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Abstract:  

Surface trap-mediated non-radiative charge recombination is a major limit to achieving 
high-efficiency metal-halide perovskite photovoltaics. The ionic character of perovskite 
lattice has enabled molecular defect passivation approaches via interaction between 
functional groups and defects. However, a lack of in-depth understanding of how the 5 
molecular configuration influence the passivation effectiveness is a challenge to rational 
molecule design. Here, the chemical environment of a functional group that is activated for 
defect passivation was systematically investigated with theophylline, caffeine and 
theobromine. When N-H and C=O were in an optimal configuration within the molecule, 
hydrogen-bond formation between N-H and I assisted the primary C=O binding with the 10 
antisite Pb defect to maximize surface-defect binding. A stabilized power conversion 
efficiency of 22.6% of photovoltaic device was demonstrated with theophylline treatment. 

Defect passivation to reduce unproductive charge recombination is an effective strategy to increase 
the power conversion efficiency (PCE) of polycrystalline metal-halide perovskite thin-film 
photovoltaics (PVs) (6–11). The ionic nature of the perovskite lattice enables molecular 15 
passivation through coordinate binding based on Lewis acid-base chemistry (12–15). Several 
organic molecules containing functional groups that can passivate defects (16–18), such as 
carbonyl groups (19, 20). The selection of molecules with optimal binding configurations for 
defect passivation would benefit from molecular design rules (21, 22).  

We demonstrate high efficiencies for (FAPbI3)x(MAPbBr3)1-x (where FA is formamidinium and 20 
MA is methylammonium, x is 0.92 in the precursor) perovskite PV devices through defect 
identification (23) followed by rational design and comprehensive investigation of the chemical 
environment around the active functional group for defect passivation. In high-quality perovskite 
polycrystalline thin films that have monolayered grains (24-26), interior defects of perovskite are 
negligible compared to the surface defects. We used density-functional theory (DFT) calculations 25 
to compare the formation energies of selected native defects on the perovskite surface. Particularly 
taken into consideration were Pb- and I-involving point defects, Pb vacancy (VPb), I vacancy (VI) 
and Pb-I antisite (PbI and IPb, corresponding to I site substitution by Pb, and Pb site substitution by 
I, respectively) because the band edges of perovskite were reported to be composed of Pb and I 
orbitals (27, 28).  30 

As confirmed by x-ray photoelectron spectroscopy (XPS), the surface of the as-fabricated 
perovskite thin film synthesized by a two-step method was Pb-rich  (Fig. S1), and we focused on 
the (100) surface with PbI2 termination in a Pb-rich condition. The types of surface defects studied, 
and their corresponding top layer view of atomic structures (Fig. 1A). The defect formation 
energies (DFEs) we calculated using PDE-D3 method (Table S1) of VPb, VI, PbI, and IPb on the 35 
surface were 3.20, 0.51, 0.57, and 3.15 eV, respectively. Compared to the values reported in bulk 
perovskite, VPb, VI and IPb defects show similar DFEs (29), whereas the PbI antisite defect 
exhibited particularly lower formation energy than that in the bulk. Thus, the PbI antisite defect 
should form more readily and predominate on the surface. We did not consider VI further despite 
its DFE being as low as that of PbI because the interaction of molecules with the VI turned out to 40 
be not energy favorable (Fig. S2).  

Based on these results, we focused on the interaction between the surface PbI antisite defect and 
candidate molecules for defect passivation. A set of small molecules sharing the identical 
functional groups but with strategically varying chemical structure were investigated, namely 
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theophylline, caffeine, and theobromine, interacting with the defects (Fig. 1B). These molecules 
are found in natural products (tea, coffee and chocolate, respectively) and are readily accessible. 
In these molecules, the conjugated structure as well as the dipoles induced by the hetero atoms 
tend to increase the intermolecular interaction. This renders them non-volatile in nature, which is 
key to the investigation of their interactions with defects in perovskite and long-term stability of 5 
the devices. The xanthine core also helps maintain the coplanarity of the carbonyl group and the 
N-H. Unlike other small molecules with flexible alkyl chains, this rigidity allows us to define the 
configuration and distance between the carbonyl group and N-H when they are interacting with 
the defects, as a result of which the constructive molecular configuration for defect passivation can 
be unraveled. 10 

We incorporated theophylline onto the surface of perovskite thin film using a post-treatment 
method, and a PCE enhancement from 21.02% (stabilized 20.36%) to 23.48% (stabilized 22.64%) 
was observed in the photovoltaic devices with ITO/SnO2/perovskite/Spiro-OMeTAD/Ag structure 
under reverse scan direction (where ITO is indium tin oxide, SnO2 is tin oxide and Spiro-OMeTAD 
is 2,2’7,7’-tetrakis-(N,N-di-p-methoxyphenyl amine)-9,9’-spirobifluorene),  current density-15 
voltage (J-V) curves of the PV devices with and without theophylline treatment are compared in 
Fig. 1C and Table S2. The control device showed an open circuit voltage (VOC) of 1.164 V, a short 
circuit current (JSC) of  24.78 mA cm−2, a fill factor (FF) of 72.88%, whereas the target device 
showed a VOC of 1.191 V, a JSC of  25.24 mA cm−2, a FF of 78.11%.The enhancement in the VOC 
we attributed to the surface passivation by theophylline through the Lewis base-acid interaction 20 
between C=O group and the antisite Pb. As shown in the surface structure model of perovskite 
with theophylline (Fig. 1B), the C=O group on theophylline strongly interacted with the antisite 
Pb. The neighboring N-H on the imidazole ring also interacted with the I of PbI62- octahedron 
through a hydrogen bond (H-bond), which strengthened the absorption of theophylline onto the 
PbI defect, resulting in an interaction energy (Eint, defined as Emolecule-perovskite-Eperovskite-Emolecule) as 25 
strong as -1.7 eV.  

This observation suggested that the neighboring H-bond between the xanthine molecule and the 
PbI62- octahedron can contribute to the defect passivation. A methyl group was added to the N on 
the imidazole ring of theophylline (resulting in caffeine) to eliminate the effect from H-bonding 
between the N-H and I and leaving just the interaction with surface PbI defects (Fig. 1B). The 30 
missing H-bond between N-H and PbI62- octahedron resulted in a weakened interaction and a less 
favorable Eint of -1.3 eV. Compare with the theophylline-treated device, a caffeine-treated 
perovskite PV device had a lower PCE of 22.32% along with a lower VOC of 1.178 V, JSC of 
25.04 mA cm−2, and FF of 75.76%.  

When the N-H group was located next to the C=O group on the same six-membered ring, 35 
producing a shorter distance between the C=O and the N-H, in theobromine, the spatially effective 
interaction between the N-H and I was disabled as C=O was bound to antisite Pb, resulting in an 
even weaker interaction energy of -1.1 eV (Fig. 1B). Although both C=O and N-H are both present 
on the molecule, the lack of appropriate coordination of I to the molecule led to a spatially 
destructive molecular configuration. The theobromine-treated devices showed a decrease in PCE 40 
to 20.24% with a lower VOC of 1.163 V, JSC of 24.27 mA cm−2 and FF of 71.58% compared with 
the reference device. This result emphasizes the importance of the constructive configuration of  
N-H and C=O groups that enable the cooperative multisite interaction and synergistic passivation 
effect. 
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We studied the variation in the C=O and the PbI2-terminated perovskite surface interaction with 
different molecular configurations using Fourier-transform infrared spectroscopy (FTIR). The 
C=O in pure theophylline showed a typical stretching vibration mode at 1660 cm-1 that it shifted 
to 1630 cm-1 upon binding to PbI2 (Fig. 2A). The downward shift of 30 cm-1 of the C=O stretching 
vibration frequency resulted from the electron delocalization in C=O when a Lewis base-acid 5 
adduct was formed, demonstrating a strong interaction between PbI2 and C=O in theophylline. The 
atomic distance between the O in C=O and the Pb in PbI2 based on theoretical modeling was as 
low as 2.28 Å.  

When the H atom was replaced by a methyl group on the N of imidazole to eliminate the effect of 
a H-bond, the vibration frequency of C=O in caffeine shifted only 10 cm-1 upon addition of PbI2, 10 
indicating a weakened interaction between the C=O and PbI2 (Fig. 2B). The atomic distance 
between the corresponding O and Pb also increased to 2.32 Å. In the case of theobromine, when 
the N-H was in a closer position to C=O, the interaction between the molecule and PbI2 became 
comparable to that in theophylline, as evidenced by the large shift of C=O stretching vibration 
frequency from 1655 to 1620 cm-1 and the short distance between O and Pb (Fig. 2C). However, 15 
this strong interaction was enabled by the free rotation of PbI2, which resulted in a different 
configuration than that in theophylline and caffeine. Hence, when the configuration of PbI2 was 
fixed and had a 90° angle between Pb and I atom, like that on perovskite surface (the PbI62- 
octahedron), the N-H was in a position that led to an unfavorable interaction with I. This 
configuration would either cause weakened interaction between the molecule and the perovskite 20 
surface or distorted PbI62- octahedron, resulting in the ineffectiveness of defect passivation and 
perhaps causing even more defects through lattice distortion (Fig. S3).  

The surface passivation effects of the three molecules with different configuration were further 
studied by photoluminescence (PL). The PL intensity increased noticeably with the treatment by 
theophylline (Fig, 2D), implying the suppressed nonradiative charge recombination sites from 25 
defects(20).  With the caffeine treatment, enhanced PL intensity was also observed, but not as 
strong as that with the theophylline, suggesting a less effective passivation effect. For theobromine, 
however, a decrease in PL intensity was observed compared with the reference material, which 
can be attributed to the destructive molecular configuration of the passivation agents causing more 
charge recombination sites.  30 

The trap density of states (tDOS) of the as-fabricated devices were also deduced from the angular 
frequency-dependent capacitance. As shown in Fig. 2E, the tDOS as a function of the defect energy 
demonstrated a reduction in trap states for theophylline- and caffeine- treated perovskite compared 
with the reference device. In contrast, theobromine treatment induced more trap states, consistent 
with the decrease in PCE. The change in tDOS with different surface treatments was also 35 
confirmed by theoretical modeling (Fig. S4). In addition, electrochemical impedance spectroscopy 
(EIS) characterization was performed to demonstrate the carrier transport processes under 
illumination at the interface. The middle frequency zone of EIS semicircle should be dominated 
by junction capacitance and recombination resistance related to the interfaces between transport 
materials and perovskite. According to Fig. 2F, the device with theophylline surface treatment has 40 
the smallest impedance, signifying a substantially suppressed charge recombination at the 
interface, which originated from the reduced surface defect states. A larger impedance was 
observed in caffeine-treated device and an even larger impedance was measured in theobromine-
treated device. 
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Further characterizations were performed to better understand the perovskite interface with 
theophylline. High-resolution XPS patterns of the Pb 4f for the theophylline-treated film showed 
two main peaks located at 138.48 and 143.38 eV, corresponding to the Pb 4f 7/2 and Pb 4f 5/2, 
respectively (Fig. 3A), where the reference film showed two main peaks at 138.27 and 143.13 eV. 
The peaks from Pb 4f shifted to higher binding energies in the film with theophylline surface 5 
treatment, indicating the interaction between the theophylline and the Pb on perovskite surface. 
We used ultraviolet photoelectron spectroscopy (UPS) to measure the surface band structure with 
and without the theophylline surface treatment. The work function was determined to be -4.77 eV 
and -4.96 eV with the valance band maximum (VBM) of -5.66 and -5.73 eV for reference and 
theophylline, respectively (Fig. 3B). This difference indicated a less n-type surface after 10 
theophylline treatment, which could improve the hole extraction in devices.  

Atomic force microscopy combined with Kelvin probe force microscopy (KPFM) was further 
applied to probe the effect of theophylline on the surface morphology and surface potential. The 
theophylline-treated surface exhibited a higher electronic chemical potential than that of reference 
film, while keeping the surface morphology unchanged (Fig. 3C). The transient 15 
photoluminescence (TRPL) of the perovskite films with hole-transporting layer (HTL) was 
compared in Fig. 3D to delineate the carrier dynamics of the devices. The perovskite film with 
theophylline treatment showed a slightly longer carrier lifetime than the reference film, whereas a 
faster decay profile was observed when adding the HTL on top of the perovskite film. This result 
demonstrated a better hole extraction with theophylline treatment (25), most likely arising from 20 
lesser recombination sites at the interface and the slightly shallower work function of the 
perovskite film with theophylline.  

The improved carrier dynamics originating from the effective surface passivation by theophylline 
was further characterized by cross-sectional electron-beam-induced current (EBIC) measurement. 
In EBIC measurement, the electron-beam excited carriers were collected based on the collection 25 
probability CP (x, Ld), where x is the distance between junction and incident beam position, and 
Ld is the diffusion length of the carriers (Fig. S5). The device with theophylline treatment exhibited 
higher EBIC current compared to the reference device (Fig. 3E). The average intensity extracted 
from these EBIC maps demonstrated a general increase in the EBIC signal after treated with 
theophylline (Fig. S6), indicating an enhanced carrier collection efficiency (30). Specifically, in 30 
Fig. 3E, a representative EBIC line profile of the reference device showed a current decay from 
the HTL/perovskite to the SnO2/perovskite interface. The decay indicates that carrier collection 
was limited by the hole-diffusion length as the beam position moved away from the 
HTL/perovskite interface. In contrast, the device with theophylline treatment displays minimal 
decay within the perovskite layer in the EBIC line profile. This difference suggests that a longer 35 
diffusion length of holes was present in theophylline-treated sample and balanced electron and 
hole charge transport and collection was achieved, which is likely the result of fewer surface 
recombination sites (Fig. 3E). 

Further assessment of the performance of the PV devices based on the theophylline surface 
passivation was performed. The devices showed a negligible hysteresis (4.1%, Fig. 4A) because 40 
of the balanced charge collection originated from the effective surface passivation, whereas the 
reference device showed a large hysteresis (up to 7.6%, Table S3). External quantum efficiency 
(EQE) spectra of the devices were compared in Fig. 4B. An integrated JSC of 24.42 mA cm−2 from 
the target device matched well with the value measured from the J-V scan (<5% discrepancy), 
whereas the control device showed an integrated JSC of 23.56 mA cm−2. A stabilized PCE of 45 



Submitted Manuscript: Confidential 

6 
 

22.64% was achieved with the target device when biased at 1.00 V while that of control device 
was 20.36% when biased at 0.98 V (Fig. 4C). The histogram of PV efficiencies for 40 devices is 
shown in Fig. 4D (the detailed parameters are shown in Table S2), which confirms good 
reproducibility of the performance improvement with theophylline (11.1% improvement in an 
average PCE from 20.36±0.53% to 22.61±0.58% with the incorporation of the theophylline).  5 

The changes in PCE of the encapsulated devices at a relative humidity of 30 to 40% and 
temperature of 40 ℃ were tracked over time to test the long-term operational stability (Fig. 4E). 
The reference device (initial PCE 19.34%) degraded by more than 80% in 500 hours, whereas the 
target device maintained > 90% of its initial efficiency (21.32%) during this time. Also, as shown 
in Fig. S7, the shelf stability of the device based on theophylline treatment was noticeably 10 
enhanced, maintaining over 95% of its original PCE (22.78%) when stored under ambient 
conditions with 20 to 30% humidity at 25 °C for 60 days. In contrast, the reference device lost > 
35% of its initial efficiency (20.67%). The strong interaction between the theophylline and the 
surface defects likely suppressed deleterious ion migration (31–33). 
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Fig. 1, Surface defect identification and constructive configuration of the C=O group in three 
different chemical environments. (A) Top view of the various types of surface defects. (B) 
Theoretical models of perovskite with molecular surface passivation of PbI antisite with 
theophylline, caffeine, and theobromine (C) J-V curves of perovskite solar cells with or without 5 
small molecules treatment under reverse scan direction.  
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Fig. 2 Investigation of the interactions between surface defects and the small molecules.  

FTIR spectra of (A) pure theophylline and theophylline-PbI2 films; (B) pure caffeine and caffeine-
PbI2 films; (C) pure theobromine and theobromine-PbI2 films. (D) PL spectra of perovskite films 
without and with small molecules treatment. (E) Trap density of states (tDOS) in perovskite solar 5 
cells with or without small molecules treatment. (F) Nyquist plots of perovskite solar cells with or 
without small molecules treatment measured in the dark and at corresponding open-circuit 
voltages.  
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Fig. 3 Characterization of perovskite films and interfaces with theophylline treatment.  

(A) XPS data for Pb 4f 7/2 and Pb 4f 5/2 core level spectra in perovskite films with or without 
theophylline treatment. (B) UPS spectra of perovskite films with or without theophylline 
treatment. (C) AFM and KPFM images of perovskite films with (right) or without (left) 5 
theophylline treatment. (D) Time-resolved PL spectra of perovskite films before and after 
depositing Spiro-OMeTAD without and with theophylline treatment. (E) Cross-section SEM 
images and the corresponding EBIC images and line profile of the perovskite solar cells with 
(right) or without (left) theophylline treatment. 
  10 
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Fig. 4 Enhanced photovoltaic performance and long-term stability of perovskite solar cells 
with theophylline treatment.  

(A) Current density–voltage (J–V) curves of perovskite solar cells with or without theophylline 
treatment. (B) EQE curves of perovskite solar cells with or without theophylline treatment. (C)  5 
Stabilized maximum power output and the photocurrent density at maximum power point as a 
function of time for the best performing perovskite solar cells with or without theophylline 
treatment, as shown in (A), recorded under simulated 1-sun AM1.5G illumination. (D) PCE 
distribution of perovskite solar cells with or without theophylline treatment. (E) Evolution of the 
PCEs measured from the encapsulated perovskite solar cells with or without theophylline 10 
treatment exposed to continuous light (90 ± 10 mW cm−2) under open-circuit condition. 
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