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Abstract

Perovskite solar cells (PSCs) have attracted extensive attention due to their
advantages such as high optical absorption coefficients. However, defects formed within
the material still significantly limit device stability and performance. Therefore,
developing effective methods to probe and analyze defect properties is crucial for the
future optimization of perovskite solar cells.

In this study, a single inverted P-I-N structured perovskite solar cell was investigated
by integrating multiple electrical characterization techniques with equivalent circuit
modeling to systematically explore defect characteristics under low-temperature and low-
frequency conditions. The measurement techniques employed include capacitance—
voltage (CV), drive-level capacitance profiling (DLCP), thermal admittance spectroscopy
(TAS), deep-level transient spectroscopy (DLTS), and impedance spectroscopy (IS), from
which equivalent circuit models were constructed. All measurements were performed on
the same device, and illuminated current—voltage (I-V) measurements were conducted
before and after the experiments to verify device stability. The power conversion
efficiency decreased slightly from 18.62% to 18.20%, indicating that the device
maintained good stability throughout repeated measurements.

TAS measurements combined with temperature-dependent analysis and Arrhenius
fitting revealed a shallow defect level with an activation energy of 45.7 meV and a trap

density of approximately 8.84 x 10* ¢cm™3

. DLTS measurements successfully
distinguished electron and hole traps, with energy depths of 511.4meV and
660.4 meV and corresponding trap densities of 5.86 x 1013 cm™3 and 5.35 X
103 cm™3, respectively. CV analysis yielded a built-in potential of approximately 1.076

V and an estimated doping concentration of 2.03 x 10'® cm™3. By comparing DLCP

and CV results, the spatial distribution of defect density and interfacial effects within the
2



device were further inferred. Finally, impedance spectroscopy combined with equivalent
circuit modeling revealed pronounced charge accumulation and interfacial polarization in
the low-frequency region, with an interfacial capacitance of approximately 45.7 nF.

In summary, this work establishes a defect characterization framework based on a
single device, covering spatial distribution, energy depth, and frequency response of

defects. The results provide valuable insights for defect diagnosis in perovskite solar cells.
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