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Abstract 

We investigated pressure-dependent changes in the optical properties of PbS nanocrystal 

quantum dots (NQD) by combining X-ray scattering and optical absorption spectroscopy in a 

diamond anvil cell. We discovered that the excitonic absorption peak vanishes as the NQD 

crystal structure reversibly undergoes the pressure-induced phase transition from rock-salt to 

orthorhombic structure. In the rock-salt phase, the pressure coefficient 
∂Eg

∂P
 of PbS NQD is 

negative and decreases in magnitude with decreasing NQD size. The basic theoretical model 

based on literature values of the PbS bulk modulus significantly overestimated the change in 

pressure coefficient with NQD size. We present a model that includes the size-dependence of 

both the pressure coefficient and bulk modulus to describe the experimentally observed optical 

and structural trends.  
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Introduction  

Recent advances in the synthesis, characterization and emerging understanding of size-

dependent properties of semiconductor nanomaterials have created many opportunities for 

potentially transformative advances in the field of electronic and optical materials. 

Semiconductor nanocrystal quantum dots (NQDs), in particular, have captivated the field as a 

material with potential major impact for a broad range of technologies.
1-6

 Among the growing 

library of semiconductor nanomaterials that has emerged from the recent surge of interest in the 

field, lead salt (PbX; X=S,Se,Te) NQDs stand out as a fundamentally intriguing and 

experimentally advantageous system for several reasons. PbX NQDs are among the most 

strongly quantum confined systems by virtue of the large Bohr radius of the exciton (~20 nm in 

PbS). Adjusting the NQD diameter between 2 and 10 nm provides an experimentally tunable 

energy gap ranging from 0.4 to nearly 2 eV. Colloidal PbX NQDs can be readily prepared with 

~5-10% relative size distribution, which has enabled rigorous experimental studies of size-

dependent optical and electronic properties. Beyond the basic scientific interest, PbX NQDs have 

already been successfully implemented in a range of prototype technologies including 

transistors,
1-6

 photovoltaics,
7-11

 photodetectors,
12-14

 light emitting diodes,
15,16

 and 

thermoelectrics.
17,18

 Despite these scientific and technological advances, significant questions 

concerning the electronic structure of PbX NQD persist.  

The temperature coefficient and pressure coefficient of the energy gap of a semiconductor 

provides important experimental insights into the electronic structure of the material. In the case 
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of CdSe NQDs, high-pressure optical studies in diamond anvil cells have provided important 

understanding of the influence of quantum confinement on optical transitions.
19,20

 In contrast to 

most semiconductors from groups IV, II-VI, III-VI, and III-V, the energy gap of bulk PbX is 

known to exhibit a positive temperature coefficient (i.e. blue shift with increasing temperature) 

and a negative pressure coefficient (i.e. red-shift with increasing pressure).
21

 There have only 

been isolated reports of the pressure coefficients of PbSe NQD. Zhuravlev et al. reported 

pressure coefficients in the range of -47 to -56 meV/GPa for PbSe NQD with diameters tuned 

between 3 and 7 nm; the pressure coefficients were attributed predominantly to the bulk 

deformation potential with only a minor contribution due to changed in the quantum confinement 

energy.
22

 A more recent study by Pedrueza et al. interpreted the size-dependent pressure 

coefficient of the energy gap in PbSe NQD in context of pressure-dependent variation of the 

carrier effective mass.
23

 Outstanding questions concerning the impact of quantum confinement 

effects on the pressure coefficient of PbX NQD motivate a closer look at the underlying 

structure-property relationships. Pressure coefficients of PbS NQD have, to the best of our 

knowledge, not been investigated. Moreover, changes in the electronic structure of PbS NQD 

accompanying the high-pressure B1-to-B16 (i.e., rock-salt to orthorhombic) phase transition
24-26

 

have not been reported. 

We combined optical spectroscopy and synchrotron-based X-ray scattering of NQD colloidal 

suspensions in a diamond anvil cell (DAC) to simultaneously study isothermal pressure 
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coefficients of the electronic structure and crystal structure, respectively. We define the energy 

gap, Eg, as the energy of the lowest electron-hole pair transition. Our experimental approach 

allowed us to establish precise structure-property relationships including the pressure coefficient 

of the excitonic peak 
∂Eg

∂P










T

 and the disappearance of the excitonic peak accompanying the 

phase transition from B1 to B16.  

 

Figure 1. (a) Experimental setup for the combined characterization of crystal structure (X-ray 

scattering) and optical properties (optical absorbance). (b) Typical absorption spectrum 

illustrating the excitonic signatures (c) 2D X-ray scattering pattern at wide angles (WAXS) 

informs the nature of the atomic crystal and small angle scattering (SAXS) provides insight into 

inter-particle separation. 

RESULTS AND DISCUSSION 

PbS NQDs were synthesized by the hot-injection method and loaded into a diamond anvil cell 

for optical absorption and X-ray scattering experiments.
27

 Experimental details are provided in 

the supporting information (SI). Parallel high-pressure measurements of the exciton peak energy 

and the crystal structure by optical absorption and X-ray scattering provide independent probes 

of 
∂Eg

∂P










T

 and 
∂V
∂P










T

, respectively (Figure 1). As detailed below, this approach allowed us to 
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study the relative contributions from the isothermal compressibility of the atomic lattice and the 

compression of the wave-function envelope of the NQD.  

Figure 2 summarizes the pressure-dependent optical spectra of PbS NQDs. We probed three 

sizes of particles to determine the pressure coefficient in NQDs with varying extents of quantum 

confinement. The average NQD diameters of small (3.0 nm ± 0.3 nm), medium (3.7 nm ± 0.3 

nm) and large (6.7 nm ± 0.6 nm) were determined by statistical analysis of TEM images (Figure 

S1). At ambient pressure, the size-tuned excitonic peaks were measured to be 1766, 1090 and 

839 meV, respectively. Pressure-dependent absorption spectra reveal two key trends: (i) the 

excitonic peak disappears as the NQD undergoes the pressure-induced transformation from rock-

salt to orthorhombic crystal structure, (ii) the magnitude of the pressure-induced red shift of the 

excitonic peak decreases with decreasing NQD size. Below, we discuss both trends in detail.  
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Figure 2. Optical absorbance spectra of PbS NQDs at various pressures. (a) Small, (b) Medium 

and (c) Large PbS NQDs. Blue and red curves represent low pressure rock salt and high pressure 

orthorhombic phases of PbS atomic lattice, respectively. The pressure for each spectrum is 

indicated; pressures during the return cycle to ambient pressure are denoted by R.  

Azimuthally integrated wide-angle X-ray scattering (WAXS) of the three PbS NQD samples 

under elevated pressures are shown in Figure 3. The scattering data reveal that the crystal 

structure of PbS NQDs transforms from B1 (rock-salt) to B16 (orthorhombic) at pressures above 

~7 GPa. WAXS peaks of small PbS NQDs are broadened due to their small size. The rock salt-

to-orthorhombic phase transition
28

 is indicated by the appearance of {110} and {041}/{131} 

peaks of the high-pressure orthorhombic lattice. The phase transition pressures of small, medium 

and large PbS are found to be around 8.5, 7.4 and 7.6 GPa respectively. The pressure-induced 

phase transition is reversible (see supporting information.) 

The detailed crystal structures of intermediate phases in PbX remain controversial in the bulk 

material
26,29,30

 and have not been resolved in NQD. Generally, pressure induced phase transitions 

occur at higher pressures in NQD relative to the bulk counterpart.
24,28,31,32

 The optical absorption 

spectra of PbS NQD with rock-salt crystal structure (blue traces in Figure 2) show well defined 

excitonic peaks. At pressures above transition pressure, the excitonic peak disappears. The 

disappearance of the excitonic peak in PbS NQD near the transition pressure indicates a 

pronounced change in electronic structure. The transition from B1 to B16 crystal structure and 

the concomitant change in the excitonic absorption signature are reversible. The loss of excitonic 

peak cannot be observed in largest dots because transition is beyond the spectral limit of our 
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instrument (2400 nm). Figure 2a and 2b clearly show that the excitonic peak is recovered as the 

pressure is lowered, although the increased width of the excitonic peak after pressure cycling 

suggests that the NQD size distribution may have increased.  

 

Figure 3. in-situ high-pressure WAXS spectra of (a) small, (b) medium and (c) large PbS NQDs.  

Blue and red curves represent low pressure rock salt and high pressure orthorhombic phases, 

respectively. The scattering peaks are labeled by their Miller indices.   

Jiang et al. previously reported the change in electrical conductivity accompanying the high-

pressure B1-to-B16 phase transition;
31

 the resistivity of PbS with 8 nm grain size was found to 

dramatically increase near the transition pressure and then exponentially decrease at higher 

pressures. Density functional theory calculations by Mehl and co-workers
33

 have predicted the 

electronic structure of PbS with a transition to a metallic state; however, the predicted transition 
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pressure is two orders of magnitude above the experimental pressures tested in our study. The 

increasing peak width in the high-pressure WAXS data suggests that the crystallite size may 

have decreased, however this alone does not satisfactorily explain the reappearance of the 

excitonic peak as the pressure is returned to ambient. In light of the complex polymorphism of 

PbS crystals at high-pressure, further experimental and computational studies are required to 

improve understanding of the pressure-dependent electronic structure.  

We now turn to discuss the pressure-coefficient of the excitonic peak in the ambient pressure, 

rock-salt, phase. At pressures ranging from ambient to ~5 GPa, the pressure coefficients, 

 

∂E
g

∂P












T

, were determined from linear fits to be -40.6, -50.1 and -61.0 meV/GPa, for small, 

medium and large NQDs, respectively (see supporting information Figure S2). The direct 

relationship between the NQD size and the magnitude of the pressure coefficient is consistent 

with the trend of the bulk value which has been determined experimentally to be -91.0 

meV/GPa
34

 and theoretically to be -74.5 meV/GPa (density functional calculations),
33

 -69 

meV/GPa (augmented-plane-wave method),
35

 and -54 meV/GPa (empirical pseudopotential 

method).
36

 The decreasing magnitude of the pressure coefficient in smaller NQD is also 

consistent with previously reported temperature coefficients;
37

 in the limit of atomic-like systems 

energy levels are expected to be independent of pressure and temperature.  
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To probe whether changes in the optical spectra are due to changes in interdot coupling, we 

measured interparticle spacing by small-angle X-ray scattering. Interdot coupling can 

significantly influence the electronic structure of the PbS NQD ensemble since the wave function 

of charge carriers extends significantly outside the boundary of the dot. Kim et al. previously 

reported optical properties of CdSe NQD assemblies as a function of pressure but found no 

significant signs of interdot coupling.
19

 Since interdot exchange coupling in PbX is more 

pronounced than in CdSe,
38

 we need to consider how the external pressure influences the average 

separation between NQDs in the suspension. We monitored interdot spacing of the NQD 

suspension as a function of pressure using small-angle X-ray scattering (SAXS). SAXS data (see 

supporting information Figure S3-S4) show that the nearest-neighbor surface-to-surface 

separation between proximate NQD remains above 2.6, 3.8 and 3.5 nm for small, medium and 

large NQDs, respectively. Given the relatively large interparticle separations, we can confidently 

conclude that pressure-dependent changes in the exchange coupling are insignificant in the PbS 

NQDs suspensions studied here. Therefore, the observed change in the excitonic optical 

spectrum is predominantly due to changes within isolated particles detailed below.   

We analyzed the pressure dependence of the NQD energy gap in terms of the relative 

contributions from the lattice and wave function envelope. The energy gap of semiconductor 

NQDs can be approximated by the model introduced by Brus:
39
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2 2 2

2

2

1.8

2

NQD

g g

e
E E

R R

π
µ ε

= + −
h

  (1) 

where Eg
 is the energy gap of the corresponding bulk semiconductor. The second term 

represents the quantum confinement as a function of NQD radius, R, and reduced effective mass, 

µ, of the semiconductor. The third term represents the Coulombic attraction between the electron 

and the hole, and ε2
 is the dielectric constant of the NQD. The original Brus model also included 

a fourth term to account for dielectric solvation energy loss; this term is comparatively small in 

magnitude and can be neglected in the analysis of the pressure-dependent energy gap. 

The pressure derivative of the energy gap (eqn.1) can be expressed as:  

   (2) 

The first term accounts for the compressibility of the bulk lattice (i.e.

 

∂E
g

b

∂a












T

∂a
∂P










T

). The 

quantum-confinement and the Coulombic terms reflect the pressure dependence of the wave-

function envelope and involve the change in NQD radius with pressure, which can be related to 

the bulk modulus, Bo, as 
∂R
∂P










T

=
−Ro

3B0

 (see SI for details).  

One can consider modeling the pressure dependency of the NQD energy gap in terms of the 

corresponding parameters of bulk PbS, namely, the pressure coefficient of 

Field Code
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∂E
g

b

∂P












T

= −91meV / GPa )
34

 and bulk modulus (B0=53 GPa)
25

 and a reduced effective mass of 

0.0387mo. This basic model is inconsistent with the experimentally observed trends and 

significantly overestimates the size-dependency of the pressure coefficient. A previous study of 

PbSe NQD by Pedrueza et al. 
23

 considered a pressure dependent effective mass to account for 

the departure from the basic model. Our approach, detailed below, focused on the size 

dependence of the bulk moduli that were independently determined from X-ray scattering 

structure analysis. Additional calculations provided in the supporting information show that 

allowing for the effective mass as a pressure-dependent parameter does not significantly improve 

the fit to our experimental data on PbS NQD.  

The bulk modulus has significant impact on both the compressibility of the atomic lattice and 

the wave function envelope. To test this hypothesis and to rigorously relate the pressure-

dependent NQD radius and energy gap, we measured the size-dependent bulk modulus from X-

ray scattering analysis of NQD lattice constant, a, as a function of dot size and applied pressure.  

We fitted variable-pressure wide-angle X-ray scattering data to the pressure-volume relationship 

of the Vinet equation of state (see SI for details):  

 ( ){ }2/3 1/3 ' 1/3

0 03 1 exp 1.5 1 1P B v v B v−    = − − −      (2) 
Field Code
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where B0 = B|P=0 is the bulk modulus under ambient pressure, B’0 = dB/dP|P=0 is the initial 

slope, and v is the unit cell volume of the NQD crystal lattice.  In this study, B’0 is fixed at 4.0 

for all samples.
32,33

    

Table 1 summarizes the size-dependent bulk moduli of PbS NQD derived from X-ray 

scattering measurements (Figure 4a) and fits to the Vinet equation of state. (Details in SI) The 

data reveal two important features: (1) the bulk moduli of PbS NQDs are larger than the 

corresponding literature value of bulk PbS and (2) for the NQD sizes studied in our work, the 

bulk modulus increases with decreasing particle size. A comprehensive description of the bulk 

modulus of PbS nanostructures as a function of size, shape and surface composition is beyond 

the scope of this paper and will be detailed in in a future report. In the following section, we 

demonstrate that for PbS NQDs, the detailed size-dependence of Bo has important implications 

on the optical/electronic properties of PbS NQD. 

 

Figure 4. in-situ high-pressure X-ray scattering measurements on small (red), medium (green) 

and large (blue) (a) normalized atomic unit cell volume of PbS NQD cores measured by WAXS.  

(b) summary of experimental values of diameter (D0), ambient pressure lattice constant (a0), bulk 

moduli (B0) and pressure variation of energy gap of PbS NQDs of different sizes compared with 

calculated values based on the basic model [calc. 1] and the detailed model [calc. 2].  
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Accounting for the size-dependent bulk modulus into the model of the pressure-dependent 

exciton peak energy (eqn.2) yields a significantly improved fit to the experimentally observed 

trends (see Figure S5).  We note that the size-dependent bulk modulus not only affects the 

quantum confinement and Coulombic terms, but also impacts the bulk pressure coefficient (first 

term in eqn.2); a detailed derivation is provided in the SI.  Table 1 compares the relative 

magnitudes of the quantum confinement and Coulombic terms calculated by the detailed model.  

The pressure-dependent excitonic peak is more strongly influenced by the quantum confinement 

term while the Coulombic term has negligible impact.  

Sample R0 

(nm) 
 

∂E
g

b

∂a












T

∂a
∂P










T

 2 2

23 oB R

π
µ

 
 
 

h

 

2

2

1.8

3 o

e

B Rε
 
 
 

 

 

∂E
g

∂P












T

 

(calc.) 
 

∂E
g

∂P












T

 

(measured) 

S 1.5 -88.2 50.4 -0.59 -38.4 -40.6 

M 1.9 -82.4 31.4 -0.43 -51.4 -50.1 

L 3.3 -72.6 10.4 -0.24 -62.4 -61.0 

Bulk n/a -91.0 0 0 -91.0 n/a 

Table 1. Comparison of bulk, quantum confinement and Coulombic terms in eqn. 2 calculated 

by the detailed model.  Unit for all terms is meV/GPa.   

Conclusion 

In summary, we present in-situ optical absorption and X-ray scattering measurements to probe 

the pressure-dependent shift in the excitonic absorption peak of colloidal PbS NQD. The 

excitonic peak shifts towards the red with increasing pressure and disappears at a pressure 
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corresponding to the phase transition from rock-salt to orthorhombic crystal structure. The 

pressure coefficient of energy gap 

 

∂E
g

∂P












T

 strongly depends on NQD size: the smaller the NQD 

is, the less sensitive its energy gap is to pressure. The combination of optical spectroscopy and 

structural information of NQDs measured by in-situ high-pressure WAXS, allowed us to 

establish a model for the pressure coefficient of the excitonic peak. The detailed model is in good 

agreement with experimentally observed trends and provides quantitative insights into the 

contributions to the size-dependence. Our calculations reveal that the size-dependence is mainly 

caused by the size-dependent quantum confinement energy, the compressibility of PbS NQD 

cores and less importantly by the exciton potential energy.   
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