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SUMMARY

Despite its nature of superior thermal and photostability compared
to the mixed cation or halide counterparts, cesium lead triiodide
(CsPbI3) suffers from the undesired phase transition from b phase
to d phase, which is often initiated at the buried interface. In this
study, we demonstrate that the addition of Cl induces the sponta-
neous formation of the two-dimensional (2D) Ruddlesden-Popper
(RP) phase of Cs2PbI2Cl2. The 2D RP Cs2PbI2Cl2 predominantly
forms at the buried interface due to Cl segregation, improving the
electron transfer and phase stability of the CsPbI3 thin films. Perov-
skite solar cells based on CsPbI3/Cs2PbI2Cl2 light absorbers ex-
hibited a power conversion efficiency (PCE) of 20.6% (with a stabi-
lized efficiency of 20.1%) under simulated solar illumination.
Furthermore, the unencapsulated devices retained approximately
80% of their initial PCEs after continuous light exposure for 1,000 h.

INTRODUCTION

Cesium lead triiodide (CsPbI3) presents a band gap of 1.68–1.70 eV and avoids

mixed cation or halide segregation, thereby making it a promising top-cell candi-

date in tandem solar cells or indoor photovoltaic applications.1–3 The power conver-

sion efficiency (PCE) of CsPbI3-based single-junction solar cells has been increased

to more than 20% by improving the surface morphology,4 passivating the CsPbI3 in-

terfaces,5 forming phase heterojunctions,6 and regulating the phase conversion pro-

cess.7 More recently, effective strategies, such as suppressing ion migration,8 stabi-

lizing the precursor solution,9 and using bifacial defect passivators, have been

employed,10 achieving a PCE even surpassing 21%, making them comparable to

mixed halide wide band-gap perovskites. However, CsPbI3 often suffers from infe-

rior phase stability under ambient conditions despite having superior chemical

and thermal stabilities compared to its hybrid counterparts.

Various strategies employed for improving the phase stability of CsPbI3 or formami-

dinium lead triiodide include the use of mixed cations (e.g., methylammonium) and

halides (e.g., Br or Cl)11,12 or the formation of junctions with two-dimensional (2D)

perovskites at the interface or bulk.13–15 Efforts to enhance the phase stability and

reduce interfacial defects have focused primarily on top-surface passivation of

perovskite using longer cation chains with high hydrophobicity.14,16 However, the

need for modification of the buried interface has recently arisen for improving the

stability and efficiency of CsPbI3-based solar cells because the undesired phase

transformation from the black a, b, or g phase to the yellow d phase is often initiated
Cell Reports Physical Science 5, 101935, May 15, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
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near the buried interface and is propagated toward the surface.17,18 Liu et al. re-

ported that the introduction of alkyltrimethoxysilane at the perovskite/TiO2 interface

enhanced the electron transfer and improved the phase stability by reducing the

interfacial lattice distortion.17 Xu et al. optimized the conductivity, electron mobility,

and energy band structure of the perovskite/TiO2 interface by tailoring it with

amino-2,3,5,6-tetrafluorobenzoate cesium.19 Furthermore, the modification of the

buried interface can lead to the passivation of interfacial defects and facilitate perov-

skite crystallization.18,20 Thus, the formation of a 2D Ruddlesden-Popper (RP)-phase

perovskite at the buried interface can reduce interfacial defects, optimize band

alignment, and improve phase stability. However, passivating the buried interface

with a 2D perovskite is difficult because the 2D perovskite layer may dissolve

when coating the three-dimensional (3D) perovskite layer. Alternatively, the dissolu-

tion issue may not be a concern if the 2D perovskite can be formed spontaneously at

the buried interface during the formation of the 3D perovskite layer.

The 2D RP phase of Cs2PbI2Cl2 exhibits excellent thermodynamic stability,21 has a

high carrier mobility,22 and is a good lattice match with CsPbX3,
23 making it a prom-

ising passivation agent for CsPbI3. Zhao et al. reported that an all-inorganic 2D

Cs2PbI2Cl2 capping layer on the CsPbI3 surface remarkably improved the long-

term stability of the devices.16 In addition, the interface passivation with synthesized

Cs2PbI2Cl2 nanosheets enhanced both stability and efficiency of the CsPbI2Br-based

solar cells.24 However, the 3D perovskite coating solution may dissolve the pre-

formed Cs2PbI2Cl2 layer and suffer from low wettability.

To enhance the efficiency and stability of CsPbI3-based perovskite solar cells (PSCs),

it is highly desirable to employ buried interface passivation involving a 2D RP phase

with favorable compatibility, such as Cs2PbI2Cl2. In this study, we demonstrate the

spontaneous formation of a Cs2PbI2Cl2 layer at the buried interface without addi-

tional processes. As reported previously, Cl anions are segregated at the buried

interface when a Cl-containing perovskite precursor is employed.25 Moreover, Cl-

containing CsPbI3 preferentially forms a Cs2PbI2Cl2/CsPbI3 heterojunction rather

than a homogeneous 3D CsPbI3-xClx phase.
23,26 The presence of Cs2PbI2Cl2 at the

buried interface enhanced charge extraction and improved the crystallinity of the

absorber layer, leading to an increase in the PCE of the CsPbI3-based solar cells

from 18.9% to 20.6%. Importantly, the Cl-containing CsPbI3 showed phase stability

superior to the pristine-CsPbI3, Br-containing CsPbI3, and Br/Cl-containing CsPbI3,

retaining 80% of its initial efficiency after 1,000 h of continuous light exposure.
RESULTS AND DISCUSSION

Fabrication and characterization of CsPbI3-based films

To form b-CsPbI3 perovskite thin films, we employed the solution-based method1

by carefully controlling the halide ratios. Figure 1A shows the 3D redistribution of

Cl� obtained by time-of-flight secondary-ion mass spectrometry (ToF-SIMS) for

pristine-CsPbI3, CsPbI3 with 20 mol % Br (denoted as Br-CsPbI3), CsPbI3 with

15 mol % Cl (denoted as Cl-CsPbI3), and CsPbI3 with 20 mol % Br and 15 mol % Cl

(denoted as Br/Cl-CsPbI3) on a compact TiO2 (c-TiO2)/fluorine-doped tin oxide

(FTO)/glass substrate (the full anion-targeted ToF-SIMS depth profiles are displayed

in Figure S1). As reported previously, the Cl� anions are segregated at the buried

interface between CsPbI3 and c-TiO2 in Cl-CsPbI3 and Br/Cl-CsPbI3, while the iodide

ions are distributed uniformly. Therefore, the ratio of chloride to iodide anions at the

buried interface was 1:1 or higher. Additionally, although it has been reported that

dimethyl-ammonium iodide (DMAI) can sublimate at approximately 170�C,1,27 our
2 Cell Reports Physical Science 5, 101935, May 15, 2024



Figure 1. Impact of Cl addition on CsPbI3 films

(A) ToF-SIMS targeting Cl� within FTO/c-TiO2/perovskite of CsPbI3, Br-CsPbI3, Cl-CsPbI3, and Br/Cl-CsPbI3.

(B) Photographic images of CsPbI3, Br-CsPbI3, Cl-CsPbI3, and Br/Cl-CsPbI3 perovskite films with respect to exposure time under 25�C and 65 RH%.

(C) Schematic demonstrating the suppression of phase degradation with and without Cs2PbI2Cl2 at the buried interface.
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ToF-SIMS and Fourier transform infrared results (Figure S2) indicate that CsPbI3 films

may contain trace amounts of organic components, which is consistent with previ-

ously reported CsxDMA1-xPbI3 ToF-SIMS results.1

Bare perovskite thin films are usually susceptible to moisture, exhibiting relatively

poor stability (Figure S3). Therefore, recently, hydrophobic surface passivation is

widely employed.4 Figure 1B shows the photographs of the n-octylammonium io-

dide (OAI) passivated perovskite films exposed to 65% relative humidity (RH) at

25�C. Although the perovskite layer was passivated by the hydrophobic OAI, the

pristine-CsPbI3 showed poor phase stability, changing to the yellow d phase after

8 h. It is widely known that the addition of bromide to pure iodide perovskites can

improve their stability due to the increased ionic strength.11,28,29 However, Br-

CsPbI3 showed a stability similar to that of with CsPbI3, which can be attributed to

the insufficient addition of Br. Addition of a large amount of Br is not advisable

because it causes an undesirable change in the band gap. As shown in Figure S4,

the band gaps of Br-CsPbI3 and Br/Cl-CsPbI3 were blueshifted compared to that

of CsPbI3, whereas the band gap change in Cl-CsPbI3 was negligible. The Cl-

CsPbI3 sample maintained its black phase even after 16 h of exposure. Since Cl is

difficult to be fully incorporated in the lattice of pure iodide perovskites25,26,30

and is segregated at the buried interface, the improved stability can be attributed

to the formation of a unique phase, such as Cs2PbI2Cl2 at the buried interface, as de-

picted by the schematic in Figure 1C. Concurrently, the stability of Br/Cl-CsPbI3 was

relatively poor, showing a stability similar to that of CsPbI3 and Br-CsPbI3 and as

compared to that of Cl-CsPbI3. Although Cl was segregated at the buried interface

in Br/Cl-CsPbI3, the difference in the Cl content between the perovskite surface and

the buried interface was relatively small compared to that in the case of Cl-CsPbI3
(Figure S1). It has been previously reported that Cl can be incorporated into perov-

skite lattices in which iodide and Br exist together.31 Furthermore, Akkerman et al.26
Cell Reports Physical Science 5, 101935, May 15, 2024 3



Figure 2. Structural and optoelectronic properties of perovskite

(A) XRD patterns of CsPbI3, Br-CsPbI3, Cl-CsPbI3, and Br/Cl-CsPbI3.

(B and C) Magnified (B) (100) and (C) (200) plane diffraction peaks in (A).

(D) Dark J-V curves of electron-only devices.

(E and F) Steady-state PL spectra (E) and TCSPC (F) of glass substrate/perovskite films of CsPbI3 and Cl-CsPbI3 with an excitation wavelength of 635 nm.
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reported that, when Cl/Br/I halides were mixed at a 1:1:1 ratio, CsPb(Cl:Br:I)3 was

formed with a small amount of iodide-containing CsPbBr2Cl. Thus, the addition of

Br to the Cl/iodide-containing CsPbI3 can suppress the formation of Cs2PbI2Cl2.

To confirm the formation of Cs2PbI2Cl2, we analyzed the X-ray diffraction (XRD) pat-

terns of the peeled-off CsPbI3, Br-CsPbI3, Cl-CsPbI3, and Br/Cl-CsPbI3 perovskite

layers (Figure 2A). All perovskite layers showed the b phase of CsPbI3 with two domi-

nant peaks near 14� and 28�, which can be assigned to the b(100) and b(200) crystal

planes, respectively. In general, well-oriented and textured films with strong XRD

peaks indicate the high crystallinity of the samples, which is beneficial for charge

transport and electron extraction. Among the samples, the Cl-CsPbI3 sample

showed the highest XRD peak intensity. Furthermore, two additional peaks at

5.39� and 9.82� were observed in the XRD pattern of Cl-CsPbI3 which can be as-

signed to the 2D RP Cs2PbI2Cl2 phase.16,21,32,33 A trace amount of Cs2PbI2Cl2 was

observed in the Br/Cl-CsPbI3 sample, while a small amount of d-phase CsPbI3 was

observed in Br-CsPbI3. These results imply that the formation of a stable 2D RP

Cs2PbI2Cl2 phase at the buried interface contributed to the enhanced b-phase sta-

bility of Cl-CsPbI3.

When a small amount of Br or Cl is incorporated into the lattice of an iodide-based

perovskite, the cubic perovskite structure shrinks, and the XRD peak shifts to higher

angles. The peak at 14.13� in the XRD pattern of CsPbI3 shifted to 14.24� in that of

Br-CsPbI3, indicating that Br� ions were successfully incorporated into the CsPbI3
lattice, inducing lattice shrinkage (Figures 2B and 2C). Despite the smaller ionic

radius of Cl than that of Br, the peak shift in Cl-CsPbI3 was less pronounced than

in Br-CsPbI3, which gives additional confirmation that the Cl ion is not fully
4 Cell Reports Physical Science 5, 101935, May 15, 2024
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incorporated into the iodide-based perovskite lattice. In Br/Cl-CsPbI3, the most

prominent XRD peak shift was observed, indicating the coexistence of triple halides.

Undesirable lattice distortion of perovskite and phase transition may induce

defects that can capture and trap free charge carriers.34,35 To quantitatively assess

the defect density, we fabricated electron- and hole-only deviceswith a configuration

of FTO/c-TiO2/perovskite/C60/bathocuproine/Ag (Figure 2D) and FTO/poly(triaryl

amine)/perovskite/2,20,7,70-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,90-spiro-
bifluorene (Spiro-OMeTAD)/Au (Figure S5), respectively, and characterized the evolu-

tion of the space-charge-limited current (SCLC). The defect density was calculated

by using the equation Ndefects = 2εε0VTFL/eL,
2 where ε and ε0 represent the dielectric

constant ofCsPbI3 and vacuumpermittivity, respectively; L is the thickness of theperov-

skite films; and e is the elementary charge. The calculated electron trap densities of

CsPbI3, Br-CsPbI3, Cl-CsPbI3, and Br/Cl-CsPbI3 were 6.4 3 1014, 6.2 3 1014, 4.7 3

1014, and 5.6 3 1014 cm�3, respectively, and the hole trap densities were 4.0 3 1014,

2.33 1014, 2.23 1014, and 5.53 1014 cm�3, respectively. In addition, the charge carrier

mobility was calculated using the Mott-Gurney equation: J = [9εm(V-VBi)
2]/[8L3], where

J is the current density; V and VBi are the applied and built-in voltages, respectively;

ε is the dielectric constant; L is the thickness; and m is themobility. The value of electron

mobility was the highest for Cl-CsPbI3 (2.2 cm2 V�1 s�1) compared to those for CsPbI3
(1.5 cm2 V�1 s�1), Br-CsPbI3 (2.0 cm2 V�1 s�1), and Br/Cl-CsPbI3 (1.7 cm2 V�1 s�1).

Optoelectronic properties of perovskite films

Figure 2E depicts the steady-state photoluminescence (PL) spectra of CsPbI3 and Cl-

CsPbI3 on a glass substrate using 635-nm excitation. The perovskite films prepared

with Cl-CsPbI3 exhibited a lower trap density and higher PL intensity than that pre-

pared with CsPbI3. In addition, time-correlated single-photon counting (TCSPC)

measurements were performed to compare the charge recombination rates in the

samples (Figure 2F). The carrier lifetime values were obtained using the bi-exponen-

tial equation Y = A1exp(�t/t1) + A2exp(�t/t2), where t1 and t2 denote the fast and

slow decay time and are related to the trap-assisted non-radiative and radiative

recombination processes, respectively. The carrier lifetime of Cl-CsPbI3 was

1,050 ns, which was significantly longer than that of CsPbI3 (230 ns). The SCLC,

steady-state PL, and TCSPC were in good agreement and imply that Cl-CsPbI3
possess fewer trap sites compared to CsPbI3.

Cs2PbI2Cl2 may enhance the charge carrier extraction owing to its proper energy

level,24 a higher charge carrier mobility,22 and a good lattice match with CsPbI3
23.

By using the equation F(x) = F(x0)e
�a(x-xo), where F(x) is the intensity at a point x below

the surface of the layer, F(x0) is the intensity at the surface x0, and a is the absorption

coefficient, which was calculated from the UV-visible (UV-vis) absorption spectra, we

were able to calculate the penetration depth at each excitation wavelength

(Figures S6A and S6B). Although Cl-CsPbI3 showed a higher steady-state PL inten-

sity than CsPbI3 on the glass substrate, it showed a considerably lower PL intensity

on the FTO/c-TiO2 when exposed to a short excitation wavelength (405 nm) from

the substrate side (Figure S6c). This observation suggests that Cs2PbI2Cl2 at the

buried interface improved the extraction of electrons generated within the Cl-

CsPbI3 layer.

Device performance and stability

Figure 3A shows the PCE distribution for the PSCs fabricated using the CsPbI3, Br-

CsPbI3, Cl-CsPbI3, and Br/Cl-CsPbI3 perovskite layers. The device structure con-

sisted of FTO/c-TiO2/perovskite/Spiro-OMeTAD/Au. The average PCE values of
Cell Reports Physical Science 5, 101935, May 15, 2024 5



Figure 3. Solar cell performance and stability

(A) PCE distribution of 16 devices of CsPbI3, Br-CsPbI3, Cl-CsPbI3, and Br/Cl-CsPbI3 (center line,

median; small square, mean; box, 25%–75% standard deviation; whiskers, outliers).

(B–E) J-V curves (B), EQE spectra and integrated Jsc (C), steady-state power output with applied

voltage (Vapplied) (D), and normalized PCE monitored as a function of exposure time (E) under 1-sun

illumination of CsPbI3 and Cl-CsPbI3.
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16 devices fabricated using the CsPbI3, Br-CsPbI3, Cl-CsPbI3, and Br/Cl-CsPbI3
perovskite layers were 18.9% G 0.8%, 18.5% G 2.1%, 20.1% G 0.4%, and

18.6% G 2.1%, respectively. The improvement in PCE from CsPbI3 to Cl-CsPbI3
can be attributed to the increase in the open-circuit voltage (Voc) and fill factor

(FF) (Figure S7), which results from the enhancements in charge extraction, crystal-

linity, and phase stability. Figure 3B shows the current density-voltage (J-V) charac-

teristics of the best-performing devices of CsPbI3 and Cl-CsPbI3. The short-circuit

current density (Jsc), Voc, and FF values calculated from the J-V curve of the

Cl-CsPbI3-based device were 20.85 mA cm�2, 1.21 V, and 82.0%, respectively,

corresponding to a PCE of 20.6%, whereas the CsPbI3-based device exhibited a

PCE of 18.9% with Jsc = 20.46 mA cm�2, Voc = 1.17 V, and FF = 79.0%. The inte-

grated Jsc calculated from the external quantum efficiency (EQE) of Cl-CsPbI3
(20.10 mA cm�2) was higher than that of CsPbI3 (19.43 mA cm�2), which is consistent
6 Cell Reports Physical Science 5, 101935, May 15, 2024
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with the J-V characteristics (Figure 3C). We attributed the difference in the PCE per-

formance to the interface modification because the surface morphology of the

perovskite layers (Figure S8) and cross-sectional images of the devices prepared

with CsPbI3 and Cl-CsPbI3 show no significant differences (Figure S9).

We also measured the stable power output (SPO) of one of the best-performing

PSCs of CsPbI3 and Cl-CsPbI3 for 200 s at a fixed voltage near the maximum power

point, which was obtained from the peaks of the J-V curves (Figure 3D). Under a con-

stant applied voltage of 0.95 V, the PCE of the CsPbI3-based device notably

decreased from 19.2% to 17.9% after 200 s. In contrast, the PCE of the Cl-CsPbI3-

based device increased slightly from 19.8% to 20.1% at a constant applied voltage

of 0.98 V for 200 s.

We conducted the light stability test on the unencapsulated devices under an

ambient condition with an inert atmosphere (N2), and constant 1-sun illumination

(Figure 3E). The Cl-CsPbI3-based device retained approximately 80% of its initial

efficiency (the initial J-V curves and device parameters are presented in Figure S10)

after continuous light exposure for 1,000 h, whereas the CsPbI3-based device

showed rapid degradation after 100 h.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information and resources should be directed to and will be ful-

filled by the lead contact, Prof. Hanul Min (hmin92@korea.ac.kr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All of the data associated with this study are included in the article and supplemental

information. Additional information is available from the lead contact upon reason-

able request.

Reagents and chemicals

All chemicals were of analytical grade and used as received without further

purification.

Materials

The following materials were used: lead iodide (PbI2; 99.99%, TCI), cesium iodide

(CsI; 99.999%, Sigma-Aldrich), lead bromide (PbBr2; Sigma-Aldrich), cesium chlo-

ride (CsCl; Sigma-Aldrich), DMAI (99%, Sigma-Aldrich), dimethyl formamide (DMF;

99.9%, Sigma-Aldrich), n-octylammonium iodide (OAI; Sigma-Aldrich), chloroben-

zene (CB; 99.8%, Sigma-Aldrich), 2-propanol (IPA; 99.5%, Sigma-Aldrich), acetoni-

trile (ACN; 99%, Sigma-Aldrich), 4-tert-butylpyridine (t-BP; 98.0%, Sigma-Aldrich),

lithium bis(trifluoromethanesulfonyl) imide (Li-TFSI; 99.0%, Sigma-Aldrich), Spiro-

OMeTAD (Lumtech), and Co(III) bis(trifluoromethane) sulfonimide salt (FK209;

Lumtech).

Preparation of the perovskite solutions

The perovskite precursor solution with a concentration of 0.8 M was obtained by dis-

solving stoichiometric amounts (1:1:1) of (PbI2:CsI:DMAI) in DMF. For the Cl- and/or

Br-containing CsPbI3 precursor solution, 20 mol % of CsBr and/or 15 mol % of CsCl
Cell Reports Physical Science 5, 101935, May 15, 2024 7
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replaced the same molar ratio of CsI. The solution was stirred at room temperature

until it became transparent and then filtered with a 0.45-mm syringe filter.

Solar cell fabrication

Patterned FTO (12–15 U cm�2, Asahi) glass substrates were sequentially washed with

detergent, deionized (DI) water, acetone, and ethanol for 20 min each in an ultrasonic

bath. The FTO glass substrates were then dried by blowing N2 and then kept in the

oven at 70�C for 1 h. For the c-TiO2 layer, a 20 mM titanium diisopropoxide bis(ace-

tylacetonate) (75 wt % in IPA) in ethanol (99.9%) was spray coated on the FTO at

450�C. After spray coating, the substrates with c-TiO2 electron-transporting layer un-

derwent plasma treatment and were preheated at 70�C prior to use for perovskite

film coating. Perovskite films were fabricated by spin coating at 3,000 rpm for 30 s

and then heated at 170�C for 20 m. All perovskite layers were surface passivated by

OAI (3 mg/mL in IPA) and annealed at 100�C for 5 min. The Spiro-OMeTAD solution,

which was prepared by mixing 94 mg mL�1 of Spiro-OMeTAD in CB with 38 mL of t-

BP, 23 mL of Li-TFSI salt (520 mg mL�1 in ACN), and 9 mL of Co-TFSI salt (375 mg mL�1

in ACN), was spin coated at 3,500 rpm for 30 s. Finally, an 80 nm Au electrode was

deposited on top of the Spiro-OMeTAD layer by a vacuum thermal evaporation sys-

tem. For the measurement of high-efficiency devices, an antireflective film (Nanoeco-

way) was applied to the glass surface. All experiments were performed in a dry room at

an RH of 15%–35%.

Characterization

The optical properties of the perovskite films were measured using a Shimadzu

UV-2600 single monochromatic UV-vis spectrophotometer with a wavelength range

from 300 to 1,200 nm. The crystal structure of perovskite films was investigated using

a SmartLab Rigaku XRD instrument. For XRD measurements, Cu radiation from an

X-ray tube operated at a potential difference of 40 kV and 10mAwas used. Scanning

electron microscopy images were obtained with a Hitachi Regulus 8220 ultra-high-

resolution scanning electron microscope. The PL spectra were obtained from a Ho-

riba Fluorolog-3 model FL3-22 spectrometer (Horiba Jobin Yvon) equipped with a

450-W xenon lamp and an R928P detector. The PL decay curves were recorded using

the TCSPC technique on a Fluorolog-3 spectrometer (Horiba Jobin Yvon), and the

excitation source was pulsed light. EQE curves were obtained using a McScience-

K3100 solar cell quantum efficiency test system with a xenon lamp light source with

a beam width of 1.2–10 mm. Preceding each measurement, a silicon diode with a

known spectrum served as a reference standard. The J–V characteristics of the de-

vices were measured under simulated 1.5-G irradiation (100 mV cm�2) produced

by a xenon lamp solar simulator (McScience class AAA) using a Keithley 2420 source

meter. The scan speed, dwell time, mask area, and device contact area for the J–V

characteristics were 20 mV/s, 0.01 s, 0.096 cm2, and 0.203 cm2, respectively. Air

mass (AM) 1.5-G irradiation was calibrated with a standard Si cell (Newport, KG5win-

dow). 3D distributions of ions in the devices were obtained by using a ToF-SIMS 5

(ION-TOF, Germany) equipped with a primary beam of 30 keV and 1 pA using a

Bi+ and Cs+ sputter beam of 0.5 keV and 40 nA. The long-term light stability of unen-

capsulated devices was measured in the N2 atmosphere with a 70-W metal halide

lamp (Osram Powerball HCI-PAR30 70/942 NDL PB FL) by using a Keithley 2400

source meter unit. For the long-term light stability, the J-V measurement was con-

ducted every 5 h.
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