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Monolithically integrated hybrid tandem solar cells that effectively combine solution-processed

colloidal quantum dot (CQD) and organic bulk heterojunction subcells to achieve tandem perfor-

mance that surpasses the individual subcell efficiencies have not been demonstrated to date. In this

work, we demonstrate hybrid tandem cells with a low bandgap PbS CQD subcell harvesting the visi-

ble and near-infrared photons and a polymer:fullerene—poly (diketopyrrolopyrrole-terthiophene)

(PDPP3T):[6,6]-phenyl-C60-butyric acid methyl ester (PC61BM)—top cell absorbing effectively the

red and near-infrared photons of the solar spectrum in a complementary fashion. The two subcells are

connected in series via an interconnecting layer (ICL) composed of a metal oxide layer, a conjugated

polyelectrolyte, and an ultrathin layer of Au. The ultrathin layer of Au forms nano-islands in

the ICL, reducing the series resistance, increasing the shunt resistance, and enhancing the device

fill-factor. The hybrid tandems reach a power conversion efficiency (PCE) of 7.9%, significantly

higher than the PCE of the corresponding individual single cells, representing one of the highest

efficiencies reported to date for hybrid tandem solar cells based on CQD and polymer subcells.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4984023]

Solution-processed thin film solar cells based on colloi-

dal quantum dot (CQD) and organic light absorbers are com-

patible with low-cost, large-area manufacturing processes

amenable to efficient, lightweight modules.1–4 In recent

years, both CQD and organic photovoltaic devices have seen

significant efficiency improvements, with single-junction

devices reaching power conversion efficiencies (PCE) of

over 12%.5–8 In theory, multi-junction solar cell devices can

harvest a broader portion of the solar spectrum and, in turn,

are of interest to achieve higher open-circuit voltage (VOC)

and PCE values via subcells electrically connected in series

by an interconnecting layer (ICL).9–13 CQDs benefit from a

size-tunable bandgap that allows absorption of photons with

a relatively wide range of wavelengths but a weaker absorp-

tion in the red and near-infrared (NIR) regions of the solar

spectrum.3,7,8 Meanwhile, organic absorbers can have a nar-

rower and more tunable spectral absorption than that of

CQDs, making organic subcells especially attractive for tan-

dem and triple-junction solar cells.14–16 CQD tandem solar

cells have received limited attention thus far, that is, a hand-

ful of all-CQD tandem solar cells have been reported with

a open circuit voltage (VOC) ideally equal to the sum of the

VOC values of the two subcells (i.e., �1.0 V). In addition,

CQD tandems tend to yield only modest efficiency enhance-

ments relative to their single-cell counterparts, mainly

because of their modest fill-factors (FFs) (typically< 50%)

and the limited photocurrent related to the relatively weak

photon absorption near the CQD band edge.3,7,8,12,13 In con-

trast, all-organic tandem solar cells have the benefit of achiev-

ing both high VOC (i.e.,> 1.5 V) and FF (i.e.,> 65%).14–16

Therefore, the opportunity exists to expand beyond the spec-

tral range of individual quantum-dot and organic absorbers by

combining the two material types into a hybrid tandem solar

cell which can overcome the present limitations of both CQD

homo-tandems and polymer homo-tandems.

In this letter, we report on a hybrid tandem solar

cell that combines a low bandgap bulk heterojunction poly-

mer:fullerene subcell with a PbS CQD subcell.3,17–19 The

combination of a low bandgap polymer donor with [6,6]-

phenyl-C60-butyric acid methyl ester (PC61BM), selected

as the acceptor because of its weak absorption in the visible,

ensures excellent spectral complementarity with the CQD

subcell in the visible and near infrared (NIR) regions of the

solar spectrum. In turn, the PCE of the hybrid tandem is

found to improve significantly from the previously reported

value of 5.3% to the value of 7.9%, using a similar device

architecture.15,19 The monolithically integrated tandem is

electrically connected in series using p- and n-type intercon-

necting layers (ICLs) that combine a metal oxide and a

conjugated polyelectrolyte sandwiching an ultrathin and

unpercolated Au layer forming isolated nanoislands.20–23

The tandem device achieves a high VOC (1.25 V) equal to

the sum of the subcell voltages and a high FF (67%), indicat-

ing that the subcells are properly connected via the ICL. The
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hybrid tandem PCE of 7.9% is one of the highest efficiencies

reported to date in hybrid tandem solar cells combining

CQD and organic subcells.19,24,25 It surpasses both the effi-

ciencies of the organic single cell (6.6%) and that of the

CQD single cell (4.8%).

In Figure 1(a), we show the material systems used in this

study: a PbS quantum dot with an organic 3-mercaptopropionic

acid (MPA) ligand for the bottom cell,18,26 as well as the

chemical structures of the polymer donor and acceptor

included in the top cell.15,22,27,28 The high-resolution transmis-

sion electron microscopy (TEM) image of PbS quantum dots

before the ligand exchange is shown in Figure S1 (supplemen-

tary material): the CQD size is ca. 3 nm matched with the size

(d) - bandgap (E0) equation suggested by Moreels et al.,29

E0¼ 0.41þ 1/(0.0252d2þ 0.283d). The polymer donor poly

(diketopyrrolopyrrole-terthiophene) (PDPP3T) used in con-

junction with the fullerene acceptor [6,6]-phenyl-C60-butyric

acid methyl ester (PC61BM) forms the organic bulk hetero-

junction subcell.15,22,27,28 The conjugated polyelectrolyte,

poly[(9,9-bis(30-(N,N-dimethylamino)propyl)-2,7-fluorene)-

alt-2,7-(9,9-dioctylfluorene)] (PFN), is used as a n-type

layer in the ICL.23 In Figure 1(b), we show the absorption

spectra of the PbS CQD and PDPP3T:PC61BM active layers,

with film thicknesses of 125 nm and 130 nm, respectively, as

measured using a surface profilometer. These thicknesses

were chosen for optimal absorption of the incoming photons

to facilitate current matching conditions. The CQD active

layer has a wide absorption spectrum covering the visible

and NIR regions with a first excitation peak at 925 nm.29

The CQD layer shows relatively strong absorption in the

short-wavelength visible range and weaker absorption in the

red and NIR, while the PDPP3T:PC61BM subcell transmits

the visible spectrum until around 550 nm and then absorbs

effectively in the red and NIR regions (up to 900 nm).

The spectral responses of the two active layers are thus com-

plementary: the PbS CQD layer contributes more to the

absorption of the shorter-wavelength visible region with

some contribution at the longer wavelengths, while the

PDPP3T:PC61BM active layer compensates for the CQD

layer’s weaker absorption in the red and NIR regions. The

detailed description of active layer preparation by solution-

processing and the fabrication methods of the single and tan-

dem devices are summarized in the supplementary material.

In Figure 1(c), we illustrate the hybrid tandem device

configuration composed of bottom PbS CQD and top

PDPP3T:PC61BM subcells. The PbS CQD active layer was

spin-coated on aluminum-doped zinc oxide (AZO) coated on

ITO-coated glass substrates using a 3-mercaptopropionic

acid (MPA) ligand exchange protocol in acetonitrile

(ACN).18,26 As a solvent of the CQD solution, hexane with

the low boiling point (b.p.) of 68 �C was used instead of

octane (b.p.: 125 �C) to form a thicker CQD layer in a single

solution-casting step. The ICL consists of a stack of MoO3/

thin Au/PFN, with MoO3 vacuum-deposited to form a p-type

hole transporting layer (HTL), on top of which a thin Au

layer (1 nm) was deposited by thermal evaporation with

accurate thickness monitoring, and without the use of a wet-

ting layer to promote islanding of Au.20–23 The performance

of the hybrid tandem solar cells was found to be strongly

impacted by the presence of the Au nano-islands, as will be

discussed below in detail. The conjugated polyelectrolyte

PFN was spin-coated on top of the stack to form the n-type

electron transporting layer (ETL). The PDPP3T:PC61BM

layer was deposited on top of the ICL by spin-coating. The

tandem stack was completed by vacuum evaporation of

MoO3 as HTL and Ag as the anode. The energy diagram of

the hybrid tandem device stack is schematically illustrated in

Figure 1(d).12,27

In Figure 2(a), we show the representative current

density-voltage (J-V) characteristics obtained for the individ-

ual single-junction cells and the optimized hybrid tandem

cell. In these devices, the active layers had thicknesses of

FIG. 1. (a) Materials chart, including

PbS quantum dot after ligand exchange,

the polymer donor PDPP3T, PC61BM

as the fullerene acceptor, and the

conjugated polyelectrolyte PFN. (b)

Absorbance spectra of the PbS CQD

and the PDPP3T:PC61BM active layers.

(c) Hybrid tandem solar cell configura-

tion and TEM cross-sectional image of

the corresponding device. The scale bar

is 100 nm. (d) Energy diagram of the

hybrid tandem solar cell.
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125 nm and 130 nm. Optical simulations of sub-cell thick-

ness based on the transfer matrix formalism helped identify

these active layer thicknesses which achieve the maximum

current density in the tandem solar cell (Figure S2, supple-

mentary material). We utilized these conditions to fabricate

the tandem solar cells and found the tandem devices to yield

the reported device performance, which surpasses the perfor-

mance of individual sub-cells.

The device configuration of the PbS QD single cell is

glass/ITO/AZO/PbS CQD/MoO3/Au/Ag, which on average

yielded an open circuit voltage (VOC) of 0.57 V, a short cir-

cuit current (JSC) of 16.3 mA/cm2, and a fill factor (FF) of

50.4%, resulting in a PCE of 4.7% (Table I). The configura-

tion of the inverted organic single cell is glass/ITO/PFN/

PDPP3T:PC61BM/MoO3/Ag, which on average yielded a

VOC of 0.67 V, a JSC of 14.3 mA/cm2, a FF of 67.8%, and a

PCE of 6.5%. This performance was slightly better than

devices made with a thicker active layer (Table I), mainly

due to the better FF for the thinner devices. Standard devia-

tions of device parameters are summarized in Table SI (sup-

plementary material).

The external quantum efficiency (EQE) for the single-

junction QD and polymer cells is presented in Figure 2(b).

The CQD cell harvests effectively in the short-wavelengths

region of the solar spectrum (blue region), but the EQE drops

rapidly from ca. 650 nm all the way to the band edge at

ca. 1100 nm. In the red and near infrared (NIR) regions, for

k> 650 nm, the EQE of the PDPP3T:PC61BM cell is particu-

larly pronounced. The hybrid tandem solar cell with these

subcells shows a FF of 67.2%, leading to a PCE of 7.7% on

average and a best PCE value of 7.9%. The hybrid tandem

solar cells exhibit higher PCE than the single cells made of

the individual active layers. This result suggests that the

active layers of complementary absorption spectra are effi-

ciently connected via the ICL when the ultrathin Au layer is

included in the hybrid tandem device configuration. We

tested the shelf life of the PbS sub-cell, the organic sub-cell,

and the hybrid tandem cell after storage in a nitrogen glove-

box for 3 months without additional device encapsulation

(Figure S3, supplementary material). The hybrid tandem

cells retained>70% of the original PCE and appears to be

more stable than the QD sub-cell, which retains ca. 66% of

its PCE, but less than the organic sub-cell. This shows that

the hybrid tandem consisting of an organic sub-cell fabri-

cated over the QD sub-cell may offer the latter some protec-

tion from degradation.

Appropriate energy level alignment in the interconnect-

ing layer is crucial to ensure that carriers are appropriately

transported to the ICL where they must effectively recom-

bine. The energy level offset between the n- and p-type

layers was reduced by inserting an ultrathin Au layer,13,20–22

which forms disconnected Au nanoislands on MoO3, as

shown in the inset of Figure 3(a) and Figure S4 (supplemen-

tary material). This approach has been shown to work in var-

ious tandem solar cells,13,20–22 leading to the formation of an

asymmetric work function within the ICL which yields a

graded work-function with a high work-function towards the

CQD bottom subcell for hole extraction and a low work-

function towards the polymer top cell for electron extrac-

tion.30 It is worth noting that the hybrid tandem device

reached a VOC of 1.2 V irrespective of thin Au layer insertion

into the ICL. However, the FF of the hybrid tandem devices

significantly improved with Au layer insertion (Table I and

Figure 3(a): the thickness of each of the CQD and active

FIG. 2. (a) J-V curves of the single-junction and hybrid tandem cells and (b)

EQE spectra of the CQD and PDPP3T:PC61BM single-junction cells.

TABLE I. Device parameters of the PbS CQD and PDPP3T:PC61BM single-junction cells and those of the hybrid tandem solar cells without (w/o) and with

(w/) ultrathin Au layer included in the ICL. Standard deviations of the device parameters are summarized in Table SI (supplementary material).

Device structure Active layer Thick ICL VOC (V) JSC (mA/cm2) FF (%) PCE (%) Best PCE (%)

Single cell PbS CQD 125 nm … 0.57 16.3 50.4 4.7 4.8

PDPP3T:PC61BM 140 nm … 0.67 14.6 64.5 6.3 6.4

PDPP3T:PC61BM 130 nm … 0.67 14.3 67.8 6.5 6.6

Tandem cell PbS CQD/PDPP3T:PC61BM 125 nm /140 nm w/o Au 1.23 9.3 57.6 6.6 6.7

125 nm /140 nm w/Au 1.24 9.4 63.2 7.4 7.4

125 nm /130 nm w/Au 1.25 9.3 67.2 7.7 7.9
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organic layers is 125 nm and 140 nm, respectively, in this

case.). The higher FF is attributed to the efficient recombina-

tion of the electrons and holes at the MoO3/PFN interface

enabled by the presence of Au nanoislands. The latter act as

efficient recombination sites in the ICL, resulting in less

accumulation of photo-excited charges in the active layer

and interfaces.13,20–22 It reduces the contact resistance,

resulting in reduced series resistance (at V¼VOC) and

higher shunt resistance (at V¼ 0) than in tandems which do

not use a thin Au layer (Table SI, supplementary mate-

rial).13,20–22 We also used electrical impedance spectroscopy

(EIS) to investigate the impact of the Au islands in the ICL

on the performance of the tandem solar cells.31,32 In Figure

3(b), we show the Cole-Cole plot (the imaginary impedance

Z00 over the real impedance Z0) of the tandem devices under

illumination. The plot reveals that the charge transport resis-

tance in the ICL is lower in the presence of Au nano-islands,

which is consistent with the conductance measurements

shown in the inset of Figure 3(b). The conductance measure-

ments were performed on the isolated interlayer stacks,

namely, glass/ITO/MoO3/PFN/Ag and glass/ITO/MoO3/thin

Au/PFN/Ag devices.13 The results show that the Au nanois-

lands reduce the series resistance even though both interlayer

stacks exhibited Ohmic characteristics.13,20

In summary, we demonstrated a hybrid tandem solar cell

combining solution-processed PbS CQD and PDPP3T:PC61BM

subcells exhibiting complementary spectral absorption in the

visible and near infrared parts of the solar spectrum. The inser-

tion of ultrathin Au layers (composed of nanoislands) into the

MoO3/PFN interconnection layer reduces the series resistance

and increases the shunt resistance of the tandem device stacks,

resulting in increased FF and PCEs with up to 7.9% achieved

upon careful device optimization. This tandem structure sur-

passes the efficiency of individual single cells and is one of the

highest efficiencies reported to date for hybrid tandem solar

cells combining CQD and polymer subcells.

See supplementary material for the device fabrication

method and characterization.
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