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Abstract

Electronic doping of organic semiconductors is essential for their usage in highly efficient
optoelectronic devices. While molecular and metal complex-based dopants have enabled the
much-needed progress of organic semiconductor-based devices, the bespoke organic
emissive, charge transporting, and dopant materials remain a key cost driver for organic light
emitting diodes (OLEDs). If a widespread transition towards larger area organic electronic
devices is to occur, then there remains a need for clean, efficient and low-cost dopants. Here,

we report dimethyl sulfoxide adducts as p-dopants fulfilling these conditions for a range of



organic semiconductors. These adduct based dopants are compatible with both solution and
vapour phase processing. We explore the doping mechanism and use the knowledge we gain
to “decouple” the dopants from the choice of counterion, which is not feasible with the
existing class of p-dopants. We demonstrate that graded p-doping is possible using solution
processing routes, and demonstrate its use in metal halide perovskite solar cells and OLEDs.

This opens a new path for controlled doping of organic semiconductors.

Organic semiconductors are used in a wide range of cutting-edge technologies such
as light emitting diodes (LEDs), field-effect transistors (FET) and photovoltaic (PV) devices due
to their structural and functional tuneability’™. Organic semiconductors usually have low
charge carrier mobilities and low intrinsic conductivity, as compared to their inorganic
counterparts. This, therefore, often necessitates doping to increase the number of charge
carriers, leading to both filling traps and improvement in charge conductivity for device
applications®™®. A wide range of molecular dopants have been used for p-type and n-type

doping of organic semiconductors®4,

However, challenges such as poor doping
efficiency!>® and doping instability!” still exist. Complex chemical structures of dopants
require expensive synthesis and purification steps. Partial charge transfer via the formation
of ground state charge-transfer complexes can occur for dopant-host systems!8, meaning that
substantial amounts of dopant are required for effective doping, which can have adverse
effects on the morphology of the host!®. Dopant molecules become the counterions during
the doping process and remain in the host organic semiconductor 4. Because the dopants and
counterions are coupled, it is difficult to optimize their role separately. A further challenge is
to achieve graded doping in a device stack, or selective doping on one side of a charge
conducting layer, especially using solution processing route?’, which is needed for better
performance of devices. There is clearly the need for reliable and inexpensive dopants that

circumvents the issues we have mentioned above associated with the present class of

dopants.

Solutions of dimethyl sulfoxide (DMSO) with hydrobromic acid (HBr) have been
used in the past for the oxidation of organic molecules during material synthesis, such as
diphenylethane to benzyl, and acetophones to arylglyoxals?'=23. They have also been used to
alter the oxidization state of Pd?* to Pd* in the synthesis of the inorganic compound
Cs,PdBrg?*. Here, we report that DMSO-HBr adducts can act as effective and clean p-dopants

for a wide range of organic semiconductors. Our approach is an in-situ formation of the



dopant from commercially available low-cost chemicals, without any complex synthetic
routes. The doping process is clean where the by-products and unreacted doping agents leave
the thin-film. We further show that it is possible to select the counterion independently,
unlike previously reported p-dopants. We also present a solution processible route to achieve
graded doping in organic semiconductor films, and demonstrate applications of the adduct-

based doping process in metal halide perovskite-based solar cells and OLEDs.

We start by testing the ability of our proposed agents to dope a variety of organic
semiconductors, which are used as hole transporting material (HTM), in solution. In Fig. 1a
and Table S1, we show the chemical structure and ionization potentials of the selected HTMs,
respectively. Here, we introduce to the HTM solution, a mixture of DMSO and HBr in ~1:2
molar ratio, which we denote as the adduct forming agent. We provide procedural details in
the experimental section of the SI. Fig. 1b shows the absorbance spectra and the photographs
of the HTM solutions before and after the addition of the adduct forming agent. We observe
absorption features corresponding to oxidized organic molecules after the addition of the
adduct forming agent into all the HTM solutions. We chose 2,2',7,7'-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD) as the testbed and use it to
investigate the evolution of the charged species in the solution. After the addition of the
adduct forming agent, we observe an absorption peak related to Spiro-OMeTAD* at ~510 nm
(Fig. 1b and Fig. S1a)?>2¢, On further increasing the concentration of adduct forming agent in
the solution, the absorption peak at ~690 nm corresponding to Spiro-OMeTAD** appears (Fig.
Sla). We estimate the doping efficacy, defined by the molar ratio of oxidized Spiro-OMeTAD
to added DMSO, to be ~17.5 % (see Fig. S1b). To explore the possibility of doping the HTM
using vapour phase techniques, we expose Spiro-OMeTAD thin-films to vapours of DMSO and
HBr (See Sl for the methods and Fig. S2). As we show in Fig. S3, there is a continuous increase
in the absorbance corresponding to the oxidized species in the Spiro-OMeTAD thin-film at
510nm and 690 nm with increasing vapour exposure time. This indicates that our doping
strategy is compatible with both solution and vapour phase processing, and moreover, can

be performed in the vapour phase under atmospheric conditions.

To confirm that the change in absorbance spectra corresponds to p-doping, we
show the current-voltage (I-V) curves of thin-film electrode-gap in-plane devices with and
without doping (Fig. S4) and we estimate the conductivity of the HTM films. We find a 2-3
order magnitude increase in the conductivity for all the HTMs with ionization energy (IE) < 5.2

eV after doping (Table S1). In Fig S5 we show conductivity measurements for the material



with the deepest highest occupied molecular orbital (HOMO) we found that we could dope,
with an IE of ~ 5.5eV. We also evaluate the conductivity of the doped spiro-OMeTAD films
using a 4-probe method?’, which reach a maximum conductivity of ~ 2x103 S cm™ (Fig 1 (c))
for both solution and vapor phase doping process. This is higher than what has been achieved
for this HTM with other dopants?®3!, such as with tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)cobalt(lll) tri[bis(trifluoromethane)sulfonimide] (Co(lll)TFSI) complex (see Fig.
S6). High conductivity enables the use of thicker transport layer with negligible voltage loss.
To gain further insight into the doping effect, we perform ultraviolet photoelectron
spectroscopy (UPS), X-ray photoelectron spectroscopy (XPS) and Kelvin probe-based (KP)
contact potential difference measurements on the HTM thin-films. We show the UPS spectra
of the undoped and doped films of Spiro-OMeTAD in Fig. 1e and work function values
measured by KP in Fig. S7, respectively. As expected for p-type doping, we see an increase in
the work function of the doped film and a shift of the Fermi levels closer to the HOMO level
of the HTM. In Fig. S8, we show the XPS spectra of the doped films. We observe C-1s,0-1s and
N-1s peaks shifting to lower binding energies with an increase in the concentration of the
adduct forming agent, which provides further confirmation of p-doping3?. In Figure S9 we
report similar UPS and XPS shifts upon doping for another HTM, N,N,N° ,N" -Tetrakis(4-
methoxyphenyl)benzidine (MeO-TPD).
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Figure 1| Doping ability of DMSO-HBr adduct for various hole-transporting materials. a,
Chemical structures of hole-transporting materials (N2,N2,N2’,N2’,N7,N7,N7’,N7'-octakis(4-
methoxyphenyl)-9,9'-spirobi[9H-fluorene]-2,2',7,7'-tetramine (Spiro-OMeTAD), N,N,N’,N’-
tetrakis(4-methoxyphenyl)benzidine (MeO-TPD), 1,2-bis[3,6-(4,4 -
dimethoxydiphenylamino)-9H-carbazol-9-methyllbenzene (V886), poly(3-hexylthiophene-
2,5-diyl) (P3HT), poly[N,N’-bis(4-butylphenyl)-N,N’-bisphenylbenzidine] (Poly-TPD)) and
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA). b, UV-vis absorption spectra of
organic HTMs in chlorobenzene (1-9x10°® M) before (dotted line) and after (solid) the addition
of the adduct forming agent. Insets: photographs of vials containing the neat HTM solution
(left) and HTM solution with the adduct forming agent (right). ¢, d, Conductivity of the Spiro-
OMeTAD thin-film doped with DMSO-HBr by either adding the dopant directly to the HTM
solution (c: solution process) or exposing the thin films to DMSO-HBr vapor (d: vapor process).

d, UPS spectra of the un-doped and doped (solution process) Spiro-OMeTAD thin-films.



The fact that neither DMSO nor HBr can dope the HTMs alone indicates that it is
essential for both compounds to come together for the doping process to happen (see Fig.
S10). Here, we investigate the doping mechanism by in-situ attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR) and gas chromatographic mass spectrometry
(GC-MS). In the FTIR spectrum of a DMSO solution in chlorobenzene, (Fig. 2a) we observe that
the peak around ~1060 cm, which corresponds to the absorbance of the S=0 bond3? of
DMSO, broadens and shifts to lower wavenumber (around 1020-1050 cm™) after the addition
of HBr, indicating the lowering of the S=0 bond strength?433, Based on quantum chemical
calculations, we assign the peaks around ~1035 - 1055 cm™ to the formation of a molecular
adduct between DMSO and HBr (See Fig. S11). We then add the Spiro-OMeTAD solution to
the adduct solution and record the change in the absorbance spectra over time. We observe
a continuous decrease in the peak intensity at ~1050 cm?, indicating the consumption of the
DMSO-HBr adduct and breaking of the sulfur—oxygen bond (see Fig. S12). Concurrently, we
also record an increase in the absorbance of OH stretching around ~ 3400 cm™ (Fig. 2b)34,
indicating that H,O is one of the by-products of the process. Via GC-MS of the released gases
during the doping process, we identify dimethyl sulfide (DMS) as another by-product (Fig.
S13). Based on this information, we propose the following mechanism for the doping: As the
DMSO-HBr adduct accepts electron(s) from the HOMO level of the organic molecule, the
activated DMSO reduces to DMS, one of the by-products. The oxidation states of sulfur in
DMSO and DMS are 0 and -2, respectively. The positive charge on the host organic cation is
counterbalanced by the bromide anion from HBr. The oxygen from DMSO and H from the HBr
molecule then form H,O, as another by-product. We show the probable mechanism
schematically in Fig. 2c. Apart from the Br" counterion, which must be retained in the film to
retain charge neutrality, we highlight that the doping process does not leave behind the by-
products or unreacted dopants in the organic semiconductor matrix, which we confirm by the
FTIR and XPS measurements on doped Spiro-OMeTAD films (see Fig. S14 and S15).
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Figure 2| Mechanism of doping by DMSO-HBr adduct. a, b, FTIR spectrum of DMSO-HBr
mixture in chlorobenzene, and after the addition of Spiro-OMeTAD showing the consumption
of the adduct and formation of H,O during the doping process. (a) the region of S=0

absorbance (b) the region of the OH stretching absorbance. ¢, Proposed mechanism of the

doping process.



In a similar fashion to DMSO-HBr, the DMSO-HCl adduct also induces p-type doping. However,
we observe that the doping ability of the DMSO-HCI adduct is much weaker (Fig. S16). At the
opposite end of the scale, the DMSO-HI adduct is unstable in ambient conditions and a
considerable amount of I, is produced due to the oxidation of I in the solution, which we
detect by UV-Vis spectroscopy (Fig. S17). We find that the DMSO-HX interaction strength
progressively reduces with HI > HBr > HCI. This is a consequence of the reduction in the S-O
bond length (Table S2) and increase in the S-O vibration frequency (Fig. $18) when going from
| to Cl, which we have ratified computationally.

Although the DMSO-HBr doping is clean and efficient, a critical factor for the utility
of a doping process is that it must be stable under the conditions experienced during the
manufacturing of additional layers in the device stack, and in typical end use of the devices,
particularly at elevated temperatures. We use conductivity and ellipsometry-based optical
measurements to investigate the thermal stability of the doped films. In order to assess if the
counter ion diffuses between layers, we constructed devices with a double layer of doped and
undoped HTMs, comprising a bottom-contact gold electrode on a Si substrate (Fig. 3a), a spin-
coated doped layer of MeO-TPD, followed by a thermally evaporated layer of intrinsic MeO-
TPD (See Sl for the method).

If de-doping or migration of the doped organic molecule/counter ion occurs due to
the thermal stress, we expect the conductivity and ellipsometric profiles of the films to
change.'” As we show in Fig. 3b and Fig. S19a, we do not observe any change in the
conductivity of the sample (doped with DMSO-HBr) not any change in the ellipsometric profile
(phase difference A and amplitude ratio W) over a period of 100 hours at 50 °C . We fit the
ellipsometric profile of the thin-film used for thermal stability study as a bilayer stack with the
bottom layer as doped MeO-TPD (~150 nm) and the top layer (~100 nm) as un-doped MeO-
TPD. We fit both the layers for thicknesses first using Cauchy model and then for refractive
indices using B-spline function. The A and W spectra fit well to the expected double-layer
stack of doped and intrinsic MeO-TPD layers, both before and after the thermal stressing. For
completeness, using an effective medium approximation3, we simulate the ellipsometric
profile which would be expected if the doped and non-doped layers mix to form a single
homogeneous film. The simulated profiles for the mixed films, are different than the observed
profiles (Fig. S19b), confirming that the migration of the doped material (or counterion) does
not happen during the 50°C 100 hour stress test.

To further study the impact of doping on the morphology of the organic films, which
is highly relevant for device applications, we perform atomic force microscopy (AFM)

measurement of MeO-TPD films with different doping concentrations and following different



levels of thermal stressing. We observe no significant changes in the topography (Fig. 3d and
Fig. S20), as quantified by the root mean squared (RMS) roughness of the films, for the doped
films as compared to the undoped films, both before and after thermal stressing.

Despite being stable at 50°C, as we show in Fig. 3c, when we raise the stressing
temperature to 85 °C, i.e. above the glass transition temperature of pure MeO-TPD, we
observe a decrease in the conductivity in films doped with DMSO-HBr adduct, indicating de-
doping, presumably owing to the diffusion of Br and subsequent escape from the matrix as
Bry. HBr plays a dual role in the doping process - as an activator and then as a provider of the
anion. Our doping mechanism should allow us to introduce other anions, specifically chosen
for improved thermal stability of the doped material or for other properties, which would
therefore be decoupled from the dopant. To demonstrate that such “decoupling” of the
dopant and counterion is feasible, we choose a combination of 10-camphorsulfonic acid (CSA),
DMSO and HBr. We estimate via a Van der Waals surface calculation that the counter ion,
camphorsulfonate, is ~8.5 times bulkier than bromide3®. The larger size of camphorsulfonate
can likely reduce the diffusivity and volatility issues associated with bromide. We show the
doping ability of the DMSO-HBr-CSA system in Spiro-OMeTAD and MeO-TPD by absorbance,
conductivity, UPS and XPS studies (see Fig. S21-S24). No doping occur in Spiro-OMeTAD
solution when we add DMSO-CSA only, unlike DMSO-HBr (see Fig. S25). However, we only
need to add a small volume of aqueous HBr (i.e. 9 mol% with respect to CSA) to “activate”
the doping process. We determine that the doping efficiency of the DMSO-HBr-CSA system is
~22% (with respect to the added CSA molecules) for Spiro-OMeTAD from the optical
absorbance change (see Fig. S21). For the films doped with DMSO-HBr-CSA, we observe no
significant change in the conductivity (Fig. 3b and 3c) and morphology (Fig. 3d and Fig. S26)
with prolonged thermal stressing, even at higher elevated temperatures of 100 °C. We
present here only one example for the counterion exchange, but in principle, many other
counterions tailored to specific needs could also be used.

We rationalize the doping process by the DMSO-HBr-CSA system considering that
while DMSO and HBr form the adduct responsible for doping, CSA can provide the counter
ion in the form of 10-camphorsulfonate and the HBr can be subsequently regenerated for
further doping (Fig. S27). We note that our new doping process can also be used to produce
very “clean” molecular organic semiconductor salts, such as Spiro-OMeTAD* TFSI-, which have

been used as efficient and stable dopants in recent reports3’38
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Figure 3| Thermal stability of the doped MeO-TPD films. a, Chemical structure of
camphorsulfonic acid (CSA) and schematic illustration of geometry to evaluate thermal
stability of dopants by the conductivity measurement. b, Conductivity of the MeO-TPD films
doped with DMSO-HBr and DMSO-HBr-CSA after thermal stressing at 50 °C for 100 hours. c,
Conductivity (at room temperature) of undoped MeO-TPD films and doped MeO-TPD film
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on a hotplate in a nitrogen filled glove box. d, Atomic force microscope (AFM) topography
images of the undoped and doped MeO-TPD films. The AFM images are taken after the films
are incubated at 20, 50 and 85 °C for 10 minutes. The scale bar is 500 nm. Root Mean Square
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One of the primary means to minimize contact resistance and create diode-like
behaviour in semiconductor devices is to employ graded or a-symmetric doping, with distinct
regions of high and low levels of p or n-type doping, with the highly doped region in contact
with the electrode material?®3°-42, Analogously, a key breakthrough for OLEDs, pioneered by
Leo and co-workers, has been the controlled p and n-type doping of organic charge transport
materials, and combining this with the deposition of multiple layers of different organic
semiconductors upon one another®. For OLEDs, this is usually done via thermal evaporation
of the organic semiconductors in vacuum, where layers of different compositions can be
deposited upon each other*#>, Employing double layers of doped and intrinsic p and n-type
charge extraction layers, has also led to improved efficiency of vapour deposited perovskite

solar cells*°.

For solution based processes, it is challenging to coat two subsequent layers on top
of each other due to the common solubility of the host and dopants, without introducing
more complicated chemistries such as molecular cross-linking to make the underlying film
insoluble. Even with cross-linking of the host, the dopant must not diffuse into the adjacent
layers, neither in manufacture nor in use. Here, we explore the possibility of asymmetric
doping (i.e. the doping is predominantly at one interface) via our adduct methods. To that
end, we prepare “hole-only” device with a stack of FTO/Poly-TPD (350 nm)/Au (See Sl for the
detail of sample preparation) where we introduce a CSA-DMSO-HBr layer (via solution
process) either at the interface between Poly-TPD and Au or at the interface between Poly-
TPD and FTO.

In Fig. 4a-c, we show the J-V curves of the hole-only devices where the interface
and bulk are doped differently for each device. In Fig. 4a, the current density in the positive
bias (i.e., hole injection from the Au electrode) clearly is higher for the device with doped
Poly-TPD:Au interface when compared to the undoped device. For the doped device, the
current density increases with the dopant concentration in the doped layer, which we control
via the concentration of the CSA (see Fig. S28a). Under negative bias conditions (i.e., hole
injection from the FTO side), the current densities are similar for both the asymmetrically -
doped and undoped devices. As would be expected for the case of interface doping, we
observe the opposite trend in the J-V curves (Fig. 4 (b) and Fig. S28b) for the devices where
the doping is introduced at the FTO: Poly-TPD interface, where we observe increased current

density for the interface-doped device under negative bias conditions. As we show in Fig. 4c,
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for homogeneous doping, the increase in the current densities are similar for both negative

and positive bias conditions.

To explore the localization of the space charge regions in the hole-only devices with interface
doping, we perform capacitance-voltage measurements (see Fig. $29) and use Mott-Schottky
analysis to estimate the acceptor density (Na) as a function of the depletion width (w) from
the conductive electrode-organic semiconductor junction (See S| for the details and
description of the Mott-Schottky analysis)*®~*8. When profiling the acceptor density in the
proximity of the doped interfaces, we find that the Na values in the devices for the doped
Poly-TPD:Au interface (Fig. 4d) and doped FTO:Poly-TPD interface (Fig. 4e) exhibit a gradient
profile. The Na follows a gradual decrease away from these doped interfaces, followed by a
steep increase when the calculated depletion width approaches the width of the complete
diode. In Fig. 4f, we show the N, profile of the homogeneously doped devices. Compared to
the undoped device (Fig. S30), we see a higher N4 value for the homogeneously doped device.
Since the calculated Na increased strongly for all devices (doped or undoped) when the
depletion width approaches the total film thickness, (whether this is approaching the Au or
FTO electrode) we assume that this is an artefact of the measurement, rather than carrying
real physical meaning.

Our capacitance-voltage results are consistent with asymmetric doping, but are
subject to a model and the assumption of which contact is the primary contact being probed.
To further investigate the asymmetric doping, we perform Secondary lon Mass Spectrometry
(SIMS) measurements of the doped and undoped films. Here we use silicon as a substrate.
Since the HTM (MeO-TPD) does not contain sulphur, mapping of sulphur signal can be used
to determine the distribution of the counter ions (CSA") in the doped film. In Fig. S31-32 we
show the depth profiles of sulphur in undoped as well as doped films. For the films which we
intended to dope at the top surface, we observe a significant enhancement of the sulphur
signal at this interface (Fig. S31b), and for the films doped at the buried HTM:Si interface, we
observe sulphur enrichment at this buried interface (Fig. S32). This enhancement of sulphur
at the intended interfaces further confirms asymmetric doping. We do note that there is a
relatively small increase in the sulphur signal at the opposite interfaces to where the doping

was intended, which indicates some degree of diffusion of the counter-ions during fabrication.

12
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Figure 4| Asymmetric doping in hole-only devices. a, b, ¢, Current density-voltage curves of
the hole-only devices (a) doping at Poly-TPD: Au interface (b) at FTO: Poly-TPD interface, and
(c) homogeneous doping. d, e, f Acceptor density (Na) as a function of depletion width (w) in
hole-only devices, (d) doped at the Poly-TPD:Au interface, (e) doped at the FTO:Poly-TPD

interface, (f) homogeneously doped.

We now demonstrate the utility of the doping methods in three types of
optoelectronic devices which benefit from doped charge transport layers: organic thin film
transistor (OTFT), perovskite solar cells and OLEDs (see Fig. 5a for the device architectures).

It is known that semiconductor doping plays a critical role for enhancing many
performance facets of an OTFT, such as facilitating charge transport, reducing contact
resistance, and improving operational stability*®>!, We fabricate indacenodithiophene-
benzothiadiazole (Cis IDT-BT) based organic thin-film transistors (OTFTs) in a top-gate
bottom-contact (TG-BC) device architecture (Fig. 5a)°2. Fig. 5b shows the transfer current-
voltage characteristics measured from OTFTs fabricated using pristine and moderately- and
heavily-doped Cis IDT-BT based on the solution-processed DMSO-HBr adduct doping
approach (denoted as DMSO-HBr (M) and DMSO-HBr (H), respectively). We observe
significant changes of several electrical characteristics, including higher current levels and

positively shifted turn-on voltages (Von) due to p-doping. In Supplementary Table S3 and in
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Fig. S33, we summarise the performance parameters from the transfer characteristics and
provide the detailed analysis on the areal trap density (AN, as compared to the undoped
device) to and the trap concentration per unit energy (D«). We achieve a clear improvement
in field-effect mobility (Supplementary Table S3) by the adduct-based doping. We further
confirm that the DMSO-HBr-CSA adduct doping assist hole transport in OTFTs in Fig. S34 and
Table S4.

For perovskite solar cells, we use Spiro-OMeTAD as the HTM with the presented
doping methods here and compare to other doping methods commonly used such as doping
with Li-TFSI-oxygen or Co(lll)TFSI (see Fig. S35 ad Table S5). Note that all high-performance
perovskite solar cells contain Li-TFSI and 4-tert-butylpyridine (tBP). In Fig. 5¢, we show the J-
V curves and steady-state power output (SPO) of our best-performing solar cells, where the
HTM is doped with the DMSO-adduct based dopant or Li-TFSl-oxygen, measured under
simulated sunlight. We find that the devices where the HTM is doped with DMSO-HBr (a
combined solution and vapor process method) or DMSO-HBr-CSA (solution process) show
significantly improved power conversion efficiency (PCE) and SPO as compared to the
commonly used Li-TFSl-oxygen doping or cobalt-complex doping (see Fig. 5¢). We summarize
the PV performance parameters in Table 1. In the SI, we show additional information to
corroborate the PV properties with our new doping, such as cross-sectional scanning electron
micrograph of devices, external quantum efficiency (EQE), and forward and revere scan
directions of the JV curves (see Fig. S36 - S38 and Table S6).

To further illustrate the compatibility with other HTMs, we also demonstrate the
doping capability of DMSO-HBr-CSA on Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine
(PTAA) in n-i-p perovskite solar cells, without tBP and Li-TFSI (Fig. S39). The device containing
the DMSO-HBr-CSA doped PTAA exhibits an improvement of current density, fill factor and
ensuing efficiency, as compared to an un-doped PTAA layer.

As we have shown in Fig. 1e, the Fermi level in the HTM monotonically shifts closer
to the HOMO level onset with increasing dopant concentration. In the complete solar cell, the
Fermi level alignment between the HTM and the quasi-Fermi level for holes in the perovskite
absorber layer, and between the HTM and the Fermi level of the metallic electrode, are likely
to improve with increased doping density. Therefore, the increased V.. of the solar cells
suggests an improved energetic alighnment across these interfaces due to doping. We can also
consider that the improved doping of the HTM has improved the “selectivity” for hole
extraction, which is expected to result in an increase in open-circuit voltage.>® On the other
hand, the improvement in fill factor, is consistent with reduced series resistance in the cell,

resulting from increased conductivity of the HTM. Therefore, both these effects, Fermi level
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deepening, and increased conductivity, appear to be contributing to the improved
performance in the solar cells.

We have provided above justifications as to why the FF and open-circuit voltage
improve with our adduct-based doping strategy. However, the increase in Jsc is less intuitive.
There are many examples in the literature of perovskite solar cells, where increased Jsc is
observed with increased doping of the HTM3%>456, This is most clearly illustrated by showing
the JV curves for a perovskite solar cell with spiro-OMeTAD and no doping of the HTM, as we
show in Fig. S40. In this instance, the Jsc is approximately half the value of Jsc in the device
with the doped HTM. However, upon applying a 2.5V reverse bias, the photocurrents of the
doped and non-doped devices coincide. If this short-circuit current density was solely limited
by series resistance, we would expect the JV curve to be a straight line from open-circuit to
short-circuit. However, there remains some curvature in the JV curve of the un-doped device,
indicating that this is not simply a series resistance limitation. This therefore illustrates that
doping of the HTM does influence charge extraction under all working conditions, including
short-circuit. Without doping, an external applied electric field appears to be required in order
to extract all photogenerated carriers. This indicates a charge extraction barrier being present
with the undoped HTM.

Toillustrate functionality of other optoelectronic devices, we fabricated OLEDs with
the prototypical Tris-(8-hydroxyquinoline)aluminum (Algs) as the emitting material,
sandwiched between MeO-TPD as the hole transport layer and bathophenanthroline (BPhen)
as the electron transport layer (see Fig 5 a). We show the luminance-voltage curves in Fig. 5
d and the J-V curves in the inset. We observe an increase in current density for any given
applied voltage in forward bias, for OLEDs where the MeO-TPD layer is doped with DMSO-
HBr or DMSO-HBr-CSA, in comparison to the undoped device. At ~18 V applied voltage,
electroluminescence (EL) present at 552 nm for all of the devices (see Fig. S41) and both
doped devices display increased luminance as compared to the undoped device. We attribute
the improvement in the intensity of EL to the improved charge injection with the doped HTMs.
We also evaluate the performance of the OLED doped with FATCNQ as a typical p-dopant (Fig.
S42). We find that the OLEDs prepared with the widely used p-dopant FATCNQ perform
comparably to our DMSO adduct-based dopant. Even though the OLEDs doped with DMSO
adduct-based dopant are not completely optimized, it is clear that the presented doping
method and materials could be useful in OLEDs as well in perovskite solar cells, while also

retaining distinct advantages.
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Figure 5| Usage of adduct-based dopants in optoelectronic devices. a, Schematic of the
organic thin film transistor (OTFT: left), perovskite photovoltaic device (Middle) and the
organic light emitting device (OLED: right).b, Current-voltage characteristics of DMSO-HBr-
doped C16 IDT-BT based OTFT ¢, Current density-voltage curves of the solar cells with
different dopants and counterions, Inset: stabilized power output (SPO) for the respective
perovskite solar cells at a fixed maximum power point voltage. d, luminescence-voltage curve
for the OLEDs with different dopants and counterions, inset: Current density-voltage curves
of the OLEDs.

Table 1| Device performance parameters of perovskite solar cells doped with DMSO-

adducts based dopant and Li-TFSI-Oxygen.

Doping method Jsc Voc (V) FF PCE (%) Rs SPO (%)
(mA cm?) (Ohm.)
Li-TFSl-oxygen 22.8 1.08 0.76 18.7 39.9 18.2
DMSO-HBr 23.2 1.14 0.79 21.1 38.9 19.8
DMSO-HBr-CSA 23.5 1.11 0.81 21.3 32.5 20.1
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In conclusion, we have demonstrated a DMSO-adduct based p-doping scheme,
applicable to a variety of organic HTMs ranging from small molecules to polymers. From
understanding the doping mechanism, we have decoupled the dopant from the counter ions,
allowing the electronic and physical properties and thermal stability of the doped HTM to be
tuned separately. We also demonstrate that asymmetric doping is possible, using our adduct
based doping method. Finally, we have shown the usage of the doped organic layers organic
thin film transistors, perovskite solar cells and in OLED showing improvements in performance
in all the cases. The p-doping method which we have presented here is not restricted to the
DMSO-HBr adduct. In principle, it can be extended to other adduct systems where different
sulfoxide containing molecules in combination with different activators should be feasible,

highlighting a new avenue to pursue for controlled doping of organic semiconductors.
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