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Atmosferik Kosullara Bagh Olarak CH3NH3Pbl; ince Filmlerin Karanlik ve Fotoiletkenlik Davrams:

Aysegiil TASCIOGLU?, Gokhan YILMAZ %

OZET: Metilamonyum kursun iyodiir (MAPbI3) (CHsNH3Pbls), basta fotovoltaik uygulamalar olmak iizere
bir¢ok alanda biiylik potansiyele sahiptir. Ne yazik ki, MAPbI; ciddi sekilde bozunmadan muzdariptir. Bozunma
sorunu, bu malzemenin fotovoltaik ve diger potansiyel uygulamalarini sinirlandirmaktadir. Kararli fotovoltaik
malzeme iiretebilmek i¢in MAPbIz'lin bozunma mekanizmas1 ve elektronik kusur profilinin iletkenlik tarafinda
dikkatli bir sekilde anlagilmasi gerekir. Bu calismada stres faktorlerinden kaynakli elektronik kusur degisimleri
incelenmistir. MAPbI; filmler, termal kimyasal buhar biriktirme (Termal CVD) ve dondiirmeli kaplama
yontemleri ile blyitilmiistiir. Biiylitme sicakliklarindan kaynaklanan morfolojik farkliliklar, taramali elektron
mikroskobu (SEM) ile belirlenmistir. Element analizler ve yapisal analizler, sirasiyla, enerji dagilimli X-1s1m
spektroskopisi (EDS) ve X-igim1 kirinimi (XRD) ile yapilmustir. Depolanan MAPbI; filmleri, bozunma ve
elektronik kusur degisikliklerini tanimlamak i¢in vakum atmosferi, deiyonize su buhar1 (DIWV) atmosferi ve
sabit sicaklikta (300 K) UV 15181 ile yaslandirma gibi tek stres faktorlerine maruz birakilmistir. Numunelerin
elektronik degisiklikleri zamana bagli karanlik iletkenlik, sicakliga bagl karanlik iletkenlik ve 11k akisina bagl
fotoiletkenlik ile incelenmistir. Bu ¢alisma, iletkenlik tarafinda MAPbI3'lin bozunma mekanizmasi ve elektronik
kusur profili hakkinda derinlemesine bir anlayis saglamaktadir

Anahtar Kelimeler: Metilamonyum kursun iyodiir, termal CVD, dondiirerek kaplama, elektronik kusurlar, yari-
kararlilik

Dark And Photoconductivity Behavior of CH3NH3Pbl; Thin Films Depending On Atmospheric
Conditions

ABSTRACT: Methylammonium lead iodide (MAPDIs) (CHsNHsPbls) has great potential for several fields,
especially for photovoltaic applications. Unfortunately, MAPbI; can seriously suffer from degradation. Hence,
the degradation problem limits the photovoltaic and other potential applications of this material. In order to
produce a stable photovoltaic material, the degradation mechanism and electronic defect profile of MAPbI; should
be understood carefully, especially regarding its conductivity. In this study, electronic defect changes due to stress
factors were evaluated. MAPDI; films were deposited using thermal chemical vapor deposition (Thermal CVD)
and spin coating techniques. Morphological differences due to deposition temperatures were defined by using
scanning electron microscopy (SEM). Elemental analysis and structural analysis were conducted by energy-
dispersive X-ray spectroscopy (EDS) and X- ray diffraction (XRD), respectively. Deposited MAPbI; films were
exposed to in-situ stress factors such as vacuum atmosphere, deionized water vapor (DIWV) atmosphere, and UV
light soaking at constant temperature (300 K) in order to define degradation and electronic defect changes. The
electronic changes in the samples were investigated by time-dependent dark conductivity, temperature-dependent
dark conductivity, and flux-dependent photoconductivity. This study provides an in-depth understanding of the
degradation mechanism and electronic defect profile of MAPbI; regarding its conductivity.
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INTRODUCTION

Organometal halide perovskites are a promising group of materials in many technological fields.
Especially MAPDI3 has cutting-edge technology applications such as light-emitting diodes (LEDs)(Tan
et al., 2014; Cho et al., 2015), thin-film transistors (TFTs) (Wu et al., 2016), optically pumped lasers
(Deschler et al., 2014), photodetectors (Moehl et al., 2014; Lin et al., 2015), resistive switching random
access memory (ReRAM)(Gu and Lee, 2016), solar water splitting(Chen et al., 2015), and photovoltaic
devices (Kojima et al., 2009). Of these application fields, probably the most popular one is the field of
photovoltaics. There are many deposition techniques for perovskite deposition. The most popular ones
are spin coating and spray pyrolysis. However, generally porous structures are formed in production
with these methods (Girtan, 2020; Yilmaz 2021; Patil et al., 2012). Therefore, the Thermal CVD system
and spin coating system were used together for perovskite production in this study. Recent studies on
organometal halide perovskite (MAPDI3) solar cells (perovskite solar cells, or PSCs) show that power
conversion efficiency (PCE) starts at %3 and reaches %21. However, it was reported that in PSCs there
are significant decreases in efficiency values after production (Noh et al., 2013). These decreases in
efficiency with time are called aging, metastability, or instability. It has been alleged that the sources of
these decreases are interfacial interactions and stress factors such as UV light, oxygen, and water vapor.
When studies on the decrease in efficiency are investigated in detail, it is seen that the stress factor could
not explain the outcome in detail if the measurements contained more than one stress factor at the same
time (Bella et al., 2016; Pistor et al., 2016; Aristidou et al., 2015; Niu et al., 2015; Christians et al., 2015;
Bass et al., 2014; You et al., 2014). Thus, it is not clear which stress factor is mainly related to
degradation. In addition, it has been determined that the majority of the studies have been carried out on
solar cells instead of layers. Another point is that the majority of the studies have been conducted on
optical or structural degradation/change, instead of electrical change. Electrical degradation studies of
the MAPDI3 layer are very limited and it is not possible to compare the results due to the application of
multiple stress factors. For this reason, it has become necessary to make the electrical measurements of
the layer under the single stress factor condition.

In this study, absorption layers of PSCs (MAPbIs layers) were deposited by a two-step application
thermal chemical vapor deposition (Thermal CVD) and the spin coating method on microscope glass.
The structure and morphology of films were examined by X-ray diffraction (XRD) and Scanning
Electron Microscopy (SEM) methods, respectively. By applying separately a single stress factor
(vacuum atmosphere, high purity oxygen, deionized water vapor (DIW vapor), and UV light soaking),
the conductivity changes in the material were determined by time-dependent dark conductivity,
temperature-dependent dark conductivity, and flux-dependent photoconductivity. The degradation of
MAPDI3 films due to stress factors was examined in terms of meta/instability and tried to be understood
in this study.

MATERIALS AND METHODS

Experimental Procedure

MAPDI3 films were deposited on a glass substrate by a two-step application. The first step involves
having 0.6 gr of lead iodide (Pbl.) (Sigma Aldrich %99) inserted in crucibles and deposited on a glass
substrate by a Thermal CVD system. The thermal CVD evaporation is applied in a quartz tube pipe
(diameter 5.0 x10° m and length 6.0 x102 m). In standard heat furnace systems, usually, a temperature
sensor is placed inside the wall. In this study, a temperature sensor was placed inside the tube (nearby
crucibles). Using this temperature measurement method, the real evaporation temperatures were defined
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and measured in an accurate manner. In the Thermal CVD deposition procedure, the first tube was
flushed (cleaned) with nitrogen (N2) gas from undesirable gases before the deposition application.
Subsequently, the tube was taken to vacuum conditions until a vacuum level of 10 mbar was reached.
Following this step, starting from room temperature to deposition temperature, the tube was heated with
the step of 10K per minute with the help of the Proportional Integrative Derivative (PID) control unit.
After the system reached the deposition temperature, then Nitrogen gas was sent into the tube. Nitrogen
gas was used as a transferring gas for evaporated sources with 200 sccm. Evaporation sources were kept
at specific temperatures (693K and 613K) for 30 minutes during the evaporation process. After the
deposition was completed, the system was left to cool by itself.

In the second step, methylammonium iodide (MAI) 0.2 gr (Sigma Aldrich %98) was dissolved
with a 20ml 2-propanol and 5ml of solution deposited on the Pbl, layer by a spin coater at 1300 rpm.
The thin film production method is presented in figure 1. After deposition of MAPDI3, the films were
put on a hot plate under 80 °C for 1 minute. This procedure increased the crystallization of the thin film
and made it dry. The details regarding the deposition temperature of Pbl films have been given in Table
1.

The thermal evaporation technique was used for the coplanar metal contact with a specific mask
geometry configuration. Silver (Ag) was chosen as a metal contact on the surface of the MAPDI3 film.
The contact geometry parameter was chosen as 5.0 X107 m, 5.0 x10" m, and 5.0 x 10 m with respect
to thickness, length, and gap. to thickness, length, and gap.

Step 1 (Thermal CVD) Step 2 (Spin Coating)
Hot Area Heater
: /

Pressure Sensor I o e o Ly B U e U Ve B
.

Vacuum Valve

19— @
/ "> pb, Thin Film ‘ ')

rtz Tub id A — mai
Carying et oo et~ eExhaust
Gas * /
Vacuum Pump <

Gas Valve «

e O
Spin Coating at
1300 rpm

Pbl,

Figure 1. SEM images of the MAPbI; films at 5000x magnification a) 20T-SC-5 b) 20T-SC-6

Table 1. The deposition temperature detail of Pbl, films

The Sample Code of MAPDI3 films Pbl2 evaporation temperature
20T-SC-5 693 K
20T-SC-6 613 K

The structural and morphological characterization of MAPbI3 films were achieved by using XRD,
EDS, and SEM respectively. The thickness of the samples was determined by SEM measurements from
the cross-section of the films. MAPDI; film thicknesses were almost the same (~9.0 x 10 m). MAPblI3
films were electrically characterized by time-dependent dark conductivity, temperature-dependent dark
conductivity, and RT photoconductivity. Stress factors such as UV, oxygen, and DIW vapor were
applied to MAPDI3 films. Each stress factor was applied at 300K for 30 minutes. After stress factor
application, the MAPDIs films were annealed under vacuum conditions. The annealing process was
carried out to understand whether any change that occurred in the material was reversible or not. The
cryostat was used for annealing applications between 300K to 400K under vacuum conditions.
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Annealing was applied for 30 minutes at 400K under vacuum conditions. Subsequently, the MAPDI3
films were left to cool off by themselves.

RESULTS AND DISCUSSION

Structural and Morphological Characterization

SEM measurements of the samples were conducted by using an FEI Quanta FEG 250 device.
5000x magnified SEM images of the MAPbIs films have been presented in Figure 2. In figure 2, small
and large hexagon/triangle layers are stacked on top of each other to form random orientations. On the
other hand, in figure 2 (b), the thin film consists of small and large crystal cubes. It can be seen that
figure 2 (b) shows surface morphology that is more compact than figure 2 (a). It is also shown that the
surface morphology of figure 2 (a) is more porous than figure 2 (b), due to the arbitrarily oriented
hexagonal/triangle layers. It was clearly seen that; these layered structures create porosity on the surface
of the material and increase the inner surface area of the material. It was seen that the porosity was more
evident in the films produced only with the spin coating technique (Girtan, 2020). In addition, similar
porosity situation was observed in silicon thin films. Hence, it was observed that when the structurally
crystalline volume fraction begins to increase, then porosity and roughness also increase. (Houben et al.,
1998). Energy-dispersive X-ray spectroscopy (EDS) measurements were conducted on ten different
positions for each sample. Average atomic percentages of samples given have been provided in Table 2.
In Table 2, all the related elements (C, H, N, Pb, and I) of MAPblIs films’ are shown. Depending on the
atomic percentages, a one-third ratio between Pbl, and MAI was determined.

Bruker AXS D8 Advanced system and Cu tube were used for the XRD measurements and X-ray
source. XRD measurements were conducted using the 2-theta scale between 0 to 70 degrees as shown
in figure 3. As can be seen in figure 3, peaks are matching together and are similar to literature peak
values for MAPbIs forms (Oku, 2015). In the sample 20T-SC-6, only 10-, 11-, and 52-degree peaks can
be seen to be different as compared to 20T-SC-5. These peak values refer to Pbl; crystalline formation
(Condeles et al., 2006; Zhang et al., 2015; Silva Filho et al., 2019).
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Figure 2. MAPDI3 films SEM images at 5000x magnification a) 20T-SC-5 b) 20T-SC-6

Table 2. EDS measurement in atomic percentages of MAPbI;s films

Element 20T-SC-6 Atomic (%) 20T-SC-5 Atomic (%)
C 33.30 34.96
N 32.26 24.76
Pb 5.10 8.62
| 29.34 31.66
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Figure 3. The XRD pattern of the films of samples 20T-SC-5 and 20T-SC-6 (MAPbIs). Blue dashed lines were just
inserted as an eye guide for matching the degrees

Electrical Characterization

In figure 4, UV aging and atmospheric transition change values have been provided. As seen in
figure 4 (a) 20T-SC-6 shows a 6-times decrease in the dark conductivity values during the transition
from laboratory atmosphere to vacuum conditions. On the other hand, it is seen that the dark conductivity
value of the 20T-SC-5 increased by almost 2 times. The only reason for the change in the dark
conductivity value during the transition from the laboratory atmosphere to the vacuum atmosphere was
due to the gas molecules on the surface of the samples, which were removed from the environment by
vacuum(Yilmaz et al., 2021). Although the 20T-SC-6 film had a more compact surface, it was much
more affected by atmospheric gases than the 20T-SC-5. When samples reached a steady state condition
in a vacuum atmosphere, an annealing procedure was applied between 300K to 400K. Annealing
procedure was applied in order to understand whether the stress-factor-related conductivity change was
reversible or not. After the first annealing, samples were cooled to 300K with PID. This state is called
the annealed-1 state. At annealed-1 state, while in steady state condition in a vacuum atmosphere, the
samples were exposed to UV aging for 30 minutes at 300K. In this way, all other unwanted conditions
(moisture, atmospheric gases, different temperatures) were eliminated, and a single stress factor (for this
case UV light) was applied to the samples. Figure 4 (b) shows UV aging time-dependent conductivity
values. As can be seen in figure 4 (b), the sample 20T-SC-6’s conductivity value was increased by almost
2 orders of magnitude due to the UV light. Similar behavior was also observed at different luminous
fluxes produced by the xenon lamp (Girtan, 2020). When the UV light application was turned off, a 5-
times decrease in the dark conductivity values was observed compared to the annealed-1 state. In figure
4 (b), the sample 20T-SC-5’s conductivity value was increased by almost 1 order of magnitude because
of the UV light. However, after the UV aging, 20T-SC-5’s dark conductivity values were almost the
same as the annealed-1 state values.

When the UV aging was finished, a second annealing cycle was applied to the samples. After that
(at 300K, in a vacuum atmosphere, at steady state condition, in the dark) the high purity oxygen gas was
transferred to the cryostat. All other unwanted stress factors such as moisture, light, other gasses, and
different temperatures were eliminated. In this manner, only the oxygen could create an electronic defect
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in the samples. Time-dependent measurements were carried out between the vacuum atmosphere to
oxygen atmosphere transition. Figure 5 (a) shows dark conductivity changes with oxygen degradation.
As can be seen in figure 5 (a), sample 20T-SC-6’s dark conductivity values increase two times with
oxygen. After 30 minutes of oxygen aging, the system was put into a vacuum condition. Even if the
oxygen was removed from the environment with a vacuum, the dark conductivity value of 20T-SC-6
did not change and remained constant. In this manner, it is possible to state that the oxygen molecules
were attached (chemically or physically) to the surface of the sample 20T-SC-6 (Aristidou et al., 2015).

107 -
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Figure 4. a) Laboratory atmosphere to vacuum atmosphere transition time-dependent dark conductivity b) UV aging time-
dependent conductivity

The dark conductivity value of the sample 20T-SC-5 was decreased by a factor of 2 times due to
oxygen aging. However, when the oxygen gas was removed from the environment by vacuum, the dark
conductivity value returned to its first heat-treated value (annealed-1 state). This decrease in the
conductivity and the return to its original state indicate that oxygen cannot make a bond in the thin film
structure. Thus, this situation does not create a permanent conductivity change.

The dark conductivity changes of the samples due to DIW vapor is shown in figure 5 (b). It is
clearly seen that the dark conductivity values of both samples were increased almost 10000 times
because of the DIW vapor molecules. The DIW vapor molecules could stand between metal contacts
and could create a parallel resistance effect. This situation has been visualized in figure 6. In this case,
the resistance effect of water molecules R> is much lower than the materials’ resistance Ri. Thus, the
current prefers to flow through to DIW vapor molecules, thus dark conductivity values increase. This
effect can be eliminated when the system is brought to vacuum atmosphere conditions. In this case, the
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water molecules are removed from the environment, hence the current flows through the material. It is
also known that long term humidity aging can change the structure of MAPbI3 (Christians et al., 2015).

In figure 5 (b) it can be seen that a sharp decrease was observed in the dark conductivity values
after the system was brought to vacuum conditions. At a steady state in the vacuum atmosphere, the dark
conductivity values of the sample 20T-SC-6 increased by 4 times with the DIW vapor application as
compared to the annealed state. However, the dark conductivity values of the sample 20T-SC-5 were
not changed with the DIW vapor application. It was observed to be the same with the annealed-2 state
dark conductivity values.

After each stress factor, the photoconductivity values of the samples were measured depending on
the flux. In Figures 7 and 8, the flux-dependent photoconductivity values of samples 20T-SC-5 and 20T-
SC-6 have been presented. In figure 7 (a) after UV aging, photoconductivity values almost decreased
two times as compared to the annealed-1 state. This indicated that UV aging created an electronic defect
in the band-gap region. After the second annealing, the photoconductivity values matched with UV-aged
state values in the low flux (10** cm s1) region. The photoconductivity value after heat treatment-2
coincides with the photoconductivity value after heat treatment-1 at the end of the middle luminous flux
and high luminous flux regions (from 2.0x1015 cm? s! to 1017 cm? st). This shows that the second
annealing created a partial recovery of the electronic defects, which were caused by UV aging. When
oxygen was applied to the system, the photoconductivity values were decreased by almost two times.
Oxygen-aged state photoconductivity values also matched with the UV-aged state photoconductivity
values, which have been shown in figure 7 (b). In order to understand whether the oxygen aging was
reversible or not, third annealing was applied. After the third annealing, photoconductivity values were
not changed according to their oxygen-aged or UV-aged state. In this case, it can be stated that the
oxygen also creates an electronic defect, especially in the middle and high flux (10'® cm? s to 10" cm-
2 51y region. DIW vapor-aged state photoconductivity values have been given in figure 7 (c) for sample
20T-SC-5. When DIW vapor aging was applied, the photoconductivity values decreased almost by one
order of magnitude as compared to the annealed-1 state photoconductivity values. After the fourth
annealing, this decrease in the photoconductivity was partially recovered, but still remained below the
UV-aged state photoconductivity values.

In figure 8 (a) UV-light soaked state, annealed-1 state, and annealed-2 state photoconductivity
values have been shown for the sample 20T-SC-6. In order to show it clearly, the UV aged state symbol
was kept higher than the other state symbols. As can be seen in figure 8 (a), UV light-soaked state
photoconductivity values decreased by almost a factor of 4 times as compared to the annealed-1 state
values. After the second annealing, especially in the low flux (1014 cm-2 s-1) range, the
photoconductivity values partially recovered. However, in the middle (1015 cm-2 s-1, 1016 cm-2 s-1)
and high (1017 cm-2 s-1) flux range region, the annealed-2 state photoconductivity values were
matching with the UV-aged state values. This result depicts that the UV-aging created an electronic
defect in the sample. After oxygen application, the photoconductivity values increased until the
annealed-1 state values, which have been shown in figure 8 (b). However, this photoconductivity
increase was completely gone after the third annealing application, which means that the oxygen created
a completely reversible degradation on the sample 20T-SC-6. It was also observed that the annealed-3
state photoconductivity values matched with the UV-aged state. In this case, it can be said that the
oxygen did not create any additional electronic defect state in the sub-bandgap region of the sample 20T-
SC-6. The same behavior was also observed after the DIW application in figure 8 (c). After the DIW
application, the photoconductivity values increased until the annealed-1 state values were reached. On
the other hand, photoconductivity values after the fourth heat treatment (annealing) returned to the
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photoconductivity values obtained after UV aging. This shows that UV aging was responsible for the
electronic irreversible degradation in the sample 20T-SC-6.
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Figure 5. a) Oxygen aging time-dependent dark conductivity b) DIW aging time-dependent dark conductivity
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Figure 9 shows the mobility-lifetime product (ut) change depending on the stress factor
application. Mobility-lifetime values were calculated depending on the photoconductivity and
generation rate values (Yilmaz, 2021). As it can be seen in figure 9 (a), the pt product values of the
sample 20T-SC-5 decreased with the laboratory atmosphere aged state, annealed-1 state, and UV-aged
state. The reduction in pt product is evidence of an increase in the defect density because of atmospheric
stress factors. After the UV-aged state, the put product values almost stayed constant until the DIW
application. A sharp decrease in ut product was observed with the DIW application, and this sharp
decrease was partially recovered with the annealed-4 state. This situation shows that DIW aging can
create a drastic increase in defects. However, this defect increase can be partially eliminated with an
annealing application. In figure 9 (b), the pt product values of the 20T-SC-6 samples increased
depending on the laboratory-aged state with annealing. UV application creates a drastic decrease in the
ut product values. After the process of UV aging, there was an increase in the pt product values.
However, this pt product values increase in an almost reversible manner with annealing procedures. The
increase in the pt product values is evidence of a decrease in the defect density caused by stress factors.
Generally, the increase in the pt product values could be the reason for the creation of defects, and the
decrease in the pt product values could be the reason for the passivation of defects.
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Figure 9. Mobility-lifetime product change depending on stress factors a) 20T-SC-5, b) 20T-SC-6 samples
CONCLUSION

The MAPDI;3 film layers were prepared by thermal CVVD and spin coating techniques. The different
deposition temperature of thermal CVD allows us to create a different morphology. We have determined
the degradation process of MAPbIz in a laboratory atmosphere, an oxygen atmosphere, a DIW vapor
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atmosphere, and in a UV-light soaking environment by time-dependent dark conductivity and
photoconductivity. The samples, even when growth with the same technique, showed different dark and
photoconductivity changes in the environment transitions such as from laboratory to vacuum, vacuum
to oxygen, and vacuum to DIW vapor. The reason for the change in the dark conductivity values during
the ambient change is the additional resistance effect, which was created by the molecules attached to
the surface. Gas molecules such as moisture and oxygen can be attached physically to the surfaces of
the samples. Those physically attached to the material surface between molecules can stay in place
through Coulombic interaction, and these molecules can be removed from the surface with a vacuum
application (Smirnov et al., 2004). The atmospheric changes in the sample 20T-SC-6, which were
created by surface interaction, were observed with the dark conductivity values. On the other hand, the
dark conductivity values of the sample 20T-SC-5 did not change dramatically. So, the sample 20T-SC-
5 looks to be quite insensitive to gas molecules and atmospheric changes. However, UV-light soaking
has a completely different aging mechanism (Abdelmageed et al., 2016; Mei et al., 2020; Watts, 2022).
High energy photons (in the UV range) can break chemical bonds in the samples. Therefore, broken
bonds create electronic defects in the band-gap region. The increase in the defects caused by stress
factors creates a decrease in the pt product values and a decrease in photoconductivity, as well as
changes in the occupancy of localized states (Watss, 2022). On the other hand, the decrease in the defects
caused by stress factors creates an increase in the pt product values and this increase is the source of the
increase in photoconductivity. Therefore, we can say that UV light and DIW vapor can mainly create
electronic defects and changes the pt product and photoconductivity values.
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