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Predicting the Open-Circuit Voltage of CH;NH;Pbl;
Perovskite Solar Cells Using Electroluminescence and
Photovoltaic Quantum Efficiency Spectra: the Role of
Radiative and Non-Radiative Recombination

Wolfgang Tress,* Nevena Marinova, Olle Ingands, Mohammad. K. Nazeeruddin,

Shaik M. Zakeeruddin, and Michael Graetzel

Solar cells based on CH3;NH;PbI; perovskites have recently
attracted great attention as power-conversion efficiencies have
rapidly increased to more than 15%.14 One advantage of this
type of solar cell is the versatility of the perovskite deposition,
ranging from vapor deposition of flat films in vacuum? to
solution processing of mesoscopic films by applying several
methods.[3~7] Different electrode and scaffold layers have been
employed and allow for similarly high performance.®*! The
open-circuit voltage of the best devices is between 1.0 and 1.1V,
which is considered high for a material with a bandgap in the
range of 1.5 to 1.6 eV.®l The reason is seen in a low recombina-
tion rate within the solar cells,'%" which demands for a quan-
tification and identification of the dominating recombination
mechanisms.

In this communication we show that the open-circuit voltage
(Vi) of CH3NH;3PbI; perovskite solar cells can be theoretically
calculated from the reciprocity relation between photovoltaic
external quantum efficiency and electroluminescence spectra.
We find that charge is photogenerated in the perovskite itself,
not requiring any interface with titanium dioxide (TiO,) or with
the hole transport layer. Electrons and holes recombine in the
perovskite independently of whether they are photogenerated
(photoluminescence) or electrically injected (electrolumines-
cence). Measuring the external electroluminescence yield we
explain measured values for V,. and give estimations on the
maximum V,, obtainable with CH3;NH;PbI; perovskite-based
solar cells. We demonstrate that non-radiative surface recombi-
nation due to non-selective contacts decreases V.

The reciprocity between electroluminescence and photo-
voltaic quantum efficiency spectra is a fundamental property
of several kinds of solar cells.l'? It is a quantification of the
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postulate stating that a solar cell functions as a light-emitting
diode (LED) when charges are injected. This law is a more
generalized expression of the equilibrium between absorption
and emission,[>71% which holds generally and determines the
maximum energy-conversion efficiency of a solar cell. This
is known as the Shockley-Queisser limit describing the case
of a single band gap semiconductor where recombination of
electron-hole pairs is only radiative.'”! The more generalized
form based on the quantum efficiencies allows for an internal
quantum efficiency smaller than unity and includes non-radia-
tive recombination. According to this reciprocity relation, only
two quantities of a solar cell have to be measured to predict
V,: the photovoltaic quantum efficiency spectrum (EQEpy, also
called IPCE) and the external quantum efficiency of the electro-
luminescence (EQEg;) at V..

In the following we briefly sketch how these two quanti-
ties determine V. (for a more elaborated derivation, see ref.
[12]: Multiplying the EQEpy with the solar spectrum @y s,
expressed as a photon flux and integrating over all wavelengths
or equivalently photon energies E yields the photocurrent den-
sity Jon, Which equals the short-circuit current density (e is the
elementary charge):

Jph ZBJ EQEPV (E)q)AMl-Ss (E)dE (1)

In the dark, photons are absorbed as well, because the solar
cell is in equilibrium (index 0) with the thermal radiation of the
surroundings, which is a black body radiation at 300 K (spec-

O ()= L E’
tral photon flux: m (E) = Pt B , with Planck’s
xp| o |~1
ks Ty

constant 7, Boltzmann constant kg, speed of light ¢, and T, =
300 K). The absorbed photon flux has to be reemitted to guar-
antee equilibrium:

Jabs,O = e'[a(E) q)BB(E)dE = ]rad,O (2)

Here, a(E) is the absorptance of the solar cell and the overall
photon flux is expressed as an equivalent electrical current J.
We assume that the emission spectrum does not change for a
voltage # 0 and that the semiconductor is in quasi-equilibrium,
which allows a definition of quasi-Fermi levels. In this case, the
emitted photon flux follows exponentially the splitting of these
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levels, i.e., in the ideal case, the voltage measurable at the con-
tacts. The exponential relation can be rationalized with the fol-
lowing idea: Emission is the result of recombination of an elec-
tron with a hole. Consequently, the emission probability is pro-
portional to electron and hole density, i.e., the product of both.
The electron and hole densities are described by Fermi-Dirac
statistics, which can be approximated by a Boltzmann term.
Therefore, the electron (hole) density depends exponentially on
the difference between Fermi level and conduction (valence)
band edge. Hence, we can write for the electrical current giving
rise to emission as a function of voltage (V):

24

Jem (V) = ]rad,oekTT - ]rad,O (3)

Equation (3) describes the current in the case of the radia-
tive limit. However, in a real device, only a certain fraction of
recombination is radiative:

Jem (V) =EQEg Jin (V) (4)

If we regard charges being injected by an external voltage
source, EQEg; can be measured in the dark when the device
operates as an LED driven with the injection current Ji;(V).
Using Equations (1), (3) and (4) for the injection current, the
electrical current under illumination becomes:

J(v)= E{QLE( ) I )
Setting J(V) to zero yields V.
kT ]
Ve = TIH[EQEEL Je:’Ah,O + 1) (6)

As we consider a finite internal quantum efficiency, we
replace the absorptance and J.qo by the EQEpy and Jemo
according to ref. [12], where J.;,, o is defined as:

Jemo =e_[ EQEPV(E)(DBB(E)dE (7)

Equation (6) yields in the case of the radiative limit (EQEg;
= 1) for Voc,tad:

ol °

This equation is formally identical to the result obtained
from the diode equation although its derivation does not
require a pn junction. It is much more general and based on
Wiirfel's generalized Planck law.['®]

According to Equation (6), V,. can be calculated with EQEg,,
EQEpy, and the temperature of the surroundings assuming
thermalized charges.['l Equation (6) contains the overall EQEg;
integrated over all wavelengths. Additionally, the principle
of detailed balance even requests for the emitted photon flux

Pern(E):

(I)em(E) o<

Voc rad =

EQEpy (E) @y (E) 9)

for each E.
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Table 1. Characteristic parameters. J.,o is determined according to
Equation (7), Vocraq according to Equation (8), and Vo c,ic according to
Equation (6). Js, Vo, and EQEg, are measured.

Jsc Voc Jemyo Voorad  EQEg at non-rad. Vo cale
[mMAcm™? V] [mAcm? V] Jiy=Jsc loss[V] V]
TiO, 20 101 9x1022 133 2x10° 034 0.99
Al,O5 19 .02 1x102" 132 1x10° 030 1.02
no HTL 1 077 3x102 134 8x107'° 054 0.80

In the following we apply the derived equations to perovs-
kite solar cells comparing three different devices: i) a “standard”
TiO, based one, consisting of glass/fluorine doped tin oxide/
TiO, compact layer (50 nm)/TiO, mesoporous layer (250 nm)/
perovskite (infiltrated)/doped spiro-MeO-TAD (infiltrated plus
100 nm capping layer)/Au (80 nm).[' ii) The same as the first
one, but with the scaffold interchanged with an aluminum
oxide Al,O; mesoporous layer. iii) The same as the first one, but
without hole-transport layer (HTL). Thus, the perovskite is in
direct contact with the gold electrode.

Table 1 contains the characteristic parameters of those solar
cells (J-V curves in the Supporting Information). Data of
average-performance devices were chosen as the focus is not on
the highest efficiency. The error is not explicitly mentioned but
variations from device to device and between different measure-
ments are in the range of 5%. The devices with Al,0; and TiO,
scaffold perform similarly (V,. = 1.0 V and J;. = (19 £ 1) mA
cm™2). However, short-circuit current density and open-circuit
voltage are significantly lower for the device without HTL. V,,
of all devices was stable in the error range during the measure-
ments themselves (timespan of hours) and while storing them
under low pressure between different measurements (weeks).

To calculate Jep,, o according to Equation (7), we need to know
the EQEpy. As @yp(300 K) is an exponentially decaying func-
tion in the visible spectral range, a precise measurement of the
EQEpy onset is important. Here, we use a Fourier-transform
based photocurrent spectroscopy technique (FTPS) delivering
data with a high sensitivity.!”) FTPS spectra are shown in the
inset of Figure 1 as solid lines. They are scaled to match the
EQEpy obtained from a calibrated setup (dotted). This setup
provides the absolute EQE spectrum, however, with insufficient
sensitivity to investigate the onset on a logarithmic scale. The
more sensitive FTPS spectra are shown on a logarithmic scale
in the main part of the figure and normalized at 1.8 eV for a
better comparability of the onset. The spectra roughly coincide
showing a sharp onset as seen for the absorbance.?"!

There is no significant difference between TiO, and Al,Os.
This indicates that the signal is only from the perovskite. The
interface between TiO, and perovskite does not allow for any
detectable optical transitions in contrast to what is observed
at a donor-acceptor interface in an organic solar cell. There,
charge-transfer states are generated, which describe a direct
optical transition between the two different molecular mate-
rials.'% The differences in the onset of few meV are in between
sample-to-sample variations. Consequently, the maximum of
V, is not governed by the interface to the contact material, but
by the perovskite itself. The signal for devices without HTL is
lower (see inset) as both the internal quantum efficiency and
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10" 10" with the black body radiation expressed as a 0
. photon flux at 300 K (dash-dotted). The emis- (o)
black body \\.\ _ sion intensity becomes less for an absorption g
photon flux \\.\ normalized EQE_.  onset onset shifted towards higher energies due to g
5 10°F il 10" % the decay of ®pp(300 K) with energy. c
o g < To check whether the reciprocity rela- 2
X Flw tions hold, we investigate EL and EQEpy(E) ‘-,
S N~ Al 4 = of aTiO, device in more detail with the aid >
.8 10 ¢ R 110 > of Figure 2. The EL data were recorded at an =
< 7 ‘\\\\\ 2  applied voltage in the range of 1 to 2 V (1 to (o]
oS . EQE onset BN \&\ R e g 10 mA, selected here are 5 mA). The spectra 2
£ ¥ NS "1, 28 do not change shape with applied voltage
qE> 107w 60 8 * 110 fo. (see Supporting Information) in contrast to
> 40 £ whatis observed in amorphous organic mate-
w — TO @  rials.l Consequently, the radiative recom-
8 10° 2 20 14107 &  Dbination channel is independent of voltage,
—ALO C .
273 which indicates that disorder does not play
—no HTL 0 energy / eV a role and that charges are in quasi-equilib-
‘ ‘ ‘ ‘ 1.5 L2 2.5 ‘ rium within their energy bands.
1.5 1.55 1.6 1.65 1.7 1.75 1.8 1.85 The graph shows that experimental
energy / eV and calculated photon flux  spectra

Equation (9)) are very close (peak at 1.60 eV).
Figure 1. Onset of the incident-photon-to-electron-conversion efficiency (EQEp,) measured (Eq o) R (p . )
; . : ) Thus, the observed electroluminescence
with Fourier-transform photocurrent spectroscopy and normalized at 1.8 eV (lines). Shown are .
data for devices with TiO, or Al,0; scaffold and for one device without hole-transport layer. ra(.ilatlcl)n. results' from an electror.I and a h.°1e
Dashed is the calculated emitted spectral photon flux when the device is in equilibrium with the ~ being injected into the perovskite, meeting
black-body radiation of the surroundings (dash-dotted). The inset compares the EQEpy onset  each other inside the bulk, and recombining
from FTPS with the overall EQEp, measured with monochromatic light and a lock-in amplifier. directly. This result is in accordance with
The EQEpy of the device without HTL is lower due to optical and electrical losses, whereas the

. ! ; reports showing the ambipolarity of the per-
EQEpy for Al,O; and TiO, devices with HTL are comparable.

ovskite.*?2l We can deduce the temperature
of the material (or more precisely of the
the reflectivity of the (then rough) gold electrode are less if it is ~ charge carriers) during the EL experiment from the slope in
penetrating the active layer (Supporting Information). the exponential plot. Comparing the measured data with the

According to Equation (9) we can calculate the emitted  theoretical line for 320 K, we observe a good fit. This number
photon flux spectrum knowing the EQEpy(E) or vice versa.'#10l  is realistic and indicates a slight heating of the material during
These spectra (dashed lines) are added to the figure together  current flow. We also performed the reciprocal calculation using

10°F E

o 10’

O
x
3
c 10"} . ,1
% 1 > 10
s &
© w
S o
e e - R\ N ;
10 © experimental data = 102
3 model T =320 K S
N N model T = 300 K 2
£ 05 o — model T = 350 K
5 }

E -3 A
<107 & 10 : —&— experimental data
0 T —— model
1.5 1.6 1.7 1.8
15 155 16 165 17 175 18 1.5 1.55 1.6 1.65 1.7 1.75 1.8

(a) energy / eV (b) energy / eV

Figure 2. a) Normalized electroluminescence photon flux spectrum: measured data (symbols) and spectra predicted from EQEpy assuming different
temperatures, where a temperature of =320 K is found to fit the experiment best. The limit of the detector is at 1.5 eV. b) Measured EQEp, compared
to the spectrum modeled based on the experimental EL data. The model data fit well in the range of detection of the EL. The spectral resolution is in
the range of few meV.
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—TiO2: EL
—~Ti02: PL
—AI203: EL
— ~AI203: PL
——no HTL: PL

normalized spectral photon flux

I

1 1
1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
energy / eV

Figure 3. Electroluminescence (EL) and photoluminescence (PL) emis-
sion spectra as a function of photon energy. Overall, PL and EL peak
coincide. Additionally, the PL shows a weak broad parasitic signal from
the substrate. The spectral resolution is in the range of 5 meV.

Equation (9). From the measured EL spectrum we deduce the
EQEpy onset, which works remarkably well as demonstrated
in Figure 2b. Thus, we can predict the open-circuit voltage for
state-of-the-art perovskite devices using EQEpy.

To check whether the emission spectra differ when inves-
tigating injected or photogenerated charges, we compare EL
with photoluminescence (PL) in Figure 3. We observe that the
peak is at the same position. Consequently, the PL and EL share
the same origin, i.e., recombination of free
electron-hole pairs in the perovskite. The PL

M \u\ﬁk
www.MaterlalsVIews.com

absorption, and reflects rather a sample-to-sample variation
than a systematic difference with respect to the sample stack. It
is highest for the device without HTL due to the slightly shifted
absorption and the relatively low signal of the EQEpy close to
the onset decreasing Jey, ¢ in Equation (7), but a less reduced J;,
due to a large EQEpy for higher energies. A V. of (1.33 £ 0.02)
V would be predicted by the Shockley Queisser limit for a band-
edge absorber (absorptance 1 for energies larger than the band
gap, else 0) with a band gap of 1.59 to 1.63 eV.

Obviously, the measured open-circuit voltage is much lower
than the theoretical maximum. This reduction is due to non-
radiative recombination. We can quantify non-radiative recom-
bination by measuring the emission yield (EQEg;) of the EL
spectra, which we have shown only as normalized data so far.
The emitted spectral photon flux integrated over all wavelengths
and divided by the injection current is depicted as a function of
the injection current in Figure 4. It approaches values close to
107, which is large compared to common values for organic
solar cells ranging from 107 to 107°.1'] Whereas the difference
between the EQEg; for the Al,O; and TiO, based devices is in
the range of device-to-device variations, it is much lower for the
device without HTL. The reason is that for the device without
HTL the injection current is driven by electrons through the
perovskite, which recombine non-radiatively at the perovskite/
gold interface providing a non-selective contact.?

Interestingly, the EQEg; depends strongly on the injec-
tion current. To calculate V. we should take the value, where
the injection current equals the photocurrent (Equation (6)).
There, the EQEg; is in the range of 2 x 107 for the TiO,-based
device, 1 x 107 for the Al,O5-based device and three orders of

is not a parasitic signal. It can be quenched 4 —
. : . L 10
in magnitude when going from open circuit

to short circuit or even applying a negative
bias (Supporting Information). This implies

x

o AI203
O noHTL

TiO,

that the PL at V.. (partly) originates from
charges, which contribute to photocurrent at
voltages below V.. The PL shows additional 6
signal compared to the EL, in particular for
devices with TiO, scaffold. The additional
broad weak PL is not seen at pure perovskite
films. It results mainly from impurities in the

EQE,

glass/FTO substrate and is enhanced due to °

scattering of the mesoscopic TiO, film. Also
impurities or oxygen vacancies® in TiO, 10
itself might play a role. This signal is less

voltage / V 4
0 05 1 1.5

quenched with applied negative voltage, but L
is reduced as well (Supporting Information).
Knowing Jemo and J,, we can calculate

DDDDDEﬂEUjI'

the theoretical, i.e., radiative, limit of V,. 10"
(Equation (8)). More precisely, only the ratio

between Jy, and Jey o is required, which can
be obtained even without knowing the abso-
lute EQEpy but only the shape. The calculated
value, added to the data in Table 1, is between
1.32 V and 1.34 V and is given by the perovs-
kite, but not by the device architecture. The
trend follows the shift of the onset of the

wileyonlinelibrary.com
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1 2

10° 10 10
current density / mA cm™

Figure 4. External electroluminescence yield (EQEg|) as a function of the injection current.
Dashed lines show the calculated EQEg, assuming that its measured dependence on voltage
is only due to a shunt, which is obviously not the case for the experimental data. The injection
current as a function of applied voltage is shown in the inset (solid lines) including a fit to a
shunt resistance (dashed), which is used to calculate the dashed lines in the main figure. Due
to slight changes of the current-voltage relation, instability of the devices at high forward bias,
and the setup, the EQEg, at a fixed voltage point might vary by a factor of two.
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magnitude lower for the device without HTL. The values are
added to Table 1, together with the calculated V. according to
Equation (6), which fits the measured one well including the
difference between devices with and without HTL. Discrepan-
cies are due to the fact that the J-V curves of the devices do not
behave ideally in a way that the -V curve under illumination is
the J-V curve in the dark minus a constant photocurrent. Con-
sequently, the current—voltage point, where the injection cur-
rent compensates for Jp,, is not at open circuit and less defined.

Figure 4 shows that the EQE; (i.e., share of radiative recom-
bination) increases with injection current by several orders of
magnitude. Thus, there are non-radiative recombination paths
that dominate at low currents. These might be partial shunts,
surface recombination due to non-perfectly selective contacts,
or non-radiative recombination in the active material itself
due to recombination via trap or tail states. Looking at the J-V
curves (inset), the influence of shunts is rather seen for voltages
smaller than 0.5 V. We can calculate the EQEg; assuming that
its dependence on current results from a shunt only: EQE’g; (V)
= EQEEL,const X Jdiode(v)/(]shunt(v) + ]diode(v))' The calculated
EQE’g; (V) is shown for two devices as dashed lines in Figure 4,
where EQEg; .ons 1S chosen as the value measured at high volt-
ages and the shunt is derived from a fit to the |-V curve for
voltages below 0.3 V. Obviously, the shunt cannot explain the
magnitude of the observed changes in EQEg;.

The traces of high recombination at the contact can be
seen at the device without HTL, which does not show a strong
dependence of EQEg; on injection current. Consequently,
we exclude recombination at the contact as a major source of
the strong dependence of EQEg; on injection current for the
devices with HTL. In turn, we conclude that the non-radiative
recombination results from the perovskite mesoscopic layer
itself. The increase of the emission yield with current indicates
that non-radiative recombination is only possible through a lim-
ited number of states. Consequently, it is expected to be fur-
ther suppressed by passivation measures, avoiding trap states,
etc. First studies on adding passivation molecules have already
shown slight improvements of V,.[*’l This result is promising
and implies that reported values of V. are not the limit. As
theoretical studies do not predict intrinsic trap states (such as
vacancies) acting as recombination centers in the material,?°!
the source of non-radiative recombination is most likely due to
dislocations, grain boundaries, impurities, or Pbl, that is not
fully converted into perovskite. Auger-type recombination does
not limit V,. for state-of-the-art devices, as it is a three-particle
process, which becomes significant only for higher injection
currents. This would lead to a decrease of EQEg; with injec-
tion current. However, the opposite is observed. Thus, opti-
mizing the perovskite morphology and device architecture, e.g.,
by reducing the thickness of the absorber while maintaining
high photocurrents are keys to increase V,.. Selective contacts
are a prerequisite for highly efficient devices, where doped
spiro-MeO-TAD seems to work already relatively well. Further
studies are necessary to reveal the prevailing recombination
mechanism(s) in microcrystalline perovskite films in more
detail.

In conclusion we have shown that the open-circuit voltage
of perovskite solar cells is described by the general reciprocity
between electroluminescent emission and photovoltaic action.
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Both are governed by the perovskite as an ambipolar semi-
conductor where electrons and holes are photogenerated and
(injected) electrons and holes recombine. The limit for V,. in
case of solely radiative recombination is determined as 1.32 to
1.34 V. Non-radiative losses at V,. are found to be relatively low,
but still decrease this value to around 1.0 V for average state-of-
the-art devices and even below if contacts are not selective. The
strong increase of the electroluminescence emission yield with
injection current indicates that a better passivation and reduc-
tion of non-radiative losses within the mesoporous multicrystal-
line perovskite layer will allow for highly efficient devices with
voltages possibly exceeding 1.1 V.

Experimental Section

Device Preparation: Devices were fabricated on clean fluorine-doped
tin oxide coated glass (NSG). A blocking layer of compact TiO, was
deposited by spin coating of precursor 2 M water solution of TiCl, at
5000 rpm for 20 s and dried at 70 °C. The mesoporous TiO, and Al,0O;
layers were formed by spin coating of colloidal solutions of TiO, and
Al,O3 with particle size of 20 and 22.6 nm respectively, at 5000 rpm for
20 s. The films were then gradually heated to 500 °C and sintered at that
temperature for 15 min. 1 M lead iodide DMF solution was spin coated
onto the mesoporous TiO, 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 dipping the substrate into CH3;NH;l
solution in isopropanol (10 mg mL™") for 30 s, followed by rinsing with
isopropanol, and drying at 70 °C. For the devices with HTL a solution of
72.3 g Spiro MeOTAD in 1 mL chlorobenzene was prepared, containing
10 mol% FK 209, 28.8 pL tert-butylpyridine and 17.5 L solution of
lithium bis(trifluoromethylsulfonyl)imide (Li-TFSI 520 mg mL™ in
acetonitrile). The HTL solution was spin coated onto the perovskite
surface at 4000 rpm for 30 s. The device architecture was completed
with 80 nm gold counter electrode, which was thermally evaporated on
top of the device.

Spectroscopy: FTPS measurements were performed using a Vertex 70
FT-IR Spectrometer from Bruker, which is operated at external detector
option. PL and EL were collected with a light guide positioned close
to the devices. The detector was a Newton EM-CCD Si array detector
at —60 °C with a Shamrock sr 303i spectrograph from Andor Tech. For
the PL, a green laser (532 nm, 5 mW, spot size few mm?) was used as
excitation source; for the EL, the voltage was applied with a Keithley
2400 SMU. Additional EL experiments were performed using a Fluorolog
spectrofluorometer from Horiba. The EQE; was detected measuring
the emitted photon current with a calibrated large-area Si-photodetector
positioned close to the sample.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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