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Figure 3. Core-level XPS spectra for 0 wt% (black), 4 wt% (red), 8 wt% (blue), and 
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12 wt% (magenta) PVP-perovskite films: (a) I3d, (b) O1s, (c) N1s, (d) C1s, (e) Pb4f 

and (f) Br3d. (g) Schematics of the variation of perovskite crystals with PVP 

concentration increasing. 

XPS analysis was used to further investigate the changes in binding energy of the 

perovskite core level peaks in the presence and absence of salt additives. The survey 

spectra of perovskite prepared with varying PVP concentration is presented in Figure 

S3. All of the samples were prepared on silicon substrates. All the fabricated films 

show nearly the same XPS peaks and intensities, indicating that the components 

present in all of the films are the same. The iodine, oxygen, nitrogen, carbon, lead and 

bromide atom binding energies are shown in Figure 3a-f. The spin-orbit split 

components of I3d3/2 and I3d5/2 are shifted slightly to lower energy (Figure 3a). The 

peak height of the I3d peaks (arising from the PbI6 octahedra) decreases slightly with 

increasing PVP content. Abnormal deviations can also be observed in the split 

components of O1s, N1s, C1s, Pb4f and Br3d (Figure 3b-f), all of which support the 

premise that the PbI6 octahedra were disrupted by PVP chains, and is consistent with 

XRD analysis.  

Even more remarkably, the spin-orbit split components of pristine perovskite 

show low strengths at 533.3 eV and 532 eV for O1s2/2 and O1s1/2, respectively. The 

peak at 533.3 eV corresponds to adsorbed molecular water.[36] With PVP doping, the 

peak at 533.3 eV is no longer present, which suggests that PVP serves as a barrier to 

protect the perovskite film from adventitious water. At the same time, the intensity of 

the peak near 532 eV corresponding to the C=O group has increased. Slightly shifted 

peaks were observed in the doped perovskite, which may derive from 

hydrogen bonding interactions between PVP and perovskite.[32] The experimental 

Pb4f signal is presented in Figure 3e. The spin-orbit splitting between the Pb4f7/2 and 

Pb4f5/2 lines of pristine perovskite appeared at 138.1 eV and 143 eV, respectively. 

However, the Pb2+ lines of the doped perovskite shifted to higher binding energies. 

The shift of the Pb4f levels can be attributed to decreased electron cloud overlap 
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between the lead and iodide atoms, which may help account for the observed slight 

increase in bandgap (vide infra).[33]  

To further explain the phenomenon, a schematic of the interactions between 

perovskite crystals and the PVP long chain is presented in Figure 3g. With increased 

PVP concentration, the PbI6 octahedra become stretched. Up to a PVP concentration 

of about 8 wt%, the [Pb3I8]2- octahedra are able to tolerate the distortions. However, 

as PVP content continued to increase, the [Pb3I8]2- crystal lattice rearranged to form 

octahedral [PbI6]4-, resulting in the formation of a non-perovskite phase. The presence 

of [PbI6]4- also impacts the absorption edge of the samples, as discussed below. [37] 

Photoluminescence (PL) spectroscopy provided insightful information on the 

charge carrier extraction properties of solar cells fabricated from pure and 

PVP-containing perovskite samples. An obvious change in PL intensity was observed 

for PVP-perovskite films vs. the parent (Figure S4a). Specifically, the higher PL 

intensity for the 4 wt% and 8 wt% PVP-perovskite samples suggests that these films 

possess fewer defects. The decreased photoluminescence intensity obtained for the 12 

wt% counterpart points to an increase in defect density as PVP content is increased 

above 8 wt%. Time-resolved PL (TRPL) spectra demonstrated that PVP content 

impacts photoluminescence life-time, where the 8 wt% sample exhibited a notably 

longer lifetime than any of the alternatives (Figure S4b). Combined, the PL and 

TRPL results suggest that at low levels (below about 8 wt%), the incorporation of 

PVP into the perovskite crystal structure can facilitate formation of more uniform 

films having fewer defects. 

3.2 Device fabrication and characterization 

Perovskite-based solar cells were fabricated using optimized process conditions 

under ambient conditions. The device architecture was comprised of either 

glass/FTO/compact SnO2/perovskite/spiro-OMeTAD/Au, or PET/ITO/compact 

SnO2/perovskite/spiro-OMeTAD/Au. Figure 4a presents a sketch of the band 

alignment scheme for a photovoltaic device fabricated using the hybrid active 

material.  To avoid hysteresis, which is in part a function of the quality of the 
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interface between the perovskite and electron transport layers, SnO2 nanoparticles 

were used as the electron transport layer.[38–40] Since typically the SnO2 

nanoparticle deposition temperature is ca. 200 °C, a sol-gel method was developed to 

enable process temperatures below 185 °C in order to fabricate an SnO2 electron 

transport layer suitable for plastic substrates.  
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Figure 4. (a) Schematic energy level diagrams of the SnO2 nanoparticles, 0 wt%, 4 

wt%, 8 wt%, 12 wt% PVP doped perovskite and spiro-MeOTAD; (b) J−V curves of 

the typical devices under AM 1.5G illumination. (c) Corresponding EQE responses 

(left axis) and integrated current densities (right axis) of the devices containing the 

perovskite films with and without PVP. (d) Normalized efficiency as a factor of time; 

(e) Photograph of perovskite solar cell stability with varying concentrations of PVP in 

ambient conditions. From left to right 0 wt%, 4 wt%, 8 wt%, and 12 wt% 

PVP-perovskite devices. 

 

Figure 4b presents the current-voltage curves of the pristine and PVP containing 

perovskite solar cells, and the data are tabulated in Table S1. Furthermore, statistical 

data regarding the photovoltaic parameters are plotted in Figure S5. Cells fabricated 

from the 0 wt%, 4 wt%, and 8 wt% PVP-perovskites exhibited little hysteresis, while 

significant hysteresis was observed for cells fabricated with 12 wt% PVP-perovskite. 

The pristine device exhibited efficiencies of 18.42 % and 18.38%, under reverse and 

forward scans, respectively; with corresponding Voc of 1.127 V and 1.124 V, Jsc of 

22.8 mA/cm2 and 22.9 mA/cm2 and FF of 71.43 % and 71.7 %. Upon incorporation of 

4 wt% PVP, device efficiency in the forward and reverse directions decreased slightly 

to 16.7% and 16.41%, while the corresponding Voc, Jsc, and FF values were 1.152 V 

and 1.141 V, 21.2 mA/cm2 and 20.9 mA/cm2, and 68.73 % and 68.07 %. The 8 wt% 

PVP-perovskite device exhibited negligible hysteresis, with an efficiency of 17.04% 

and 17.06%, with a Voc of 1.16 V and 1.162 V, Jsc of 21 mA/cm2 and 21.05 MA/cm2, 

FF of 70.01 % and 69.69 % under reverse scan and forward scan, respectively. The 

excellent performance can be ascribed to the matched bandgap and defect-free 

crystals, which is in accord with the structural analysis above.  

As expected from the materials characterization results, devices fabricated from 

12 wt% PVP-perovskite films exhibited a significant decline in performance, namely 

a PCE of only 11.31 % under reverse scan and 10.18% under forward scan. Voc, Jsc 

and FF were similarly negatively affected. Presumably, the low FF of 56.84 obtained 
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for the 12 wt% PVP containing cells can be attributed to the rough perovskite 

morphology. It is widely believed that the key parameter associated with perovskite 

device performance is the FF, which may be negatively affected by carrier 

recombination at the interface between the perovskite and the electron/hole transport 

layers due to perovskite crystal degradation. [41]  

Figure 4c presents the IPCE data for the devices studied here. The wavelength at 

which the IPCE curves experience a rapid rise is consistent with the absorption edge 

data discussed above: for the parent perovskite, the increase appears at around 780 nm, 

while for cells fabricated with 4, 8 and 12 wt% PVP-perovskite, IPCE begins to 

increase at about 770 nm, 760 nm and 750 nm, respectively. Between 450 nm and 700 

nm, the absorption profile of devices based on pristine perovskite is higher than those 

of the doped perovskites, which may derive from perovskite grain size. [42] Between 

350 nm and 450 nm, the absorption of the 12 wt% device decreased sharply, likely 

due to incomplete perovskite grain formation compared to the other three devices. 

[43] 

Data associated with the moisture sensitivity of the perovskite devices 

investigated here are presented in Figure 4d and 4e. The parent perovskite underwent 

a steady decrease in efficiency from 18 % to ~1 % within 200 hours. Notably, the 

devices fabricated with the PVP-modified perovskite film exhibited enhanced 

resistance to moisture present in the ambient conditions. Incorporation of 8 wt% PVP 

into the perovskite layer allowed fabrication of devices that retained 80% of their 

original efficiency for over 600 hours under ambient conditions with 60% relative 

humidity. Although the initial efficiency of the 12 wt% PVP-perovskite devices is 

lower than the other analogs, the normalized efficiency is more stable in a humid 

environment, which is presumed to be directly related to protection of the perovskite 

by PVP.  

3.3 Flexibility and bendability testing 

Given the superior performance of the perovskite comprising 8 wt% PVP, that 

composition was used to explore the impact of the incorporation of PVP into the 
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perovskite lattice on the flexibility of the active layer. The top-view SEM images of 

the parent and PVP-perovskite films fabricated on an ITO/PET substrate and 

subjected to mechanical bending (200 times with bending radius of 0.5 cm) are 

presented in Figure 5. The parent perovskite film (Figure 5a) exhibited evidence of 

fracturing at the grain boundaries upon bending 200 times (Figure 5b). In contrast, 

the 8 wt% PVP-perovskite films (Figure 5c) displayed a uniform morphology that did 

not appear to be compromised (Figure 5d). Conceivably, the incorporation of PVP 

into the crystalline film forms a polymer network, effectively improving the 

mechanical properties of the device.[20] Furthermore, steady-state PL spectra (Figure 

5e and 5f) of the corresponding perovskite films on PET/ITO before and after 

bending 200 times were also analyzed. The PL intensity of the 8 wt% PVP-perovskite 

film (Figure 5f) prepared on PET/ITO was similar to that of pristine material (Figure 

5e) prior to mechanical bending. After bending 200 times, the PVP-perovskite 

maintained its PL intensity, while that of the pristine film decreased. These results 

strongly suggest that the incorporation of PVP serves to reduce surface defects and 

importantly, for envisioned flexible PSC applications, instills the films with improved 

mechanical performance attributes. 
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 Figure 5. (a-d) Top-view SEM images of (a,b) 0 wt% PVP and (c.d) 8wt % 

PVP-perovskite grown on PET/ITO before and after 200 bending times with bending 

radius of 0.5 cm; the inset shows a photograph of the bending tests; (e)(f) steady-state 

PL spectra of the corresponding pristine and PVP containing perovskite films. 

 

To further investigate the impact of PVP on the performance of the perovskite 

films under bending induced stress, PET/ITO/SnO2/perovskite/spiro-MeOTAD/Au 

devices were fabricated and subjected to multiple bending cycles where the curvature 

was 5 mm for each cycle, as shown in Figure 6. Before bending, the PCE of PET/ITO 
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based devices fabricated with perovskite active layers having 0 wt% and 8 wt% PVP 

was ca. 17% and ca. 15%, respectively. After 1000 bending cycles, the device 

fabricated using 8 wt% PVP-perovskite retained more than 70% of its original 

efficiency, whereas the pristine device exhibited less than 10% retention of its PCE. 

Complete data (before and after bending 1000 times) associated with flexible solar 

cell performance is presented in Table S2. Note that the Voc slightly decreased in both 

cases; while short-circuit current decreased only slightly for the PVP containing active 

layer vs. the sharp decline observed when solar cell fabricated with pristine perovskite 

were bent 1000 times. Presumably, the decreased values of Voc and Jsc are due to the 

inorganic SnO2 film which is known to have poor flexibility. [44] The device results 

demonstrate that intercalation of PVP into the perovskite lattice can positively impact 

the mechanical properties of the hybrid active layer, allowing for the design and 

development of flexible devices.  
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Figure 6 (a) Photograph of the bending tests for flexible devices; (b) J−V curves of 0 

wt% and 8 wt% PVP-perovskite flexible devices under AM 1.5G illumination at the 

initial stage; (c) Mechanical stability of corresponding flexible devices. 

 

4. CONCLUSION 

In summary, polyvinylpyrrolidone was introduced into a perovskite precursor solution, 

and effectively integrated into the resultant perovskite film. Incorporation of the 

polymer was shown to both protect the active material against degradation under 

humid ambient conditions and impart mechanical flexibility. Mechanistically, it is 

believed that PVP interacts with the perovskite via hydrogen bonding facilitated by 

the presence C=O bonds along the polymer chain. The results demonstrated that with 

an increased proportion of PVP, perovskite crystal size increased while XRD peaks 

shifted slightly, which confirmed the presence of interactions between the two 

components. PVP-perovskite based solar cells comprising 8 wt% polymer additive 

exhibited a power conversion efficiency of 17%. The device efficiency remained 

above 15% for a duration of more than 600 hours under ambient conditions (> 60% 

humidity). Moreover, incorporation of PVP into the active layer facilitated fabrication 

of flexible solar cells, with an efficiency of ca. 15%, whereby the efficiencies were 

stable over several bending cycles. The results presented here demonstrate that 

polymer additives, such as PVP, that can effectively interact with the inorganic 

perovskite crystal can lead to environmentally stable and flexible perovskite solar 

cells. Modification of the perovskite through incorporation of a polymer additive is 

expected to enable the low-cost, large-scale fabrication of perovskite based solar cells. 
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