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The maximum efficiency of any solar cell can be evaluated in terms of its corresponding ability to emit light.
We herein determine the important figure of merit of radiative efficiency for Methylammonium Lead Iodide
perovskite solar cells and, to put in context, relate it to an organic photovoltaic (OPV) model device. We
evaluate the reciprocity relation between electroluminescence and photovoltaic quantum efficiency and
conclude that the emission from the perovskite devices is dominated by a sharp band-to-band transition that
has a radiative efficiency much higher than that of an average OPV device. As a consequence, the perovskite
have the benefit of retaining an open circuit voltage ,0.14 V closer to its radiative limit than the OPV cell.
Additionally, and in contrast to OPVs, we show that the photoluminescence of the perovskite solar cell is
substantially quenched under short circuit conditions in accordance with how an ideal photovoltaic cell
should operate.

T
he ability of a solar cell to emit light is intuitively not an essential property that first comes to mind in striving
for high power conversion efficiencies. ‘‘–A solar cell should deliver current and not light’’ is a statement that
most would probably agree with directly. However, one needs to recognize that a solar cell in fact should do

both, just depending on where it is operating in the current-voltage (I–V) curve. At short circuit (Jsc), a solar cell
should indeed emit as little light as possible, as all absorbed photons should effectively be converted to free charges
that can flow in the external circuit. Hence, at Jsc one of course desires to have as little recombination as possible,
and the discussion of what type of recombination, radiative or non-radiative, gets almost irrelevant as it should
not be there at all in the first place. Negligible recombination at Jsc has in fact also already been achieved for many
promising photovoltaic materials found in both OPVs and dye sensitized solar cells (DSSC).

But, as a solar cell at Jsc is not producing any power we must also consider what happens as we expose our device
to a load. With an infinite load our device ends up at open circuit (VOC) conditions and no external current is
allowed to flow. Hence, all free charges generated must also recombine, simply because it is the only option. At any
other point in the 4th power generating quadrant of the I–V curve, we will observe a transition from no (or weak)
recombination at Jsc to 100% recombination at VOC. How this transition occurs depends in fact very much on the
ability of the solar cell to emit light. The best solar cell, generating the highest VOC, will be the one where the
absorbed photon flux equals the emitted flux under open circuit conditions. Such a solar cell, ideal to be pursued
for highest efficiency, is also said to be in ‘‘the radiative limit’’. The reason good solar cells should only have
radiative transitions available for recombination lies in the fact that these pathways are directly related to the
necessary transitions that also gives rise to absorption. Therefore, even for an ideal solar cell, radiative recom-
bination pathways cannot be avoided whereas the non-radiative pathways, unrelated to the states involved in
absorption, have no such justification. These pathways are not needed and should therefore be minimized, a task
that is generally not so easy.

The approach of optical reciprocity between absorption and emission – first introduced by Kirchhoff1, refined
by Planck2 for black body (BB) radiation and extended to non-equilibrium conditions by Würfel3 – was adapted to
parameters directly relevant to photovoltaics by Rau quite recently4. The optical reciprocity theorem states that
the emission spectra of thermal radiation from any (grey) body in thermal equilibrium with its surrounding is
equal to the product of the black body radiation of the surrounding (earth at 300 K) and the absorptance spectra
of the grey body. Würfel extended the postulate to conditions out of thermal equilibrium by concluding that when
increasing the chemical potential of the grey body radiator (by for example applying a voltage) the spectral shape
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of emission remains the same as the thermal emission, but its intens-
ity will increase exponentially with the applied chemical potential.
This was also experimentally verified for a GaAs LED in Würfels
paper ‘‘The chemical potential of radiation’’ in 19823. By the assump-
tions made by Rau4, the reciprocity relation was extended to hold also
between Electroluminescence (EL) and EQEPV(E). Rau’s reciprocity
relation (R.R.R.) therefore directly connects photovoltaic quantum
efficiency and EL efficiency. Conditions for the validity of and lim-
itations to the R.R.R. are outlined by Kirchartz et. al.5,6 and Wang
et. al.7. As the quantities involved in R.R.R. are accessible by standard,
yet sensitive, characterization techniques, it has been proposed8 that
different PV technologies should be evaluated and compared by the
property of ‘‘Radiative efficiency’’, as this key figure of merit provides
information on how far the technology is from its own upper limit.

Thin film photovoltaics have lately attracted much attention as a
promising energy alternative to reduce the dependency of fossil and
nuclear non-renewable fuels9. Organic polymer/fullerene solar cells
(OPV) have the advantage of possible large scale fast manufacturing
due to its excellent solution process ability. Recently, methylammo-
nium lead iodide perovskites (MAPI) have emerged as a very inter-
esting class of semiconductor materials that have led to very efficient
solar cells. From the first report by Miyasaki et al.10 in 2009, tremend-
ous progress in the performance of MAPI based solar cells has been
achieved11–16, with power conversion efficiencies (PCE) exceeding
15%11–13.

An alternative inverted device layout for perovskite solar cells,
without employing a metal oxide hole blocking layer, has recently
been described17–19. and PCEs in excess of 15% have also been
obtained. In this layout, similar to a standard OPV device architec-
ture, the MAPI is sandwiched in between two organic charge trans-
porting layers that effectively block holes and electrons18.

In this work we describe how the radiative efficiency of such a well
performing ‘‘inverted’’ MAPI solar cell compares to a solution pro-
cessed OPV cell based on a well-studied bulk heterojunction Poly[2-
methoxy-5-(39,79-dimethyloctyloxy)-1,4-phenylenevinylene]:[6,6]-
Phenyl-C61-butyric-acid-methyl-ester (MDMO-PPV:PCBM) sys-
tem20 and investigate how close the open circuit voltage is to the
‘‘possible’’ open circuit voltage of the two respective semiconductors.
The similar device configuration allows for a direct comparison of a
new and an older thin film photovoltaic technology. As both of these
technologies have the potential to change the way energy is utilized
in today’s society, we pinpoint here a fundamental characteristic,
that represents an important leap forward for potentially cheap thin
film PVs, as we find that the efficiency of emission of the perovskite
solar cell is orders of magnitude higher than for the OPV device. This
certifies the smaller number of loss channels present in the former
type of devices.

Results and discussion
Optoelectronic reciprocity relation. Rau’s reciprocity relation is
here expressed in terms of the dark saturation current J0 and the
absolute quantum efficiency of electroluminescence EQEEL:

J0~
q

EQEEL

:
ð?

0
EQEPV (E):wBB(E)dE ð1Þ

where wBB is the photon flux of the environment. A solar cell in its
radiative limit (where all recombination is indeed radiative) will have
an EQEEL of unity and hence a low dark saturation current:

J0,Rad~q:
ð?

0

EQEPV (E):wBB(E)dE ð2Þ

The photocurrent at short circuit of an illuminated solar cell is
instead given by the product of EQEPV(E) and the solar photon
flux hitting the device:

Jsc~q
ð?

0

EQEPV Eð ÞwAM1:5 Eð ÞdE ð3Þ

To best visualize the constituents of these two important PV
integrals, Figure 1 depicts the spectral distribution of the absolute
photon fluxes of the two black bodies involved in photovoltaic
conversion; that is the sun and the 300 K black body environment
(the earth).

As the open circuit voltage of any type of solar cell is determined by
the ratio of the two corresponding currents

Voc~
kT
q

ln
Jsc

J0

� �
ð4Þ

a low dark saturation current and a high solar photocurrent should of
course always be strived for. Both of these currents are however
largely determined by the same parameter: namely the EQEPV(E).
(Apart from the spectral shape of EQEPV(E) it is in fact only the
radiative efficiency EQEEL that determines the open circuit voltage.)
From Figure 1 and Equations 1–3 it becomes obvious that the best
solar cells must have a high EQEPV(E) in the energy region where the
solar flux dominates the spectra and simultaneously an as low as
possible EQEPV(E) in the energy region where the earth BB flux
dominates. This condition is satisfied by a solar cell with a sharp
stepwise EQEPV(E) function, being 100% above the band gap and
being zero below. This shape of the EQEPV(E) was indeed assumed by
Shockley and Queisser in their detailed balance paper21 on determin-
ing the upper limits to photovoltaic energy conversion. It should
perhaps be noted that the stepwise EQEPV(E) is no prerequisite for
detailed balance per se; it is merely the sought-after spectral shape to
reach the upper limit.

The open circuit voltage hence, is determined by:

VOC~
kT
q

ln
JSC
:EQEEL

q
Ð

EQEPV (E):wBB(E)dE

� �
ð5Þ

The first option to increase VOC is to lower J0,Rad (denominator in
Eqn. 5) by changing the spectral shape of the EQEPV(E), the sharper
the step shape the higher the VOC. The only other, and more potent,
option to increase the VOC is instead to increase the EQEEL towards
unity by minimizing the non-radiative recombination pathways,
bringing VOC closer to the radiative limit. The radiative efficiency

Figure 1 | Spectral energy distribution of the two photon fluxes
governing photovoltaic energy conversion on earth. The sun flux, closely

originating from a distance diluted 5800 K blackbody source (dashed black

line) filtered by the earth atmosphere (solid black line) determines the

short circuit current. The earth environment 300 K blackbody flux governs

instead the dark saturation current (Magenta dashed line). Note the very

large range of absolute values on the Y-axis.
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hence relates to the offset between band gap and open circuit voltage
defined by: Woc ; (Egap/q) – Voc.

A highly relevant figure of merit to compare different PV tech-
nologies is therefore to determine how far they are from their respect-
ive radiative upper limits8 and hence also what we focus on here. This
can be determined in two separate ways: A) One basically measures
the EQEEL of the cell in absolute terms. This is performed by injecting
a small forward current, as close as possible to the short circuit
photocurrent (determined under solar illumination) and then mea-
sure how many photons are emitted from the device. The procedure
is hence analog to measuring the efficiency of a LED close to the very
onset of emission. With the EQEEL determined and the device dark
saturation current (J0), obtained from Eqn. 4, one can calculate the
dark saturation current in the radiative limit (J0,Rad) via their simple
relation

J0,Rad~EQEEL
:J0 ð6Þ

and then also the corresponding open circuit voltage in the radiative
limit (VOC,Rad). B) The second method to determine radiative effi-
ciency relies on measuring the EQEPV(E) at the band edge and then
calculate J0,Rad via Eqn. 2. Since J0,Rad calculated this way is fully
determined by the shape of the EQEPV(E) at very low energies and
the earth blackbody spectrum is such a strongly decreasing exponen-
tial function, it is essential to measure the spectral shape of EQEPV(E)
very accurately with high sensitivity to minimize measurement noise
in the lowest energy regime. By rearranging Eqn. 5 one obtains:

EQEEL~e
qVOC

kT :
J0,Rad

JSC

� �
ð7Þ

so that with a reliable value of J0,Rad available, one can instead cal-
culate the radiative efficiency. Hence two methods are available and
here we have pursued both methods to verify their accuracy in deter-
mining the radiative efficiency and as such we assess if the R.R.R. is
valid for the new perovskite based solar cells.

Devices. The device structures of the two types of solar cells used in
this study are shown schematically in Figure 2. We first emphasize
that the I–V characteristics of the fresh MAPI cells showed negligible
hysteresis, meaning that concerns related to voltage sweep direction
and time dependence, could be safely disregarded22. Such depen-
dencies would likely affect the illuminated and dark I–V sweeps

differently, and may therefore also invalidate the superposition
assumption in the R.R.R. A short circuit current of 189 A/m2, an
open circuit voltage of 1080 mV and a fill factor (FF) of 55% were
obtained for the MAPI cell. The OPV showed, as expected,
substantially worse performance with a JSC limited to only 32 A/
m2, a VOC of 830 mV and a FF of 51%.

Quantum efficiency of radiative recombination. The observed
peak position of electroluminescence from the MAPI cell is similar
to that detected earlier by photoluminescence23 and is located at
760 nm or 1.61 eV (Figure 3A) and the shape is independent of
the injection current density. The very sharp peak with a full-
width-at-half-maximum of only 81 meV indicates that the emis-
sion comes from a narrow distribution of states likely located at
the band edge of this perovskite semiconductor24. The peak of the
EL coincides with the location of the steep slope of the EQEPV(E)
spectra, highlighting the complete absence of any Stokes shift in the
MAPI material. Hence, the assumption that this MAPI structure is a
direct band gap semiconductor with its band gap energy located at
the peak of EL emission is highly justified, but actually somewhat in
disagreement with recent published values18,25,26 of the band gap of
MAPI cells. Those were obtained from diffuse reflectance spectro-
scopy or UPS, and reported to be 1.50–1.57 eV. This implies that
either the earlier band gap determination is not fully justified, or the
here observed radiative recombination does not occur over the band
gap, but from higher lying electronic states, which we deem less likely
to occur. It must be pointed out that the absorptance and
corresponding EQEPV(E) spectra actually do extend to slightly
lower energies than the peak position of the EL spectra, indicating
that absorption does indeed occur slightly below the here determined
band gap from EL, also in our device.

A typical EL spectrum obtained by driving the perovskite cells at a
current density similar to its JSC is depicted in Figure 3A, showing the
measured photon flux distribution (in eV) (black line). When this
flux distribution is integrated over all energies the total EL flux is
obtained, which when divided with the injected current provides the
value of the radiative efficiency EQEEL under solar flux charge carrier
density.

Figure 3B shows the measured EQEPV(E) spectra, the spectral
distribution of the 300 K BB environment radiation, and the
sought-after product of these two spectra. This spectrum, in accord-

Figure 2 | Device layout of the studied solar cells. (A) Perovskite (MAPI) and (B) Organic (MDMO-PPV:PCBM) cells.

www.nature.com/scientificreports
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ance with the R.R.R. of Eqn. 2 represents the radiative recombination
flux of our MAPI cell in the dark, in the case that everything that is
absorbed is also reemitted. The dashed blue line hence embodies the
radiative spectral distribution of the dark saturation current in its
radiative limit. Integrated over all energies we obtain the actual dark
saturation current in its radiative limit (J0,Rad). We point out that it is
in general not sufficient to get the full value of the J0,Rad by just
integrating the EQEPV:BB spectra product, as we cannot accurately
enough measure the EQEPV at the required lowest energies.
Incomplete determination of EQE at the band edge will therefore
inevitably lead to an underestimation of the correct value of J0,Rad,
which also seems to be the case for several of the spectra presented in
ref.8. The curve presented in our Figure 3B is also dominated by noise
at energies just slightly below the peak. However, the electrolumines-
cence flux spectra obtained under conditions of much higher applied
chemical potentials (Figure 3A), do nicely provide the needed full
spectral shape of the product, provided that the R.R.R. does hold. The
thin blue line is hence the measured EL flux spectra basically fitted to
the absolute values of the thick dashed line. The error made by not
using the electroluminescence spectral shape would, however, be less
than a factor of two, as at least half of the curve shape was already
correctly determined without the emission study. The similarity in
shape of the calculated J0,Rad spectra and the measured emission

distribution and, more importantly, their direct relation to J0 via
Eqn.6 confirms the validity of using the R.R.R.

For the reference MDMO-PPV:PCBM solar cell, depicted in
Figure 4, the electroluminescence peak originates from recombina-
tion via the interfacial charge transfer (CT) state27. The energy of the
CT state relates to the difference between the LUMO level of the
PCBM and the HOMO level of the MDMO-PPV. However, the very
large impact of reorganization energy present in soft materials leads
to a pronounced Stokes shift and electroluminescence peaks can no
longer directly be used as a reliable estimation of the actual band gap
energy. To account for the influence of reorganization energy, we
have instead followed the proposal in Ref.28 that a better representa-
tion of band gap energy is identified by the crossing of the reduced
EQEPV and the EL emission spectra. Hence, the correct band gap
energy in the OPV device is ,0.2 eV higher than the peak position of
electroluminescence. (Our concerns with the MAPI band gap are
converse, such that the published values are lower than the peak
EL position) The band gap determination for the reorganizing poly-
mer-fullerene blend is here identified in this device at 1.46 eV.

An accurate determination of the band gap is of course essential to
be able to make a useful notion regarding the offset value Woc.

The large Stokes shift and limited EQEPV sensitivity of our setup
also do limit the spectral range over which we can confirm the mea-
sured spectral emission shape and the calculated shape (dashed) for

Figure 3 | Radiative efficiency of the MAPI cell. (A) EQEPV (red) and the

spectral emission flux (black) at a current injection condition

corresponding to Jsc at 1 sun. The vertical line at the peak of EL marks the

direct band gap energy at 1.61 eV. The ratio between the total emitted

number of photons and the injected current equals the EQEEL. (B) The

300 K BB spectra (dashed magenta) multiplied with the EQEPV provides

the photon flux distribution (thick dashed blue line) which, when

integrated, corresponds to the dark saturation current in its radiative limit.

The identical shape of the spectra, with ,18 magnitudes lower emission

flux compared to in (A), certifies the reciprocity relation.

Figure 4 | Radiative efficiency of the reference OPV cell. (A) EQEPV and

spectral emission flux at a current injection condition corresponding to Jsc

at 1 sun. The EQEEL is identified substantially lower for this reference

material. The vertical black line, corresponding now to the crossing of the

reduced spectra28, marks the band gap energy at 1.46 eV. (B) The 300 K BB

spectra multiplied with the EQEPV provides again the photon flux

distribution corresponding to the dark saturation current in its radiative

limit. The obtained J0,Rad is just one magnitude higher than for the MAPI

cell.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 6071 | DOI: 10.1038/srep06071 4



the organic solar cell in Figure 4B. It is however in close accordance
with earlier published spectral fits where peak positions were slightly
better covered28. For these types of materials the emission study is
therefore more important to get a better coverage of the J0,Rad energy
distribution, to allow a better determination of its integrated value.

We herein hence chose to determine J0,Rad for the two devices via
the integrated fitted spectra (thin blue lines in 3B and 4B) and sub-
sequently J0 via eqn.6 for both studied solar cells. This allows us to
calculate VOC,Rad and the real VOC, both via Eqn. 4. This calculated
real VOC is in very good agreement with the measured VOC under AM
1.5 simulated solar spectra illumination (Table 1).

We see that the MAPI cell has a substantial advantage over the
OPV cell. The offset (DVOC, Non-Rad) between actual open circuit
voltage and open circuit voltage in the radiative limit of only
,0.23 V for the perovskite considerably outperforms the OPV cell
which has an offset as high as ,0.37 V. The fact that the MAPI cell
has a radiative efficiency ,190 times higher hence leads to an open
circuit voltage being ,0.14 V closer to its radiative limit than the
MDMO-PPV:PCBM cell. Our band gap assignment furthermore
designates that the VOC is ,0.1 V closer to the band gap than that
observed for the OPV cell.

A radiative efficiency of ,1E-4 puts the perovskite solar cell in a
good position, when compared to other earlier generation photovol-
taic technologies. Numbers of radiative efficiency, taken from
Green’s compiled list8, ranges from 0.225 for a GaAs cell to 2.7E-9
for an undisclosed OPV cell from Konarka. The here studied MAPI
cell substantially outperforms both DSSC (7.2E-8), amorphous Si
(5.3E-8) as well as CdTe cells (1E-6) and is just slightly behind
Cu(In,Ga)Se2 with a there stated radiative efficiency of 5.7E-4. We
again note that some of the lowest values listed therein are however
likely underestimations.

Photoluminescence quenching. In addition to the noteworthy
radiative efficiency of the MAPI cell, we also like to point out the
strikingly different feature of photoluminescence (PL) quenching
behavior for the two devices, when evaluated simply at different
external loading conditions. It is still widely argued within several
emerging PV technology communities that a good photovoltaic
material combination (donor-acceptor or with interfacial layers)
should display strong PL quenching of the main absorber due to
beneficial induced charge transfer. It is for example frequently
highlighted that in donor-acceptor bulk heterojunctions, the PL
quenching of the donor material induced by the (fullerene)
acceptor presence is a sought-after feature. Likewise, in DSSC, the
choice of electrode interfacial layers is frequently based on their
ability to quench the emission of the absorber dye. This is,
however, in general only a good signature and suited figure of
merit for obtaining high yield of photo induced charge transfer to
obtain a higher photocurrent generation, but not at all a good figure
of merit for simultaneously achieving a high open circuit voltage. In

fact, it is quite the opposite. Frequently, these PL quenching studies
are performed on neat films without the presence of electrodes.
Hence the sample under study is actually closer to the condition of
a solar cell at open circuit rather than short circuit. Therefore, as
argued above, substantial non-radiative recombination pathways
must have been introduced if the sample has a reduced
photoluminescence. Therefore, we here point out that a much
better ‘‘quenching figure of merit’’ for photovoltaics, that allows
for achieving both a high photo current and photo voltage, is if the
photoluminescence of a completed device is quenched only when the
device is going from open circuit to short circuit conditions.

For both the MAPI and the OPV cells, the photoluminescence of
the dominant absorber is also reduced by the mere presence of
another charge accepting material in the device. However, some
residual photoluminescence, of different magnitude, still remains
for both devices. The PL and EL spectra of the two types of cells
are plotted in Figure 5 (no longer in absolute flux). In the OPV cell,
the emission, when excited with a 405 nm continuous wave laser, is
dominated by radiative recombination of Frenkel excitons within
pure phases of the PCBM acceptor (Figure 5A). Some PL also arises
from pure phases of polymer. In the OPV, the presence of radiative
interfacial charge transfer state (CT) recombination is almost com-
pletely masked by the low energy tail of the photoluminescence of the
pure phases. The electroluminescence is on the other hand comple-
tely dominated by CT recombination, as expected. Only at very high
injection conditions do we see a hint of pure phase population.

There is, however, no influence at all of the device contact con-
dition on the PL intensity. That is the PL intensity is the same at open
circuit and at short circuit conditions. This is in fact an almost uni-
versal feature of all organic solar cells. This feature, the independence
of luminescence to external loading, is caused by the two main short-
comings of OPV devices; namely, the very strong binding energy of
the photogenerated Frenkel excitons and the very low radiative effi-
ciency of the free carrier recombination. Hence, if photo induced
charge transfer, expected to be required to generate a decent photo-
current from excitonic materials, is always associated with the intro-
duction of non-radiative recombination pathways, then organic
photovoltaics may be in quite a dilemma29.

However, for the MAPI cell in Figure 5B the story is very different.
As the PL emission is located at the very same energetic position as
EL, the assumption that the strong PL emission originates from the
recombination of the same type of charge pairs as in EL, namely free
charge carriers, is justified. Then, its intensity should also very much
depend on whether the device is at open or short circuit conditions.
Indeed, both on a linear (inset) and log scale, the effect of simply
allowing the photogenerated charges to take another path (external
cables) than recombining within the film, substantially affects the
luminescence intensity. This then fully confirms that the PL emission
originates from completely free charges that are just waiting to get
out of the device and produce current.

Conclusions
The emission from the MAPI perovskite solar cells are dominated by
sharp band-to-band transitions and have a radiative efficiency
almost a factor 200 higher than that of a model organic solar cell.
This leads to the benefit of retaining an open circuit voltage signifi-
cantly closer to the maximum open circuit voltage wherein all recom-
bination events lead to the emission of photons. The figure of merit of
a radiative efficiency above 1024 put these solar cells above amorph-
ous Silicon, DSSC, and CdTe but slightly below that of Cu(In,Ga)Se2

solar cells. We have herein also highlighted that the perovskite
photoluminescence is rather strong at open circuit conditions, and
substantially quenched at short circuit, showing that the primary
excited states are free carriers without significant binding energy,
similar to other solar cells with high radiative efficiency in the list
of ref.8. Perovskites have already reached impressive power conver-

Table 1 | Summary of the photovoltaic key parameters for the two
types of PV devices studied

MAPI MDMO-PPV:PCBM

Eg (eV) 1.61 6 0.01 1.46 6 0.02
Jsc (A/m2) 189 (60.5) 32 (60.5)
J0 (A/m2) 7.4 (64.6) E-17 1.4 (60.7) E-13
J0,Rad (A/m2) 8.9 (60.6) E-21 8.7 (60.6) E-20
Rad. efficiency

(measured EQEEL)
1.2 (60.1) E-4 6.3 (60.1) E-7

Voc,Rad (V) 1.33 6 0.02 1.22 6 0.02
Voc (V) kTln(Jsc/Jo) 1.09 6 0.02 0.85 6 0.02
Voc (V) measured 1.08 6 0.01 0.83 6 0.01
D Voc, Non-Rad 0.23 6 0.02 0.37 6 0.02
WOC (eV) 0.53 6 0.03 0.63 6 0.03
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sion efficiencies, and one of the main reasons for this is found in its
high photovoltage which relates directly to its comparatively high
ability to emit light.

Methods
The perovskite solar cells studied herein were prepared by sandwiching the methy-
lammonium lead iodide (MAPI) between two electron and hole selective layers. First,
a 75 nm thick film of poly(3,4-ethylenedioxythiophene):poly (styrenesulfonic acid)
(PEDOT:PSS) CLEVIOS P VP Al 4083 from Hereaus was spin-coated on an ITO
covered glass substrate. After annealing for 15 minutes at 150uC, a thin layer of the
electron blocking material poly[N,N0-bis(4-butylphenyl)-N,N0-bis(phenyl)benzi-
dine] (polyTPD) from ADS was deposited (30 nm) from a chlorobenzene solution
(7 mg ml21) and then annealed at 180uC during 30 minutes. To ensure a high purity
and a high control of the thickness, the CH3NH3PbI3 layers were prepared by the co-
evaporation of the two starting materials PbI2 and CH3NH3I in a high vacuum
chamber as described previously18,30. A MAPI layer thickness of 250 nm was used for
the present study. Subsequently, a thin layer (20 nm) of the hole blocking material
[6,6]-phenyl C61-butyric acid methylester (PCBM60) Solenne BV was deposited from
a chlorobenzene solution (10 mg ml21) using meniscus coating31. The device was
completed by the thermal sublimation of the top metal (Au) electrode to a thickness of
100 nm. The solar cells (active area of 6.5 mm2) were then encapsulated with a glass
cover using a UV curable epoxy sealant (Ossila E131 Encapsulation Epoxy), with a
UV exposure time of 5 min.

The reference MDMO-PPV:PCBM OPV cell (active area of 9.2 mm2) was man-
ufactured by spin coating a 110 nm thick layer of the active material in a stoichi-
ometric ratio of 154 from a chlorobenzene solution. The PPV (CAS 177716-59-5) was
obtained from Sigma Aldrich and the fullerene from Solenne BV. The bottom elec-
trode comprised again ITO but with a 40 nm hole selective PEDOT:PSS (Al 4083)
film. The top electron selective electrode comprised a sublimated Ca(3 nm)/
Al(110 nm) combination.

I–V characterization was performed under inert atmosphere using an Oriel
1160 AM 1.5 G solar simulator. The EQEPV(l) was determined with a home built
setup comprising an Oriel Halogen lamp, a light chopper coupled to an Oriel
monochromator, a Hamamatsu K3413-02 Si reference cell and two lock-in amplifiers
to measure the corresponding photocurrents. Electroluminescence spectra were
determined by an Acton SpectraPro SP2560 monochromator coupled to a N2 cooled
Spec10LN Si CCD camera from Princeton Instruments.

The light was coupled from the cell to the monochromator entrance via an Oriel
liquid light guide (5 mm diameter) placed very close to the front of the cells. The
entire spectral system was photon flux calibrated with a reference Halogen lamp
mounted in a LMS-100 integrating sphere from Labsphere. The absolute photon flux
determination was performed by placing the cell at a set known distance of 18.3 mm
from a 1 cm2 area Hamamatsu S2281 Si photo detector. The solar cell was forward
biased via an Agilent 4155C parameter analyzer in sourced current mode, and the Si
photodiode current was collected by the same. Knowledge about the spectral distri-
bution of the cell emission, the spectral response of the Si-photo detector, and the
assumption of a point source emitting uniformly into a half sphere, allows deter-
mination of the weak absolute EL photon flux from the solar cell. The dominant error
in radiative efficiency determination via any of the outlined methods is in general
found in the temperature uncertainty in any of the J0 calculations. All measurements
were conducted at ambient room temperature but the samples are likely to heat up by
some degrees both during the solar simulator illuminated VOC determination and
likely also due to the injection current during the emission efficiency determination.
A temperature error margin of 63 K has hence been assumed in the J0 calculations of
table 1. Errors in areas of the cells are neglected as we here only deal with the ratio
between Jsc and J0. The uncertainties in measured EL efficiency are expected to be
governed by the small distance imprecision between the cell and the photo detector.
The ability of reproducing the measured VOC with decent accuracy via combining the
two methods also attests that our measurements inaccuracy is well within the
acceptable boundaries.
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