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During the growth of CH3NH3PbI3�xClx (MAPbI3�xClx) perovskite films by the two-step inter-diffu-

sion method, the presence of a trace amount of oxygen gas is critical to their physical properties

and photovoltaic performance. As the oxygen concentration increases, poor film morphologies

and incomplete surface coverage are observed. Moreover, by XRD, Raman scattering, and

photoluminescence measurements, we find that MAPbI3�xClx grains become more distorted and

the electron-hole recombination rate dramatically increases. Higher oxygen concentration triggers

a sharp decrease in the current density and the fill factor of corresponding solar cells, which

degrades device performance, on average, from 14.3% to 4.4%. This work proves the importance

of controlling the oxygen atmosphere in the fabrication of high-performance perovskite solar cells.
VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940368]

Organic-inorganic hybrid perovskites have attracted

extensive attention in recent years, owing to their excellent

electrical and optical properties.1–3 Various applications

ranging from solar cells, light-emitting diodes, to photode-

tectors4–6 have confirmed broad prospects of organic-

inorganic hybrid perovskite materials. Particularly, the rapid

development of the power conversion efficiency (PCE) from

3.8% to 20.1%6–15 depicts a bright future for perovskite solar

cells. Diverse advanced film preparation techniques were

developed,6,16–21 which aim to prepare high quality perov-

skite films with a full coverage. At the same time, many

device configurations were also investigated including planar

structure9 and mesoporous structure10 to realize more stable

and efficient perovskite devices. Despite the tremendous pro-

gress, several key issues associated with the commercializa-

tion concern is still unresolved, e.g., the toxicity of lead-

perovskites and the long-term stability of active materials

and devices. Moisture as a critical factor in synthesis of

absorber layer and device stability is well discussed,9,22,23

although some papers also demonstrate that moisture in

the form of ambient humidity can result in better perovskite

quality and device performance (e.g., more stable output).24,25

Oxygen, abundant in ambient atmosphere, will also

influence the perovskite material quality and stability but has

been rarely studied. Perovskite CH3NH3PbI3 tends to hydro-

lyze in the presence of moisture, which leads to the degrada-

tion of perovskite film as follows:

CH3NH3PbI3ðsÞ ! PbI2ðsÞ þ CH3NH3IðaqÞ; (1a)

CH3NH3IðaqÞ ! CH3NH2ðaqÞ þ HIðaqÞ; (1b)

4HIðaqÞ þ O2ðgÞ ! 2I2ðsÞ þ 2H2OðlÞ; (1c)

2HIðaqÞ ! H2ðgÞ þ I2ðsÞ: (1d)

The reaction (1b) gives the co-existence of CH3NH3I,

CH3NH2, and HI in the film. There are two ways for HI to

degrade in the next step. One way is considered as a redox

reaction in the presence of oxygen (1c) and another way is

due to a photochemical reaction, in which HI will decom-

pose into H2 and I2 under ultraviolet radiation (1d). The con-

sumption of HI, according to reactions (1c) and (1d), leads to

the whole perovskite degradation. More recently, some rele-

vant reports26 presented the direct evidence that the decom-

position of perovskite can also be triggered by a combination

of oxygen and light. The photogenerated electrons in the

perovskite prefer to react with oxygen to form superoxide,

resulting in the deprotonation of the ammonium group to

form methylamine (MeNH2). Water, as a byproduct, causes

further degradation of perovskite films. But, it is still uncer-

tain whether the oxygen could directly influence the reaction

process from halide lead to perovskite and further affect the

optical and electronic properties of the perovskite films.

Herein, we employ a two-step interdiffusion method to

synthesize MAPbIxCl3�x film and investigate the influence of

oxygen in the preparation atmosphere on the surface mor-

phology and structure of the as-prepared films. Moreover, we

further explore the physical property of such perovskite

absorber layer in terms of solar cell performance. The oxygen

was introduced after the PbI2 precursor film was deposited

onto the substrate, and both the interdiffusion and annealing

steps were carried out in the O2/N2 mix atmosphere in a glove

box. All the films’ preparation and device fabrication

processes were carried out at less than 70 �C. Conspicuous

changes of the grain size, surface morphology, crystal struc-

ture, and carrier life-time were observed as the concentration

of oxygen increases from 0.1 ppm to 1000 ppm. Accordingly,

the devices’ average PCE decreases from 14.3% to 4.4%.

Fig. 1(a) depicts the solar cell device with a structure of

fluorine-doped tin oxide (FTO)/TiO2-phenyl-C61-butyric

acid methyl ester (PCBM, a fullerene derivative)/perovskite/

a)Author to whom correspondence should be addressed. Electronic mail:

mse_caobq@ujn.edu.cn
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hole transporting material (HTM)/Ag. The devices were pre-

pared on cleaned FTO substrates. FTO glass with a sheet

resistance of 13 X/� was first etched off a strip of conductive

area on the edge side by HCl and Zn powders. The etched

substrates were then sequentially cleaned in soap water, ace-

tone, deionized water, and ethanol in an ultrasonic bath, and

followed by blow-drying with nitrogen gas. Consequently,

the cleaned FTO substrates were immersed into a 0.2 M

TiCl4 solution at 70 �C for an hour to prepare a compact

TiO2 (c-TiO2) electron transporting layer, and then, the sub-

strates were moved into a N2 filled glove box. A 20 mg/ml

solution of PCBM dissolved in chlorobenzene was deposited

onto the compact TiO2 layer by spin-coating at 5000 rpm.

After drying, the mixture solution of 1:1 ratio of PbCl2:PbI2

in N,N-dimethylformamide (DMF) solvent (0.5 M) was

spin-coated onto the PCBM layer at 3000 rpm. As shown in

Fig. 1(b), the PbI2/PbCl2 precursor films were annealed at

70 �C for 30 min. After this step, pure oxygen was introduced

into glove box. We kept the concentration of O2 at 0.1 ppm,

500 ppm, 700 ppm, 900 ppm, or 1000 ppm (65 ppm, at

high oxygen concentration) according to the oxygen monitor

controller of the glove box. The impact of moisture was

strictly excluded by controlling the water concentration

under 0.1 ppm.

Methylammonium iodide (MAI) was dissolved in isopro-

panol (IPA) at 8 mg/ml and dropped onto the precursor films

for 45 s (loading time). The redundant solution of MAI was

removed by spinning at 4000 rpm. The thickness of the

absorber layer is controlled around 300 nm as measured by

scanning electron microscopy (SEM). The surface of the per-

ovskite film became visible haze once redundant IPA was

removed at a high level of O2 concentration (Fig. S135). Such

films were further annealed at 70 �C for 30 min to promote

the crystal growth, and the O2 and N2 mixed atmosphere had

no effect in this step. The hole-transportation layer was de-

posited by spin-coating a solution of 72.3 mg Spiro-

OMeTAD solution (Ningbo Borun), 28.8 ll of 4-tert-butyl-

pyridine, and 17.5 ll of lithium-bis(trifluoromethanesulfony-

l)imide (Li-TFSI) solutions (520 mg of Li-TFSI in 1 ml of

acetonitrile) in 1 ml chlorobenzene at 3000 rpm for 30 s. Finally,

100 nm Ag back contact was thermally evaporated onto the

HTM layer under 1� 10�6Torr through a shadow mask and the

device area is 0.1 cm2. The morphology and structure of the

samples were characterized using a Quanta FEG250 field emis-

sion scanning electron microscope (FE-SEM) and X-ray diffrac-

tion (XRD, D8-Advance, Bruker), respectively.

The surface morphologies of MAPbIxCl3�x films grown

under various O2 concentrations are shown in Fig. 2. As

shown in panels (a) and (b), the perovskite film synthesized

at the lowest O2 concentration possesses homogeneous grains

and uniform surface. Panel (b) is the corresponding magnified

surface SEM image, showing the dense and uniform film of

MAPbIxCl3�x. Panels (c) and (d) show the sample of

700 ppm, and the grains’ diameters are patchy in distribution.

With O2 concentration further increasing to 1000 ppm, larger

pin-holes with a wide range distribution embedded into the

rough surface as shown in panels (e) and (f). From the surface

observation, we find that more oxygen involvement triggers

poor film morphologies and incomplete surface coverage. To

further investigate the effects of oxygen, we measured the

Raman scattering spectrum excited with a 532 nm laser under

N2 atmosphere, as shown in Fig. 2(g), where the perovskite

films were deposited on glass substrates as we introduced

above. The Raman peak at around 105 cm�1 can be assigned

to the Pb-I stretch mode and the band at around 250 cm�1 is

assigned to an organic torsional mode.27 With oxygen con-

centration increasing, we observed that the Pb-I stretch mode

blue-shifted and the peak gained intensity. Simultaneously,

the MA torsional mode red-shifted from 245 to 240 cm�1,

and the peak intensity also increased. Considering that the

defects induced by oxygen during the growth process may

cause lattice distortion or reconstruction, it is not surprising

that such MAPbIxCl3�x films exhibit a similar trend as for-

merly reported.28–30 Moreover, the XRD patterns (Fig. S235)

FIG. 1. Device structure and preparation process of perovskite films. (a) The

device schematic diagram and SEM image of the perovskite solar cell

formed with FTO/TiO2-PCBM/perovskite/HTM/Ag. (b) The preparation

process of MAPbI3�xClx perovskite films. O2 was introduced after lead ha-

lide film deposition.

FIG. 2. SEM images of pristine perovskite films synthesized with different

O2 concentration. (a) and (b): 0.1 ppm, (c) and (d): 700 ppm, and (e) and (f):

1000 ppm. (g) Raman spectra of different perovskite films corresponding to

(a)–(c), the measurement was carried out under flow N2.
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confirmed the film’s inferior crystallinity with increasing ox-

ygen concentration. However, neither intermediate structure

nor degraded products were found.

The above observations indicate that the MAPbIxCl3�x

films differ structurally from each other. To further investi-

gate the evolution of the optical and electrical properties, the

absorption spectrum, the steady-state photoluminescence

(PL) spectrum, and the time-resolved PL spectrum were

measured. All the perovskite precursor solutions share the

same concentration and the samples were tested under the

same conditions, by which we exclude the variation in

film thickness. A Shimadzu UV-3600 spectrophotometer

with an integrating sphere was employed to measure the

UV-Visible (UV-Vis) absorption spectrum. The sample sur-

face is installed back into the incident light beam to deduct

the error from surface scattering or transmission scattering.

Fig. 3(a) compares the optical absorption spectra of hybrid

MAPbI(3�x)Clx films grown at different oxygen concentra-

tions. The remarkably single absorption edge around 800 nm

for perovskite film indicates a direct energy bandgap with a

calculated value of 1.56 eV, which agrees well with previous

reports.1,2 The sample prepared under higher oxygen concen-

trations has a lower absorption intensity at short wave-

lengths, which is possibly caused by the large pin-holes

and the distorted structures. A steady-state PL spectrum was

measured with an Edinburgh FLS 980 spectrometer and

excited by a semiconductor laser at 635 nm. As shown in

Figs. 3(b) and 3(c), each PL spectrum presents a peak at

around 770 nm with a slight red-shift (Fig. 3(b)) when the

oxygen concentration increases. Moreover, the peak intensity

becomes stronger for the samples prepared at high oxygen

concentration (Fig. 3(c)).

Furthermore, the average recombination lifetime of

MAPbIxCl3�x films was determined by the time-resolved PL

spectrum at the emission peak wavelength. The PL decay

curves of the samples are shown in Figs. 3(d) and 3(e). The

curves are fitted with a multi-exponential function of time

(t)31,32

FðtÞ ¼
X

aie
�t=si ; i ¼ 1; 2; 3:::; (2)

where ai is a prefactor and si is the time constant. The aver-

aged recombination lifetime (save) is estimated with the ai

and si values from the fitted curves according to the follow-

ing equation:

sðavwÞ ¼
X

ais
2
i =aisi; i ¼ 1; 2; 3:::: (3)

The result indicates that the film prepared under oxygen con-

centration over 1000 ppm gives the shortest lifetime of

approximately 11 ns, and the 700 ppm sample possesses a

longer lifetime of about 78 ns. Meanwhile, the lifetime of the

0.1 ppm sample increases to 117 ns. The addition of oxygen

in the film synthesis results in a remarkable decrease in the

PL lifetime, which indicates fast electron-hole recombina-

tion. However, this seems to contradict the change in the

steady-state PL intensity, although a similar trend is clearer

when the steady-state PL spectra were measured with a charge

coupled device (CCD) detector with a long integration time of

0.1 s, as shown in Fig. S3.35 The exact reason is still not clear,

though we speculate that it might be associated with the spe-

cific near band-edge trap states introduced by the involvement

of oxygen, which release trapped electrons back to the ground

state. The relevant study including low-temperature PL studies

on the exact physical mechanism is underway.

To further investigate the carriers’ extraction property,

PL-quenching measurements were performed (Fig. S435).

The quenching samples were prepared by spin-coating addi-

tional layers of either a hole acceptor (Spiro-OMeTAD) or

an electron acceptor (PCBM) on top of the MAPbI3�xClx
samples. Consequently, the electrons’ or holes’ extraction

display no visible difference with a decay time of several

nanoseconds, which indicates that the oxygen has no impact

on the charge carriers’ extraction. On the other hand, the dif-

ference of the following solar cell device performance was

mainly relevant to the crystalline quality of the perovskite

layers, which exhibits a clear relationship with the oxygen

concentration during the synthesis process.

We incorporated a series of absorber films into solar

cells with a structure of FTO/TiO2-PCBM/perovskite/HTM/

Ag, where the cell fabrication procedures were kept the

same except that the MAPbI3�xClx active layers were syn-

thesized under different oxygen concentrations. Panel (a) of

Fig. 4 shows the current density versus voltage (J-V) char-

acteristics of the perovskite solar cell devices under differ-

ent MAPbI3�xClx growth atmosphere. The J-V curves were

measured under AM 1.5G simulated solar illumination with

a Keithley 2612A source-meter under both reverse (from

VOC to JSC) and forward (from JSC to VOC) scans. The step

voltage was set at a rapid scan rate of 100 mV/s with 50 ms

delay per step. For the device without oxygen, the J-V char-

acteristic delivers a short circuit current density (Jsc) of

18.82 mA/cm2 and an open circuit voltage (Voc) of 1.1 V

and a fill factor (FF) of 71%, which gives the highest

PCE of 15.1%. In contrast, the sample synthesized under an

oxygen concentration of 700 ppm exhibits an inferior Jsc of

14.9 mA/cm2, a Voc of 1.08 V, and FF of 62.8%, and the

PCE is decreased to 10.3%. A rapid PCE degradation to

5.3% is obtained from the device fabricated under an

FIG. 3. (a) Optical absorption spectra of perovskite films deposited on glass

under different oxygen concentrations. (b) Normalized steady PL spectra. (c)

Relative steady photoluminescence spectra of perovskite films. (d) Transient

photoluminescence curves for perovskite films synthesized under different oxy-

gen concentration. (f) Log plot of transient PL measurements at a short time

scale.
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oxygen concentration of 1000 ppm, and the photovoltaic per-

formance deterioration is mainly attributed to the reduction

of Jsc (12.3 mA/cm2) and FF (38.6%). We reasonably deduce

that the rapid photocarriers recombination (Fig. 3) and

incomplete surface coverage (Figs. 2(e) and 2(f)) cause a

photocurrent density loss and an increase in the current leak-

age, both of which will result in a poor device performance.

More devices fabricated under different oxygen concentration

are also measured, which gives a monotonically decreasing

trend for the Jsc and FF. The histograms of device perform-

ance for over 60 solar cells are summarized in Fig. S5.35

Notably, all of the J-V curves were extracted from the reverse

scans due to the J-V hysteresis. The external quantum effi-

ciency (EQE) is shown in panel (b) of Fig. 4, which was

measured with a QEX10 system (PV Measurement, Inc.).

During the whole light absorption range, the EQE exhibits a

similar monotonic decreasing trend to that of Jsc.

To further investigate the relationship between the solar

cell performance and MAPbI(3�x)Clx film, the I-V character-

istics of the devices were analyzed in panels (c) and (d) of

Fig. 4. For devices with large shunt resistance, the I-V char-

acteristic of a solar cell can be described as33

J ¼ Jsc � J0 exp
q V þ J � Rsð Þ

AkBT
� 1

� �
; (4)

where J means the current flow through the external circuit,

Jsc is the photo-generated current, J0 is the reverse saturated

current density, A is the ideality factor, kB is the Boltzmann

constant, V is the applied voltage, and Rs is the series resist-

ance. From Eq. (4), one can derive34,35

� dV

dJ
¼ AKBT

q
J

SC
� Jð Þ�1 þ Rs; (5)

and

ln Jsc � Jð Þ ¼ q

AkBT
V þ Rs � Jð Þ þ ln J0: (6)

The reverse saturated current J0 can be extracted from

the linear fit of the ln(Jsc-J) vs q(VþRs� J)/AkBTþ lnJ0

curve. The fits of �dV/dJ vs (JSC� J)�1 and ln(JSC-J) vs

(VþRS� J) are shown in Figs. 4(c) and 4(d), respectively.

The linear plot fit of Fig. 4(c) indicates that the solar cell

with a perovskite film synthesized without oxygen exhibits

the smallest Rs of about 6.8 X cm2. The Rs of the 500 ppm

and 700 ppm devices are 14.3 and 15.7 X cm2, respectively.

The Rs over 20 X cm2 is observed from the 900 ppm device.

As shown in Fig. 4(d), the J0 of the device without oxygen

is approximately 2.23� 10�6 mA/cm2, and the J0 of 500 ppm

and 700 ppm devices are 6.8� 10�5 mA/cm2 and 7.5

� 10�4 mA/cm2, respectively. Reverse saturated current as

high as 5.5� 10�3 mA/cm2 was measured from the device

fabricated under oxygen concentration of 900 ppm. J0, as a

characteristic parameter directly related to the interface/bulk

recombination rate, combined with the carrier lifetime obtained

from the PL decay curves, confirms that the electron-hole

recombination rate dramatically increases when oxygen is

introduced.

In conclusion, we have investigated the influence of

oxygen on the physical properties of MAPbI(3�x)Clx perov-

skite films and the performance of the corresponding solar

cell devices. Poor morphologies and incomplete surface cov-

erage are observed in the hybrid perovskite prepared under

high level oxygen. More distorted grain structure and inferior

crystallinity demonstrate the negative impact of oxygen.

Meanwhile, we demonstrate that the electron-hole recombi-

nation rate becomes dramatically shorter with an increase

in the oxygen concentration, as measured by transient photo-

luminescence measurements. The devices’ decreasing effi-

ciency from 14.3% to 4.4% also confirms the negative

impact of oxygen. This work demonstrates the importance of

controlling the ambient atmosphere when fabricating high-

performance perovskite devices by providing insights into

the optimum environment.
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