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Table S1. Material parameters employed to study capacitance frequency technique in perovskite-
based PIN device.

Parameters Numerical values
Effective density of states for 
conduction/valence band, 𝑁𝑐,𝑣

1020 𝑐𝑚 ‒ 3

Charge carrier mobility, 𝜇 0.2 𝑐𝑚2𝑉 ‒ 1𝑠 ‒ 1

Charge carrier life time, 𝜏 3 𝜇𝑠
Band gap,  𝐸𝑔 1.55 𝑒𝑉

Dielectric constant 4
Conduction (or valence) band offset at HTL( 

or ETL)/perovskite interface  
1 𝑒𝑉

Valence (or conduction) band offset at HTL( 
or ETL)/perovskite interface

0 𝑒𝑉

Doping density  p-type in HTL, n-type in ETL1018𝑐𝑚 ‒ 3

Trap energy, 𝐸𝑡 0.3-0.7 eV

Trap density, 𝑁𝑡 (3 to 10) × 1016 𝑐𝑚 ‒ 3𝑒𝑉 ‒ 1

Gaussian dispersion factor,  𝜎 0.11 𝑒𝑉
Attempt to escape frequency, 𝑓𝐴𝐸𝐹 3 × 1011 𝐻𝑧
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Figure S1. Influence of (a, b) temperature T and (c, d) trap energy  on the capacitance  𝐸𝑡 𝐶
frequency  and  frequency characteristics of perovskite-based PIN devices with trap 𝑓 ‒ 𝑓𝑑𝐶/𝑑𝑓

density . In panel (a), for deep trap states , the increase in 𝑁𝑡 = 5 × 1016 𝑐𝑚 ‒ 3𝑒𝑉 ‒ 1 𝐸𝑡 = 0.65 𝑒𝑉

capacitance with the temperature is originated from the thermal energy induced increased de-
trapping response of the trapped charges with the modulating signal frequency . As a result, in 𝑓

panel (b), the characteristic frequency  (at maximum ) increases with the increase of 𝑓0 ‒ 𝑓𝑑𝐶/𝑑𝑓
temperature. Besides temperature, in panels (c, d), such enhancement effects are obtained for 
shallow trap states ( ) located close to the valence energy band in comparison to deep 𝐸𝑡 = 0.4 𝑒𝑉

trap states ( ).  𝐸𝑡 = 0.65 𝑒𝑉



Figure S2. Energy band diagram of perovskite-based PIN device. The trap density 

 with gaussian distribution is located at an energy Et = 0.65 eV above 𝑁𝑡 = 5 × 1016𝑐𝑚3𝑒𝑉 ‒ 1

valence energy band Ev. The trapped negative charges close to and below Fermi-energy level 
create parabolic energy bands in space charge region (SCR). The effective length  and built-𝐿𝑒𝑓𝑓

in voltage  of SCR are less than the values (  ) across physical thickness of perovskite 𝑉𝑒𝑓𝑓
𝑏𝑖 𝐿; 𝑉𝑏𝑖

layer.

Figure S3. (a) Effect of trap density  (present at trap energy ) on capacitance-voltage (CV) 𝑁𝑡 𝐸𝑡

characteristics (on the left axis) and variation of extracted effective length or space charge width 
 with voltage at trap energy . (b) Energy band diagram in the perovskite 𝐿𝑒𝑓𝑓 = 𝜖/𝐶   𝐸𝑡 = 0.65 𝑒𝑉

layer at voltage . CV characteristics follows Mott-Schottky behavior, whereas the 𝑉 =‒ 2, 0 𝑉
effective length having parabolic energy bands increases with the decrease of voltage.



 

Figure S4. Capacitance frequency technique (CFT) analysis of perovskite-based PIN devices. (a-
d) Computed capacitance frequency CF cures, and (e-h)  vs. frequency f characteristics ‒ 𝑓𝑑𝐶/𝑑𝑓

at temperature T (= 240 to 350 K in steps of 10 K) for various input trap density  located at deep 𝑁𝑡

trap energy  from valence energy band. Increase in  primarily leads to the increase 𝐸𝑡 = 0.65 𝑒𝑉 𝑁𝑡

in the magnitude of the capacitance C and , however, does not exhibit a change in ‒ 𝑓𝑑𝐶/𝑑𝑓

frequency  (corresponding to maximum ) at a fixed T.𝑓0 ‒ 𝑓𝑑𝐶/𝑑𝑓



 

Figure S5. Predicted trap states distribution from capacitance frequency technique of perovskite-
based PIN devices. Extracted trap states distribution using different models (i.e., developed 
PBAEL, previous PBA, and LBA models). The black lines represent the actual input of gaussian 
trap state distribution in the perovskite layer at trap energy . PBAEL model accurately 𝐸𝑡 = 0.65 𝑒𝑉

estimates the trap state distribution, whereas the exiting models of PBA and LBA provide the 
underestimated values.


