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from low collection efficiency, as a result 
of bad band alignment at this interface. 
The active layer is not fully depleted at 
short-circuit conditions, and this accounts 
for the limited short-circuit current of 
these CQD solar cells. The high collection 
efficiency outside of the depleted region 
agrees with a diffusion length on the order 
of hundreds of nanometers. The method 
provides a quantitative tool to study the 
operating principles and the physical 
origins of losses in CQD solar cells, and 
can be deployed in thin-film solar cell 
device architectures based on perovskites, 
organics, CQDs, and combinations of 
these materials.

CQDs have been studied as photovoltaic 
materials for their promise in contributing 
to affordable solar electricity,[1–3] with record 
power conversion efficiencies (PCEs) now 
exceeding 13%.[4] Recent advances in struc-
tural and energetic ordering in CQD solids 
have brought the certified efficiency of 
CQD solar cells to exceed 12%.[5]

Despite these recent strides in performance, there remains 
room to improve CQD solar cells in short circuit current (JSC), 
fill factor (FF), and open-circuit voltage (VOC).[6] Understanding 
of the origins of present-day limits to performance has pro-
gressed thanks to research focused on the energetic distribu-
tion of imperfections—bandedge and trap states.[7–11] Some 
losses have been ascribed to specific regions and interfaces 
within the active layer;[12–14] however, the spatial distribution of 
these imperfections and their impact on performance has yet to 
be measured in CQD solar cells operando.

Evaluating the spatial collection efficiency (SCE), i.e., the 
yield with which locally photogenerated charge carriers con-
tribute to the photocurrent, has been used to study other types 
of photovoltaic devices such as crystalline Si,[15–17] GaAs,[17] 
CdS/CdTe,[15,17] CIGS,[18] as well as photoelectrochemical 
cells.[16] Extending this characterization tool to new device 
architectures, such as CQD, perovskite, and organic solar cells, 
remains a challenge due to the complex effect of thin-film inter-
ference, for this effect precludes the use of conventional ana-
lytical methods[15,17,19] in the calculation of the SCE. Rekemeyer 
et al. have made significant progress toward experimentally 
obtaining the SCE in a CQD device;[20] however, they did so 
using electron-beam induced current (EBIC) analysis in a scan-
ning electron microscope (SEM), an ex situ, destructive method 
requiring high vacuum and which relies on an electron beam 
rather than light for carrier excitation,[21] while ZnO requires 

Thin-film materials ranging from organics to colloidal 
quantum dots (CQDs) to perovskites have attracted inten-
sive recent interest in photovoltaics (PVs). In thin-film photo-
voltaic research and development, it is of interest to determine 
where the chief losses are occurring within the active layer. We 
develo ped, and present herein, a method by which we ascer-
tain the spatial distribution of charge collection, operando, and 
demonstrate its application in CQD solar cells at a wide range 
of relevant bias conditions. We implement a systematic com-
putational method that relies only on knowledge of measured 
optical parameters and bias-dependent external quantum effi-
ciency (EQE) spectra. We use an experimentally derived Gauss-
ian-noise regularized least-squares approach to determine the 
spatial profile of the efficiency with which photocarriers are col-
lected in such devices. We find that, in CQD PV devices, the 
region near the thiol-treated hole-transport layer (HTL) suffers 
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UV irradiation to reach the doping and conductivity necessary 
for device operation.[22]

In this work, we report a nondestructive method to obtain 
the bias-dependent SCE of thin-film solar cells and apply it to 
CQD solar cells under operating conditions. We first present 
the corresponding ill-posed, ill-conditioned inverse problem 
and our numerical approach to solving it using Gaussian-
noise regularization. We then use the method to calculate the 
SCE in CQD solar cells. We show that collection efficiency is 
the highest for charge carriers generated near the front of the 
active layer and in the hole-transport layer, which is indicative 
of higher carrier depletion in these regions. We observe that the 
region near the hole-transporting QD layers suffers from low 
collection efficiency, suggesting a suboptimal band alignment 
at this interface. We find ultimately that losses in JSC are almost 
equally apportioned between carrier extraction and optics, indi-
cating that CQD solar cells will benefit from advances in both 
light management and material quality.

1. Calculating the Collection Efficiency

Obtaining the collection efficiency as function of position 
requires solving the following Fredholm integral equation[15,18]

( ) ( , ) ( )d
0
G z z z

t∫η λ λ φ=
 

(1)

where η(λ) is the measured internal quantum efficiency (IQE) 
spectrum, t is the total thickness of the active layer, G(z, λ) 
is the spectral photogeneration probability profile, and φ(z) 
is the SCE. The variables z and λ are the position and wave-
length, respectively. In this context, IQE is defined as the ratio 
of extracted charge carriers to photons absorbed in the active 
layer. While the IQE can be directly measured using conven-
tional methods,[23–25] the generation probability must be cal-
culated using the transfer matrix method[26,27] and normalized 
in the z-dimension so that a unity extraction efficiency yields a 
unity IQE. Calculating G(z, λ) requires, as an input, the thick-
ness and complex refractive index spectrum of each layer in the 
device, which can be obtained using spectroscopic ellipsometry.

In optically thick active layers such as in crystalline silicon  
solar cells, G(z, λ) has a simple exponential form and 
Equation (1) can be solved analytically[15,19,28] or numerically.[29] 
This is, however, not the case for thin-film solar cells, in which 
thin-film interference plays an important role and causes G(z, λ)  
to deviate significantly from its simple analytical form.[27] This 
translates to the presence of peaks and valleys in absorption 
and EQE spectra that cannot be traced back to features in the 
absorption coefficient spectrum. These interference effects are 
enhanced when using an active layer with a low absorption-
coefficient-to-thickness ratio and a reflective back-contact, 
both of which apply to CQD solar cells. With such deviations 
of G(z, λ) from a simple exponential form, solving (1) for φ(z) 
becomes an ill-posed, ill-conditioned inverse problem and thus 
possesses an infinite number of solutions. Within this set of 
mathematical solutions lies the unique physical solution to 
the problem.[16] Advanced numerical methods must be used 
to retrieve the spatial collection efficiency from Equation (1) in 
thin-film solar cells.

Because the problem is ill-conditioned, we use regularization 
to find the stable, non-overfitted, physical solution bounded 
between 0 and 1. In recent reports, Pang et al. made use of 
truncated singular-value decomposition,[18] whereas Segev et al. 
implemented Tikhonov regularization.[16] The former method is 
prone to oscillatory artifacts and may yield unphysical results,[30] 
while the latter method requires manually setting a regulariza-
tion parameter and making assumptions on the properties of 
the solution φ, such as its slope or curvature, which precludes 
its use for discontinuous active layers (heterojunctions).

We instead use a method where regularization is done 
through the addition of Gaussian noise to the experimental 
input data,[31] allowing for the retrieval of a noise-stable φ. Fur-
thermore, setting the noise to correspond to the measurement 
noise removes the need to resort to free parameters. We convert 
Equation (1) to the following discretized, regularized, convex 
program

m

Gφφ ϕϕ ηη= −
ϕ∈
arg min

[0,1]
2

2

 
(2)

with φ the resulting SCE, G  the Gaussian-noise perturbed 
photogeneration matrix, and ηη, the Gaussian-noise perturbed 
IQE. The method is detailed in full in Section S1 in the 
Supporting Information.

2. Experimental Measurements

CQD solar cells were fabricated following the procedure of 
ref. [32], with their structure shown in Figure 1a. On the 
illuminated side, an n-type ZnO layer serves as an electron-
transport layer (ETL). The active layer is composed of PbS 
CQDs treated with lead halides (PbI2 and PbBr2, PbX2 here-
after), with their exciton peak located at 1.33 eV. At the rear, 
CQDs with a slightly higher bandgap are used (1.46 eV) and are 
treated with ethanedithiol (EDT) to facilitate hole extraction and 
effectively constitute an HTL[13] (see the Experimental Section).

We began by measuring, using spectroscopic ellipsometry, 
the complex refractive index spectrum of each layer deposited 
individually on a glass substrate (Figure 1b; Figures S1–S5, 
Supporting Information). The thickness of each layer in the 
complete device was evaluated using SEM imaging (Figure 1a).

With the refractive indices and thicknesses in hand, we pro-
ceeded to calculate the light intensity distribution within the 
device using the transfer matrix formalism.[27] The resulting 
spectral generation probability profile G(z, λ) in the CQD active 
layer is shown in Figure 1d, along with the corresponding 
absorption spectrum in Figure 1c and photogeneration rate 
under AM1.5G illumination in Figure 1e. Optimizing the input 
parameters is required to reach good agreement between the 
calculated absorptance and the −2 V biased EQE spectrum (see 
Figures S6 and S7 in the Supporting Information), which corre-
sponds to absorption in the active layer—with no contribution 
from parasitic absorption or reflection in other layers—under 
the assumption that all photogenerated charge carriers are coll-
ected by the applied electric field.[23] This assumption is valid 
for pin (or equivalent) architectures such as in CQD solar cells, 
since the active layer can be fully depleted using an applied 
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voltage. For this correspondence, the collected photocurrent 
must be voltage-independent (i.e., the J–V curve must be flat 
at reverse-bias). The spatial distribution of the generation rate 
is given by

( ) ( , ) ( )dz
0

G z G z bs∫ λ λ λ=
∞

 
(3)

with bs(λ) the incident photon flux—the AM1.5G reference 
spectrum in this case. Gz(z) (Figure 1e) exhibits the usual Beer–
Lambert exponential profile at shorter wavelengths, where the 
absorption length of CQDs resides below the device thick-
ness; whereas significant constructive- and destructive-inter-
ference peaks and valleys appear beyond 600 nm wavelength, 
yielding small but non-negligible generation near the reflective 
back contact.

In addition to evaluating G itself, we evaluated its element-
wise experimental error in the form of the variance matrix 

GG
2σ  via a Monte Carlo method. We did so by performing the 

transfer matrix calculation K times with modified layer thick-
nesses for each iteration to obtain modified photogeneration 
matrices Gk, for k = 1, 2, …, K. The thicknesses were pooled 
from a normal distribution with a mean and variance estimated 
from thickness measurements performed using an SEM. The 
element-wise variance of the resulting Gk matrices constitutes 
the variance matrix GG

2σ . Details and values are provided in the 
Supporting Information.

Next, we characterized the photovoltaic performance of 
devices in order to obtain the internal quantum efficiency 
η(λ). The current density–voltage (J–V) curve in Figure 2a 
was measured under simulated AM1.5G solar illumination in 
a nitrogen atmosphere, yielding a PCE of 10.6%. Markers in 
Figure 2a indicate the bias voltages at which the EQE spectra 
were taken, also in a N2 atmosphere (Figure 2b). At forward 
biases beyond the maximum-power point (MPP) of 0.5 V, the 
EQE signal-to-noise is significantly reduced and reliable spectra 
could not be acquired. The J–V curve is flat at negative biases 
up to −2 V (Rshunt > 10 kΩ cm2) indicating that photogenerated 
carriers are efficiently extracted using the applied electric field, 
providing a simple way to obtain the maximum photogenera-
tion spectrum, which corresponds to the absorption spectrum 
in the active layer.[23,24] The equivalence between reverse-biased 
EQE and active layer absorptance is only valid in the bias range 
where photocurrent extraction becomes voltage-independent, 
which, in pin or similar architectures, implies full deple-
tion of the active layer and carrier transit times much smaller 
than their excited lifetime.[33] We have set this voltage point 
to −2 V, as it is the largest reverse-bias which does not cause 
diode breakdown, ensuring complete photogenerated-carrier 
collection. The resulting IQE spectra shown in Figure 2c were 
calculated directly by dividing the corresponding EQE curves by 
the −2 V biased EQE, since it is experimentally equivalent to 
the absorptance in the active layer.
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Figure 1. Acquiring G(z, λ): optical modeling of CQD solar cells. a) SEM image showing the architecture of the device, with ITO as the front contact, 
ZnO nanoparticles as the ETL, halide-treated CQDs as the active layer, EDT-treated CQDs to promote hole extraction, and gold as the reflective back 
contact. Scale bar is 200 nm. b) Real (n) and complex (k) part of the refractive index of both components of the active layer, measured with spectro-
scopic ellipsometry. c) Calculated absorption spectrum in the active layer (line) and measured EQE at a bias of −2 V (points). d) Generation probability 
matrix G(z, λ) from transfer matrix modeling. e) Photogeneration rate profile within the active layer under the AM1.5G illumination spectrum See also 
Figures S1–S7 in the Supporting Information.
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3. Discussion of Inner Device Physics

We then used the computed G and experimentally determined 
η to calculate φ using Equation (2) (Figure 3a). We performed a 
sensitivity analysis and found the estimated error on the results 
to be within 5% of the reported value (Figure S8, Supporting 
Information). The IQE spectra (Figure 3b) found by multiplying 
G and the SCEs φ show a good agreement with the experimental 
data, with mean square errors below 2 × 10−5. Several observa-
tions can be made from the SCE profiles; from these observa-
tions, we propose a schematic band diagram (Figure 3c,d) that 
is consistent with the SCE profiles, as explained below.

First, collection efficiency is high near the ZnO:PbS interface, 
where most charge carriers are photogenerated, confirming the 
leading role of this heterojunction in carrier extraction. At 0 V, 
we also observe that collection efficiency remains above 90% up 
to 350 nm away from this junction. A near-unity SCE in low-
doping materials such as CQD solids is understood to originate 
from sufficient drift-diffusion transport which drives charge 
separation and allows photogenerated electrons and holes to 
reach the electron- and hole-accepting contacts, respectively.[15] 
High collection efficiency at this edge of the active layer implies 
that no energy barrier nor surface states precludes electron 
extraction; and that holes fully traverse the active layer faster 
than they can recombine, which suggests advantageous band-
bending (Figure 3c) and thus a significant drift component in 
their driving force. If holes are generated farther from the junc-
tion, the distance they must cover is reduced, but so is the band-
bending and the corresponding drift component, leading to a 
slight decrease in SCE. In addition, collection efficiency drops 
with applied forward-bias, which we ascribe to flattening of the 
bands (Figure 3d) and a further decrease in drift transport. This 
could be caused, for example, by insufficient n-type doping in 
the ZnO ETL, or undesirably high background doping in the 
PbX2–PbS active layer[34] (Figure S9, Supporting Information).

The importance of the ZnO:PbS interface for carrier extrac-
tion is specific to active layer materials with relatively low diffu-
sion lengths, as diffusion transport must be complemented by 
the drift component enabled by the heterojunction, which thus 
serves a carrier extraction purpose, in addition to the carrier 
selectivity provided by its wide valence-band barrier. At MPP, 

the collection efficiency does not drop sharply away from the 
junction, where bands are flat and charge transport is mainly 
diffusive. A diffusion length that is comparable to the active 
layer thickness, consistent with recent measurements,[35] can 
thus be inferred,[15] although quantifying it accurately from 
SCE profiles is challenging in architectures more complex than 
pn junctions, such as that of CQD solar cells. An increased 
diffusion length would flatten the SCE in undepleted regions, 
enabling thicker active layers and higher JSC and FF through 
improved carrier collection and light absorption.[5]

Turning to the rear-side of the active layer, we observe that 
collection is efficient at the EDT–PbS:Au interface, suggesting 
advantageous band-bending provided by this metal–semi-
conductor junction, which indicates that the workfunction of 
EDT–PbS is shallower than that of the Au contact (Φ < ΦEDT Au). 
Furthermore, at 0 V, the EDT–PbS is depleted over 40 nm away 
from the metal: this is in line with the near-intrinsic character 
of the EDT–PbS.[13] In addition, the depletion width narrows 
with applied forward-bias, as expected.[34] This translates to the 
SCE dropping sharply away from this junction at forward-bias, 
indicative of low diffusion length for electrons or holes in this 
region. In addition, the SCE is observed to greatly improve in 
a 20 nm region directly at the interface, which is caused by the 
pronounced workfunction-gradient driving charge separation 
and transport.

On the PbX2–PbS side of the EDT–PbS interface, however, 
the behavior of the SCE is unexpected, dropping by more than 
30% in a 100 nm wide region. We explain this sharp drop in 
SCE near the interface via the schematic band alignment pro-
posed in Figure 3c,d, which occurs if Φ < ΦEDT PbX2. In this case, 
band-bending at the interface results in a small drift component 
that is opposed to the desired direction of carrier flow. While 
photogenerated holes can diffuse through the short distance 
that separates them from the shallow EDT–PbS valence band, 
photogenerated electrons are subject to a much reduced driving 
force and are lost to recombination before reaching the ETL. 
Forward-bias exacerbates the effect by enhancing the unde-
sired band-bending. This discrepancy between the previously 
proposed smooth band alignment,[13] expected from ultraviolet 
photoelectron spectroscopy (UPS), and this one, suggested by 
the SCE, could arise from the fact that UPS is measured under 
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Figure 2. Acquiring η(λ): photovoltaic characterization of CQD solar cells. a) Current density–voltage (J–V) curve under simulated AM1.5G solar 
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high vacuum, whereas devices are fabricated in air and operate 
in N2 at atmospheric pressure, conditions which are known 
to have an impact on the position of the energy bands of PbS 
CQDs, especially in the EDT-treated HTL.[36] A solution to this 
issue would be to increase the p-doping density in the EDT–
PbS layer or to make the PbX2–PbS workfunction shallower, 
although the latter might have a negative impact on the band 
alignment at the ZnO heterojunction.

We further analyze the results by multiplying the SCEs and 
the generation profile of Figure 1e to obtain the bias-dependent 
photocurrent contribution profiles of Figure 4a. For instance, 
we observe that imperfections at the rear interface have a much 
lower impact on the total current than imperfections at the 
front interface. This is not, however, an indication that the rear-
interface has only a limited impact on device performance, as 
advances in this region have previously led to improvements 
in VOC and FF.[13] Integrating the photocurrent profiles over 
the position z yields the cumulative photocurrent shown in 
Figure 4b. This visualization further illustrates the respective 
contributions to the total photocurrent from each region of the 
active layer, showing, for instance, that half of JSC originates  

from the first 125 nm of material only and that the EDT layer 
contributes less than 2 mA cm−2. In addition, Figure 4b renders 
explicit the separation of optical and charge carrier transport 
losses with respect to the detailed-balance limit for JSC and 
JMPP.[37] We observe that, at the current optimal active layer 
thickness, losses totaling 15 mA cm−2 are closely split between 
optical (46%) and carrier transport (54%) losses, in line with the 
mitigation of the absorption–extraction compromise through 
active-layer thickness optimization in best-performing CQD 
cells.[32] These results allow us to reassert that optical consid-
erations are as important as materials improvement to enhance 
the photocurrent and fill factor of CQD solar cells.

We note that the method is more widely applicable in thin-
film solar cell architectures. As opposed to analytical methods, 
regularization-based methods such as the one presented herein 
work even when single-pass light absorption is far from com-
plete, a situation common to most perovskite, organics, and 
CQD devices. In addition, the Gaussian-noise regulariza-
tion scheme allows one to resolve sharp features in SCE pro-
files arising from surface recombination, interfacial defects, 
or heterojunctions, making it promising in the study of the 
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Figure 3. Calculating φ(z): spatial collection efficiency in CQD solar cells reveals local imperfections. a) Calculated SCE as function of bias voltage for 
r = 2000. b) Calculated IQE (lines), found by multiplying G and the SCE φ, showing a good fit with the experimental data (points). c,d) Schematic of 
the proposed operando band alignment at short-circuit and maximum-power point. When photogenerated near the PbX2–PbS:EDT–PbS interface, few 
electrons can travel to the electron-accepting contact due to unfavorable band-bending, while photogenerated holes have a higher chance of diffusing 
toward the hole-accepting contact due to the workfunction gradient. Under forward-bias, the bands flatten throughout the active layer, reducing the 
drift-component in carrier transport.
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degradation of perovskite active layers near their electron- and 
hole-transport layers[38,39] or CQD-organic hybrid devices,[40,41] 
for instance.

In sum, we used a Gaussian-noise regularized least-squares 
approach to calculate numerically the spatial collection effi-
ciency in CQD solar cells. This method provides a system-
atic approach for computing physically realistic solutions and 
removes the need for free parameters. From the SCE profiles, 
we deduce that CQD devices are not fully depleted at zero 
applied bias, and we confirm that the ZnO:PbS heterojunc-
tion is the most important component for charge extraction. 
We also observe that the HTL does not fulfill its intended role 
of providing a back-surface field, since it does not deplete the 
active layer, but instead negatively impacts SCE at the inter-
face. We decompose photocurrent losses into their optical 
and recombination components, noting that efforts are still 
needed on both fronts to improve JSC and FF in these photo-
voltaic devices. The method could be further improved by 
increasing the EQE input data resolution and refining the 
optical model to improve the fit with experimental absorp-
tion spectra. The method for the determination of the SCE is 
readily generalizable to other thin-film architectures and pro-
vides a tool to probe the efficiency of solar cells through the 
depth of their active layer.

4. Experimental Section
CQD Synthesis and Ligand Exchange: The synthetic protocol previously 

reported by Hines and Scholes was followed.[42] Ligand exchange from 
oleic acid to lead halides (PbI2 and PbBr2) was carried out in solution 
following the previous report[32] with a redispersion concentration of 
325 mg mL−1 in butylamine. Ligand exchange from oleic acid to EDT was 
performed following the protocol in ref. [5].

Solar Cell Fabrication: Indium tin oxide (ITO) substrates on glass 
(Delta Technologies, 5–15 Ω sq−1) were cleaned with sequential 
detergent (Triton X-100), acetone, and isopropanol ultrasonic baths for 
15 min each. Two layers of ZnO nanoparticles[13] were spin-coated at a 
spin speed of 3000 rpm for 30 s. CQD films were deposited by spin-
coating at 2500 rpm and annealed in an oven in a N2 glovebox at 70 °C 
for 10 min. Devices were then left to dry for 24 h in air. 120 nm of gold 
was thermally evaporated by e-beam in an Angstrom Engineering Åmod 
deposition system in an Innovative Technology N2 glovebox.

AM1.5 Photovoltaic Performance Characterization: Devices were kept in 
an inert N2 atmosphere. Illumination was performed with a Sciencetech 
SF150 solar simulator, calibrated for 1 sun total irradiance with an NIST-
traceable silicon reference cell. Current–voltage characteristics were 
obtained with a Keithley 2400 source measure unit (SMU).

External Quantum Efficiency: EQE was measured using a Newport 
QUANTX-300 system. Monochromatic light excitation was mechanically 
chopped at a frequency of 25 Hz. The device was kept in an inert N2 
atmosphere. The device was light-biased with continuous white light 
illumination from a Newport IQE-LIGHT-BIAS source.[24,25]

Spectroscopic Ellipsometry: Spectroscopic ellipsometry was performed 
using a Horiba UVISEL Plus Extended Range ellipsometer with a 200 ms 
integration time, a 5 nm step size, and a 1 mm diameter spot size at an 
incident angle of 70°. Soda-lime glass slides were used as substrates for 
each individual material, with their back covered with cloudy adhesive 
tape to ensure back-reflections were diffusively reflected away from the 
detector. Fitting was performed using Horiba’s DeltaPsi2 dedicated 
software. Fitting procedure and further details are available in the 
Supporting Information.

Transfer Matrix Calculations: TM calculations were performed using 
an open-source MATLAB code developed by the McGehee group at 
Stanford University.[27]

Numerical Solver: The convex program (S.7) was solved on MATLAB 
using the CVX package[43,44] with the SeDuMi[45] solver.

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