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Surface band bending and carrier dynamics in colloidal quantum 
dot solids 
Pip C. J. Clark*,a, Nathan K. Lewisa, Jack Chun-Ren Kea, Ruben Ahumada-Lazoa,‡, Qian Chenb, Darren 
C. J. Neoc,†, E. Ashley Gauldingd, Gregory F. Pachd, Igor Pise,f, Mathieu G. Sillyg, Wendy R. Flavell*,a.

Band bending in colloidal quantum dot (CQD) solids has become important in driving charge carriers through devices. This 
is typically a result of band alignments at junctions in the device. Whether band bending is intrinsic to CQD solids, i.e. is band 
bending present at the surface-vacuum interface, has previously been unanswered. Here we use photoemission surface 
photovoltage measurements to show that depletion regions are present at the surface of n and p-type CQD solids with 
various ligand treatments (EDT, MPA, PbI2, MAI/PbI2). Using laser-pump photoemission-probe time-resolved measurements, 
we show that the timescale of carrier dynamics in the surface of CQD solids can vary over at least 6 orders of magnitude, 
with the fastest dynamics on the order of microseconds in PbS-MAI/PbI2 solids and on the order of seconds for PbS-MPA 
and PbS-PbI2. By investigating the surface chemistry of the solids, we find a correlation between the carrier dynamics 
timescales and the presence of oxygen contaminants, which we suggest are responsible for the slower dynamics due to 
deep trap formation.     

1. Introduction
Colloidal quantum dots (CQDs) show a number of exciting 
properties such as tunability of photon absorption and 
emission, and efficient multiple exciton generation.1,2 CQD 
solids, where CQDs are fabricated into a closely packed film, 
take on bulk material properties, as the wave functions of 
adjacent CQDs overlap,3 coupling them together.4 In CQD solids 
there is potential for controlling bulk properties, including the 
semiconductor doping level, carrier concentration, mobility, 
and lifetimes, through control of the CQD material, size, shape 
and surface chemistry.4–10 This makes them applicable to a 
range of optoelectronic devices such as solar cells,11,12 LEDs,13 
lasers,14 and photodetectors.15–17 Recently, control of the band 
alignment and band bending at junctions between CQD solids 
and oxides, metal cathodes or other CQD solids has become 
important for device design.18–21 For example, in CQD 

photovoltaics this has led to more efficient carrier separation 
and extraction.19,22–24 Still, the question remains: ‘Is band 
bending intrinsic to CQD solids?’ i.e., does band bending exist at 
the CQD solid-vacuum interface? 
In conventional bulk semiconductors, surface band bending is a 
result of surface defects changing the electronic structure at the 
surface. In a CQD solid, each CQD has its own surface, and the 
CQDs at the surface of the solid should in principle be no 
different from those deeper in the bulk. The principle that CQD 
solids behave more like bulk semiconductors than individual 
quantum objects is established.25–27 Properties such as 
dielectric constant and free carrier density can be treated by an 
effective-medium picture,20 and it is well known that band 
bending occurs at solid junctions with CQD films.28–30 Here, we 
explore whether band bending is present at the surface of CQD 
solids, by measuring the surface photovoltage (SPV) effect with 
photoemission.
The surface photovoltage effect is due to the separation of 
photoexcited electron-hole pairs in the surface band bending 
region of a semiconductor. The attraction between the 
separated electron and hole reduces the surface potential 
(amount of band bending). Figure 1 shows the creation and 
relaxation of a surface photovoltage shift in p- and n-type 
semiconductor surfaces. In the depletion region of an n-type 
semiconductor, a photoexcited electron migrates towards the 
bulk while the hole migrates to the surface, creating an SPV shift 
as shown in Figure 1. The SPV shift relaxes once all carriers have 
recombined and the surface potential is returned to its original 
value.31 This can be measured with photoemission as either a 
change in the position of the valence band maximum (VBM), or, 
as implemented here, a change in the binding energy position 
of a core level peak.32–34
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Figure 1. Schematic band diagrams of the surface photovoltage effect in (top) a p-type semiconductor material with a hole depletion layer at the surface and (bottom) an n-type 
semiconductor material with an electron depletion layer at the surface. The change in the band bending/size of the SPV shift (V0) is indicated, and the position of the core levels 
relative to their original position is also indicated.

We present results from measurements of the SPV both in a 
static experiment (measuring photoemission spectra with and 
without a white light source incident on the CQD solid), and 
time-resolved measurements of the SPV shift relaxation, 
obtained using laser-pump photoemission-probe spectroscopy. 
From the former we learn that an SPV shift, due entirely to band 
bending rather than surface dipoles, is present at the surface of 
PbS CQD films. The latter technique gives additional information 
about the dynamics of the carriers at a semiconductor surface.35 
This method has been used to probe carrier dynamics in various 
semiconductor surfaces,34,36–39 as well as to study charge 
injection from dyes or CQDs into transparent conducting 
oxides40–43 and hole transport layers.44 In the charge injection 
case, advantage is taken of the ability to probe a specific 
chemical species with photoemission, and therefore a specific 
part of the junction. Another advantage of using laser-pump 
photoemission-probe spectroscopy is the ability to probe the 
surface chemistry of a sample whilst simultaneously measuring 
the dynamics,32 which we take advantage of here to aid the 
understanding of the time-resolved results.
Livache et al. used time-resolved SPV measurements to study 
HgTe nanoplatelets for use in infrared photodetector devices.45 
The technique was used to obtain the absolute lower limit for 
the response lifetimes of these devices (100s of ns), which was 
much faster than those realised (100s of μs) due to differences 
in carrier transport across the different geometries of the 

nanoplatelets. In this paper we carry out comparable 
measurements for CQD solids, and show that, by contrast, their 
intrinsic response lifetimes can be on the order of μs. This is of 
the same order as the lifetimes of transient photoconductivity 
and photovoltage dynamics reported in certain CQD-based 
devices and mm thick films.46–49 
We also find that the surface chemistry of CQD solids has a great 
impact on the carrier dynamics. The presence of O2 and H2O 
contamination in the film increases the carrier lifetimes from 
microseconds (no contamination) to the order of seconds. This 
supports the idea that contaminants enable dynamic traps. 
Similar slow lifetimes have been observed in CQD-based field-
effect transistors (FETs) by other groups.50,51 This range of 
possible carrier lifetimes highlights the importance of control of 
the CQD solid fabrication for its intended application.

2. Experimental Section
2.1 PbS Core CQD Synthesis

PbS CQDs with different band gap energies (between 1.24 and 
1.32 eV, given by the position of the first exciton peak) were 
synthesized by cation exchange of CdS CQDs. Details of the 
cation exchange procedure (using PbCl2) and the synthesis of 
the CdS CQDs (from CdO and (NH4)2S precursors) are given in 
other work.52,53 A small amount of residual Cd was observed by 
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XPS in these CQDs, in amounts depending on the ligand 
exchange procedure used, suggesting the Cd is likely to be 
predominantly at the surface of the CQDs (as found in previous 
work).54 Approximately ¼ of a monolayer of residual Cd is found 
on the surface of the PbS-MPA CQDs, and 1/12 of a monolayer 
on the surface of the PbS-PbI2 CQDs (see supporting 
information Figure S1). Cd in submonolayer amounts at the 
surface of PbS CQDs does not significantly affect the CQD 
electronic structure.55 Residual Cd was also previously observed 
in PbSe synthesised with the same cation exchange approach.56 
The 1.8 eV band gap CQDs were synthesized by the Hines and 
Scholes synthesis.57 The ligand used during the syntheses was 
oleic acid (OA).

2.2 Film preparation, solid state ligand exchange and device 
preparation

All PbS CQD films were prepared in an inert N2 environment.
PbS-EDT (1,2-ethanedithiol) films were deposited on pre-
patterned ITO-coated glass. The thin PbS-EDT films were 
produced via dip coating using a programmable Nima 
Technologies Dip Coater. The substrate was first dipped into a 
beaker containing 5 mg ml-1 PbS CQDs dispersed in hexane, then 
slowly retracted, and dipped into a second beaker containing 
2% volume EDT in acetonitrile. After slowly retracting the 
substrate, it was dipped into a final beaker containing pure 
acetonitrile. This cycle was repeated to produce one layer of 
CQDs. 15 layers of CQDs were deposited to produce a 45 nm-
thick film.
Thicker PbS-EDT films were also prepared via spin coating. A 
drop of 30 mg ml-1 CQDs dispersed in hexane was deposited 
onto the spinning substrate with a spin rate of 2000 rpm, 
followed by two drops of 2% volume EDT in acetonitrile, and 
then 5 drops of pure acetonitrile. This was repeated 3 times to 
form one layer. 18 layers were deposited to produce a 460 nm-
thick sample.
The PbS-MPA (3-mercaptopropionic acid) films were made by 
spin coating PbS QDs (30 mg ml-1 in octane) at 2000 rpm for 40 
s onto a silicon substrate. The films were then immersed in a 1% 
v/v MPA/methanol solution for 2 seconds. This was repeated 
for 4 cycles to generate films approximately 100 nm thick.
PbS-PbI2 films were produced with a method similar to that 
reported by Crisp et al. and Chernomordik et al.6,58 PbS CQDs 
(30 mg ml-1 in octane) were deposited at 2000 rpm for 30 s onto 
a silicon substrate. The film was then treated by soaking in 10 
mM PbI2 in DMF (dimethylformamide) for 3 minutes, then 
washed with acetonitrile to remove the DMF and excess PbI2. 
This was repeated for 4 cycles to generate films approximately 
100 nm thick.
PbS-MAI/PbI2 (methylammonium iodide/lead iodide) CQDs 
were ligand exchanged in solution by methods developed by 
Sytnyk et al.46 Films were made by drop-casting onto an ITO 
substrate and drying for 2 hours inside a glove box.
It was necessary to use CQDs synthesised by two different 
methods (Section 2.1) to produce the different films because 
the cation exchange produces films that are more stable when 
using ligands that are highly sensitive to air exposure (i.e. EDT 

and MPA).59 This is likely to be due to the passivation from 
residual Cd in the CQDs (see supporting information).55 
However, in the case of PbS-MAI/PbI2, the MAI/PbI2 ligand 
exchange was found to be less reliable with cation-exchanged 
CQDs.  Hence the Hines and Scholes synthesis method (which 
we observed to produce air-stable films) was used instead.

2.3 Characterization

Optical absorption spectroscopy of the CQD films was measured 
using a PerkinElmer Lambda 1050 UV-vis-NIR 
spectrophotometer. Cross-sectional scanning electron 
microscopy (SEM) images were taken with a Zeiss Sigma 300 
electron microscope (shown in the supporting information).
XPS from core levels were recorded at room temperature in 
normal emission geometry, using synchrotron light linearly 
polarized in the horizontal plane. XPS spectra were fitted with 
CasaXPS.60  The areas of the XPS peaks were corrected for 
photon flux and photoionization cross section.61 Binding 
energies were calibrated to the literature values for PbS in S 
2p.55,62,63 

2.4 Static Photoemission Surface Photovoltage Measurements

The photoemission measurements presented in Figure 2 
(Section 3.1) were performed using the BACH beamline (45 < hν 
< 1650 eV, equipped with a Scienta R3000 hemispherical 
analyzer) at the Elettra synchrotron in Trieste, Italy. Secondary 
electron energy distribution (SEED) measurements were 
measured with a sample bias of -9.5 V, and otherwise the 
sample was grounded. A CVLIFE SW-8066 800 lumen LED torch 
(focused onto the sample through a convex lens and a UV-
visible window into the ultra-high vacuum (UHV) chamber) was 
used for static white light photoexcitation. This beamline has a 
glove-box-to UHV-transfer facility, so air sensitive samples were 
studied without exposure to air while loading.

2.5 Time-resolved Photoemission Surface Photovoltage 
Measurements

The laser-pump X-ray photoemission-probe time-resolved 
measurements presented in Section 3.2 were taken at the 
TEMPO beamline (50 < hν < 1500 eV, equipped with a SCIENTA 
SES 2002 electron energy analyzer) at Synchrotron SOLEIL, 
France. A continuous wave (CW) 375 nm laser (OBIS 375 nm LX 
50 mW) was used for photoexcitation and modulated with a 
50% duty cycle with a period adjusted to capture the dynamics 
of the system. Fast XPS spectra were captured at 1000 intervals 
over the laser cycle using a delay-line detector (with time 
resolution 30 ns). The sizes of the SR photoemission beam and 
laser photoexcitation beam at the sample position were 
measured with a photodiode. The SR X-ray beam was measured 
to have an elliptical profile with full width half maxima of 400 
μm by 350 μm. The laser photoexcitation beam spot on the 
sample had a radius 3 times larger than the SR beam, with the 
latter positioned inside the laser spot allowing for uniform 
excitation.

Page 3 of 14 Nanoscale



ARTICLE Journal Name

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

3. Results
3.1 Measurements using static white light illumination

First, the presence of an SPV shift in PbS-EDT CQD films was 
established by measuring photoemission peaks with and 
without photoexcitation from a white light source. The optical 
absorption spectrum of the PbS-EDT film used in these 
measurements is shown in Figure S2 in the supporting 
information. The 1S absorption feature is found at 1000 nm, and 
the film absorbs in the visible range. From the 1S peak, the 
effective band gap obtained is 1.24 eV, which equates to CQDs 
of 3.3 nm in diameter.64 The VBM is found 0.55±0.05 eV below 
the EF (from valence band photoemission in Figure S3, 
supporting information), indicating slight p-type behaviour.
The synchrotron radiation energy used for photoemission was 
hυ = 45 eV, chosen to maximise the surface sensitivity of 
measurements of the low binding energy (BE) core levels of the 
sample, so only the surface of the CQD film is probed. The SR X-
ray beam was measured to have an elliptical profile of 300 μm 
by 100 μm. The focused white light source spot covered the 
whole of the CQD film. The photoemission peaks were 
measured repeatedly by taking spectra with the white light 
source switched off and on. This is necessary to check that any 
observed shift in the BE of the peak is due to the white light and 
reverses completely when the light is switched off. The Pb 5d5/2 
peak before, during, and after white light photoexcitation for a 
45 nm-thick PbS-EDT CQD solid is shown in Figure 2A. This 
shows that there is a shift of  meV to lower binding 67 ± 3
energy when the white light is on, and the peak returns to its 
original position after the light is turned off, so this shift is due 
to an effect of the light. To check whether the shift is solely due 
to the surface photovoltage effect (a change in band bending at 
the surface) or whether it could be influenced by any interface 
dipole present at the surface, the position of the SEED edge with 
and without photoexcitation was also measured, and is shown 
in Figure 2B. The position of the SEED edge is related to the 
vacuum level, so if the SEED edge shifts by the same amount as 
the core levels, this indicates the observed shift is entirely due 
to an SPV effect.65 A shift of  meV to higher kinetic energy 68 ± 2
(lower binding energy) was observed for this PbS-EDT sample 
confirming that the shift is due to an SPV effect. This confirms 
that band bending is present in these CQD films. In this case the 
PbS-EDT CQD film shows downward band bending at the 
surface that shifts towards a more flat-band situation when 
photoexcited carriers separate in this region. This is the 
behaviour anticipated at a conventional p-type semiconductor 
surface (Figure 1).
To investigate potential reasons for the presence of band 
bending at the surface of these films we measured the S 2p core 
level. This is a useful diagnostic of surface oxidation in PbS CQDs 
as there are distinct chemical shifts between different sulfur-
containing oxidation products.55,62,63,66,67 The fitted S 2p core 
level is shown in Figure S4, and the fitted peak BEs and 
assignments are shown in Table S1 in the supporting 
information. Spectra were measured with a photon energy of 
390 eV to ensure high surface sensitivity and to enable fitting of 

Figure 2. (A) The Pb 5d5/2 core level photoemission spectrum of a 45 nm-thick PbS-EDT 
CQD film. (B) Spectra of the secondary electron cutoff region. For both (A) and (B) the 
spectra were obtained with a photon energy of 45 eV. The spectrum is shifted to lower 
binding energy with white light illumination (blue). The spectra taken before (red) and 
after (black dashed line) white light photoexcitation show the peak returns to its original 
BE position after photoexcitation. 

the peak without interference from the Pb 4f background that 
appears at higher photon energies.55 The S 2p spectra show 
several oxidation products present on the surface of the PbS-
EDT CQDs, including small amounts of PbSO3 and PbSO4 

(corresponding to approximately ¼ of a monolayer, method 
detailed previously),55 despite storage and sample transfer into 
UHV under an inert (nitrogen) environment. The presence of 
PbS oxidation products explains why the Pb 5d peak (Figure 2A) 
is broad and asymmetric. The fit to the Pb 5d spectra is shown 
in the Supporting Information Figure S5 and is consistent with 
PbSO3, Pb(OH)2, and PbSO4 present on the surface of PbS 
CQDs.55,68,69 All the fitted components were observed to shift by 
the same amount (  meV) upon photoexcitation. We 67 ± 3
consider that the nitrogen environment of the samples during 
travel (in a sealed CF tube) was likely to be not perfectly air free, 
and even small amounts of oxygen present in the environment 
can initiate oxidation of the PbS CQD surfaces.70 Small amounts 
of oxidation in PbS-EDT CQD films (potentially occurring after 
desorption of ligands71) change the doping from n-type towards 
p-type.5,19,72,73,71 Here we find the film is slightly p-type (valence 
band photoemission in supporting information Figure S3) with 
a VBM = 0.55±0.05 eV below EF. A p-type behaviour for PbS-EDT 
films has also been reported by other groups.74,75 Our VBM – EF 
value is slightly lower than that measured by Brown et al. for 
PbS-EDT CQDs of a similar size,5 which is consistent with the 
slight oxidation observed causing a more p-type behaviour in 
our CQD solid. 
The S 2p spectrum also shows the presence of thiols from the 
EDT ligands in both bound and unbound states in the CQD solid. 
The ratio of bound to unbound thiols is 0.8±0.2:1, indicating 
that around half of the thiol moieties of the bidentate EDT 
ligands present in the films are unbound. We note that the 
presence of significant fully unbound EDT in the film is unlikely 
as it is removed by washing during spin coating but the presence 
of small quantities cannot be ruled out.
The same static experiment was repeated on a second PbS-EDT 
CQD solid of 460 nm thickness (cross sectional SEM of both films 
is shown in the supporting information Figure S6). Similar SPV 
shift results were obtained, with a shift of  meV to lower 62 ± 5
binding energy in the Pb 5d5/2 peak upon photoexcitation, and 
a shift of  meV in the SEED edge. The surface chemistry 64 ± 4
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of this sample as determined from the S 2p core level XPS was 
similar to the 45 nm film (a similar ratio of bound and unbound 
ligands, and a small amount of sulfite and sulfate). 
An interesting question is whether the oxidation products are 
only present on the surface of the CQD solid or are likely to be 
present throughout the film. CQD solids have been found to be 
porous to gases, and have been used to detect gases such as 
NO2 and O2 as the resistance across the CQD solid changes in 
the presence of the gas.76–78 The change of the charge carrier 
concentrations after oxygen and water vapour exposure also 
suggests that PbS EDT films are porous,72 and therefore the 
extent of oxidation we observe is potentially present on CQDs 
throughout the film, not just present on those at the surface, 
measured by XPS. While we cannot rule out a gradient in 
oxidation between CQDs in the film, it is likely that the band 
bending observed is not due to a difference in electronic 
structure of the CQDs at the surface compared to those deeper 
in the film. Instead it is likely to be an intrinsic feature of the 
CQD solid. As shown in the next section, an SPV shift 
demonstrating surface band bending is observed even in the 
absence of surface oxidation, but the extent of oxidation is 
important, especially in determining carrier dynamics.

3.2 Time-resolved photoemission measurements.

To probe the dynamics of the photoexcited carriers in the CQD 
films, time-resolved photoemission measurements were 
carried out at the TEMPO beamline.  As no glove box transfer 
was available, experiments here focussed on CQD films known 
to be relatively air stable: PbS-MPA and PbS-PbI2.58,79,80  As our 
initial results indicated that the measured SPV is not dependent 
on film thickness, a fixed thickness of  100 nm was used. This is 
representative of CQD film thicknesses used in CQD-based solar 
cells (typically 50-400 nm).19,23,24,81,82 The absorption spectra of 
both CQD solids are shown in the supporting information 
(Figure S2). The 1S exciton peak is found at 939 nm and 956 nm 
for MPA- and PbI2-treated films respectively. This equates to 
CQDs of 3.1±0.1  nm in diameter with an effective band gap of 
1.30 and 1.32 eV respectively.64 From valence band 
photoemission (supporting information) the VBMs for both 
CQD solids were located 1.10±0.05 eV below the Fermi level, 
implying n-type behaviour.
For both PbS-MPA and PbS-PbI2 CQD solids, fast XPS of the Pb 
4f7/2 core level, with a photon energy of hυ = 475 eV was used 
to monitor the SPV shift at the CQD solid surface.  In both cases, 
the dynamics were found to be dominated by slow transients, 
and it was necessary to use a 40 s cycle for the ‘on – off’ 
modulation of the 375 nm laser. The binding energies were 
extracted by fitting a sum-approximation Voigt function (with 
Gaussian-Lorentzian ratio 70:30) peak to the Pb 4f7/2 level, 
measured over 1000 intervals during the laser cycle. An 
example of the SPV shift (photoexcited – unexcited) 
superimposed on the laser cycle profile is shown in Figure 3A. 
The transient SPV shift observed for the PbS-PbI2 CQD solid is 
shown in Figure 3B, and for the PbS-MPA CQD solid in Figure 3C. 
The Pb 4f core level peak shifts to higher binding energy in both 
cases. From the direction of the SPV shift and the knowledge 

that these films are typically n-type,83–86 we infer that there is 
an electron depletion layer at the surface of these CQD solids. 
In this case, when the laser photoexcites carriers across the 
band gap of CQDs at the surface of the solid, the excitons are 
separated by an upwards band bending at the surface. Electrons 
migrate away from the surface and holes travel towards it. This 
reduces the total band bending, creating an SPV shift. The SPV 
rise (onset) dynamics depend on the competition between 
carrier generation/separation and recombination. When the 
laser is turned off, the SPV shift relaxes as the excited carriers 
recombine (Figure 1). A simple thermionic emission model, 
sometimes used for fitting SPV decays of bulk 
semiconductors,32,87,88 did not produce a viable fit to the data, 
suggesting that the dynamics are more complex, with more 
than one component.  Instead, both the rise and decay of the 
SPV transients are adequately fitted with double exponentials 
of the form 

(1)SPV(𝑡) =  ∆V(𝐴1𝑒

(𝑡 ― 𝑡0)
𝜏1 + 𝐴2𝑒

(𝑡 ― 𝑡0)
𝜏2) 

where  is the total SPV shift, and  are the time constants,∆V 𝜏1 𝜏2

Figure 3. (A) Core level surface photovoltage (SPV) shift with the CW laser ‘on-off’ 
cycle superimposed. (B) Time-resolved SPV shift of the Pb 4f core level in a PbS 
CQD film treated with PbI2 and (C) 3-MPA ligands under illumination by a λ = 375 
nm CW laser modulated on a 50% duty cycle with a period of 40 s. The X-ray 
photon energy was 475 eV, corresponding to a sampling depth of 1.4 nm.55 The 
rise and decay of the pump-induced SPV shift are fitted using double exponential 
functions (red and blue lines respectively). The fitted parameters are listed in 

Table 1.
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Table 1. Photoexcited carrier dynamics for samples with three different surface treatments. Note that the band gap and synthesis method were also different for the MAI/PbI2 
sample (see sections 2.1 and 2.2).

Ligand 
Treatment

SPV shift (meV)
Dynamics Time 

unit

Rise A1, A2 Rise τ1 Rise τ2 Decay A1, A2 Decay τ1 Decay τ2

PbI2

19
s

0.47,0.53 0.1 ± 0.1 1.1 ± 0.1 0.57,0.43 1.0 ± 0.1 8.0 ± 0.5

MPA
68

s
0.42,0.58 0.1 ± 0.1 4.9 ± 0.1 0.71,0.29 0.9 ± 0.1 5.0 ± 0.1

MAI/PbI2

9
μs

0.58,0.42 4.1 ± 0.5 13.5 ± 1.5 0.16,0.84 3.8 ± 1.5 13.7 ± 3.0

 is a time offset (set to 0 for fitting rises, and to the ‘laser off’ 𝑡0

time for fitting decays), and the constants  and  are 𝐴1 𝐴2

constrained such that

. (2)𝐴1 + 𝐴2 = 1

Similar double exponential fits have been made to transient 
current and voltage measurements in CQD-based FETs.47,89,90 
The total SPV shift and the rise and decay constants extracted 
from these fits for the PbS-PbI2 and PbS-MPA CQD solids are 
displayed in 
Table 1. In both cases the rise has two components, one faster 
than the other. The initial SPV rise occurs on a timescale faster 
than the time step in the experiment. The second rise process 
and both observed decay processes are slower, with time 
constants of the order of seconds. Reasons for these slow 
transients and comparisons between the extracted constants 
are discussed in section 4.
A third PbS-based CQD film was also studied. This was treated 
with MAI and PbI2 to form a quasi-epitaxial metal-halide 
perovskite (MAPbI3) ligand shell on the CQD surfaces.46,82,91–93 
The 1S absorption peak for the CQDs in this solid was at 686 nm 
(supporting information) giving an effective band gap of 1.81 eV 
and a diameter of 2.1 nm.64 The transient SPV shift for this PbS-
MAI/PbI2 sample is shown in Figure 4. Immediately it is clear 
that the rise and decay transients in the PbS-MAI/PbI2 CQD solid 
are observed on timescales a million times faster than those 
observed in the PbS-PbI2 and PbS-MPA CQD solids. Reasons for 
this are discussed in the next section. Again these transients 
were also best fitted with double exponentials of the form 
shown in equations (1) and (2), and the fitted constants are 
shown in 
Table 1.
The valence band photoemission (supporting information 
Figure S3) of the PbS-MAI/PbI2 film shows that this film is close 
to intrinsic but slightly n-type, with a VBM = 0.95±0.05 eV below 
the Fermi level. The direction of the SPV shift, to higher binding 
energy, indicates an electron depletion region at the surface of 
this CQD solid. The total SPV shift observed in the PbS-MAI/PbI2 

sample was only 9 meV, which is smaller than the shifts 
observed in the PbS-PbI2 and PbS-MPA films.
XPS was also used during the time-resolved measurements to 
quantify the species present on the surface of all the CQD solids, 
using the Pb 4f, S 2p, O 1s (spectra shown in supporting 
information Figure S4), I 3d and C 1s core levels. Each core level 
was measured with a different photon energy to give a resulting 
photoelectron kinetic energy of 335 eV. This means the 
photoelectrons from each core level originate from the same 
depth in the sample, and are probing depths of approximately 
1.4 nm into the sample.55,69,94 This was chosen to match the 
sampling depth of the time-resolved SPV data in Figures 3 and 
4. The increased surface sensitivity attained by using low 
photon and photoelectron kinetic energies is one advantage of 
using a synchrotron radiation source for these measurements. 
The elemental ratios of S, I, O and C to Pb in the CQD film 
surfaces are displayed in Figure 5. These are discussed in 
context with the SPV dynamics in the next section.

4. Discussion
From the results presented here, it appears that there is 
intrinsic band bending at the surface of CQD solids. This 
suggests that electronic alignment found by UPS and other 

Figure 4. Time-resolved surface photovoltage (SPV) shift of the Pb 4f core level in 
a PbS CQD film with a quasi-epitaxial MAI/PbI2 ligand shell, under illumination by 
a λ = 375 nm CW laser modulated on a 50% duty cycle with a period of 100 μs.

Page 6 of 14Nanoscale



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

 

Figure 5. Ratios of elements determined from X-ray Photoelectron Spectroscopy for PbS 
CQDs treated with PbI2, MPA, and MAI/PbI2 ligands. All XPS core levels were measured 
at a constant sampling depth (1.4 nm) by changing the photon energy to produce 
photoelectrons around 335 eV in kinetic energy. The timescales for the measured SPV 
dynamics for each sample are shown at the top of the chart. See the supporting 
information for the fitted core level spectra.

surface sensitive measurements may not be representative of 
the bulk CQD solid, as is also the case with many conventional 
bulk semiconductors. However, it is still extremely important 
for understanding band alignment at interfaces.
In the static XPS measurements, two PbS-EDT CQD films of 
thicknesses 45 nm and 460 nm were studied. The size of the SPV 
shift under identical white light illumination was the same for 
both film thicknesses.  This could indicate that the width of the 
depletion region is less than 45 nm, as the full depletion region 
is supported in the 45 nm thick sample; this is consistent with 
our observations from the time-resolved experiments as 
discussed below.  It must be remembered however, that the 
thicker film was fabricated via spin coating and the thinner film 
via dip coating. These two methods give differences in 
uniformity and packing density of CQD films.95 This affects 
properties such as doping carrier concentration and the 
absorption coefficient of the film,72,96–98 which in turn affect the 
magnitude of the band bending and SPV shift upon 
photoexcitation.34,99–101 Thus it may not be easy to directly 
compare the two PbS-EDT CQD films, due to their different 
fabrication processes. 
For the PbS-EDT CQD solids, we observe an SPV shift to lower 
binding energy upon photoexcitation, and so there must be a 
downwards band bending at the surface of this p-type material. 
For both the PbS-MPA and PbS-PbI2 CQD solids we observe an 
SPV shift to higher binding energy, and so upwards band 
bending at the surface of these n-type materials. On the PbS-
MAI/PbI2 CQD solid, we observe a small SPV shift to higher 
binding energy at the surface of this slightly n-type material. In 
all these four cases this indicates a depletion region at the 
surface of these CQD solids, as the surface is depleted of the 
majority carriers. 
The formation and relaxation of an SPV shift is shown for p-type 
and n-type semiconductors with a space charge region at the 
surface in 
Figure 1. For a p-type (n-type) semiconductor with a space 
charge region at the surface the SPV shift appears as 

photoexcited electrons (holes) are driven towards the surface, 
while holes (electrons) migrate towards the bulk. The attraction 
between the electron and hole reduces the surface potential. 
The electrons and holes can recombine when a hole (electron) 
overcomes the potential barrier to the surface via thermionic 
emission, the rate of which is dependent on the size of the 
barrier. The SPV shift reaches its maximum and stays in this 
steady state when the carrier photoexcitation and 
recombination rates are equal. When returned to dark 
conditions, the SPV shift relaxes as carriers recombine over the 
surface potential. The rate of relaxation decreases as the SPV 
shift reduces and the potential barrier increases,36,87 until all the 
photoexcited carriers have recombined and the surface is back 
to its dark steady-state. However, in the presence of shallow or 
deep trap states, the formation and relaxation times can be 
dominated by trapping relaxation.
Using the transient surface photovoltage shifts in Figure 3 and 
4 combined with methods developed by Kronik et al. for the 
analysis of surface photovoltage spectroscopy, the surface band 
bending in the dark ( was estimated for the PbS-PbI2, MPA, 𝑉0) 
and MAI/PbI2 solids.31,102 This involves comparing the initial 
gradients of the SPV transients when going between steady-
state dark to light, and light to dark conditions. Details of the 
calculation are given in the supporting information. Schematics 
of the band profiles in the dark and under steady-state 375 nm 
laser illumination are displayed in Figure 6A-C. 
The depletion width, , at the surface of a semiconductor can 𝑤
be calculated knowing V0 as 

𝑤 =  
2𝜀0𝜀𝑟𝑉0

𝑛0𝑒                                        (3)

where  and  are the dielectric constant and relative 𝜀0 𝜀𝑟

permittivity respectively,  is the carrier concentration, and e 𝑛0

the electron charge.42,103  Accurate measurement of relative 
permittivity and carrier concentration is difficult for these 
materials. They are also difficult to simulate due to a range of 
influencing factors including CQD size and film processing 
conditions.104,105 Advances in simulating optical properties of 
nanostructured materials are promising; however, here we 
have insufficient empirical information to simulate carrier 
concentration and relative permittivity.106,107 Instead, using the 
experimentally determined  values in equation 3, the 𝑉0

depletion widths were calculated for a range of bulk carrier 
concentrations4,82,83,86,96,108 and relative 
permittivities75,104,109,110 typically reported for CQD solids. The 
range of possible depletion widths is shown in Figure 6D-F. In 
some cases, low carrier concentrations produce depletion 
widths larger than the film thickness, which would create a 
more complex model where the surface depletion region would 
interact with the interface between the CQD solid and the 
substrate behind it. To simplify matters and highlight the range 
where the depletion region is contained within the films, the 
depletion width values displayed have been capped at 100 nm. 
Only for the lowest reported bulk carrier concentrations would 
the depletion widths be greater than the widths of these CQD 
solids. Thus, it seems reasonable that the surface 
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Figure 6. Schematic diagrams of the band bending at the surface of A) PbI2-passivated, B) MPA-passivated and C) MAI/PbI2-passivated CQD solids showing their equilibrium band 
bending in the dark and the maximum surface photovoltage shift observed in our experiments, as well as the band gap and Fermi level positions (not to scale).  D-F) Calculated 
depletion widths using experimentally determined equilibrium surface band bending values over a range of relative permitivitties and carrier concentrations typically reported for 
CQD solids.

depletion regions are typically contained within a 100 nm thick 
CQD film, and for the bulk concentrations expected (in the 
range of 7 x 1015 to 1018 cm-3)4,82,83,86,96,108 the depletion region 
extends over some tens of nm, consistent with the indications 
from the static measurements. This should be taken into 
account in designing CQD solid devices relying upon the 
behaviour of the surface such as gas sensors.76,111 
We now discuss the lifetimes observed for the different CQD 
solids. The second-long timescales of the transients observed 
for the PbS-MPA and PbS-PbI2 CQD films suggests that deep 
traps are present in the sample, slowing down the SPV shift 
recovery.45,112 These are mid-gap states arising from surface 
defects and other impurities. Depending on the density of the 
traps and their capture cross-section, they can prolong the 
carrier lifetime. Deep trap lifetimes in PbS-EDT CQDs have 
previously been estimated to be as long as 0.1 ms.113,114 Similar 
timescales for transients of mobile carriers in PbS CQD-based 
field effect transistors (FETs) have been observed.50,51,89,115 
Zhang et al. observed exponential decays of mobile charge 
carrier density with time constants on the order of seconds in 
PbS-EDT CQD FETs.51 They suggest that the trapping is due to 
reversible chemical reactions with carriers and contaminant 
species in the film, as they did not observe deep traps without 
photoexcitation. Zhang et al. suggested the dynamic trapping 

mechanisms could involve hydroxyl- or hydrogen-related 
species, induced by the injected charge carriers, such as 

O2 + 2H2O + 4e ― ⇌4OH ― .                         (4)
This theory is supported by the fact that they observed faster 
decays of mobile carriers in more humid and oxygen rich 
environments, as the dynamic trapping rate is increased. When 
the charge carriers are converted into species which are less 
mobile, the mobile carrier density is reduced. Although our 
measurements are performed in UHV, there is evidence for O2 
and H2O species being incorporated into CQD films after 
fabrication and ligand exchange.67,72,116–119 
The presence of oxygen-containing species on the surface of our 
PbS-MPA and PbS-PbI2 CQD films was confirmed by O 1s XPS 
(supporting information and Figure 5). The formation of 
dynamic deep traps activated by photoexcited carriers is 
consistent with the timescales of the rise and decay we observe 
in these films. In our case we observe a greater SPV shift when 
more carriers are separated across a depletion region at the 
surface, and the shift decreases as the carriers recombine. 
During the rise (‘laser on’ period), photoexcitation and 
recombination are competing. When photoexcited carriers are 
separated over the depletion region, if for example an electron 
reacts with O2 and/or H2O to form OH-, the OH- is less mobile 
than the electron and is not able to migrate back to the surface 
to recombine with a hole until the OH- reverts to an electron 
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which is mobile enough to migrate. If excess O2/H2O is available 
then more electrons can be trapped and the electron-hole 
recombination rate is reduced, reducing the rise time. During 
the decay (‘laser off’ period), only the recombination of carriers 
contributes to reduction in SPV shift. The carriers must be 
mobile (not in traps) to spatially overlap and recombine. While 
a carrier is trapped outside of the depletion region as a less-
mobile species its contribution to the SPV shift remains. 
Essentially, if the dynamic trapping rate is increased then the 
recombination rate is reduced, and the SPV shift decay times 
increase.
Both the rise and decays in the time-resolved results for PbS-
MPA and PbS-PbI2 (Figure 3) were best fitted with double 
exponential equations of the form of equation (1) with the 
constraint expressed in equation (2). Double exponential fits 
have been used previously for photovoltage decays in CQD-
based and perovskite-based solar cell devices.47,89,90,120 Thus 
there are two processes contributing to the SPV shift generation 
and relaxation in each case. Discussing first the onset (rise) of 
the SPV shift, the initial process occurs on timescales faster than 
0.1 s (the time-step size for these measurements). This suggests 
electrons and holes are initially able to migrate to the bulk and 
surface respectively without being trapped with a lifetime 
shorter than 0.1 s (which is over an order of magnitude faster 
than the trapping lifetimes observed by Zhang et al.51). The 
second process is slower, and slower in the PbS-MPA film than 
in PbS-PbI2. As shown in Figure 5, the PbS-PbI2 film has a higher 
ratio of O:Pb than PbS-MPA.   Comparing the O 1s spectra of 
these two samples (supporting information) we find a larger 
feature in the region that can be attributed to species such as 
O2 and H2O in the surface of the PbS-PbI2 film compared to the 
PbS-MPA film.67,96,121–123 This agrees with the idea that having 
more O2 and H2O available to react with excited carriers to form 
dynamic traps results in a shorter rise lifetime (rise τ2 in Table 
2).
Turning now to the decay of the SPV shift, the two decay 
lifetimes appear due to two different dynamic trap formation 
mechanisms. The τ1 decay is the same for the two films, so 
results from a process that is equally likely in both. Considering 
the τ2 decay lifetime, we find this is longer in the PbS-PbI2 film 
than in the PbS-MPA film, as would be expected if more 
dynamic traps can be formed as described above. 
It is unlikely that the difference in the ligands contribute to the 
difference in the slow τ2 lifetimes observed. Time constants 
associated with shallow trap states due to unpassivated surface 
sites states typically have faster lifetimes, on ps to μs 
scales.120,124–128 Changes due to differences in CQD spacing in 
the solid are also not probable since transients associated with 
inter-CQD transfer also occur on much shorter timescales.129–131

The other CQD film that was studied with time-resolved 
photoemission received a MAI and PbI2 treatment to form a 
quasi-epitaxial metal-halide perovskite ligand shell on the CQD 
surfaces. CQD solids produced with this technique have 
previously been shown to be nearly defect free.46 From the 
ratios presented in Figure 5 we see that the amount of oxygen 
present in this PbS-MAI/PbI2 film is below the detection limits 
of XPS, while the PbS-MPA and PbI2 films have a considerable 

amount (see O 1s spectra in the supporting information). The 
SPV dynamics recorded for the PbS-MAI/PbI2 film, presented in 
Table 1 and Figure 4 are also on the order of 106 times faster 
than those in the films with higher oxygen contents. These 
timescales are much more consistent with those observed in 
bulk semiconductors such as Si, dominated by carrier 
recombination across the band gap.32  This suggests that upon 
photoexcitation dynamic traps are not able to form in these 
films because the O2/H2O required to form them are not 
available. Instead, faster mechanisms dominate. 
Recently Sytnyk et al. reported transient photoconductivity for 
a PbS CQD solid treated with MAI and BiI6 ligands, fitted with an 
exponential decay that yields a lifetime (69 μs) of the same 
order of magnitude as the lifetimes we observe here for the 
PbS-MAI/PbI2 CQD solid. Zhang et al. also reported similar 
transient lifetimes in solar cells based on CsPbI3 coated PbS 
CQDs.49

The difference in oxygenation is not the only difference 
between the PbS-MAI/PbI2 CQD solid and the PbS-MPA and PbI2 
films. Although it was necessary to use a different synthesis 
procedure to produce the PbS CQDs making up the PbS-
MAI/PbI2 film, there are no significant differences in electronic 
structure (see section 2.1 and supplementary information 
Figure S3).55 Other differences include the size of the CQDs (2.1 
nm vs 3.1 nm respectively), and the different ligands resulting 
in different interdot distances and packing densities.4,48,63,92,132–

134 Although these are likely to have some effect on the SPV 
dynamics, we believe a key factor in the 6 orders of magnitude 
difference in lifetimes is the difference in the levels of O-
containing contamination, with the latter resulting in trap states 
which increase the lifetimes of photoexcited carriers.
The time-resolved laser-pump X-ray photoemission-probe 
results suggest that the surface chemistry of the CQD solids 
dominates the timescales of the carrier dynamics. Where 
dynamic deep trap formation is possible, the dominant 
dynamics occur on a second timescale; when it is not, they occur 
on a microsecond timescale. Both timescales are desirable for 
different optoelectronic applications. For example, longer 
lifetimes of photoexcited carriers are preferable in photovoltaic 
devices,135,136 photoconductors,137 imaging,138 and memory 
devices,139 as there is more opportunity for carrier extraction, 
provided the carriers can be detrapped. On the other hand, 
faster excitation and relaxation dynamics are preferred in 
devices which require fast on/off responses such as field effect 
transistors or photodetectors.  
Finally, we note that we have observed surface band bending in 
CQD films made by a number of preparatory routes with a 
number of ligands, in the presence and absence of differing 
amounts of oxygenation. This suggests that surface band 
bending should be universally observable in other 
semiconductor material CQD systems, although the degree of 
band bending will be dependent on the material, CQD 
properties, the density of carriers and/or defects and film 
processing conditions. We would also expect films made from 
ordered nano-objects of different dimensionalities to also 
exhibit surface band bending along the confined dimension(s), 
and indeed, film-scale band bending has been observed in 
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nanoplatelet colloidal quantum well films.45 Dimensionality, 
shape, size, spacing, and the ligands of the nano-objects used in 
nanomaterial films should also affect the surface band bending 
features just as they effect optical and electronic properties.140–

142

5. Conclusions
By using photoemission techniques to measure a surface 
photovoltage shift upon photoexcitation with visible light 
sources we have shown that band bending is intrinsic to CQD 
solids and occurs at the CQD solid-vacuum interface. It is 
observed in the presence and in the absence of detectable 
surface oxygenation, and for a number of ligand types and 
synthesis routes.  We observed space charge regions at the 
surface of p-type and n-type CQD solids. This has implications 
for energy band alignments inferred from surface sensitive 
techniques, which may not be representative of the bulk of the 
film. 
Time-resolved laser-pump X-ray photoemission-probe 
measurements were used to measure the photoexcited carrier 
dynamics at the surface of CQD films. We extracted depletion 
layer widths that are likely to be accommodated within 100 nm 
thick films which suggest that the timescale of the photoexcited 
SPV dynamics depends on the surface chemistry of the film. If 
large amounts of oxygen-containing contaminants are present 
in the film, the SPV shift lifetimes increase by 6 orders of 
magnitudes compared to a film with no observable 
contamination. This is consistent with the idea of dynamic deep 
trap formation, when photoexcited carriers react with 
contaminants, decreasing the mobility of the photoexcited 
carriers.51,143  Further work is needed to study the interplay 
between the surface band bending and the degree of oxidation.
Our work highlights the importance of characterising and 
understanding contaminants in CQD solids as well as 
degradation and passivation.  By using the surface chemistry to 
control the photoexcited carrier lifetimes, CQD solids can be 
tailored to different applications. The advantage of using a time-
resolved photoemission technique to study the dynamics is that 
the surface chemistry can be measured simultaneously. More 
measurements of this kind would be useful to determine the 
influence of other factors such as ligand passivation, CQD size 
and packing density on the SPV dynamics. 
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