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General. All reactions dealing with air- or moisture-sensitive compounds were carried out
using standard Schlenk technique. All 'H (500 MHz) and 3C (125 MHz) spectra were
recorded on Bruker AV500 spectrometers. Spectra were reported in parts per million from
internal tetramethylsilane (6 0.00 ppm) or residual protons of the deuterated solvent for 'H
NMR and from solvent carbon (e.g. & 77.00 ppm for chloroform) for *C NMR. Cyclic
voltammetry (CV) measurements were carried out in a one-compartment cell under N,,
equipped with a glassy-carbon working electrode, a platinum wire counter electrode, and an
Ag/Ag+ reference electrode. Measurements were performed in dichloromethane solution (0.5
mM) containing Tetrabutylammonium Hexafluorophosphate (0.1 M) as a supporting
electrolyte with a scan rate of 100 mV/s. The Ep. g+ is measured to be 515 mV. P-
tosylhydrazides and TPA-fullerenes were synthesized according to literature methods.!'> 2]
[60]fullerene was purchased from American Dye Source. Unless otherwise noted, materials

were purchased from Aldrich Inc., and used after appropriate purification.
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2. Electrospray Ionization Mass Spectrometry analysis
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Figure S1. Electrospray Ionization Mass Spectrometry analysis and isotopic simulation were
used to confirm for BrTPA-PCBM formula of CgsH,Br,NO,.
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Figure S2. Electrospray lonization Mass Spectrometry analysis and isotopic simulation were
used to confirm for CNTPA-PCBM formula of CggH,;N30O,.



3. Photoinduced Absorption and Photoluminescence Measurements

Near-steady-state  photoinduced absorption and photoluminescence spectra were
simultaneously recorded on a home-built spectrometer using standard lock-in techniques.
Excitation with a 447 nm LED (Luxeon Rebel, 700mW, LXML-PR01-0425) pump was
modulated at 200 Hz by an Aligent 33120A arbitrary waveform generator, and probe light
was detected using an Acton monochromator and Si/InGaAsdual-band photodiode (ThorLabs,
DSD2). Photoluminescence signal was detected by blocking probe light with a home-built
shutter. The signal was amplified with a Stanford Research Systems SR570 low-noise current
preamplifier and measured on a Stanford Research Systems SR830 lock-in amplifier. Spectra
were corrected for lamp intensity and detector response by recording total transmission
intensity with a Kiethey 2000 sourcemeter. The lock-in phase was set using reflected pump
light such that the signal was entirely in the positive X-channel (in-phase).
Photoluminescence spectra were corrected for detector response using a calibrated LS-1-CAL
ocean optics light source. Samples were held under active 20 mTorr vacuum during the

measurement.
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Figure S3. Photoluminescence spectra of Glass/Perovskite film and Glass/Perovskite/Fullerene film.



4. Perovskite PV Characterization

b
=}

Current Density (mA/cm?) ~—
n

[@)]

[

Voltage Sweep direction

l

Voltage Sweep direction

04 (Scanrate 1Vis) 04  (Scanrate 0.01 Vis)
—O— Reverse (PCBM) —0— Reverse (PCBM)
—— Forward —— Forward

Current Density (mA/cm?) 2
&

-104
-15_H2Hm FOFCPEFCROR AR i:i’-'-::::::-'i::::--
'20 T T T T _20
-02 00 02 04 06 08 10 02 00 02 04 06 08 10

Voltage (V) Voltage (V)

Figure S4. Current density—voltage curves by reverse and forward sweeping at the different
rate of (a) 1 V/s and (b) 0.01 V/s demonstrates the absence of hysteresis in device
configuration of ITO/PEDOT:PSS/CH;NH;Pbl;_Cl,/PCBM/Bis-C¢/Ag devices. Similar
trend are observed from PHJ devices using TPA-PCBM, BrTPA-PCBM and CNTPA-PCBM.

5. Details of Computational Modeling

All calculations were performed in the Density Functional Theory (DFT) framework as
implemented in the development version of the GAUSSIAN software suitel*. We obtained
the ground state geometries, energies, dipoles and electronic structures of the four fullerenes
by solving the Kohn-Sham equations self-consistently using the B3LYP exchange correlation
functional and 6-31G(d) basis set.[*>%] The same ground state calculations had been repeated
just for TPA-PCBM using the cc-pvdz and cc-pvtz basis sets, yielding negligible differences
compared to the results using 6-31G(d) so the smaller basis set was chosen for the sake of
computational efficiency. We used Mulliken population analysis to characterize and visualize
the frontier MOs, i.e. HOMO and LUMO, thus identified TPA-PCBM and BrTPA-PCBM as
the fullerenes with charge transfer due to the physical separation of the HOMO and LUMO.
To confirm that the excitation from HOMO to LUMO is indeed an allowed transition, we
used linear response TD-DFT where excited states are generated by vertical excitation

between molecular orbitals based on the transition dipole moments. For all four fullerenes,



the HOMO to LUMO excitation was found to dominate the first singlet excited state. The
charge separation of the electron-hole from this first excited state was visualized by plotting

the difference between excited state’s and ground state’s charge densities.
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Figure SS. FElectron density distribution of the frontier molecular orbitals (LUMO and

HOMO), neat excited and ground dipole for PCBM, TPA-PCBM, BrTPA-PCBM and
CNTPA-PCBM.



6. OFET and SCLC Characterization

Device Fabrication and Characterization of FET: Field-effect transistors were fabricated
through the top-contact and bottom-gate geometry, with a p**Si/Si0,/BCB/PCBM/ETL/Ag
structure. Heavily doped p-type silicon <100> substrates with a 300 nm thermal oxide layer
were purchased from Montco Silicon Technologies INC. After cleaning the substrate, the
oxide layer was passivated with a thin divinyltetramethyldisiloxane-bis(benzocyclobutene)
(BCB) layer. Fullerene thin films were spin-coated from chloroform solution (5 mg/mL).
Interdigitated source and drain electrodes (W=1000 pm, L= 20 pm) were defined by

evaporating a thin Ag layer (50 nm) through a shadow mask from the resistively heated Mo

boat at 10”7 Torr. OFET characterization was carried out in a N, - filled glovebox using an

Agilent 4155B semiconductor parameter S6 analyzer. The field-effect mobility, sz was
calculated from the linear fit of (I4)12 Vs Vg in the saturation regime. The threshold voltage
(Vo) was estimated as the x intercept of the linear section of the plot of (I4)i2 vs V. The
estimated FET mobilities are 0.084 cm?V-'s'! (PCBM), 0.036 cm?V-!s'! (TPA-PCBM), 0.049
cm?V-1s'! (BrTPA-PCBM) and 0.019 cm?V-!s! (CNTPA-PCBM), respectively.
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Figure S6. Transfer and output characteristics of n-FET for four fullerenes.

SCLC mobility measurements: Space charge limited currents have been tested in electron-



only devices with a configuration of ITO/ZnO/fullerene/Ca/Al. Fullerene thin films were
spin-coated from its chloroform solution with fullerene film thickness ~ 55 nm. Assuming
Ohmic injecting contacts and trap free transport at high voltages, the mobilities were
determined by fitting the dark current to the model of a single carrier SCLC current with field
dependent mobility, which is described as
9, EghtgV” %
1= ele)
Where J is the current, y, is the zero-field mobility, &, is the permittivity of free space, ¢, is
the relative permittivity of the material, V is the effective voltage, and L is the thickness of
the active layer. The estimated SCLC mobility in dark are 5.74 x 103 cm?V-!s'' (PCBM), 7.90
x 104 cm?V-ls! (TPA-PCBM), 3.32 x 104 cm?V-'s”! (BrTPA-PCBM) and 7.21 x 10~ cm?V-
Is'1 (CNTPA-PCBM), respectively.
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Figure S7. J-V characteristics under dark and light condition for devices consisting of
different fullerene films. The effective voltage, V¢ (V) is corrected for built-in voltage, Vg,
arising from different in the work function of the contacts, and the voltage drop due to
substrate series resistance (Vrs), such that = Vappr-Vrs-Vai. (Vappr 1s the applied voltage).
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Figure S8. The plot of J,,/J, ratio against effective voltage, V.
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