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Tandem colloidal quantum dot solar cells
employing a graded recombination layer
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Tuning of the electronic bandgap in colloidal quantum dots
(CQDs) by changing their size enables the spectral response
of CQD-based photodetectors1–5 and photovoltaic6–12 devices
to be tailored. Multi-junction solar cells made from a combination of CQDs of differing sizes and thus bandgaps are a
promising means by which to increase the energy harvested
from the Sun’s broad spectrum. Here, we report the ﬁrst CQD
tandem solar cells using the size-effect tuning of a single
CQD material, PbS. We use a graded recombination layer to
provide a progression of work functions from the hole-accepting electrode in the bottom cell to the electron-accepting electrode in the top cell, allowing matched electron and hole
currents to meet and recombine. Our tandem solar cell has an
open-circuit voltage of 1.06 V, equal to the sum of the two constituent single-junction devices, and a solar power conversion
efﬁciency of up to 4.2%.
First reported13 in 2005, full-spectrum quantum dot solar cells
have now achieved solar power conversion efﬁciencies greater
than 5% (ref. 14). The capacity to tune the bandgap of colloidal
quantum dots (CQDs) has allowed the realization of optimalbandgap single-junction solar cells. In principle it also allows
tandem and multi-junction cells to be realized, devices that raise
the ultimate limit on solar cell performance from 31% to 42%
(tandem) and 49% (triple-junction)6.
In this Letter, we report the construction of an efﬁcient recombination layer that is tailored to the requirements of CQD photovoltaics, and we deploy this new technology to demonstrate the ﬁrst
tandem CQD photovoltaic devices. We current-match and stack
two depleted-heterojunction CQD solar cells. We use colloidal
quantum dots having exciton peaks at 1.6 eV for the visible junction
(front cell) and 1 eV for the infrared junction (back cell) (Fig. 1a,b).
These bandgaps are within 5% of optimal for a current-matched
solar cell6.
Depleted-heterojunction CQD photovoltaics14 use TiO2 to
accept the photoelectrons but block the photoholes that are generated in light-absorbing PbS CQD semiconductor layers (Fig. 1c–e).
The n-type TiO2 produces a built-in ﬁeld at the junction with
the p-type PbS CQD ﬁlm. Electron–hole pairs generated in the
CQD ﬁlm are separated through the combined action of this
depletion region and the type-II heterointerface with TiO2.
In current-matched series-connected tandem solar cells, the hole
current from the front cell and the electron current from the back
cell must recombine with high efﬁciency and minimal loss of electrical potential in a suitably designed intervening layer. In epitaxial
compound semiconductor devices this is achieved using tunnel
junctions15–18 and in organic photovoltaics using recombination

layers19–22. In the tunnel junction, degenerately doped pþþ and
nþþ materials produce a thin junction in which the valence band
on the p-side is energetically aligned with the conduction band on
the n-side, and the depletion region is sufﬁciently thin that carriers
can tunnel from one side to the other. CQD solids (or materials of
similar bandgap and compatible with CQD processing) that achieve
the sequential combination of transparent pþþ followed by nþþ
doping are not available.
We sought a new strategy that would be compatible with CQDs,
and that would enable the realization of a highly effective tandem
solar cell. We term this new concept a ‘graded recombination
layer (GRL)’. We present a practical GRL design using spatial
band diagrams to depict a CQD tandem cell at equilibrium
(Fig. 1c), and under short-circuit (Fig. 1d) and open-circuit
conditions (Fig. 1e).
Photoholes from the valence band of the front cell are required to
recombine with photoelectrons from the conduction band of the
back cell. They must do so without adding appreciably to the
series resistance of the overall device. If the deep-work-function
contact associated with the front cell were directly connected to
the shallow-work-function electron-acceptor of the back cell, a
large energetic barrier would impede the ﬂow of electrons necessary
for recombination with the holes from the front cell.
The GRL concept overcomes this problem by using a progression
of work functions from the front to the back cell. The concept is
implemented using a progression of n-type transparent oxides23
that are both readily available and CQD-compatible. We progress
from deep-work-function n-type MoO3 through intermediate
indium tin oxide (ITO) to shallow-work-function but still heavily
doped aluminium-doped zinc-oxide (AZO), the work function of
which matches that of the lightly doped TiO2 acceptor. All these
materials are deposited using room-temperature sputtering processes compatible with CQD ﬁlms.
Ideally, the gradual progression of the GRL would achieve
barrier-free conveyance of electrons from the back cell to recombine
with the holes extracted from the front cell. In our actual devices,
relatively small barriers can be seen in Fig. 1c–e. From calculations
(Supplementary Section SI3) and the experiments reported here, we
ﬁnd that these barriers are sufﬁciently readily overcome to allow the
GRL to have a series resistance that is sufﬁciently low to enable a
solar cell operating at 1 sun.
Current matching is also required in an optimized tandem cell;
the absorbed photon spectrum should be divided equally between
the two junctions to match the currents meeting up in the recombination layer. We ﬁrst measured the absorbance spectrum of PbS
CQD ﬁlms and obtained their absorption coefﬁcients (Fig. 2a).
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Figure 1 | Colloidal quantum dot (CQD) based tandem solar cells: concept and realization. a,b, Device architecture (a) and spectral utilization (b) for CQD
tandem solar cells having quantum-conﬁned bandgaps of 1.6 eV (green) and 1.0 eV (red). c–e, Spatial band diagrams for CQD tandem cells at equilibrium
(c) and under short-circuit (d) and open-circuit (e) conditions, where EF is the Fermi energy (dashed-dotted line in c), EFn is the electron quasi-Fermi energy
(dashed line in d and e), and EFp is the hole quasi-Fermi energy (dotted line in d and e).

We then determined the total current density from the 200-nmthick front cell when the internal quantum efﬁciency (IQE) averaged 70% (Fig. 2b and Supplementary Section SI4). Figure 2b
plots the expected current density of the back cell as a function of
its thickness when the IQE averages 35% (Supplementary Section
SI4). This plot predicts that a back-cell thickness in the range
250–300 nm should achieve current matching.
To verify these calculations, we built a 300-nm-thick infraredwavelength cell having the usual reﬂective top contact, and illuminated it through a transparent-top-contact visible-wavelength cell.
In this conﬁguration we measured a short-circuit current Jsc of
8.7 mA cm22 and 8.9 mA cm22 (Fig. 3a) for the visible and infrared
cells. This conﬁrmed that our model had enabled us to achieve
current matching to within a few percent.
Figure 3a presents the measured current–voltage characteristics
of the constituent junctions and the tandem cell under
100 mW cm22 AM1.5 illumination. Table 1 summarizes the
2

ﬁgures of merit of our devices. The single-junction visible device
(with transparent top contact) exhibits an open-circuit voltage
Voc1 of 0.7 V, Jsc of 8.7 mA cm22, ﬁll factor of 49% and AM1.5
power conversion efﬁciency (PCE) of 2.98%. The single-junction
infrared (IR) device exhibits an open-circuit voltage Voc2 of
0.39 V, Jsc of 18.6 mA cm22, ﬁll factor of 42% and AM1.5 PCE of
3.04%. When the visible CQD ﬁlm is used as a ﬁlter, the IR cell
Jsc drops to 8.9 mA cm22.
The ideal tandem cell should exhibit a Voc equal to the sum of
the open-circuit voltages of the constituent cells. The GRL device
achieves an open-circuit voltage of 1.06 V, equal, to within a few
percent, to the sum of the open-circuit voltages of the individual
single junctions. The tandem CQD photovoltaic device provides
an AM1.5 PCE of 4.21%, compared to the 3% values achieved
by its constituents.
The external quantum efﬁciency (EQE) spectra (Fig. 3b) of
the constituent single-junction solar cells further conﬁrm current
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matching. The integrated current density of the visible-junction
(area under blue curve) was calculated to equal, within 10%, the
integrated current density of the IR junction ﬁltered by the visible
junction (area under red curve).
As a control, we constructed a tandem device that does not
beneﬁt from the GRL. This device directly connected ITO and
TiO2. It exhibited a much lower open-circuit voltage of 0.73 V as
well as a weakened short-circuit current compared to the GRL
device. We attribute this suboptimal behaviour to the establishment
of an undesired barrier to electron ﬂow in the intended cascade from
TiO2 to ITO (Supplementary Section SI3).
We now discuss further the processing and properties of the
layers that constitute the GRL. To maintain their performance
(for example, low recombination rates) CQD ﬁlms require a
minimum of exposure to reactive oxygen. A layer (10 nm) of
MoO3 was ﬁrst evaporated onto the CQD ﬁlms, serving both as
the deep-work-function nþþ layer and as a buffer layer to protect
against damage during ensuing layer depositions. We designed the
layers constituting the GRL to be as thin as possible to minimize
parasitic electrical losses while still ensuring complete coverage of
the prior layers. We selected 10 nm, 50 nm, 50 nm and 40 nm for
the MoO3 , ITO, AZO and TiO2 layers, respectively.
A detailed electronic materials characterization (Fig. 4) of MoO3 ,
AZO and TiO2 is now presented. Table 2 summarizes the measured
electron afﬁnity Ec , work function Ef , ionization energy Ev and
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Figure 3 | Photovoltaic device performance for tandem and constituent
single-junction cells. a, Current–voltage characteristics under AM1.5 1 sun
simulated illumination for the large-bandgap (blue) and small-bandgap
(black) cells. J–V of the small-bandgap device when the large-bandgap CQD
ﬁlm is used as a ﬁlter is also shown (red). The tandem cell J–V is shown in
green. b, EQE spectra of the large-bandgap junction with a transparent top
contact (blue), the small-bandgap junction with a reﬂective top contact
(black), and the small-bandgap junction with the large-bandgap CQD ﬁlm
used as ﬁlter (red). When the large-bandgap CQD ﬁlm ﬁlters the incoming
light, the estimated Jsc of the small-bandgap junction is matched to the
Jsc of the large-bandgap junction.
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electron free-carrier density n0 of the metal oxides. Ultraviolet
photoelectron spectroscopy (UPS) was used to obtain work functions (SI6). The work functions progress from 5.4 eV (MoO3)
through 4.8 eV (ITO) to 4.1 eV for both AZO and TiO2. Band
edges were also obtained using UPS. For AZO and TiO2 , electron
afﬁnities of 4.1 and 4.0 eV, respectively, were measured. We conﬁrmed these values using cyclic voltammetry, which provided the
electron afﬁnities directly by means of an alternative measurement.
Field-effect transistor (FET) test structures were constructed
to estimate the carrier densities. Doping values of 1 × 1019 and
5 × 1019 cm23 for MoO3 and AZO, respectively, conﬁrmed that
they are heavily doped materials, and the doping value of 5 ×
1016 cm23 for TiO2 conﬁrms its light doping. We found that

Figure 2 | Design for current matching in CQD tandem cells. a, Measured
absorption coefﬁcients of the 1.6 eV bandgap (blue line) and 1.0 eV bandgap
(red line) ﬁlms. b, Predicted current densities for the small-bandgap back
cell as a function of its thickness. Double-pass absorption due to the
reﬂective top contact is taken into account. Current matching is achieved in
the thickness range 250–300 nm. The visible-junction optimal thickness is
ﬁxed at 200 nm, generating an expected current density of 9 mA cm22
(blue line).

Table 1 | Figures of merit of the devices cell under
100 mW cm22 AM1.5 illumination.
Junctions
Visible
IR
IRw/Visible ﬁlter
Tandem

J sc (mA cm22)
8.7
18.6
8.9
8.3
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Figure 4 | Electrical characterization of GRL materials. a, UPS data for MoO3 , AZO and TiO2 and FET transconductance for MoO3 , AZO and TiO2.
b, Energy level diagram showing the HOMO and LUMO energies of each type of PbS quantum dot, and the Fermi levels (dashed lines) and band edges of
the isolated GRL materials. .

conduction band-edge values obtained from cyclic voltammetry
varied by +50 meV from run to run. Mobility and doping values
were consistent run to run, within one order of magnitude.
More than 100 tandem CQD solar cells were made in developing
the fabrication process, with the best device demonstrating an efﬁciency of 4.2%. In the course of these studies, we fabricated more
than 20 devices with efﬁciencies greater than 3%.
Grading of stoichiometry, and thus band-edge position, is a
concept widely used to great effect in semiconductor quantum electronics, including ultrahigh-frequency heterojunction bipolar transistors24 and graded-index separate-conﬁnement-heterostructure
lasers with low lasing thresholds25. The present work provides a
beneﬁt to work-function grading and conﬁrms the attractiveness
of grading strategies in soft materials such as organic small molecules, polymers and CQDs. The GRL concept can be used to
build photovoltaic devices with three or more junctions. Such
many-junction devices provide a route to overcoming the charge
carrier transport limitations in CQD ﬁlms today, and, more
broadly, they offer the potential to reach well above the Shockley–
Quiesser limit.
Table 2 | Electrical properties of the GRL constituent
materials.
MoO3
ITO
AZO
TiO2

E f (eV)
5.4
4.8
4.1
4.1

E v (eV)
8.5

E c (eV)
5.4

n 0 (cm23)
1019

7.4
7.7

4.1
4.0

5 × 1019
5 × 1016

Ef, work function; Ev, ionization energy; Ec, electron afﬁnity; n0, electron free-carrier density.

4

Methods
Tandem colloidal quantum dot solar cell fabrication. In fabricating the bottom
electrode, 10–30 nm TiO2 nanoparticles, originally dispersed in terpineol (DSL90-T,
Dyesol), were further diluted in terpineol and spin-coated onto ITO (Delta
Technology) substrates. The nanoparticles were diluted with terpineol (1:3 by
weight), spin-cast at 1,500 r.p.m., and placed on a hotplate pre-heated to 120 8C. The
substrates were heated at 200 8C for 15 min and 400 8C for 60 min, then underwent
TiCl4 treatment in a 60 mM solution in deionized (DI) water at 70 8C for 30 min.
The substrates were removed, rinsed with DI water, and heated at 400 8C for 60 min.
Bottom electrode processing was carried out in a fume hood in ambient conditions.
For CQD deposition, PbS CQDs (1.6 eV) at a concentration of 25 mg ml21 in
octane were deposited in a layer-by-layer fashion. Two drops of CQDs were
dispensed onto the substrates through a 0.2 mm ﬁlter and spin-cast at 2,500 r.p.m.
for 10 s; ﬁve drops of a 0.2% mercaptopropionic acid (MPA) in methanol solution
were applied to the CQD ﬁlm through a 0.2 mm ﬁlter for 3 s then spin-cast at
2,500 r.p.m. Finally, three rinse steps were carried out, ﬁrst with methanol, then with
acetone, and ﬁnally with octane, each followed by spinning the substrate at
2,500 r.p.m. for 10 s. This procedure was repeated until the desired ﬁlm thickness
(200 nm) was reached (12 layers). The device was post-soaked in 10% MPA in
methanol for 30 min, and then rinsed with methanol, acetone and octane.
PbS CQDs (1 eV) at 37.5 mg ml21 in octane were deposited on the substrates
using the same method to achieve a 300-nm-thick ﬁlm (10 layers). A 10–30%
MPA/methanol solution was used for the solid-state treatment, and no post-soaking
step was carried out.
For GRL deposition, MoO3 (Alfa Aesar) was deposited by thermal evaporation
at a rate of 0.4 Å s21. ITO, AZO and TiO2 (all from Kurt J. Lesker) were deposited
by an RC magnetron sputtering (Angstrom Engineering Åmod deposition) system
in a glovebox (Innovative Technology) at room temperature. The 50 nm ITO was
sputtered in 1% O2/Ar environment at a pressure of 5 mtorr and a rate of
0.25 Å s21, the 50 nm AZO in 1% O2/Ar at 5 mtorr at a rate of 0.25 Å s21, and the
40 nm TiO2 under Ar at 5 mtorr at a rate of 0.20 Å s21. A thermometer monitoring
substrate temperature indicated a rise to no greater than 30 8C.
Tandem CQD solar cell characterization. Tandem CQD solar cells were measured
in an inert N2 environment. The current–voltage characteristics of the tandem CQD
solar cells were recorded using a source meter (Keithley). AM1.5 illumination was
accomplished using a solar simulator (Science Tech). The illumination area was
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apertured to 0.049 cm2 using two collimated apertures, one in the optical pathway
and the other immediately before light impinging on the device under test. The
tandem CQD solar cell had a GRL area of 0.18 cm2 and a top contact area of
0.06 cm2. An absolute current of 0.5 mA corresponds to 10 mA cm22 when
an illumination area of 0.049 cm2 is used to calculate the current density.
The EQE spectrum was acquired under AM1.5 white light bias (1 sun bias
achieved using a solar simulator) by passing the output of a 400 W Xe lamp through
a monochromator and using appropriate ﬁlters. The collimated output of the
monochromator was measured using calibrated Newport 818-UV and 818-IR power
meters. The measurement step was 20 nm. Photocurrent was measured using a
lock-in ampliﬁer.
GRL characterization. As detailed in Supplementary Section SI6, UPS was used to
obtain the Fermi energies and valence band edges of MoO3 , AZO and TiO2. X-ray
photoelectron spectroscopy (XPS) was used to ascertain elemental composition and
chemical state of the constituents of MoO3 , AZO and TiO2. Cyclic voltammetry was
used to obtain the electron afﬁnity of AZO and TiO2.
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