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In this paper, we propose a hybrid quantum dot (QD)/solar cell configuration to improve performance of

interdigitated back contact (IBC) silicon solar cells, resulting in 39.5% relative boost in the short-circuit

current (JSC) through efficient utilisation of resonant energy transfer (RET) and luminescent downshifting

(LDS). A uniform layer of CdSe1−xSx/ZnS quantum dots is deposited onto the AlOx surface passivation layer

of the IBC solar cell. QD hybridization is found to cause a broadband improvement in the solar cell exter-

nal quantum efficiency. Enhancement over the QD absorption wavelength range is shown to result from

LDS. This is confirmed by significant boosts in the solar cell internal quantum efficiency (IQE) due to the

presence of QDs. Enhancement over the red and near-infrared spectral range is shown to result from the

anti-reflection properties of the QD layer coating. A study on the effect of QD layer thickness on solar cell

performance was performed and an optimised QD layer thickness was determined. Time-resolved photo-

luminescence (TRPL) spectroscopy was used to investigate the photoluminescence dynamics of the QD

layer as a function of AlOx spacer layer thickness. RET can be evoked between the QD and Si layers for very

thin AlOx spacer layers, with RET efficiencies of up to 15%. In the conventional LDS architecture, down-con-

verters are deposited on the surface of an optimised anti-reflection layer, providing relatively narrowband

enhancement, whereas the QDs in our hybrid architecture provide optical enhancement over the broad-

band wavelength range, by simultaneously utilising LDS, RET-mediated carrier injection, and antireflection

effects, resulting in up to 40% improvement in the power conversion efficiency (PCE). Low-cost synthesis

of QDs and simple device integration provide a cost-effective solution for boosting solar cell performance.

1. Introduction

Ever-increasing global energy demands have put tremendous
pressure on current natural resources, creating a growing need
for cheap and efficient renewable energy. Photovoltaic techno-
logies have shown great promise to tackle these challenges
with global energy production capacity exceeding 500 GW in
20181 and rapidly growing. With a market share of over 90%

and lab power conversion efficiency (PCE) exceeding 26%,2

silicon (Si) solar cells currently dominate the industry. As the
extraction efficiency for photo-generated carriers is near the
theoretical limit for such devices, new light management
approaches are required to bring cell efficiencies closer to
their 29% Shockley–Queisser limit.3

In recent years, colloidal quantum dot (QD)-based solar
cells have seen a rapid increase in performance, with PCE now
reaching up to 13.4%.4 It has also been predicted that perfectly
stacked QD layers with different band gaps can reach a
maximum cell efficiency of 66%.5 QD-based solar cells could
also benefit from multiple exciton generation (MEG),6 where
two or more electron hole pairs are generated upon absorption
of a photon with energy greater than the bandgap. MEG has
also been demonstrated in a nano-rod solar cell,7 showing
external quantum efficiency (EQE) exceeding 120%. QDs
possess unique properties of bandgap tunability and high
absorption cross section compared to bulk semiconductor†Electronic supplementary information (ESI) available. See DOI: 10.1039/c9nr04003j
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materials. The transport and extraction of carriers through the
QD layer has been the hindrance in utilizing the full potential
of QDs. While recent advances have partly mitigated such
transport issues leading to a steady increase of the PCE of QD
solar cells since 2010,8 pure QD solar cells are unlikely to be
able to directly compete with Si technology in the near future.
An alternative architecture uses QD absorbers in proximity to
conventional solar cells. Photons absorbed in the QDs can
then be efficiently transferred to the high-mobility semi-
conductor of a solar cell through resonant energy transfer
(RET) or radiative transfer. In the RET process, the electron–
hole pairs are generated in the QDs and are transferred to the
underlying semiconductor via dipole–dipole coupling. No
photons are involved in the energy transfer process. Such an
architecture has been shown to improve the performance of
InGaP solar cells9 and, in the reverse configuration, of GaN
LEDs.10 Radiative combination is in contrast the basis for
luminescent downshifting (LDS). In this case, high-energy
photons are absorbed by a luminescent material (such as QDs)
which re-emits at a lower energy more efficiently utilized by
the solar cell. Commercial adoption of LDS technology has
been so far limited by the relatively low photoluminescence
quantum yield (PLQY) and the need of cell architectures9,11 to
carefully consider all light management aspects. Recent
advancements in QD technology leveraging such effects as
quantum cutting have made possible PLQYs greater than
140%,12,13 thus unlocking the tantalizing prospect of multi-
photon LDS. Such an architecture could prove extremely
efficient with theoretical solar conversion efficiencies reaching
up to 39.63% for single junction cells.12

In conventional LDS approaches, downshifting particles are
embedded into an SiO2 matrix or deposited directly onto the
surface of the anti-reflection (AR) layer. Such configurations
have resulted in low PCE enhancements,13,14 as depositing a
significant amount of LDS material damages the AR properties

of the cell. Record silicon solar cell efficiencies have been
reported for interdigitated back contact (IBC) architecture.2,15

In IBC solar cells, charge carrier separation and collection
happen at the rear of the solar cell.

While highly efficient for green to red photons (absorbed in
the bulk of the cell), IBC solar cells suffer from relatively poor
extraction efficiencies for high-energy blue photons (absorbed
near the surface of the cell, far away from the junction region).
This results in a sharp drop of the External Quantum Efficiency
(EQE) below 550 nm,16 making it a perfect platform for LDS
enhancement. By having a top surface free of any contacts or
doped regions, IBC solar cells are also ideal for investigating
photon management structures. Photon management strategies
based on nanostructures such as nanowire arrays,17–19 nano-
holes,20 and pyramid arrays have previously been proposed.
Using QDs on their own or combining them with photon man-
agement structures and textured surfaces could pave the way for
new efficient hybrid photovoltaic technologies. In this paper, we
demonstrate efficient hybrid QD–IBC architectures to improve
the performance of silicon solar cells. The CdSe1−xSx/ZnS QDs
with a peak emission of 533 ± 15 nm are deposited onto the top
passivation layer (AlOx) of planar IBC solar cells. QDs act as a
strong absorber for near-UV and visible photons below 500 nm,
generating electron–hole pairs. On annihilation, photons are
emitted which are then efficiently absorbed in the IBC solar
cell. The QD layers act as a single anti-reflection coating, redu-
cing the reflection and increasing the absorption of the solar
cell. We achieve a 40% relative boost in PCE due to enhanced
photocurrent.

2. Results and discussion

A schematic of the hybrid photovoltaic (PV) device studied in
this work is shown in Fig. 1(a). It is a planar (non-textured)

Fig. 1 (a) Schematic representation of the hybrid planar IBC solar cell and (b) the cross-sectional SEM image of QDs and AlOx on the IBC solar cell,
where the inset photo shows the front and rear of the cell.
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interdigitated back contact (IBC) silicon solar cell with an
18 nm thick AlOx front surface passivation layer. CdSe1−xSx/
ZnS (core/shell) QDs are deposited onto the AlOx layer, as
shown in the cross-sectional SEM image in Fig. 1(b). The inset
shows the front and rear photographs of an IBC solar cell,
illustrating the interdigitated contact fingers. The fabrication
of the hybrid planar IBC solar cell is described in detail in the
Experimental section. QDs of the structure CdSe1−xSx/ZnS were
selected over other candidates to be used as the QD com-
ponent in this device due to their exceptional photochemical
stabilities,21 high photoluminescence quantum yields, and
emission close to the short fall in the EQE of the IBC solar
cell.16 We have also shown in prior work10 that CdSe1−xSx/ZnS
QDs are compatible with RET activity, rendering them an ideal
component worthy of device integration and further study.
Fig. 2(a) shows the absorption and photoluminescence (PL)
spectra of the CdSe1−xSx/ZnS QDs deposited onto a glass slide.
The QDs have a 1s absorption peak at 502 nm, increasing
exponentially towards the ultraviolet (UV) part of the spectrum.
On excitation with a 400 nm laser source, the QDs have PL
emission at 533 nm, with a full width at half maximum
(FWHM) of 30 nm. These QDs were selected for their high
PLQY throughout the absorption spectral bandwidth. Fig. 2(b)
shows the PLQY of CdSe1−xSx/ZnS QDs dissolved in toluene for
a concentration of 0.16 mg ml−1. The QDs have a PLQY of 86%
at 370 nm that linearly drops and plateaus at 79 ± 1% between

420 nm and 490 nm. The optical constants of the CdSe1−xSx/
ZnS QDs (Fig. 2(c)) were measured and modelled on a Si sub-
strate using a J. A. Woollam M-2000 ellipsometer. These data
were subsequently used in OPAL222 to model the absorption
for different QD layer thicknesses (Fig. 2(d)) on Si. As the thick-
ness increases from 6 nm to 36 nm, the absorption increases.
Increasing the QD layer thickness further results in reflection
at the QD–Si interface, influencing the absorption.

The current–voltage (I–V) characteristics of a solar cell
before and after hybridisation with a 32 ± 2 nm and a 70 ±
3 nm thick QD layer under 1 sun illumination are presented in
Fig. 3(a). Hybridisation is found to increase the short-circuit
current ( Jsc) by 17%, from 23.28 mA cm−2 to 27.29 mA cm−2,
driving a sharp increase of the PCE from 11.1% to 13.0% and
a relative enhancement of 12%. Increasing the QD layer thick-
ness to 70 ± 3 nm is shown to further increase the perform-
ance of the hybrid device, boosting the JSC by 30% to
30.25 mA cm−2 and the PCE by 32% to 14.7%. A QD layer
thickness dependence study was performed on a different
device and the relative enhancements in the JSC and PCE are
presented in Fig. 3(b). The absolute JSC and PCE for this device
is shown in the ESI.† Both PCE and JSC are shown to linearly
increase with the QD layer thickness, reaching a clear
optimum at 83 ± 3 nm. This optimum device shows a dramatic
hybridization enhancement of the PCE, increasing by 40%
compared to the bare device, and of the Jsc, increasing by

Fig. 2 (a) Absorption (dashed line) and photoluminescence (solid line) of CdSe1−xSx/ZnS QDs deposited on a glass slide, (b) measured PLQY of
CdSe1−xSx/ZnS QDs in solution for a concentration of 0.16 mg ml−1, (c) optical constants of CdSe1−xSx/ZnS QDs, and (d) modelled absorption for
different thicknesses of the QD layer on Si.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 18837–18844 | 18839

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 4
:2

2:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9nr04003j


39.5% compared to the bare device. PCE and Jsc start to drop
for thicker QD films above this optimum point, a sign that
parasitic absorption in the thick QD layer starts becoming det-
rimental to the overall performance of the cell. The parasitic
absorption denotes here re-absorption in the subsequent layer
of QDs, which is significant in thicker layers. First, due to the
strong dependence of RET on distance, a thicker layer would
diminish the efficiency of transfer from the QDs on the
surface. This then increases dependence on the radiative trans-
fer of energy, thus, as a result, there is further loss due to
absorption–reabsorption interactions as down-shifted light is
forced through multiple interactions in the thicker film. This,
coupled with the moving away from the optimum AR film
thickness, leads to a drop in JSC for the thickest QD layer
(Fig. 3(b)). Voc and fill factor (FF) were found to be indepen-
dent of the QD layer thickness, with average values of 0.616 ±
0.006 V and 78.57%, respectively. The corresponding para-
meters are available in the ESI.† Having a PCE enhancement
fully driven by a JSC increase is a clear indicator that the QDs
only affect the optical properties of the cell, without modifying
its electrical properties.

The spectral response of the solar cell before and after QDs
gives insight into the boosting mechanism in our hybrid PV
device. Under 1 sun bias, the EQE of the IBC (Fig. 3(c)) solar
cell was investigated for different QD layer thicknesses. The
boost in the EQE of the hybrid PV devices can be categorized
into two spectral bandwidth ranges: (1) where QDs absorb the

incoming photons (300 nm–550 nm) and (2) in the wavelength
region where the QDs are transparent (550 nm–1100 nm). To
avoid any disparity in the results, the same IBC solar cell was
used for measuring the EQE for different QD layer thicknesses.
After hybridization of the IBC solar cell with a 6 nm thick QD
layer, we observe an EQE improvement over a broad wave-
length range of 300 nm to 925 nm; see Fig. 3(c). By increasing
the QD layer thickness to 30 nm, the enhancement in EQE is
observed over the entire measured spectrum of 300 nm to
1100 nm. In the wavelength range where QDs absorb efficien-
tly, see Fig. 2(a) and (c), enhancement is due to an LDS mecha-
nism. Above 550 nm where QDs do not absorb well, the
enhancement can be attributed to increased optical coupling
of light into the solar cell as a result of an antireflection (AR)
effect. As the QD film thickness increases from 64 nm to
83 nm, the maximum enhancement in EQE shifts to longer
wavelengths. The red shift in EQE enhancement with the QD
layer thickness is similar to the behavior of an antireflective
coating on a solar cell. The reflectance spectra of the IBC solar
cell before and after hybridization with different QD thick-
nesses, see Fig. 3(d), were recorded to understand the influ-
ence of the anti-reflection coatings. The overall reflectance of
the IBC cell decreases with increasing QD layer thickness from
6 nm to 30 nm. When the thickness is increased from 64 nm
to 83 nm, the drop in reflectance with QD film thickness is
consistent with the boost in EQE. For better understanding,
the reflectance of QDs on Si was modelled using OPAL222

Fig. 3 (a) J–V curves of the IBC solar cell before and after hybridization of our best device. (b) Relative variations of short-circuit current (Jsc) and
power conversion efficiency (PCE) of the solar cell for different QD layer thicknesses. (c) EQE of hybrid IBC solar cells for different QD layer thick-
nesses. (d) Reflectance of the hybrid IBC solar cell for different thicknesses of QDs. The EQE shown here was measured under 1 sun light bias.
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which resulted in an 82 nm thick QD layer being the optimum
thickness for anti-reflection. This QD layer thickness is the
same as our best hybrid IBC cell with a QD film thickness of
83 nm, see Fig. 3(b). The EQE of our hybrid PV is strongly
influenced by the AR effect of the QD layer on Si.

The QD layer also absorbs photons and transfer them to
underlying silicon, which influences the performance of our
hybrid IBC solar cell. The existence of LDS in the hybrid IBC
solar can be determined from the influence of QDs on the
internal quantum efficiency (IQE)9 of the IBC solar cell, which
is determined from the ratio of unbiased EQE measurement
and reflectance of the solar cell. Fig. 4 shows the relative
change in the IQE of the IBC solar cell after deposition of a 32
± 2 nm thick QD layer. Hybridization significantly boosts the
IQE of the IBC solar cell with maximum relative enhancement
above 100% at 415 nm. The enhancement in IQE follows the
absorption spectra of CdSe1−xSx/ZnS QDs and drops to near
zero above the absorption spectral range (Fig. 2(a) and (c)).
The EQE enhancement due to different mechanisms can be
quantified by modelling the EQE enhancement due to anti-
reflection. Using the IQE of the planar IBC solar cell and mod-
elled reflectance of QDs/AlOx/Si, the relative EQE enhancement
from a 32 nm thick QD layer was determined (Fig. 4). On com-
paring the relative change in the EQE of modelled data with
the measured one, there is an additional 125% boost in EQE
greater than that provided by the AR effect at 400 nm. The EQE
enhancement due to LDS and RET is observed over the spec-
tral range in which the QDs absorb. On weighting the
unbiased EQE of modelled and measured spectra with AM1.5G
in the absorption region of the QDs, there is a 40% boost in
JSC due to combined AR, LDS, and RET mechanisms, of which
17% enhancement is due to LDS and RET and 23% enhance-
ment is due to the AR effect.

The recombination dynamics of the CdSe1−xSx/ZnS QDs de-
posited onto a Si/AlOx structure with varying AlOx thicknesses

was investigated using Time-Resolved Photo-Luminescence
(TRPL). Fig. 5 shows PL decay of QDs deposited on silicon
coated with AlOx of 50 nm (black), 18 nm (green), and 8 nm
(blue) thicknesses. The decay dynamics of the QDs on glass
are found to display a clear double exponential behavior. The
TRPL data were then globally fitted with a bi-exponential fit.23

IðtÞ ¼ Ae�k1�t þ Be�k2�t þ C

where τ1 ¼ 1
k1

and τ2 ¼ 1
k2

I(t ) is the time-dependent photoluminescence intensity and k1
is the decay rate attributed to radiative core-excited states24,25

and non-radiative surfaces, defects, or charge trapped
states24,26 in QDs. A longer decay component corresponding to
the rate k2 has been associated with a phenomenon of delayed
luminescence due to electron injection and trapping of photo-
excited carriers from the core states in the surrounding media
that at later times recombine to a radiative QD state.27,28 On com-
paring the PL decay of the QDs, with different AlOx spacer layer
thicknesses, we observed that the decay of QDs accelerates with
reducing distance. In particular, the lifetimes τ1 = 1/k1 of QDs on
AlOx with thicknesses of 50 nm, 18 nm, and 8 nm are 11.47 ns,
10.96 ns, and 9.75 ns, respectively. The lifetime τ2 = 1/k2 has
been found to be independent of the AlOx thickness and has a
value of 28.04 ns. The acceleration of the decay of excited carriers
with varying distance between the acceptor (here Si) and the
donor (here QDs) is an attribute of the RET process. The
efficiency of RET (ηRET) transfer can be calculated with

ηRET ¼ kRET1

khyb1

where kRET1 ¼ khyb1 � kref1

Fig. 4 Relative enhancement in IQE (red solid line) and EQE (blue solid
line) after deposition of a 32 nm thick QD layer. The blue dashed line is
the modelled EQE enhancement due to antireflection. The EQE and IQE
spectral responses shown were measured without light bias.

Fig. 5 Photoluminescence dynamics of CdSe1−xSx/ZnS (core/shell)
QDs deposited on 50 nm AlOx on Si (black solid line), 18 nm AlOx on Si
(green solid line), and 8 nm AlOx on Si (red solid line). The red dashed
line is the bi-exponential fit.
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where kRET1 is the non-radiative RET decay rate and khyb1 and kref1

are the fast decay rates of the hybrid and the reference sample,
respectively. The hybrid sample here denotes QDs deposited on
an AlOx spacer layer with thicknesses of 8 nm and 18 nm. The
reference sample has QDs deposited on an AlOx spacer layer with
50 nm thickness. The efficiencies of the RET transfer process
from QDs to Si for separation distances of 18 nm and 8 nm are
4.5% and 15%, respectively. The RET efficiency we calculated for
the observed process appears to be consistent with previous
experimental and theoretical studies on similar materials and
separation distances.23,29,30 Therefore, we can conclude that RET
participates in our hybrid QD/IBC solar cells. The reason for
choosing 18 nm AlOx over 8 nm AlOx in our IBC solar cell was
due to better surface passivation. The 18 nm AlOx yielded a min-
ority carrier lifetime of 1.6 ms, which was twice that of passiva-
tion from 8 nm AlOx (800 µs). High lifetimes exceeding 6 ms
have been demonstrated31 for ultra-thin AlOx films with a thick-
ness of 5 nm. When using such an optimized thin AlOx

passivation layer, the hybrid QD IBC solar cell can benefit further
from more efficient RET.

3. Conclusion

In this work, we demonstrate an efficient hybrid QD/solar cell
architecture to boost the performance of the IBC solar cells.
The CdSe1−xSx/ZnS QDs absorb shorter wavelength photons
and allow their luminescence downshifting to longer wave-
length photons, boosting the performance of the IBC solar
cell. When the thickness of the QDs layer is optimized, the
solar cell also benefits from an anti-reflection coating. For the
best QD layer thickness, the IBC solar cell shows 39.5%
improvement in Jsc through efficient photon management. The
boost is due to a combination of anti-reflection, RET, and LDS
from the QD layer. The presence of LDS is confirmed from the
enhancement in IQE. The improvement through LDS can be
further enhanced using even higher quantum yield QDs. The
RET in our hybrid IBC solar cell was demonstrated by varying
the distance between QDs and Si. A RET efficiency of 15% can
be achieved with an AlOx spacer layer thickness of 8 nm. Using
the opto-electronic modelling tool OPAL2,22 based on the
measured refractive index data of the CdSe1−xSx/ZnS quantum
dots, it was estimated that 17% of the Jsc boost observed can be
accounted for from the RET and LDS processes alone. The
application of nanostructures to this architecture could alter the
directionality of light emission from QDs towards the solar cell,
boosting the performance of hybrid IBC solar cell even further.

4. Experimental section
Cell fabrication

An N-type double side polished float zone (FZ) Si wafer 〈100〉,
1–5 ohm-cm, 4″, 280 µm, was used to fabricate the 1 × 1 cm2

IBC solar cells. The fabrication process for the solar cell is
described in ref. 32. These wafers did not undergo any pre-oxi-

dation steps to annihilate the bulk defects present in the FZ
material. The front surface passivation was formed using
atomic layer deposition (ALD) AlOx (18 nm), whilst the rear
surface passivation was a stack formed of ALD AlOx (10 nm)
and PECVD SiNx : H (60 nm). Both the emitter and the back-
surface field were formed using thermal diffusion with BBr3
and POCl3, respectively. The metal contacts were formed using
thermal evaporation of aluminum (0.4 µm). The interdigita-
tion of the diffused areas and the metal contacts (including
contact holes) were formed via a 4-stage photolithography
process. The busbar is 500 µm wide, the P+ region is 1000 µm
wide, the N+ region is 500 µm wide, and the spacing between
the interdigitated fingers is 500 µm.

Deposition of QDs

A solution of CdSe1−xSx/ZnS (core/shell) quantum dots with an
alkyl ligand surface was procured from Cytodiagnostics
(Trilite™ Fluorescent Nanocrystals 525 nm – alkyl). The solu-
tion of CdSe1−xSx/ZnS QDs has 1s absorption and emission
peaks of 502 nm and 533 nm, respectively. The colloidal QDs
in toluene were spun onto the IBC solar cell at a spin speed of
6000 rpm. The concentration of colloidal QDs in toluene was
varied to obtain QD layer thicknesses of 6 nm, 30 nm, 64 nm,
71 nm, 83 nm and 96 nm.

Optical characterisation

CdSe1−xSx/ZnS QDs were spin-coated onto glass, and absorp-
tion spectra were obtained using a Jasco V-570 UV/VIS/NIR
spectrophotometer. The effective complex refractive index (n and
k) of the QD layer deposited on Si was measured and modelled
using a Woollam M-2000 ellipsometer and CompleteEASE soft-
ware. The CdSe1−xSx/ZnS QD layer on the IBC solar cell was
pumped at 400 nm using a coherent chameleon laser, and
photoluminescence spectra were obtained using an optical fiber
coupled to a BWTEK GlacierX TE cooled CCD spectrometer. The
PLQY of QDs was measured in solution using an Otsuka
QE-2000 quantum efficiency measurement system.

Solar cell characterisation

Current density–voltage ( J–V) measurements of solar cells were
performed using a Sun 3000 solar simulator (ABET Technologies).
The solar simulator was equipped with spectral filters to simulate
the AM1.5G spectrum. All the I–V measurements were carried out
under 1 sun illumination of 100 mW cm−2. The solar simulator
was calibrated with a certified reference Si solar cell. The power
conversion efficiency (PCE) of the solar cell was determined from
the fraction of input power density (Pin) converted to output
power and is given by the following relation:

PCE ¼ Jsc � Voc � FF
Pin

where Jsc denotes the short-circuit density and Voc is the open-
circuit voltage. The fill factor (FF = (Jm × Vm)/( Jsc × Voc)) denotes
the squareness of the J–V curve, where Jm and Vm denote the
current density and voltage at the maximum power operating
point of the solar cell, respectively. A Bentham PVE 300 photo-
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voltaic system was used to measure the reflectance and external
quantum efficiency (EQE) of the solar cell. A monochromated
dual xenon/quartz halogen lamp was used as an excitation
source, and an integrating sphere equipped with a Si photodiode
was used for detection. The solar cell (or reference standard) is
placed at the rear reflectance port of the integrating sphere. The
reflectance of the solar cell is determined by the ratio of signals
(Is/Iref) measured by the Si photodiode, where Is and Iref are the
reflectance signal from the solar cell and reference standard,
respectively. A diffuse reflectance standard coated with the same
material (barium sulphate) as the interior wall of the integrating
sphere was used as a reference standard in our reflectance
measurements.

Using the same excitation source, the EQE measurement is
performed by illuminating the cell with monochromatic light,
swept in the wavelength range of 300 nm–1100 nm whilst
measuring the short circuit current. From this, the spectral
response is determined and then converted to EQE. When
measured under light bias conditions, the white light intensity
was close to 1 sun. To avoid any discrepancy in the EQE results,
the system is calibrated each time before measurement, using a
reference Si photodetector. The IQE of the solar cell was deter-
mined from the EQE and reflectance (R) of the solar cell and is
given by the relation: IQE = EQE/(1 − R). Transmission of light
through the cell is assumed to be negligible.

Time-resolved photoluminescence measurement

Thin films of CdSe1−xSx/ZnS QDs deposited by spin coating
onto glass and IBC solar cells were optically excited with a
pulsed monochromatic laser at a wavelength of 400 nm and a
repetition rate of 800 kHz. A titanium:sapphire tunable laser
system (Coherent Chameleon Ultra II) was used to generate
pulsed laser emission at 800 nm with a repetition rate of
80 MHz that was reduced to 800 kHz with a Spectra-Physics
3980 pulse picker. Finally, a Coherent Harmonic SHG was used
to double the fundamental frequency. A series of ND filters
were used to control the excitation power at the sample site.
Photoluminescence emitted from the sample was then collected
in a confocal configuration and filtered with a Bentham M300
single monochromator, before being directed to an Avalanche
photodiode coupled to a Becker Hickl SP-140 Time-Correlated
Single Photon Counting card, providing an instrument response
function (IRF) of about 150 ps. Recorded PL decay curves were
analyzed and decay rates were extracted by biexponential fitting
using standard chi-square minimization methods.
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