.29 Quantum confinement of
CdSe NCs leads to an increase in band gap with decreasing
particle size (Figure S1), which is experimentally expressed as a
blue shift in the absorption onset, along with a drastic change
of the emission color. High-pressure experiments using a
diamond anvil cell (DAC) enclosed the OA-capped CdSe NCs
in the sample chamber (Figure 1). Transmission electron
microscopy (TEM) of CdSe NCs is shown in the inset of
Figure 1, with the corresponding absorption and narrow-band
PL spectra. A high-resolution TEM image demonstrates that
these NCs exhibit faceted morphology and good crystallinity
with well-developed lattice fringes (Figure S2). On increasing
pressure the PL spectra of crude CdSe NCs reflect the intrinsic
colors which range from red to blue (Figure 2). Intriguingly, a
stark PIEE was seen in various CdSe NCs, accompanied by an
increase in the energy gap due to the compression of CdSe unit
cell parameters.30 This PIEE was unambiguously confirmed by
the pressure-dependent light microscopy images of the interior

Figure 1. Schematic illustration of the DAC apparatus and
experimental configuration by enclosing the OA-capped CdSe NCs
with an average diameter of 4.8 nm. Inset shows the TEM image of
CdSe NCs with the corresponding absorption and PL spectra.

Figure 2. High-pressure PL experiments. (A−C) PL spectra of different sized CdSe NCs with increasing pressure, covering the color range from
red to blue. Right hand insets in each Figure show micrographs of the DAC interior. (D) Color gamut changes of the different sized CdSe NCs
with increasing pressure.
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DAC (right panels in Figure 2a−c). An increase in PL intensity
of the CdSe NCs is observed with decreasing size and persists
at pressures of roughly 3.5, 4.0, and 4.2 GPa. These critical
pressures coincide with the reported occurrences of the size-
dependent phase transformation of CdSe NCs, from
tetrahedral coordination in the wurtzite structure to a denser
six-coordinated rocksalt phase.21,31,32 At higher pressures, the
PL intensity of the CdSe NCs gradually decays with increasing
pressure before vanishing above ∼7.0 GPa, as a featureless
emission associated with the indirect band gap in rocksalt
CdSe NCs30 (Figure S3). We find very bright emission across
almost the entire visible spectrum under the stimulus of high
pressure, applied to a range of differently sized CdSe NCs.
Furthermore, the unexpected PIEE persisted over three cycles
of pressurization (Figure S4).
In order to determine the origin of the anomalous emission

enhancement of the CdSe NCs at high pressure, we
systematically investigated the influence of the capping ligands
and solvents involved. First, the CdSe NCs were synthesized in
the absence of trioctylphosphine oxide, keeping other
parameters unchanged (Figure S5). Similar PIEE was observed
when the as-prepared crude CdSe NCs were subjected to
external pressure, suggesting that trioctylphosphine oxide, as a
secondary surfactant ligand, has little effect on the enhanced
emission. Second, to exclude the influence of the non-
coordinating solvent, octadecene, comparative experiments
were conducted using phenyl ether or oleylamine as solvents,
respectively. It was found that the emission of the resulting
CdSe NCs also exhibited a similar emission enhancement at
high pressure (Figure S6a, b). Furthermore, only weak
emission enhancement in the mixture of purified CdSe NCs
and octadecene occurred at high pressure (Figure S6c),
suggesting that the solvents (octadecene, phenyl ether, or
oleylamine) are not the cause of PIEE. Third, we substituted
oleylamine as the capping ligand in place of trioctylphosphine
to synthesize CdSe NCs (details in Materials and Methods in
the Supporting Information (SI)). By compressing the crude
CdSe NCs prepared in this manner, similar PIEE was found,
which rules out trioctylphosphine as the origin of the enhanced
emission (Figure S7). Fourthly, taking the coordinated role of
OA into account, we synthesized CdSe NCs by adopting the
modified method without any fatty acid (see Materials and
Methods in the SI). When the crude CdSe NCs obtained in
this manner were compressed, no significant emission
enhancement was seen, compared to that of OA-capped
CdSe NCs (Figure S8). Furthermore, when the excess capping
ligand of OA was removed by the purification process, only a
weak emission enhancement occurred in CdSe NCs at high
pressure, regardless of whether the pressure transmitting
medium was present or not (Figure S9). These results indicate
that the OA molecules are the dominant control on the strong
PIEE of CdSe NCs.
A mixture of purified CdSe NCs and extra OA was loaded

into the symmetric DAC apparatus to investigate its PL
behavior under high pressure. As expected, significantly
stronger PL enhancement occurred, regardless of the
dispersion of CdSe NCs in OA (Figure 3). The luminescence
changed intuitively from weak pink to bright green. Further
compression led to a decrease in the PL intensity of CdSe
NCs, until it ultimately disappeared at a pressure of
approximately 6.8 GPa, accompanied by a continuous blue
shift in the band gap up to ∼220 meV (Figure S10). Moreover,
in situ high-pressure absorption spectra of both crude colloidal

CdSe NCs and the hybrid mixture of purified CdSe NCs and
OA also exhibited a blue shift associated with tunable pressure-
dependent band gaps (Figure S11). Corresponding absorption
pressure coefficients are estimated to be about 36.9 and 38.9
meV/GPa, respectively, indicating a strong pressure effect on
band gap. The quenched absorption and PL spectra returned
to their original peak positions with relatively weak intensities,
associated with pressure-induced reversible phase transition of
CdSe NCs (Figure S12). Bright luminescence reappeared on
decreasing pressure during the quenching process, despite a
pressure hysteresis effect. The PL intensity against the
pressures for different CdSe NCs systems, as shown in Figure
S13, is well-fitted to a Gaussian according to
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where Y is the enhancement factor of the PL intensity at the
pressure of P (GPa), and the parameters Y0, A, σ, and Pc
represent the intrinsic constants for the different CdSe NCs
systems (Table S1). This correlation facilitates the determi-
nation of accurate phase transformation critical pressures by
fitting the inflection point of successive PL intensities against
pressures.
To gain an insight into the carrier relaxation dynamics of

CdSe NCs, we examined their time-resolved PL spectra as a
function of pressure. The typical pressure-dependent PL decay
curves for crude CdSe NCs and the hybrid mix of well-
dispersed CdSe NCs and OA are displayed in Figure 4. At
atmospheric pressure, an average PL lifetime of 15 ns is

Figure 3. Pressure-dependent PL spectra of the mixture of purified
CdSe NCs and OA. (A) Undispersed CdSe NCs in OA. (B) Well-
dispersed CdSe NCs in OA. The complete behaviors of the pressure-
dependent PL spectra are shown in Figure S10. (C) Digital images of
color and luminance change with increasing pressure.
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determined for the crude CdSe NCs by fitting the decay curve
(Figure 4a, c). As the pressure gradually increases, the average
PL lifetime becomes shorter, implying an increase in the
oscillator strength as a result of depressed trap states. To a
large extent, this stress-related more rapid decay should
contribute to the improvement of the PL intensity with
increasing pressure. As soon as the pressure rises to ∼3.4 GPa,

the average PL lifetime of CdSe NCs reached a minimum of
about 4 ns. Upon further compression, the PL lifetime of the
CdSe NCs undergoes an apparent increase, indicating a
pressure-restrained exciton recombination rate (Figure S14).
This observed decay of CdSe emission can be well interpreted
by the previous computation of the faceted CdSe NCs.32 The
longer PL lifetime may be attributed to the involvement of the

Figure 4. Pressure-dependent PL decay curves. (A, C) Crude CdSe colloidal NCs. (B, D) well dispersed CdSe NCs in OA. Therein, the insets in
the top panels represent the corresponding normalized PL decay curves fitted with the exponential formula.

Figure 5. First-principles calculations. (A) Partial density of states of CdSe and OA at ambience and high pressure. An energy of 0 eV indicates the
position of the Fermi level (EF = 0 eV). (B) Electron density distributions of the trap states D, LUMO level L of OA, and new hybridized states N,
which are labeled in partial density of states. The isosurface of electron distribution is 0.0005 e/Å3. Therein, the Cd and Se atoms are denoted as
pink and green, respectively, in the ball-and-stick models. The brown chain represents the OA molecule. (C) Hirshfeld charge transferred from OA
to CdSe NCs vs the distance between them when the applied pressure was increased to 7.5 GPa in computations.
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surface defects in the phase transition process to the indirect
band gap of CdSe NCs. This change in decay rate correlates
extremely well with that of the PL intensity changes under high
pressure. It is noteworthy that, for the mixture of purified CdSe
NCs and extra OA, analogous results were also observed
(Figure 4b, d).
To further explore the PIEE, we performed first-principles

calculations using density-functional theory. A self-healing
wurtzite CdSe nanostructured model containing 33 Cd atoms
and 33 Se atoms was adopted, in which structural relaxation
opens up the energy gap without the aid of passivation or
projecting out states.33 When CdSe NCs and OA molecules
coexist, the OA molecules prefer to bond with Cd atoms on
the surface of CdSe NCs.34 The partial density of states
indicates that the lowest unoccupied molecular orbital
(LUMO) of the OA molecule is located above that of CdSe
NCs with surface-related trap states D (Figure 5a). The
corresponding electron density distribution of the LUMO level
L of OA and the trap states D of CdSe NCs are clearly spatially
separated (Figure 5b). This is indicative of the weak
interaction between CdSe NCs and the OA molecule at
ambient conditions. However, the trap states D of CdSe NCs
are effectively passivated by external pressure, ultimately
vanishing from the energy gap. Concomitantly, the new
hybridized states N lying above the LUMO level of CdSe NCs
appeared owing to the stronger orbital coupling between the
OA molecule and CdSe NCs. The electron density of the new
hybridized states spread over the CdSe NCs and the OA
molecule, rather than distribute locally in either of them. Thus,
it can be concluded that the interaction between CdSe NCs
and the OA molecule is strengthened with the decreased
bonded distance at high pressure. In addition, application of
external pressure can break the weak side-to-side bonding of
ligand bundles, thus freeing up the ligand molecules and
increasing molecular conformational entropy. A previous
report demonstrated that the lamellar spacing of OA molecules
undergoes a small reducing magnitude upon compression, but
the inter-NC distance reduces to a much greater extent.35 The
pronounced difference in compression behaviors will ulti-
mately lead to a further decease in distance between CdSe NCs
and the surface coating of OA molecules at high pressure,
which accordingly strengthens the NC−ligand interactions. In
this case, the Hirshfeld charge transferred from the OA
molecule to the CdSe NCs increased from 0.21 to 0.29, as the
bonded distance changed from 2.2 to1.7 Å (Figure 5c). Note
that, over the whole computation in this study, the optimized
structure of CdSe still maintained the initial wurtzite
configuration without any phase transformation. The exact
pressure on the system would be much smaller than our
estimation owing to the limitation in theory. On increasing
pressure, the surface nonradiative recombination of CdSe NCs
is significantly suppressed, as a result of the effective stress-
tuned coupling of electronic states.36,37 Furthermore, the extra
excited electrons relax through radiative recombination
between the LUMO level and the highest occupied molecular
orbital (HOMO) level of CdSe NCs.38,39 Accordingly, the
dominant bulk-related luminescence is enabled by pressure-
induced electron transfer, giving rise to the observed PIEE
associated with the defects removal by high pressure.

■ CONCLUSIONS
In summary, unexpected PIEE is found in OA-capped CdSe
NCs. The maximum PL intensity at high pressure reaches an

order of magnitude greater than that of the original at ambient
conditions. By combining the pressure-driven band gap
broadening and the concomitant boosted intensities, the
stark luminescence is easily controlled and encompasses
almost the entire visible region. It is noteworthy that very
bright blue emission can also be obtained as a result of a blue
shift in the band gap with increasing pressure. The improved
stability of the PL to pressure quenching, in OA-coated CdSe
NCs, points to the importance of the interaction between the
capping layer and the semiconductor core. First-principles
calculations demonstrate that the increased Hirshfeld charge
transferred from the OA molecule to the CdSe NCs under
high pressure is responsible for the PIEE in CdSe NCs. These
findings provide insights into the mechanisms underlying PIEE
and underline its potential application in optical pressure
sensors.
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