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SUMMARY

The failure of perovskite solar cells (PSCs) under ultraviolet (UV) irradiation is a serious barrier of com-

mercial utilization. Here, a two-stage degradation process of TiO2-based PSCs is discovered under

continuous UV irradiation in an inert atmosphere. In the first decay stage, oxygen vacancy-Ti3+

(Ti3+-VO) transform into active Ti4+-VO trap states under UV excitation and cause photocarrier loss.

Furthermore, Ti4+-VO states can convert back into Ti3+-VO states through oxidizing I�, which result

in the accumulation of I3
�. Sequentially, the rapid decomposition of perovskite accelerated by

increasing I3
� replaces the photocarrier loss as the dominant mechanism leading to the second decay

stage. Then, a universal method is proposed to improve the UV stability by blocking the transforma-

tion of Ti3+-VO states, which can be realized by polyethyleneimine ethoxylated (PEIE) modified layer.

The optimized devices remain �75% of its initial efficiency (20.51%) under UV irradiation at 72 days,

whereas the normal devices fail completely.

INTRODUCTION

Organic-inorganic lead halide perovskite solar cells (PSCs) showgreat potential to become the promising candi-

date for future energy conversion device (Tsai et al., 2018; Jeon et al., 2015; Yang et al., 2019; Bai et al., 2019; Cui

et al., 2019), with the latest certification efficiency of 25.2% (Best, 2019). Themost popular electron transport layer

(ETL) in the high-performance PSCs is the inorganic compact TiO2 owing to its suitable band alignment and high

transmittance (Kim et al., 2016; Niu et al., 2015). But the poor stability of TiO2-based PSCs under working condi-

tions still restricts its commercialization. Especially, the intrinsic instability of TiO2-based PSCs under ultraviolet

(UV) irradiation has attracted extensive attention.

To overcome UV instability of TiO2-based PSCs, Al2O3, MgO, Sb2S3, etc. were used to suppress the contin-

uous degradation by modifying, separating, or replacing TiO2 ETL, which remained 70%–90% of the initial

efficiency after hundreds of hours of UV exposure (Ito et al., 2014; Wei et al., 2016, 2019a; Han et al., 2015;

Lee et al., 2018, 2019b; Wan et al., 2018). Meanwhile, the study of degradation mechanism is necessary to

further improve the UV stability of PSCs. It is well known that the TiO2 is photocatalytic, which can supply

electrons to accelerate organic decomposition reactions. It can help to explain the decomposition of

perovskite material under UV illumination with moisture or oxygen, which is responsible for the instability

of PSCs (Ito et al., 2014; Aristidou et al., 2015; Abdelmageed et al., 2016; Shlenskaya et al., 2018). In terms of

carrier transfer, the recombination loss induced by UV irradiation can also lead to the decay of PSCs per-

formance with the assistance of oxygen vacancies in TiO2 and oxygen molecules in air (Leijtens et al., 2013;

Bryant et al., 2016). In addition, at the interface between TiO2 and perovskite layers, the voltage loss due to

the charge accumulation under light soaking can also cause the performance decrease of PSCs (Gottesman

et al., 2016). However, the UV degradation of TiO2-based PSCs performance still exists in the absence of

moisture, oxygen, and visible light (Shin et al., 2017; Wang et al., 2019; Ahn et al., 2016), which is future

work condition of PSCs. Therefore, the exploration of the UV-degradation process and the underlying

mechanism of TiO2-based PSCs in inert atmosphere become an important and practical research topic.

Here, long-term monitoring of PSCs performance under continuous UV irradiation in glovebox was con-

ducted. We discovered the two-stage UV degradation of TiO2-based PSCs and explored the underlying

mechanism. Then, we proposed a universal method to inhibit the UV degradation of PSCs. And, polyethy-

leneimine ethoxylated (PEIE)-modified layer was introduced on TiO2 ETL, obtaining UV stable PSCs with
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high champion efficiency of up to 20.51%, which held �75% of the initial efficiency when the normal PSCs

failed completely after�72 days intensive UV irradiation. This method provides a promising way to develop

UV-stable and high-performance perovskite solar cells.

RESULTS AND DISCUSSION

The Two-Stage Degradation under UV Irradiation

In this work, we prepared planar perovskite solar cells (PSCs) structured as glass/FTO/c-TiO2/perovskite/

spiro-OMeTAD/Au using the convenient one-step solution method. The detailed fabrication procedures

are shown in the Transparent Methods section of Supplemental Information. Figure 1A shows the cross-

Figure 1. Degradation of the Perovskite Solar Cells under UV Irradiation

(A) SEM cross-sectional image of PSCs. The layers from the bottom up are: FTO, TiO2, MA0.75FA0.25PbI3, spiro-OMeTAD

(doped with Li-TFSI, FK 209, and TBP), and Au. And the inserted images are top-view SEM image and XRD patterns of the

corresponding perovskite film.

(B) The photographs of PSCs for different UV exposure time.

(C–F) The SEM images of the MA0.75FA0.25PbI3 films had been prepared in solar cells after UV irradiation for 0, 40, 50, and

65 days.

(G) XRD patterns for MA0.75FA0.25PbI3 in PSCs under UV irradiation for different times.

(H) The evolution of the normalized PCE of the PSCs under UV irradiation for 72 days. For the perovskite film

measurements, the Au electrodes were removed with tapes and the Spiro-based HTL were rinsed with chlorobenzene.
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sectional scanning electronmicroscopy (SEM) image of the PSCs, whereinMA0.75FA0.25PbI3 was used as the

perovskite absorber material. Meanwhile, the compact TiO2 and the 2,20,7,70-tetrakis (N, N-di-p-methoxy-

phenylamine)-9,90 spirobifluorene (spiro-OMeTAD) serve as the electron transport layer (ETL) and hole

transport layer (HTL), respectively. As seen, the thickness of the perovskite layer is �700 nm. The top-

view SEM image and XRD pattern inserted in Figure 1A indicate the uniform and high-quality perovskite

film, which is similar to our previous reports (Song et al., 2016; Cui et al., 2017; Wei et al., 2019a, 2019b).

In order to explore the influence of UV irradiation on PSCs, we first observed the deterioration of perovskite

films in PSCs after continuous UV exposure. Here, we used Philip UV lamp (l = 254 nm) with an intensity of

�50mW$cm�2 (equivalent to 11 suns of UV light below 400 nm) to irradiate the PSCs from the TiO2 ETL side

at room temperature in an argon-filled glovebox. All UV irradiation treatments of PSCs for this work were

carried out under such UV radiation conditions, unless otherwise specified. This is a rather brutal test that

helps to quickly identify the degradation rule of PSCs under UV irradiation. Figure 1B shows the photo-

graphs of PSCs for different UV exposure times. We found that perovskite films prepared on TiO2 remained

uniform black phase for�50 days, until dramatic yellow phase transition began around 55 days. In general,

the black phase of the absorber material is recognized as perovskite structure and the yellow phase can be

recognized as PbI2. Hence, it is speculated that the decomposition of perovskite film could occur rapidly

after a lag time of �50 days under such a UV irradiation condition. Furthermore, the top-view SEM images

of perovskite film in UV-irradiated PSCs are shown in Figures 1C–1F, which reflect the evolution of perov-

skite film morphologies. Apparently, the film morphology did not change significantly at the early stage

(within 50 days). After this time threshold, the perovskite films began to collapse and a new cleavage sur-

face appeared, indicating the initial decomposition. On the 65th day, a large number of holes appeared in

the perovskite films, demonstrating the serious decomposition and deterioration of the perovskite film. In

addition, the perovskite film without underlying TiO2 ETL shows excellent stability under the same UV irra-

diation condition and did not decompose significantly within 150 days, as shown in Figure S1.

The phase purity and crystal structure of the perovskite films in UV-irradiated PSCs were characterized by X-ray

diffraction (XRD) to confirm the component transmutation behind themorphology evolution. Figure 1G exhibits

theXRDpatternsofperovskitefilmunderUV irradiation for0, 20, 40, 50, 55, and65days.Aswecan see, all theXRD

patterns of perovskite film on TiO2 ETL under UV exposure within 40 days are almost identical, where the main

diffraction peaks centered at 13.99� and 28.19� can be attributed to the (110) and (220) planes of perovskite films.

And there is no obvious diffraction peak of PbI2 centered at 12.60� until UV exposure for 50 days, which is corre-

sponding to the turning point of filmmorphology.With the extension of illumination time, the proportion of PbI2
diffractionpeak increases rapidly from5.2% to51.8% (the intensity ratio comparedwith the strongest peak)within

15 days. The content of lead iodide (PbI2) is used to characterize the decomposition degree of perovskite film

because PbI2 is often observed as the final degradation product from lead iodide-based perovskites. Therefore,

we can infer that the perovskite film remains unchanged in�50 days under such a UV irradiation condition. After-

ward, it begins to decompose dramatically in a short time.

Based on the deterioration phenomenon of perovskite films, we investigated the stability of the complete

PSCs under continuous UV irradiation (as mentioned above) without encapsulation using an apparatus of

stability test. The cells were removed every 24 h to measure the current voltage curves in reverse scan di-

rection under simulated AM 1.5G 100 mW$cm�2 irradiance. Figure 1H shows the decay process of device

photoelectric conversion efficiency (PCE) calculated from the J-V curves. In the earlier stage, the decay rate

is relatively low, wherein the efficiency of PSCs remains 70% of the initial value by �50 days. In the later

stage, the decay rate suddenly increases, wherein the efficiency drops to �1% of the initial value from

50 to 72 days. Apparently, the time node of the PCE abrupt decrease is consistent with the perovskite

film decomposition. It can be inferred that the sharp decrease of the device efficiency in the second stage

is caused by the rapid decomposition of perovskite absorber. Therefore, we can draw a conclusion that the

UV irradiation can lead to two-stage degradation of TiO2-based PSCs. The earlier decay stage (stage I) and

the later decay stage (stage II) constitute the whole degradation process of PSCs. It is also noted that the

different decay rates of stage I and stage II indicate different dominating inducements. The underlying

trigger factor and the mechanism of the two-stage PSCs UV-degradation process are discussed below.

The Mechanism of Two-Stage UV Degradation

It is well known that there exist inherent oxygen vacancies in TiO2 ETL, which correspond to Ti3+ defects

(Ti3+-VO) with unpaired outer electrons. And the Ti3+-VO tend to transform into Ti4+ defects (Ti4+-VO)
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serving as deep traps. Figure 2A shows the detailed generation process of Ti4+-VO and the carrier recom-

bination channel from the perspective of energy band. In the prepared TiO2 film, the inherent oxygen

vacancies result in Ti3+-VO with an unpaired electron at �1 eV below conduction band minimum (Naldoni

et al., 2012; Wang et al., 2009). Upon band excitation of TiO2 induced by UV light, valence band electrons

transit to the conduction band (step ①), leaving free holes. Unpaired electrons at the Ti3+-VO site tend to

recombine the holes in the valence band (step ②). This process leaves free electrons in the conduction

band and Ti4+-VO defect states. The Ti4+-VO states capture photo-generated electrons from perovskite

layer (step ③) actively, reverting Ti4+-VO to Ti3+-VO, as indicated by the thin green arrow in Figure 2B.

And the accumulation of photoelectrons induced by the Ti4+-VO provide extra electron recombination ac-

cesses to holes in the perovskite layer (step⑤) and HTL layer (step⑥) (Leijtens et al., 2013), which results in

performance decay of PSCs. With the prolongation of UV irradiation time, the concentration of Ti4+-VO

defect states increases continuously, which is resulted from the reaction equilibrium of defects transforma-

tion and the increase of Ti3+-VO (Figure S2) (Xiong et al., 2012; Bennett et al., 2015; Yu et al., 2011; Zhang

et al., 2013), leading to the continuous decay of device performance in stage I.

Meanwhile, the UV-excited Ti4+-VO states can lead to rapid decomposition of perovskite, corresponding to

the sharp performance decay. Ti4+-VO defects provide a large number of oxidizing sites that can oxidize I�

leading to the deposition of I2 or rather I3
�, as indicated by the thin red arrow in Figure 2B. Along with the

accumulation of polyiodide I3
�, perovskite films decompose rapidly after a certain delay time under UV illu-

mination, as demonstrated in Figure 1, resulting in the sharp performance decay of PSCs until complete

failure. We suppose that it is determined by the kinetics of the decomposition reaction based on the

mass action law (Hinrichs and Dreijer-van der Glas, 2015). The decomposition process of perovskite mate-

rials under UV irradiation can be described by the following four chemical equations. As is mentioned

above, Ti3+-VO defects in TiO2 can be converted to oxidizing Ti4+-VO states after UV exposure (Leijtens

et al., 2013), which serve as electron accepters (Equation 1). And the I� surrounded by electron accepters

tend to be oxidized turning to I2, leaving PbI2 (Abdelmageed et al., 2016; Shlenskaya et al., 2018) (Equa-

tion 2). Disengagement of I� from the lattice caused the collapse of the Pb2I
2�
6 octahedral structure,

Figure 2. Degradation Mechanism of PSCs under Continuous UV Irradiation

(A) The energy band of TiO2 ETL and perovskite absorber.

(B) The mechanism of PSCs degradation under continuous UV irradiation.

(C) The mechanism of PEIE blocking Ti3+-VO transformation through donated electrons.

4 iScience 23, 101013, April 24, 2020



releasing bound CH3NH3
+ and causing CH3NH3

+ migration to the interface between TiO2 ETL and

perovskite layer. Meanwhile, the generated I2 will combine with the free I� reversibly (free I� is abundant

in perovskitematerial [Eames et al., 2015; Haruyama et al., 2015; Azpiroz et al., 2015]), producing polyiodide

species I3
�with strong reduction (Shlenskaya et al., 2018). According to the Pearson hard and soft acid base

concept (Shlenskaya et al., 2018; Kim et al., 2012), the neutralization reaction of free soft acid CH3NH3
+ and

free soft base I3
� happens spontaneously at the interface with the participation of photoelectrons. And this

process, shown in Equation 4, generates volatile CH3NH2 and HI, exposing PbI2 product as illustrated in

XRD data. Moreover, according to the Equation 2, oxidizing Ti4+-VO states can trigger the oxidation of

I� circularly excitation, resulting in the accumulation of I3
� and I2. Actually, the consumption of CH3NH3

+

and I� lead to the deposition of PbI2, which ultimately completed the perovskite decomposition process.

Equation 4 can be recognized as the direct procedure that determines the decomposition rate of perov-

skite materials. Therefore, the decomposition rate of perovskite material can be approximated by the re-

action rate of Equation 4.

Ti3+/
hv
Ti4+ + e� (Equation 1)

2Ti4+ + Pb2I
2�
6 /

hv
2Ti3+ + 2PbI2 + I2 (Equation 2)

I2 + I� = I�3 (Equation 3)

3CH3NH+
3 + I�3 + 2e�/3CH3NH2 + 3HI (Equation 4)

According to the mass action law (Equation S1), the concentration of CH3NH3
+ and I3

� is the main factor

that determines the reaction rate of Equation 4. In other words, the accumulation amount of CH3NH3
+

and I3
� determines the decomposition rate of perovskite material. The intrinsic free CH3NH3

+ is negligible

(Eames et al., 2015; Haruyama et al., 2015; Azpiroz et al., 2015); the amount of CH3NH3
+ that participates in

the decomposition reaction is proportional to the amount of deposited I2 and I3
�. According to the stoi-

chiometry of Equation 2 and Equation 3, it can be concluded: CMA = 2ðCI2 +CI�
3
Þ, where CMA, CI2 , and

CI�
3
are the qualitative concentration of CH3NH3

+, I2, and I3
�, respectively. Combining with the Equation S1,

the formula of perovskite decomposition rate can be derived:

V = 8kCI�3
4

�
1+

1

KCI�

�3

where V is the decomposition rate of perovskite, k is the chemical reaction rate constant, CI�
3
is the qual-

itative concentration of I3
�, K is the chemical equilibrium constant, and CI� is the qualitative concentration

of I�, which can be considered as a constant. The detailed derivation process of this formula can be seen in

Supplemental Information. As shown, the decomposition rate of perovskite is proportional to the fourth

power of I3
� concentration. Consequently, perovskite material will decompose rapidly after a certain I3

�

concentration threshold (Figure S3), corresponding to the lagging sharp decay of device performance in

the stage II. The required accumulation time of the threshold concentration of polyiodide I3
�, namely,

the duration time of stage I, is the root of the time difference between stage I and stage II. In addition,

we have carried out an intensifying experiment to confirm the origin of the lagging rapid decomposition.

External PbI2, MAI, and I2 were added into perovskite precursors to prepare PSCs with different perovskite

films containing excess suspected decomposition inducers. (Figure S4) This can simulate the reaction

environment of the rapid decomposition. Then, we exposed these three groups PSCs to intensive UV irra-

diation under the above-mentioned test conditions to observe the degradation process. The experimental

results demonstrated that the excessive I2, which could represent the content of I3
�, led to rapid decom-

position of the perovskite film after 5 days UV irradiation (Figure S5). The detailed experimental procedures

can be seen in the Supplemental Information.

The transformation of Ti3+-VO states to Ti4+-VO states in TiO2 ETL under UV irradiation serves as the driving

force of PSCs UV degradation. In stage I, the photocarrier loss induced by Ti4+-VO states results in the slow

performance decay of PSCs. Afterward, the rapid decomposition of perovskite material initialized by

Ti4+-VO states replaces photocarrier loss to be the domain inducement of degradation, leading to the

sharp performance decay in stage II. Therefore, blocking the transformation of Ti3+-VO states to Ti4+-VO

states becomes the essential approach to inhibit the UV degradation of TiO2-based PSCs.

PEIE has been proved to be an effective electron donormaterial (Zhou et al., 2012, 2014; Rasool et al., 2019).

Thus, PEIE film can serve as the modified layer of TiO2 ETL to block the transformation of Ti3+-VO states.

Figure 2C shows the mechanism of PEIE blocking the transformation and passivating the active Ti4+-VO
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trap states. Themolecular dipolemoment (Rasool et al., 2019) and the interface dipolemoment (Zhou et al.,

2012; Heimel et al., 2006, 2008; Hong et al., 2010) together result in the electron donation of the amine

group. Asmentioned above, the UV-excited holes in TiO2 can capture the outer electron of Ti3+-VO, turning

it into Ti4+-VO states. Hence, the donated electrons can deplete the UV-excited holes, blocking the trans-

formation of Ti3+-VO states (Rasool et al., 2019; Zhang et al., 2019; Saracco et al., 2013; Ishii et al., 1999).

Moreover, the external electrons can directly passivate Ti4+-VO trap states, avoiding the capture of photo-

electrons and the oxidation of I�. Therefore, we can infer that PEIE serving asmodified layer of TiO2 ETL can

enhance the UV resistance of PSCs significantly.

Evidence for the Transformation of Ti3+-VO States and the Blocking Effect of PEIE

We prepared planar TiO2-based PSCs with and without PEIE modified layer on TiO2 ETL to explore the

transformation of Ti3+-VO states and the blocking effect of PEIE layer. The PSCs construction and the

molecular structure of PEIE are shown in Figure S6A. The detailed fabrication procedures of the PEIE-modi-

fied PSCs are shown in the Experimental section of Supplemental Information. Figure S6B displays the

X-ray photoelectron spectroscopy (XPS) results of the PEIE-TiO2 and pure-TiO2 films deposited on FTO/

glass. The presence of PEIE can be verified by the N1s peak at 399.8 eV, which is negligible in pure-

TiO2. The surface morphology of PEIE-modified TiO2 ETL was measured by atomic force microscopy

(AFM), as shown in Figure S7. The transformation of Ti3+-VO defect states is discussed below.

In order to confirm the blocking effect of PEIE on the transformation of Ti3+-VO states, which is achieved by

the donated electrons, the Fermi level of TiO2 films with and without PEIE layer were estimated by UV

photoelectron spectroscopy (UPS) patterns through the tangential extension method. As shown in Fig-

ure 3A, the point at which the tangent line intersects the horizontal line on the x-coordinate in UPS curves

represents the distance from the valence band maximum to the Fermi energy level. The energy distance of

pure-TiO2 is 2.37 eV compared with 2.65 eV of PEIE-TiO2, which confirmed the 0.28-eV increment in Fermi

level of PEIE-TiO2. This result proves that external electrons can be injected into the TiO2 efficiently from

the PEIE layer by processes such as tunneling or thermionic injection (Kim et al., 2012). The donated elec-

trons tend to deplete the UV exited holes.

The defect states density in TiO2 ETL under UV irradiation was characterized by steady photoluminescence

(PL) measurement. The samples of TiO2 films with and without PEIE layer on glass substrate, which had

been exposed in UV irradiation for 0, 10 days in an argon-filled glovebox, were operated in liquid nitrogen

at 80 K for steady PL measurement. (The dominant recombination processes of anatase TiO2 at room tem-

perature are nonradiative [Knorr et al., 2008; Li et al., 2016].) As shown in Figure 3B, the PL spectrum reveals

a broad emission centered at around 480 nm. And the corresponding radiation energy is 2.58 eV, demon-

strating that the photoluminescence is mainly produced by Ti3+ defect level (�2.5 eV above the valence

bandmaximum) at 80 K. Under UV irradiation for 10 days, the PL intensity of pure-TiO2 film is declinedmark-

edly. In general, the PL intensity of TiO2 film is related to the concentration of defect states that can serve as

the nonradiative carrier recombination centers. Hence, the lower PL intensity of the irradiated pure-TiO2

film (the red line) indicates that the density of defect states in pure-TiO2 increased obviously after UV irra-

diation. However, the PL intensity of PEIE-TiO2 film is almost unchanged, demonstrating that the PEIE

modification layer on TiO2 can significantly suppress the UV-induced defect states.

To confirm the nature source of UV-induced defect states, the TiO2 films on glass with and without PEIE

modification layer under UV irradiation for 0 and 10 days was also measured by XPS, as depicted in Figures

S8A and S8B. The peak located at 458.7 eV is assigned to the Ti (2p3/2), and the peak located at 464.3 eV is

assigned to Ti (2p1/2). For the 458.7 eV peak, two titanium containing components are clearly resolved

through peak fitting by Origin. The main peak at 458.7 eV (marked by the green line) is assigned to the lat-

tice Ti4+ (2p3/2), and the shoulder peak at �457.5 eV (marked by the red line) is assigned to the oxygen

vacancy-Ti3+ (2p3/2) (Sandell et al., 2003; Jiang et al., 2012). This �1.2-eV energy difference is consistent

with previous reports (Wang et al., 2009; Pan et al., 2013; Wetzelaer et al., 2015). It is well known that the

area of characteristic peaks can indicate the content of corresponding elements. Through the peak area

integral calculation, as shown, the content of Ti3+(2p3/2) in pure-TiO2 film was reduced from 3.13% to

1.21% after 10 days of UV exposure, as indicated in Figure 3C. This occurs when unpaired electrons in

Ti3+-VO recombine with holes in valence band excited by UV radiation, indicating the transformation of

Ti3+-VO states to Ti4+-VO states. Moreover, the 464.3 eV peak, which corresponds to Ti (2p1/2), shows a

similar phenomenon. Therefore, it can be concluded that the generated defect states in TiO2 under UV
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irradiation are Ti4+-VO states, which are transformed from Ti3+-VO states. Figure 3D shows the Ti3+-VO

decrement of PEIE-TiO2 from 3.02% to 2.91% for Ti3+(2p3/2) and from 3.17% to 3.07% for Ti3+ (2p1/2) under

UV irradiation for 10 days, which is significantly less than pure-TiO2, demonstrating the effective blocking

effect of PEIE on Ti3+-VO transformation, consistent with PL result.

Furthermore, the UV-vis spectra were obtained to measure the generation of Ti4+-VO states. As the inserted di-

agram in Figure 3E shows, the Ti3+-VO defect states with unpaired electrons have no significant effect on the

Figure 3. Evidence of the Ti3+-VO States Transformation and the Blocking Effect of PEIE

(A) UPS measurements of pure-TiO2 and PEIE-TiO2 films on glass substrate.

(B) Low temperature (80 K) steady-state PL spectra (250-nm xenon lamp excitation) of pure-TiO2 and PEIE-TiO2 film on

glass substrate under UV irradiation for 0 and 10 days.

(C and D) XPS Ti(2p) spectra of pure-TiO2 film (C) and PEIE-TiO2 film (D) on glass under UV irradiation for 0 and 10 days.

(E and F) UV-visible absorption spectra of (E) pure-TiO2 film and (F) PEIE-TiO2 film under continuous UV irradiation for 0, 5,

and 10 days.

See also Figure S8.
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absorption spectrumof TiO2 film. Under UV irradiation, Ti3+-VO states tend to transform into Ti4+-VO states leav-

ing unfilled defect energy levels in TiO2, which can cause long wave absorption of TiO2 films. Figures 3E and 3F

exhibit the UV-vis absorption spectra of TiO2 films with and without PEIE modification layer on glass substrate

under UV illumination for 0, 5, and 10 days. As seen, after 5 and 10 days UV exposure, the pure-TiO2 film gener-

ated a weak defect absorption peak at the wavelength of �500 nm, which corresponds to the Ti4+-VO states at

�1 eV below the conduction band minimum. This result confirms the presence of Ti4+-VO states in TiO2 trans-

formed from Ti3+-VO after UV irradiation. As discussed earlier, the PEIE layer can inject electrons into the TiO2

film filling the UV-induced defect states, which is the passivation process of Ti4+-VO states, as is depicted in

the inserted image in Figure 3F. This process can suppress the defect absorption effectively, so there is no

obvious defect peak in the absorption spectrum of PEIE-TiO2 films.

Performance Decrease Induced by Ti4+-VO States

In an attempt to explore the effect of Ti4+-VO trap states on device performance, we have performed mul-

tiple electrical tests for PSCs after 0 and 10 days UV exposure. The dark current curves of the PSCs based on

pure-TiO2 ETL and PEIE-TiO2 ETL are characterized and shown in Figure 4A. As seen, the dark current at the

low voltage scale, mainly determined by the recombination current, is higher in UV-degraded PSC with

pure-TiO2 ETL (the red line), whereas the current after the threshold voltage, mainly determined by the

diffusion current, is lower. As the recombination of the PSCs is evidenced to be governed by the trap states

(Song et al., 2016; Wetzelaer et al., 2015), the higher recombination current in the degraded PSC indicates

more severe recombination induced by Ti4+-VO states, reflecting the photocarrier loss. And the lower diffu-

sion current in the UV-degraded PSC corresponds to the high resistance to photoelectron transport raised

by Ti4+-VO states. On the contrary, the PSCs based on PEIE-TiO2 ETL have no apparent performance

Figure 4. Performance Decrease of Perovskite Solar Cells

(A)The evolution of dark current characteristic curves.

(B) The evolution of electrochemical impedance.

(C) The evolution of VOC decay.

(D) The evolution of Transient JSC (normalized at maxima). These PSCs were exposed to UV irradiation in an argon-filled

glovebox at room temperature. Complex impedance plot for PSCs measured in dark condition at short circuit conditions.
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variation in dark current curve after UV exposure, demonstrating that the PEIE layer does reduce the carrier

recombination caused by Ti4+-VO state and enhance electron transport.

The interfacial electron transfer between ETL and perovskite layer was investigated by electrochemical

impedance spectrum (EIS) to observe the degradation caused by UV-induced Ti4+-VO states. EIS is used

as an effective tool to certify the charge transport and recombination processes. Figure 4B shows the Ny-

quist plots of PSCs with pure-TiO2 ETL and PEIE-TiO2 ETL under UV irradiation for 0 and 10 days measured

at 0 V bias in dark. Rt (transport resistance) and Rrec (recombination resistance) can be obtained by fitting

Nyquist plots using the equivalent circuit shown in Figure 4B inserted image. The lower frequency circle (arc

2) is related to the charge recombination, and the higher frequency circle (arc 1) belongs to charge transfer

at ETL/perovskite interfaces because the perovskite/HTL interfaces were identical in both cases. For the

UV-degraded PSCs based on pure-TiO2, the Rrec is significantly smaller than the fresh PSCs, whereas the

transfer resistance Rt is larger (the fitting values are shown in the Table S1). This consequence indicates

that UV-induced Ti4+-VO states can increase photocarrier recombination and transfer resistance, leading

to the performance decrease. However, the Rrec and Rt of the PSCs modified with PEIE layer have no

remarkable change after UV exposure, consistent with dark current data.

Open circuit voltage decay (OCVD)was performed to study the effect of Ti4+-VO states on electron extraction. As

shown in Figure 4C, the VOC decay curves of UV-degraded PSCs with pure-TiO2 ETL (the red line) exhibit lower

voltage than the fresh one, which correspond to the accumulation of photocarrier at the interface between the

absorb layer and transport layer. At the initial descent point (immediately after the irradiation off) of the VOC

decay curve, the decrease of VOC is obviously faster in the UV-degraded PSCs compared with the fresh one.

And the voltage increment of the UV-degraded PSC immediately after the irradiation on is slower. In our previ-

ous work, we show that themore severe decay inOCVD curves corresponds to the presence ofmore trap states

and the poor performance of PSCs (Song et al., 2015, 2016; Cui et al., 2015), which are consistent with the case of

UV-degraded PSCs. These results illustrate that the UV-induced Ti4+-VO states, proved earlier, can lead to

serious electron recombination and poor electron extraction, resulting in photocarrier loss. Furthermore, the

UV-induced Ti4+-VO states also lead to the slow response of the photocurrent. As shown in Figure 4D, JSC of

the UV-degraded PSCs with pure-TiO2 ETL increases more slowly after the light on than that of the fresh

PSCs, further proving the photocarrier loss caused by UV-induced Ti4+-VO states. The VOC decay curve and

JSC increase curve of UV-degraded PSCs with PEIE-TiO2 ETL (the blue line) retain slow decay and fast increase,

respectively. This proves that the PEIE layer can effectively reduce the interface carrier recombination, indicating

the improved UV stability of modified PSCs.

Ti4+-VO states can also trigger the decomposition of perovskite film causing performance decrease. After

50 days of UV irradiation, the perovskite film began to decompose rapidly. This can be proved by the XRD pat-

terns and SEM images in Figures 1C–1G. Notably, the PEIE-modified layer on TiO2 ETL can effectively inhibit the

decomposition of perovskite film. Figure S9A and S9B show the XRD spectra of the perovskite films in normal

and PEIE-modified PSCs under UV irradiation for 0, 20, 40, 50, 55, and 65 days in an argon-filled glovebox at

room temperature. As mentioned above, the perovskite films in normal PSCs decomposed significantly after

50 days UV exposure. However, there is no apparent decomposition of the perovskite films in PEIE-modified

PSCs for 65 days UV irradiation. Moreover, the morphology evolution of perovskite films is depicted in Fig-

ure S10. The broken perovskite films in normal PSCs after 50 days UV exposure indicate the serious decompo-

sition. But the PEIE-modified samples exhibit no obvious morphology change. In conclusion, perovskite films

decompose seriously after 50 days, but the introduction of the PEIE modified layer can effectively suppress

the decomposition process, suggesting the excellent UV resistance.

The Improved Device Stability

The photovoltaic performance of the perovskite solar cells consisting of pure-TiO2 ETL and PEIE-modified

TiO2 ETL was measured under AM 1.5G, 1 sun illumination in reverse direction. Figure 5A exhibits the

current-voltage plots of the devices with (red) and without (black) PEIE modification layer. The detailed

photovoltaic parameters of short-circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF),

and photoelectric conversion efficiency values (PCE) are summarized in the inserted table. The best device

among the normal PSCs achieved a PCE of 20.03% with a JSC of 23.96 mA$cm�2, a VOC of 1.100 V, and a fill

factor (FF) of 76%. And the PEIE-modified device achieved a PCE of 20.51% with a JSC of 24.33 mA$cm�2, a

VOC of 1.109 V, and a fill factor (FF) of 76%. The corresponding external quantum efficiency (EQE) and in-

tegrated short-circuit current density are presented in Figure 5B. The EQE measurements showing a high
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photo-to-current conversion over 90% at 430 nm indicates good utilization of photons in the short-wave-

length (360–560 nm) region of sunlight. And the integrated current density of 22.08 and 22.30 mA$cm�2

for normal and PEIE-modified devices, respectively, is in good agreement with J-V results. In addition,

both normal and PEIE-modified PSCs show a narrow distribution of PCE with the median value of 19.8%

and 19.6%, as depicted in Figure 5C. Notably, the introduction of PEIE has slightly reduced the repeat-

ability of device performance. These performance results prove a fact that the introduction of PEIE modi-

fication layer has no significant impact on the photoelectric performance of PSCs; on the contrary, it even

has the potential to improve the device efficiency due to the enhanced electron extraction of TiO2 ETL

(Zhou et al., 2012, 2014). This can also be demonstrated by PL spectrums of perovskite film, as shown in

Figure S11. In addition, the introduction of PEIE layer did not improve the hysteresis effect of PSCs, which

was still obvious, as shown in Figure S12.

The more important goal of this work is to investigate the effect of blocking transformation by PEIE on UV

stability. Here, we used UV lamp (l = 254 nm) to irradiate the PSCs at room temperature in an argon-filled

glovebox. Figure 5D displays the efficiency decay curves of the PSCs with and without PEIE modification

layer on TiO2 ETL under UV irradiation for 100 days. As a comparison, the decay curves of normal PSCs

and PEIE modified PSCs without UV irradiation are also exhibited in Figure 5D. Significant two-stage UV

degradation of all the PSCs is clearly observed. However, the efficiency decay of the PEIE-modified

PSCs is slower. On the whole, the PEIE-modified PSCs remained �75% of its initial efficiency when the

normal PSCs failed completely at 75 days under continuous intensive UV irradiation. Furthermore, in stage

I, the decay rate of PEIE-modified PSCs is reduced from 0.60 to 0.42, when compared with normal PSCs. In

stage II, the decay rate of PEIE-modified PSCs is reduced from 3.50 to 2.33. (This rate value is calculated by

the equation: r = DE
t , where r is decay rate, DE is percentage decrease of efficiency, and t is irradiation time).

Figure 5. PSCs Performance and Stability

(A) J-V curves of the best PSCs with (red) and without (black) PEIE modification layer under AM 1.5G 100 mW$cm�2

illumination. Inset: Device performance parameters calculated from the curves.

(B) External quantum efficiency (EQE) spectrum of the normal and PEIE-modified PSCs.

(C) Device performance distribution for 55 normal devices and 55 PEIE-modified devices in one batch.

(D) The normalized PCE decay of the normal and PEIE-modified PSCs under 254-nm UV irradiation with an intensity of 50

mW$cm�2 at room temperature in an argon-filled glovebox.
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In addition, the time threshold of rapid perovskite decomposition is postponed from 50 to 70 days. In this

work, a large number of devices (including normal PSCs and PEIE-modified PSCs) were monitored under

the same UV irradiation condition. The error of the transition point in decay curves is G5 days. The out-

comes suggest that blocking the Ti3+ transformation by PEIE-modified layer is an effective way to enhance

the UV stability of the TiO2-based PSCs.

CONCLUSION

In summary, a two-stage UV degradation process of TiO2-based PSCs was discovered. The Ti4+-VO states

transformed from inherent Ti3+-VO under UV irradiation cause the photocarrier loss, resulting in the first

slower decay process (stage I), whereas the rapid decomposition of perovskite film after a period of UV

exposure triggered by Ti4+-VO states leads to the second sharp performance decay (stage II). In essence,

the transformation of Ti3+-VO states drives the two-stage UV degradation. Based on this mechanism, a uni-

versal method was proposed that blocking the transformation of Ti3+-VO states inhibits the UV degradation

of TiO2-based PSCs. Herein, PEIE-modified layer was introduced to block the transformation enhancing the

UV stability significantly. The two-stage UV-degradation mechanism can help address the UV instability

issue of TiO2-based PSCs, offering a promising path to achieve high-efficiency devices with excellent UV

resistance for commercialization.

Limitations of the Study

In this study, an ultrathin polymer interfacial layer (PEIE) is introduced to improve the UV stability of PSCs.

However, this layer may not be uniform and compact, which limits its UV resistance and the repeatability of

device performance. The deposition process of the PEIE layer should be further optimized.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND CODE AVAILABILITY

All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplemental

Information. Additional data related to this paper may be requested from M.L. (mcli@ncepu.edu.cn).
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Supplemental Information 

Supplemental Figures 

 

Figure S1. The SEM images of perovskite film deposided on glass substrate for 0, 30, 

60, 90, 120, 150 days in argon-filled glovebox, related to Figure 1. 

 

Figure S2. Schematic diagram of the mechanism that the oxygen vacancy-Ti3+ 

generation process (Xiong et al., 2012; Bennett et al., 2015; Yu et al., 2011; Zhang et 

al.2013), related to Figure 2. 
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Figure S3. The curve corresponding the formula of perovskite decomposition rate, 

related to Figure 2. 

 

Figure S4. Perovskite film with different doping ratios of PbI2, MAI and I2 for different UV 

exposure time (0 day and 5days), related to Figure 2. 

 

Figure S5. XRD patterns of perovskite film with different doping ratios of PbI2, MAI and 

I2 for different UV exposure time (0 day, 3 days and 5 days), related to Figure 2. 
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Figure S6. Structure and crystallinity of the perovskite solar cell, related to Figure 2. 

(A) Schematic of the device structure and the molecular structure of PEIE.  

(B) Top-view SEM images of perovskite films on PEIE-TiO2 ETL, and the inserted image is the 

XRD patterns of the corresponding perovskite film.  

(C) XPS pattern of N1s core level on the pure TiO2 and PEIE-TiO2 substrate. 

 

Figure S7. The AFM image of TiO2 ETL surface morphology, related to Figure 3. 

(A) The pure TiO2 ETL. 

(B) The PEIE-modified TiO2 ETL. 
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Figure S8. XPS Ti(2p) spectra of (A) pure-TiO2 film and (B) PEIE-TiO2 film on glass under 

UV irradiation for 0 day and 10 days, related to Figure 3.  

 

Figure S9. XRD patterns of perovskite film in PSCs based on (A) pure-TiO2 ETL and (B) 

PEIE-TiO2 ETL under UV irradiation, related to Figure 4. 
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Figure S10. Morphology evolution of perovskite films under UV exposure, related to 

Figure 4. The scanning electron microscope (SEM) images of the perovskite films deposited 

on pure-TiO2 ETL (top) and PEIE-TiO2 (bottom) after UV irradiation for 0, 50, 65 days. 

 

Figure S11. Photoluminescence spectrum of perovskite film on pure TiO2 ETL and PEIE-

modified TiO2 ETL under UV irradiation for 0 day and 50 days in glovebox. Related to 

Figure 5. 

(A) Steady photoluminescence (PL) spectrum of perovskite film. 

(B) Transient photoluminescence (TRPL) decay of perovskite film. 
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Figure S12. Forward (roundness) and reverse (square) scanned J-V curves of the PSCs 

with (red) and without (black) PEIE layer. Inset: Device performance parameters 

calculated from the curves. Related to Figure 5. 

Table S1. The fitting values of Rt and Rrec based on the EIS Nyquist plots, related to Figure 

4. 

 
Rt (kΩ) Rrec (kΩ) 

Pure TiO2
 for 0 day 64.296 58.330 

PEIE/TiO2
 for 0 day 61.370 76.690 

Pure TiO2
 for 6 days 89.330 48.230 

PEIE/TiO2
 for 6 days 65.748 69.330 
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Transparent Methods  

Materials:  

Methylammonium iodide, formamidinium iodide, 2,2’,7,7’-tetrakis (N, N-di-p-

methoxyphenylamine)-9,9’ spirobifluorene (spiro-OMeTAD) and Li-bis(trifluoromethanesulfonyl) 

imide (Li-TFSI) were purchased from Xi’an Polymer Light Technology Corp. (Purity: 99.5%). 

Lead iodide (Purity:99.999%), FK209, titanium tetrachloride (TiCl4, Purity:99.9%) precursor 

were purchased from Alfa Aesar. N, N-Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), 

and chlorobenzene were purchased from Acros Organics (Extra dry). Polyethylenimine, 80% 

ethoxylated (PEIE) was dissolved in H2O with a concentration of 37 wt. % in H2O when received 

from Aldrich.  

Device Fabrication： 

Solution Preparation: TiO2 solution was prepared according to the report of Wei et al (Dei 

et al., 2017). 1 mL of TiCl4 precursor was dropwise added into 50 mL of ultrapure water, and 

stir it up. To prepare the perovskite precursor solution, 0.25 M of FAI, 0.75 M of MAI, and 1.025 

M of PbI2 were mixed in anhydrous dimethylformamide/dimethylsulfoxide (600 mg/78 mg) 

solution, which was stirred for 2 h at room temperature in the glove box. To prepare the HTM 

precursor, Spiro-OMeTAD was solved in chlorobenzene with the concentration of 80 mg·mL−1 

and then tert-butylpyridine (28.5 μL in 1 mL chlorobenzene), and lithium bis-

(trifluoromethanesulfonyl) imide (8.75 mg·mL−1) were added into the Spiro-OMeTAD solution 

as the additives, which was stirred in the glove box for 6 h as previous works (Song et al., 

2016; Cui et al., 2017). To prepare the PEIE precursor solution, it was further diluted with 2-

methoxyethanol (hereafter referred to as methoxyethanol) to a weight concentration of 0.1%. 

Perovskite Solar Cell Fabrication: FTO glass (7 Ω·sq-1) was cleaned by sequential 

sonication with a detergent solution, deionized water, acetone, and isopropyl alcohol for 20 min, 

respectively. After dried by a nitrogen flow, the substrates were treated with UV-ozone for 15 

min before use. TiO2 films were fabricated by water-bath heating the precursor solution onto 

the FTO substrates at 70℃ for 30 min. The, TiO2 films were further treated with UV-ozone for 

15 min and then transferred into the N2-filled glove box. To fabricate perovskite films, the 

perovskite precursor was spin coated directly on the TiO2 substrate at 4000 rpm for 30 s. During 

the spin-coating step, 0.5 mL diethyl ether was poured on the surface at 22 s before the end. 

The light-yellow transparent films were converted into the brownish-red perovskite films by 

heating at 110 °C for 15 min. Then the Spiro-OMeTAD solution was spin-coated at 4000 rpm 

for 30 s on the perovskite films. Finally, 80 nm Au electrode was evaporated on the films. For 

the PEIE-modified PSCs, the diluted PEIE solution was spin coated on top of the compact TiO2 

layer at a speed of 5000 rpm for 30 s. Spin-coated PEIE films were annealed at 100 ºC for 10 

min on a hotplate in glovebox. Finally, the modified PSCs were fabricated according to the 

above method. 

UV Aging and device monitored： 

We used Philip UV lamp (λ = 254 nm) with an intensity of ~50 mW·cm-2 (equivalent to 11 

suns of UV light below 400nm) to irradiate the PSCs from the TiO2 ETL side at room 

temperature in an argon-filled glovebox. To achieve long-time efficiency monitoring, we 

designed and assembled an apparatus of stability test device. We attach the PSCs to the 



platform of the apparatus so that it can be irradiated by UV light. Then, the apparatus containing 

the PSCs was transferred to the UV radiation chamber, which is installed in an argon-filled 

glovebox. The apparatus is sealed and removed every 24h to measure the current voltage 

curves under simulated AM 1.5G 100 mW·cm-2 irradiance. 

Device Characterization： 

Current-voltage curves were measured using a source meter (Keithley 2400) under AM 

1.5G irradiation with a power density of 100 mW·cm-2 from a solar simulator (XES-301S+EL-

100) by forward (-0.1 to 1.2 V) or reverse (1.2 to-0.1 V) scans. The light intensity was calibrated 

with a NIM-certified Si reference cell. The step voltage was fixed at 12 mV and the delay time 

was set at 10 ms. All PSCs were fabricated with a metal mask that was used to define the active 

area, which is 0.1 cm2. XPS spectra were collected using a Thermo Fisher Scientific ESCALAB 

250Xi under 10-9 Torr vacuum using a monochromic Al-Ka X-ray source. Fitting procedures to 

extract peak positions and relative element content from the XPS data were carried out using 

the Origin software. The UPS spectra were also measured by XPS (ESCSLAB 250Xi). All 

spectra were shifted to account for sample charging using inorganic Au as a reference. The 

steady PL spectra of the perovskite films on FTO substrates were measured by a spectrometer 

(Edinburg PLS 980) at 80 K. The EQE was measured using QE-R systems (Enli Tech.). The 

EIS patterns of the PSCs were measured by a electrochemical workstation (Zahner Zennium). 

The absorption spectrums were measured by UV-VIS spectrophotometer (UV-2600). The 

morphologies of the as-prepared MA0.75FA0.25PbI3 were characterized by scanning electron 

microscopy (SEM) (FEI SIRION 200). The chemical compositions and structures of the 

MA0.75FA0.25PbI3 films were analyzed by X-ray diffraction (XRD) (Bruker D8 Advance X-ray 

diffractometer, Cu-Kα radiation λ= 0.15406 nm). 

Formula derivation: 

Reaction rate formula based on the mass action law: 

𝑣 = 𝑘𝑐𝐴
𝑎𝑐𝐵
𝑏                 Formula S1. 

 

The detail derivation process of the formula: 

𝑉 = 8𝑘𝑥4(1 +
1

𝐾𝑐(𝐼−)
)3 

The decomposition procedures of perovskite material in terms of chemical equations:  

 

According to the mass action law, the reaction rate of Equation 4 can be calculated by  

𝑉 = 𝑘𝑐𝑀𝐴
3 𝑐𝐼3 

1  

  3 
  
  4 +  − （1）

   4 +    𝐼 
 −
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   3  3
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where 𝑉 is the reaction rate, 𝑘 is the chemical reaction rate constant,  𝑀𝐴 is the qualitative 

concentration of CH3NH3
+,   𝐼3  is the qualitative concentration of I3-. Based on Equation 2, the 

 𝑀𝐴 can be written as:  𝑀𝐴 =  ( 𝐼 +  𝐼3 ).  

Given that 𝑥 = 𝑐(𝐼3
−), 𝑦 = 𝑐(𝐼 ), the 𝑣 = 𝑘( (𝑥 + 𝑦))3𝑥.  

Then, 𝑣=𝑘 (8(𝑥3+3𝑥2𝑦+3𝑥𝑦2+𝑦3) 𝑥, 𝑣=8𝑘 (𝑥4+3𝑥3 𝑦+3𝑥2 𝑦2+𝑥𝑦3).  

For the Equation 3, when it is in equilibrium, 𝐾 =
𝑐(𝐼3

 )

𝑐(𝐼2)𝑐(𝐼
 )

 , where 𝐾  is the chemical 

equilibrium constant. Hence, 𝐾 =
𝑥

𝑦𝑐(𝐼 )
, 𝑦 =

𝑥

𝐾𝑐(𝐼 )
.  

Therefore, 𝑣 = 8𝑘 (𝑥4 +  𝑥3
𝑥

𝐾𝑐(𝐼 )
+  𝑥 

𝑥2

𝐾2𝑐(𝐼 )2
+ 𝑥

𝑥3

𝐾3𝑐(𝐼 )3
). 

Finally, 𝑣 = 8𝑘𝑥4(1 +
1

𝐾𝑐(𝐼 )
)3. 
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