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We measure the minority carrier lifetime of perovskite films by differential microwave 

photoconductivity decay (µ-PCD). Clear decay curves can be detected from bare and 

laminated methylammonium lead iodide (MAPbI3) films by the differential µ-PCD. The 

degradation of the bare and laminated MAPbI3 films under air exposure at room 

temperature is clearly observed as the continuous change of the decay curves. The 

differential µ-PCD can thus be a quick and non-destructive method for the 

characterization of the electrical quality of perovskite films and modules. 
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In recent years, new-type thin-film solar cells with an absorber consisting of 

perovskite crystal, so-called perovskite solar cells, have attracted much attention because 

of their superior conversion efficiency.1–17) The photovoltaic (PV) application of the 

perovskite films is not limited to single-layered cells but also to tandem cells with 

conventional materials. In particular, perovskite/silicon (Si) tandem solar cells have been 

expected as next-generation high-efficiency cells since the fabrication process of 

crystalline Si solar cells has been highly matured and the current PV market share has 

been dominated almost completely by Si wafer-based solar cells.18–23) In the perovskite/Si 

tandem solar cells, their module structures must be similar to those of conventional 

crystalline Si PV modules since a perovskite top cell will be formed on a Si wafer-based 

bottom cell. The lamination process for the conventional crystalline Si PV modules is 

performed typically at 100–150 °C, at which some of perovskite materials, such as 

methylammonium lead iodide (MAPbI3), can be thermally degraded.24–26) The 

degradation of the perovskite films during and after the lamination process should thus 

be readily evaluated for the selection of encapsulant materials and for the optimization of 

lamination conditions. 

Microwave photoconductivity decay (µ-PCD) has been widely used as a conventional, 

non-contact, and non-destructive method for the evaluation of the minority carrier 

lifetime of Si wafers.27–31) A pulse light irradiation generates excess carriers in an absorber, 

which enhances the reflection of microwave. The recombination of the excess carriers 

results in the decrease of microwave reflection, and a carrier lifetime can be evaluated 

from the decay of the microwave reflection. µ-PCD is applicable not only for bare Si 

wafers but for laminated Si wafers and cells.30,31) Furthermore, µ-PCD can be used also 

for the characterization of thin films by using a high-sensitivity system—differential µ-
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PCD.28,29) In the differential µ-PCD, microwave reflections are measured at two 

neighboring positions with and without excess carrier excitation, resulting in higher 

sensitivity by taking the difference of microwave reflection intensity at the two positions. 

This technique is expected to be utilized for the evaluation of perovskite films; however, 

to the best of our knowledge, there has been little work for the µ-PCD measurement of 

perovskite films, although similar technique has been already proposed.32,33) This might 

be due to the existence of already well-known time-resolved photoluminescence (TRPL). 

The demonstration of evaluating laminated perovskite films by differential µ-PCD will 

also lead to the future evaluation of laminated perovskite single cells and perovskite/Si 

tandem cells. In this note, we report the results on the differential µ-PCD measurement 

for MAPbI3 films for the carrier lifetime measurement. The minority carrier lifetimes of 

both bare and laminated films are evaluated by differential µ-PCD.  

We prepared 400-nm-thick MAPbI3 films directly on glass substrates with a size of 

26×28×0.7 (t) mm. MAPbI3 solution was first synthesized by dissolving 1 M PbI2 and 1 

M CH3NH3I (MAI) in DMF:DMSO (4:1) mixed solvent and stirring at 70 °C for 60 min, 

and was then spin-coated on the glass substrates using antisolvent technique with 

chlorobenzene, followed by heating on a hotplate at 100 °C for 60 min.16,17) Some 

MAPbI3 films were then laminated by using a module laminator (NPC, LM-50X50-S) to 

form small-sized glass-glass modules consisting of 3.2-mm-thick cover 

glass/thermoplastic polyolefin elastomer (TPO) encapsulant/MAPbI3 sample/TPO 

encapsulant/cover glass. The TPO encapsulant was highly transparent in an ultraviolet 

wavelength region. The lamination was divided into two processes: degassing process by 

evacuation at 110 °C for 30 min and adhesion process at a pressure of 60 kPa at 110 °C 

for 10 min. The bare and laminated MAPbI3 films were stored in air at room temperature 
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in the dark. 

The MAPbI3 films before and after air exposure were characterized by differential µ-

PCD (KOBELCO, LTA-1510EP). A LiYF4 third harmonic generation pulse laser with a 

wavelength of 349 nm and a pulse duration of ~30 ns was used for the generation of 

excess carriers in MAPbI3 films. An areal photon density of a laser pulse is ~2×1014 /cm2. 

Note that this corresponds to an excess carrier density (Δn) of ~5×1018 /cm3 if all the 

photons are absorbed in MAPbI3 and excited carriers are distributed uniformly in a 400-

nm-thick MAPbI3 film. This assumption is reasonable since the diffusion coefficient of 

carriers in MAPbI3 is 1.35 cm2/s34) and resulting diffusion length is >400 nm for a 

duration of >1 ns. Microwave with a frequency of 26 GHz was used for the measurement. 

The phase of the 26 GHz microwave was tuned so that the intensity of the reflected 

microwave was maximized. The tuning of the microwave phase will also contribute to 

the cancellation of the influence of bottom silicon when the perovskite/Si tandem 

structures are evaluated in the future. 

Figure 1 shows a decay curve obtained by differential µ-PCD from an as-prepared 

bare MAPbI3 film. One can see a first sharp increase in the microwave reflection intensity, 

indicating the irradiation of pulse light and resulting formation of excess carriers. The 

intensity of the microwave reflection then decreases with time by carrier recombination. 

The slope of the decay curve, which generally corresponds to a minority carrier lifetime, 

is not constant but change with time. It is known that a radiative lifetime (τrad) in MAPbI3 

strongly depends on Δn, and τrad is ~10 ns (Δn ~1018 /cm3), ~100 ns (Δn ~1017 /cm3), and 

~1 µs (Δn ~1016 /cm3).35) Δn can be roughly estimated to be on the order of 1018 /cm3 

immediately after the pulse laser irradiation, as mentioned above, and reflected 

microwave intensity may be proportional to Δn. Based on this consideration, Δn at each 
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time is roughly estimated, which is added to Fig. 1 together with lifetime values estimated 

from the slopes of the decay curve. The Δn-dependent lifetime values are similar to the 

τrad values in Ref. 35, and the carrier recombination in the as-prepared MAPbI3 film may 

be basically limited by radiative recombination. 

Figure 2 shows decay curves obtained by differential µ-PCD from as-prepared bare 

and laminated MAPbI3 films. The laminated MAPbI3 film also shows a decay curve with 

a shape similar to that of the bare film. This indicates that the differential µ-PCD 

measurement of perovskite films can be performed through module materials such as 

cover glass and encapsulant used for crystalline Si PV modules. The intensity of the 

reflected microwave from the laminated film is smaller than that from the bare film. This 

is partly because of the optical loss of laser pulse light due to reflection and absorption in 

the glass/encapsulant stack. We separately estimated the optical loss originating from the 

module materials to be ~20%. Another possible reason for the lower signal intensity in 

the laminated film is the attenuation of microwave in the glass/encapsulant stack and/or 

slight thermal degradation of the MAPbI3 film through the lamination process at 

110 °C.24–26) 

   Figure 3 shows the decay curves obtained by differential µ-PCD from bare and 

laminated MAPbI3 films for various air exposure durations. The reduction in the 

microwave reflection intensity becomes more rapid after longer air exposure, and the 

rapid decays cannot be explained by the radiative recombination. This clearly indicates 

the emergence of Shockley-Read-Hall (SRH) recombination and the degradation of 

MAPbI3 films by air exposure.35) It is demonstrated that the degradation of perovskite 

films can be evaluated by differential µ-PCD. Note that the laminated film shows slower 

degradation than the bare film, which is given by a protection effect of the lamination 
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against air exposure. It should also be emphasized that the degradation is also seen in the 

laminated film. This may be due to the invasion of oxygen and/or moisture from the 

unsealed edges of the module. Note that no significant changes of the slopes by air 

exposure are seen near the peak of the decays. One possible explanation for this 

phenomenon is that radiative recombination is still dominant at a high Δn of 1018 /cm3.35) 

Another possible reason is the inaccuracy of the lifetime obtained near the peak of the 

decay curve since the pulse duration of ~30 ns used in this study is on the same order of 

the decay. 

We finally discuss the advantage of the µ-PCD in the actual industrial application. µ-

PCD has been widely utilized for the characterization of Si wafers and can be used in the 

process line of Si solar cells. Perovskite/Si tandem solar cells and modules will be 

fabricated in the same process lines as conventional Si cells and modules by adding the 

processes for perovskite top cells. By switching a pulse laser with a long wavelength of 

~900 nm, which is not absorbed in perovskite top cell but absorbed in Si bottom cell, the 

quality of bottom cells can also be evaluated in the same measurement system. µ-PCD is 

thus applicable in the production lines of perovskite/Si tandem cells as a quick and non-

destructive method to evaluate absorber materials. Another advantage of the usage of µ-

PCD is that it can be a portable system and available outdoors.30) µ-PCD will be utilized 

for the evaluation of perovskite/Si PV modules in the large-scale PV power plants or other 

installed sites. This is an advantage of µ-PCD over TRPL, which is also widely used for 

the carrier lifetime measurement of perovskite films. 

In conclusion, we investigated the utilization of differential µ-PCD for the 

characterization of perovskite films and its time-dependent degradation by air exposure. 

We demonstrated that differential µ-PCD can measure the carrier lifetime of MAPbI3 
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films, even after the module lamination with a structure similar to Si solar cells. The decay 

curve changes with air-exposure duration, and reflected microwave signals drop more 

rapidly after longer air exposure, which is a clear observation of the degradation of 

MAPbI3 films. Slower progression of degradation is confirmed in the laminated MAPbI3 

films, indicating the protecting effect by the module materials. Differential µ-PCD can be 

a quick and non-destructive tool for the evaluation of perovskite/Si tandem cells in the 

cell/module production lines and module-installed sites. 

The TPO encapsulant was provided by Dai Nippon Printing Co., Ltd. The authors 

would like to thank Mr. Shinichiro Hayashi and Ms. Tomoko Hori of Japan Advanced 

Institute of Science and Technology for their supports for the experiments. This work is 

supported by the New Energy and Industrial Technology Development Organization 

(NEDO). 
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Figure Captions 

 

Fig. 1  Decay curve obtained by differential µ-PCD from an as-prepared bare MAPbI3 

film. The inset shows the magnified view of the decay curve near the peak. 

 

Fig. 2  Decay curves obtained by differential µ-PCD from as-prepared bare and 

laminated MAPbI3 films. 

 

Fig. 3  Decay curves obtained by differential µ-PCD from (a) bare and (b) laminated 

MAPbI3 films for various air exposure durations. 
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Fig. 1  K. Ohdaira et al., 
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Fig. 2  K. Ohdaira et al., 
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Fig. 3  K. Ohdaira et al., 
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