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Thermal admittance spectroscopy (TAS): Morr-Schottky Plots

Mott-Schottky plots:

Measured capacitance at 10kHz vs. Bias voltage at 294 K.
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Figure S6 Mott-Schottky plots for perovskite solar cells with n-type contact layers

comprising TiO,/PCBM, TiO,, and PCBM. The blue lines are extrapolations to determine

the built-in voltage.

From extrapolating (A/C)* graphs to A/C=0 follows the built in voltage (see table). The

slope of the extrapolation can be used to determine the doping density Ny (e.g. due to traps)

and the depletion width W (see table) at Vs =0 V:

N; = _é(d(%ﬁ)_z)_l,

2e(Vpi—Vpias)
w = bi bias ,
qNg

Where is the dielectric constant ( . for this perovskite is 30)

[38]

Temperature dependence of the frequency dependent capacitance is shown in Figure S7a, b

and ¢ for all 3 types of cells. Steps are observed in these spectra that shift to lower

frequency for lower temperature. The transition frequency can be related to the rate of

carrier emission and capture from traps in the bandgap.”® We assume that the occupancy of

these states is in thermal equilibrium and hence is determined by the Fermi-Dirac
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distribution. Therefore, the trap energy E, and the characteristic transition frequency ¢ can

be expressed as:

wo = 2DT?exp (—i—;), 3
Where D is a constant related to the effective density of states in the conduction band, the
thermal velocity and the carrier capture cross-section.***%

dC/df plots extracted from Figure S7 a,b, and c, can be used to determine the frequency that
relates to the temperature dependent shift of the steps observed at the high frequency
regions in Figure S7 a, b and c. This frequency is plotted in Figure S7d, e, and f as a
function of temperature.

Now the activation energy of the trap states can be determined from Figure S7d, e, and f in

combination with Eq.3. The activation energy of the traps was found to be roughly 0.15 eV

for cells with TiO,/PCBM, 0.22 eV for cells with TiO2, and 0.22 eV for cells with PCBM.
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Figure S7 Temperature dependence of capacitance for perovskite solar cells with n-type
contact layers comprising a) TiO,/PCBM, b) TiO,, and ¢) PCBM. Arrhenius plots of the
characteristic frequencies to extract the defect activation energy for perovskite solar cells

with n-type contact layers comprising d) TiO,/PCBM, €) TiO,, and f) PCBM.
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Now the frequency dependent capacitance can be used to determine the energetic profile of

the tDOS:

__ Vi dC w
E 7 qwdw kT
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Scanning electron microscopy images of the various device architectures studied.

a) Type A

b) Type B
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C) Type CSOnm
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Absorbance spectra.
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Figure S9. The Absorbance spectra for the evaporated films on z-cut quartz

X-ray Diffraction Pattern.
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Figure S10. The X-ray diffraction pattern for the thermally evaporated MAPbI; grown on
quartz.

Equation S1
Fill Factor (FF) and Power Conversion Efficiency(PCE)

V. FF
PCE = YocJse FF where FF =

Pin Voc ]sc

Vmp ] mp

Where V. is the open circuit voltage, J is the short circuit current density, Vi, 1s the voltage
at maximum power point, Ji,, 1s the current density at the maximum power point, Pj, is the

incident light power.
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