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Abstract    
All-lead sulfide (PbS) quantum dot (QD) tandem solar cells (TSCs) offer a promising pathway to surpass single-junction
efficiency limits. However, their performance is hindered by the vulnerability of the wide-bandgap (WBG) top cell, which
suffers  chemical  and  physical  damage  during  the  deposition  of  1,2-ethanedithiol  (EDT)-capped  hole-transport  layers
(HTLs)  and  interconnecting  layers.  This  results  in  morphological  voids  and  interfacial  trap  states.  Here,  we  introduce  a
chlorinated  benzodithiophene-based  conjugated  copolymer  (D18-Cl)  as  a  multifunctional  interfacial  passivator  at  the
WBG/HTL interface. D18-Cl could bind to unsaturated Pb sites via chlorine and passivate sulfur vacancies through thio-
phene  ring  coordination.  This  strategy  eliminates  pinholes  and  shields  the  WBG  absorber  from  subsequent  processing
damage.  Furthermore,  D18-Cl  modification  aligns  the  energy  levels  by  elevating  the  highest  occupied  molecular  orbital
(HOMO) level of the absorber, creating a graded pathway that reduces the hole-extraction barrier and suppresses non-ra-
diative recombination.  Consequently,  the D18-Cl-modified semitransparent  WBG cell  achieves a  power conversion effi-
ciency (PCE) of 10.36%. When integrated into a monolithic TSC, the device yields a record PCE of 13.148% with an un-
precedented fill factor of 73.14%. The encapsulated TSC retains over 90% of its initial PCE after 500 h of MPP tracking,
demonstrating exceptional stability.
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 1   Introduction

The power  conversion  efficiency (PCE)  of  single-junction
solar cells (SJSCs) is fundamentally limited by thermaliza-
tion  losses  and  narrow  spectral  absorption,  which  restrict
overall  device  performance  [1–3].  Tandem  solar  cells
(TSCs)  offer  a  promising  approach  to  overcoming  these
limitations  by  stacking  semiconductors  with  complemen-
tary  band  gaps,  thereby  enabling  broader  light  absorption,
reduced  thermalization  losses,  and  an  increase  in  the
Shockley–Queisser  (SQ)  limit  from 33% to  45% [4].  Due
to their simplified monolithic integration and reduced para-
sitic  absorption  compared  to  4T  configurations,  2T  TSCs
are  preferred  tandem  architectures,  typically  comprising  a
wide-bandgap (WBG) front-illuminated top cell and a nar-
row-bandgap  (NBG)  rear  bottom  cell  connected  via  a  re-
combination  layer  (RL),  and  are  overwhelmingly  favored
by the photovoltaic industry [5–8].

Lead  sulfide  (PbS)  colloidal  quantum  dots  (QDs)  have
been  demonstrated  as  an  exceptional  candidate  for  ad-
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vanced  TSCs.  Characterized  by  a  large  exciton  Bohr  ra-
dius,  PbS  QDs  offer  fine  optical  bandgap  tunability  from
the visible to the near-infrared, alongside the advantages of
solution- and  low-temperature  processing  [9–13].  In  high-
ly optimized 2T all-PbS QDs TSC architectures, a 1.40 eV
(Excitonic absorption peak ~ 880 nm) WBG top cell is syn-
ergistically paired with a 0.95 eV (1300 nm) NBG bottom
cell. The subcells are connected by an optimized intercon-
nection  layer  (ICL)  composed  of  1,2-ethanedithiol-capped
PbS  QDs  (PbS-EDT)/self-assembled  monolayers
(SAMs)/Au/zinc oxide (ZnO) [14]. To ensure matched cur-
rent density and high overall performance, the top cell was
fabricated  to  be  thin  and  semi-transparent,  while  the  bot-
tom  cell  was  thick  and  opaque.  However,  those  top  cells
are  susceptible  to  nanoscale  morphological  imperfections
and  pinholes,  increasing  the  risk  of  damage  during  subse-
quent layer deposition. The chemically aggressive nature of
EDT and its strong chelating properties allow it to partially
penetrate  into  the  underlying  mixed-halide  (PbI2 and
PbBr2)-capped PbS QD (PbS-IBr)  absorber  layer,  modify-
ing its surface chemistry and potentially introducing inter-
facial  defects  [15–17].  Additionally,  ZnO  sputtering  with
high-energy  ions  can  further  compromise  layer  integrity
[18].  The  above  chemical  and  physical  damage  could  di-
rectly reduce TSC performance.

Several  strategies  have  been  explored  in  SJSCs  to  pro-
tect the PbS-IBr layer from the chemical aggressiveness of
EDT.  Milder  short-chain  alternatives,  such  as  2-mercap-
toethanol (ME) [19] and malonic acid (MA) [20] have been
used  as  substitutes  for  the  EDT  ligand.  Nevertheless,  the
consistent use of EDT continues to deliver superior bench-
mark  performance  [21].  Attempts  to  employ  interfacial
modifiers such as polyethyleneimine (PEIE) [22] and poly
(methacrylic  acid)  (PMAA)  [23]  have  been  hindered  by
their  insulating  nature  and  reactive  groups,  which  can  in-
crease resistance and promote ligand displacement. On the
other  hand,  in  all-PbS  QD  TSCs,  a  robust  electron  trans-
port  layer  (ETL)  for  the  NBG  bottom  cell,  such  as  sput-
tered ZnO [24–26], is preferred to shield underlying sensi-
tive  layers,  as  solution-processed  ZnO has  proven  less  ef-
fective  [27,28].  The  introduction  of  Poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)  amine]  (PTAA)  and  self-assem-
bled  monolayers  (SAMs),  such  as  4PADCB,  at  the  PbS-
EDT/Au  interface  has  led  to  improved  efficiency  but  has
demonstrated limited protection for the vulnerable PbS-IBr
layer  [14,29].  Ultimately,  protecting  the  absorber  layer  of
the  top  subcell  from  chemical  and  physical  damage  re-
mains  a  significant  challenge in  the  design of  all-PbS QD
TSCs.

Herein,  we  introduced  a  specialized  p-type  interlayer,
chlorinated  benzodithiophene-alt-dithienobenzothiadiazole
copolymer,  D18-Cl.  The  polymer’s  extended  conjugation,

arising from its sp2-hybridized aromatic rings, ensures effi-
cient  delocalization  and  charge-carrier  transport  along  the
chain.  Functionally,  D18-Cl  provides  a  dual-passivation
scheme:  the  polymer  backbone  supplies  sulfur  atoms  to
heal anion vacancies, and its chlorine terminations coordi-
nate  with  dangling  bonds  on  unsaturated  Pb  sites.  This
strategy  of  interface  modification  with  D18-Cl  raises  the
valence-band maximum (VBM), thereby providing a grad-
ed  pathway  for  holes  and  reducing  the  interfacial  energy
barrier.  Moreover,  an  ultrathin  D18-Cl  interlayer  may
shield  the  PbS-IBr  surface  from  the  EDT  solution,  sup-
pressing intermixing or damage to the WBG absorber lay-
er. As a result of this comprehensive interfacial healing, the
D18-Cl-based  semitransparent  top  cell  achieved  a  PCE of
10.36%,  while  the  control  achieved  7.82%.  The  corre-
sponding  tandem  devices  achieved  a  PCE  of  13.148%
(control: 11.84%).

 2   Results and discussion

 2.1   Bonding mechanism of the D18-Cl to
PbS-IBr layer

Figure 1a schematically shows the WBG PbS-IBr thin film
as  the  top-cell  absorber  layer  deposited  on  the
glass/ITO/ZnO substrate.  The WBG PbS QDs are  typical-
ly less than 5 nm in size, have a high surface-to-volume ra-
tio,  and  contain  sulfur  vacancies  induced  from  Pb-rich
growth  conditions  [30].  Moreover,  during  the  solution-
phase ligand exchange of mixed lead halides (PbI2 and Pb-
Br2)  to  PbS QDs,  the surface remains partially  passivated,
leaving  some unsaturated  Pb  sites.  These  sulfur  vacancies
and unsaturated Pb sites act as trap centers for charge carri-
ers  at  the  PbS-IBr/PbS-EDT  interface.  Additionally,  they
are  highly  reactive  with  oxygen  and  readily  form  oxides
when  exposed  to  air  during  subsequent  layer  deposition
[9,10].  To  address  these  challenges,  the  top-cell  PbS-IBr
absorber  layer  was  post-treated  by  spin-coating  a  dilute
D18-Cl solution (1 mg mL−1), thereby forming an ultrathin
interfacial  modification  layer  at  the  PbS-IBr/PbS-EDT in-
terface prior  to  HTL deposition.  D18-Cl is  a  π-conjugated
donor polymer semiconductor,  widely used as  an efficient
hole-transport  material,  whose  delocalized  backbone  en-
ables  hole  transport.  The  utilized  QD  absorption  spectra,
top cell image, and TSC device structure are shown in Fig.
S1.

To  investigate  the  bonding  mechanism  of  D18-Cl  with
PbS-IBr,  Fourier  transform  infrared  (FTIR)  spectroscopy
has been performed on D18-Cl, the bare PbS-IBr layer, and
the PbS-IBr layer modified with D18-Cl (PbS-IBr/D18-Cl),
as shown in Figs. 1b and 1c. In the fingerprint region of the
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spectra,  two  peaks  were  observed  in  both  the  D18-Cl  and
PbS-IBr/D18-Cl  films  in  the  range  of 1000–1300 cm−1,
while no peaks were observed in this range for the PbS-IBr
film.  The  peak  at 1264 cm−1 corresponds  to  the  C–N
stretching vibration of D18-Cl and appears at the same po-
sition  in  both  the  D18-Cl  and  PbS-IBr/D18-Cl  films,  as
shown  in Figs. 1c and  S2.  However,  the  C–S  stretching
peak at 1109.39 cm−1 shifts to a lower wavenumber (1106

cm−1) in the PbS-IBr/D18-Cl film. This red shift suggests a
modified  sulfur  electronic  environment  upon  contact  with
the PbS-IBr surface, consistent with interfacial interactions
between thiophene sulfur atoms and undercoordinated sur-
face sites.

To  further  evaluate  the  interaction  between  D18-Cl  and
PbS-IBr, X-ray photoelectron spectroscopy (XPS) analysis
was performed. The Pb 4f core-level peaks are observed in

 

 

Fig. 1   (a) Schematic illustration of the fabrication process showing the sequential deposition of the WBG PbS QDs absorber layer, followed by
surface modification treatment using the D18-Cl [32]. (b, c) Fourier-transform infrared (FTIR) spectroscopy analysis comparing the molecular
vibrations in D18-Cl, bare (unmodified) PbS absorber film, and D18-Cl-modified absorber film. (d–g) X-ray photoelectron spectroscopy (XPS)
analysis of the chemical composition and bonding states in D18-Cl, bare absorber, and modified films, showing core-level spectra for (d) lead
(Pb 4f), (e) sulfur (S 2p), (f) chlorine (Cl 2p), and (g) nitrogen (N 1s).
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both the PbS-IBr and PbS-IBr/D18-Cl thin films, as shown
in Fig. 1d and Tables  S1–S4.  In  the PbS-IBr/D18-Cl  film,
the peak shifted to lower binding energy (138.15 eV) com-
pared with the PbS-IBr film (138.25 eV). A slight shift  of
0.1  eV  toward  lower  binding  energy  suggests  increased
electron density and a modified local electrostatic environ-
ment  around  surface  Pb  atoms,  indicating  electronic  cou-
pling  between  D18-Cl  and  the  PbS-IBr  surface. Figure 1e
shows the S 2p peaks, in which the PbS-IBr film has a peak
centered at 161.25 eV that belongs to the S atom in PbS. In
the pure D18-Cl film, the peak at 164.31 eV corresponds to
the S atoms of the thiophene rings. In the PbS-IBr/D18-Cl
film, both S element peaks from the PbS at 161.25 eV and
from the thiophene ring at  164.31 eV are present,  indicat-
ing  the  successful  deposition  of  D18-Cl  on  the  PbS-IBr
layer. Figure 1f shows  the  binding  energies  of  Cl  for  the
D18-Cl and PbS-IBr/D18-Cl films.  The binding energy of
Cl  in  D18-Cl  is  200.96  eV,  which  shifts  to  higher  energy
(201.15 eV) in the PbS-IBr/D18-Cl thin film. This shift of
0.19 eV toward the higher binding energy indicates interfa-
cial charge redistribution involving the chlorine-containing
moieties of D18-Cl and surface sites of PbS-IBr. Such be-
havior may arise from partial coordination, local dipole for-
mation, or adsorption-induced electronic polarization at the
interface.  Figure  S3  shows  that  the  binding  energies  of
halide  ions  (I  and  Br)  in  the  bare  absorber  and  modified
films remain unchanged, indicating that no halide has been
displaced  after  D18-Cl  deposition,  demonstrating  its  non-
destructiveness  toward  surface  atoms.  The  N  peak  ob-
served in the pristine D18-Cl and modified films shows no
noticeable  change  in  binding  energy,  as  shown  in Fig. 1g
and Tables  S1–S4,  indicating the  chemical  stability  of  the
conjugated polymer [31].

 2.2   Systematic analysis of the bare and modi-
fied absorber films

To further investigate the effect of D18-Cl on the PbS-IBr
layer, PbS-IBr and PbS-IBr/D18-Cl thin films were charac-
terized  and  analyzed  in  detail.  Scanning  electron  mi-
croscopy  (SEM)  analysis  was  conducted  to  examine  the
surface  morphology  of  the  PbS-IBr  and  PbS-IBr/D18-Cl
thin films,  as  shown in Figs. 2a and 2b.  The PbS-IBr film
demonstrates  a  predominantly  uniform  and  continuous
morphology, with only a few localized dark features, while
the  PbS-IBr/D18-Cl  thin  film  is  free  from  such  localized
dark features. To analyze the localized dark features in the
PbS-IBr layer (circled area in Fig. 2a), we have performed
energy  dispersive  X-ray  (EDX)  spectroscopy  analysis  for
surface,  as  shown  in Figs. 2c and  S4.  The  observed  de-
crease in Pb, S, and I signal is attributed to isolated, void-
like  coating  defects  that  may  arise  from  solvent  evapora-

tion kinetics,  or  local  heterogeneity in QD packing during
film  formation.  The  increased  O  and  Zn  signals  are  ex-
plained by electron-beam penetration into the ZnO layer at
those  voids.  To  further  confirm  the  quality  of  the  thin
films,  atomic  force  microscopy  (AFM)  analysis  was  per-
formed,  as  shown  in  Fig.  S5.  The  needle-like  or  fibrillar
morphology  observed  in  PbS-IBr/D18-Cl  films  results
from  the  intrinsic  self-assembly  behavior  of  D18-Cl.  The
extended conjugated backbone of D18-Cl promotes strong
π–π stacking and the formation of nanofibrillar domains, as
reported previously [32]. This fibrillar network is expected
to  facilitate  interfacial  charge  transport  and  suppress  re-
combination,  thereby  enhancing  device  performance.
Moreover,  the  modified  thin  film  exhibited  a  lower  aver-
age surface roughness (Rq) of 1.1 nm than the pristine film
(1.5 nm).

Ultraviolet  photoelectron  spectroscopy  (UPS)  measure-
ments were performed for both films, as shown in Figs. 2d
and 2e. The Fermi level calculated for the PbS-IBr/D18-Cl
thin film is  4.40 eV,  compared to 4.48 eV for  the pristine
PbS-IBr thin film. Figure 2f presents the energy band dia-
grams of the bare absorber and the modified thin films. The
band energies derived from the UPS data clearly show that
the  highest  occupied  molecular  orbital  (HOMO)  level  of
the modified film shifts upward by 0.16 eV, from 5.52 eV
for the bare absorber layer to 5.36 eV. This upward shift in
the  HOMO  level  reduces  the  hole-injection  barrier  at  the
PbS-IBr/PbS-EDT  interface.  Thus,  D18-Cl  incorporation
forms  a  π-conjugated,  hole-selective  interlayer  that  estab-
lishes  an  energetically  graded  hole-transport  pathway  and
promotes hole extraction from the absorber (Fig. S6). Fig-
ures 2g and 2h show  the  surface  potential  distribution  us-
ing  Kelvin  probe  force  microscopy  (KPFM).  The  PbS-
IBr/D18-Cl  film  exhibits  a  higher  average  surface  poten-
tial of 471.975 mV compared to 255.583 mV for the PbS-
IBr thin film. This  increase in average surface potential  is
consistent with the UPS-derived upward shift in the Fermi
level.

Photoluminescence (PL) analysis was performed to eval-
uate  charge  recombination  and  transfer,  as  shown  in Fig.
2i.  The  PbS-IBr  and  PbS-IBr/D18-Cl  thin  films  were  de-
posited  on  the  ZnO/ITO  glass  substrate  for  PL  analysis.
The  PbS-IBr/D18-Cl  thin  film  exhibited  considerable  PL
quenching compared to the PbS-IBr thin film, attributed to
the p-type nature of D18-Cl, which facilitates charge trans-
fer at the interface. The photoluminescence quantum yield
(PLQY)  of  PbS-IBr  and  PbS-IBr/D18-Cl  was  measured,
and the quasi-Fermi level splitting (QFLS) values were cal-
culated,  as  shown  in  Fig.  S7.  The  PLQY  of  the  PbS-
IBr/D18-Cl  film  decreased  to  0.112% compared  with
0.137% for  the  PbS-IBr  film.  The  calculated  QFLS  value
of  the  PbS-IBr/D18-Cl  film  is  1.08  eV  compared  to  1.09
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eV  for  the  PbS-IBr  film.  The  observed  reductions  in  PL,
PLQY,  and  QFLS  in  the  PbS-IBr/D18-Cl  bilayer  are  at-
tributed to efficient interfacial hole extraction rather than to
increased  recombination  losses.  Specifically,  hole  transfer
from  PbS-IBr  to  the  p-type  D18-Cl  decreases  the  steady-
state  carrier  population within the absorber,  leading to the
anticipated decreases in PL intensity and QFLS.

To  distinguish  the  effects  of  defect  passivation  from
those  of  charge  extraction,  PL  measurements  were  per-
formed on complete  devices  without  back electrodes (Fig.
S8).  D18-Cl-modified  samples  exhibited  substantially
higher  PL intensity  compared to  the  pristine  sample,  indi-
cating that D18-Cl effectively passivates non-radiative sur-
face traps. Consequently, the PL quenching observed in the

standard bilayer configuration (Fig. 2i) can be attributed to
improved charge extraction rather than to increased non-ra-
diative  recombination.  This  enhanced  extraction  accounts
for the observed improvements in both Jsc and Voc in the de-
vices, as explained in the coming sections [31,33].

 2.3   Photovoltaic performance and carrier dyna-
mics of semitransparent WBG PbS devices

To conduct a detailed analysis of D18-Cl over the PbS-IBr
layer,  we  fabricated  complete  devices  and  measured  vari-
ous  properties  to  assess  its  effect  on  device  performance.
Two  device  architectures  were  examined:  control  devices
with  the  structure  ITO  glass/ZnO/PbS-IBr/PbS-EDT/Au

 

 

Fig. 2   Comprehensive electronic,  morphological,  and optical  characterization of  PbS-IBr films with and without  D18-Cl modification.  (a,  b)
Scanning electron microscopy (SEM) images showing the surface morphology of (a) PbS-IBr and (b) PbS-IBr/D18-Cl films. (c) Energy-disper-
sive  X-ray (EDX) spectroscopy elemental  composition analysis  of  the  PbS-IBr  thin  film.  (d,  e)  Ultraviolet  photoelectron spectroscopy (UPS)
measurements were used to determine the highest occupied molecular orbital (HOMO) energy level and Fermi energy level for (d) PbS-IBr con-
trol film and (e) D18-Cl-modified PbS-IBr film. (f) Schematic energy band alignment diagram constructed from UPS-derived energy levels, il-
lustrating the electronic structure modification. (g, h) Kelvin probe force microscopy (KPFM) surface potential mapping of (g) PbS-IBr and (h)
PbS-IBr/D18-Cl films. (i) Photoluminescence (PL) emission spectra comparing the radiative recombination characteristics of PbS-IBr and PbS-
IBr/D18-Cl thin films.
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and D18-Cl devices with the structure ITO glass/ZnO/PbS-
IBr/D18-Cl/PbS-EDT/Au. Cyclic voltammetry (C−V) anal-
ysis was performed to determine the built-in potential (Vbi),
as  shown  in Fig. 3a.  The Vbi was  calculated  using  Eq.  (1)
[34]
 

1
C2 =

2(Vbi−V)
A2eεoεrN

, (1)

εo εr

where C is the capacitance, Vbi is the built-in potential, V is
the applied voltage, A is the area of the junction, e is the el-
ementary charge,  is the permitivity of vacuum,  is the
relative  permitivity  of  the  material,  and N is  the  doping
concentration. The D18-Cl-based devices exhibited a high-
er Vbi (0.54  V)  than  the  control  devices  (0.51  V),  thereby
facilitating enhanced charge separation and extraction. Fig-

ures 3b and 3c show  the  depletion  width  (Wd)  calculated
using the parallel-plate capacitor model in Eq. (2) [35]
 

Wd =
εoεrA

C
. (2)

The Wd for  the  D18-Cl-based  device  was  estimated  at
72.8 nm, significantly larger than that of the control device
(59.0 nm). Given that the absorber film was approximately
140 nm thick,  the  D18-Cl-based device  is  expected to  ex-
hibit  greater  depletion,  thereby  facilitating  more  efficient
carrier separation and transport.

The  drive-level  capacitance  profiling  (DLCP)  measure-
ment was used to determine the bulk doping concentration
(NDLCP). In contrast, the interface doping concentration was
calculated by subtracting NDLCP from the doping concentra-

 

mA cm−2

mA cm−2

 

Fig. 3   Electrical characterization of control and D18-Cl-based devices. (a) Capacitance−voltage (C−V) characteristics. (b, c) Drive-level capac-
itance profiling (DLCP) analysis of (b) control and (c) D18-Cl-based devices. (d) Hole mobility determination from space-charge-limited cur-
rent (SCLC) measurements. (e) Transient photovoltage (TPV) decay graph. (f) Transient photocurrent (TPC) decay graph. (g) Open-circuit volt-
age  (Voc)  dependence  on  light  intensity.  (h)  Electrochemical  impedance  spectroscopy  (EIS)  analysis.  (i)  Dark  current  density−voltage  (J−V)
curves.
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tion obtained from C−V data (NC−V), as NC−V is sensitive to
both  bulk  and  interface  defects. Figures 3b and 3c show
that the interface defect concentration for the D18-Cl-based
sample  (3.46  ×  1017 cm−3)  is  significantly  lower  than  that
of  the  control  (5.99  ×  1018 cm−3).  This  reduction  in  inter-
face-defect  concentration is  attributed to the D18-Cl treat-
ment, which passivates defects and enhances charge extrac-
tion. Figure 3d presents  the  hole  mobility  of  both  control
and  D18-Cl-based  devices,  calculated  from  hole-only  de-
vices  (ITO  Glass/PEDOT:  PSS/PbS-IBr/PbS-EDT/Au  and
ITO  Glass/PEDOT:  PSS/PbS-IBr/D18-Cl/PbS-EDT/Au)
using the Mott–Gurney law in Eq. (3) [36]
 

J =
9εoεrµV2

8L3 , (3)

εrwhere  is  the  relative  dielectric  constant  (18  for  PbS
QDs), εo is  the  vacuum  permittivity, L is  the  thickness  of
the  QD films  (140 nm), V is  the  applied  voltage,  and J is
the  current  density,  respectively.  After  incorporating  the
D18-Cl layer, hole mobility increased from 4.4 × 10−4 cm2

V−1 s−1 to 8.3 × 10−4 cm2 V−1 s−1, indicating faster, more ef-
ficient hole extraction [32,37].

Transient photovoltage (TPV) analysis was performed to
determine the carrier lifetime, as shown in Fig. 3e. The car-
rier  average  lifetime  (Tave),  calculated  from the  first  expo-
nential decay fit, was 1.349 ms for the D18-Cl-based sam-
ple,  which  is  higher  than  that  of  the  control  (1.072  ms).
Transient  photocurrent  (TPC)  analysis  was  performed  to
determine  carrier  transport  dynamics,  as  shown in Fig. 3f.
The  corresponding  transport  time  (Tave)  for  the  D18-Cl-
based sample was 8.855 µs compared to 13.417 µs for the
control. In the D18-Cl-based sample, charges were collect-
ed  efficiently  before  recombination.  The  diffusion  length
(LD) was calculated from the TPC data using Eq. (4) [38]
 

LD =

√
µkBTτ

q
, (4)

LD µ kB
τ

where  is diffusion length,  is hole mobility,  is the
Boltzmann constant, T is the temperature,  is the average
lifetime,  and q is  the  elementary  charge.  The  diffusion
length  calculated for  the  D18-Cl-based sample  is  138 nm,
and for the control sample is 124 nm. Considering both the
depletion  width  and  the  diffusion  length,  charge  transport
primarily arises from the combined effects of drift and dif-
fusion.  The  increased  diffusion  length  mainly  reflects  im-
proved carrier lifetime and transport quality.

To analyze the recombination loss mechanism of photo-
carriers,  light-intensity-dependent  current  density–voltage
(J–V)  measurements  were  performed.  The  dependence  of
open circuit voltage (Voc) on light intensity is described by
Eq. (5) [39]
 

Voc =
nkBT
q ln(I)

, (5)

kBwhere n is  an evaluation factor,  is  the Boltzmann con-
stant, T is  the temperature  in  Kelvin,  and I is  the light  in-
tensity.  From  linear  slope  fitting  (Fig. 3g),  we  obtained n
values  of  1.27  and  1.09  for  the  control  and  D18-Cl-based
devices,  respectively,  indicating  suppression  of
Shockley–Read–Hall  (SRH) recombination in the D18-Cl-
based device. Figure 3h shows the Nyquist plots of the con-
trol and D18-Cl-based samples obtained from electrochem-
ical  impedance  spectroscopy  (EIS).  Incorporating  D18-Cl
decreased the series resistance from 51.87 Ω cm2 to 13.05
Ω  cm2 and  increased  the  shunt  resistance  from  725.92  Ω
cm2 to 1196.6 Ω cm2. Higher Rsh after D18-Cl treatment re-
sults from suppressed leakage at the PbS-IBr/PbS-EDT in-
terface due to reduced trap-assisted recombination and bet-
ter  interfacial  coverage.  Improved  contact  selectivity  fur-
ther enhances hole extraction and suppresses electron leak-
age,  increasing  shunt  resistance  and  overall  improved  de-
vice  performance. Figure 3i presents  the  dark J–V curves.
The  dark  saturation  current  for  the  D18-Cl-based  device
was  3.93  ×  10−5 mA cm−2,  one  order  of  magnitude  lower
than that of the control device (1.14 × 10−3 mA cm−2), indi-
cating that the D18-Cl-based devices suppress leakage cur-
rent, thereby improving diode quality.

Figure 4a shows  the  schematic  diagram  of  the  semi-
transparent  WBG  PbS  QDs  SJSC  used  as  the  top  cell  in
TSCs.  The  diagram  illustrates  the  post-treatment  of  the
PbS-IBr layer with a 1 mg/mL D18-Cl solution. Figure 4b
presents  the J−V curves  and  photovoltaic  parameters  for
both  control  and  D18-Cl-treated  devices.  The  incorpora-
tion of D18-Cl significantly improved all key performance
metrics: Voc increased from 0.613 V to 0.635 V, short-cir-
cuit current density (Jsc) increased from 19.946 mA cm−2 to
24.574  mA cm−2,  fill  factor  (FF)  increased  from 63.882%
to 67.471%,  and PCE increased from 7.820% to 10.369%.
Table  S5  compares  the  top-performing  device  from  this
work  with  previously  published  results,  listing  the
bandgap, absorber layer thickness, and device performance
of  the  top  cells.  Our  D18-Cl-modified  top  cell  device
achieved  the  highest  PCE  reported  to  date  for  this  device
architecture.

As  shown  in  the  external  quantum  efficiency  (EQE)
spectra  (Fig. 4c),  the  D18-Cl-based  devices  exhibit  higher
quantum  efficiency,  with  an  integrated Jsc of  22.70  mA
cm−2, compared with the control devices (18.24 mA cm−2).
Based on the statistical analysis of 20 batch devices shown
in Fig. 4d,  the  average  values  of  key  parameters  for  D18-
Cl-treated devices are higher than those for control devices.
To  optimize  device  performance,  the  effect  of  variable
D18-Cl  concentrations  (0.25–2  mg  mL−1)  was  evaluated.
Initially, increasing the D18-Cl concentration improves de-

Frontiers of Optoelectronics              (2026), 19:24 Page 7 of 13          24



vice  performance,  with  an  optimal  value  at  1  mg  mL−1.
Further increasing the concentration reduces device perfor-
mance, as shown in Fig. S9. This decline in performance at
concentrations  above  1  mg  mL−1 may  be  attributed  to  the
accumulation  of  unreacted  D18-Cl  at  the  interface,  which
increases resistance. Alternatively, a separate D18-Cl layer
may form, disrupting the band alignment at the interface.

 2.4   Optoelectronic performance of tandem so-
lar cells

Figure 5a shows  a  schematic  of  the  TSC  architecture.  A
semitransparent top cell  modified with D18-Cl is connect-
ed to an opaque bottom cell via optimized interconnecting
layers  (ICLs)  comprising  PbS-EDT/SAMs/Au/ZnO,  as  re-
ported in our previous work [14]. Cross-sectional scanning
electron microscopy (SEM) was used to quantify the thick-
ness of each layer,  shown in Figs. 5b and S10. In the bot-
tom  cell  of  the  TSCs,  0.95  eV  PbS  QDs  (Fig.  S11)  were
used  as  the  absorber.  The  bottom  cell  SJSC  with  a  stan-
dard  structure  of  Glass/ITO/ZnO/PbS-IBr/PbS-EDT/Au
achieved a  PCE of  10.573% (Voc = 0.483 V, Jsc = 33.628
mA  cm−2,  FF  =  65.088%)  (Fig.  S12).  The  performance
ranges  of  the  bottom-cell  SJSC and  the  integrated Jsc val-
ues calculated from the EQE data are provided in Figs. S13
and S14.

By combining the bottom and top cells,  the control  tan-

dem  devices  achieved  a  PCE  of  11.84% (Voc =  1.068  V,
Jsc = 16.570 mA cm−2, FF = 66.920%). Applying the D18-
Cl-based  top  cell,  the  champion  TSC  achieved  a  signifi-
cantly higher PCE of 13.16%, with a Voc of 1.074 V, Jsc of
16.731 mA cm−2, and FF of 73.127%, as shown in Fig. 5c.
The  distributions  of  the J-V parameters  are  illustrated  in
Fig.  S15  for  control  and  D18-Cl-treated  tandem  devices
from 10 batches (2 highest-performing devices per batch).
The average Voc, Jsc, FF, and PCE values in the D18-Cl tan-
dem  devices  were  significantly  higher  than  those  of  the
control  devices.  Furthermore,  the  narrow  distribution  of
PCE (12.7  ±  0.45%)  indicated  the  high  reproducibility  of
the  D18-Cl  effect.  The  EQE  analysis  of  the  D18-Cl  tan-
dem devices is presented in Fig. 5d. The TSC EQE spectra
show  >  80% response  in  the  top  cell  and  broad  photore-
sponse  in  the  bottom  cell.  The  summed  EQE  approaches
90%,  and  matched  photocurrents  (16.36  mA  cm−2 and
16.16 mA cm−2) for the top and bottom cells confirm excel-
lent current balance.

Figure 5e demonstrates  the  operational  stability  of  the
TSC. The tandem devices were encapsulated with a  cover
glass  sealed  with  ultraviolet-curable  adhesive  and  tested
under  continuous  1-sun-equivalent  white  LED  illumina-
tion  (AM 1.5G spectrum)  at  ambient  temperature  and  hu-
midity. The encapsulated device retains more than 90% of
its  initial  PCE after  500 h  of  continuous  MPPT. Figure 5f
shows the storage stability of the devices in air at approxi-

 

 

Fig. 4   Top cell  characterization  of  control  and  D18-Cl-based  devices.  (a)  Schematic  diagram of  the  top  cell  device  architecture.  (b)  Current
density−voltage (J−V) curves under illumination. (c) External quantum efficiency (EQE) spectra with integrated photocurrent density values. (d)
Box plots of key photovoltaic parameters.
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mately  30%–40% relative  humidity  and  a  temperature  of
25°C–30°C. Device performance was tracked weekly,  and
the  highest  weekly  PCE  was  plotted.  Initially,  the  device
PCE increased from 12.9% to 13.148%, then declined each
week. This slight improvement in PCE may be attributed to
the  oxidation of  EDT in  air.  After  more  than 3  months  of
air  storage,  the  devices  retain  more  than 90% of  their  ini-
tial  PCE,  indicating  high  stability  in  air. Figures 5g,  S16,
and  Table  S6  compare  the  results  achieved  in  this  work
with previously published results. The FF of 73% is higher
than that reported in all previous publications. For the first
time,  PbS  QD TSC achieved  an  FF  above  70%.  This  im-

provement  in  FF  reflects  the  enhanced  charge-extraction
capabilities of the modified devices. The champion device
achieved the highest PCE of 13.148%, representing an ab-
solute  increase  of  1.2% compared  with  recently  published
work.

 3   Conclusion

In  conclusion,  we successfully  modified the  PbS-IBr/PbS-
EDT  interface  with  D18-Cl  and  fabricated  a  WBG  semi-
transparent device that serves as the top cell in all PbS QD

 

 

Fig. 5   Tandem device architecture,  performance,  and stability  characterization.  (a)  Schematic  diagram of  the tandem device architecture.  (b)
Cross-sectional SEM image of the tandem device. (c) Current density−voltage (J−V) curves under illumination for control and D18-Cl-based
tandem devices. (d) External quantum efficiency (EQE) spectra of the champion tandem device. (e) Maximum power point tracking (MPPT) sta-
bility of the D18-Cl-based tandem device. (f) Storage stability of the champion tandem device under ambient air conditions. (g) Comparison of
power conversion efficiency (PCE) achieved in this work with previously published results.
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2T TSCs. This interface coating could bind to the underco-
ordinated Pb2+ and passivate sulfur vacancies. The D18-Cl
also  protects  the  absorber  layer  from chemical  and  physi-
cal  damage during TSC fabrication and provides  a  graded
pathway  to  enhance  charge  extraction.  As  a  result,  the
modified  semi-transparent  top  cell  achieved  a  PCE  of
10.36% compared  to  the  control  (7.82%).  By  integrating
this semitransparent cell into TSCs, we achieved a PCE of
13.148%,  the  highest  reported  to  date  for  all-PbS  QD
TSCs. This is an absolute 1.2% PCE increase compared to
our  recent  published  work  (11.95%).  The  modified  TSC
devices retain more than 90% of their initial PCE after 500
h of MPPT operation and 15 weeks of air storage.
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processes, Figs. S1−S15, and Tables S1−S6. These encompass spec-
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