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M
ethylammonium lead iodide per-
ovskite (MAPbI3) has drawn large
attention over the last several

years and is currently under intense inves-
tigation.1�5 Since the first application of the
perovskite in solar cells in 20096 with a
power conversion efficiency (PCE) of 3.8%,
the certified efficiency has recently reached
20.1%. The outstanding absorption proper-
ties, such as high absorption coefficient and
suitable band gap, make this material very
appropriate for light harvesting applications
in photovoltaics.7 Furthermore, MAPbI3 is
an ambipolar semiconductor, which can
transport holes and electrons to their corre-
sponding collector electrode. That is why
MAPbI3 perovskite solar cells (PSC) can op-
erate even when no hole transport layer8,9

or electron conductor10,11 is used. The
unique properties of the lead iodide perov-
skite combined with its low cost and easy
processability make it promising for efficient

and cheap third generation photovoltaic
solar cells. Despite the inspiring results and
impressive efficiency achieved, a deeper
understanding of the fundamental working
mechanisms of PSC becomes increasingly
important. Better control of the light-
harvesting and electronic properties of the
PSC and identifying the role of the different
components of the photovoltaic cells and
their contribution to higher efficiency are
still a challenge.
A standard mesoscopic perovskite solar

cell comprises a fluorine-doped tin oxide
(FTO)-coated glass, a TiO2 layer as electron
transport material and scaffold, a perovskite
light absorbing layer, a hole-transporting
layer (HTL), and a gold back electrode. The
most commonly used hole transport
material in PSCs is 2,207,70-tetrakis(N,N-di-
p-methoxyphenyl-amine)-9,90-spirobifluoren
(spiro-MeOTAD). Several desirable properties,
e.g., a favorable glass transition temperature,
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ABSTRACT A tailored optimization of perovskite solar cells requires

a detailed understanding of the processes limiting the device efficiency.

Here, we study the role of the hole transport layer (HTL) spiro-MeOTAD

and its thickness in a mesoscopic TiO2-based solar cell architecture. We

find that a sufficiently thick (200 nm) HTL not only increases the charge

carrier collection efficiency but also the light harvesting efficiency. This

is due to an enhanced reflection of a smooth HTL/Au�electrode

interface. The rough CH3NH3PbI3 perovskite surface requires an HTL

thickness of >400 nm to avoid surface recombination and guarantee a high open-circuit voltage. Analyses of the electroluminescence efficiency and the

diode ideality factor show that the open-circuit voltage becomes completely limited by trap-assisted recombination in the perovskite for a thick HTL. Thus,

spiro-MeOTAD is a very good HTL choice from the device physics' point of view. The fill factor analyzed by the Suns-Voc method is not transport limited, but

trap-recombination limited as well. Consequently, a further optimization of the device has to focus on defects in the polycrystalline perovskite film.

KEYWORDS: mesoscopic solar cell . spiro-MeOTAD . light-harvesting . electroluminescence . charge recombination . ideality factor
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solubility, ionization potential, and transparency in
the visible spectral range make spiro-MeOTAD a
suitable candidate for this application. The electronic
properties of the material have been extensively
investigated,12,13 but the focus of those studies
was mainly on the optimization of the performance
by chemical p-doping of spiro-MeOTAD. The effect
of different additives in the hole transport mate-
rial composition has also been studied in details in
refs 14�16.
Typically, the thicknesses of the different layers in

PSC are in the range of tens to hundreds of nanome-
ters. Thus, a change in the thickness or morphology of
one of the layers affects the overall device perfor-
mance. For example by varying the thickness of the
perovskite, the absorption of the device can be tuned.
A too thin layer (e.g., below 100 nm) results in low
photocurrents due to insufficient absorption. Thick-
nesses above 500 nm usually result in a lower fill
factor.17,18 The size of the perovskite crystals also plays
an important role. Im et al. show that a perovskite layer
composed of crystals with size of 400�600 nm pro-
vides optimal light harvesting and charge extraction
efficiency.19 Similarly the thickness and porosity of the
TiO2 layer should be optimized in order to achieve
maximal PCE.20�22 However, in the literature there is
little information about the influence of the HTL thick-
ness on the device performance.
In this work we investigate the effect of spiro-

MeOTAD thickness on the photovoltaic parameters in
PSC. We analyze every parameter separately and relate
the changes in photocurrent with the optical effects

which we observe. Open-circuit voltage and charge
recombination in the devices are investigated by
means of electroluminescence. We apply the Suns-
Voc method23 to obtain the series resistance of the
devices, which affects the fill factor.

RESULTS AND DISCUSSION

In our study we have fabricated PSC with different
HTL thicknesses employing the sequential deposition
method as reported by Burschka et al.1 and further
developed by Im et al.19 The device comprises of FTO-
coated glass on top of which a blocking layer of
compact TiO2 is deposited. A mesoporous TiO2 struc-
ture is used as an electron transport material and as a
scaffold for the perovskite absorber, the latter grows in
the pores and additionally forms a capping layer on top
of the TiO2 surface. This capping layer is a polycrystal-
line structure, composed of perovskite grains. The HTL
is then deposited by spin-coating of heavily doped
(10 mol % FK209)12 spiro-MeOTAD in chlorobenzene.
To obtain different layer thicknesses the concentration
of the solution as well as the spinning speed were
varied (see Materials and Methods). The devices are
completed by depositing a gold back electrode using
thermal evaporation on top of the HTL or directly on
the perovskite for the HTL free devices. We have pre-
pared six types of devices with increasing HTL thick-
ness, starting from 0 nm (D0) up to 600 nm (D600).
Table 1 shows the approximate HTL thickness for the
devices under investigation. SEM cross section images
of a device without HTL and one with 400 nm HTL are
depicted in Figure 1A and B, respectively. SEM images
of all the devices under investigation are shown in SI.
The perovskite capping layer consists of cuboids with
size ∼200 nm which form a rough surface (Figure 1A).
When the gold electrode is deposited directly on top
of this surface, it follows the shape of the perovskite
crystals and shows high roughness as well. When
400 nm HTL are deposited, a flat layer is formed on
top of the perovskite, and the resulting back electrode
is flat (Figure 1B).
Current density�voltage (JV) curves of the devices

were recorded under standard illumination conditions
of AM 1.5G (100 mW/cm2) with a masking aperture
of 0.16 cm2 area. Figure 2 shows the solar cell metrics,
i.e., PCE, open-circuit voltage (Voc), short-circuit current

TABLE 1. Approximate HTL Thickness and Average

Photovoltaic Parameters of the Devices Recorded under

Standard AM1.5G Illumination (100 mW/cm2) and Using

an Aperture of 0.16 cm2 on the Devices with an Active

Area of ∼0.56 cm2

device HTL thickness [nm] PCE [%] Jsc [mA cm
�2] Voc [mV] FF [%]

D0 0 5.9 ( 0.2 11.2 ( 0.6 689 ( 20 74 ( 2
D50 50 11.1 ( 1.2 16.8 ( 1.5 863 ( 35 75 ( 1
D100 100 12.7 ( 0.7 18.4 ( 0.9 915 ( 50 74 ( 2
D200 200 13.5 ( 0.4 18.6 ( 0.9 970 ( 21 74 ( 1
D400 400 13.1 ( 1.0 17.8 ( 1.0 992 ( 26 74 ( 3
D600 600 12.3 ( 1.2 17.6 ( 0.2 1004 ( 11 69 ( 5

Figure 1. Cross sectional SEM images of (A) device D0 without hole-transport layer (HTL) and (B) device D400 with∼400 nm
thick HTL.
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density (Jsc), and fill factor (FF) as a function of HTL
thickness. Apparently varying the HTL thickness affects
all the photovoltaic parameters. As a result the average
PCE shows an increase from 6.0% for D0 to a maximal
value of 13.5% for D200 followed by a small drop to
13.1% for D400 and 12.3% for D600. JV curves of
representative devices of each type are shown in
Figure 3. It is worth mentioning that D0 shows a slight
shunt, which is due to direct contact between the back
gold electrode and TiO2 in some regions as the gold
penetrates deeply into the perovskite during the eva-
poration. Deviceswith HTL showno significant shunt in
their JV curves when measured under 1 Sun illumina-
tion. Some of the devices show small hysteresis in the
JV curve, which depends strongly on the scanning

rate,24 but does not affect the conclusions drawn here
(Figure S7).
To get a better insight into the operationmechanism

and the changes in the devices upon HTL thickness
variation, we discuss each of the photovoltaic param-
eters separately.

Dependence of Jsc on HTL Thickness - Light Harvesting and
Internal Quantum Efficiency. The short-circuit current den-
sity shows an increasing trend with thicker HTL, start-
ing from 11.2 mA/cm2 for D0 and reaching amaximum
average value of 18.6 mA/cm2 for D200. Further in-
creasing the thickness does not dramatically change
this parameter, suggesting that Jsc reaches saturation
for HTL thicknesses between 200 and 400 nm. The
difference in photocurrent for voltages below 600 mV
does not significantly depend on voltage as obvious
from the JV curves of Figure 3, and all devices have
comparable FF. Consequently, either the voltage-
independent part of the internal quantum efficiency
(i.e., the ratio between extracted electrons to absorbed
photons) is changed or the absorption of the perov-
skite is modified. To distinguish between these two
possibilities, we recorded incident photon to current
conversion efficiency (IPCE) of the devices and com-
pared those to absorption measurements. The normal-
ized IPCE spectra are shown in Figure 4A, where
apparently the shapes of the spectra differ for the
examined devices. This effect is pronounced in the
spectral range between 500 and 750 nm. If we com-
pare the spectra of D0 and D50, we see that the IPCE
values in that region increase above average when an
HTL is employed. A thicker HTL results in even higher

Figure 2. Effect of HTL thickness on PCE, Jsc, Voc, and FF recorded at a light intensity of 1 Sun with masking aperture of
0.16 cm2. Box represents the standard deviation, whiskers minimum and maximum values.

Figure 3. JV characteristics of devices with different HTL
thickness from 0 to 600 nm measured under standard
AM1.5G illumination.
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IPCE values for thesewavelengths. A further increase in
the HTL thickness beyond 100 nm (D200 and D400)
does not affect the IPCE, and the spectra of these
devices match the spectrum of D100. Furthermore,
we compare the absolute IPCE spectra for devices
D0 and D400, shown in Figure 4B. The Jsc of the chosen
devices is 18.9 mA/cm2 for D400 and 12.1 mA/cm2 for
D0. The dashed line shows the ratio between both
spectra, which is relatively constant for wavelengths
smaller than 500 nm and increases with larger wave-
lengths. To understand this behavior, we perform
several optical measurements.

We first measure the absorption of the complete
cell containing the reflective back electrode. This can
be easily done for our opaque solar cells, by measuring
in reflection mode and applying the relation absorp-
tance þ transmittance þ reflectance = 1. As the
transmittance is <1% it is neglected in the analysis
(Figure S8). The results are shown in Figure 5A. Solid
lines represent the absorption of the device when
illuminated through the glass substrate. Interestingly,
the absorption in the spectral region above 600 nm is
larger for the devices without HTL or very thin HTL
despite the lower photocurrent recorded by the IPCE.

The dashed lines in Figure 5A show the absorption of
the stack when illuminated from the gold side. They are
mainly governed by the reflectivity of the gold elec-
trode, which obviously differs significantly between the
samples. For the devices with thick HTL D100, D200 and
D400, the reflectivity is high for large wavelengths and
the absorption sets in at 500 to 600 nmas expected for a
yellowish gold mirror. However, the gold electrode for
device D0 shows much higher absorption in the whole
wavelength range, even for wavelengths larger than
800 nm, where none of the other materials in the stack
significantly absorbs. This difference in the optical prop-
erties of the gold electrodes is so significant, that it can
even be seen by eye (Figure 6). The electrode of devices
without HTL looks darker and shows less specular
reflectiondue toahigh surface roughness (cf. Figure1A).
50 nm thick HTL smooths the surface and the reflection
improves, but not completely. Thicker HTL covers com-
pletely the rough perovskite crystals thus providing a
flat surface and perfectly reflective gold electrode
(Figure 1B). Consequently the higher absorption for
D0 and D50 in the range above 750 nm when the
devices are illuminated through the glass is due to
increased absorption of the back electrode.

Figure 4. (A) Normalized IPCE spectra of the devices. (B) Absolute IPCE of device D0 and D400 (solid lines). The dashed line
shows the ratio between IPCE of D400 and IPCE of D0.

Figure 5. (A) Absorptanceof the solar cellswithgold electrodemeasured in reflectionmode. Solid lines show the absorptance
when illuminating through the glass, dashed lines when illuminating directly from the gold side. (B) Absorptance of the solar
cell stacks without gold electrode measured with an integrating sphere. Inset shows the absorptance of D0 before and after
deposition of 200 nm Spiro-MeOTAD.
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Next we record the absorption of the devices with-
out the gold electrode, i.e., glass/FTO/TiO2/perovskite/
HTL films. The aim of this measurement is to estimate
whether the perovskite absorption changes upon HTL
deposition and if this change depends on the HTL
thickness. For that purpose we remove carefully the
gold electrode using sticky tape andplace the device in
an integrating sphere. The samples were successively
positioned in the illumination beam and perpendicu-
larly to the beam to compensate for secondary absorp-
tion. The results shown in Figure 5B reveal that the
absorption of all the devices with HTL is practically the
same, demonstrating that the HTL thickness does not
influence the absorption of the perovskite. The spectra
follow the absorption of the perovskite with large
absorption coefficients for wavelengths smaller than
500 nm. For longer wavelengths, the absorption
decreases gradually before dropping strongly between
750 and 800 nm, where the band edge of the perov-
skite is located. Note that the removal of the back
electrodewas not performed for D0, because it was not
possible as the gold has penetrated deep in the perov-
skite and does not form a conformal layer (Figure 1).
For that reason the absorption of D0 was measured
separately (Figure 5B inset) on a fresh device without
gold electrode. After the measurement 200 nm of HTL
were deposited and the absorption was measured
again. Apparently the perovskite absorption decreases
after the deposition of HTL independent of HTL thick-
ness. To check whether this decrease of absorption is
due to a dissolution of the perovskite, a reference
sample is investigated, where only a solvent mixture
without spiro-MeOTAD was deposited. In that case the
absorption does not change (Figure S9). Consequently,
the decrease of absorption is caused by the spiro-
MeOTAD layer itself, which increases transmission
due to smoothing of the surface and slightly index
matching with air (refractive index in the visible range
is 2.2�2.4 for perovskite25 and 1.8�2.0 for Spiro-
MeOTAD26). Both effects reduce light trapping and
reflection at the perovskite surface and thus absorp-
tion in the wavelength range where one light pass is
not enough (550 to 800 nm).

If we consider the absorption of the devices with
respect to the corresponding IPCE spectra, we observe
inconsistent behavior in that D0 shows the lowest Jsc
despite of exhibiting the highest light absorption.

Devices with HTL show higher IPCE for wavelengths
above 550 nm despite the lower absorption of the
perovskite layer. The increase of current in this range
for devices with HTL results from enhanced light
harvesting efficiency thanks to the improved reflectiv-
ity of the gold electrode when a thick enough HTL is
applied. For wavelengths larger than 550 nm, where
one light pass through the perovskite layer is not
sufficient to absorb all incoming light, the reflection
of the gold electrode improves the light harvesting by
a second light pass through the perovskite. The higher
absorption observed when measuring from the glass
side in D0 and D50 (Figure 5A, solid lines) is due to
changes of the absorption in the gold electrode but
photons absorbed in the gold cannot be converted
into photocurrent. The lower reflectivity of the gold
electrode does not increase the light absorption in the
perovskite. In the yellow and red wavelength region,
the absorption properties of the perovskite enhanced
by the reflection of the gold back contact govern the
IPCE of the devices. The IPCEmonotonously decreasing
with wavelength and not showing any interference
patterns, confirms that this simple analysis is justified
without considering interference effect and thin-film
optics. The reason for this is that the devices show very
rough interfaces giving rise to significant light scatter-
ing. In summary, this analysis demonstrates that the
light harvesting efficiency can be enhanced by em-
ploying a thick enough HTL and decreases if the HTL is
absent or too thin.

Coming back to the IPCE spectra of Figure 4B, we
see that the ratio of the IPCE of D400 and D0 in the
wavelength range between 400 and 550 nm is nearly
constant. Here the absorptance of both devices is
practically the same and is approaching 100%. Assum-
ing that this wavelength-independent ratio of ca. 1.2 is
also maintained for larger wavelengths, we estimate a
difference in photocurrent between D0 and D400 of
2.4 mA/cm2 (20%). This difference results from a
change in the internal quantum efficiency, i.e. charge
carrier collection efficiency, which is not expected to
strongly depend on thewavelength. As the decrease of
photocurrent for D0 compared to D400 is independent
of voltage (cf. Figure 3), it indicates a loss of electrons or
excited states by diffusion to the gold contact where
they recombine with the holes. Uncovered perovskite
surfaces might reduce the charge collection efficiency
as well. However, this effect is supposed to be less
relevant as the gold covers the perovskite capping
layer without significantly large voids (Figure 1A) and
the diffusion length of charge carriers inMAPbI3 perov-
skite27 are larger than the dimensions of possibly
uncovered areas. The remaining 4.4 mA/cm2 are then
due to the increased absorption in the perovskite by
light reflection from the Au overlayer.

To quantify the smoothing effect of the HTL we
perform AFM measurements of the perovskite, HTL,

Figure 6. Photograph of the devices with increasing HTL
thickness from left to right.
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and gold surface (images in SI). The mean roughness
values for the devices are displayed in Table 2. With a
value of 50 nm D0 shows the highest roughness of the
gold electrode. This is due to the rough perovskite
surface onto which the gold is deposited. The gold
penetrates the perovskite layer during the evaporation
process, and the back contact formed follows the
profile of the rough perovskite layer (see also the
SEM image in Figure 1). Applying a thin HTL smooths
the perovskite, and the mean roughness of the gold
surface drops to 30 nm for D50. Further increase of the
HTL thickness results in better smoothing of the gold
electrode, and the roughness of devices with 400 nm
HTL is only 6 nm. A smooth HTL guarantees a con-
formal contact with the thin evaporated back electrode
thus contributing to optimization of the photocurrent
of the devices.

Dependence of Voc on HTL Thickness - Influence on Recombi-
nation. The average Voc for the HTL free devices is
around 690 mV, which is a very low value for common
PSC. Employing an HTL improves Voc, which gradually
increases as the HTL thickness increases reaching
values above 1 V for device D600 (Figure 2). The
open-circuit voltage in a solar cell with a given absor-
ber depends mainly on the recombination in the
device. Consequently, every factor that affects recom-
bination will also affect Voc. To have a more realistic
idea about the changes of Voc in the devices, we
remeasure this parameter under 1 Sun illumination
conditions without masking aperture. Thus, the re-
corded value for Voc comes from the same area as
the dark current, i.e., thewhole device area. The real Voc
values are listed in Table 3. As expected they are higher
than the values measured with masking aperture, but
the trend remains the same: Voc decrease as HTL
thickness decreases. The loss of the Voc for HTL free
devices and those with thin HTL is due to higher
recombination rates. To prove this, we performed
electroluminescence measurements, where current is
being injected into the PSC and the electrolumines-
cence (EL) intensity of the device is recorded as a
function of the injection current. The electrolumines-
cence quantum yield EQEEL can be calculated by
dividing the emitted photon flux by the injected elec-
tron current. The EL radiation is a result of electron�
hole recombination in the perovskite and reflects

the radiative recombination process in the device.
In our previous work we have predicted a theoretical
limit for the open-circuit voltage Voc,rad of 1.33 V
for MAPbI3 perovskite solar cells, which is given only
by the perovskite material and not by the device
architecture.28 This number represents the Voc in an
ideal case when recombination in the device is only
radiative, which corresponds to EQEEL = 1. In reality
the Voc is lower due to additional nonradiative
recombination. Knowing the EQEEL allows us to the-
oretically predict the real open-circuit voltage and
estimate the fraction of nonradiative recombina-
tion in the cell. The relation between Voc and EQEEL
is given by

Voc, calc ¼ Voc, rad � kBT

e
ln(1=EQEEL) (1)

where Voc,rad is the theoretical (i.e., radiative) limit of
Voc for perovskite, which comes to 1.33 V28 (for 1 Sun
illumination and T = 300 K), kB is the Boltzmann
constant, T the temperature, and e the elementary
charge. We perform the calculation for two tempera-
tures 300 and 320 K, which gives us the temperature
range at which our devices are supposed to operate.
The results are shown in Table 3.

The quantum efficiency of radiative recombination
is strongly affected by the thickness of the HTL imply-
ing that this impacts also the share of radiative and
nonradiative recombination. Devices with thick HTL
showhigher EQEEL and Voc. Decreasing the thickness of
HTL results in lower EQEEL as the fraction of nonradia-
tive loss rises due to recombination at the exposed
gold contact (“surface recombination”).29

In Figure 7 the EQEEL of the devices with different
HTL thickness is plotted as a function of the injection
current (Jinj). The EQEEL increases substantially with the
injection current, meaning that radiative recombina-
tion becomes more likely for larger currents. That is
intuitively expected as charge carrier densities increase
with driving voltage favoring direct recombination
between electrons in the conduction band and holes
in the valence band compared to trap mediated
recombination.28

TABLE 2. Mean Roughness Values Measured by AFM

mean roughness

device perovskite/HTL surface [nm] gold surface [nm]

D0 88 50
D50 30 30
D100 22 14
D200 13 13
D400 13 6

TABLE 3. Measured and Calculated Values for Voc
a

Nonradiative loss [V] Voc calc [V]

device Voc [V] EQEEL 300 K 320 K 300 K 320 K

D0 0.80 3 � 10�9 0.51 0.54 0.82 0.79
D50 0.87 2.6 � 10�8 0.45 0.48 0.88 0.85
D100 0.96 8.5 � 10�7 0.36 0.39 0.97 0.94
D200 0.98 1.6 � 10�6 0.34 0.37 0.99 0.96
D400 1.00 3.1 � 10�6 0.33 0.35 1.00 0.98
D600 1.05 5 � 10�5 0.26 0.27 1.07 1.06

a The value for the EQEEL is determined at a driving current that equals the
photocurrent under 1 Sun illumination.
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Based on these data, Voc can be predicted for
different light intensities. To calculate Voc, we again
use eq 1, but take into account that Voc,rad depends on
the light intensity via the photocurrent Jph:

Voc, calc ¼ kBT

e
ln

Jph
Jem, 0

 !
� kBT

e
ln

1
EQEEL(Jinj)

 !
(2)

Here, Jem,0 is the emission current when the device
is in equilibrium with the ambient blackbody radi-
ation.28 As Jph increases linearly with the light intensity
in the investigated range (Figure S15), we can use Jph as
a direct measure of the light intensity, which allows us
to compare the measured Voc with the one predicted
from the EQEEL at a certain injection current Jinj =Jph.

The solid lines in Figure 8 show Voc measured at
several light intensities in the range 0.001�2 Suns
and plotted as a function of Jph, where 1 Sun equals
a Jph between 10 and 20 mA/cm2 dependent on the
device (cf. Table 1). The Voc of all devices increases
logarithmically with light intensity, where both the
overall value and the slope increasewith HTL thickness.
The exceptional drop of Voc for D0 at low intensity
(photocurrents <0.5 mA/cm2) is due to a significant
shunt in this device. The calculated Voc as a function of
the injection current is depicted with circles in the
graph. The theoretical and experimental data show the
same trend, and the calculated values closely match
the measured Voc. These results clearly show that
eq 2 can be applied for predicting the Voc of PSC for
different light intensities.

Investigating the slope of Voc as a function of light
intensity provides insights into the dominating recom-
bination mechanism. We observe that the slope in-
creases from 96 to 125 mV/decade from device D0 to
D600. These values are in agreement with reported
data.30 The slope of D600 comes very close to the
theoretically expected slope of 120 mV/decade for
the case of purely trap-assisted recombination

(Shockley�Read�Hall, SRH). This is in accordance
with the observation of a first-order recombination
mechanism dominating solar cell performance at
charge carrier densities expected for illumination
intensity e several Suns.31,32 The reduced (and less
constant) slope for devices with thinner HTL is attrib-
uted to surface recombination at the hole collecting
contact. Thus, additional recombination at the hole
contact is responsible for both the overall reduction of
Voc and the reduction of the slope of Voc as a function
of light intensity. The reason for these superimposing
phenomena is the mesoscopic nature of the device
with significant spatial inhomogeneities and non-
planarity of surfaces paired with large diffusion lengths
of charge carriers, resulting in a three-dimensional
extension of the hole-collecting contact.

We can relate the intensity dependence of Voc to
the diode ideality factor n, which is originally defined
for the current�voltage relation of a diode following
the Shockley equation:

J ¼ J0(e
eV=nkBT � 1) � Jph (3a)

Setting J to 0 yields with Jph . J0:

Voc ¼ nkBT

e
ln

Jph
J0

� �
(3b)

The physical reason for introducing the ideality
factor is to account for additional recombination in
the space charge region of a diode. Eq 3a without
Jph and an ideality factor of 1 describes a diffusion-
dominated diode current in the dark implying only
direct recombination between electrons and holes,
whereas an n of 2 signifies purely SRH type of recom-
bination. Comparing eqs 2 and 3b, we see that an n of 1
requires an EQEEL which is independent of driving
current, whereas higher values of n are represented
by an EQEEL that increases with current, peaking at
a linear increase of EQEEL with driving current, adding
another kBT/e to the slope of Voc as a function of light
intensity. Using eq 3b, we translate the slopes into

Figure 8. Calculated and measured Voc as a function of the
injection and short-circuit current density, respectively.
The short-circuit current density is proportional to the light
intensity (Figure S15).

Figure 7. EQEEL as a function of the injection current. The
measurement was performed scanning from low to high
forward bias voltage and back. The difference between the
scan directions is an indication for the accuracy of the
measurement due to reversible instabilities of the devices.
The spreading is also similar to the range of device-to-
device variations.
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ideality factors of 1.6 (D0) to 2.1 (D600). According to
eq 3a, n can also be determined from the JV curve
measured in the dark. The results ranging from 1.7 to
2.1 are shown in Figure 9, which reproduce the trends
from the analysis under illumination.

Dependence of the FF on the HTL Thickness - Recombination
and Series Resistance Losses. To investigate the effect of
recombination on the fill factor and separate it from
charge extraction limitations, we perform an analysis
oriented at the Suns-Voc method.23 This is a widely
used characterization method for different types of
solar cells,34 in particular to accurately investigate
the influence of the series resistance on the fill factor.
The method consists of measuring the Voc (VSuns‑Voc) of
the device at different light intensities. The recorded
Voc values are used to determine pseudo-JV curves,
which only reflect generation and recombination
processes without the effect of the series resistance
as no current is flowing during the measurement
of VSuns‑Voc. To obtain the pseudo-JV curve, the light
intensity (I) is associated with implied current
density:

J ¼ I� I(1Sun)
I(1Sun)

Jsc(1 Sun) (4)

Figure 10 shows the pseudo and measured JV

curves at different light intensities for device D200.
The graphical comparison reveals that they completely
coincide for 0.25 suns and show very small difference
for 1 Sun. Consequently, the fill factor of the real JV
curve is only slightly limited by a series resistance and
approaches its maximum given by the recombination.
This value is∼82%and can only be improved if the SRH
recombination is reduced. Thus, the performance is not
limited by transport of charges in the perovskite or in
any other layer such as TiO2 or HTL.

The value of the series resistance Rs can be calcu-
lated considering the voltage loss between the

two JV curves at a given J:

Rs ¼ VJV(J) � VSuns-Voc (J)
J

(5)

Investigating all devices at voltages close to Voc,
we obtain values for Rs between 12 and 20Ω, which are
almost independent of voltage (Figure S17).

The series resistance can also be approximately
deduced from the JV curves measured in the dark
and compared to the fill factor as a function of the
HTL thickness. Figure 2 shows that the FF of the devices
under investigation remains constant at around 74%
for HTL thickness 0�400 nm. For thicker HTL it drops
slightly reaching 69%. Possible reason for this effect is
the increased series resistance Rs when the thickness of
the HTL increases. To prove this statement we calculate
the series resistance of all the devices from the dark JV
curves. We extract the Rs from the slope of the curves
between 1.4 and 1.6 V and plot it in Figure 11. The Rs is
between 10 and 15 Ω for D0�D200, rises slightly to
17 Ω in D400 and reaches 20 Ω in D600. We have
estimated that roughly 5 Ω originate from the sheet
resistance of the FTO. Consequently, the conductivity

Figure 9. Diode ideality factor as a function of HTL thick-
ness. Boxes represent the standard deviation, whiskers
minimum and maximum value. The values were calculated
from the differential slope of the semilogarithmic dark
JV curves similar to the procedure in ref 33, where the
plateau value in the range between 0.6 and 0.9 V was taken
(Figure S16).

Figure 10. Measured JV curves (solid) and pseudo JV curves
deduced from the Suns-Voc method (dashed) for device
D200 at different light intensities.

Figure 11. Series resistance as a function of HTL thickness,
extracted from the slope of the dark JV curves between 1.4
and 1.6 V. Boxes represent the standard deviation, whiskers
min andmax value. The series resistance is determined for a
device area of 0.56 cm2 and includes the sheet resistance of
the electrodes dominating lateral charge transport.
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of the HTL does not limit the FF for layer thicknesses in
the 100s of nm range. This is due to the high doping
concentration of the spiro-MeOTAD, which explains
the differences to results presented in ref 14.

CONCLUSIONS

The perovskite solar cell is a nanoscale device and
the thickness of the HTL affects the performance and
the photovoltaic parameters. A sufficiently thick
(200 nm) HTL not only increases the charge carrier
collection efficiency but also the light harvesting effi-
ciency due to an enhanced reflection from the smooth
HTL/Au�electrode interface. This effect can be crucial
for enhancing light harvesting efficiency and obtaining
high photocurrents because the perovskite absorption
of devices with optimized layer thicknesses is not

sufficient for light with wavelength >500 nm. The
rough perovskite surface requires an HTL thickness of
>400 nm to avoid surface recombination and guaran-
tee a high open-circuit voltage. Analyses of the elec-
troluminescence efficiency and the diode ideality
factor show that the open-circuit voltage becomes
completely limited by trap-assisted recombination in
the perovskite for thick HTL. Thus, spiro-MeOTAD is a
very good HTL choice from the device physics' point of
view. The fill factor analyzed by the Suns-Voc method is
not transport limited, but trap-recombination limited
as well. Consequently, a further optimization of the
device has to focus on defects in the polycrystalline
perovskite film. These results contribute to a better
understanding of the limiting processes in perovskite-
based solar cells.

MATERIALS AND METHODS

Photovoltaic Characterization. Current�voltage characteristics
were recorded by applying an external potential bias to the cells
while recording the generated photocurrent with a digital
source meter (Keithley Model 2400). The light source was a
450 W xenon lamp (Oriel) equipped with a Schott K113 Tempax
sunlight filter (Praezisions Glas and Optik GmbH) to match the
emission spectrum of the lamp to the AM1.5G standard. Before
each measurement, the exact light intensity was determined
using a calibrated Si reference diode equipped with a color
matching filter (KG-3, Schott). The voltage step was 10 mV,
settling time was 100 ms, and integration time was 100 ms.

IPCE Spectra. The spectra were recorded as functions of
wavelength under a constant white light bias of ∼5 mW cm�2

supplied by an array of white light-emitting diodes. The excita-
tion beam coming from a 300 W xenon lamp (ILC Technology)
was focused through a Gemini-180 double monochromator
(Jobin Yvon Ltd.) and chopped at∼2 Hz. The signal was recorded
using a Model SR830 DSP Lock-In Amplifier (Stanford Research
Systems). Unless stated elsewhere, all measurements were con-
ducted using a nonreflective metal aperture of 0.16 cm2.

EL. The EQEEL was detected measuring the emitted photon
flux with a large-area Si-photodetector positioned close to
the sample. Due to the nonconsidered angular dependence of
emission and detector sensitivity, the EQEEL is expected to be
underestimated by a factor between 1 and 2. The driving voltage
was applied using a Bio-Logic SP300potentiostat, whichwas also
used to measure the short-circuit current of the detector.

Reflection Measurements. The reflection measurements were
carried out on Varian Cary 5 spectrophotometer, using an inte-
grating sphereof 110mmdiameter. The sampleswereplacedover
the reflection port on the backside of the sphere and the total
reflection (specular and diffused) of the sample was measured.

Absorption Measurements. The absorption measurements were
done in a 102mmdiameter integration sphere (Horiba F-3018) in
a Fluorolog 322 (Horiba Jobin Yvon Ltd. Spectrofluorometer).
Samples were illuminated with a 450W Xe lamp filtered through
a double monochromator (slit width 1 mm) directed into the
sphere. The samples were measured successively at 90� and 0�
from the incoming beam, and the spectra were subtracted to
correct for scattering. The outgoing beamwas filtered through a
0.5% gray filter (Horiba). All the spectra were photometrically
corrected. The emission monochromator was scanned synchro-
nously with the excitation monochromator.

Atomic Force Microscopy. The AFM measurements were per-
formed onmultimode (Bruker Nano Surface, Santa Barbare, CA)
in tapping mode.

SEM cross sections. A field-emission scanning electron micro-
scope (FESEM, Merlin and Leo 1525) was employed to analyze

the morphology of the samples. An electron beam accelerated
to 3 kV was used with an in-lens detector.

Device Fabrication. Devices were prepared on clean FTO-
coated glass (NSG 10). A blocking layer of compact TiO2 was
deposited by spray pyrolysis of precursor solution of 0.6 mL
titanium diisopropoxidebis(acetylacetonate) in 9 mL ethanol
and 0.4 mL of acetylacetone, with oxygen as carrier gas at
450 �C. The mesoporous TiO2 was formed by spin coating of
colloidal solution of TiO2with particle size of 20 and at 5000 rpm
for 20 s. The films were then gradually heated to 500 �C and
sintered at that temperature for 15 min. OneM lead iodide DMF
solutionwas spin coated onto themesoporous TiO2 at 6500 rpm
for 30 s and dried at 70 �C. After drying, the deposition of lead
iodide was repeated in order to ensure a better loading of the
mesoporous structure with lead iodide. The perovskite layer
was formed after drop-casting 0.2 mL CH3NH3I solution in
isopropanol (8 mg mL�1) onto the substrates and after waiting
for 20 s was then spin-coated for 20 s at 4000 rpm. The
substrates were then dried at 70 �C. For the devices D100,
D200, and D400, a solution of 72.3mg (0.06M) spiro-MeOTAD in
1mL chlorobenzenewas prepared, containing 10mol % FK 209,
28.8 μL (350% molar ratio to spiro-MeOTAD) tert-butylpyridine,
and 17.5 μL (50% molar ratio to spiro-MeOTAD) solution of
lithium bis(trifluoromethylsulfonyl)imide (Li-TFSI 520 mg/mL
in acetonitrile). The HTL solution was spin coated onto the
perovskite surface for 20 s, and the spinning speedwas varied as
follows: D100, 4000 rpm; D200, 2000 rpm; and D400, 700 rpm.
For D50 the spiro OMeTAD concentration was decreased
by half, while the ratio of additives remained the same. The
solution was spin-coated at 4000 rpm for 20 s. Analogously, the
spiro-MeOTAD concentration was increased by 1.5 for D600,
the ratio of the additives remained the same, and the solution
was spin-coated at 700 rpm for 20 s. The device architecture was
completed with an 80 nm gold counter electrode, which was
thermally evaporated on top of the device. The active area of
the devices was ∼0.56 cm2.
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