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1. Introduction

Metal halide perovskites are promising light absorbers for multijunction

photovoltaic applications because of their remarkable bandgap tunability,
achieved through compositional mixing on the halide site. However, poor
energy-level alignment at the interface between wide-bandgap mixed-halide
perovskites and charge-extraction layers still causes significant losses in
solar-cell performance. Here, the origin of such losses is investigated, focusing
on the energy-level misalignment between the valence band maximum

and the highest occupied molecular orbital (HOMO) for a commonly
employed combination, FA, 4;Cs, ;;Pb(l;,Br,); with bromide content

x ranging from 0 to 1, and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA). A combination of time-resolved photoluminescence spectroscopy
and numerical modeling of charge-carrier dynamics reveals that open-circuit
voltage (Vo) losses associated with a rising energy-level misalignment derive
from increasing accumulation of holes in the HOMO of PTAA, which then
subsequently recombine non-radiatively across the interface via interfacial
defects. Simulations assuming an ideal choice of hole-transport material

to pair with FA, 3;Cs, 1;Pb(l,Br,); show that such V. losses originating
from energy-level misalignment can be reduced by up to 70 mV. These
findings highlight the urgent need for tailored charge-extraction materials
exhibiting improved energy-level alignment with wide-bandgap mixed-halide
perovskites to enable solar cells with improved power conversion efficiencies.

Metal halide perovskites (MHPs) have been
in the limelight as light-harvesting mate-
rials in next-generation “perovskite” solar
cells that have demonstrated an unprece-
dentedly rapid improvement. Their certi-
fied power conversion efficiencies (PCE)
have risen to 26.1% over the past decade,
approaching the record efficiency of crys-
talline silicon (c-Si).!} Such success de-
rives from their excellent optoelectronic
properties including high optical absorp-
tion coefficients near 10° cm™1,12] sharp
absorption edges with Urbach energies
as small as 15 meV,’] low exciton bind-
ing energies similar to thermal energy at
ambient temperature,* sufficiently slow
electron-hole recombination rates of ~#10~1°
cm’s71 ) relatively low defect densities
even for materials processed with sim-
ple solution or evaporation methods,[®!
and long charge-carrier diffusion lengths
of a few um.”! In addition, the ease of
bandgap tunability of lead mixed-halide
perovskites from =1.5-2.3 eV through
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simple adjustment of the ratio between iodide and bromide
on the X site of the ABX, crystal makes them particularly appeal-
ing for use in multijunction solar cells.’®] For example, ¢-Si:MHP
tandem solar cells are theoretically capable of achieving a PCE
of 45.3%,1°! significantly surpassing the thermodynamic limit
of a single-junction solar cell.l'®) However, the actual record
PCE reported for state-of-the-art ¢-Si:MHP tandem solar cells
is currently only 33.9%,! highlighting that significant losses
persist.

One of the main challenges of two-terminal tandem solar cells
is to ensure current-matching between the subcells while max-
imizing open-circuit voltages (V) of each subcell in order to
optimize overall PCE.[%! Such current matching requires care-
ful choice of the bandgaps of the constituent semiconductors.
Since the bandgap of ¢-Si in the bottom cell is fixed, this necessi-
tates tuning of the perovskite top cell in order to achieve a wide-
bandgap perovskite (WBP) with a bandgap greater than 1.7 eV.
However, it has been widely observed that the average V- losses
increase with increasing bandgap when identical transport layers
are used.[®®!!] Identifying the cause of such loss mechanisms in
WBPs has therefore emerged as a prominent challenge toward
the goal of achieving high-performance silicon-perovksite tan-
dem solar cells. Several key factors affecting V. losses in WBPs
have been identified, including bulk non-radiative losses, interfa-
cial losses, and halide segregation under illumination or electric
bias, during which the initial mixed iodide and bromide phases
segregate to form iodide-rich and bromide-rich phases./®>!112]
Initially, halide segregation was suspected to be the main source
of Vg losses because the formation of the iodide-rich phases
with a narrower bandgap,!'?®! and channeling of charge carri-
ers into these phases,['*] would ultimately limit the quasi-fermi
level splitting (QFLS) to a lower value than that achievable in the
original mixed-halide material. However, recent research instead
stipulated that non-radiative losses occurring at the interface be-
tween the MHP and transport layers are a far more prominent
source of losses than those arising from halide segregation.[*>11]
Through the development of novel transport layers with better
energy-level alignment, surface passivation techniques, and fab-
rication process methods, a state-of-the-art ~1.7 eV WBP has re-
cently managed to achieve a V¢ of just over 1.3 V, correspond-
ing to 80 mV of V¢ loss with respect to the Shockley-Queisser
limit.["}] Notably, this substantial increase in V. was realized
through a treatment based on 1,3-propane-diammonium iodide
(PDA), which significantly reduces V. losses originating from
the WBP:C60 interface.['33] In this case, the losses occurring at
the WBP:hole transport layer (HTL) interface becomes the limit-
ing factor on which further improvement must focus.''>** Im-
portantly, such losses at WBP:HTL interfaces will become even
more significant for a 2 eV bandgap WBP, which offers an ideal
bandgap for the top cell in perovskite/perovskite/c-Si triple junc-
tion solar cells.[''#15] Therefore, in order for WBPs and the asso-
ciated tandem solar cells to reach their full potential, an under-
standing and mitigation of the interfacial losses at the WBP:HTL
interface will be critical. However, the extent of interfacial losses
with increasing energy-level misalignment and their link with
charge-carrier dynamics as well as the resulting loss mechanisms
have not been fully understood.['1¢122.14b.16]

In this work, we investigate the photophysical origin of
losses at the interfaces between films of the prototypical WBP
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FA,4;Csy4,Pb(I;,Br,); with bromide content varying 0 < x <1
and the frequently implemented HTL poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA). We explore how such interfacial
losses depend on the varying energy-level misalignment between
the valence band maxima (VBM) of the WBPs and the highest oc-
cupying molecular orbital (HOMO) of PTAA by applying a global
kinetic model based on experimentally recorded time-resolved
photoluminescence (TRPL) decays. FA 4;Cs,,Pb(I,Br,); thin
films were coated with either PTAA, or poly(methyl methacry-
late) (PMMA) as an inert reference, and characterized through X-
ray diffraction, optical absorption, photoluminescence, and THz
conductivity probes, to ascertain that representative high-quality
MHPs had been fabricated across the different bromide contents.
We show through a combination of steady-state PL and TRPL
that the presence of a PTAA hole-extraction layer introduces ad-
ditional non-radiative recombination processes which become
more significant with increasing energy-level misalignment with
the WBP. We develop a kinetic model that includes a range of
dynamical charge-carrier processes occurring at the MHP:PTAA
interface, such as hole transfer, hole back transfer, and across-
interfacial recombination. Through a correlation of such global
modeling with experimental TRPL traces, we reveal that the com-
bination of an increasing degree of hole accumulation, which
is defined as the ratio of hole transfer rate to hole back trans-
fer rate, and subsequent across-interfacial recombination signif-
icantly enhance non-radiative losses with increasing energy-level
misalignment. We show that while the early TRPL dynamics are
mainly influenced by hole transfer to the HOMO of PTAA, the
later TRPL dynamics are determined by across-interfacial recom-
bination with the amplitude of the late TRPL dynamics deter-
mined by the degree of hole accumulation. We further quanti-
tatively assess the extent to which defect-assisted recombination
contributes to the dynamics. Based on such complete mapping
of individual dynamic processes followed by charge carriers in
time, we identify that for the scenario of an ideally matched HTL,
elimination of such loss processes could recover V. losses by 41
and 70 mV for 1.7 and 2.0 eV MHPs, respectively. Our findings
provide essential fundamental understanding of the dominant
non-radiative losses currently occurring at the interface of WBPs
with hole extraction layers and pave the way for the design and
development of more suitable HTLs with ideal energy-level align-
ment.

2. Results and Discussion

2.1. Optoelectronic Properties of FA, 4,Cs, ,,Pb(l,,Br,);

Thin films of FA,g4;Cs,,,Pb(I,,Br,); with bromide content x
ranging from 0 to 1 with an increment of 0.1 were fabricated
through a solution-casting method, as described in Section S1
(Supporting Information), and subsequently coated with a film
of either PMMA or PTAA. While PMMA acts as an electron-
ically inert encapsulating layer preventing accelerated degrada-
tion, e.g. induced by moisture or air under illumination, 12419
PTAA acts as a HTL, which has proven to work well across
the full compositional range investigated.!'1#<12416¢18] The struc-
ture of such “half stack” architectures is schematically shown
in the inset of Figure 1a. To illustrate the electronic alignment
at the MHP:PTAA interfaces, Figure 1a shows the band edge

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U017 SUOWIWOD A0 3|edl|dde aus Aq peueAob aie Sejoile O ‘8SN JO'S3INJ 10} Akl 8UlUO AB|IAA LD (SUOIPUOD-pUR-SWBHW0D A8 1M AIq Ul UO//:SdNy) SUOIPUOD pue Swie | 841 88S [202/60/LT] U A%iq18ulluo A8|iM ‘UerIpog piojxO JO AISRAIUN AQ Z50TOFZ0Z WiPe/Z00T OT/I0p/W0d A8 |Im AIq Ul uo//:SANy Wo.j pepeojumod ‘0F ‘¥20z ‘820€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED ADVANCED
SCIENCE NEWS FUNCTIONAL

www.advancedsciencenews.com

www.afm-journal.de

A T T T T T T T
sk E ll D[ﬂ L... CB 180 @ PLFWHM ‘nf 50
: by 38 2 o }
3 150
N | PMMA or PTAA £ 140 3
O | i FAWCs.,.n(h.xBr‘)s = ®e £
g -5.20 . Quartz = E20F o o ® ® A A ) SES £
S —ssk M -5.57 g o ®
90 | A A x=1
_ A A A A 420
6.0F -6.27 1 + | + | + 1 + 1 + 1
IJ... VB T T T T T T
-esk go <=0 A
PTAA 0.0 -~ ®
Br content X ln
L 6o 0 1
6.0 E _
|E 4.0 :)’25- 40
(¥} S
S
-
S 20 20
¢ 1.0
0.0
— 0 <
£
o = !
Z ° o5
<
] : T
: M' .AA
= 00 . 00t . : . L9
14 16 1.8 24 00 02 04 06 08 1.0

Energy (eV) Br content x

Figure 1. Bulk optoelectronic properties of FA( g3Csg 17,Pb(11.Bry)3 for a range of bromide contents x ranging from 0 (red) to 1 (purple). a) Schematic
energy level diagram for the MHP:PTAA interface, showing the range of valence band maxima (VBM) and conduction band minima (CBM) energies
for FA, 33Csg 17Pb(l5,Br,)3 and the HOMO level of PTAA (brown). Energy values for the VBM of MHPs were obtained by extrapolating the ultraviolet
photoelectron spectroscopy (UPS) measurements obtained from Prathapani et al.l'’] (see Section S5 in Supporting Information for further details)
with the CBM obtained through addition of the bandgap energies to VBMs for each Br content (see Section $4.2.2 in Supporting Information). The
HOMO of PTAA is taken as the value reported by Endres et al.["®] The inset shows the bilayer structure of FA g3Csg 17Pb(l14Br,)3 thin films coated with
either PMMA or PTAA. b) Absorption coefficients (&) of FAjg3Csq 17Pb(l1Br,)3 coated with PMMA across Br contents x. c¢) Normalized steady-state
PL across Br contents x. d) Corresponding full width at half maximum of the PL spectra (PL FWHM) (see Section S6 in Supporting Information) and
absorption edge broadening parameter (yaps) (see Section S4.2 in Supporting Information). f) Effective THz electron-hole sum mobility (gpy,) where
@ is the photon-to-charge branching ratio and iy, is the sum mobility for the PMMA-coated MHP films with different Br contents x (see Section S8.1in
Supporting Information). d) Ratio of the spectrally integrated PL emerging from the PTAA-coated MHP films to that emerging from the PMMA-coated

MHP films, determined as a function of Br contents x.

energies for FA ¢,Cs, ;,Pb(I,,Br,); together with the HOMO of
PTAA, illustrating that with increasing x, the valence band max-
imum (VBM) of FA4,Cs, ;,Pb(I,,Br,); deepens with respect to
the vacuum level while the conduction band minimum (CBM)
changes relatively little. Thus, increasing x leads to a greater
energetic offset between the HOMO of PTAA and the VBM of
FA(4;Cs17Pb(I,,Br,);,["” which allows a systematic examina-
tion of the effect of such band offsets for an unaltered chemi-
cal structure of the molecular HTL. Such trends have been well
established across both theoretical and experimental literature
reports.l':20] for lead iodide-bromide perovskites. The position
of the VBM has been shown to be influenced by the hybridiza-
tion between the 6s state of Pb and np state of the halides with
a dominant contribution from the np states of the halides.[202>]
When [ is substituted with Br, the np state shifts downwards with
increasing electronegativity deepening the VBM relative to the
vacuum level. In contrast, the CBM is dominantly influenced by
the 6p state of Pb, and changes in halide content thus have mini-

Adv. Funct. Mater. 2024, 34, 2401052 2401052 (3 of 14)

mal effect on the CBM.[202>4] With general consensus across lit-
erature reports for such mixed-halide perovskites,!*”2° we here
utilize values for the VBM reported previously from ultraviolet
photoelectron spectroscopy (UPS) measurements by Prathapani
et al.l'”! for the specific compositional range we investigate (see
Section S5, Supporting Information for further details). Values
shown for the CBM were determined by us through the addition
of the optical bandgap energies calculated from Elliot fits to the
absorption coefficient spectra (see Section S4.2.2 in Supporting
Information). The HOMO energy level of PTAA is taken from
previously reported UPS measurements by Endres et al.['8]

We further characterized the basic structural and optoelec-
tronic properties of the FA4;Cs,,,Pb(I, Br,); films, confirm-
ing that these are indeed high-quality representatives and that
the intended x has been incorporated for each thin film. Grad-
ual blue shifts in the absorption edges and PL spectra, as shown
in Figure 1b,c respectively, indicate that the expected increasing
bromide content has been incorporated.l®!7?!l X-ray diffraction
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(XRD) data display the relevant XRD peaks, together with those
of typical impurities, which do not affect our analysis signif-
icantly (See Section S3 in Supporting Information). The per-
ovskite diffraction peaks show a gradual increase in 26 with in-
creasing x, indicating lattice contraction induced by the replace-
ment of larger iodide ions by smaller bromide ions.[#12¢17] We
further examine optoelectronic quality across the perovskite se-
ries with increasing bromide content. We find that both the full
width at half maximum of the photoluminescence (PL FWHM)
and the absorption edge broadening parameter (y,..) as illus-
trated in Figure 1d increase with increasing x (see Sections S6 and
S4.2 in Supporting Information respectively). In addition, the ef-
fective electron-hole sum mobilities at THz frequencies (@pry,)
as shown in Figure le decrease with increasing bromide con-
tent. While such trends may partly be influenced by an increase
in electron-phonon coupling with increasing bromide content,
driven by the increasingly polar lead-halide bond,1??! they may
also be significantly influenced by extrinsic factors, such as scat-
tering deriving from disorder, defects, and other imperfection
that increase toward the high-bromide content MHPs, similar to
previous reports.[17:23]

To investigate the impact of the HTL on the overall optoelec-
tronic quality of the half-stack architectures, Figure 1f shows
the ratio between the spectrally integrated steady-state PL inten-
sity recorded for the PTAA-coated MHP and that for the inert
PMMA-coated MHP (PLppn/PLpya)- The observed decrease
in PLppas/PLpyva With increasing bromide content x indicates
that PTAA introduces significant additional non-radiative losses,
compared to the PMMA-coated thin films, that grow markedly
with increasing bromide content. According to detailed-balance
theory,[1'®12224] sych additional non-radiative losses introduced
by PTAA will detrimentally lower the V. with respect to the
MHP bandgap. To understand the role of the MHP:PTAA inter-
face in such non-radiative losses and the reasons for their growth
with increasing bromide content, we examine the charge-carrier
dynamics occurring at such interfaces, assessing a complete set
of dynamic processes.

2.2. Charge-Carrier Dynamics

We recorded the time-resolved photoluminescence transients
for both PMMA- and PTAA-coated MHP films across the full
bromide content range, using the time-correlated single pho-
ton counting (TCSPC) technique. Pulsed excitation was carried
out at a wavelength of 470 nm to prevent parasitic absorption
and charge generation in the PMMA or PTAA layers,['] which
would further complicate the analysis of charge-carrier dynam-
ics. An excitation pulse fluence of 76 nJcm=2 was chosen, which is
roughly equivalent to 1-sun intensity, injecting an initial charge-
carrier density of ~10'° cm™3. We ascertained that halide segrega-
tion effects, which iodide-bromide perovskites with mid- to high-
bromide content are liable to exhibit,”>?°] had an insignificant
effect on those transients, under these excitation conditions with
TRPL acquisition time limited to 1 minute (see Section S7.6 in
Supporting Information).

Representative TRPL decay dynamics are shown in Figure 2 for
the thin films of the FA4;Cs,,Pb(I,Br,); with bromide con-
tent of x = 0, 0.2, and 1 (see Section S7.3 in Supporting Infor-
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Figure 2. Time-resolved photoluminescence, measured with the
time-correlated  single photon counting (TCSPC) method, for
FAg.33Cs17Pb(114Bry); with bromide content of a) x = 0, b) x =
0.2 and c) x = 1, coated with either a PMMA (orange circles) or a PTAA
(blue triangles) film. PL transients were recorded following excitation with
a pulse fluence of 76 njcm=2 and a wavelength of 470 nm, originating
from a diode laser with a repetition rate of 1 MHz. Best fits of the
kinetic model described in the text are plotted together in black and red
solid lines for the PMMA- and PTAA-coated thin films respectively. The
“crossover point" is indicated with a black-edged white cross and label
stating its intersection time. Transients for the full composition range are
shown in Section S7.3 (Supporting Information).

mation for the full dataset recorded across the whole composi-
tion range). We observe that the MHP films coated with the in-
ert PMMA layers exhibit mostly monoexponential PL decays (or-
ange circles), which is in agreement with charge-carrier recombi-
nation dominated by defect-assisted pathways at sufficiently low
charge-carrier densities.[?®! However, PTAA-coated MHP films
exhibit two distinct regimes in the PL transients (blue triangles),
where an initial fast decay occurring within the first 100 ns is fol-
lowed by a late slow decay occurring over the hundreds of ns. The
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sufficiently different shapes of the transients recorded for
PMMA- and PTAA-coated MHP films lead to a “crossover point”
between the two transients for most MHP compositions, as indi-
cated in Figure 2 by the black-edged white crosses.

The distinct shape of the transients recorded for MHP films
in the presence of the PTAA HTL layers, and its deviation from
simple monoexponential decay suggest that in the presence of
PTAA, extra dynamic pathways are introduced in addition to
the simple bulk defect-assisted recombination present in the
PMMA-coated MHP. As Figure. 2 shows, an increase in bromide
content of the PTAA-coated MHP from x = 0 to x = 0.2 acceler-
ates the early fast decay and delays the “crossover point” from
82 ns to 342 ns. As we show through detailed modeling later,
such early-time fast decays are influenced by hole transfer to the
PTAA layer and non-radiative recombination. When the bromide
content is increased further from x = 0.2 to x = 1, both early
and late decays become even more dominant, leading to an ab-
sence of the “crossover point”. We note that such shortening of
both early and late PL decays with increasing bromide content
is congruent with the decrease in the PL ratios (PLpyya/PLpyivia)
shown in Figure 1f, demonstrating that the MHP:PTAA inter-
face introduces additional non-radiative loss channels that be-
come more prominent with increasing bromide content in the
MHP. As such, the “crossover point” between transients recorded
for the MHP:PTAA interface and those recorded for the interface
with electronically inert PMMA can therefore serve as an intuitive
figure of merit to quantify the degree of additional non-radiative
losses arising from the PTAA interface. As we show through de-
tailed modeling below, holes transferred from the MHP to PTAA
may ultimately slowly return to the MHP, leading to the delayed
luminescence decay rates observed for MHP:PTAA architectures
atlong times after excitation. However, if such a return of holes is
prevented by an energetic barrier and excessive non-radiative re-
combination losses across the interface, delayed PL in the MHP
will be inhibited and the two curves will no longer cross. As such,
the absence of “crossover points” is therefore a clear indicator
of detrimental and dominant non-radiative recombination across
the interface, unraveled in detail in our model described below.

2.3. Modelling TCSPC Decays

In order to understand the losses introduced at the MHP:PTAA
interface, we consider a comprehensive set of photophysical pro-
cesses that contribute to the charge-carrier dynamics in such half
stacks, as illustrated schematically in Figure 3. Upon photoexci-
tation, an equal number of electrons and holes are generated in
the conduction band (CB) and valence band (VB) of the MHP and
quickly thermalize to their respective band edges. The resulting
density of excited electrons in the CB (n,) undergoes various re-
combination processes, including (i) band-to-band radiative bi-
molecular recombination with the holes in the VB, (ii) capture
into defect states located either in the bulk or at the surface of
MHP, (iii) recombination across the MHP:PTAA with the holes
that had previously been transferred to the HOMO of PTAA. We
do not include Auger recombination here because it is only sig-
nificant at charge-carrier densities ~10'® cm= (see Section S8.4
in Supporting Information), much higher than those present un-
der solar illumination and those injected under the fluences im-
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Figure 3. Schematic diagram illustrating the dynamical processes occur-
ring in a bilayer stack of FAy;Csg 1;Pb(l7.,Br,)3 and PTAA, described by
the kinetic model. Upon excitation, electrons (blue solid circles) with den-
sity n, are generated in the conduction band (CB) and an equal number of
holes (red solid circles) are generated with density n, in the valence band
(VB). Electrons and holes may undergo band-to-band radiative bimolecu-
lar recombination with a rate constant R,. Alternatively, electrons in the
CB may be trapped in the available defect states (dotted empty blue cir-
cles) with a rate constant R, and subsequently recombine with holes in
the VB with a rate constant Ryepop- The total density of defects is Ny, and
that of electrons occupying defects is n,. Trapped electrons may return to
the CB with a rate kgeqrp- A fraction of holes in the VB may be transferred
to the HOMO of the PTAA layer with a rate ky,;, some of which may sub-
sequently return to the VB of the MHP, with a rate ky,, or recombine with
electrons in the CB of the MHP with a rate constant R,,. The density of
holes in the HOMO of the PTAA is described by ny, prap. AE is the en-
ergy offset between the VBM of FA( g3Csq 1;Pb(l1Br,)3 and the HOMO
of PTAA (AE = Eyomo — Evem)- hvunpe represents photoluminescence
from the MHP and is explicitly shown to indicate that the only radiative
recombination results from band-to-band transitions within the MHP.

plemented here.?®! Charge-carrier traps may potentially be filled
at high excitation densities, which is counteracted by trapped
charge carriers, such as electrons shown here, recombining with
holes in the VB. These trapped electrons may subsequently re-
turn to the CB. In addition, photogenerated holes in the VB of the
MHP (n,) may transfer to the HOMO of PTAA, a portion of which
may gradually return back to the VB of the MHP. In our model,
we neglect the effect of band bending at the MHP:PTAA interface
in the dark as a first approximation, given that the Fermi levels of
FA,¢;Cs,1,Pb(I;,Br,); across x are fairly well aligned with those
of PTAA.['72%] In addition, we note that electron transfer to the
LUMO of PTAA is considered to be highly unlikely owing to the
high energetic barrier ~2.2 eV and therefore not included in the
model.'8%] While we limit our examination to the relevant ex-
ample of FA 4;Cs, ;,Pb(I,,Br,);:PTAA bilayers, the mechanisms
described generally occur at any MHP interfaced with a charge
transport layer.!?8]
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In past literature reports, various approaches have been em-
ployed to describe the dynamics of charge-carrier recombination
at the interface between MHPs and charge transport layers (CTL).
As a simple approach, the charge-carrier loss at the interface
has been quantified as surface recombination velocity (SRV) by
comparing the average recombination lifetimes of a passivated
MHP without and with a CTL present.[?l SRV is a useful figure
of merit for a quick quantification of the surface recombination
introduced by an interface, but it is unable to distinguish and
disentangle the various charge-carrier recombination processes
mentioned above.[1¢23% On the other hand, such losses can
be quantified within a more detailed drift-diffusion model, in-
cluding transport and Poisson equations.*!] Such models have
been successfully used to describe and quantify the origin of Voc
losses at an interface, but they tend to be too complex and multi-
parameterized to allow the extraction of reliable parameters from
fits to the TRPL decays. As a compromise, Hutter et al. have suc-
cessfully used coupled differential equations to quantify and de-
couple individual charge-carrier dynamics in the bulk as well as
the interface of MHPs.[32] We believe that the level of complexity
provided by such rate equation models is suitable for our analysis,
given that charge diffusion and Poisson effects are minimal for
the conditions under which experiments were carried out here
(see Section S7.12 in the Supporting information for details).

Therefore, we provide a comprehensive description of the
charge-carrier processes in a MHP:PTAA bilayer, by applying the
following set of couple differential equations, whose solutions
we fit to the experimental PL transients in order to decouple and
quantify each process:

dn, (t)

d = _Rehne (t) ny (t) - Rpop (Nt - (t)) e (t)
—Raite () m_pran () + Kgerrap™; () 1)
d
n:ilt(t) = _Rehne (t) oY (t) - Rdepopnt (t) oY (t)
=k, (8) + Ky, pran () )
am 1) _

dt - Rpop (Nt - (t)) e (t) - Rdepopn’t (t) y (t) - kdetmpnt (t) (3)

dmy,_praa ()

it =k, (8) = Ry praa () = Ragfe (8) 1y, pan () (4)

PL (t) = Reyne (t) my, (1) ®)

Here, n.(t), n,(t), m,(t) and n,_praa(t) are the time-dependent
densities of electrons in the CB or in defect states of the MHP,
the densities of holes in the VB of the MHP, or in the HOMO
of PTAA respectively. N, is the total density of defects (filled or
unfilled) in the MHP, R, is the rate at which these defects are
being populated with electrons and Ry, is the rate with which
they are being depopulated through recombination with holes in
the VB of the MHP. k., is the rate of trapped electrons return-
ing to the CB of the MHP. k;, is the rate of hole transfer from
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MHP to PTAA, while ky,, is the rate with which these holes trans-
fer back from PTAA into the MHP. R, describes the rate with
which holes in PTAA recombine non-radiatively across the inter-
face with electrons in the CB of the MHP.

We solve Equations 1, 2, 3, and 4 in order to obtain n,(t), m, (t),
n.(t) and ny praa(t) respectively. Model TRPL decays are derived
from these quantities through Equation 5. Optimised output pa-
rameters are then obtained from fits of Equations 1, 2, 3, 4, and 5
to TRPL decays globally across a range of fluences (see Section
S7 in Supporting Information). We note that the bimolecular
electron-hole recombination rate constant R, is obtained (see
Section S8.2 in Supporting Information) and fixed prior to this
through global fits to fluence-dependent optical-pump terahertz-
probe (OPTP) photoconductivity transients which are able to
record this second-order effect more accurately owing to higher
pulsed excitation fluences.>?%] To achieve high accuracy of re-
sulting output parameters, we follow a two-step process, first de-
termining a subset of parameters for the MHP coated with the
electronically inert layer PMMA to determine MHP-specific pro-
cesses, then using these as inputs to describe the MHP:PTAA
bilayer. Specifically, for TRPL transients recorded for the PMMA-
coated MHP films, ki, ki, and R, are set to zero and R, Ryepops
kqerrap and N, are obtained from the model (see Section S7.4 in
Supporting Information). Subsequently, transients for the PTAA-
coated MHP films are fitted by fixing R, Ryepop a1 Kgerra, to the
values obtained from the PMMA-coated MHP films for each bro-
mide content. Thus, we assume that the nature of the electron
defects in the MHP is similar for both PMMA and PTAA-coated
MHP films, which is a fair assumption given that these MHP
films are coated through the same process and their bulk opto-
electronic properties appear identical (see Sections S3,S4, and S6
in Supporting Information). However, the exact density of defects
present in the MHP may differ somewhat owing to different poly-
mer interfaces and N, is thus allowed to be varied. Moreover, for
fits to transients recorded for MHP:PTAA films, k,,, k., and Ry,
are also set as free parameters, given that these processes are sig-
nificant in this case. Full details and a summary of the assump-
tions made for the model are presented in Section S7.2 of Sup-
porting Information.

Our model reproduces the experimental data with excellent ac-
curacy as seen by the superimposed fits plotted as solid lines in
Figure 2 (see Figures S21 and S22 in Supporting Information
for other compositions). From the modeled dynamics, we extract
important rate constants summarized in Figure 4, which shows
these parameters either as a function of increasing bromide con-
tent, or versus the corresponding increase in band offset between
the VBM of the MHP and the HOMO of PTAA (AE = E; o0 —
Eypp)-

Figure 4a shows that an increase in Br content x leads
to a higher density of defects N, in the PTAA-coated
FA,4;Csy4,Pb(I,,Br,); films, both for the PMMA- and PTAA-
coated films (see Figure S23 in Supporting Information for
N, of the PMMA-coated films). This finding is consistent with
our characterization of bulk optoelectronic properties described
above in Section 2.1 and with previous literature reports.[517:23]
It is worth noting that while N, describes the density of de-
fects in the MHP, it does not discriminate whether these are
located in the bulk or at the surface or grain boundaries of
the MHP.
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Figure 4. a—d) Parameters obtained from global fits of the kinetic model to experimentally recorded TRPL transients for FAj g3Csg 17Pb(11..Br,); films
coated with PTAA for a range of Br contents x; a) total defect density (N,), b) across-interfacial recombination rate constant (Ry), c) hole transfer rate
(k) from the MHP to PTAA and d) hole back transfer rate (k,;) from PTAA to the MHP. The inset in b) shows the zoomed-in region between x = 0
and x = 0.5. The details of the fittings can be found in Section S7.2 (Supporting Information). e) Ratio of ky, to ki, representing the degree of hole
accumulation with increasing x. f) Surface recombination velocity (SRV) with increasing x (see Section S7.9, Supporting Information for calculation
details). For a,b), and d—f), the large error bars indicate the region of bromide content from which the initial TRPL signal decay becomes so prominent
that the fits to the late, slow dynamics dominated by hole back transfer and across-interface recombination are determined with lower accuracy. cf) are
plotted against energy level offset (AE = Eyomo — Evam) to explicitly illustrate the impact of AE. —AE in c) indicates energetically favorable energy
offset for hole transfer. AE in d) indicates energetically unfavourable energy offset for hole back transfer. |AE| in e,f) represents the absolute energy

offset. The arrows are guides to illustrate trends in the data.

We further examine the dependence of the across-interfacial
recombination rate constant R,;, which describes the non-
radiative recombination of electrons at the CBM of the MHP with
holes transferred to the HOMO of PTAA. Figure 4b shows that
R, increases monotonically with increasing bromide content x.
We note that the values of R,; for x > 0.6 are difficult to inter-
pret because for these compositions, the late decay (>100 ns) only
makes a relatively small contribution to the PL amplitude within
the acquisition time, which is limited to 1 minute to avoid halide
segregation (see Section S7.6 in Supporting Information). Given
that the energy offset bridged by this recombination step is not
AE but rather the difference between the CBM of the MHP and
the HOMO of PTAA which remain relatively unchanged with
bromide content (see schematic in Figure 1a), from energetic
concerns alone, a relatively constant R,; would be expected. How-
ever, R, extracted from the model shows a clear increasing trend
with increasing x, meaning that R,, involves factors other than
energetic considerations. We instead propose that such across-
interfacial recombination may instead originate from an increase
in defect density near the MHP:PTAA interface with increasing x.
The propensity for across-interfacial recombination thus seems
to correlate well with that of general trap-mediated recombina-
tion observed for the MHP layer alone (Figure 4a) suggesting that
a generally defective MHP will also translate into more defective
interface with PTAA. Such presence of defect-mediated across-
interfacial recombination has been also proposed for MHPs with
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different electron transport layers.[?®*33] An accurate quantifica-
tion of buried defects at the interface is an extremely difficult task
and therefore beyond the scope of this research. However, we
stipulate that defects in the MHP of MHP:PTAA bilayers may
have a tendency to form more prominently near surfaces and
grain boundaries, which will offer particularly effective recom-
bination channels to opposite charge carriers located in a charge-
extraction layer in close proximity.

We continue by examining the rates of hole transfer rate ky,,,
hole back transfer rate ki, and their ratio. Since these param-
eters likely depend sensitively on the band offset AE between
the VBM of the MHP and the HOMO of PTAA, they are shown
in Figure 4c,d, and e as a function of AFE rather than bromide
content x in the MHP. The values of k,, shown in Figure 4c are
comparable in magnitude to charge transfer rates obtained for
a range of MHPs from other spectroscopic techniques such as
transient microwave conductivity, surface photovoltage, and ab-
sorption spectroscopy.’?3* As expected, with increasing energy
level offset, hole transfer initially becomes energetically favor-
able, leading to a faster hole transfer rate with increasing bro-
mide content up to x = 0.6 (Figure 4c). However, for higher bro-
mide content increasing beyond x > 0.6, surprisingly, k,, does not
seem to increase as expected, showing that any further increase
in the energy level offset can no longer enhance hole transfer
further. This phenomenon appears analogous to the Marcus in-
verted region for which a large — AE that might intuitively expect
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to be energetically favourable actually leads to a decrease in
charge transfer rates.3%] It is worth noting that k,, only con-
tributes to the early TRPL dynamics and therefore it is less af-
fected by low PL amplitudes of later dynamics even for high bro-
mide content MHPs. This is reflected by the error bars for ex-
tracted parameters shown in Figure 4: while errors for parame-
ters such as N,, k,,; and R,; that depend critically on the PL at
later times after excitation become very large for high bromide
content, those for that k,,, which depends largely on the initial
PL decay, are smaller, even for high bromide content. We note,
however, that k,, appears to deviate from the Marcus fit at larger
values of — AE (see Section S7.8 in Supporting Information for
details of Marcus fit parameters). Such deviation from the clas-
sical Marcus theory has been observed in many other systems
such as molecules and quantum dots, and other models such as
Marcus-Jortner-Levich**l and Auger-assisted electron transfer®’]
models have been proposed to explain such deviation. Although
semi-classical Marcus models have been widely used in organic
semiconductors or quantum dots where charge transport is as-
sisted via a hopping mechanism,!**%! a direct application of the
Marcus theory to the interface between a 3D MHP and an or-
ganic charge-transport layer has not, to our knowledge, been re-
ported yet. While MHPs are generally assumed to exhibit band-
like transport, polymeric semiconductors are likely to display
hopping transport of small polarons,**! opening the question of
whether such hopping hole transfer mechanism has relevance at
the interface between MHPs and organic transport layers. Given
our observations, we propose that, in this scenario, hole transfer
at the MHP:PTAA interface may happen via a hopping mecha-
nism with the interface causing a discontinuity of bandlike trans-
port.

As a reverse process of k;,,,>®! the hole back transfer rate ky;,
extracted from our model decreases with increasing energetic
barrier AE as shown in Figure 4d (we note that beyond x = 0.6,
errors of determination increase because general non-radiative
recombination becomes so strong that different processes can
no longer be reliably disentangled at long times after excitation).
An increase in ky,, and decrease in k,, with an increasing en-
ergy level offset |AE| and bromide content x ultimately means
that more holes are being accumulated in the HOMO of PTAA
with increasing |AE|. The degree of hole accumulation can be
quantified as the ratio of k, and k,,, as shown in Figure 4e. We
note that we have excluded a discussion of band bending at the
interface because we believe that at such low fluence, the effect of
electric field owing to hole accumulation is minimal, as shown by
anegligible dependence of the TRPL decays on the excitation flu-
ence for the PTAA-coated perovskite films, even as band offsets
increase (See Section S7.12.2 in Supporting Information).

We further calculate corresponding values for the surface-
recombination velocity based on the rate constants extracted
from our model as a simple measure quantifying the degree
of non-radiative dynamics at the MHP:PTAA interface (see Sec-
tion S7.9 in Supporting Information for further details).(28%2:3]
Figure 4f illustrates how the SRV captures losses at the hetero-
junction interface arising from hole accumulation and across-
interfacial recombination, which increase with increasing bro-
mide content. The determined SRV values are comparable to
those in literature reports for interfaces with similar respective
band offsets.!1116¢2%] Therefore, our kinetic model accurately re-
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flects the observation of increasing SRV with increasing band off-
sets reported across the literature,['%?] while disentangling the
contributions from different dynamic processes that lead to this
effect.

2.4. Implications of Recombination Processes at the Interface on
Charge-Carrier Dynamics

Having modeled such experimentally acquired curves across the
series of mixed-halide perovskites, we are now in an ideal posi-
tion to predict and understand the effect of increasing bromide
content and therefore energy-level misalignment on the total de-
fect densities, across-interfacial recombination, hole transfer, and
hole back transfer. We thus proceed by simulating changes in
each of these parameters separately, allowing us to determine
clear guidelines for how such transients may be interpreted. For
this purpose, Figure 5a—d shows simulated TRPL dynamics for
a PTAA-coated FA4;Cs,,,Pb(I,¢B1,); (x = 0.2) film, for which
only one parameter has been varied, while all other parameters
have been fixed to the values obtained from the fit to the real
experimental transient, shown also again in Figure 5a—d as the
black line for comparison. The x = 0.2 MHP composition was
chosen here specifically as it is known to have an ideal bandgap
for ¢-Si:MHP tandem solar cells.[?240]

First, we note the effect of change in defect-mediated recom-
bination. As Figure 5a shows, an increase in the defect den-
sity (N,) associated with the MHP results in accelerated decay
of the transients, shortening both the early and late TRPL dy-
namics and demonstrating that defect-assisted recombination
happens throughout the lifetime of charge carriers. In contrast,
Figure 5b demonstrates that an increase in across-interfacial re-
combination rate constant R,; dominantly affects the late dynam-
ics. This is evident, as across-interfacial recombination may only
become dominant once sufficient holes have been transferred to
the HOMO of PTAA (see Figure S30 in Supporting Information).

Second, we examine the parameters affecting hole transfer, out
and back, across the MHP:PTAA interface. Figure 5c reveals the
effect of an increase in hole transfer rate k,, on the TRPL dynam-
ics. As mentioned before, an increase in the energy level offset
between the VBM of the MHP and the HOMO of PTAA ener-
getically favors hole transfer. Hole transfer depletes the density
of holes in the VBM of the MHP. When k,, increases, a sup-
pressed density of holes is present in the VBM of the MHP for
the given time, leading to reduced chances of band-to-band radia-
tive bimolecular recombination with electrons in the CBM of the
MHP. This results in faster early dynamics with increasing ky,,.
Finally, Figure 5d illustrates the effect of change in the hole back
transfer rate k. As expected, increased hole back transfer causes
somewhat opposite trends to those of hole transfer, such as an in-
crease in the amplitude of the later-time dynamics. However, it
does not alter the lifetime of either the early or the late dynamics,
because it is not a loss mechanism and only modulates the den-
sity of hole accumulation in the HOMO of PTAA. The intensity of
the PL emerging from the PTAA-coated MHP is predominantly
affected by the degree of hole accumulation in the HOMO of
PTAA, because any holes present in the PTAA are highly likely to
suffer from non-radiative recombination across the MHP:PTAA
interface. Therefore, hole back transfer and across-interfacial
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Figure 5. TRPL transients simulated through the dynamical model, assuming a) bulk trap densities (N,) varying from 103 to 10'® cm~3 in 10 evenly
spaced linear increments, b) across-interface recombination rate constant (Ry;) varying from 101 to 1078 cm?s~" in 10 evenly spaced linear increments,
c) hole transfer rate (k) varying from 107 to 10° s~ in 10 evenly spaced linear increments and d) hole back transfer rate (k,;) varying from 10° to
10% s=Tin 10 evenly spaced linear increments. The gradual increase in each parameter is illustrated by the color gradient from purple to red aided by an
arrow. All other parameters are fixed at those extracted from fits to the experimental TRPL transients for the film of FA; 43Cs 17Pb(lggBrg,)s (x =0.2)
coated with PTAA measured at a fluence of 76 njcm=2, also plotted in black for comparison. The experimental data was refined by using a moving average
of 200 points. e) Comparison between the best fit to the experimentally recorded TRPL transients at a fluence of 76 njcm™2 for FA) g3Csq 17Pb(lggBro2)3
coated with PTAA (black triangles) and the corresponding modeled transient for an optimized hypothetical HTL (orange circles) which has an ideal
energy level offset of |[AE| = 0.33 + 0.14 eV and zero interfacial defects, i.e., assuming an absence of across-interfacial recombination (Ry=0cm3s™")
and value of ky; = kpp, = 4.45 X 107 s™1, meaning that hole accumulation in the ideal HTL is eliminated (ky; — kupy = 0 s~"). The blue stars represent a
modeled transient for an optimized hypothetical HTL combined with a trap reduction to N, = 10" ¢cm~3. f) Open-circuit voltage (Voc) gain calculated
from the expected increase in radiative efficiency for an optimized hypothetical HTL (orange circles) and an optimized hypothetical HTL with reduced

defect density (blue stars).

recombination are two competing processes once holes are trans-
ferred to the HOMO of PTAA, with the former boosting PL from
the MHP and the latter diminishing it. Therefore, importantly, if
the energy level offset is small, the hole back transfer may be suf-
ficiently fast to minimize across-interfacial recombination and
maximize PL efficiency. On the other hand, if the energy level off-
setis substantial, the hole back transfer is hindered by the energy
barrier and accumulated holes will eventually recombine non-
radiatively via across-interfacial recombination. These consider-
ations thus highlight that optimization of the energy offset is key
to enhancing PL quantum efficiency. As an aside, we note that
hole back transfer is only a lossless process in open-circuit con-
ditions for which all charge carriers ultimately must recombine,
rather than being extracted. Under short circuit conditions, an
increase in hole back transfer might also lead to reduced charge-
carrier collection. However, we note that PL measurements on
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such half-stacks are always conducted under open-circuit condi-
tions, and these closely mimic the impact on V. which is an
important photovoltaic device parameter.

Overall, these simulations highlight how the TRPL dynam-
ics of MHP:HTL bilayers are determined by a complex interplay
between hole transfer, hole back transfer, and across-interfacial
recombination, as well as significant trap-mediated recombina-
tion in the MHP. The early dynamics are strongly influenced by
hole transfer (k) while the late dynamics are mostly governed by
across-interfacial recombination (R,;). The amplitude of the late
decay is determined by the interplay between out- and back-hole
transfer (k,, and ky,,), which reflects the degree of hole accumu-
lation. It is worth noting that while radiative electron-hole recom-
bination (R,,) does not have a significant influence on the TRPL
dynamics for the low charge-carrier densities generated in this
work (see Figure S54 in Supporting Information) such effects
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may become more significant at higher charge-carrier densities
(>10'® cm™3) or very low trap-mediated recombination rates.[?®]

Finally, we note that the relatively simple attribution of the
early TRPL dynamics for MHP:HTL bilayers to solely hole
transfer,[14¢16234a41] and late TRPL dynamic to just across-
interfacial recombination!*®*12<¢l can sometimes be mislead-
ing, in particular for high defect density N,. As shown in
Figure 5a, a significant increase in defect density will lead to
defect-assisted recombination within the MHP becoming the
dominant recombination process, which will prohibit efforts
to extract reliable information about hole transfer, hole back
transfer, and across-interfacial recombination through the more
straightforward surface recombination velocity and differential
lifetime methods previously implemented.[*%¢2%-31] Therefore,
our model presented here provides a powerful alternative tool
to analyze multi-exponential TRPL dynamics, capable of disen-
tangling such effects and providing an overall picture of multi-
ple processes occurring in multilayer systems comprising MHPs
and their charge extraction layers.

2.5. Implications of Recombination Processes at the Interface on
Device Performance

We further demonstrate how tuning of the energy-level align-
ment can potentially improve photovoltaic device performance
by modeling charge-carrier processes for an ideally energetically
matched MHP:HTL interface. Above, we established that a com-
bination of hole accumulation and across-interfacial recombi-
nation causes non-radiative recombination at the MHP:PTAA
interface. Such processes will ultimately limit the quasi-
Fermi level splitting (QFLS) and consequently the V. in-
side a full photovoltaic device.?*?8242] The QFLS can be ex-
tracted from experiments by recording of the photolumines-
cence quantum yield (PLQY) based on the principle of de-
tailed balance.[!1b14b2428231b4283] For the particular case of
FA¢;Csg1,Pb(Ig¢Bry,); (x = 0.2) examined here, the simu-
lations shown in Figure 5e demonstrate that the TRPL life-
time can be significantly improved by replacing PTAA with
such an idealized HTL, and further improvement can be re-
alized through passivation strategies that reduce the density
of traps. By using the known relationship between PLQY
and QFLS, and therefore qVoc, where q is the electron
charge, a corresponding increase in qVoc can be calculated
from (k,T/q) X In(PLQY;nproved/PLQY pristine)- Here, the ratio of
PLQYimproved and PLQY ;. Was obtained from the area under
TRPL decays, which provides a good estimate of the steady-state
PL since it follows the same compositional trend as the inte-
gral under pulsed excitation (see Section S6 in the Supporting
Information). The values calculated for qVoc through this ap-
proach are presented in Figure 5f. The orange-shaded region rep-
resents the Voc gain expected from simply replacing PTAA with
an ideal HTL having an ideal energy-level alignment of |AE| =
0.33 + 0.14 eV (k,, — k,, = 0 s7!) and zero interfacial defects
(Rar = 0 cm®s71). The blue shaded region highlights the addi-
tional Voc gain that may be achieved by a reduction in trap density
to N, = 10'* cm™3, e.g. through suitable passivation approaches.
These trends clearly show that as —AE increases, the Voc loss
mainly originates from the interface between the perovskite and
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the PTAA interface. However, for x > 0.6, the Voc loss from the
interface declines owing to a slight decrease in the value of k;,,
while Voc losses arising from defects become more significant
with increasing defect densities at higher bromide content x. We
note that the compositions of x = 0.2 and x = 0.6, in particu-
lar, possess bandgaps ideal for silicon-perovskite tandem solar
cells and perovskite triple junction top cells respectively.[%3:40:44]
Our calculations suggest that simple optimization of the energy
alignment to the HTL layer, can result in a Voc improvement by
41 and 70 mV, while additional defect passivation or reduction
will increase these values to 57 and 89 mV, respectively, for these
compositions. Overall, our comprehensive model encompassing
all dynamical processes occurring at the interface between an
MHP layer and a charge transport layer thus shows that decreas-
ing band offsets induces a significant reduction in Voc losses at
perovskite/HTL interfaces, but defect elimination or passivation
may also be crucial, especially for higher bromide contents.

One might expect the scenario of k;,, — k;,, >> 057! to be ideal
for efficient charge extraction of holes, but we note that it will
also lead to a significant decrease in PL intensity, as shown in
Figure 5c, owing to hole accumulation in the HOMO of PTAA.
ky, — ky, << 0 s7! is not an ideal condition either, despite a
slight increase in radiative efficiency, because dominant hole
back transfer opposes the external electric field in short-circuit
conditions. (see Section S7.11 in Supporting Information for fur-
ther discussion). By extrapolating k,, and k,, in Figure 4c,d,
we found that an ideal AE leading to k,, — k,, = 0 s7! is 0.33
+ 0.14 eV (see Section S7.11 in Supporting Information). We
would like to point out that the ideal AE is specific to this set
of MHP:PTAA bilayers studied here because under semiclassi-
cal consideration, the transfer rates will also depend on the ef-
fective density of states (DOS) and electronic coupling,!3>#3¢b43]
which may differ depending on the materials. However, for the
general case where the effective DOS of the HOMO of the or-
ganic HTL is higher than that of the VB of MHP, we suggest that
a slight band offset is beneficial for the device performance, so
that V¢ can be maximized without compromising short-circuit
current.

The new insights gained by our analysis reveal that an im-
provement of energy-level alignment and the quality of the
MHP:HTL interface is crucial for achieving higher V. for so-
lar cells incorporating wide-bandgap mixed-halide MHPs. Re-
cent studies illustrated that the replacement of PTAA with self-
assembled monolayers (SAMs) can minimize the V. losses as-
sociated with the MHP:HTL interface by 63 mV for devices based
on for 1.6 and 1.8 eV-bandgap perovskites.[''e3>1%] This im-
provement can be attributed to better energetic alignment and
fewer defects being present at the MHP:HTL interface. How-
ever, the HOMOs of such SAMs are currently still better opti-
mized for the 1.6 eV bandgap perovskites,[1? equivalent to x
= 0 bromide content for the series of MHPs examined here.
Therefore, we conclude that an improvement in the V. of wide-
bandgap perovskites would require the development of novel
HTLs with HOMO levels better matching the VBM of respec-
tive MHPs. We note that other than such energetic consid-
erations, novel HTLs should have minimal interfacial defects
(e.g., offered by SAMs molecules) and wide bandgaps to mini-
mize parasitic absorption while also efficiently blocking electron
transfer.14

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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3. Conclusion

In conclusion, we have identified and quantified the non-
radiative loss mechanisms associated with the interface formed
between mixed-halide perovskites and hole extraction lay-
ers, through application of a full dynamical model to time-
resolved photoluminescence transients. By tuning the en-
ergetic alignment between the valence band maximum of
FA,4;Csy,Pb(I, Br,); metal halide perovskite (MHP) and the
highest occupied molecular orbital (HOMO) of the commonly
implemented hole extraction material PTAA through changes in
bromide content (x) between x = 0 to x = 1, we have been able
to assign and disentangle all relevant processes affecting charge-
carrier dynamics in such half-stacks. Comparison of such dynam-
ics with those recorded for corresponding MHPs coated with an
inert PMMA layer further allowed us to identify the processes
directly arising from the electronically active MHP:PTAA inter-
face. We show that interfacial losses increase with increasing
energy-level misalignment primarily because of hole accumula-
tion in the HOMO of the PTAA, followed by subsequent across-
interfacial recombination. With an increasing energetic barrier,
holes in the HOMO of PTAA are unable to return to the VBM
of the MHP, ultimately leading to substantial across-interfacial
recombination between the electrons in the conduction band of
the MHP with holes accumulated in the HOMO of the PTAA.

We further showed that the assignment of “early” and “late”
components in such commonly examined TRPL traces can be
too simplistic under certain circumstances. For example, our
dynamical model revealed that while the early TRPL lifetime
can be dominated by hole transfer and the late TRPL lifetime
by across-interfacial recombination, such assignments may no
longer be valid when the total density of defects becomes too
high. In this case of high defect density, both early and late TRPL
dynamics would ultimately be dominated by the defect-assisted
non-radiative recombination within MHP itself rather than non-
radiative losses at the MHP:HTL interface. We further estab-
lished that the amplitude of the late TRPL dynamic is usually de-
termined by the amount of hole accumulation in the HOMO of
PTAA.

Finally, we examined the extent to which a hypothetical HTL
exhibiting ideal energy-level alignment that minimizes hole
accumulation and low recombination at the MHP:HTL inter-
face could improve the performance of photovoltaic devices in-
corporating the wide-bandgap MHPs. We show that Voc loss
mainly originates from the interface between the perovskite
and the PTAA and its magnitude increases with increasing
energy-level misalignment. For x > 0.6, the Voc loss from de-
fects starts to become more significant while Voc loss caused
by the interface is still the dominant factor. We, therefore, con-
clude by stressing the importance of the development of new
HTLs specifically designed for wide-bandgap perovskites that
are critical to the success of high-efficiency tandem perovskite
solar cells. In addition, they should introduce minimal inter-
facial defects and possess wide bandgaps to minimize para-
sitic absorption while also efficiently blocking electron trans-
fer. If HTLs can be implemented according to these design cri-
teria, ultra-high efficiency multi-junction perovskite solar cells
will make an important leap toward becoming a renewable
technology.
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4. Experimental Section

Sample Fabrication: The perovskite precursor chemicals were pur-
chased from the following suppliers: lead iodide (Pbl,, 99.99%) was
purchased from TCl; lead bromide (PbBr,, 98+%), cesium iodide (Csl,
99.999%) and cesium bromide (CsBr, 99.9%) were purchased from
Alfa Aesar; formamidinium iodide (FAI, >99.99%) and formamidinium
bromide (FABr, >99.99%) were purchased from Greatcell Solar. PTAA
(Poly[bis (4-phenyl) (2,4,6-trimethylphenyl)amine, MW = 13,000 g mol~")
was purchased from Flexink. PMMA (Poly(methyl methacrylate), MW =
15,000 g mol~") was purchased from Sigma Aldrich. All solvents in this
work were purchased from Sigma Aldrich. FA( g3Csg 17Pbl; was formed by
weighing Csl, FAI, Pbl, stoichiometrically in an N, filled glovebox. Sim-
ilarly, FAq g3Csg.17PbBr; was formed by weighing CsBr, FABr, PbBr, stoi-
chiometrically in an N, filled glovebox. To each, an appropriate volume
of 4:1 DMF (dimethylformamide): DMSO (dimethyl sulfoxide) was added
to achieve a nominal concentration of 0.6 m. Each solution was stirred
overnight. To achieve intermediary bromide ratios, appropriate volumes
of each of these solutions were mixed. PTAA and PMMA were dissolved
in chlorobenzene at concentrations of 80 and 100 mg mL™" respectively.
Circular (diameter = 13 mm) z-cut quartz substrates were purchased from
UQG optics. Before deposition, the following cleaning procedure was un-
dertaken. The substrates were sequentially sonicated for at least 15 min
in 1 vol.% Decon90 in deionized water, acetone, and isopropanol. Fol-
lowing the final sonication, the substrates were dried with a N, gun. The
substrates were then treated with a UV-ozone plasma for 15 min before
being immediately transferred into an N, filled glovebox where the per-
ovskite thin films and polymer layers were deposited. To form the per-
ovskite thin films, the following spin-coating procedure was used. 50 uL of
perovskite precursor was dynamically deposited onto the substrate spin-
ning at 1000 rpm. After 5 s, the substrate was accelerated at a rate of
800 rpm s~ to a final speed of 5000 rpm for 30 s. An antisolvent quench
was performed by depositing 50 uL of anisole at optimized times (see Table
S1in Supporting Information) before the end of the spin-coating cycle for
each bromide ratio. Following the spin-coating procedure, the perovskite
thin films were annealed for 1 h at 100 °C. After annealing, the samples
were allowed to return to ambient temperature (25 °C). Either polymer
layer was applied by depositing 60 pL on a static substrate. The substrate
was then accelerated to 2000 rpm for 30s. The samples were then annealed
for 5 min.

X-ray Diffraction Measurements: The X-ray diffraction (XRD) patterns
were measured in air using a Panalytical X'pert powder diffractome-
ter with a copper X-ray source (Cu-Ka X-rays with a wavelength of
1.5418 A). The scan range was from 5.0 to 60.0 ° and the scan step
size was set as 0.004 °. The raw XRD patterns were then corrected for
tilt by shifting the 26-axis to the z-cut quartz reference peak, which is at
20 = 16.433 and 33.172 °.[46] The baseline was corrected to a flat line
by using the asymmetrically weighted penalized least squares smoothing
algorithm.[*7]

Absorptions:  Reflectance (R) and transmittance (T) spectra were mea-
sured using a Fourier transform infrared (FTIR) spectrometer (Bruker ver-
tex 80v), configured with a tungsten halogen lamp illumination source, a
CaF, beamsplitter, and a silicon diode detector. The absorption coefficient
(a) spectra were calculated as @ = —% . |°g1o(1TTR) where d is the film
thickness.

Steady-State Photoluminescence Measurements: The thin films were
photo-excited with a 470 nm diode laser (Picoquant LDH-D-C-470) with
a 1 MHz repetition rate at a fluence of 76.2 n) cm~2. The resultant pho-
toluminescence (PL) was collected and coupled to a grating spectrome-
ter (Princeton Instruments, SP-2558), which directed the spectrally dis-
persed PL onto a silicon iCCD (intensified charge-coupled device, PI-
MAX4, Princeton Instruments). A glass color filter (495 GY 50 long pass)
was used to block the laser scatter. A Keysight Technologies 33600A True-
form waveform generator was used to synchronize the sample excitation
and PL collection time. The gate width was set as 1 ps to integrate the
PL for each excitation before the next pulse arrived. The thin films were
mounted in a vacuum cell under low pressure (~1072 mbar). The steady-
state PL spectra were unconventionally collated under pulsed excitation as
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time-integrated spectra to directly compare the time-resolved PL to steady-
state PL collected under the same excitation conditions. However, steady-
state PL measurements were also recorded following excitation with con-
tinuous waves at a power density of 255.9 mW cm™2 to verify that the
steady-state PL trends across Br contents remain identical regardless of
the laser repetition rate. Each PL spectrum was spectrally corrected with
an OL245M irradiance standard tungsten lamp and background-corrected
by a spectrum recorded without laser excitation. To account for the spot-to-
spot variation of spin-coated thin films, 3 different spots were measured
for each thin film. The full width at half maxima (FWHM) of the PL spec-
tra were calculated from sigma (¢) obtained using a Gaussian function
a2
f A po)= A (202) where A is the amplitude, u is the centre, ¢ is

oV2r
the sigma width. The FWHM is calculated as 26V/2In 2.

Time-Resolved Photoluminescence Measurements: The charge-carrier
dynamics were investigated by using time-resolved PL measurements
based on the time-correlated single photon counting (TCSPC) technique.
A 470 nm diode laser (Picoquant LDH-D-C-470) was used to photo-excite
the samples with 1 MHz repetition rate at 13.4, 33.5, and 76.2 nj cm=2. The
resultant photoluminescence (PL) was collected and coupled to a grating
spectrometer (Princeton Instruments, SP-2558), which directed the spec-
trally dispersed PL onto a photon-counting detector (PDM series from
MPD). A glass color filter (495 GY 50 long pass) was used to block the
laser scatter. Timing was controlled by a PicoHarp300 TCSPC event timer
connected to an external trigger (Keysight Technologies 33600A Trueform
waveform generator). Time-correlated single photon counting (TCSPC)
decays were measured at the initial PL peak of the mixed phase before any
significant halide segregation had occurred. The thin films were mounted
in a vacuum cell under low pressure (1072 mbar). In order to prevent
halide segregation, each TCSPC measurement was limited to only 1 min
acquisition for each measurement. In order to verify that no significant
halide segregation had affected the measurements, steady-state PL spec-
tra were measured before and after each TCSPC measurement. To account
for the spot-to-spot variation of spin-coated thin films, 3 different spots
were measured for each thin film. To minimize the human error arising
from switching software between LightField (steady-state PL) and Pico-
Harp (TCSPC) and switching of the exit port of the grating spectrometer,
the PL and TCSPC acquisitions for each spot were fully automated with
a python script. Moreover, both front (from either PMMA or PTAA side)
and the back side (quartz side) excitation configurations were measured to
consider the possible difference in charge-carrier dynamics owing to diffu-
sion and different surface morphologies on each side of the film stacks. To
enhance signal to noise ratio of the TRPL spectra, the TRPL spectra of the
same bromide content measured at different spots and sides were added.
Each PLand TCSPC spectrum were spectrally corrected with an OL245M ir-
radiance standard tungsten lamp and background-corrected with the laser
excitation turned off.
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