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Photovoltaic devices based on hybrid organic-inorganic perovskites have attracted great attention 

due to the rapid evolution of their power conversion efficiencies.1-12 By far the most efficient 

architectures have been prepared using a solution processed perovskite absorber, yet efficient 

solar cells using an evaporated perovskite layer have also been demonstrated.13-15 It has become 

clear that not necessarily the preparation method, but the perovskite grain size has a strong effect 

on the overall performance of the solar cells.16  Indeed carrier diffusion length can be drastically 

enhanced to over 100 μm when single crystals are obtained, thanks to a reduction in the density 

of trap states.17, 18 Even polycrystalline hybrid perovskite semiconductors are characterized by 

large and balanced charge diffusion lengths,19, 20 consequence of the very low non-radiative 

recombination rates.21, 22 In an ideal case, charge recombination in a photovoltaic material should 

be purely radiative, since the same transitions involved in photoluminescence (PL) and 

electroluminescence (EL) are also responsible for light absorption. Recently, it was shown 

independently by two groups that perovskite solar cells obey the reciprocity relation as 

formulated by Rau,23 which describes the equilibrium between absorption and emission of a 

single direct band gap semiconductor. Such relation implies that one can predict the photovoltage 

by measuring the external quantum efficiency (EQE) for EL and from the photocurrent 

generation efficiency.24, 25 The radiative efficiency for perovskite solar cells was found to be 

higher compared to inorganic materials such as amorphous silicon or cadmium telluride, and 

only slightly lower compared to Cu(In,Ga)Se2 (CIGS) solar cells.24 This is one of the reasons 

behind the generally high open circuit voltage (Voc) observed in methylammonium lead iodide 

(MAPbI3) based cells (1.0-1.1 V), in view of its bandgap of approximately 1.6 eV. Recently, by 

correlating confocal microscopy with scanning electron microscopy, the spatial variation of the 
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photoluminescence (PL) intensity and lifetime, over different grain size and boundaries, have 

been reported.26 Interestingly, substantial inhomogeneity in the PL mapping was observed, 

meaning that even efficient perovskite solar cells still contain regions with non-radiative 

recombination. In another study, the spatially resolved electronic excited-state dynamics have 

been observed by means of femtosecond transient absorption spectroscopy coupled to an optical 

microscope.27 The excited state relaxation was found to be very dependent on the location in the 

device, hence confirming the presence of substantial inhomogeneity over a large length scale. 

Very recently, EL and PL images where shown to have a good potential for studying spatial 

inhomogeneities at a millimeter scale, where local series resistance can fluctuates.28 These and 

other recent investigations29-34 have highlighted the need for a spatial resolved analysis of the 

physical properties governing the photovoltaic behavior of perovskite solar cells. In particular, 

the correlation between the spatial variation of a certain physical quantity and the materials 

morphology will help identifying strategies to improve the overall device performance. 

Hyperspectral imaging of luminescence is a novel technique that offers spectrally resolved PL 

and EL maps of semiconductor devices, and has been recently applied in the characterization of 

GaAs,35, 36 silicon,37, 38 Cu(In,Ga)Se2
39, multi quantum wells and quantum dots solar cells.40 A 

unique feature of this technique is the possibility to quantitatively measure the luminescence 

flux.35, 36 Hyperspectral imaging, operating under uniform illumination of the device, allows to 

characterize the cell in a state close to the operation conditions, and was found free from a 

variety of artefacts occurring from analysis in a confocal configuration.39 Local excitation 

systems have several major limitations that are surpassed by hyperspectral imaging. First of all 

the luminescence intensity is only available in arbitrary units, additionally all the optoelectronic 

parameters that are deduced from local excitation maps are altered by lateral carrier diffusion in 
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proximity of the excitation spot. Finally, PL mapping alone provides insights solely about the 

active material, while the EL analysis gives important and complementary information on the 

electrical characteristics of the device. Within this perspective, hyperspectral imaging combines 

both methods in a quantitative manner. From the hyperspectral PL imaging and by using the 

generalized Planck’s law, one can obtain absolute maps of the depth-averaged quasi-Fermi levels 

splitting (Δµ), which determines the maximum achievable open circuit voltage (Voc) of the solar 

cell.41-44 Careful comparison with electrical measurement showed a consistent agreement 

between Δµ and Voc on a variety of devices, within 20 meV.41-44 On the other hand, by applying 

Rau’s reciprocity relations on the hyperspectral EL maps, the spatial distribution of the 

photovoltage can be obtained.45 Furthermore, the application of the generalized reciprocity 

relations allows to obtain maps of the charge carriers transport efficiency.46 

In this manuscript, state-of-the-art p-i-n perovskite solar cells are analyzed by hyperspectral 

luminescence imaging. We investigated spatial fluctuations from few micron to the millimeter 

scale and compare samples having different hole blocking layers to understand the role of the 

front contact. To go further in the analysis we applied three different theories describing 

luminescence emission, i.e. spatially resolved absolute quasi-Fermi levels splitting from PL, 

from EL, as well as the carrier collection efficiency. We show that both photo- and 

electroluminescence are spatially not uniform, leading to a distribution of the quasi Fermi level 

splitting which strongly depends on the position in the device. Interestingly, only small 

deviations from the measured global Voc are observed, which we ascribe to the small hysteresis 

observed in these solar cells. On the other hand, we also quantify and map the device spatial 

inhomogeneity by calculating the carrier transport efficiency. Surprisingly, we found small, yet 

non negligible areas where the photogenerated carrier collection efficiency is lower than 60%. 
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We show that this inefficient charge collection is most likely due to interfacial resistance 

fluctuations. Therefore, the performance of perovskite solar cells can be significantly improved 

by engineering the charge extraction and energy bands of the charge selective layers rather than 

by improving the quality of the perovskite absorber. 

The architecture for the perovskite solar cells used in this study (Fig. 1a) consists of an indium 

tin oxide (ITO) coated glass slide, covered with a 80 nm thick poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS) layer and a thin (20 nm) 

poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine] (polyTPD) film acting as the electron 

blocking layer. On top of this, the MAPbI3 perovskite was thermally evaporated to a thickness of 

500 nm using a previously described protocol.14 Subsequently, a fullerene hole blocking layer 

was deposited on top of the perovskite absorber. In this study, we compared the behavior of a 

device with a solution processed [6,6]-phenyl C61-butyric acid methylester (PCBM, 40 nm) film 

(device A) with that of one employing an evaporated C60 layer (also 40 nm, device B). The 

devices were completed with the evaporation of a Ba (10 nm) top electrode capped with Ag (100 

nm). Details of the device preparation can be found in the Experimental section. Four cells were 

evaluated for each device configuration, showing virtually no difference in the observed 

performance. The EQE of both devices (Fig. 1b) is rather constant over the whole visible spectra, 

with a maximum of 85% at 600 nm, and shows the typical onset at 770 nm, corresponding to the 

perovskite band-to-band edge absorption. The current density (J) vs voltage (V) characteristic 

under dark and 1 Sun illumination are shown in Fig. 1c-b, and the corresponding extracted key 

device parameters are reported in Table 1. As expected from the EQE, the short circuit current 

densities (Jsc) are also high (19.90 mA/cm2 for device A and 20.50 mA/cm2 for device B), with 

the main difference among the two devices being the fill factor (FF, 0.687 for device A and 
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0.646 for device B), consequence of the use of different electron transport materials. The 

measured Voc was found to be 1109 mV for device A and 1110 mV for device B, resulting in 

high power conversion efficiencies close to 15% (15.1% for device A and 14.70% for device B). 

Device A did not exhibit any substantial J-V hysteresis under the measurement conditions (scan 

speed of 0.35 V s-1), while a weak hysteresis effect was observed for Device B. A comparison 

between the J-V curves under illumination and in the dark (Fig. 1c-d) suggests that both 

perovskite solar cells do have carrier collection issues to some extent. This interpretation 

originates from the relatively low FF for both samples as compared to the good diode 

characteristics (no evident resistance issues) observed in the dark. These phenomena will be 

investigated by using hyperspectral luminescence imaging. 

 

Table 1 Performance parameters for perovskite solar cells as a function of the electron 

transport layer (ETL) and voltage scan direction 

Device, ETL Scan direction Jsc (mA/cm2) Voc (mV) FF PCE (%) 

A, PCBM 

Forward 19.90 1109 0.687 15.16 

Reverse 19.72 1106 0.679 14.81 

B, C60 
Forward 20.50 1110 0.646 14.70 

Reverse 20.14 1107 0.615 13.71 

Forward scan: from -0.2 V to 1.2 V. Reverse scan: from 1.2 V to -0.2 V. The scan speed was 

kept constant at 0.35 V s-1. 

 

The experimental setup consists of a hyperspectral imager coupled to an optical microscope 

which allows recording spectrally resolved images with a 2 nm spectral resolution and a 2 µm 
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spatial resolution. The perovskite solar cell is homogeneously illuminated with a 532 nm laser, 

and for the detection of the luminescence images, a visible Si CCD camera is used. The spatial, 

spectral and absolute calibration procedures of the whole setup, are detailed elsewhere.36  

As mentioned before, the hyperspectral imaging system quantitatively records luminescence 

maps, allowing the estimation of the quasi-Fermi levels splitting (Δµ). This is achieved using the 

generalized Planck’s law describing the luminescence spectrum of a material out of 

equilibrium.42 By integration over the volume, the emission at a position r of the surface can be 

written as: 

 

,ࡱሺࡸ࢘࢐ (1) ሻ࢘ ൌ ,ࡱሺ࡭ ሻ࢘ ࣂ࢙࢕ࢉࢹ

૝࣊૜԰૜ࢉ૛
૛ࡱ

ࣆࢤషࡱቀ࢖࢞ࢋ
ሺ࢘ሻ

ࢀ࢑
ቁି૚

    , 

 

where ࡭ሺࡱ,  ሻ is the absorption probability of an incident photon on the surface element, equal to࢘

its emissivity, by Kirchoff’s law, Ω the solid angle of the emission, θ the angle of the emission 

relative to the surface normal, ԰ is Planck’s reduced constant, c is the speed of light, E is the 

photon energy and kT is the thermal energy. According to Rau’s reciprocity relations and the 

Generalized Planck’s law, the spectral shapes of the EL and PL spectra differ mainly because of 

a mismatch between the material’s absorption A(E) and its EQE(E). In our case the spectral 

shapes of PL and EL are identical (Fig. S6), which can only be true if A(E) is equal to the 

EQE(E). Hence, the absorption ࡭ሺࡱ,  ሻ can be approximated by the solar cell EQE(E), within a࢘

factor close to unity. This assumption holds if the highest energy part of the calibrated PL spectra 

is used to estimate Δµ. In any case, it only has a weak impact on the Δµ values whose 

fluctuations are logarithmically related to luminescence flux and absorption. In fact, a 20 % 

mismatch between A(E) and EQE(E) would only induce a variation of about 4 meV in the Δµ, as 
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calculated from PL measurement following Eq. (1). This would still be within the global 

systematic error (± 20 meV) associated with the calculation and mapping of Δµ, as reported 

elsewhere.39 Equation (1) assumes that Δµ is constant throughout the semiconductor’s depth.41, 42 

This assumptions is valid in view of the reports on long carrier diffusion lengths for perovskite 

solar cells, which is found to be larger than the active layer film thickness.19, 20. It is hence likely 

that traps or interface defects impact the Δμ throughout all of the depth. Hence, if the Fermi 

distribution is approximated by a Boltzmann distribution (E – Δµeff >> kT), equation (1) can be 

re-written as: 

 

,ࡱሺ	ࡸ࢘࢐ (2) ሻ࢘ ൌ ,ࡱሺ࡭ ,ࡱሺ࢈࢈ࣘ	ሻ࢘ ሻࢀ ܘܠ܍ ቀ
ઢࣆሺ࢘ሻ

ࢀ࢑
ቁ  , 

 

where	ࣘ࢈࢈ሺࡱ,  ሻ is the black body radiation. For the calculation and mapping of Δµ usingࢀ

equation (2), ࡱࡽࡱሺࡱ,  ሻ and T need to be determined. The temperature T can be determined࢘

from the generalized Planck’s law applied to a luminescence flux ࢘࢐
 :using the expression ,ࡸࡱ,ࡸࡼ

 

࢔࢒࢑ (3) ൬
࢘࢐
	ࡸࡱ,ࡸࡼ

૛ࡱሻ࢘,ࡱሺ࡭
൰ ൌ 	

ሻ࢘ሺࣆ∆

ࢀ
െ	ࡱ

ࢀ
 

 

By considering the high energy part of the spectrum, where the absorption does not vary 

significantly, the temperature T is obtained from the slope of the latter equation plotted against 

the photon energy. The fit in Fig. 2 yielded T = 297 K for device A and T = 303 K for device B. 

Note that the uncertainty in the temperature calculation is ± 20 K, meaning that the observed 

variations are negligible. Once the temperature is determined, from the constant term in the 

equation (3) the quasi-Fermi level splitting can be calculated. On the other hand, when analyzing 
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EL spectra, the diode voltage V can be obtained. In that case transport properties have to be taken 

into account. Reciprocity relations have been demonstrated between PV and LED devices.23 

Therefore the EL spectrum can be expressed using the following relation: 

 

,ࡱሺ	ࡸࡱ࢘࢐ (4) ሻ࢘ ൌ ,ࡱሺࡱࡽࡱ ,ࡱሺ࢈࢈ࣘ	ሻ࢘ ሻࢀ ܘܠ܍ ቀ
ઢࣆሺ࢘ሻ

ࢀ࢑
ቁ 

 

where in Δμ(r) = qV(r), with V(r) the local internal applied voltage and q the electronic charge. In 

order to measure the local voltage of the diode, an equivalent procedure as described above can 

be used.47 The excitation power for all of the hyperspectral imaging experiments was kept below 

1 Sun, allowing the characterization of the device under realistic operating conditions. This is an 

important criterion that is not often respected as usual PL characterizations, especially in 

confocal configuration, are obtained under several hundreds or even thousands Suns. For the PL 

experiments, the laser was tuned to match the electrically measured short circuit current Jsc ~ 21 

mA/cm2. As for the EL experiments, the same conditions were achieved with an applied bias of 

1.15 V. We performed spectrally and spatially resolved luminescence imaging on both devices, 

obtaining absolutely calibrated PL and EL maps (photons/m/m2/s). From these images, one can 

extract the emission spectrum from each pixel (Fig. 2a-b). EL and PL spectra exhibit similar 

shapes with equal emission maximum at 1.61 eV (770 nm), independently on the electron 

transport layer used.  

By using the generalized Planck’s law, maps of the quasi-Fermi levels splitting Δμeff can 

be extracted from the EL and PL hypercubes (Fig. 3). One can immediately notice the presence 

of circular spots with micrometric diameter that exhibit weak luminescence intensity and thus 

low quasi-Fermi level splitting. It is unlikely that these areas originates within the perovskite 

Page 9 of 24 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



10 
 

absorber. In fact, such spatial features are not directly related with the morphology/crystallinity 

of the perovskite layer, since the observed grain size is smaller than 200 nm (Fig. S1 in the 

Supporting Information). In this scenario, profound inhomogeneities in the perovskite would 

have a large impact on the electrical characteristic of the device (shunts, high current leakage, 

not seen here) that would strongly influence the efficiency and decrease the overall PL intensity. 

Hence the observed large inhomogeneities are most likely related to the deposition of the organic 

charge transport layers (PEDOT:PSS and polyTPD). These areas are potentially a damaging 

factor and lead to a lowering of the maximum achievable Voc. Additionally, these areas 

contribute to the reduction of the carrier transport efficiency as will be demonstrated in the next 

section. In order to analyze the maps of the quasi-Fermi level splitting, the corresponding 

histograms representing the statistical spatial distribution of Δµ were obtained (Figure S2 in the 

Supplementary Information). Using a Gaussian distribution, the characteristic parameter from 

each hyperspectral analysis was extracted (the normalized Gaussian distributions are overlaid 

with the color bars in Fig. 3). For device A, and based on the map of Δµ extracted from the PL 

emission, we found a mean value ∆ࡸࡼࣆ
 eV with a full width at half maximum 1.017 =࢘ࢋ࢚࢔ࢋ࡯

(FWHM) of 28.2 meV. This in very good agreement with the reference, global Voc electrically 

measured under illumination with the 532 nm laser (1.015 V) and highlights the very good 

quality of the perovskite absorber. For device B, however, the PL imaging yields a mean value 

ࡸࡼࣆ∆
 eV and a FWHM of 22.4 meV, which is slightly higher compared to the 1.049 =࢘ࢋ࢚࢔ࢋ࡯

electrically measured Voc of 1.002 V. This difference could originate from the particular area of 

the device under investigation, however full cell maps that will be described later appear to 

discard such effects. Most likely, the mismatch between Δµ and the measured Voc is related to 

the hysteresis observed in the J-V characterization (Fig. 1d) and to a hindered charge extraction 
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by interface potential barriers. In fact, discrepancies between the Voc derived from PL 

experiments and that obtained from electrical measurements are indicators of the presence of 

interfacial charge trapping sites.24, 25 Hence, the C60 hole blocking layer employed in device B 

might not be able to passivate the perovskite surface as efficiently as PCBM.48, 49 For both 

devices the maximum spatial fluctuations of the quasi-Fermi level splitting is less than 50 meV 

(see Fig S3 in the Supplementary Information) and hence has a moderate impact on the global 

photovoltaic performance.50-53 It is important to note that those fluctuations do not originate from 

spatial bandgap fluctuations, as demonstrated by the absence of spectral variations over the cell 

area.  

The histograms of the spatially resolved Δµ obtained from EL were also determined 

(Figure S2 in the Supplementary Information). In the case of device A, the corresponding 

histogram plot is characterized by a mean value of 0.960 eV and a FWHM of 15.2 meV. For 

Device B, a very similar mean value of 0.963 eV with a FWHM of 13.1 meV is observed. In this 

case, both determined maximum ∆ࡸࡱࣆ
 are significantly lower (~190 meV) compared to the ࢞ࢇ࢓

applied voltage (Vapp=1.15 V). This mismatch points towards charge injection issues implying, 

due to the reciprocity relation, that the carrier collection is also limited. This observation is in 

agreement with the relatively low FF observed for both types of perovskite solar cells. 

The theoretical work developed by Wong and Green provides an extension of Rau’s reciprocity 

relations between PV (EQE) and LED operation (electroluminescence intensity).46 This 

extension is based on the reformulation of Rau’s work by including the terminal voltage and 

current, therefore extending its application to any device-operating point. The extended 

reciprocity relations take into account all the losses of elementary currents that occurs while 

reaching the terminal, with an efficiency fT given by: 

Page 11 of 24 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



12 
 

 

,࢞ሺࢀࢌ (5) ሻ࢟ ൌ
ࡵࣔ

ୀ૙ࢀࢂሻࣔ࢟,࢞ሺࡸࡵࣔ
ൌ ሻ࢟,࢞ሺࢂࣔ

ࢀࢂࣔ ୀ૙ࡸࡵࣔ
 

 

where I and VT are the terminal current and voltage, IL(x,y) the local light induced current 

collected at the junction, and V(x,y) the local diode voltage. This definition of a generalized 

relation connects the injection of carriers in the dark to the extraction of carriers under 

illumination. Hence collection efficiency maps can be experimentally accessible by using Eq. 

(4), which relates the local EL intensity to the local voltage and EQE values. In fact, one can 

determine the current transport efficiency by differentiating the electroluminescence emission:45 

 

,࢞ሺࢀࢌ (6) ሻ࢟ ൌ
ሻ࢟,࢞ሺ࢓ࢋࣘ࢔࢒ࣔ

ࣔቀ
ࢀࢂࢗ
ࢀࡷ

ቁ
 

 

where ࣘࡸࡱሺ࢞,  ሻ is the EL map. Therefore, depending on the bias we apply, fT variations could࢟

arise from a bias dependence of the EQE (i.e. carrier collection function) or from local voltage 

variations. This is further discussed below based on our experimental results. Two EL images 

were acquired by applying voltages of 1.15 V and 1.16 V and, by applying equation (6), maps of 

the current transport efficiency were obtained for both types of devices (Fig. 4). The current 

transport efficiency exhibits spatial variations at the micron scale (Fig. 4 a-b) which are similar 

in size and appearance to those previously observed for the quasi-Fermi level splitting obtained 

from both the PL and EL (Fig. 3). The corresponding histograms are shown in Fig. S3 in the 

Supplementary Information, and their deconvolutions are overlaid with the color bars in Fig. 4. 

In device A, fT is broad and centered at 0.5, with low (0.27) and high (0.80) narrow components 
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originating from the small regions visible in Fig. 4a. The current transport efficiency for device 

B (Fig. 4b) shows substantial inhomogeneities on a much larger scale, with fT being dominated 

by a relatively low (0.42) and a high (0.78) broad components. For both devices, the spatial 

distribution of fT shows areas approaching unity, indicating full collection of the photogenerated 

charge carriers, and small portions of the image where all charge carriers are essentially lost. It is 

important to point out, however, that in order to obtain a sufficient EL signal and respect the 

standard 1 Sun operation conditions, the applied voltage in our experiments is only slightly 

above the Voc obtained under 1 Sun illumination. This choice unavoidably underestimates the 

collection efficiency. In fact, at short circuit the carrier collection efficiency is much higher, as 

evidenced by the measured Jsc of about 20 mA/cm2 (Fig. 1c-d). According to these maps our 

perovskite solar cells, in spite of their high power efficiency, exhibit areas with substantially 

limited current transport efficiency. This observation is in good agreement with the low fill 

factor observed for the devices studied here. Our investigation has so far focused on the 

hyperspectral imaging of the luminescence emitted from an area that is small compared to the 

total device area (6 mm2). In the following section the results from the analysis on the full device 

area is presented. As in the case of the micro-scale analysis, the EL images used to calculate fT 

were taken at 1.15 V and 1.16 V applied bias. By examining the full scale fT maps for both 

perovskite devices (Fig. 4 c-d), strong spatial inhomogeneity with millimeter variations can be 

observed. These fluctuations are of the same order of magnitude compared to those observed at 

the micrometric scale. The spatial distributions of the carrier transport efficiency shows the 

presence of multiple areas within the full device, each being dominated by different values of fT 

(see histograms in Fig. S3 in the Supplementary Information, and their deconvolutions which are 

overlaid with the color bars in Fig. 4).  For device A (Fig. 4c), only a few regions have a low 
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transport efficiency (< 0.2), while the distribution of fT shows two main features at 0.43 and 0.64. 

The device using a C60 electron transport layer (device B) is characterized by a somewhat 

narrower distribution in the transport efficiency (Fig 4d), with a main peak at 0.52 and a long 

shoulder at higher values of fT, where the current transport is enhanced. Interestingly, areas 

exhibiting an almost complete collection of the photogenerated charges are present at the edges 

of the active area for both devices (red areas in Fig. 4c-d). Such edge effects are ascribed to small 

thickness variation due to the edge of the underlying patterned ITO electrode, which defines the 

active area of the solar cell. More importantly, these figures translate into a large loss of the 

photogenerated charge carriers even in high efficiency perovskite solar cells as those presented 

here. Moreover, carrier collection issues seem to be present at both local and global scale.  

The origin of not efficient carrier transport can come either from the collection in the diode 

(classically called fc collection function) or rather from a lateral transport within the electrodes.46 

In case of the first hypothesis, one would expect a strong voltage dependence of the EQE values, 

consequence of the presence of traps or of a limited mobility in the absorber. As this is not 

observed, (Fig. S5 in Supporting Information), the collection function appears not to be the main 

reason for the observed inefficient charge transport. Additionally, in such a scenario, one would 

also expect a mismatch between EL and PL spectra, as the former reflects the EQE(E,r) and the 

latter reflects the absorption A(E,r), which is also not observed here (Fig. 2 and Fig S6 in 

Supplementary information). Finally, EQE(E,r) variations indicate fluctuations of internal diode 

voltages45 and thus spatial fluctuations of local series resistances (as opposed to lateral spreading 

resistance). Since similar spatial variations are observed for sample A and B, the origin of such 

losses possibly originates from the front (ITO/PEDOT/polyTPD) rather than the back contact 

(fullerene). Although it deserves more investigation, this could also indicate the presence of an 
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energy barrier (as mentioned before), as we see small variations of the EQE(V) in the blue region 

of the spectrum. Regarding this phenomena and considering that the EQE(V) is a global 

measurement, one cannot a priori exclude a different behavior on a more local scale. 

Nevertheless, as the observed global tendency is not voltage dependent, a different local 

behavior would not influence the overall parameters.  The second hypothesis implying lateral 

carrier transport issues as the cause for the low carrier collection efficiency would lead to a 

monotonous variations of the carrier collection function. This is not the case at the microscale 

but it might be responsible for larger fluctuations observed on the complete cell area. For device 

A, a fT gradient is seen in the x direction only, while a gradient in both x and y directions is 

observed for device B. As the front contact is common to both devices 

(ITO/PEDOT:PSS/polyTPD), its lateral conductivity plays a role in the fT spatial variations (x 

direction). On the other hand, the back side with the PCBM layer seems to have a higher lateral 

carrier extraction efficiency compared to the device using C60. In fact for device B we observe fT 

variations also the y-direction. Although this effect has no impact under 1 sun working 

conditions (both devices having similar properties), it will be more relevant for larger devices. 

These phenomena would also explain why only few efficient large area perovskite cells have 

been reported so far, since the fill factor is normally lower than in the equivalent smaller area 

cells.54 

In summary, we have investigated efficient p-i-n hybrid perovskite solar cells through 

luminescence hyperspectral imaging. The small mismatch between the electrically measured Voc 

and the optically (from both photoluminescence and electroluminescence) deduced quasi-Fermi 

level splitting is indicative of the high quality of the perovskite absorber. Yet the spatially 

resolved analysis identified profound inhomogeneities in this novel type of devices. These spatial 
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inhomogeneities appear to be related with problems with carrier extraction leading to the limited 

fill factor of the cells. This hypothesis is supported by the dispersion of the spatially resolved 

carrier transport efficiency function, which identifies areas of the cell with severely hindered 

charge transport. We ascribe these losses first to local fluctuations of interface series resistance 

and, with lower impact, to inefficient lateral transport. The origin of the inhomogeneities 

observed here is not yet clear, but its understanding would allow to significantly enhance the 

performance of these already efficient photovoltaic devices. This work also demonstrated that 

hyperspectral luminescence imaging is a powerful tool to investigate the lateral variations of 

novel devices such as hybrid perovskite solar cells.  

 

Experimental 

Perovskite solar cell fabrication. ITO-coated glass substrate were cleaned with soap, water and 

isopropanol in an ultrasonic bath, followed by O2 plasma treatment. PEDOT:PSS was spin-

coated on top and annealed at 150 ºC for 15 minutes. PolyTPD was spin-coated from a 

chlorobenzene solution (7 mg ml-1), obtaining a 20 nm thick layer. Substrates were transferred to 

a vacuum chamber integrated into a nitrogen-filled glovebox and evacuated to a pressure of 1·10-

6 mbar. Two ceramic crucibles containing MAI and PbI2 were heated at 70ºC and 250ºC, 

respectively. The film thickness was controlled by the PbI2 evaporation rate (0.5 A s-1). After 

evaporation of a 500 nm thick MAPbI3 perovskite, a 40 nm film of C60 was evaporated on top 

without breaking the vacuum. Alternatively, a 40 nm thick PCBM layer was spin-coated from a 

chlorobenzene solution (20 mg ml-1) in ambient conditions. The devices were completed by 

thermal evaporation of the top metal electrode under a base pressure of 1·10-6 mbar (10nm 

Ba/100 nm Ag). 
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Solar cells characterization and hyperspectral imaging. EQE measurements were performed 

using a white light halogen lamp (calibrated on a reference Si solar cell) in combination with 

interference filters (MiniSun simulator by ECN, the Netherlands). Current density-voltage (J-V) 

characteristics were measured using a Keithley 2400 source measure unit with and without 

illumination. The light source was a 10500 solar simulator by Abet Technologies. Before each 

measurement, the exact light intensity was determined using a calibrated Si reference solar cell. 

The setup for the hyperspectral luminescence imaging consists of a hyperspectral imager from 

Photon etc. coupled to an optical microscope with a 50x objective and a numerical aperture of 

0.8. An optical setup based on a Köhler system provided the homogeneous illumination of the 

perovskite devices. The global illumination inhomogeneity is found to be lower than 9%. 
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Fig. 2 (a) Photoluminescence (blue) and electroluminescence (red) spectra for device A, using 

PCBM, and for (b) device B, using C60 as the electron transport layer. The linear fit of the high 

energy tail of the spectra is used to calculate the temperature T following equation (3).  
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High efficiency solar cells employing inexpensive hybrid perovskite absorbers are widely 

studied as a potential future energy source. Investigating the PL and EL properties of perovskites 

is a valuable tool to unveil their properties and limitations. Interestingly, many studies have 

highlighted a rather inhomogeneous spatial distribution of the luminescence, in contrast with the 

very high efficiencies reported. Most of those studies used local excitation at very high intensity 

and, importantly, the luminescence has been observed only qualitatively. In this study, we use 

hyperspectral luminescence imaging to study planar p-i-n solar cells employing vacuum 

deposited CH3NH3PbI3 perovskite absorbers. Through this technique, it is possible to quantify 

the number of photons emitted from every point of the device at every wavelength. We 

investigated spatial fluctuations from few micron to the millimeter scale and show that both 

photo- and electroluminescence are spatially not uniform, leading to a distribution of the quasi 

Fermi level splitting which strongly depends on the position in the device. We also map the 

carrier transport efficiency, finding areas where the photogenerated carrier collection efficiency 

is lower than 60%. We show that this inefficient charge collection is most likely due to 

interfacial resistance fluctuations. This work is relevant for perovskite and organic based opto-

electronic devices. 
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