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We report on the replacement of poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS) commonly used as hole transport layer in inverted perovskite solar cell
structures, with two small organic molecules, which are the novel 6-difluoro-
N! N ! ,N2,N2,N4 ,N4 ,N5 ,NS -octakis(4-methoxyphenyl)benzene-1,2,4,5-tetraamine (DFTAB) and
4,4'4" 4"'-(ethene-1,1,2,2-tetrayl)tetrakis(N,N-bis(4-methoxyphenyl)aniline) (TAE). Solar
cells using CH3NH;Pbl; as photoactive layer and DFTAB as hole transport layer showed
improved power conversion efficiency exceeding 12%, open-circuit voltage (V) higher than
1 V and fill factor as high as 69%. These performances exceed the efficiency of our control
PEDOT:PSS-based devices. The simple synthesis, low temperature processing and stability of
the presented compounds make them particularly interesting for future up-scaled mass

production.

Perovskite-based solar cells (PSCs) have achieved remarkably high power conversion

[1-3

efficiencies in a short lapse of time,"'™! approaching well-established inorganic thin-film

technologies such as Culn;.xyGax(S,Se) and CdTe. PSCs with two different architectures have
1
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been developed; First, the conventional structure comprising of a bottom inorganic
mesoporous or planar metal oxide electron transport layer (ETL), processed at high
temperatures (500°C), and Spiro-OMeTAD (2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-
9,9-spirobifluorene) used as hole transport layer (HTL)™®! on top of the photoactive
perovskite layer. In contrast, the inverted device architecture consists of a perovskite layer
sandwiched  between two organic charge transport layers, poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) and [6,6]-phenyl-Cg;-butyric
acid methyl ester (PCBM) as hole and electron transport materials, respectively. The low

o1l along with the possibility to cast

temperature processing of inverted devices (< 100°C
the materials on flexible substrates, holds great potential for low-cost and large-scale solar
cell manufacturing. However, the main limitation is the poor chemical stability of

(14161 ‘\which limits

PEDOT:PSS due to its acidity and insufficient electron-blocking properties
achievable power conversion efficiency. Thus, there is considerable motivation to replace
PEDOT:PSS in inverted perovskite devices with more stable dopant-free hole transport layers,
which are optically transparent in the abundant regions of the solar spectrum. In particular,
these HTMs should have destabilized LUMO energy levels for enhanced electron-blocking
properties, should be readily synthetically scalable, soluble in a range of low temperature
process compatible solvents, and have the required hole transport properties. Therefore,
inorganic HTLs such as NiOx and CuSCN were recently suggested to replace PEDOT:PSS,
achieving PCEs of 7.2% and 16.6%, respectively.m’ 122

In this work, we report the application of solution processable organic diarylamino-substituted
molecule semiconductors based on tetrakis(N,N-bis(4-methoxyphenyl)aniline) attached on the
two different rigid middle cores, namely 6—diﬂu0r0—N1,Nl,N2,N2,N4,N4,N5,N5—octakis(4—
methoxyphenyl)benzene-1,2,4,5-tetraamine  (DFTAB), and 4,4',4"4"-(ethene-1,1,2,2-

tetrayl)tetrakis(N,N-bis(4-methoxyphenyl)aniline) (TAE) as alternative hole-transport

materials to PEDOT:PSS in inverted planar perovskite solar cells. Previous work showed that
2
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TAE can be used as efficient and robust HTM as Spiro-OMeTAD replacement in PSCs with
conventional structure, reaching power conversion efficiency as high as 11% 3] The
synthesis of these molecules is relatively simple and cheap. They exhibit high transparency in
the range of the perovskite’s optical absorption, chemical pH neutrality and sufficiently high
hole mobilities > 10° cm? V! s compared to PEDOT:PSS 10%em? V7' sh.

Triarylamines represent a class of organic materials showing excellent transport properties,
morphological and thermal stability and are consequently widely used as hole-transporters in
OLEDs."***! Usually, this type of materials contains a rigid planar middle core with different
peripheral triarylamine groups, which allows for tuning of their optoelectronic properties by
changing the substituents on the peripheral groups. In this work, we chose 1,4-diflurobenzene
and 1,1,2,2-tetraphenylethene as the central cores with four N,N-bis(4-methoxyphenyl)aniline
peripheral groups as illustrated in Scheme 1. Both target compounds were easily synthesized
on the gram scale in less than two steps from cheap commercially available precursors
without using palladium catalysts.

Detailed synthetic procedures and full chemical characterization are provided in the SL
Complete structural characterization of the corresponding intermediates was accomplished by
using standard spectroscopic techniques such as 'H NMR, *C NMR, HRMS and MALDI-
TOF (Figure S1). The thermal properties were investigated by thermal gravimetric analysis
(TGA) and differential scanning calorimetry (DSC). The data are shown in Figure S2, S3
and S4.

PSC devices were processed at temperature below 100°C. This low-temperature solution
process approach enables the use of flexible substrates, another possibility for cheap up-
scaling in future commercialization. The device architecture is schematically depicted in
Figure 1a. It consists of a CH3NH3Pbl; perovskite absorber layer sandwiched between p-type
DFTAB or TAE and n-type PCBM transport layers deposited by spin-coating. The bottom

and top electrodes are indium-doped tin oxide (ITO) and silver, respectively. A cross section
3
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SEM picture of the device with DFTAB as ETL is shown in Figure 1b. Due to its reduced
thickness, the DFTAB HTL is almost undistinguishable from the perovskite layer and appears
as a bright line on top of ITO. The thickness of the HTLs was determined by profilometry to
be approximately 20 nm. SEM cross-section in Figure S13 shows that the very thin HTL is
uniform and entirely covers the ITO without any visible pin holes.

The ionization potentials (IPs) of PEDOT:PSS, DFTAB, TAE and CH;NH;Pbl; were
determined by photoelectron spectroscopy in air (PESA). The experimental data are shown in
the SI (Figure S11) and the obtained energy level values are depicted in Figure 2. The IP of
DFTAB (- 5.2 eV) is sligthly higher than that of ETMA (- 4.9 eV). However, since both
values lie well between that of the perovskite and the work function of ITO, no transport
limitations arising from injection/extraction are expected.

Corresponding electron affinity (EA) values of TAE and DFTAB were determined via the
sum of the IP and the optical band-gap (E.p) estimated by UV-Vis absorption spectroscopy,
yelding - 2.2 eV and - 2.1 eV, respectively. The high LUMO levels ensures the required
electron blocking function, thus preventing electron transfer from the absorbing perovskite
directly to the ITO anode. On the contrary, PEDOT:PSS possesses intraband states due to PSS
dopant*® *”! resulting in a non-negligible electron flow towards the anode and eventually
recombination at the perovskite/ITO interface.

Thin-film optical absorption and photoluminescence spectra of DFTAB and TAE are shown
in Figure 3 in comparison to PEDOT:PSS. TAE has an absorption onset at 470 nm (optical
gap (Eope = 2.7 €V), while the DFTAB one shows an onset at 405 nm (Eqy = 3.1 eV).
Therefore DFTAB is more transparent to incoming visible light reaching the perovskite
absorber. The photoluminescence emission spectrum has a maximum at 540 nm for TAE and
465 nm for DFTAB. These values agree with the onset of absorption spectra considering

stokes shift between absorption and emission in a semiconductor.
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Space charge limited current (SCLC) measurements were used to determine the hole
mobilities, which are 2.4 x 1075 em?® V7! 57! for DFTAB, 1.6 x 107 ¢cm? V7! s7! for TAE and
~10" cm? V™' 57! for PEDOT:PSS (Figure S14 in SI).

Perovskite solar cells were fabricated on ITO-coated glass substrates. DFTAB and TAE were
spin-coated from chlorobenzene solution, whereas PEDOT:PSS was spin-coated as purchased
(acqueous solution). In order to optimize the HTL layer deposition, various thicknesses were
investigated (Figure S9). The CH;NH;Pbl; absorber was successively introduced using a one-
step fast deposition-crystallization method. After annealing at 100°C, the PCBM layer was
spin-casted from chlorobenzene (CB) followed by evaporation of a 100 nm silver top
electrode (see details in SI).

The optimized thicknesses for the different layers in the device were found to be
approximately 20 nm for the HTL, 170 nm for the CHsNH;3Pbl; and 50 nm for the PCBM.
The typical active area of the cells was 0.1 cm®. Devices were tested under AM1.5G solar
illumination (100 mW/cm?). As for PEDOT:PSS, very good device reproducibility was
achieved with both small molecules (Figure S8). The two compounds yield similar or even
higher device performance even though no dopants or additives were added. In contrast,
PEDOT requires acidic PSS dopants to gain the required hole transport properties. The same
holds true for Spiro-OMeTAD, which is casted from solution containing additives and dopant
compounds.

Figure 4a shows current-voltage (J-V) characteristics of PSCs fabricated with the different
HTL layers. Devices with DFTAB yield the highest efficiencies of up to 12.4% and open-
circuit voltage 0.15 V higher than that of PEDOT:PSS devices. The photovoltaic parameters
averaged from 16 devices are summarized in table 1. The statistical PV parameters illustrated
in Figure S8 show small dispersion over the devices, indicating satisfying reproducibility of
the process. A study of the stability of PSCs over time has also been carried out (Figure S10).

It can be observed that the two molecules TAE and DFTAB improve the stability of the cells
5
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compared to PEDOT:PSS. After 360 h aging, the PCE is lowered by only 5% and 10% for
TAE and DFTAB respectively. In the case of PEDOT:PSS, the PCE is lowered by 17% after
the same period of time in inert atmosphere, mainly due to V. and FF decrease. As shown in
Figure S7, there is only small hysteresis between reverse and forward scans for the different
HTLs, with slight improvement for DFTAB and TAE-based devices.

For TAE and DFTAB, the trend of V. is in line with the values of measured HOMO levels.
However, according to Figure 2 we would have expected an intermediate V,. value for
PEDOT:PSS devices. This can be explained by the presence of polaronic or bipolaronic bands
in PEDOT:PSS that lie just above the valence band level and work as hole acceptors, slightly
lowering the V. 28,29

The J. of both DFTAB- and TAE-based devices remained lower than that of PEDOT:PSS
devices (cf. Table 1). This can also be observed in the EQE spectra in Figure 4b. The EQEs
of DFTAB- and TAE-based devices are unexpectedely lower than the EQE of PEDOT:PSS
device for A > 600 nm, although PEDOT:PSS has higher absorption in the near IR (Figure 3).
This behavior was already observed in another report but not explained®. We believe that this
is ascribable to electric field fluctuations in the light absorber layer due to small variations in
the perovskite film thickness on the different HTLs. Indeed, the EQE is strongly thickness
dependent for A > 500 nm (low finesse thin film interference regime)‘“. Therefore, even small
variations of the thickness are able to cause large oscillations of EQE and thus Jgc. On the
contrary, in the low wavelength range (300 nm — 400 nm) PEDOT:PSS-based devices show a
reduced EQE compared to DFTAB and TAE-based devices. This can be attributed to higher
recombination at the PEDOT:PSS/CH;NH;Pbl; interface since higher energy light is
immediately absorbed by the first layers of the photoactive layer (CH3NH3Pbls). In all cases,
the EQE spectra are not affected by the optical absorption of the HTMs given their very low
thickness (20 nm). The Jsc obtained from the integral of the EQE spectra matches perfectly

the values obtained from J-V curves.
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In conclusion, we have reported two organic hole transport small molecules, the novel 6-
difluoro-N' N ! ,Nz,NZ,N4 ,N4 ,N5,NS—octakis(4—methoxyphenyl)benzene— 1,2,4,5-tetraamine

(DFTAB), and 4.4'.4".4"-(ethene-1,1,2,2-tetrayl)tetrakis(V,N-bis(4-methoxyphenyl)aniline)
(TAE), which are easily processable at low temperature and from low cost starting materials.
These molecules are potential candidates as cheap, stable HTL materials for the replacement
of the commonly used PEDOT:PSS in inverted planar CH3;NH;Pbl; solar cells. When
integrated into a perovskite-based device, DFTAB HTL achieved 12.4% efficiency with a V.

reaching 1.07 V.
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DFTAB TAE

Coreq = 1,4-diflurobenzene Coreg = 1,1,2 2-tetraphenylethene

Scheme 1. Molecular structures of DFTAB and TAE.

CH,NH,Pbl,

Figure 1. (a) Solar cell architecture schematic and (b) SEM cross-section of the inverted
device.
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Figure 2. Energy level diagram of each layer in the device including the different HTLs

(DFTAB, TAE and PEDOT:PSS). LUMO level of PEDOT:PSS was derived from

reference.*® 3!
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Figure 3. a) Thin film absorbance and b) solution photoluminescence emission spectra of
DFTAB, TAE and PEDOT:PSS measured at room temperature. The absorption and PL

spectra were normalized to unit.
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Figure 4. (a) Characteristic J-V curves of best solar cells (under AM1.5G solar illumination)

and (b) EQE spectra of devices fabricated with DFTAB, TAE and PEDOT:PSS as HTL with

optimized thicknesses.

Table 1. Photovoltaic performance of optimized CH3NH3Pbl; solar cells fabricated with

different HTLs.
Jse Voe FF Avg. PCE Max. PCE
HTM [mA/cm?®]  [V]  [%] [%] [%]
DFTAB 17.5 1.07 69 11.8 12.4
TAE 16.7 1.00 66 11.0 11.5
PEDOT:PSS 19.7 090 66 11.1 11.7

12
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Supporting Information
Improved Efficiency in Inverted Perovskite Solar Cells Employing Novel Diarylamino-
Substituted Molecule as PEDOT:PSS Replacement
Abdulrahman EIl Labban, Hu Chen, Mindaugas Kirkus, Jeremy Barbe, Silvano Del Gobbo,
Marios Neophytou, lain Mcculloch, Jessica Eid
General experimental details for synthetic part
Methods and materials: All reagents from commercial sources were used without further
purification. Solvents were dried and purified using standard techniques. All compounds were
characterized by '"H NMR (600 MHz), C NMR (151 MHz) on a Bruker Avance III
Ultrashielded 600 Plus instrument and at room temperature. High-resolution mass
spectrometry (HRMS) data was recorded using a Thermo Scientific - LTQ Velos Orbitrap MS
in positive atmospheric pressure photoionization (+APPI) mode. UV-Vis spectra were
recorded in a Varian Cary 100 spectrophotometer. Thermogravimetric analysis (TGA) was
performed under N, using Bruker TGA-IR TG209F1 with a ramp of 10 °C/min. Differential

Scanning Calorimetry (DSC) was run on DSC-204F1-phoenix.

Synthetic details and characterization

OMe

MeO DFTAB  OMe

Scheme S1. 3,6-Difluoro-N' N', N> N> N* N* ,NS,NS—octakis(4—methoxyphenyl)benzene— 1,2,4,5-
tetraamine (DFTAB)

To a stirred solution of NaH (60% in mineral oil) (0.86g, 21.5mmol) in 15ml dry DMF at 0

°C, bis(4-methoxyphenyl)amine (2.65g, 11.56mmol) was added in one portion. The mixture

14
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was slowly warmed up to room temperature and stirred for 30 min under inert atmosphere,
then perflurobenzene (0.5g, 2.69mmol) was added slowly. The mixture was stirred at room
temperature for two hours and then warmed up to 60 °C for another two hours. After that, the
temperature was increased to 90 °C and the mixture was stirred overnight. After cooling to
room temperature, the reaction was quenched slowly by saturated NH4Cl solution (50 mL)
extracted with DCM (100 mL x 3). The organic phase was washed with water, dried with
Na,SO; and evaporated to dryness. The residue was recrystallized from
acetone/dichloromethane as white solid (Yield:72%). '"H NMR: (600 MHz, d6-DMSO) 6
6.66-6.67 (d, J = 9.0 Hz, 16H), 6.60-6.62 (d, J = 9.0 Hz, 16H), 3.62 (s, 24H). *C NMR: (151
MHz, CD,Cly) 6 155.73(d, J = 252. 2Hz, 156.56, 154.89), 155.04, 140.11, 131.32, 122.18,

113.92, 55.37. HRMS: found: 1023.4108, calcd. for Cs;HssFoN4Og ((M+H]"): 1023.4144.

Meo\Q\N I JLO I N Qom
2 9

[o]

Scheme S2. Bis(4-(bis(4-methoxyphenyl)amino)phenyl)methanone (1)
The mixture of 4,4'-diaminobenzophenone (2.0g, 9.42mmol), 4-iodoanisole (17.64g,
75.38mmol), potassium carbonate (15.62g, 113.07mmol), copper (3.7g. 56.53mmol) and 18-
crown-6 (124mg, 0.47mmol) in dry o-DCB (15 mL) was refluxed for 16h. After cooling to
room temperature, the reaction mixture was filtered, the remaining solids were washed with
DCM and the filtrate was concentrated in vacuum. The residue was purified by flash column
chromatography (silica gel) eluting first with n-hexane and finally with the mixture of
DCM:n-hexane (50:50 V/V) to give a yellow solid. (Yield:78%). '"H NMR: (600 MHz,

CDCl5) & 6.66-6.67 (d, J = 9.0 Hz, 16H), 6.60-6.62 (d, J = 9.0 Hz, 16H), 3.62 (s, 24H). 1*C
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NMR: (151 MHz, CDCl3) § 155.73(d, J = 252. 2Hz, 156.56, 154.89), 155.04, 140.11, 131.32,

122.18, 113.92, 55.37. HRMS: found: 1023.4108, calcd. for C41H36N,O5 ([M+H]™): 637.748.

¢ O
WoseUenoll

MeO \@\ l - : : .OMe
R N N
TAE = |
o,
Me OMe

:

Ol

Scheme S3. 4,4',4" 4"-(Ethene-1,1,2,2-tetrayl)tetrakis(N,N-bis(4-methoxyphenyl)aniline)
(TAE)

To a suspension of zinc powder (1.23g, 18.84mmol) in 40mL of dry THF at -10 °C, TICly
(1.03mL, 9.42mmol) was added drop-wise keeping the reaction temperature below -5 °C. The
mixture was slowly warmed up to room temperature and stirred for 30 min and then refluxed
for 1h. The resulting dark solution was warmed to room temperature and a solution of (1)
(3.0g, 4.7mmol) in dry THF was added slowly. The reaction mixture was refluxed for Sh
cooled to the room temperature and quenched by addition of cold saturated K,COj; solution
(100 mL), extracted with DCM (100 mL x 3). The organic phase was washed with water,
dried with Na,SO, and evaporated to dryness. The residue was recrystallized from cold
ethanol twice to give a bright yellow solid (Yield:85%). 'H NMR: (500 MHz, CD,Cl,) 6 7.01
(d, J = 8.9 Hz, 16H), 6.87 (s, 8H), 6.85 — 6.78 (m, 16H), 6.69 (d, J = 8.7 Hz, 8H), 3.77 (s,
24H);

BC NMR: (126 MHz, CD,Cl,) & 155.35, 146.30, 140.59, 136.45, 131.67, 125.91, 119.21,
114.11, 54.99. MALDI-TOF-MS: m/z 1240.60 (100%), 1241.61 (90), 1242.62 (40), 1243.63
(10).
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Figure S1. "H NMR and >CNMR of DFTAB and TAE
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Figure SZi Thermogravimetrical analysis (TGA) curves of DFTAB and TAE at scan rate of
10°C.min"".
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Figure S3. Differential scanning calorimetry curves of DFTAB.
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Figure S4. Differential scanning calorimetry curves of TAE.
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Figure SS5. Absorption spectrum of DFTAB in CH,Cl, solution.
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Figure S6. Absorption spectrum of TAE in CH,Cl, solution.

Device preparation

The CH3;NH;3Pbl; Perovskite solar cells were prepared on glass substrates with tin-doped
indium oxide (ITO, 15 Q sq'l) patterned on the surface. Substrates were first scrubbed with
dilute Extran 300 detergent solution to remove organic residues before immersing in an
ultrasonic bath of dilute Extran 300 for 20 min. Samples were rinsed in flowing deionized
water for 5 min before being sonicated (Branson 5510) for 10 min each in successive baths of
acetone and isopropanol. Next, the samples were dried with pressurized nitrogen before being
exposed to a UV—-ozone plasma for 10 min. The organic small molecules (DFTAB and TAE)
are dissolved in chlorobenzene with 10 mg/ml as concentration and stir overnight at 100°C.
This HTM solution was then spin cast at 2000 rpm for 30 seconds, then annealed at 90°C on
hot plate for 10 minutes. In the case of PEDOT:PSS, an aqueous solution (Clevios P VP Al
4083) was spin-cast at 4,000 rpm onto the substrates and baked at 140°C for 15 minutes.
Immediately after baking the substrates, the samples were then transferred into a dry nitrogen

glovebox (< 3 ppm Oy) for active layer deposition.
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All solutions were prepared in the glovebox. Methyl-Ammonium Iodide was bought from
DyeSol and Lead Iodide from Sigma Aldrich. CH3;NH;Pbl; was synthesized by mixing
CH;NHslI and lead iodide (Pbly) at 1:1 (0.8:2.3 g) equimolar ratio in y-butyrolactone (Sigma
Aldrich) (3.6 mL) and Dimethyl Sulfoxide (DMSO) (Sigma Aldrich) (2.4 mL) at 60 °C,
stirring for 12 h. The PCBM (purchased from NanoC) was dissolved in chlorobenzene in a

concentration of 10 mg mL™ and the solutions were stirred overnight at 100 °C.

The active layers were deposited by a one-step fast deposition-crystallization method. It is
spin-cast from the solutions at 60°C at an optimized speed of 1,000 rpm for 10 seconds
followed by 5000 rpm for 40 seconds during which (after 10 seconds) 200 uL of
chlorobenzene was quickly added to induce the fast crystallization. Subsequently, the film
was annealed at 80 °C for 10 minutes before the deposition of PCBM by spin cast at 1500
rpm for 10 seconds. Next, the samples were placed in a thermal evaporator for evaporation of
100 nm of silver electrodes evaporated at 2 As! ata pressure less than 1x10° Torr.

Following electrode deposition, samples underwent J—V testing.
Device testing

J-V measurements of solar cells were performed in the glovebox with a Keithley 2400 source
meter and an Oriel Sol3A Class AAA solar simulator calibrated to 1 sun, AM1.5 G, with a
KG-5 silicon reference cell certified by Newport. The external quantum efficiency (EQE)
measurements were performed at zero bias by illuminating the device with monochromatic
light supplied from a Xenon arc lamp in combination with a dual-grating monochromator.
The number of photons incident on the sample was calculated for each wavelength by using a

silicon photodiode calibrated by NIST.
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Figure S7. Forward and reverse IV scan for a) PEDOT:PSS, b)TAE and ¢) DFTBA. The

decrease in PCE for reverse scans is 0.4% for PEDOT PSS, 0.8% for DFTAB and 0.6% for

TAE.
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Figure S10. Variation of IV parameters for selected devices over 2 weeks of aging in an inert

atmosphere without encapsulation.

Films characterization

The model AC-2 from Riken Instruments is a Photo-Electron Spectroscopy in Air (PESA)
system was used to measure the ionization potential of the HTM. UV-Vis-IR absorption
measurements were taken using a Cary 6000i from Varian equipped with an integrating
sphere. The samples were positioned at the center of the sphere and tilted with 20° angle
respect to the incident light beam. This configuration allows most of the specular and diffused
reflected and transmitted light to be integrated in the sphere and measured by the detector
with minimal losses. Photoluminescence spectra were measured between 400 nm and 700 nm
with step 1 nm on Horiba Fluoromax4 tool using Xenon lamp excitation at 350 nm. Scanning
electron microscopy (SEM) images were taken at 5 V accelerating voltage and beam aperture
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30 um, using a Zeiss Auriga microscope equipped with in-lens detector. For atomic force
microscopy (AFM) measurements, AAC mode in Agilent 5500 SPM (Agilent Technologies)
is used to get topography images on the surface simultaneously with phase images. AFM

probes (FESP, Bruker) with the spring constant of 2.8 N/m are employed for the measurement.

Scanning speed is 0.8 Hz.
3] = 15
a) PEDOT:PSS - b) DFTAB
IP=51ev [ . IP=52eV
] O 104
% 4 o 10
o g2
D Es
- c
: §
E 2- LIE_I 5
fin
o — e e e o ot St
40 45 50 55 6.0 40 45 50 55 6.0
Energy (eV) Energy (eV)
15
%) TAE d) CH,NH_PbI,
IP=49eV ) IP=536eV
» )
& 15 & 104
T ]
z &
> >
_5 10 5
k7] B
£ E 5
w w
5
0 : 04—t
40 45 5.0 55 6.0 4.0 45 5.0 55 6.0
Energy (eV) Energy (eV)

Figure S11. PESA mesurements for the different HTMs and for CH3;NH;3Pbl3
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Figure S12. AFM images for the different HTL films. a), ¢) and e) are topography images. b),

d) and f) are phase images.

Figure S13. SEM cross-section (tilted 20° from vertical axis) of DFTAB on ITO.
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SCLC measurements

The hole-only devices with the structure glass/ITO/HTM/MoOx/Ag were prepared with the
following procedure: HTM solutions were prepared in chlorobenzene with concentrations 20
mg/mL. The solutions were spin-cast at different speeds for 40s. Molybdenum oxide (8 nm)
was thermally evaporated as an electron-blocking layer. Silver cathode (80 nm) were
thermally evaporated under vacuum of ~10° Torr, through a shadow mask defining an active
area of 0.1 cm”. Hole mobilities were extracted by using a nonlinear least-squares fitting to

the modified Mott-Gurney equation as shown below:

9 VvE (W
Jscre = —eUeﬂu.%e( VLY )
8 L "

where B is the field activation factor, L speciment’s thickness, V applied voltage, €,& are
defined as electrical permittivity and p is the hole zero field mobility.
Devices were tested over a large voltage range (0 — 10 V) to ensure that the current density is

indeed space-charge limited and properly described by Equation (1).
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Figure S14. SCLC curves for the three different HTLs with three different thicknesses.

HTL Thickness (nm) p (cm VH2 p(em® V7'sh
DFTAB 70 8.4 *10™ 2.6 %107
DFTAB 165 0.0031 2.65 %107
DFTAB 220 0.0052 1.86 * 107

TAE 48 3.16 * 10™ 1.14 * 107

TAE 90 0.0011 2.06 * 107

TAE 150 0.0035 1.47 * 107
PEDOT 60 0 1.18 * 10
PEDOT 86 0 3.3*% 10
PEDOT 120 0 58 %10

Table S1. SCLC results for the different HTLs with various thicknesses: field activation
factor § and hole mobility p.
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