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1. Introduction

Hybrid organic-inorganic perovskite-based solar cells (PSCs) have
reached similar efficiencies in recent years to commercial CdTe and
Cul;_xGa,Se; (CIGS) solar cells, with verified power conversion efficien-
cies (PCEs) as high as 24.2% within few years of their emergence [1].
This technology becomes very competitive due to the advantage of en-
abling cost-effective and low temperature processing, such as spin coat-
ing and printing. A PSC consists of a sandwich structure of transparent
rigid or flexible substrate, an electron-selective (or hole-selective) elec-
trode, followed by the metal halide perovskite and finishing with the
hole transport layer (HTL) (or electron transport layer (ETL)) for the
regular (or inverted) structures. The electron-selective electrodes may
have mesoscopic or n-i-p configurations and the hole selective ones a
p-i-n configuration [2-4]. It is known that the crystalline growth of hy-
brid perovskites, among other properties, is influenced by the nature of
the underneath layer [5,6], being those regular solar cells with higher ef-
ficiencies [7]. The standard inverted PSCs is based on poly(3,4-
ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS) as
HTL and its synthesis requires low fabrication costs, simple and solution
processing techniques at low temperature (<150 °C), being suitable for
flexible devices [8,9]. Nevertheless, PEDOT:PSS is not considered as the
most efficient and appropriate HTL. One of the main challenges is the
stability of these devices, which currently limits their practical applica-
tions and commercialization. The hygroscopic and acidic nature of
PEDOT:PSS is an additional factor for the degradation of the active
layer film. On the one hand, the absorbed water favours the decomposi-
tion of the perovskite and, on the other hand, the acidic nature of PSS-
degrades the ITO (indium tin oxide) electrode, reacting with In,05 dis-
sociating indium ions, which also can easily diffuse into the active layer,
further reducing the stability of the devices [10,11]. Besides, PEDOT:PSS
conductivity, affected by the insulating character of PSS- group, is lower
than the common ETL conductivity such as [6,6]- phenyl-C61-butyric
acid methyl ester (PCs;BM). This difference in the charge-extraction-
layer conductivity can cause photo-carrier losses and unbalanced
charge transport in the device. In this case, the produced charge accu-
mulation can reduce shunt resistance and fill factor (FF) and enhance
leakage current [12,13].

The conductivity of the PEDOT:PSS layer depends on the arrange-
ment and the amount of PEDOT- and PSS- groups. Among the methods
used to modify the PEDOT:PSS properties, mainly conductivity, as HTL
for inverted solar cells, are either solvent additives or solvent post-
treatments [14,15]. For example, adding dimethyl sulfoxide (DMSO)
[16,17] or rinsing the HTL with methanol (MeOH) and N,N-
dimethylformamide (DMF) [18] leads to more efficient PSCs. However,
conductivity is not the only factor to consider. For instance, the treat-
ment of PEDOT:PSS with ethylene glycol (EG) produces higher conduc-
tivity values, but the efficiency of PSCis reduced, as a result of increasing
the roughness of the layer that is associated with defects or traps that fa-
cilitate the recombination of the surface charge carriers achieving lower
open circuit voltage (Voc) and FF[19]. Morphology, roughness and crys-
tallite size are important as well in order to facilitate an interfacial con-
tact between the HTL and the perovskite layer allowing high Voc and FF.

Recently, using composites or doping with graphene-related mate-
rials are other ways of modifying the properties of PEDOT:PSS HTL
aimed at improving the efficiency of PSCs [20]. Graphene (G) and its de-
rivatives such as graphene oxide (GO) or reduced graphene oxide (rGO)
have been widely employed as additives in optoelectronic devices to
improve electrical, optical and morphological properties [21-25].
Adding GO in the PEDOT:PSS layer, by composition or replacement of
the HTL, has been intensively studied in inverted PSC with high efficien-
cies [26]. But, in spite of promising photovoltaic performance using
PEDOT:PSS:GO composites, it should be noted that GO is an insulator
due to the presence of oxygen containing functional groups on the car-
bon basal plane and, therefore, a precise control of the HTL thickness
and/or GO concentration is necessary. An alternative has been

approached through reduction processes that lead to more conduc-
tive rGO [27,28] but scarce works have been reported combining
pristine graphene flakes with PEDOT:PSS. One reason may be the
technological challenge of obtaining uniforms thin films due mainly
to the hydrophobic character of graphene [29]. But it is this last prop-
erty that could work as an excellent barrier to protect the solar cell
absorber materials from unwanted chemical reactions. In addition,
the extraordinary charge carrier mobility [30], exceptional thermal
and chemical stability [31], and the great bridging potential between
the PEDOT:PSS polymer segments, which favours stability in
vibration-assisted spray coating PEDOT:PSS with graphene thin
films [32], make graphene an ideal candidate to further studies. The
commonly used PEDOT:PSS layer doped with graphene flakes as
HTL in inverted perovskite solar cells has been scarcely explored
yet, despite it has been studied in other fields, such as dye-
sensitized solar cells [33], organic solar cells [34], flexible substrates
[35], OLEDs [36], batteries [37], and microelectrodes [38].

In this work, few-layer graphene platelets are homogeneously incor-
porated into the PEDOT:PSS layers to partly fix the previously described
drawbacks of this HTL when used in solar cell devices based on halide
perovskites, taking advantage of the high conductivity and hydropho-
bicity of pristine graphene. Very low graphene concentrations in the
precursor solutions (up to 0.02 mg/mL), well below graphene percola-
tion threshold, are enough to increase the conductivity one order of
magnitude without modifying the optical transmittance, which is a rel-
evant factor to increase the device operation parameters. However, the
most relevant impact is related to the perovskite layer itself. The mor-
phology and surface character of the graphene-doped PEDOT:PSS
layer induces an increase of the perovskite crystallite size, of its stability
in ambient conditions with time and of the HTL/perovskite interfacial
properties with better carrier extraction. We explore the photovoltaic
performance under illumination for the solar cells with structure of
ITO/G-doped PEDOT:PSS/MAPbI3/PCBM/Al. The photovoltaic perfor-
mance of the resulting cells was improved due to better charge extrac-
tion and reduction of recombination mechanisms at the interface of
doped-HTL/perovskite characterized by impedance spectroscopy.
These interrelated characteristics finally provide simple and low-
temperature method to fabricate perovskite solar cells based on this
proposed graphene-doped HTL paving the way to develop efficient flex-
ible optoelectronic devices.

2. Experimental section
2.1. Materials

All materials were reagent grade and were used as received. PEDOT:
PSS Clevious P VP Al 4083 aqueous solution from Heraeus. Pristine exfo-
liated graphene flakes suspension in THF (0.1 mg/mL) from GRAnPH
Nanotech [39].

The standard perovskite absorber layer was CH3NH3Pbl;, MAPDI3,
synthetized by a stoichiometric mixture of iodine precursors
(methylammonium iodide, MAI from Dyesol and lead iodide, Pbl,
from Aldrich (99.999%)). The anhydrous solvents used were DMSO
(>99.8%) for the perovskite solution and toluene (99.8%) as anti-
solvent, both from Alfa Aesar. The electron transport material was a ful-
lerene derivative PCBM (>99%, Aldrich), with anhydrous chlorobenzene
(99.8%, Aldrich) as solvent.

Graphene-doped PEDOT:PSS thin films were prepared by a mix-
ture of PEDOT:PSS with graphene suspension with the following
concentrations, 0 mg/mL, 0.005 mg/mL, 0.01 mg/mL, 0.015 mg/mL,
and 0.02 mg/mL, named as 0G, 0.005G, 0.01G, 0.015G and 0.02G,
for simplifying. Each solution was sonicated for 5 min and main-
tained at 70 °C with the substrate before being spin coated at
2000 rpm for 45 s. Then, the layer was heated for 30 min at 120 °C
in a hot plate.
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2.2. Fabrication of solar cells

Solar cells with inverted planar structure: glass/ITO/PEDOT:PSS:G/
MAPbI3/PCBM/Yb/Al were prepared. Pre-pattern ITO on glass substrates
(2.5 cm x 3 c¢m, 15 Q/sq., from Lumtech Tech.) were cleaned by ultra-
sonic bath with acetone, and 2-propanol for 15 min, sequentially, and
then blow-dried with N, gun. Before depositing the hole transport
layer (HTL), an ultraviolet-ozone treatment for 12 min was carried
out. After this surface treatment, all substrates were transferred to
glove box up to the end of the experimental procedure. HTL was fabri-
cated in the same conditions as described above. The precursor solution
of MAPDI; (45 wt%) was prepared by mixing Pbl, and MAIin DMSO. The
solution was filtered by 0.2 um hydrophilic polytetrafluoroethylene
(PTEE) syringe filter prior to deposition. Solution and substrates were
heated at 80 °C during the deposition process. A two steps spin coating
method is used: 1000 rpm for 10 s, and 5000 rpm for 30 s. At 20 s of the
second step, 500 L of toluene was added. Immediately after coating
process finished, substrates were transferred onto a hot plate at
100 °C for 60 min. At room temperature, 20 mg/mL of PCBM solution
in chlorobenzene was deposited by spin coating at 2000 rpm for 40 s. Fi-
nally, for the metal electrode, Yb/Al were thermally evaporated through
a shadow mask at 3 107° Torr. The device area was 25 mm?, as defined
by the overlap between the Al top electrode and the patterned ITO. The
layer thicknesses were measured using an Alpha step 200 profilometry
(Tenkor Instruments).

2.3. Methods

2.3.1. Cyclic voltammetry measurements

Electrochemical measurements of solutions were performed on an
AUTOLAB PGSTAT302N at room temperature. The undoped- and
doped-PEDOT:PSS solutions were analyzed at a scan rate of 100 mV/s
in a conventional three-electrode configuration, glassy carbon elec-
trode, Pt wire, and Ag/AgCl (KCl 3.5 M), as the working electrode, coun-
ter electrode, and reference electrode, respectively. Glassy carbon
electrodes were polished with alumina.

2.3.2. Morphological characterization

Atomic force microscopy (AFM) topography images of undoped and
graphene doped PEDOT:PSS films were done using an equipment and
software from Nanotec™ in the tapping mode. Commercial tips
(Nanosensors PPP-NCH-w) with k = 34 Nm~' and f, ~ 270 kHz were
used. Morphology of the MAPbI; thin films on the different HTL layers
were inspected by secondary electron images recorded using a Fei In-
spect Scanning Electron Microscope (SEM) with an acceleration voltage
of 15 kV.

The x-ray diffraction (XRD) diffractograms of the MAPbI3 thin films
were measured by Rigaku diffractometer using Cu Ko radiation over a
26 range between 10° and 35° with a step size of 0.02°. To obtain the
crystallite size, the FWHM data corresponding to reflections [121],
[022] and [220] have been used, since they are not overlapped with
other perovskite nor with the spurious phase. The experimental distri-
bution is corrected with the extension of a “reference” (calcite), which
has a maximum in 23° in 26.

2.3.3. Optical characterization

For the optical characterization, UV-VIS absorption or transmittance
spectra of the thin films were characterized using a UV-VIS-NIR spectro-
photometer (Varian, Cary 500) in the wavelength range of 300-900 nm.
Steady state photoluminescence emission (PL) of the films were carried
out in the visible 400-900 nm range measurements using a high sensi-
tivity fiber optic AVANTES spectrometer, model AvaSpec-HERO
(100 mm optical bench), NA of 0.13 and a Peltier cooled, back-thinned
detector (1024 x 58 pixels) and a 30 mm integrating sphere
(250-2500 nm) AvaSphere-30-REFL. The excitation wavelength was
360 nm (10 mW) of a solid state fiber-coupled laser (CNILASER).

Micro-Raman spectra of graphene flakes were carried out using the
488 nm excitation wavelength of an Ar™ laser in backscattering geome-
try with an Olympus microscope, a “super-notch-plus” Filter from Kai-
ser and a Jobin-Yvon HR-460 monochromator coupled to a Peltier
cooled Synapse CCD.

2.34. Electrical characterization

All measurements were carried out in ambient conditions at 298 K
and <30% of RH. Resistivity of the doped-PEDOT:PSS thin films were
measured by means of four-point probing system in 2.5 mm apart silver
paint contacts. The perovskite solar cells (PSCs) were kept in dark and
N, atmosphere in the intermediate time periods. The current-voltage
(J-V) curves of the solar cells were measured in forward and reverse
scans using a Keithley 2450 sourcemeter under AM 1.5G (100 mW/
cm?) provided by a LED solar simulator SINUS-70 (Spectral match
class A+++) from WAVELABS, with reference intensity sensor in test
plane in combination with fast feedback loop for automatic intensity
correction and temperature control for the LEDs. A black mask with ap-
ertures from 16 to 20 mm? are used to define the active area. The scan
rate was 91 mV/s.

The impedance spectroscopy (IS) was measured using a Potentiostat
Autolab-PGSTAT204 in a range of voltages, from short circuit to open
circuit, with a step voltage of 50 mV. For each polarization point, an
AC 20 mV voltage perturbation from 1 MHz to 100 mHz. Nova software
was used to generate data and Z-View software for modelling the equiv-
alent circuit model was used to fit the spectra.

3. Results and discussion
3.1. Graphene-doped PEDOT:PSS films

Raman spectra of graphene platelets correspond to few-layer
graphene (Fig. 1a) with defects, mainly related to domain size. The nar-
row widths of G and 2D peaks reveal the superior quality of this
graphene [40] compared to GO and rGO materials used in other
works. [21-28] The thickness of the films increases <15%, from 65 to
75 nm, for the maximum graphene content (Fig. 1b). Additionally, a
small increase (<13%) in the root-mean-square (rms) roughness is de-
tected in the AFM images (rms roughness is 0.64 nm for the undoped
film and 0.73 nm for that with maximum G content, Fig. 1c and f) in par-
allel, and most probably linked, to the thickening of the films. Slightly
increased surface roughness could increase the contact area with the
perovskite layer and results in more favourable charge extraction [41].
Graphene Raman modes are not detected in the films due to the low
graphene content and to the coincidence in the frequency ranges with
PEDOT:PSS vibrations.

Graphene introduction into the PEDOT:PSS HTL layer does not im-
pair its optical transparency (Fig. 1d). Moreover, in-plane electrical re-
sistivity, p, (Fig. 1e) obtained from current-voltage curves (Fig. S1),
decreases with the addition of graphene up to one order of magnitude
for 0.02G film compared to that of undoped PEDOT:PSS film. This behav-
iour may be attributed to the appropriate energy-level matching be-
tween graphene and PEDOT:PSS and a final homogeneous distribution
of graphene into the HTL layer. Increasing the conductivity of the HTL
film is very relevant since it can lead to a decrease in series resistance
(Rs) thus enhancing charge collection efficiency [42].

To clarify the contribution of graphene content on the work function
of PEDOT:PSS, cyclic voltammetry (CV) was measured to determine the
highest occupied molecular orbital (HOMO) level of PEDOT:PSS and G-
PEDOT:PSS solutions (see SI for experimental details). From the ob-
tained voltammograms (Fig. S2), the oxidation potentials have been ex-
tracted indicating very similar HOMO energy levels of 5.34, 5.34, 5.35,
5.36 and 5.32 eV for 0G, 0.01G, 0.015G and 0.02G solutions respectively
(5.3 eVis a commonly reported value for PEDOT:PSS) [2,10]. Thus, such
concentrations of graphene have no appreciable influence on the HOMO
level of the doped HTL.
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Fig. 1. (a) Raman spectra of graphene flakes from GRAnPH Nanotech dispersed in THF. (b) Thickness, (d) optical transmittance and (e) electrical resistivity of undoped and G-doped

PEDOT:PSS films. (c) and (f) AFM topographic images of 0G and 0.02G films.

3.2. Effect on the perovskite layer: morphology and crystalline structure

SEM images of the standard perovskite MAPbI; films deposited on
the different G-doped PEDOT:PSS layers show similar morphology
(Fig. S3). The overall measured thickness by contact profilometry is
428 nm for the MAPbI; on glass and varies around 10% for those depos-
ited on the graphene doped PEDOT:PSS layers: 490, 463, 473, 480 and
500 nm on 0G, 0.005G, 0.01G, 0.015G and 0.02G, respectively.

It has been shown that the preferential orientation and the interfa-
cial properties of the perovskite MAPbI; thin film depend directly on
the nature of the substrate [5]. To evaluate the possible impact of the in-
troduction of graphene into the HTL, structural XRD characterization
was performed for MAPbI; films grown on these different G-doped
PEDOT:PSS layers. XRD patterns of the pristine MAPbI3 (Fig. 2a) corre-
spond to the non-centrosymmetric I4 cm space group, considering a
polar tetragonal structural model, where the C—N bonds of the
methylammonium cations are fixed parallel to the c-axis [43]. The
films display preferential orientation in the [110] direction around
25%, as reported previously for MAPbI; grown on PEDOT:PSS [5], and
does not change significantly with the presence of graphene. Interest-
ingly, the crystallite size perpendicular to the substrate of the [110]
grains, calculated from Scherrer equation for the [220] peak, increases
>40% for MAPbI; films on 0.015G PEDOT and the crystal size for the
polycrystalline grains increases >70%, obtained from [121] and [022]
diffraction peaks (Fig. 2b).

The XRD patterns also reveal a small contribution of Pbl,, commonly
observed in MAPbI; films, assigned to the [001] reflection, at 12.6°, of
the hexagonal Pbl, [44]. Interestingly, the biggest contribution of Pbl,
corresponds to undoped PEDOT:PSS while the presence of graphene
into the HTL layer clearly inhibits the formation of Pbl, (Fig. S4). Several
degradation routes are associated to PEDOT:PSS film: the acidic and

hygroscopic nature of this HTL material promotes the degradation of
ITO and MAPbI; layers [10]. Additionally, some reactions with residual
moisture trapped in the structure, most likely derived from the water
dispersion of PEDOT:PSS, lead to the decomposition of the perovskite
too [11]. Here, however, the introduction of a small fraction of graphene
in the PEDOT:PSS HTL layer significantly reduces the formation of Pbl,
when the perovskite layer is grown on top of it. Fig. 2c shows the ratio
between Pbl, [001] reflection at 12.6° and MAPbI; [110] reflection at
14.2° in as grown samples as well as its evolution in ambient conditions
(298 K) for 576 h after the thin films were irradiated for 2 h under AM
1.5G (100 mW/cm?). This ratio is always lower for MAPbI; deposited
on G-doped PEDOT:PSS. XRD patterns of aged samples, after illumina-
tion for 2 h under AM 1.5G (100 mW/cm?) in ambient conditions
(298 K) are shown in Fig. S4b.

3.3. Effect on perovskite layer: Optical absorption and photoluminescence

Optical absorption spectra of MAPbI; thin films deposited on glass as
areference, PEDOT:PSS and G-PEDOT:PSS layers are presented in Fig. 3a.
These spectra correspond well with previously published results for
MAPDI5, with absorption coefficients around 10° cm ™' and sharp optical
absorption edges [45]. The minima of the second derivatives indicate
with precision the optical transition energies (inset of Fig. 3a) [46,47].
One local minima is observed at 775 nm (1.6 eV + 0.05 eV) for all
films (the full width at half-maximum of the second derivative is as-
sumed as the error) that corresponds to the direct semiconductor-
type transitions at the R point in the pseudo-cubic Brillouin zone
[45,48]. Thus, as expected, the introduction of pristine graphene in the
PEDOT:PSS HTL layer does not induce changes in the band gap energy,
E,, of the MAPDI; grown on it. The extent of the absorption tail below
the band gap is intimately associated with the degree of energetic
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Fig. 2. XRD (Cu Kq1/q2) patterns of the (a) pristine MAPDI; films on glass and on 0G, 0.01G, 0.015G and 0.02G PEDOT:PSS layers (* corresponds to Pbl, [001] reflection); (b) crystallite size
calculated by Scherrer equation at [121], [022] and [220] reflection peaks; and (c) time evolution of the integrated area ratio of Pbl, [001] reflection at 12.6° and MAPbI; [110] reflection at
14.2°.

disorder within the material, which stems from thermal fluctuations of Ey [49], assuming that below the band gap energy, i.e. 1.6 eV, the ab-
the ions comprising the material or from defects in the perovskite struc- sorption follows an exponential trend: at~exp.(hv/Ey). G-doping does
ture. This energetic disorder can be characterized by the Urbach energy not induce significant changes on Ey, obtaining values slightly above
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Fig. 3. (a) Absorption spectra and (b) steady PL emission (Nexc = 360 nm) of MAPbI; thin films deposited on glass, PEDOT:PSS and PEDOT:PSS doped with graphene: 0G to 0.02G. The insets
show (a) the second derivative in the 700-850 nm wavelength range showing the minima at 770 nm, and (b) zoom of maximum normalized PL spectra.
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those obtained for the highest quality MAPbI; thin films (15 meV): [50]
31, 34, 31, 35, 38 and 32 meV for 0G to 0.02G samples and MAPbI; on
glass (Fig. S5).

Steady PL emission of the films was measured under UV excitation
(360 nm, 10 mW) using an integrating sphere in order to compare all
measurements. Since these materials present a light soaking effect in
ambient conditions, which is an initial increase in luminescence inten-
sity over minutes under illumination [5,51], Fig. 3b shows PL spectra ob-
tained by averaging several measurements once the emission is
stabilized. MAPbI; thin film on glass exhibit the characteristic maximum
at 775 nm while all MAPbI; thin films on graphene-doped HTL display a
slightly blue-shifted PL peak at 770 nm (inset of Fig. 3b). Compared to
the PL emission of the MAPDI; layer on glass, the PL intensity of the pe-
rovskite film on 0G-PEDOT:PSS layer decreases by about 30%, and the
addition of graphene induces an additional decrease of about 30%. PL
quenching may be due either to an increased number of traps in the
MAPbDI; layer or to longer exciton lifetime, related to the reduction of
grain boundaries density that, conversely, could increase the non-
radiative recombination probability at the interfaces with the charge
transporting layers in open circuit conditions. The results in the devices
shown below point to the second option, which supports that the pres-
ence of small graphene content in the PEDOT:PSS HTL layer induces bet-
ter charge extraction capability in operation and, therefore, more
favourable interfacial properties.

Moreover, after 1 h illumination (AM 1.5G in ambient conditions at
298 K) the PL emission of the MAPbI; on G-PEDOT:PSS remains stable
whereas the emission intensity of MAPbI; on undoped-PEDOT:PSS
keeps evolving (Fig. S6), what is compatible with mayor content of

HTL

ITO

0.4
V (V)

J (mA/cm?)

non-passivated traps [52], which is unfavourable for charge carrier col-
lection [53,54].

3.4. Photovoltaic characteristics

To study the influence of graphene addition to PEDOT:PSS on photo-
voltaic devices, solar cells with inverted p-i-n structures were fabricated
(Fig. 4a) according to the method described in the SI. An energy levels
diagram is shown in Fig. 4b. The current-voltage curves, J-V, of the
PSCs under AM 1.5G illumination are shown in Fig. 4c. Such small
graphene contents in the HTL layer induce relevant improvements in
the photovoltaic parameters (Fig. S7), in particular, 0.02G HTL device in-
creases up to 38%, 5.6% and 33%, short current density Jsc, open circuit
voltage Voc, and photoconversion efficiency PCE, respectively. This is
most probably induced, on the one hand, by the larger MAPbI; crystal-
lite size for the graphene-HTL devices, which reduces the grain bound-
ary density and therefore a smaller number of recombination centers
are present [55], and, on the other hand, the increment of conductivity
for graphene-doped PEDOT:PSS that enhances the charge collection
efficiency.

The effect of a higher electrical conductivity of the HTL layer with the
addition of graphene can also be noticed in the characteristic J-V curves
in dark conditions (Fig. 4d), as a small increment in the current density
below the voltage threshold, which has an effect in the FF. Fig. S7 shows
the evolution of FF with graphene content, and although it initially de-
creases slightly, it increases for the 0.02G HTL layer device and does
not worsen the efficiency in any case. Further, as mentioned above,
the conductivity increment of the HTL films can lead to a decrease in
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Fig. 4. (a) Layer structure of the inverted solar cell, (b) energy levels diagram, [2,10] (c) current-voltage performances under 1 sun illumination for the solar cells based on 0G, 0.005G,
0.01G, 0.015G and 0.02G as HTL in forward sweep (solid lines) and reverse sweep (dashed lines), and (d) current-voltage curves under dark conditions.
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series resistance (Rs) thus enhancing the charge collection efficiency
[42]. Regarding V¢, an improvement could be related with a better en-
ergy level alignment between the valence band of the MAPbI; and the
HOMO level of the graphene-doped HTL layer. But, since our voltamm-
etry measurements do not show significant changes induced by
graphene content it should be related with a decreasing leakage current
as observed in previous works when doping the PEDOT:PSS layer with
graphene oxide (GO) and also with small molecules [24,56].

3.5. Impedance spectroscopy

To further investigate the different processes caused by the modifi-
cation of the HTL layer in an inverted perovskite solar cell, the devices
were analyzed by IS under a constant illumination with AM 1.5G
(100 mW/cm?). IS has been demonstrated as a useful technique to in-
vestigate the operation principles of photovoltaic devices [57,58], in-
cluding PSCs [59,60]. IS enables detailed information about internal
processes in the devices under various operation conditions [60,61].
Here, IS measurements were carried out using a voltage perturbation
of Vac of 20 mV in the frequency range from 1 MHz to 0.1 Hz at each po-
larization voltage, Vpc, from short circuit to close open circuit condi-
tions, every 50 mV (more details in the SI). This technique
distinguishes between different processes, each mechanism occurs at
a specific time scale, being slow lifetimes characteristic of ionic pro-
cesses, either in the bulk or at interfaces, and fast lifetimes characteristic
to pure electrical processes [62]. Each process is associated with a resis-
tance and capacitance pair coupled in parallel.

A proper interpretation of the impedance spectra requires to decide
a suitable equivalent circuit model to fit the experimental data (capaci-
tance and impedance spectra in Fig. S8). The literature offers a large
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variety of models and currently it is a matter of debate in solar cells
based on perovskites [62-64].

High efficient PSCs are commonly fitted with an equivalent circuit
model (Fig. 5a) which separates only two characteristic times, at low
(LF) and high (HF) frequency regimes, associated to Rig||Cir and
Rurl|Cg each. However, the impedance spectra showed in Fig. 5¢-f pre-
sents a new element. In particular, the large semicircle is fitted with re-
sistance and capacitance values, defined as Ry g||Cyr, at LF range; and the
small semicircle fits properly with the combination of Ry¢||Cg at HF
range and a third pair Rjg||Cr at intermediate frequency range (IF)
[65], despite the effect of Ryg||Cr is not detected in the capacitance spec-
tra (Fig. S8a). Therefore, there are two mechanisms intertwined at HF
and IF regimes and, in order to fit properly these spectra (Fig. S8b),
three different processes must be considered (LF, IF and HF). The equiv-
alent circuit model used is represented in Fig. 5b. The appearance of an-
other process in the IF region in all PSCs is indicative of non-optimized
devices as in the present case. Bearing these considerations in mind,
the experimental data were fitted (Fig. 5) and significant parameters
were extracted at the three frequency regimes (Figs. S9 and 6). These
parameters are corrected by the DC current and the series resistance,
Va = Vapp — Vs, being V,,, and Vy the applied and the device potential,
respectively.

According to this analysis, the capacitance at HF domain (Fig. S9a) Cq
(called geometrical capacitance) depends mainly on the bulk perovskite
layer, in this case MAPbI; is found to be independent of the applied volt-
age with a constant value of 68.6-nF cm ™2 in correspondence with
other reported values [64].

It is interesting to note that at low and high frequencies regimes, R
and C parameters behave independently of the amount of G added in
the HTL layer (see Fig. S9). Conversely, the equivalent parameters at in-
termediate regime are influenced by G content (Fig. 6a). Close to short
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Fig. 5. Equivalent circuit models for (a) high efficient solar cells and (b) solar cells characterized by electrical mechanisms with loss of charge. The equivalent circuit model in (b) fitted the
impedance spectra at short circuit conditions under light for all devices under study, 0 (a), 0.01 (b), 0.015 (c), and 0.02 (d) mg/mL of graphene in the PEDOT:PSS layer in inverted

perovskite solar cells. Solid line corresponds to fitting results.
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Fig. 6. Capacitive (a) and resistive (b) elements at [F domain under light for inverted perovskite solar cells with standard, 0G, and 0.01G, 0.015G, and 0.02G graphene doped HTL layers. The

plots are corrected to the device voltage, V4, due to voltage drop of resistance processes.

circuit DC voltages, capacitance Cjz becomes constant, 5.7-1077,
1.8-107%,6.2-1077, and 2.1-10~7 Fem ™2 for 0G, 0.01G, 0.015G, and
0.02G, respectively. The addition of 0.02 mg/mL of graphene into the
PEDOT:PSS, reduces the capacitance Cjr substantially, reaching very
low values. This is consistent with a reduction in the charge accumula-
tion at the interface reflected in the increased photovoltaic performance
(Fig. 4c). Additionally, the device with 0.01G film showed an increment
in the Cjr, meaning that such small doping affects the charge extraction
mechanism. Additionally, the charge extraction process at interface be-
tween hole extraction layer and perovskite involves an additional resis-
tance observed at IF. Here, as initially deduced from the photovoltaic
performance (Fig. 4c), the solar cell with 0.02G film shows an improve-
ment in Jsc and Vo, one order of magnitude lower was the values ob-
served for the device with 0.01G film.

Finally, IS was measured again after a week and, using the same
equivalent circuit model, capacitances and resistances were calculated.
It is interesting to note that resistances (see Fig. S10) and capacitances
(see Fig. S11) extracted at high and low frequency ranges for aged
solar cells remain close to the parameters calculated for fresh solar
cells. However, the interface between absorber and HTL is altered by
graphene concentration in aged solar cells as evidenced in the interme-
diate frequency regime. Under specific conditions, for slight doping
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level such as 0.01 mg/mL of graphene, the aged solar cell reduces almost
one order of magnitude the capacitance defined at interface between
perovskite/HTL (Fig. 7a), while it remains unaltered for aged
undoped-PEDOT:PSS perovskite solar cell. This effect was corroborated
by the photovoltaic performance (Fig. S12). The 0.01G aged-devices
showed better photovoltaic parameters compared to the undoped
solar cells. This fact widens the interest of graphene doping the HTL
PEDOT:PSS: a small amount of graphene reduces drastically charge ac-
cumulation at the interface in aged devices. For higher graphene con-
centrations (0.015G and 0.02G), the capacitance remains constant
after few days under dark conditions (see Fig. S13a and S13b). Similarly,
the charge extraction resistance fitted at intermediate frequency shows
significant improvements after a week (Fig. 7b) at interface between ab-
sorber and 0.01G-doped PEDOT:PSS. This effect is less pronounced for
undoped (Fig. 7b),0.015G-doped (Fig. S13c) and 0.02G-doped
(Fig. S13d) solar cells.

4. Conclusions
In conclusion, we have successfully developed a facile synthesis

method to stabilize and enhance electrical and optical properties adding
graphene flakes dispersed into the solution to the widely used polymer
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Fig. 7. Capacitance and resistance at IF for fresh (black) and aged (red) perovskite solar cells undoped PEDOT:PSS (square) and 0.01G-doped PEDOT:PSS (circle).
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PEDOT:PSS as HTL in inverted perovskite solar cells. Due to this addition,
not only PEDOT:PSS layer improves its conductivity, but also the ab-
sorber layer deposited on the doped-PEDOT:PSS surface is affected, by
increasing the perovskite crystallite sizes and reducing the Pbl, contri-
bution initially and over time. All photovoltaic parameters are better
performed with small graphene content due to an enhancement of
charge extraction and a reduction of charge accumulation at the
graphene-doped PEDOT:PSS/MAPbDI; interface. This strategy reduces
the undesirable reactions from PEDOT:PSS, hygroscopic and acid char-
acter of PSS~ group, with the incorporation of graphene and leads to a
successful candidate to synthetize effective HTL to be considered in op-
toelectronic devices.
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