
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 6
:2

4:
35

 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
View Journal  | View Issue
Efficiency and st
aCenter of Materials Technology and Photo

Technological Educational Institute (TEI) o

E-mail: Kakavelakis@staff.teicrete.gr; kyma
bDepartment of Materials Science and Techn

03 Crete, Greece
cInstitute of Electronic Structure and Lase

Technology-Hellas (FORTH), Heraklion, Gre
dPhysics Department, University of Crete, H

† Electronic supplementary informa
10.1039/c7ra00274b

Cite this: RSC Adv., 2017, 7, 12998

Received 8th January 2017
Accepted 17th February 2017

DOI: 10.1039/c7ra00274b

rsc.li/rsc-advances

12998 | RSC Adv., 2017, 7, 12998–1300
ability enhancement of inverted
perovskite solar cells via the addition of metal
nanoparticles in the hole transport layer†

G. Kakavelakis,*ab K. Alexaki,cd E. Stratakisbc and E. Kymakis*a

In this work, the addition of different types (Au, Ag and Al) of metal nanoparticles (NPs) in the PEDOT:PSS

hole transport layer of inverted perovskite solar cells was systematically studied. The Ag and Au NP

incorporation led to the highest power conversion efficiency improvement, while the Al NP-based

devices showed significantly improved stability compared to the pristine one. Efficiencies exceeding

13.5% were demonstrated.
Introduction

Organometal halide perovskite semiconductors have attracted
a signicant amount of attention in the eld of optoelectronic
devices in recent years.1 Due to their extraordinary optical and
electronic properties,2–4 hybrid perovskite-based semiconductors
have attracted great interest presenting tremendous potential to
be established as an efficient photovoltaic technology. Therefore,
hybrid metal halide based perovskite solar cells (PSCs) have
reached power conversion efficiencies (PCEs) of more than 22%
in a few years,5,6 directly competing with the already established
technologies.

One of the main advantages of PSCs compared to commer-
cial photovoltaics is that all the device layers can be deposited at
room temperature, through a solution process, making this
technology able to be also established as a low cost and exible
photovoltaic technology. However, since the high PCEs have
been reached using a mesoporous structure7 that requires
thermal treatment of �450 �C for TiO2 sintering, the develop-
ment of PSCs in exible substrates is impossible. Alternatively,
the fabrication of PSCs using the inverted structure fulls all the
requirements towards room temperature production on exible
substrates, however the PCEs are signicantly lower,8,9 and
alternative routes needs to be adopted to tackle this tradeoff.
Further improvements are still likely through enhanced
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electronic properties of the crystalline perovskite thin lms and
the interfacial layers.

Despite the acceptable PCEs and the low fabrication cost of
inverted PSCs on exible and ultra-lightweight substrates, their
commercialization requires also high levels of stability. In this
context, the long-term operational instability of PSCs,10,11 need
to be effectively resolved. Thus, the high sensitivity of lead
halide perovskites to ambient conditions (humidity) is still
signicant bottleneck towards the commercialization of the
PSCs.

One strategy to improve the PCE of thin lm solar cells,
including PSCs, could be by optically engineering the device to
maximize light coupling into the active layer. For this purpose,
metal nanoparticles (NPs) that conne resonant photons by an
induced coherent surface plasmonic oscillation of their
conduction band electrons,12 the so-called localized surface
plasmon resonance (LSPR), at which a signicant enhancement
of light absorption and scattering takes place.13 Furthermore, it
has been previously demonstrated that the addition of metal
NPs in organic solar cells can also improve the charge extraction
and the stability of the device.14,15 In addition, the facile
tunability of their optical properties by modifying the type, size,
shape, and surrounding materials of NPs has shown high
potential as an optical engineering tool in thin-lm optoelec-
tronic devices.16 However, only a few studies in the literature
report the use of metal NPs in normal or mesostructured
PSCs,17–22 with no direct evidences regarding the metal NPs
benecial role in inverted PSCs structure.

In this letter, we report the addition of noble metal NPs in
the hole transport layer (HTL) of planar inverted perovskite
solar cells. In particular, we studied the benecial role of adding
individually gold (Au), silver (Ag) and aluminum NPs (Al) in the
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) HTL. It is shown that, in all cases, the addition of
NPs gives rise to enhanced electron extraction and in turn
device efficiency, while the addition of Al NPs resulted in
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) The J–V curves of perovskite solar cells doped with and
without Au, Ag and Al NPs and measured under AM 1.5G (100 mW
cm�2) illumination. (b) External quantum efficiency (EQE) spectra of
the same devices.

Table 1 Photovoltaic characteristics of PSCs with different NPs
embedded in the PEDOT:PSS HTL

NPs Jsc (mA cm�2) Voc (mV) FF (%) PCE (%) Rs (U cm2)

No 20.55 � 1.04 838 � 9 65.83 � 0.57 11.33 � 0.81 7.46
Au 21.69 � 0.98 837 � 10 67.03 � 0.45 12.18 � 0.78 7.14
Ag 22.37 � 1.02 838 � 10 67.64 � 0.62 12.68 � 0.86 6.18
Al 20.94 � 0.89 839 � 11 65.97 � 0.54 11.58 � 0.76 8.69
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a signicant enhancement of the device stability. More impor-
tant, we show that the simultaneous addition of Ag and Al NPs
in the HTL, gives rise to a hysteresis-free inverted PSC with
efficiency of �12.4% and high levels of ambient stability.

Experimental

Details on the device fabrication23 and the preparation of metal
NPs dispersions by laser ablation can be found in our previous
publications.24–28 Specically, following the preparation of NPs
via ultrashort pulsed laser ablation of the respective metal
targets in ethanol, the as prepared Au, Ag and Al NPs, with
average diameters of �10, �20 and �30 nm respectively (see
Fig. S1†), were dispersed in proper concentration inside the
PEDOT:PSS and stirred for at least two hours. Aerwards, the
solutions with and without metal NPs were spin coated onto the
indium tin oxide (ITO) coated glass substrates, following by
annealing the lms for 15 minutes at 120 �C in ambient
atmosphere. Aer a mixture solution of 1 : 3 ratio of PbCl2-
: CH3NH3I in N,N-dimethylformamide (DMF) solvent was spin
coated onto the different NPs-doped PEDOT:PSS layers at
4000 rpm. The precursor lms were annealed at 100 �C for 75
minutes in ambient conditions to form the mixed halide hybrid
perovskite (CH3NH3PbI3�xClx) based absorber. A 2% phenyl-
C61-butyric acid methyl ester (PCBM) in chlorobenzene solu-
tion was coated onto the perovskite layers at 1000 rpm. Aer
that, 0.04% polyelectrolyte poly[(9,9-bis(30-(N,N-dimethyla-
mino)propyl)-2,7-uorene)-alt-2,7-(9,9-dioctyluorene)] (PFN)
in methanol was spin-coated on PCBM layer at 2000 rpm.
Finally, the devices were transferred to vacuum chamber for Al
electrode evaporation. The detailed characterization process of
the devices can be found elsewhere.23

Results

The CH3NH3PbI3�xClx perovskite lm characterization on ITO/
PEDOT:PSS substrates can be found in previous a publication.23

To assess the viability of metal NPs in the planar inverted PSCs,
devices with architecture of ITO/PEDOT:PSS/CH3NH3PbI3�xClx/
PCBM/PFN/Al, with and without the addition of Au, Ag and Al
NPs in the PEDOT:PSS HTL were fabricated. Fig. 1a displays the
current density–voltage (J–V) curves of the pristine and the Au,
Ag, and Al NPs-doped PEDOT:PSS PSCs using the CH3NH3-
PbI3�xClx as the solar absorber. An important enhancement in
the short-circuit current density (Jsc) was observed for the Au
and Ag NPs-doped devices, accompanied by a satisfactory
enhancement in the ll factor (FF) compared to the pristine
device, while the open circuit voltage (Voc) remained constant.
On the other hand, a smaller enhancement was observed for the
Al NPs-doped devices Jsc while the Voc remained almost the
same. The highest PCE was observed for the Ag-NPs doped
device, with a record value of �13%. Contrary highest PCE
values for the pristine, Au and Al NPs-doped devices were
�11.5%, �12.5% and �12% respectively. As a result, a �13%
enhancement in PCE was obtained for the Ag NPs-doped
devices compared to the pristine one (Table 1 and Fig. 1a).
Aer systematic investigation of the effect of the different NPs
This journal is © The Royal Society of Chemistry 2017
concentration in PEDOT:PSS on PSCs performance, we
concluded that a concentration of �5% v/v NPs was the
optimum for each case, in terms of PCE. In Table S1† (ESI) can
be found the optimization experiments of NPs concentration
inside the PEDOT:PSS layer in terms of the device performance.
Fig. S2† also present the J–V characteristics plotted for both the
forward and reverse scans, showing almost no discrepancy
among the device parameters, indicating the absence of the
hysteresis effect of the devices tested. It is also important to
mention, that a smaller series resistance (Rs) measured for the
Ag doped PSCs (6.18 U cm2) compared to the reference device
(7.46 U cm2), explaining also the important improvement in the
FF value of the former. The lower PCE enhancement of Al doped
PSCs and the higher measured Rs, can be ascribed to the fact
that, in such NPs an ultra-thin oxide layer is formed, right aer
their preparation through laser ablation in liquids, reducing in
this way the NP conductivity.28

To conrm the enhancement of the Jsc in the NP-based
devices, the external quantum efficiency (EQE) spectra of CH3-
NH3PbI3�xClx PSCs, with and without the addition of the
different NPs in PEDOT:PSS were measured (Fig. 1b). It is clear,
that for all the NPs doped devices the EQE spectra exhibits
RSC Adv., 2017, 7, 12998–13002 | 12999
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a broad increase in the entire active spectrum compared to the
pristine device. The highest increase is observe for the Ag NPs
doped PSCs. Additionally, we measured the absorption spectra
of the CH3NH3PbI3�xClx on ITO/PEDOT:PSS substrates with
and without the addition of the different metallic NPs in the
HTL, showing almost no discrepancy among the different
samples (Fig. S3†). This indicates that the mechanism of effi-
ciency enhancement cannot be attributed to plasmonic contri-
bution. Another point to be noted, is that the integrated Jsc from
EQE is less than 3% different from the actual measured Jsc
values (Table 1), indicating good accuracy of our electrical
measurements. Furthermore, Fig. S4† provides the trans-
mittance spectra of pristine PEDOT:PSS and Au, Ag and Al NPs
doped PEDOT:PSS lms, spin-coated on ITO substrates which
gives important information regarding the parasitic absorption/
reection of the metal particles. Compared with the pristine,
Au, Ag and Al doped devices showed slightly lower trans-
mittance in the range of 300–400 and 400–500 nm and 500–600
respectively, because of their LSPR. If we combine the trans-
mittance measurements with the IPCE we can conclude that
tradeoff between charge extraction and parasitic reection in
the front surface of the cell is signicantly improved with the
addition of the NPs in the HTL of the PSCs.

To get an insight into the charge extraction properties of the
photogenerated carriers from the hybrid perovskite to the
different NPs-doped HTLs, the samples' steady state photo-
luminescence (PL) spectra were measured and analysed as
shown in Fig. 2a. It is evident that, the CH3NH3PbI3�xClx lm
deposited on Ag doped PEDOT:PPS shows the most signicant
PL quenching, compared to the pristine and the Au and Al NPs
doped devices, proving that the Ag NPs doping has successfully
enhanced the rate of carrier extraction at the HTL/perovskite
Fig. 2 (a) Photoluminescence (PL) spectra (excitation at 543 nm) of
glass/PEDOT:PSS and NPs:PEDOT:PSS/CH3NH3PbI3�xClx substrates.
(b) I–V characteristics of ITO/PEDOT:PSS/Au and ITO/NPs:PE-
DOT:PSS/Au devices.

13000 | RSC Adv., 2017, 7, 12998–13002
interface.3,29 The PL results further support our ndings from
the I–V and EQE spectra, suggesting that upon the addition of
Ag NPs in the HTL, the Jsc was signicantly enhanced due to
improvement in hole extraction.

To better understand the origin of the performance
enhancement in the NP-based PSCs, the I–V characteristics were
measured in sandwich cells composed by ITO/HTL/Au, with
pristine PEDOT:PSS or PEDOT:PSS doped with Au, Ag and Al
used as HTLs (Fig. 2b). The DC (direct current) conductivity (s0)
can be determined from the slope of I–V plot, using the
equation

I ¼ s0Ad
�1V,

where A is the area of sample (0.04 cm2) and d is the thickness of
sample (40 nm), respectively.29 The conductivity of pristine
PEDOT:PSS was 0.599 � 0.004 mS cm�1, whereas the Ag doped
PEDOT:PSS lm presented �4 fold higher conductivity (2.412 �
0.001 mS cm�1). As a result, it is expected that the photo-
generated charge carriers in CH3NH3PbI3�xClx based absorber
are more efficiently transported to the Ag NPs-doped PEDOT:PSS
HTL than to the pristine PEDOT:PSS. The higher conductance of
the Ag NPs based HTL justies the observed PL quenching,
originating from the improved charge extraction from the
perovskite towards the HTL. The Au and Al NPs-doped devices
conductance follow the same trend as that shown by the of I–V
and EQE measurements; i.e. the s0 of Au doped device (2.087 �
0.001 mS cm�1) was signicant higher compared to the Al doped
device (0.897 � 0.007 mS cm�1).

Apart from the study of the NPs effect on the PCE, we also
studied their effect on the device stability (Fig. 3).

It has been recently demonstrated that the PEDOT:PSS based
PSCs are very unstable when exposure to ambient conditions with
constant light soaking and thus rapidly degrade.30 By comparing
the degradation rate of the pristine and the NPs-doped devices,
we observed an entirely different trend from that observed for the
respective device efficiencies. In particular, the degradation rate
of the pristine and the high efficiency NPs-doped devices, i.e. the
Ag and Au doped cells, was almost the same with a slight increase
in the case of the NPs doped devices. On the contrary, the addi-
tion of Al NPs in the PEDOT:PSS HTL seems to slow down the
Fig. 3 Evolution of normalized PCE of PEDOT:PSS and NPs:PE-
DOT:PSS HTLs based PSCs under continuous solar illumination in
ambient conditions (�50% RH).

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 General overview of the PCE and degradation trend upon
different type of NP incorporation inside the HTL.
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degradation rate by a factor of �2. This trend has already
observed before in organic photovoltaic cells incorporating Al
NPs,31 attributed to the fact that Al NPs retard the degradation of
the PEDOT:PSS buffer layer in the presence of moisture. This
mechanism was not observed here upon doping with Ag or Au
NPs. Similar to this study, the degradation of the PSCs was
monitored in ambient conditions with high levels of humidity
(>50% relative humidity). Therefore, the improved stability
observed in the case of Al NPs-doped devices can be directly
interpreted by the same mechanism(s) identied in our previous
study31 on organic solar cells.

In order to have a clear view regarding the mechanism
responsible for the higher lifetime of PSCs doped with metal NPs
and in particular those incorporating Al NPs into the PEDOT:PSS
HTL, we monitored the XRD spectra evolution of the hybrid
perovskite deposited on the different PEDOT:PSS doped substrates
under continuous solar illumination in ambient conditions. For
this purpose, we have collected the respective XRD spectra before
and aer degradation for 24 hours. Fig. 4a presents the spectra for
pristine samples; one can observe almost identical XRD patterns
among the different samples, indicating that the perovskite
absorber is not affected in the initial stage from the presence of the
metal NPs in the HTL. On the other hand, when we stressed the
different lms with continuous solar illumination (Fig. 4b), we
obtained completely different trends. In particular, for the
NPs-free thin lm, we observed the formation of a new high
intensity peak at �12.80�, which is directly correlated with the
degradation of the perovskite crystal structure due to the forma-
tion of PbI2 moieties into the crystal.32 In the cases of Ag and Au-
doped HTL based layers, the perovskite seems to follow almost the
same trend with the NPs free sample, with a slight decreased
intensity of the PbI2 characteristic peak, which is directly
Fig. 4 XRD patterns of perovskite deposited in pristine and the
different NPs doped PEDOT:PSS substrates (a) before and (b) after the
degradation.

This journal is © The Royal Society of Chemistry 2017
correlated with the slightly slower degradation rate that such
devices showed with respect to the undoped device. On the other
hand, in case of the Al-doped HTL based layers, the perovskite
structure appeared to become less degraded, since the intensity of
the PbI2 peak is less pronounced. This is again in full agreement
with the respective PCE degradation rate of the devices. It is highly
possible that Al NPs may be further oxidized from the residual
water present into the PEDOT:PSS layer, considering that
aluminum is very reactant in the presence of water and becomes
oxidized immediately. As a result the amount of water molecules
that reach the perovskite layer becomes limited.31

Thus, to further extend this approach, we fabricated inverted
PSCs with the addition of both Ag and Al in the PEDOT:PSS
HTL, to study their affect in performance and stability at the
same time. As it can be clearly observed in Fig. S5a and b† the
efficiency of Ag–Al doped devices was almost the same with the
Ag doped ones with a slight decrease in Jsc, while the degrada-
tion rate of such device was at the same levels of the highly
stable Al doped device. Thus, by simply adding both Al and Ag
NPs, with equal concentration, and using exactly the same
fabrication conditions, we were able to fabricate PSCs with high
efficiency and ambient stability. In order to have a more general
view of our results, in Fig. 5 we plotted the trend of PCE and
degradation rate using the pristine and the different doped
HTLs. It can be easily understood that by introducing both Ag
and Al we were able to obtain high efficiency and stability at the
same time.

Conclusions

In summary, metal NPs were successfully added in the
PEDOT:PSS HTL of fully solution processable planar inverted
PSCs. The introduction of Ag and Au NPs in PEDOT:PSS resulted
in a signicant PCE enhancement of PSCs, while, the addition
of Al NPs in the PEDOT:PSS signicantly extended device
stability upon prolonged illumination under ambient condi-
tions. The introduction of both Ag and Al NPs in the HTL of the
device resulted simultaneous and signicant enhancement of
the device efficiency and stability compared to the pristine PSC.
Our work opens new pathways for efficiency and stability opti-
mization of PSCs, perovskite light emitting diodes, perovskite
photodetectors and other novel perovskite-based devices, using
low cost, solution processable noble metal NPs, deposited and
RSC Adv., 2017, 7, 12998–13002 | 13001
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treated at low temperature, providing the opportunity for the
development of high efficient devices in exible, ultra-light
substrates.
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