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Ruthenium pentamethylcyclopentadienyl
mesitylene dimer: a sublimable n-dopant and
electron buﬀer layer for eﬃcient n–i–p perovskite
solar cells†
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Electron-transport materials such as fullerenes are widely used in
perovskite solar cells to selectively transfer the photogenerated
electrons to the electrodes. In order to minimize losses at the interface
between the fullerene and the electrode, it is important to reduce the
energy diﬀerence between the transport level of the two materials. A
common approach to reduce such energy mismatch is to increase the
charge carrier density in the semiconductor through doping. A variety
of molecular dopants have been reported to reduce (n-dope) fullerenes. However, most of them are either diﬃcult to process or
extremely air sensitive, with most n-dopants leading to the formation
of undesirable side products. Dimers formed by 19-electron organometallic sandwich compounds combine strong reducing ability, clean
reactivity, and moderate air stability, while being processable both
from solution and in vacuum. In this work, we have investigated the
use of pentamethylcyclopentadienyl mesitylene ruthenium dimer,
(RuCp*mes)2, as a dopant for C60 in fully vacuum-deposited n–i–p
perovskite solar cells. The (RuCp*mes)2 was either co-evaporated with
the fullerene or deposited as a pure thin ﬁlm on top of the transparent
electrode prior to the deposition of the fullerene. It was found that
both the co-evaporated blends and the bilayers are eﬀective electrontransport layers, leading to solar cells with eﬃciencies up to 18%.

Introduction
Lead-halide perovskite solar cells have emerged as a promising
alternative thin-lm photovoltaic (PV) technology.1–5 The
potential of perovskite PV is demonstrated by the constantly
increasing record eﬃciencies, now exceeding 25%.6,7 The most
eﬃcient perovskite solar cells reported so far have in common
the use of TiO2 as the electron-transport material (ETM).8,9
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These devices are built in an n–i–p architecture, where the ETM
is deposited on top of the transparent conductive oxide (TCO)
electrode. Some alternative ETMs have been explored, both
inorganic – most notably SnO2 – and organic.10–14 Among
organic semiconductors, fullerene derivatives are widely
employed as the ETM in perovskite solar cells, as they provide
an ohmic contact with common perovskite absorbers, reducing
non-radiative recombination and hysteresis while maintaining
a high ll factor (FF).15–17 In particular, the simplest fullerene,
C60, is extensively used in eﬃcient devices and has advantages
over chemically modied fullerenes in terms of cost and
vacuum processibility.18–20
In order to ensure eﬃcient charge extraction from the ETM
to the TCO, the alignment of their energy levels and hence a low
energetic barrier at the interface is crucial. The large energy
diﬀerence between the electron aﬃnity of C60 and the work
function of ITO results in a Schottky barrier height of about
0.8 eV, which leads to a non-ohmic interface, limiting the
charge extraction. A common approach to reduce the energy
mismatch between a semiconductor and an electrode, and thus
reduce ohmic losses, is to increase the charge-carrier density in
the organic semiconductor through doping. As a consequence,
the Fermi level in the doped semiconductor will shi towards
the lled states, reducing the barrier height and favoring charge
transfer.21 In particular, this can be achieved by depositing
a thin layer of n-doped C60 in between the intrinsic C60 and the
TCO.20 In order to prevent intermixing of the doped and
intrinsic C60 during processing, which would increase nonradiative recombination at the perovskite/doped ETL interface, sequential vacuum sublimation is the most suitable
deposition method.22
A variety of molecular dopants have been reported to reduce
(n-dope) C60 and other fullerenes. Examples of one-electron
reducing agents are cobaltocene and W2(hpp)4;23,24 however,
the rst is too volatile for standard high vacuum processing,25
while the latter is extremely air sensitive. Alternative, more
stable reductants include halide salts of organic aromatic
cations, from which the corresponding organic radicals can be

sublimed,26,27 hydride-donating molecules,28,29 alkylaminecontaining compounds,30,31 and tetrabutylammonium salts of
halides and other simple anions.32 Several of these molecules
have been applied to fullerene doping in perovskite solar cells,
increasing the eﬃciency as compared to that of devices using
undoped C60 ETMs. The hydride donor 1,3-dimethyl-2(4(diphenylamino)phenyl)-2,3-dihydro-1H-benzoimidazole
has
been used for the bulk doping of solution-processed C60 ETM
lms.33 Sequential solution deposition of C60 and poly(allylamine) followed by annealing, leads to n-doping of the ETM as
well as to the formation of N–C60 covalent bonds.34 However,
some of these dopants can lead to the formation of undesirable
side products in addition to the fullerene radical anion,35–37
while others can only be processed from solution.
Dimers formed by some 19-electron organometallic sandwich compounds (as well as those formed by some organic
radicals)38 combine strong reducing ability, clean reactivity
(forming solely the corresponding monomeric cations upon
doping), and moderate air stability, while being processable
both from solution and in vacuum. In view of these favorable
properties, they have been used to n-dope a wide variety of
semiconductors, including fullerenes.38–41 Of most relevance to
the present work, a thin layer of one such organometallic dimer
– pentamethylrhodocene dimer, (RhCp*Cp)2 – has been
vacuum deposited between FTO and vacuum-deposited ETMs,
pinning the Fermi level to the lowest unoccupied molecular
orbital (LUMO) of the C60.42 In this work, we have investigated
the use of a similar organometallic compound – pentamethylcyclopentadienyl
mesitylene
ruthenium
dimer,43
(RuCp*mes)2 – to dope C60 in fully vacuum deposited n–i–p
perovskite solar cells. (RuCp*mes)2 has been shown to passivate
traps in C60 at low concentration and to change the semiconductor work function and highest occupied molecular
orbital (HOMO) position with respect to the Fermi level upon
doping.40 The cells were fabricated using a procedure that was
described by some of us previously.20
In order to evaluate the potential of (RuCp*mes)2 as an ndopant for C60 in perovskite solar cells, several devices with

diﬀerent architectures have been fabricated. An intrinsic
advantage of vacuum deposition is the possibility of selectively
modifying and/or exchanging any layer in the device stack, and
of studying the consequences for the device performance. The
(RuCp*mes)2 was either co-evaporated with the C60 or deposited
as a pure thin lm on top of the TCO (indium tin oxide, ITO)
prior to the deposition of C60. It was found that both the coevaporated blend of C60:(RuCp*mes)2 and the bilayer
(RuCp*mes)2/C60 are eﬀective electron transport layers (ETLs),
leading to power conversion eﬃciencies in the range of 17–18%.

Results
The dimer (RuCp*mes)2 was synthesized following previously
published protocols.44 We initially examined whether
(RuCp*mes)2 is an eﬀective dopant for C60, looking at the
optical absorption spectra and conductivity (Fig. 2) of C60 and
(RuCp*mes)2 in diﬀerent layer congurations. For pure thin
lms of C60 and (RuCp*mes)2, the measured conductivities are
on the order of 108 S cm1, as expected for intrinsic and highly
pure organic semiconductors. To evaluate the reactivity among
the two materials we followed two approaches. In one, both
materials were co-sublimed at the same time leading to
a homogeneous C60:(RuCp*mes)2 layer (20 nm, dopant
concentration 12.5 wt%). In the other approach we deposited
a bilayer formed by a thin lm of (RuCp*mes)2 (2.5 nm) covered
by C60 (10 nm). In this case the contact and hence the eventual
reaction between the materials presumably occurs mainly at the
interface between them. In both cases we observed a large
increase in conductivity (up to 0.5 S cm1 for the co-deposited
lm, Fig. 2a), indicating that (RuCp*mes)2 can indeed eﬃciently dope C60, even when the materials are in contact only at
the interface. This is in agreement with the strong reducing
character of (RuCp*mes)2, which is easily capable of n-doping
a large variety of organic semiconductors.39,45,46 We note,
however, that the large conductivity in the latter case might
indicate some interdiﬀusion between the two materials (as
neutral molecules and/or ions), although of course the amount

(a) Chemical structures of transport materials used in the devices. C60 is the electron-transport material together with (RuCp*mes)2 as ndopant. TaTm is the hole transport material and F6-TCNNQ is the p-dopant. (b) Schematics of the vacuum-processed perovskite solar cells,
where the ETL is either a thin (RuCp*mes)2 layer or a co-evaporated C60:(RuCp*mes)2 ﬁlm.

Fig. 1

(a) Conductivity and (b) absorption spectra of diﬀerent electron
transport layers. C60, (RuCp*mes)2 and C60:(RuCp*mes)2 ﬁlms are
10 nm, 2.5 nm and 20 nm thick, respectively.

Fig. 2

of the dimers that react and the extent to which dopants diﬀuse
into the C60 is not known. From the absorption spectra of C60
and of the two doped layers (Fig. 2b) we can observe slightly
higher absorbance for the n-doped C60 lms, with only minor
diﬀerences between the bi-layer and the co-deposited lm. Also,
the optical absorption proles are similar to that of the pure
fullerene, without the presence of any new relevant features,
indicating that, at these (RuCp*mes)2 concentration and lm
thickness, a signicant improvement in the conductivity can be
obtained without introducing undesirable parasitic absorption.
Thereaer we investigated the performance of the same
lms in perovskite solar cells. As a rst step, we studied devices

with the co-sublimed C60:(RuCp*mes)2 layer. The chosen device
architecture was an n–i–p conguration where the ETL is
directly deposited on top of the glass/ITO front contact. The
layout of the devices is as follows: ITO/ETL/C60 (10 nm)/MAPI
(500 nm)/TaTm (10 nm)/TaTm:F6-TCNNQ (40 nm)/Au, where
the ETL is a co-evaporated C60:(RuCp*mes)2 (20 nm), MAPI is
methylammonium lead iodide, TaTm is N4,N4,N400 ,N400 -tetra([1,10 -biphenyl]-4-yl)-[1,10 :40 ,100 -terphenyl]-4,400 -diamine and
its p-dopant F6-TCNNQ is 2,20 -(peruoronaphthalene-2,6diylidene)di-malononitrile. The MAPI lms were characterized
by X-ray diﬀraction, optical absorption and electron microscopy
to verify the material quality. The characterization of a MAPI
lm (Fig. S1†), together with a detailed description of the device
fabrication, can be found in the ESI.†
The current density vs. voltage (J–V) curve for the solar cell
employing C60 with 12.5 wt% dopant concentration as the ETM
shows excellent carrier extraction (FF of approximately 80%)
and an open circuit voltage (Voc) of 1.07 V. Together with the
short circuit current density (Jsc) of 19.8 mA cm2, these values
result in a power conversion eﬃciency (PCE) of 16.9% (characteristic parameters are reported in Table 1). Decreasing the
dopant concentration to 6.25 wt% does not signicantly change
the FF (81%) or the Voc (only slightly lower at 1.06 V), while it
results in a small increase of Jsc to 20.6 mA cm2. Hence the PCE
of the cell is enhanced to 17.7%, notably with negligible
hysteresis. However, when the dopant concentration is further
diminished to 2.5 wt%, the corresponding J–V curve shows
a pronounced s-shape with poor FF (63%), indicative of an
ineﬃcient charge collection at the front contact. At this dopant
concentration, the C60:(RuCp*mes)2 layer is no longer able to
eﬀectively reduce the interface energy barrier, increasing the
recombination losses (Voc is diminished to 1.02 V). The J–V
curve shows also hysteresis between the forward (from short to
open circuit) and reverse (from open to short circuit) scans,
indicating charge accumulation at the non-ohmic ITO/ETL
interface. The observed trend in the FF correlates with the
electrical conductivity of the C60:(RuCp*mes)2 ETL (Fig. 3b),
which decreases from about 0.5 S cm1 for a dopant concentration of 12.5 wt% to about 0.05–0.1 S cm1 for the lowest
concentration of 2.5 wt%. In comparison with a previous
report,20 the conductivity of the ETL with dopant concentration
of 2.5 wt% should be suﬃciently high to guarantee eﬃcient
charge collection. However, the low performance observed here
indicates that this dopant concentration is unable to eﬀectively

Table 1 J–V parameters of the best devices for each conﬁguration measured under simulated solar illumination; no diﬀerence between forward
and reverse scans was observed

ETL
C60:(RuCp*mes)2 (20 nm)

Without ETL
(RuCp*mes)2 (1 nm)
(RuCp*mes)2 (2.5 nm)

Dopant
concentration

PCE (%)

Voc (V)

Jsc (mA cm2)

FF (%)

12.5 wt%
6.25 wt%
2.5 wt%
—
—
—

16.9
17.7
12.5
2.6
17.1
3.1

1.07
1.06
1.02
0.82
1.09
0.96

19.8
20.6
19.5
13.6
20.1
13.5

80
81
63
23
78
24

Fig. 3 (a) Representative J–V curves measured under simulated 1 sun illumination in forward (straight line) and reverse (dotted line) scan
direction for each studied device. (b) Electrical conductivity of the electron-transport layers used in each device. (c) External quantum eﬃciency
(EQE) spectra for the same device series.

reduce the energy mismatch between the ITO and C60, leading
to low FF and poorly working devices.
The diﬀerences in the current density observed with
decreasing dopant concentrations are likely related with
diﬀerent degrees of parasitic absorption due to the doped
fullerene. In the external quantum eﬃciency (EQE) spectra
(Fig. 3c), the main feature is a decrease in charge generation
around 450 nm when the concentration of dopant is reduced or,
in other words, when the relative amount of C60 increases. We
can correlate the loss in charge generation in the 400–500 nm
range with the intense absorption of C60 in this spectral region
(Fig. 2b). Overall, the EQE spectrum for the device with a dopant
concentration of 6.25 wt% leads to the highest integrated
current density, in line with the best performance among the
device series (Table 1).
We then prepared devices to study the eﬀect of a pure layer of
(RuCp*mes)2 deposited in between the ITO electrode and the
C60. The architecture was an n–i–p conguration similar to that
previously discussed (ITO/ETL/C60 (10 nm)/MAPI (500 nm)/
TaTm (10 nm)/TaTm:F6-TCNNQ (40 nm)/Au). We prepared
additional diodes without the dopant interlayer as a reference,
where C60 is directly in contact with ITO.

The representative J–V curves for this device series are represented in Fig. 4a. As expected, the solar cells with the bare
ITO/C60 front contact shows a very low FF and a low Voc (23%
and 0.82 V, respectively). The energy barrier results in nonohmic charge extraction, reducing the FF and causing nonradiative recombination losses limiting the maximum achievable Voc. Interestingly, when a very thin layer of (RuCp*mes)2 (1
nm) is introduced between the ITO electrode and C60, the device
performance is recovered, with good rectication (FF ¼ 78%)
and Voc as high as 1.09 V. Taking into account the photocurrent
density (Jsc ¼ 20.1 mA cm2), we obtained a PCE exceeding 17%.
We observed performance similar to the cells with n-doped C60,
but with an increase in Voc (30 mV) in the case of the pure
dopant layer. This indicates that avoiding the use of doped
layers can limit the recombination losses leading to enhanced
photovoltage. Nevertheless, if the thickness of the thin
(RuCp*mes)2 layer is slightly increased to 2.5 nm, the device
shows again hindered charge extraction and low photovoltage,
with FF and Voc similar to those measured for the device with
only the fullerene as ETM. This behavior suggests a very low
electron mobility in the pure (RuCp*mes)2, which is now
essentially blocking the carrier collection. This is somewhat

Fig. 4 (a) Representative J–V characteristics measured under simulated solar illumination in forward (straight line) and reverse (dotted line) scan
direction for devices employing diﬀerent ETL. (b) External quantum eﬃciency (EQE) spectra for the devices with (RuCp*mes)2 and C60:(RuCp*mes)2 as the ETL.

diﬀerent to what was previously observed for (RhCp*Cp)2/C60,
where devices with a nominal interlayer thickness of 10 nm
resulted in large Voc and FF.42 We believe that the diﬀerences
may originate from diﬀerent diﬀusivity of the two organometallic dopants into the C60, as well as from the lower work
function of FTO used in the previous work, which would favor
electron extraction. In Fig. 4b we can observe similar EQE
spectra for the devices using the two types of ETL architectures,
the co-evaporated C60:(RuCp*mes)2 and the bilayer
(RuCp*mes)2/C60, with EQE values of about 0.8 over the whole
spectral range, indicating that the small parasitic absorptions
(Fig. 1b) have negligible impact on carrier generation. Nevertheless, the device with doped C60 exhibits a slightly lower EQE
in the blue region of the spectrum. This diﬀerence correlates
with the ETL thicknesses, as the devices with doped C60 have
a total ETL thickness of 30 nm resulting in larger parasitic
absorption.

Conclusions
In conclusion, we have successfully demonstrated the use of
(RuCp*mes)2 as a n-dopant for C60 in vacuum-deposited
perovskite solar cells. It was found that both co-evaporated
C60:(RuCp*mes)2 lms and (RuCp*mes)2/C60 bilayers can
perform as eﬀective electron-transport layers (ETLs). The
simultaneous sublimation of both materials allows to obtain
homogeneous layers that form ohmic contact between ITO and
the intrinsic fullerene, resulting in eﬃcient and selective charge
extraction. Optimization of the dopant concentration allowed
the fabrication of solar cells with power conversion eﬃciency
approaching 18%. The thickness of the (RuCp*mes)2 in the
bilayer (RuCp*mes)2/C60 ETL architecture was found to be
critical for the device performance. Very thin dopant layers,
around 1 nm, were needed to guarantee eﬃcient charge
collection, and resulted in eﬃciencies exceeding 17%. We
observed a higher Voc for solar cells using the bilayer
(RuCp*mes)2/C60 ETL, which is a consequence of the diminished charge recombination compared to doped layers.
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