
Amplifying Hole Extraction Characteristics of
PEDOT:PSS via Post-treatment with Aromatic
Diammonium Acetates for Tin Perovskite
Solar Cells
Donghoon Song, Hao Li, Yuanze Xu, and Qiuming Yu*

Cite This: ACS Energy Lett. 2023, 8, 3280−3287 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We modify the PEDOT:PSS hole transport layer
(HTL), commonly adopted for high-performance tin perovskite
solar cells (TPSCs), via post-treatment of its surface using
aromatic diammonium acetate salts dissolved in a highly
volatile but interactive solvent. The solvent partly etches
excessive insulating PSS while enabling tight anchoring of the
salts to the PEDOT:PSS HTL. The salts improve not only the
PEDOT:PSS/perovskite interface but also the top surface of tin
perovskite thin films, leading to reduced interface defects, larger
built-in potentials, and suppressed perovskite pinhole defects.
In addition, the salts transform the PEDOT structure from
benzoid to quinoid and depopulate excessive hole charge
carriers to promote hole extraction. Consequently, TPSCs attain a high efficiency of 12.1% under standard 1 sun light
illumination and impressive stability without encapsulation for ∼2800 h under an N2 atmosphere. We developed a
straightforward but impactful method to modify PEDOT:PSS for broader applications.

Tin perovskite solar cells (TPSCs) stand at the forefront
as toxicity-lean technology, featuring compelling
properties, including, for example, large light absorp-

tion coefficient, small exciton binding energy, ideal bandgap,
slow hot-carrier cooling, and high charge carrier mobility.1−7

Especially, tin perovskites are adjustable to a bandgap of ∼1.34
eV, which is optimal for single-junction solar cells according to
the Shockley−Queisser limit.8 Beyond merely a toxicity issue,
such superb properties drive TPSCs to an efficiency of power
conversion (PCE) close to 15%.9,10 To close the gap with that
(∼26%) of lead counterparts,11 tailoring tin perovskites to
mitigate fast crystallization and Sn(II) oxidation and designing
their interfaces to attain efficient and stable charge collection
have proceeded.9,10,12−20 Irrespective of what types of tactics
are attempted, present-day TPSCs feature poly(3,4-ethyl-
enedioxythiophene) polystyrenesulfonate (PEDOT:PSS) as a
hole transport layer (HTL) due to the high performance and
reproducibility in an inverted planar architecture.9,10,13−19 The
PEDOT:PSS benefits from the demanding properties for
TPSCs, including a suitable work function (WF: ∼5.0−5.2
eV), decent conductivity, and dopant-free nature.21,22 How-
ever, it is desired to modify the PEDOT:PSS thin films to be
better suited to TPSCs.

Among various HTLs, PEDOT:PSS suffers from high
recombination velocity at the interface with perovskite, and
it becomes more problematic with the decrease of perovskite
film thickness (cf. film thickness: ∼200 nm for tin perovskites
vs ∼500 nm or greater for lead perovskites).23 Additionally,
PSS is enriched at the surface, making it electrically insulating
and hygroscopic.21,24 Particularly because of the hygroscopic
nature, residual water may be unavoidable upon ambient air
annealing according to thermal analysis,25 and it is likely during
processing and storage even in a glovebox.21 The permeation
of ions across the PEDOT:PSS interface (i.e., electrochemical
doping) to destabilize perovskite crystals could also occur.1,21

On the other hand, it is generally accepted that defects in
perovskites are more abundant at the interfaces of charge
transport layers and perovskite films than in perovskite bulk,

Received: March 17, 2023
Accepted: July 6, 2023

Letter

http://pubs.acs.org/journal/aelccp

© XXXX American Chemical Society
3280

https://doi.org/10.1021/acsenergylett.3c00583
ACS Energy Lett. 2023, 8, 3280−3287

D
ow

nl
oa

de
d 

vi
a 

Q
iu

m
in

g 
Y

u 
on

 Ju
ly

 2
1,

 2
02

3 
at

 1
9:

27
:2

4 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donghoon+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanze+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiuming+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsenergylett.3c00583&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00583?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00583?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00583?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00583?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00583?fig=tgr1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsenergylett.3c00583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf


which can act as traps for nonradiative recombination.26 We
posit that tin perovskites coming into contact with
PEDOT:PSS could not be free of this issue. Tailoring the
interface toward an efficient and stable extraction of hole
charge carriers remains a grand but necessary challenge in this
regard.
We tackle this challenge via post-treatment of PEDOT:PSS

using aromatic diammonium acetate salts dissolved in a highly
volatile but interactive solvent. The experimental scheme of
post-treatment is described in Figure 1a. We synthesized the
salts of 3-(aminomethyl)pyridinium acetate and 4-
(aminomethyl)pyridinium acetate, abbreviated hereafter as
3AMPY(Ac)2 and 4AMPY(Ac)2, respectively. The synthesis
details are given in the Supporting Information, and the
chemical structures are displayed in Figure 1a. To dissolve
3AMPY(Ac)2 and 4AMPY(Ac)2, we selected 1,1,1,2,2,2-
hexafluoro-2-propanol (HFP) as a solvent; the solution
concentration was optimized to be 0.5 mM as tested in the
range of 0−5 mM (Figure S1 and Table S1). HFP has a similar

dielectric constant as 2-propanol and is able to dissolve a large
family of organic salts, including 3AMPY(Ac)2 and 4AMPY-
(Ac)2.

27 HFP is a fluorinated solvent that forms strong
hydrogen bonds with the functional group −SO3H in PSS as
depicted in Figure 1b. This interaction can result in a slight
removal of PSS along with the evaporation of HFP. It also
helps the insertion of 3AMPY(Ac)2 and 4AMPY(Ac)2 in the
top-enriched PSS for further interaction with the PEDOT:PSS
layer. On the other hand, HFP undergoes quick evaporation
even at room temperature due to the high volatility, likely
modifying the surface rather than the bulk. The atomic force
microscopic (AFM) images show non-noticeable changes to
the surface morphologies and roughness of the post-treated
PEDOT:PSS films compared to the pristine one (Figure S2).
We highlight that our post-treatment is in striking contrast
with blending PEDOT:PSS with additives as the bulk
properties of PEDOT:PSS are varied in those treatments.21

We discuss the merits of the molecular structures of
3AMPY(Ac)2 and 4AMPY(Ac)2 for the post-treatment of

Figure 1. Schematic illustrations of (a) process and (b) mechanism of post-treatment onto the PEDOT:PSS HTL whose interface in a device
is described in panel c. In panels b and c, only 4AMPY(Ac)2 is described for simplicity.
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PEDOT:PSS and propose possible mechanisms as illustrated
in Figure 1b,c. Even though diammonium cations are capable
of tightly bridging and passivating dual-sides of PEDOT:PSS
and perovskite by leveraging two active groups in a single
molecule, to the best of our knowledge, their utility has not yet
been identified to date among the so-far explored materials
applied to PEDOT:PSS in TPSCs.28−34 Aromatic diammo-
nium cations are beneficial for the PEDOT:PSS interface
passivation in several aspects. Compared with aliphatic chains,
aromatic rings are hydrophobic and rigid, which are advanta-
geous for long-term operation. The larger dielectric constants
offer faster charge transfer.35 Diammonium cations like
3AMPY2+ and 4AMPY2+ can interact with PSS− in
PEDOT:PSS and halides in perovskite through the two cation
groups in one molecule, as illustrated in Figure 1b,c. The
interaction of 3AMPY2+ and 4AMPY2 with PSS− can modify
the doping level of PEDOT.36 The meta and para position
−NH+ in 3AMPY2+ and 4AMPY2+, respectively, varies the
degree of charge delocalization by the resonance of aromatic
rings, which can affect the electrostatic interactions and
hydrogen bonding of ammonium groups with the adjacent
counterions and halides.35 Acetate anions also have multiple
impacts on both PEDOT:PSS and tin perovskites. Acetate
could deprotonate PSSH to PSS− in the PEDOT:PSS top
surface to reduce surface acidity while allowing tight anchoring
of 3AMPY2+ and 4AMPY2+ via an ionic bond (Figure 1b).
Acetate could retard the rapid crystallization of tin perovskite
and passivate the Lewis acidic sites via the coordination with
Sn2+ and the occupation of halide vacancy (Figure 1c).37

Holistically, our aromatic diammonium acetate salts can
become an excellent choice for the modification of
PEDOT:PSS and improvement of the interface and perovskite
quality.
High-resolution X-ray photoelectron spectroscopy (XPS)

was utilized to examine the top ∼10 nm surface of the
PEDOT:PSS. The presence of 3AMPY(Ac)2 and 4AMPY-
(Ac)2 is probed by the XPS spectra of carbon (C 1s) and
nitrogen (N 1s) in Figure 2a−d. The binding energies of the

C−H/C−C, C−O/C−N, C−S, and COO− peaks are 284.8,
285.8, 286.9, and 291.4 eV, respectively. Especially, the COO−

peak emerges from acetate. The peaks with the binding
energies of 402.3 and 401.7 eV are due to −NH+ and
−CH2NH3

+ respectively. Noticeably, 4AMPY(Ac)2 emerges an
additional peak of NH at a binding energy of 400.0 eV, which
is likely due to the resonance structure. Figures S3a and b
presented in the Supporting Information contain the XPS
spectra of two sulfur (S 2p) bands corresponding to PSS and
PEDOT. The dominance of PSS peaks indicates the excessive
and surface-enriched PSS.21,24 The integral ratios of PEDOT
and PSS are slightly reduced to 0.11 for both PEDOT:PSS
films treated with 3AMPY(Ac)2 and 4AMPY(Ac)2 compared
to that of 0.12 for the pristine PEDOT:PSS film,48 meaning a
slight loss of PSS. This is further corroborated by light
absorption spectra (Figure S4) where the absorption by the
aromatic ring of PSS near ∼220−240 nm21,24 decreases
slightly. On the whole, we confirm that the post-treatment
slightly removes the excessive PSS while firmly anchoring
3AMPY(Ac)2 and 4AMPY(Ac)2 into the top surface of
PEDOT:PSS. It is worthwhile to mention that the slight
etching leaving residual PSS behind is beneficial for the
mechanical flexibility, work function, and smooth surface.
Moreover, the etching occurring in the N2-filled glovebox
might reduce surface moisture for longevity.
Post-treatment-induced dedoping of PEDOT is shown by

the light absorption spectra where the absorption intensities of
the peaks corresponding to polaron (∼900 nm) and bipolaron
(∼1200 nm) oxidative states of PEDOT are decreased
compared to those of the pristine film.21,24 The dedoping
diminishes the density of excessive hole charge carriers, boding
well for interface recombination between PEDOT:PSS and
perovskite.23

Raman spectra presented in Figure 2f offer a more detailed
PEDOT structural change due to dedoping. Specifically, the
peaks correspond to the Cβ=Cβ′ vibration at 1361 cm−1,
Cα=Cβ symmetric stretching vibration at 1440 cm−1, Cα=Cβ
asymmetric stretching vibrations at 1504 and 1570 cm−1, and

Figure 2. XPS spectra of (a, b) C 1s and (c, d) N 1s of the post-treated PEDOT:PSS with 3AMPY(Ac)2 and 4AMPY(Ac)2. Comparison of (e)
light absorption spectra, (f) normalized Raman spectra, (g) energy diagram, and (h) electrical properties of the post-treated PEDOT:PSS
with 3AMPY(Ac)2 and 4AMPY(Ac)2 to those of the pristine PEDOT:PSS.
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the splitting of the asymmetric vibrations at 1534
cm−1.21,24,38,39 Noticeably, the symmetric vibration band
becomes narrower and red-shifted for the post-treated
PEDOT:PSS films, indicating the change of PEDOT
conformation from benzoid to qunoid. The asymmetric
vibrations at 1534 and 1570 cm−1 are slightly weakened due
to the dedoping.21,24,38,39 The linear-like qunoid conformation
benefits charge carrier transport.
We also conducted ultraviolet photoelectron spectroscopy

(UPS) measurements to study the effect of post-treatment on
the electronic properties of PEDOT:PSS. The resulting UPS
spectra are presented in Figure S5, and the complete energy
landscape is depicted in Figure 2g. Above all, the calculated
HOMO levels are well-suited for hole extraction from tin
perovskites.1,6,9,40 For the pristine PEDOT:PSS, the Fermi and
highest occupied molecular orbital (HOMO) levels are very
close, with an energy difference of 0.01 eV due to the high p-
doping. The energy gap between the Fermi level and HOMO
was calculated to be 0.36 and 0.26 eV for the PEDOT:PSS
films post-treated with 3AMPY(Ac)2 and 4AMPY(Ac)2,
respectively. This result, in line with the light absorption,
corroborates the dedoping. On the other hand, the UPS
spectra allowed us to calculate WFs of 5.07 eV (pristine), 4.91
eV (3AMPY(Ac)2), and 4.98 eV (4AMPY(Ac)2). Two aspects,
discussed below, need to be considered in our case. The
lowered content of PSS can reduce a WF to some extent.33

However, we speculate that the removal of PSS is too slight for
such a noticeable WF reduction, so that it would not become a
determinant. Instead, we posit that it is attributable to
alteration in the local electric dipoles between PEDOT+ and
PSS−, which can be screened by adjacent ions.36 The alteration
can even be modulated with respect to increasing ion size. In
our case, a small cation of H+ in PSSH is replaced with the
bulky cation such as 3AMPY2+ or 4AMPY2+.
Since the energy landscape altered by the dedoping can

affect electrical properties, we measured conductivity and
contact resistance using a transmission line method. The

results are presented in Figure 2h. Despite the dedoping, the
conductivity remains nearly unaltered, 12 mS cm−1 (pristine)
to 11 mS cm−1 (3AMPY(Ac)2 and 4AMPY(Ac)2). Impor-
tantly, the contact resistance significantly drops from 3.1 MΩ
(pristine) to 2.5 MΩ (3AMPY(Ac)2) and 2.3 MΩ (4AMPY-
(Ac)2). The counteraction of the electrically enhanced surface
PEDOT:PSS by the diminished PSS and benzoid structure to
dedoping can account for this. The slight variance in contact
resistance between 3AMPY(Ac)2 and 4AMPY(Ac)2 follows the
dedoping level trend. Considering Figures 1 and 2, we identify
that post-treatment fosters the excellent surface states of
PEDOT:PSS requiring stable and efficient hole extraction in
TPSCs.
Robust tin perovskites against oxidation are pivotal to

evaluating the validity of post-treatment, for which we
incorporated an effective reductive additive of phenylhydrazine
hydrochloride (PhCl)41 into the tin perovskite (Figure S6).
The perovskite composition is described in the Experimental
Section in the Supporting Information. Figure S7a exhibits X-
ray diffraction (XRD) patterns of the final perovskites
deposited onto the PEDOT:PSS. Two dominant peaks,
corresponding to (100) and (200) planes,10 appear and are
alike for all samples.10 Figure S7b shows light absorption
spectra where the tin perovskites increase the absorption to a
noticeable extent on the PEDOT:PSS treated with 3AMPY-
(Ac)2 and 4AMPY(Ac)2. Meanwhile, top-view scanning
electron microscopy (SEM) images (Figure S8) show the
emergence of nanoscale and shallow pinholes in the tin
perovskite on the pristine PEDOT:PSS. However, the pinholes
are eliminated upon post-treatment, particularly by 4AMPY-
(Ac)2. We posit that post-treatment can suppress the rapid
perovskite crystallization by the coordination of acetate with
Sn2+ toward reducing the pinholes without the expense of the
crystallographic properties (Figure S7a). Taking into account
that the light absorption could be weakened by the PEDOT
dedoping, the slightly increased light absorption becomes more
evident, and on the other hand, this can be attributed to the

Figure 3. Photovoltaic performance of the post-treated TPSCs adopting PCBM as an ETL unless otherwise stated and measured in a
glovebox. (a) Representative J−V curves where an asterisk mark means the ETL by ICBA. (b) IPCE spectra. (c−f) Statistical distribution of
photovoltaic parameters. (g) MPP tracking recorded in a glovebox. (h and i) PCE evolution under dark conditions. (j) The best J−V curve
extracted at the peak in panel i.
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morphological improvements. Overall, post-treatment enables
the formation of tin perovskites with morphologically and
optically enhanced properties.
We fabricated TPSCs possessing an inverted planar device

structure of ITO/PEDOT:PSS/3AMPY(Ac)2 or 4AMPY-
(Ac)2/tin perovskite/PCBM/BCP/Ag as sketched in Figure
1c. Their photovoltaic performance, evaluated at standard 1
sun illumination (AM 1.5G, 100 mW cm−2), is presented in
Figure 3a and Table S2. All devices show minimal hysteresis
(Figure S9).9,10,42 Overall, post-treatment did not bring an S-
kink in the J−V curves, which often appears by the formation
of a hole extraction barrier. Instead, it steepens slopes at the
open-circuit voltage (VOC) for lower series resistances. These
results corroborate that post-treatment is not hindering charge
transfer but rather strengthening it owing to the lowered
contact resistances. As a result, the TPSCs significantly raise a
PCE from 5.2% to 6.1% by 3AMPY(Ac)2 and 6.4% by
4AMPY(Ac)2 driven by a concurrent rise in all photovoltaic
parameters, VOC, short-circuit current density (JSC), and fill
factor (FF), listed in Table S2. Besides the charge transfer, the
origin of the supreme PCE by 4AMPY(Ac)2 can arise from
charge recombination and is discussed in the following
sections.
In order to gain generality, we replaced the ETL with ICBA.

ICBA can raise VOC due to the higher energy level of the
lowest unoccupied molecular orbital (LUMO) and suppressed
iodide remote doping for an effective buildup of electrons
toward increasing photovoltage.43 In Figure 3a, without
sacrificing the photovoltaic performance trends, the ICBA
boosted VOC from 0.526 to 0.800 V for 4AMPY(Ac)2, thereby
upgrading its PCE to 10.3% (cf. 7.3% and 10.1% for pristine
and 3AMPY(Ac)2, respectively). Figure 3b embraces the
incident photon-to-current conversion efficiency (IPCE).
Basically, the integrated photocurrent density matches well
with JSC in the J−V curves. The IPCE increases by ∼10% over
the entire light wavelength region for 3AMPY(Ac)2 and
4AMPY(Ac)2. IPCE is an output of coupled effects of light

absorption and charge collection. Assuming that the light
absorption effect is less dominant and the separation of exciton
will be instant due to the low exciton binding energy of tin
perovskites,1 the IPCE rise can stem from superior charge
collection. In Figure 3c−f, the statistical distribution of
photovoltaic parameters was attained from 21 devices in
which the excellent reproducibility of post-treatment is
manifested by their minimal spreads, which are especially the
least for 4AMPY(Ac)2.
For practical use, it is highly required to examine how post-

treatment impacts device stability, for which we performed
maximum power point (MPP) tracking under standard 1 sun
light illumination (40 min) and dark storage measurements
(∼2800 h), respectively, in the absence of encapsulation. The
results of MPP tracking are listed in Figure 3g. Above all, the
current density rises in all devices and peaked at ∼113% of the
initial value for pristine devices and ∼117% for 3AMPY(Ac)2
and 4AMPY(Ac)2. The origin of the rise can be associated with
Sn(IV) in tin perovskites. The presence of Sn(IV) is nearly
inevitable currently due to the easy disproportionation of
Sn(II) and surrounding species, including I2 and oxygen.1,41,44

PhCl is reductive to Sn(IV) and also I2 to stabilize not only the
perovskite solution but also the perovskite film.41,44 On the
other hand, the photoreduction of another Sn(IV) healing
process (SnI4 + hν → SnI2 + I2) can take effect.

14,45 Since PhCl
can enter into the crystal lattice,41 the Sn(IV) reduction by
both light and PhCl occurs over the entire cross section of tin
perovskite films and can be synergistic accounting for the
remarkable current rise. On the other hand, the more
prominent rises by the 3AMPY(Ac)2 and 4AMPY(Ac)2 can
be a result of the effective interface passivation against the
stressors such as oxygen, water, and/or ion migration.1,41,44

Figure 3h showcases the results of dark storage measure-
ments. In contrast to the pristine attainment of merely above
90% of the initial PCE, the 3AMPY(Ac)2 and 4AMPY(Ac)2 go
far beyond 100% of the initial PCE on account of a concurrent
rise in all photovoltaic parameters (Figure S10). At the peak,

Figure 4. Plots of (a) Mott−Schottky, (b) Rrec vs bias voltage, and plots of (c) VOC, (d) JSC, and (e) FF vs LI (0.05−1 sun), measured with the
devices with the PCBM ETL.
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the 3AMPY(Ac)2 and 4AMPY(Ac)2 increase PCE from 6.1%
and 6.4% to 7.2% and 7.5%, respectively. Interestingly, the
PCE rise requires longer periods of time (roughly, 500 h) in
contrast to the MPP tracking results. The dark storage
measurements invite the short-time exposure (<1 min) of
light and bias voltage scanning for each data point to repair
Sn(IV) and hence increase PCE in a relatively slower manner.
Despite this, 3AMPY(Ac)2 and 4AMPY(Ac)2 benefit from the
robust PEDOT:PSS interface, as well as the Sn(IV) repair, to
firmly counteract the aforementioned stressors and to augment
the PCE with time (∼2800 h). On the contrary, the pristine
sample is seemingly helpless with the stressors so as to cancel
the Sn(IV) repair effect and to bring no progress in the PCE
evolution. As ICBA takes the place of PCBM, analogous results
on device aging emerged (Figures 3i and S11). In both ETLs,
simultaneous increases in VOC and JSC at ∼900 h are identified.
However, ICBA seemingly resulted in the more prominent
rises in JSC, which would be attributable to its high tolerance to
the stressors by the hydrophobicity46,47 and suppressed iodide
doping.43 Most importantly, the PCE of 4AMPY(Ac)2 reached
an impressively high value of 12.1% after ∼900 h (Figure 3j
and Table S2), confirming the great potential of post-treatment
for high-performance TPSCs. To the best of our knowledge,
this is the best efficiency among TPSCs adopting the modified
PEDOT:PSS HTLs (Table S3).
Figure 4a shows Mott−Schottky plots obtained to examine

the interfacial properties of the devices in terms of built-in
potential (Vbi) and charge carrier density (N). The values of
Vbi and N were calculated from the x-axis intercept and straight
negative slope (marked as a broken line), respectively (details
are provided in the Supporting Information). The negative
slope reflects the character of p-type semiconductors. The
obtained Vbi was 0.390, 0.429, and 0.434 V, and the N was
4.41, 3.70, and 3.63 × 1016 cm−3 for pristine, 3AMPY(Ac)2,
and 4AMPY(Ac)2, respectively. Overall, the perovskites are
superior in N values to other tin perovskites42 and even slightly
greater than certain tin−lead perovskites.48 The decreasing N
indicates fewer defects in the tin perovskites and hence
reduced recombination, while the increasing Vbi represents
better separation and collection of charge carriers across the
interfaces. In the steady-state photoluminescence (PL) spectra
of Figure S12, it is revealed the reduced defects are due to the
eliminated tin vacancies likely generated by Sn4+ formation.1

Even though post-treatment shifts Ef upward, Vbi is rather
increased toward narrowing the deficit between VOC and Vbi.
Larger Vbi for the devices with the post-treated PEDOT:PSS
could be attributed to the mitigation of Fermi level pinning,49

which is achieved by effective interface passivation by the
divalent cations and acetate anions as depicted in Figure 1c.
Consistently, 4AMPY(Ac)2 attains the most desirable inter-
facial properties of Vbi and N owing to the best interface
formation.
Impedance spectroscopy (IS) can correlate the interfacial

properties with charge recombination kinetics in the devices.
The raw IS spectra are presented in Figure S13, whose validity
was assessed by the stable device performance after the IS
measurements, as shown in Figure S14. Following the raw data
fitting, the spectra of Figure 4b are produced to show the
recombination resistance of Rrec plotted as a function of the
bias voltage. The Rrec values are similar to those of the planar
TPSCs and greater by approximately 10-fold than those of the
mesoporous devices in spite of the varied condi-
tions.41,42,45,50,51 Over the entire bias voltage range, higher

Rrec values corresponding to suppressed interface recombina-
tion were endowed with 3AMPY(Ac)2 and 4AMPY(Ac)2.
Evidently, the 4AMPY(Ac)2 attains the greatest Rrec values,
which are closely associated with the fewest defects and largest
built-in potential together with the reduced excessive hole
charge carriers by the dedoping of PEDOT.
Carrying out measurements of VOC, JSC, and FF of devices

under various light intensities (LIs) deepens insights into
charge recombination kinetics. In Figure 4c showing the VOC−
LI plots, the ideality factors (n) were obtained to be 1.95, 1.59,
and 1.56 for pristine, 3AMPY(Ac)2, and 4AMPY(Ac)2,
respectively. Bimolecular recombination dominates as the n
value approaches 1, and in contrast, trap-assisted recombina-
tion dominates as the n value is closer to 2.52 The principal
reason for the n value being between 1 and 2 is that the trap
density of the tin perovskites (>1016 cm−3) exceeds the
photogenerated charge density (≤1015 cm−3).1 Nonetheless,
post-treatment takes effect toward suppressing trap-assisted
recombination markedly. Figure 4d exhibits the JSC−LI plots,
whose slopes enable the calculation of scaling exponent (α)
values. While an α value close to 1 is desirable, the obtained α
values are 0.98 for pristine and 1.00 for 3AMPY(Ac)2 and
4AMPY(Ac)2. We note that all of the α values are in a similar
range, indicating the space-charge effect is negligible.53 Figure
4e contains FF−LI plots where FF rises by ∼0.18, ∼0.11, and
∼0.07 for pristine, 3AMPY(Ac)2, and 4AMPY(Ac)2, respec-
tively. This FF evolution is distinct from that of lead PSCs.52

We posit that the abundant background current that is
independent of light intensity becomes pronounced at low
light intensities, accounting for such FF evolution. Never-
theless, it is important to remark that post-treatment is
effective to avoid FF evolution in particular with the
4AMPY(Ac)2. By the above analysis on the charge kinetics,
we now confirm that the suppressed interface recombination,
evident with the IS spectra, originates from the reduced trap-
assisted recombination thanks to the ameliorated interface of
PEDOT:PSS and tin perovskite by post-treatment.
In this research, we explicitly show how to customize the

commercial product of PEDOT:PSS via ameliorating its
surface with aromatic diammonium acetate salts while
preserving the essential properties in bulk toward amplifying
hole extraction characteristics for tin perovskite solar cells with
high efficiency and longevity. The materials and methodologies
of our development can be extended to other perovskite- and
PEDOT:PSS-based bio, energy, and electronic applications.
Moreover, they can expand on surface and interface engineer-
ing to gain broader scope, thereby laying a critical bridging
stone on paths to diverse applications.
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