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Abstract

Hybrid organic-inorganic perovskite solar cells (PSCs) hold great promise for low-cost, high-
performance photovoltaics. To advance PSC technology, it is crucial to quantify local performance
losses and identify problematic regions within the device. Spatially resolved information is essential
for both device fabrication and material optimization, especially for scaling up perovskite technology.
This work proposes an imaging-based approach using bias-dependent photoluminescence (PL) to
map local series resistance (Rs), power conversion efficiency (PCE), and charge-transfer efficiency
across PSCs. Analysis shows a strong correlation between charge-transfer efficiency and PCE, but
a weak correlation between PL image intensity under open-circuit conditions and final PCE. This
highlights the risk of misinterpreting device performance based solely on open-circuit PL intensities.
Additionally, we demonstrate the impact of voltage-dependent series resistance on device simulation
accuracy. This work highlights an important contributions of luminescence imaging to perovskite
solar cell research and development.

Introduction

Despite the recent great achievements in term of performance for PSCs, for large area devices, i.e.,
mini-modules or modules, the performance is still far below that of the traditional crystalline silicon
(c-Si) technology.™ One of the main reasons for such large performance gap between modules and
small-area solar cells comes from the inhomogeneity of PSCs, especially in the perovskite film, which
causes a significant reduction in short-circuit current density (/s.), open-circuit voltage (V,.), and fill
factor (FF). In addition, the heterogeneity, even at a nanoscale, can significantly affect the stability
of PSCs." Therefore, in order to fabricate large-area PSCs with a high efficiency and a long lifespan,
beside optimizing the manufacturing process via trial and error experiments, accurately pinpointing
problematic locations and understanding the origin of the performance loss caused by the
inhomogeneity are critical.

To capture the performance loss in PSCs, the most straightforward way is to measure their current
density-voltage (J-V) characteristic curves. From the J-V curves, the cell efficiency and other crucial
electrical properties including Js., V.., FF, hysteresis effects, and stability can be quantified.
Unfortunately, this method provides a mean value only, hence it cannot be utilized to visualize
problematic locations across the devices. To spatially resolve the performance of solar cells and
determine the problematic regions, more detailed characterization method is required.

For c-Si solar cells, PL imaging (PLi) is one of the mainstream characterization methods due to its
inherent benefits of optical based measurements. It is fast and requires minimal sample preparation
while still providing a good spatial resolution. Among many applications already established for Si
solar cells, voltage-dependent PLi is a common approach to investigate the solar cell performance
via spatially resolving plenty of useful parameters including J., V,., Rs, and PCE.F! Therefore, the
research and development of PSCs could benefit significantly if this PL-based approach is
transferred to perovskite technology.

In this work, we apply a voltage-dependent PLi approach to spatially resolve various important
photovoltaic parameters of PSCs. First, we describe the underlying theory of the method. Then we
validate the method qualitatively and quantitatively by demonstrating a good performance device.

Results and discussion

1. Method description
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According to the generalized Planck law, the local internal voltages (Vi x, ), Which is equivalent to
quasi-Fermi level splitting (QFLS) can be extracted from PL intensities by using Equation (1):1

Vint,xy =V In (PLny) (1)1
where v, is the thermal voltage and C is a calibration factor, which depends on the system spectral
response and the absorptivity of the sample. We can assume that C is a constant for a certain
sample. Detail of the calibration protocol can be found in our previous published work.®! Next, if we
assume the effect of shunt resistance to be negligible compared with that of R, the simplified single-
diode model of a solar cell given by Equation (2) can be used:

Vint,xy - Vterm = Rs,xy (Vterm)]light - Rs,xy (Vterm)jo,xy [exp (M) - 1] (2)

Nid,xy XVt

In Equation (2), Vierm is termnial voltage, J;;4n is the photo-generated current density. In this work,
this value is assumed to be uniformly distributed across the device and to be equal to Jsc. Rs xy (Vierm)

is the local voltage-dependent series resistance, Joyxy represents the local recombination current
density and n;q4 1 is the local ideality factor of the diode.

Equation (2) has the form of ¢ = ax + by. Ry, (Vierm) @and R xy (Vierm)Joxy @re two unknowns while
other parameters are known. Therefore, if we establish a system of at least two equations,
constructed from two PL images captured at different bias, we can solve for Ry, (Vierm) and
Rs xy (Vierm)Joxy- After that, we can calculate a local current density Jyy. The effective local power is
then calculated by Pyy = Vierm X Jxy. In this work, we will focus on the maximum power point (mpp) to
provide results close to real operating conditions. One important note here is that R, (Vierm) is
strongly dependent on the terminal voltage (for example, see Figure 1c). This phenomenon has
recently been observed in PSCs, and it is attributed to the voltage-dependent carrier density within
the absorber.® Moreover, it can have a significant impact on the accuracy of the model; therefore,
an adjustment factor needs to be included in the calculation. Finally, we validate our method by
comparing calculated R, ,,, with the global R¢ extracted from Suns-PL and J-V measurement and the
charge-transfer efficiency (dVin/dVex) through Equation (3)I"!

AVintxy 1

- 1+R dj ,, ARsxy (3)
XY AVint,xy

therm

+
dVint,xy

From Equation (3), there is a negative correlation between the local dVin/dVex and local Ry, hence
we can use the dVin/dVex image to qualitatively validate the calculation of local series resistance.
More details about the method are given in our recently published work.®!

2. Demonstration on a good performance device
Now, we demonstrate the imaging concept to capture spatially resolved information of R, /., and
PCE of a working PSC with efficiency of ~20% and a relatively low hysteresis (Figure 1a). The V,,,,,,
and Jy,,, from the reverse scan are 0.935 V and 21.43 mA/cm?, respectively. Extrapolating at the
same current density value to the pseudo-J-V curve constructed from Suns-PL measurement in
Figure 1b, the corresponding internal voltage is 1.038 V, yielding the overall Rs at ], of 4.8 Qcm?.

Additionally, the global series resistance at 0.955 V is 4.4 Qcm?, which cause the adjustment factor
at this voltage for R ), (Vierm) are calculated to be 0.91.
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Figure 1. (a) J-V curve of the studied PSC. (b) Pseudo J-V curve obtained from Suns-PL
measurements and reverse J-V curve. (c) Rs(Vierm) Curve extracted from Figure 1b. Adapted
from Ref [8].

Figure 2a shows a PL intensity image of the device under open-circuit conditions. Despite a good
efficiency (>20%), the device exhibits some inhomogeneity across the active area. The PL intensity
in the scratched region (A) is about two-thirds that of the neighbouring area (B), likely due to an
inefficient colloidal precursor and inadequate cleanliness during fabrication. This leads to a ~10 mV
decreases in local internal voltage. Figure 2b displays a PL image after under ;,,,,,, condition, region

A has much higher intensity, indicating poor charge extraction and a low local fill factor. Additionally,
region C, which appears uniform in Figure 2a, shows a heterogeneous distribution in Figure 2b,
suggesting issues with the charge transport layer in this region (see inset Figure 2). This is because

under V;,,,,, the more photo-induced carriers are extracted, the more PL intensity is reduced.
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Figure 2. PL intensity images under at (a) Voc and (b) Vmpp 0f the investigated device. The inset
figures are the zoom-in of region C the PL intensity is normalized. Adapted from Ref [8].
Then, we convert the PL intensity images into local internal voltage images using Equation (1) (e.g.,
Figures 3a and 3b show Vi o and Vipempp images, respectively). From these, we calculate Jmpp,
Rs, and PCE images. The calculated average value of Jmpp (21.5 + 1.0 mA/cm?) and Rs (4.5 + 0.3
Qcm?) align well with global values (21.4 mA/cm? and 4.8 Qcm?). Figure 3c displays Rs distribution,
with higher resistance near the cell edge (e.g., region D, Rs p = 5.6 Qcm?) than inside (e.g., region
E, Rs £= 4.4 Qcm?). Interestingly, region F shows no distinct features in V. oc and Vi mpp images
but has a higher Rs, likely due to poor charge extraction, confirmed by the dVin/dVex image (Figure
3d). The scatter plot between Rs and dVin/dVex under mpp condition (Figure 3e) shows a clear anti-
correlation, matching theoretical predictions, and validating our method's accuracy.
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Figure 3. (@) Vintoc: (0) Vingmpp, (€) Rs and (d) dVin/dVex images. (e) Correlation plot between
Rs and dVin/dVex:. (f) PCE image extracted from the single-diode model. Adapted from Ref [8].
Further, we can calculate the device’s PCE image, which is displayed in Figure 3f. The average
PCE value is 20.1 + 0.9%, which is in good agreement with the data extracted from the J-V
measurements (20.03%). Despite the relatively good performance, we can still observe the PCE
heterogeneity by more than 4% absolute across the device’s active area. Around the edge and
region F in Figure 3f, the PCE is ~16.5% only, whereas that of region G is ~21%. In addition,
according to the PCE image, with the current cell structure and materials, the maximum efficiency
could reach 22.5% at some locations, suggesting opportunities to further optimize the fabrication
process. These spatially resolved results demonstrate the advantages of our imaging technique.
Additionally, this method has been employed to investigate other device with lower performance and
higher level of heterogeneity as reported in reference.®!

Conclusion

We have demonstrated the use of voltage-dependent PLi to obtain spatially resolved data on Rs,
PCE, and dVin/dVex in perovskite solar cells. Our method is validated by other measurements,
showing that relying solely on a single PL intensity image under open-circuit conditions can lead to
misinterpretations, especially regarding charge extraction efficiency and device performance. For a
thorough analysis of local performance, at least three PL images should be captured: one under
open-circuit conditions and two at and near the maximum power-point. Our study also highlights the
significance of voltage-dependent series resistance, which is crucial for accurate device simulations.
This method can provide an upper limit for the potential maximum PCE in specific structures and
materials, making it a valuable tool for identifying local performance losses and accelerating the
development of perovskite solar cells and other compound semiconductors.
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