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CsPbBr3 Nanocrystal Films: Deviations from Bulk 
Vibrational and Optoelectronic Properties
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Metal-halide perovskites (MHP) are highly promising semiconductors for 
light-emitting and photovoltaic applications. The colloidal synthesis of 
nanocrystals (NCs) is an effective approach for obtaining nearly defect-free 
MHP that can be processed into inks for low-cost, high-performance device 
fabrication. However, disentangling the effects of surface ligands, morphology, 
and boundaries on charge-carrier transport in thin films fabricated with 
these high-quality NCs is inherently difficult. To overcome this fundamental 
challenge, terahertz (THz) spectroscopy is employed to optically probe the 
photoconductivity of CsPbBr3 NC films. The vibrational and optoelectronic 
properties of the NCs are compared with those of the corresponding bulk 
polycrystalline perovskite and significant deviations are found. Charge-carrier 
mobilities and recombination rates are demonstrated to vary significantly with 
the NC size. Such dependences derive from the localized nature of charge car-
riers within NCs, with local mobilities dominating over interparticle transport. 
It is further shown that the colloidally synthesized NCs have distinct vibra-
tional properties with respect to the bulk perovskite, exhibiting blue-shifted 
optical phonon modes with enhanced THz absorption strength that also 
manifest as strong modulations in the THz photoconductivity spectra. Such 
fundamental insights into NC versus bulk properties will guide the optimiza-
tion of nanocrystalline perovskite thin films for optoelectronic applications.
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1. Introduction

The colloidal synthesis of metal halide perovskite (MHP) semi-
conductor nanocrystals (NCs) has proven to be an interesting 
and effective approach for yielding nearly defect-free materials. 

Perovskite NCs show high photolumines-
cence quantum yields (PLQY) and tun-
able band gap over all the visible range, 
among other desirable properties for light-
emitting applications.[1–3] The fabrication 
of high-quality conductive thin films by 
processing the colloidal NCs as inks has 
paved the way for an extension of their 
application to photovoltaics and photo-
detectors.[4,5] However, the long-range 
electronic conductivity of these nanocrys-
talline thin films depends crucially on 
interparticle conduction and thus should 
be greatly affected by the choice of ligands 
and deposition methods.[5,6] Such insu-
lating ligands may form barriers between 
the semiconducting NCs and metallic 
electrodes that hamper charge transport in 
devices.

While the optimization of long-range 
conductivity is a developing topic with its 
own ongoing efforts, the investigation of 
the fundamental charge transport within 
individual NCs is also crucial, since both 
intra- and interparticle charge motions 
will affect the performance of perovskite 

NC devices. In addition, an understanding of the interplay 
between electronic confinement and charge transport is impor-
tant for the design of NC solids that can still fully exploit the 
size-dependent band gap tunability. Previous studies showed 
that appreciable conductivity can be achieved from perovskite 
NC films with the use of short capping ligands (chains of eight 
carbons or less) or by removal/exchange of ligands after film 
deposition.[4,7,8] While these approaches facilitate interparticle 
charge transport, they also lead to partial sintering of NCs,[9] 
which in turn is expected to result in loss of quantum con-
finement and higher density of structural defects. Such effects 
may be particularly undesirable for light-emitting applications, 
while they may potentially be more tolerable for photovoltaic 
devices. The development of zwitterionic ligands has been pro-
posed as an effective approach to obtain stable colloidal NCs 
and allowing for the deposition of smooth conductive films 
while preserving NC structural integrity.[5] Zwitterionic ligands 
may, therefore, be particularly suitable for balancing the trade-
off between preserving nanocrystalline optoelectronic proper-
ties and maintaining effective charge-carrier transport.

In this work, we investigate the vibrational and optoelec-
tronic properties of colloidally synthesized cuboid CsPbBr3 
NCs of edge lengths 6, 7.5, and 10  nm deposited on quartz 
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substrates. Such NCs fall within the range of weak quantum 
confinement, approaching bulk-like properties with increasing 
crystal size. Furthermore, the synthesis of NCs in this range of 
sizes yields optimum crystal quality and colloidal stability. To 
investigate the effects of nanoscale interfaces, we compare our 
findings with those for a spin-coated polycrystalline CsPbBr3 
film exhibiting average crystallite size of ≈100 nm. We apply a 
combination of absorption and PL studies with optical-pump 
terahertz-probe (OPTP) spectroscopy to unravel the charge-
carrier dynamics and photoconductivity in the perovskite NCs 
and bulk films. The THz radiation can access the energy and 
time scales of charge-carrier motion and lattice vibrations that 
can affect charge transport. Moreover, the THz probe allows us 
to optically measure the time-resolved photoconductivity of the 
material after photoexcitation without the need for electrical 
contacts.[10–13]

Our findings reveal distinct structural and vibrational prop-
erties in NCs compared to the bulk material. We observe a 
blue-shift of the optical phonon modes probed in the THz 
spectral range and stronger coupling of the THz radiation to 
these modes with respect to the bulk. In addition to wider band 
gaps and higher recombination rates resulting from quantum 
confinement, we also report a size dependence of the effec-
tive charge-carrier mobilities. We demonstrate that the charge 
transport within the NCs in the THz frequency is dominated 
by backscattering off NC boundaries, even after film annealing, 
highlighting the dominance of intra- over interparticle trans-
port in these NC solids. These two aspects, the localized char-
acter of charge carriers and the distinct vibrational properties 
of NCs, are reflected in the frequency dependence of the THz 
photoconductivity spectra. In particular, upon photoexcitation, 
we observe a modification of the phonon response, which 
results in strong modulations on the photoconductivity spectra. 
These photoinduced changes are also enhanced in the NCs 
with respect to the bulk, reflecting the stronger coupling of the 
polar lead-bromide sublattice to the THz probe.

2. Results and Discussion

2.1. Sample Fabrication and Characterization

Cuboid-shaped CsPbBr3 NCs of average sizes 6, 7.5, and 10 nm 
were synthesized colloidally, using a hot-injection approach. 
Anhydrous cesium oleate, lead oleate, and zwitterionic ligand 
were dissolved in 1-octadecene and heated under vacuum to 130 °C  
after which the atmosphere was changed to nitrogen. Once the 
desired reaction temperature was reached, trioctylphosphine 
adduct was injected and the reaction was cooled to room tem-
perature immediately thereafter; an ice-water bath was used. 
Full details of the synthesis, isolation, and purification proce-
dures are provided in Section 1, Supporting Information. The 
sizes (edge lengths) of the NCs determined by transmission 
electron microscopy (TEM) were 6 ± 2, 7.5 ± 2, and 10 ± 2 nm. 
The PLQY values measured for NCs in colloidal solutions were 
67%, 75%, and 75%, respectively. For the fabrication of NC 
films, the NCs were deposited on z-cut quartz substrates[14] by 
spin coating from the colloidal solution. After deposition, the 
measured PLQY on the films were slightly reduced, to 50%, 

47%, and 26%, for the 6, 7.5, and 10  nm NCs, respectively. 
The center wavelength of the PL emission did not change after 
deposition, indicating preservation of confinement, and hence 
preservation of the structural integrity of the NCs.

For comparison with bulk perovskite properties, bulk poly-
crystalline CsPbBr3 films were fabricated by spin coating 
of a Cs-Pb-Br-precursor solution in dimethyl sulfoxide onto 
the quartz substrates at 4000  rpm for 40 s followed by a sol-
vent annealing step using chloroform (for more details, see  
Section 1.5, Supporting Information). The average crystallite 
size within the bulk film was ≈100 nm as determined by atomic 
force microscopy (Figure S12, Supporting Information).

As a first characterization step, absorption and PL spectra 
were taken, as shown in Figure  1a. As expected, with 
decreasing crystal size, the NCs show an increasing blue shift 
of the absorption onset and the PL peak position with respect 
to the data for the bulk CsPbBr3 film, confirming the presence 
of weak confinement.[1] We also note a broadening of the PL 
emission and the excitonic feature in the absorption spectra of 
the NC films with respect to those of the bulk thin film. Such 
broadening is related to the size distribution (±1–2  nm, see  
Figures S12 and S13, Supporting Information) of the NCs, and 
more pronounced in the case of the smaller NCs.

2.2. Size Dependence of Structural and Vibrational Properties

The low dimensionality and the high surface-to-volume ratio 
of semiconductor NCs have been shown to have an effect on 
their crystal lattice.[15–17] To investigate such effects, we exam-
ined the structural properties of the bulk and nanocrystalline 
perovskite films by X-ray diffraction (XRD). The diffraction pat-
terns obtained for the polycrystalline CsPbBr3 and 10 nm NCs 
deposited on quartz are shown in Figure  1b (see Figure S7, 
Supporting Information, for complete diffraction data for all 
NC sizes). No peaks related to PbBr2 or other impurities were 
detected. We observe broadening of the diffraction peaks 
with decreasing crystal size, as is typical in NCs.[18,19] Inter-
estingly, we can also notice a shift of the diffraction peaks to 
lower angles with respect to the bulk CsPbBr3. Such a shift is 
related to longer distances between planes, and usually associ-
ated with lattice strain.[20] In order to properly analyze the posi-
tion and broadening of the diffraction peaks, we must take into 
account the crystalline phase and peak superpositions. It has 
been shown that CsPbBr3 NCs fabricated from colloidal syn-
thesis adopt an orthorhombic structure, analogous to the bulk 
material.[21,22] According to the expected diffraction pattern 
for orthorhombic CsPbBr3,[23] we fitted the peaks and calcu-
lated the d-spacings for the (101), (121), and (202) planes and 
noticed that the NC films exhibit slightly but consistently larger 
plane distances than the bulk perovskite (see Figure S8, Sup-
porting Information). We then used the fitted peak positions 
and broadenings to create Williamson–Hall plots[24] for bulk 
and NC films and found no significant presence of microstrain 
(see Figure S10, Supporting Information), suggesting good 
crystallite quality and insignificant defect-related distortion. 
Considering the negligible contribution of microstrain and 
inhomogeneities, the increased d-spacings indicate a lattice 
expansion in the NCs with respect to the bulk. The expansion 
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of the lattice in NCs has been previously reported in different 
systems,[15,25,26] including lead halide perovskites,[16,27] and has 
been attributed to a decrease in electrostatic forces between 
the atoms induced by the reduced valence of atoms at the NC 
surfaces.[26]

The differences in lattice expansion combined with reduced 
particle size and high surface-to-volume ratio is expected to 
have an effect on the vibrational properties of semiconductor 
NCs.[15,28] To elucidate such effects, we investigated the optical 
phonon modes associated with the lead-bromide sublattice 
in both the NCs and bulk CsPbBr3 by measuring the absorp-
tion of the films in the THz region. As Figure  1c shows, the 
THz absorption spectra of the NCs are broader and the modes 
appear to be blue-shifted compared to those of the bulk. We 
propose that such broadening of the phonon modes in the 
NCs is related to shorter phonon lifetimes (given the energy-
time uncertainty relation ΔE/ℏ = 1/τ) that result from confine-
ment effects and increased surface scattering in NCs.[15,29] The 
broadening of the THz absorption increases with decreased NC 
size (see Figure S14, Supporting Information), which directly 
implies a decrease of the phonon lifetime in smaller NCs.

Regarding the blue-shift of the THz spectra, the absence of 
size dependence between NCs suggests that phonon confine-
ment is not the dominant cause of the shift over the studied 
size range. Intriguingly, the lattice expansion observed for the 
NCs in the XRD patterns also fails to explain the blue-shift of 
the optical phonon modes, given that the reduced electrostatic 
force is expected to induce a softening of the phonon modes 
(i.e., red-shift) instead of the observed blue-shift. We, therefore, 
propose that the observed effect may instead derive mostly from 
changes in the direct coupling of radiation across the multitude 
of optical phonon modes that is present in lead halide perov-
skites,[30,31] which have numerous atoms per unit cell leading 
to the existence of many acoustic and optical modes. In support 

of this conclusion, we note that the relative effective absorption 
coefficients of the phonon modes (obtained by comparing the 
absorption in the THz region relative to the edge of the optical 
gap) are higher by a factor of 2 in the NCs compared to the 
bulk (see Figure S15, Supporting Information). This more effi-
cient coupling of the lattice modes to THz radiation can be a 
result of distinct selection rules in NC films or distinct phonon 
distributions, and has an effect on the THz photoconductivity 
spectra, as we will discuss in Section  2.4 further below. Such 
changes, therefore, suggest that the perceived blue-shift of 
optical phonon modes in the NCs may derive from complex 
changes to the vibrational frequencies and coupling strengths 
of optical modes to infrared radiation. We note that since sig-
nificant broadening of the optical modes persists even at low 
temperature (Figure S16, Supporting Information), individual 
phonon modes could not be resolved.

The higher absorption coefficients and blue shift of the 
phonon modes in NCs reveal the distinct vibrational proper-
ties of NCs with respect to the bulk. In addition, the lack of 
size dependence of the optical phonon mode absorption finger-
print (Figure 1c) indicates that the fabrication methods might 
also play a role in determining surface and morphological 
properties.

2.3. Charge-Carrier Dynamics

In addition to wider band gaps and structural variations, 
another characteristic effect of confinement commonly 
observed in semiconductor NCs is higher charge-carrier recom-
bination rates with decreasing size.[32,33] To investigate the size 
dependence of charge-carrier dynamics in CsPbBr3, we first 
measured the transient PL decays of the bulk and NC films, 
following photoexcitation with 3.1 eV (λ = 400 nm) photons. As 
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Figure 1.  a) Absorption and PL spectra of CsPbBr3 nanocrystals (average size 6, 7.5, and 10 nm) deposited on quartz substrates and spin coated 
polycrystalline film (average grain size ≈100 nm). b) XRD diffraction patterns obtained from the 10 nm nanocrystals and the spin coated polycrystalline 
film, corrected for tilting according to the quartz substrate diffraction peaks as reference. c) Normalized THz absorption spectra in the dark for the 
nanocrystals and the spin coated polycrystalline film; offsets were added for clarity; the dashed line in the 6 nm NC spectrum is an artifact caused by  
the absorption of the quartz substrate,[14] visible in the cases of films with lower optical density. d) PL decay dynamics of polycrystalline and nano
crystalline CsPbBr3 obtained at excitation fluence ≈20 nJ cm–2, wavelength 398 nm, 5 MHz repetition rate.
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can be observed in Figure 1d, the polycrystalline bulk CsPbBr3 
film shows shorter PL lifetimes than the NC films, which can 
be attributed to the high prevalence of defects in polycrystalline 
lead bromide perovskite films.[34–36] While the higher surface-
to-volume ratio in NCs is associated with a higher density of 
boundaries and dangling bonds, the attached ligands effec-
tively passivate the crystal surfaces,[37] ultimately resulting in 
a lower defect density with respect to the bulk. It can also be 
observed that the smaller NCs show shorter PL lifetimes than 
larger NCs. Given that the PLQY values were similar or higher 
for smaller crystals, the shorter PL lifetimes for smaller NCs 
must be associated with higher radiative rates. No significant 
fluence dependence was observed in the PL dynamics (see 
Figure S17, Supporting Information) at these excitation densi-
ties, indicating a predominance of a monomolecular recombi-
nation mechanism. Given that rates appear to be dominated by 
a radiative mechanism, we therefore suggest that this mono-
molecular mechanism is to a large extent associated with exci-
tonic recombination. We assume, however, that both excitons 
and free carriers can coexist in the material. In the case of NCs 
at these low excitation fluences (between 1 and 100 nJ  cm–2), 
we estimate that an average of less than 0.02 photoexcitations 
are initially generated per crystal (for details, see Section 4, 
Supporting Information), which explains the absence of any 
high-order effects. However, we note that instead of monoex-
ponential (first-order) decays intuitively expected from mono-
molecular recombination, all NCs present fairly stretched PL 
dynamics. Such complex dynamics are most likely associated 
with inhomogeneities of size distribution, photon reabsorption, 
and charge diffusion between NCs in the film.[11,38–40]

To investigate higher-order charge-carrier recombination 
processes across a wider range of carrier densities and with 
higher time resolution, we performed OPTP spectroscopy for 
the range of NC sizes allowing us to probe the transient photo-
conductivity of the films following pulsed photoexcitation. The 
THz radiation is a non-contact probe sensitive to the photo-
generated charge-carrier population density and the effective 
charge-carrier mobility (for details, see Section 3, Supporting 
Information),[10,12] making it ideal for the study of NC films, for 
which the insulating ligands and contact barriers would greatly 
affect the results obtained from electrical measurements. The 
measurements were performed with photoexcitation by 35 fs 
pulses of 3.1 eV (λ = 400 nm) photons for a range of different 
excitation fluences. The transients were fitted with a dynamic 
model that describes the charge-carrier population decay with 
a combination of first-, second-, and third-order recombina-
tion rates, with rate constants k1, k2, and k3, respectively (for 
details, see Section 1.5.1, Supporting Information).[10,12,13] 
Figure  2 shows the OPTP dynamics obtained from the NCs 
of different sizes together with best fits based on this model. 
We were able to obtain good-quality fits assuming a negligible 
first-order rate constant k1 (which relates to a combination of 
excitonic and nonradiative recombination pathways) in agree-
ment with the observation of flat photoconductivity decay at the 
lowest fluences. The absence of first-order recombination can 
be explained by the 1  ns time window over which the OPTP 
transients are recorded, which is significantly shorter than the 
approximate first-order decay constant (τ ≈ 4 ns) describing the 
initial decay of the PL transients. Therefore, monomolecular 

recombination has little influence on the shape of the OPTP 
transients.

Given the higher fluences employed during the OPTP meas-
urements, the estimated carrier densities suggest the presence 
of more than one excitation per crystal with increasing fluences 
(for details, see Section 4, Supporting Information). In such 
cases, we expect higher contributions from second- and third-
order (k2 and k3) recombination processes. The values for the 
effective rate constants k2 and k3 extracted from these fits are 
shown in Figure 2d,e, which highlight notable increases in both 
k2 and k3 with decreasing NC size. Such higher recombination 
rate constants may result from the stronger overlap of electron 
and hole wave functions caused by confinement effects,[41,42] 
which results from a combination of confinement-induced state 
mixing, enhanced Coulomb coupling, and increasing surface-
to-volume ratio.[43] In addition, these values may be affected by 
increasing excitonic effects with decreasing NC size because 
the values of k2 and k3 determined in OPTP are factored with 
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Figure 2.  Photoconductivity dynamics (plotted as –ΔTTHz/TTHz  ∝ σ; 
excitation at 400 nm, repetition rate 5 kHz) of CsPbBr3 nanocrystals of 
average size of a) 10, b) 7.5, and c) 6  nm deposited on quartz. Dots 
are experimental data and solid lines are the rate equation fits to the 
fluence dependence as described in detail in Section 1.5.1, Supporting 
Information. Insets show the fitted values of rate constants d) k2 and  
e) k3. Dashed gray lines are guides to the eye.
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the photon-to-charge branching ratio, which may increase with 
increasing exciton-binding energy (for details, see Section 3, 
Supporting Information).

2.4. Charge-Carrier Mobility and Localization

We may further examine how charge-carrier confinement in 
the NCs affects the effective charge-carrier mobility by evalu-
ating the differential THz transmission (–ΔTTHz/TTHz) ampli-
tude immediately after photoexcitation. The magnitude of the 
–ΔTTHz/TTHz signal is proportional to photoinduced conduc-
tivity and therefore the product of the charge–carrier mobility 
μ and the charge–carrier population. We are, thus, able to 
determine an effective charge-carrier mobility φμ from the 
initial photoconductivity signal immediately after excitation, 
before significant charge-carrier recombination has occurred. 
Here, φ is the photon-to-charge-carrier generation ratio, 
which accounts for the unknown conversion factor of photons 
absorbed to charge-carriers generated (for details, see Section 
3, Supporting Information)[10,12] and μ is the sum of the elec-
tron and hole mobilities. As shown in Figure 3a, the effective 
φμ values obtained for the 10, 7.5, and 6 nm NCs decrease with 
decreasing crystal size from 2.8 to 0.7 cm2  V–1 s–1, indicating 
increasing localization of charge carriers within the confines 
of the NCs. We note that such a reduction in φμ can be the 
result of both increasing excitonic effects (decreasing φ) and 
increasing proximity of physical barriers (decreasing μ) with 
decreasing NC size.

To investigate further why the NC size has an effect on the 
effective charge-carrier mobilities, we examined the influence 
of ligands and how the barriers between NCs affect charge-
carrier localization. We obtained the effective terahertz mobili-
ties of NC films of one particular size (7.5  nm) but prepared 
with different ligands. Ligand 1 is the C3 sulfobetaine system 
(3-(N,N-dimethyloctadecylammonio)propanesulfonate) used 
in the samples presented so far. Ligand 2, lecithin, has twice 
as many tails per head group at similar surface ligand den-
sity, thus resulting in more effective insulation between crys-
tals. The films with ligand 3 were obtained by solid-state 
ligand exchange with a di-zwitterionic ligand (3,3′-(hexane-1,6-
diylbis(dimethylammoniumdiyl))bis propane-1-sulfonate) and 
are expected to be less insulating than the ligands 1 and 2 (for 
details, see Section 1.1, Supporting Information). As Figure 3b 
indicates, no significant difference in effective charge-carrier 
mobility with ligand type was observed. We then subjected one 
film of 7.5  nm NCs with ligand 1 to annealing at 150 °C for 
10 min. We observed a red shift of the optical band gap (see 
Figure S19, Supporting Information) following annealing, 
evidencing loss of confinement due to ligand extraction and/
or merging of crystals. Surprisingly, however, no significant 
increase of effective mobility was observed (Figure  3b). Taken 
together, these observations demonstrate that the effective THz 
mobilities of NC films are dominated by intra-NC motion of 
charge carriers, rather than migration between NCs. While 
interparticle charge-carrier diffusion probably does occur (as 
indicated by the stretched PL decays and long-range photocon-
ductivity in these films[5]), we suggest that the associated inter-
particle mobility of charge carriers is still substantially lower 

than the intra-particle mobility. As a result, the measured effec-
tive THz mobility mostly reflects carrier motion within indi-
vidual particles, which is limited by the boundaries of the NCs. 
We note that such observations (of significantly larger high-
frequency than low-frequency carrier mobility) have also been 
typical of metal oxide nanoparticle films.[44]

We also investigated the charge-carrier mobility for the 
CsPbBr3 bulk polycrystalline film for comparison and obtained 
a value of φμ  = 9.1 cm2 V–1 s–1, similar to that determined 
elsewhere for lead bromide perovskite films[12] with a range 
of A-cation choices. While this effective mobility is higher 
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Figure 3.  a) Size dependence of the effective THz mobilities obtained 
from OPTP measurements on deposited nanocrystals and b) effec-
tive THz mobilities of 7.5  nm crystals with different ligands and after 
annealing at 150 °C for 10 min. The molecular structures of the ligands 
are shown in the middle panel, where R and R′ can be different saturated 
or unsaturated 16- or 18-carbon long carbo-hydride chains (for more 
details, see Section 1, Supporting Information).
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than that measured for the larger NCs, it is significantly 
lower than the theoretically predicted upper limit for mobility 
of ≈200 cm2 V–1 s–1 (or 400 cm2 V–1 s–1 when probing the 
sum of electron and hole mobilities, such as in our case) for 
CsPbBr3 expected for the case when only Fröhlich interactions 
with longitudinal phonons are operational.[45,46] Given that the 
measured mobility does not vary with excitation fluence (see 
Figure S20, Supporting Information), we can disregard the con-
tribution of carrier-carrier scattering. We, therefore, infer that 
the charge-carrier mobility in the polycrystalline film investi-
gated here is limited by carrier scattering with defects, which 
may include grain boundaries that could potentially have an 
effect analogous to that of the surfaces of NCs.

To investigate whether the mechanisms leading to carrier 
scattering in NCs films differ from those limiting charge-car-
rier mobilities in the bulk polycrystalline films, we investigate 
the frequency dependence of the photoconductivity. Photo-
conductivity spectra are able to differentiate cleanly between 
strong localization effects and random scattering events on 
charge-carrier motion. In the case of random scattering events, 
the complex conductivity (σ) of metals and semiconductors 
under an alternating electric field of frequency ω can usually be 
described by the Drude model as

N

m

e
*

i
i

2

σ ω
ω γ

( ) =
+

	 (1)

where m* is the charge-carrier effective mass and γ is the scat-
tering rate, which relates to the mobility μ by

m

e
*

µ
γ

= 	 (2)

This model assumes a simple acceleration of a charge car-
rier in an electric field subject to its momentum being rand-
omized through scattering events at average time intervals 1/γ. 
Figure 4a shows the complex THz photoconductivity spectrum 
of a bulk CsPbBr3 film taken ≈20  ps after photoexcitation. 
No spectral variations over time delay were found to occur 
(Figures S23 and S24, Supporting Information). The solid 
lines are spectra simulated with the Drude model according to 
Equation  (1) considering the effective mass for electrons and 
holes to be 0.15 me

[1] and fixing the scattering rate according 
to the experimentally measured value for the effective mobility 
in the bulk polycrystalline CsPbBr3 of 9.1 cm2 V–1 s–1. Despite 
some modulations in the spectra, the photoconductivity of the 
bulk perovskite shows good agreement with the Drude model, 
displaying a positive real, and a near-zero imaginary part of the 
spectrum.

The frequency-dependent photoconductivity of the NCs 
(Figure  4b), on the other hand, deviates strongly from such 
Drude-like spectra. We observe that the conductivity at low fre-
quency, instead of reaching a maximum, as expected from the 
Drude model, tends to zero in the case of the NCs. This is a 
common observation in semiconductor nanoparticles and can 
be associated with charge-carrier localization, where the pres-
ence of barriers significantly reduces the DC conductivity.[47–50] 
Another striking characteristic of this behavior is the negative 
imaginary part of the spectra. One approach for evaluating 

this deviation from Drude behavior is by calculating the Drude 
quality factor fDrude, which essentially compares the absolute 
magnitudes of the real and imaginary parts of the complex THz 
spectra (as described by Milot et  al.[51]). While fDrude  = 1 indi-
cates ideal Drude behavior, deviations are indicated by values 
lower than 1. The values for fDrude obtained from the THz 
spectra up to 2 THz are 0.97 for the bulk film and 0.58 for the 
NC film. These values demonstrate the difference in charge 
transport mechanism between the two cases and the localized 
nature of carriers in the NC film. We consider two models that 
are typically able to reproduce such behavior. First, we may 
investigate an exclusively excitonic character of the photoex-
cited carriers in the NCs and describe the frequency depend-
ence of the THz photoconductivity as a Lorentz oscillator. In 
this case, a maximum of the real photoexcited THz spectra and 
a zero-crossing of the imaginary part would correspond to an 
intra-excitonic transition resonance which is directly related 
to the exciton binding energy.[52] We are unable to observe any 
zero-crossing in the imaginary part of the spectra obtained 
from the NCs within the 3.5 THz range over which the 
spectra are recorded. However, this absence of an observable 

Adv. Funct. Mater. 2020, 1909904

Figure 4.  Real (dark blue) and imaginary (red) parts of THz photocon-
ductivity spectra of a) a polycrystalline thin film and b) 10 nm nanocrys-
tals of CsPbBr3 deposited on quartz, ≈20  ps after photoexcitation at 
fluence ≈40 µJ cm–2. Dots are experimental data while solid lines are 
simulated spectra from the Drude model and the dashed lines in panel 
(b) are obtained with Drude–Smith. The gray shaded areas mark regions 
of lower confidence (at frequencies lower than 0.35 THz due to focusing 
artifacts and in regions where the THz transmission is reduced by 90%). 
See Figure S22, Supporting Information, for other NC sizes.
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resonance peak and crossing may potentially derive from the 
exciton binding energy being larger than 20 meV,[52] in which 
case these intra-excitonic absorption features would fall outside 
our observation window. Since relatively large exciton binding 
energies have been observed for lead bromide perovskites, and 
electronic confinement will enhance these further,[53–56] a clear 
resonance would therefore not be expected to fall within our 
observation window. However, the spectra could still be influ-
enced by the low-frequency tail of such an excitonic response.

As a second example of a localized response, we consider 
the Drude–Smith model,[50,57] a phenomenological adaptation 
of the Drude model that accounts for backscattering to repro-
duce the behavior of localized charge-carriers (see Section 1.5, 
Supporting Information). The Drude–Smith model extends the 
Drude model by considering scattering anisotropy according to

N
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where γDS is the Drude–Smith scattering rate, p is the number 
of scattering events, and cp is the fraction of the initial velocity 
retained by carriers after each scattering event. For Drude-like 
photoconductivity, cp  = 0. In systems where charges are local-
ized, cp can be negative (from 0 to –1), representing preferential 
backwards scattering (for details, see Section 3.2, Supporting 
Information). Upon attempting to fit a Drude–Smith expression 
according to Equation (3) to the photoconductivity spectra of the 
NC films, we find adequate agreement with the data only for the 
low-frequency range (<1 THz). Furthermore, cp tends toward –1, 
indicating strong charge-carrier localization effects (Figure  4 
shows a Drude–Smith spectrum for cp  =  –1 as a dashed line). 
We note that while an intrinsic charge-carrier mobility value 
μDS can in principle be extracted from the Drude–Smith model 
according to c mp(1 ) e

*DS
DS

µ γ= + , in the limit of cp = –1, this value 
will tend to infinity. Therefore, in cases of strong carrier locali-
zation, such as the NCs presented here, such derivations of 
intrinsic charge-carrier mobilities that could be attained in the 
absence of carrier backscattering off NC surfaces would be 
largely overestimated and are, therefore, avoided here.

The experimental photoconductivity spectrum from the NC 
film shows clear evidence of charge localization on the low-fre-
quency side, which qualitatively agrees with the Drude–Smith 
model. However, it deviates from both the Drude model and the 
Drude–Smith model at higher frequencies, where it is affected 
by very strong modulations. The line-shape of the experimental 
spectra and the deviations from the theoretical predictions are 
not representative of charge transport phenomena, but rather 
of the combined interaction of the THz probe beam with the 
lattice and with the charge-carrier population. The response of 
the THz probe to charge-carrier motion is superimposed with 
modulations of the THz transmission caused by photoinduced 
changes to the lattice component in the absorption of the THz 
radiation. The photoinduced changes to the THz transmission 
can also be appreciated as a shift in the THz peak in the time 
domain (see Figure S21, Supporting Information). While no sig-
nificant shift can be perceived in the bulk material, in the case 
of the NCs, the THz transmission peak slightly shifts to earlier 
times after photoexcitation, indicating a decrease in refractive 

index in the THz region in the presence of photogenerated 
charge carriers. It is important to highlight that the experi-
ments were carried out at comparable charge-carrier densities 
(≈1017 cm−3) in both bulk and NCs. Photoinduced changes to 
the lattice response to the THz radiation have been previously 
observed in lead halide perovskites,[58] and can be indicative of 
the existence of a photoinduced modification of the vibrational 
properties. In other words, the presence of charge carriers has 
an effect on the lattice phonon modes, changing either the 
phonon oscillator strengths or shifting the resonance frequen-
cies in relation to the ground state distribution.

The more pronounced modulations in the THz photo
conductivity spectra of NCs as opposed to the bulk film are 
likely related to the stronger coupling of THz radiation to the 
lattice (as a result of higher absorption coefficients or distinct 
selection rules) observed in the dark absorption of NCs in the 
THz range. Additionally, the impact of photogenerated charges 
on the THz refractive index in NCs indicates stronger cou-
pling between the lattice and charge carriers compared to the 
bulk perovskite. We could also confirm that these modulations 
appear in the photoconductivity spectra immediately after pho-
toexcitation and persist for at least several picoseconds (see 
Figure S23, Supporting Information). Such a fast response is 
counterevidence of the role of photostriction in the modula-
tions, as the lattice reorganization would be expected to occur 
over longer timescales.[59–61]

It is worth noting that the μ values obtained from the OPTP 
measurements (Figure  3) are calculated from the frequency 
averaged ΔT/T signal (for details, see Section  3, Supporting 
Information). This shows that performing and interpreting 
THz measurements on these materials require care. While the 
evidence of carrier localization on the low-frequency side of the 
THz photoconductivity and the increasing μ with increasing 
crystal size are reliable observations, the absolute values 
reported are likely affected by such modulations in the intensity 
of the ΔTTHz/TTHz signal.

The contrast between bulk and NC mobility values and pho-
toconductivity spectra illustrates two important points con-
cerning charge transport in these systems. One is the locali-
zation of charge carriers within nanoscale crystals, observed 
even after annealing. Such localization effects limit the charge 
transport in the THz range (i.e., on picosecond timescales) 
and indicates that long range conductivity relies on interpar-
ticle hopping. However, localization may need to be tolerated 
in particular in applications for which optoelectronic properties 
arising from the nanocrystalline dimensions are important, as 
for example in light-emitting diodes. The second point is the 
distinct vibrational properties of colloidally synthesized NCs, 
which are reflected in the photoconductivity spectra in the form 
of strong modulations. As shown in Section  2.2, the phonon 
absorption spectra of NCs are blue-shifted and the coupling of 
THz radiation to the lattice is twice as strong as in the bulk. 
Such differences are likely related to the reduced size, increased 
surface-to-volume ratio, and the lattice expansion in colloidal 
NCs. The distinct coupling of THz radiation to optical phonons 
in colloidal NCs can be an indication of fundamental differ-
ences in optoelectronic properties with respect to the bulk, in 
addition to the charge-carrier localization effects. In particular, 
the blue-shift of the THz spectra can result from more efficient 

Adv. Funct. Mater. 2020, 1909904
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coupling of light to specific modes of the lattice due to reduced 
size or orientation. Alternatively, it can also indicate a higher 
frequency of the phonon modes, which could suggest higher 
fundamental upper limits for the charge-carrier mobility with 
respect to that of the bulk.[45] However, further work is required 
to investigate in details how the structural and vibrational prop-
erties impact the charge-carrier mobility in perovskite NCs.

3. Conclusion

In summary, we have investigated the optoelectronic properties 
of bulk CsPbBr3 and colloidally synthesized NCs in the weak 
confinement regime (6, 7.5, and 10 nm). We demonstrate how 
the structural, vibrational, and charge transport properties of NC 
films deviate from the bulk material and how these are affected 
by the crystal size. In addition to wider band gaps and higher 
charge-carrier recombination rates resulting from confinement 
effects, we also observed a lattice expansion and distinct phonon 
spectra in the NCs compared to the bulk, which is likely related 
both to the reduced crystal size and to the crystal formation 
dynamics during colloidal synthesis in contrast to spin-coating 
methods. The phonon absorption spectra in the THz region 
of the NCs show a blue shift, broadening and higher effective 
relative absorption coefficients with respect to those of the bulk 
material. In addition to these differences in the dark spectra, we 
report a photoinduced modification of the phonon modes that 
can be seen as strong modulations on the photoexcited THz 
spectra, superimposed with the photoconductivity response. We 
also report an increase of the effective charge-carrier mobility 
with increasing crystal size and no dependence on the nature 
of the ligands or on film annealing. The obtained values for 
charge-carrier mobility and the shape of the photoconductivity 
spectra in the THz region demonstrate that the THz probe is 
sensitive to localized phenomena and that the carrier motion 
in these nanocrystalline materials is dominated by backscat-
tering. Thus, the long-range photoconductivity of thin films 
made from NC inks depends on the competition between inter-
particle hopping and the enhanced recombination rates within 
NCs. This understanding of charge-carrier dynamics and trans-
port represent an important step towards the optimization of 
nanocrystalline perovskite thin films for specific optoelectronic 
applications. In particular, light-emitting applications based on 
NCs may benefit from films in which NCs retain their mostly 
intra-particle optoelectronics properties, as investigated here, 
while photovoltaic applications may be better served by sintered 
NC films that approach bulk properties. Our findings, there-
fore, provide valuable information that will guide further fun-
damental research on perovskite NCs for specific applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
The authors gratefully acknowledge support from the Engineering 
and Physical Sciences Research Council (EPSRC) and the European 

Union’s Horizon 2020 research and innovation programme under the 
Marie Skłodowska-Curie grant agreement number 675867 (INFORM). 
S.G.M. and A.J.R. thank EPSRC Prosperity Partnership (EP/S004947/1) 
and A.J.R. thanks EPSRC SPACE (EP/M015254/2). L.M.H. thanks the 
Alexander-von-Humboldt Foundation for a Friedrich-Wilhelm-Bessel 
Research Award.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
charge-carrier dynamics, nanocrystals, perovskites

Received: November 27, 2019
Revised: January 10, 2020

Published online: 

[1]	 L.  Protesescu, S.  Yakunin, M. I.  Bodnarchuk, F.  Krieg, R.  Caputo,  
C. H.  Hendon, R. X.  Yang, A.  Walsh, M. V.  Kovalenko, Nano Lett. 
2015, 15, 3692.

[2]	 S. Yakunin, L. Protesescu, F. Krieg, M. I. Bodnarchuk, G. Nedelcu, 
M. Humer, G. De Luca, M. Fiebig, W. Heiss, M. V. Kovalenko, Nat. 
Commun. 2015, 6, 8056.

[3]	 N. Wang, L. Cheng, R. Ge, S. Zhang, Y. Miao, W. Zou, C. Yi, Y. Sun, 
Y. Cao, R. Yang, Y. Wei, Q. Guo, Y. Ke, M. Yu, Y. Jin, Y. Liu, Q. Ding, 
D.  Di, L.  Yang, G.  Xing, H.  Tian, C.  Jin, F.  Gao, R. H.  Friend, 
J. Wang, W. Huang, Nat. Photonics 2016, 10, 699.

[4]	 Q. A.  Akkerman, M.  Gandini, F.  Di Stasio, P.  Rastogi, F.  Palazon, 
G. Bertoni, J. M. Ball, M. Prato, A. Petrozza, L. Manna, Nat. Energy 
2017, 2, 16194.

[5]	 F.  Krieg, S. T.  Ochsenbein, S.  Yakunin, S. ten  Brinck, P.  Aellen, 
A.  Süess, B.  Clerc, D.  Guggisberg, O.  Nazarenko, Y.  Shynkarenko, 
S.  Kumar, C.-J.  Shih, I.  Infante, M. V  Kovalenko, ACS Energy Lett. 
2018, 3, 641.

[6]	 J.  Li, L.  Xu, T.  Wang, J.  Song, J.  Chen, J.  Xue, Y.  Dong, B.  Cai, 
Q. Shan, B. Han, H. Zeng, Adv. Mater. 2017, 29, 1603885.

[7]	 D. V.  Talapin, J.-S.  Lee, M. V.  Kovalenko, E. V.  Shevchenko, Chem. 
Rev. 2010, 110, 389.

[8]	 L. M. Wheeler, E. M. Sanehira, A. R. Marshall, P.  Schulz, M. Suri,  
N. C. Anderson, J. A. Christians, D. Nordlund, D. Sokaras, T. Kroll, 
S. P.  Harvey, J. J.  Berry, L. Y.  Lin, J. M.  Luther, J. Am. Chem. Soc. 
2018, 140, 10504.

[9]	 S. Dastidar, D. A. Egger, L. Z. Tan, S. B. Cromer, A. D. Dillon, S. Liu, 
L. Kronik, A. M. Rappe, A. T. Fafarman, Nano Lett. 2016, 16, 3563.

[10]	 C.  Wehrenfennig, G. E.  Eperon, M. B.  Johnston, H. J.  Snaith,  
L. M. Herz, Adv. Mater. 2014, 26, 1584.

[11]	 S. G.  Motti, T.  Crothers, R.  Yang, Y.  Cao, R.  Li, M. B.  Johnston, 
J. Wang, L. M. Herz, Nano Lett. 2019, 19, 3953.

[12]	 L. M. Herz, ACS Energy Lett. 2017, 2, 1539.
[13]	 M. B. Johnston, L. M. Herz, Acc. Chem. Res. 2016, 49, 146.
[14]	 C. L.  Davies, J. B.  Patel, C. Q.  Xia, L. M.  Herz, M. B.  Johnston, J. 

Infrared, Millimeter, Terahertz Waves 2018, 39, 1236.
[15]	 D. Wang, J. Zhao, B. Chen, C. Zhu, J. Phys. Condens. Matter 2008, 

20, 085212.
[16]	 L.  Dou, A. B.  Wong, Y.  Yu, M.  Lai, N.  Kornienko, S. W.  Eaton, 

A.  Fu, C. G.  Bischak, J.  Ma, T.  Ding, N. S.  Ginsberg, L.-W.  Wang,  
A. P. Alivisatos, P. Yang, Science 2015, 349, 1518.

[17]	 E. S.  Parrott, J. B.  Patel, A.-A.  Haghighirad, H. J.  Snaith,  
M. B. Johnston, L. M. Herz, Nanoscale 2019, 11, 14276.

Adv. Funct. Mater. 2020, 1909904



www.afm-journal.dewww.advancedsciencenews.com

1909904  (9 of 9) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2020, 1909904

[18]	 D. Di, K. P. Musselman, G. Li, A. Sadhanala, Y. Ievskaya, Q. Song, 
Z.-K.  Tan, M. L.  Lai, J. L.  MacManus-Driscoll, N. C.  Greenham,  
R. H. Friend, J. Phys. Chem. Lett. 2015, 6, 446.

[19]	 L.  Polavarapu, B.  Nickel, J.  Feldmann, A. S.  Urban, Adv. Energy 
Mater. 2017, 7, 1700267.

[20]	 T. W.  Jones, A.  Osherov, M.  Alsari, M.  Sponseller, B. C.  Duck, 
Y.-K.  Jung, C.  Settens, F.  Niroui, R.  Brenes, C. V.  Stan, Y.  Li, 
M.  Abdi-Jalebi, N.  Tamura, J. E.  Macdonald, M.  Burghammer,  
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