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Introduction 

The rapid development of the Internet of Things (IoTs), ranging from smart home appliances to 
industrial sensors has catalysed an unprecedented demand for reliable, energy-efficient solutions, 
particularly in indoor environments where conventional power sources may be constrained.1 Metal 
halide perovskites, known for remarkable opto-electronic properties, tunable bandgap, and ease of 
fabrication, have emerged as promising candidates for low-cost, high-efficiency indoor 
photovoltaics.2, 3 To date, most efficient indoor perovskite solar cells (PSCs) are made from 
perovskites with suboptimal bandgaps. Consequently, best performing indoor PSCs still lags behind 
the theoretical efficiency limit.1 Therefore, using perovskite with wider bandgaps could further 
enhance indoor performance. However, wide-gap bromide-rich perovskites face significant 
challenges related to halide segregation.4 One related issue is that the open-circuit voltage (Voc) of 
such perovskite solar cells PSCs tends to plateau when the bandgap exceeds approximately 1.65eV. 
Although the exact cause of this voltage deficit is not fully understood, growing evidence suggests 
that reducing non-radiative recombination in the perovskite bulk and at interfaces is a promising 
strategy to address this issue.5-7 For example, Gharibzadeh et al., demonstrated for nip-type solar 
cells, that the open-circuit voltage can be increased above 1.3 V by implementing a two-dimensional 
(2D) perovskite layer between the three-dimensional (3D) perovskite and the hole transport layer 
(HTL).5 While the physics of such 3D/2D interfaces is far from understood, these findings indicate 
that substantial improvements are possible if interface recombination is controlled. Similarly, Zhou 
et al. showed that incorporating lead(II) thiocyanate into the perovskite precursor solution improves 
grain growth and eliminates defects, resulting in high-quality wide bandgap perovskites and boosting 
the open-circuit voltage of subsequent PSCs to over 1.3 V.7  

In this study, we present an additive engineering strategy ultilizing guanidinium bromide (GuBr) to 
reduce non-radiative recombination in the wide bandgap (1.74 eV) perovskites and their interfaces. 
Through time-resolved photoluminescence (TRPL) analysis, we found that incorporating GuBr 
significantly decreases non-radiative recombination in both the perovskite bulk and interfaces, 
regardless of photon fluxes. Kelvin force probe microscopy (KPFM) measurements under weak 
indoor light illumination revealed that GuBr-based perovskites exhibit reduced trap density at 
interfaces and more effective charge separation in devices operating in dim light environments. As 
a result, GuBr-based PSCs demonstrated remarkable performance, achieving efficiencies of 36.9% 
under indoor lighting (White LED, 1000 lux) and 19.32% under full sunlight (AM1.5 G), compared to 
control PSCs with efficiencies of 33.7% and 17.60%, respectively.  

Results and discussion 

We first determined the optimal bandgaps for perovskites by analyzing the spectrum of an indoor 
light source available in our laboratory (TRÅDFRI LED bulb E27 806 lumen), as shown in Fig. 1-a, 
using the detailed balance theory. Our analysis indicated that the optimal bandgap range for the 
white LED source was 1.7-1.9 eV, with the theoretical maximum power conversion efficiency (PCE) 
of 55% achievable at a bandgap of around 1.74 eV (Fig. 1-b). Based on these findings, we 
engineered a methylammonium-free formamidinium-cesium (FACs) perovskite with an optimized 
bandgap of around 1.74 eV, specifically FA0.78Cs0.22I(PbI2)0.5(PbBr2)0.5 (control). The PSCs were 
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fabricated with an n-i-p architecture: FTO/SnO2/perovskite/Spiro-OMeTAD/Au. Under indoor light 
(White LED, 1000 lux), the control device yielded a champion PCE of 33.7%, with open-circuit 
voltage (Voc) of 1.05 V, short-circuit current (Jsc) of 0.1432 mA/cm2, and fill factor (FF) of 0.74. The 
incorporation of a GuBr additive resulted in significant enhancements, boosting the Voc from 1.05 V 
to 1.10 V and the FF from 0.74 to 0.76, thereby improving the PCE from 33.7% to 36.9% (Fig. 1-c). 
Under AM1.5G illumination, the target device also exhibited performance improvements, with the 
PCE increasing from 17.60% to 19.32%. This enhancement was primarily attributed to the increase 
in Voc from 1.19 V to 1.25 V and the FF from 0.75 to 0.78, while the Jsc remained largely unchanged 
at 19.72 vs 19.82 mA/cm2 (Fig. 1-d).  

 

Figure 1. (a) Light spectrum of white LED (TRÅDFRI LED bulb E27 806 lumen) and (b) 
corresponding PCE as a function of bandgap based on detailed balance theory. Current-voltage 
curves of perovskite solar cells under (c) indoor light (white LED, 1000 lux) and (d) AM 1.5G. 

Having demonstrated that incorporating GuBr into the perovskite precursor solution significantly 
enhances Voc, FF and thereby PCE of the resulting PSCs, we proceed to investigate the underlying 
reasons for these improvements through a series of characterizations. In our initial analysis, we 
conducted time-resolved photoluminescence (TRPL) measurements, as shown in Fig. 2. The results 
indicated that both the control and target perovskites respond to photon flux, with longer carrier 
lifetimes observed at lower photon flux levels. However, compared to the control perovskite film, the 
target perovskite film exhibited a significantly longer charge carrier lifetime, regardless of photon flux, 
indicating reduced non-radiative recombination within the perovskite bulk (Fig. 2-a).8, 9 When a 
charge transport layer (SnO2 or Spiro-OMeTAD) was present, the photoluminescence intensity of 
the neat perovskite film was significantly quenched, with more pronounced quenching observed in 
the control perovskite film (Fig. 2-b).10, 11 This suggests reduced non-radiative recombination at the 
perovskite interfaces. Overall, these findings indicate that the GuBr additive effectively decreases 
non-radiative recombination both within the perovskite film and at its interfaces.  
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Figure 2. (a) Normalized time-resolved photoluminescence (TRPL) spectra of control and target 
perovskite film under different photon fluxes. (b) Normalized TRPL spectra of control and target 
perovskite film and that when interfaced with different charge transport layers. 

In order to analyze charge separation under illumination we implemented Kelvin force probe 
microscopy (KPFM) and compared contact potential difference (CPD) values regarding grain 
boundaries (GBs) and grain interiors (GIs) under various illumination (Fig. 3 a-b).  Compared to the 
control perovskite film, the CPDGIs-GBs of the target film in the dark is reduced, indicating that GBs are 
effectively passivated. In addition, homogenous charge separation for target film occurs regardless 
of GBs and GIs. Since charge separation in a particularly preferred place in GB (control perovskite) 
has the potential for recombination, this homogenous charge separation (target perovskite) allows 
effective charge separation in devices operating under indoor conditions with dim light. 

 

Figure 3. Contact potential difference (CPD) values at grain boundaries (GBs) and grain interiors 
(GIs) as light intensity increase for (a) control and (b) target perovskite film. CPD images of (c) 
control and (d) target and decay time constant as function of cycle of dark (e).  
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To further investigate the correlation between charge generation and relaxation process, CPD values 
for each condition were measured when the light was turned on and off sequentially at every on and 
off cycle as shown in Fig. 3 c-d.  It was observed that both samples do not return to the initial CPD 
in the dark despite turning the light off. It can be assumed that relaxation of trapped charges and ion 
migration would occur within samples, which are required to take minutes. Relaxation time could be 
calculated from each cycle extracted from Fig. 3e by fitting the exponential decay equation.12 As 
shown in Fig. 3e, the relaxation time of the first cycle for control shows ~40 s, much longer than that 
of target sample. This result could be attributed to the increased rate of recombination or increased 
ion migration.13 Interestingly, relaxation time for control perovskite decrease during the second and 
third cycles. In the case of target, the average relaxation time is approximately 15.95 s. Considering 
the charge separation mechanism of photo-generated charges for target, migrated ions might be 
transported homogenously, which leads to fast relaxation.  
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