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Abstract: With the emergence of new materials for high-efficiency organic solar cells (OSCs), understanding and finetuning the
interface energetics become increasingly important.  Precise determination of the so-called pinning energies,  one of the critical
characteristics  of  the  material  to  predict  the  energy  level  alignment  (ELA)  at  either  electrode/organic  or  organic/organic  inter-
faces, are urgently needed for the new materials. Here, pinning energies of a wide variety of newly developed donors and non-
fullerene acceptors  (NFAs)  are  measured through ultraviolet  photoelectron spectroscopy.  The positive  pinning energies  of  the
studied  donors  and  the  negative  pinning  energies  of  NFAs  are  in  the  same  energy  range  of  4.3−4.6  eV,  which  follows  the
design  rules  developed  for  fullerene-based  OSCs.  The  ELA  for  metal/organic  and  inorganic/organic  interfaces  follows  the  pre-
dicted  behavior  for  all  of  the  materials  studied.  For  organic–organic  heterojunctions  where  both  the  donor  and  the  NFA  fea-
ture strong intramolecular charge transfer, the pinning energies often underestimate the experimentally obtained interface vacu-
um level shift, which has consequences for OSC device performance.
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 1.  Introduction

Organic  semiconductors,  promising  candidates  for  the
next generation electronic devices, are already used in versat-
ile applications such as organic light-emitting diodes[1], organ-
ic field-effect transistors[2], organic photodetectors[3–5], and or-
ganic  solar  cells  (OSCs)[6],  owing  to  their  advantages  of  light
weight,  flexibility,  semi-transparency,  tunable  optical  gaps
and  energy  levels[7].  In  the  field  of  OSCs,  great  efforts  have
been devoted to the synthesis of new donors (D) and accept-
ors (A) with optimal energy level alignment (ELA) at both elec-
trode and D–A interfaces[8–13]. However, the interface electron-
ic properties and the corresponding influences on the charge
generation and charge collection are not fully  understood[14],
especially  for  those recently  developed non-fullerene accept-
or  (NFA)  based  systems,  which  hampers  further  material
design and device optimization of OSCs.

To understand the interface energetics in OSCs, the funda-
mental  task prior  to drawing the energy-level  diagram is  cor-
rectly  determining  the  energies  of  the  highest  occupied  mo-
lecular  orbital  (HOMO)  and  the  lowest  unoccupied  molecular
orbital  (LUMO)  of  a  material,  corresponding  to  the  edges  of
hole and electron conduction levels with reference to the vacu-
um  level,  which  defines  the  ionization  energies  (IP)  and  elec-
tron  affinities  (EA)  of  the  material,  respectively[15].  However,
the  information  of  HOMO  and  LUMO  levels  only  is  far  more
enough  to  depict  the  ELA  at  interfaces  due  to  the  complic-
ated but normally existed interface phenomenon such as po-

tential  gradient,  interface  dipoles,  energy  level  bending,  and
so  on  (Fig.  1(a)).  It  should  be  noted  that  the  commonly  used
energy-level  diagrams  in  literatures  usually  assume  vacuum
level  (VL)  alignment  without  taking  the  interface  phenomen-
on  into  consideration.  This  can  be  misleading,  since  the  VL
alignment  at  such  interfaces  is  rather  the  exception  than  the
rule[16].  Instead,  VL  shifts  (i.e.,  work  function  (Φ)  change)  is
quite a normal phenomenon, which is usually caused by an in-
terface dipole formed in order to equilibrate a chemical poten-
tial difference at the interface.
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The  integer  charge  transfer  (ICT)  model  predicts  the  size
and direction of interface dipole induced VL-shifts at weakly in-
teracting metal/organic  and organic/organic  interfaces  based
on  the  so-called  pinning  energies  (positive  pinning  energies,

,  and  negative  pinning  energies, )[17, 18],  which  has
been  widely  used  to  explain  and  tune  interface  phenomen-
on in OSC devices[19–23]. Specifically, the positive (negative) pin-
ning  energy  is  the  energy  required  for  a  material  to  be  oxid-
ized  (reduced)  forming  a  fully  relaxed  positive  (negative)  po-
laronic state at  the interface.  Here,  the fully relaxed polaronic
states refer to the states after the polaron’s electronic and geo-
metrical relaxation, as well as the screening from the environ-
ment  and  the  Coulombic  interaction  with  the  opposite
charge  across  the  interface,  which  are  pushed  into  the  gap
compared to the bulk IP (EA),  as  shown in Fig.  1(b).  Based on
the  ICT  model,  the  chemical  potential  difference  at  an  inter-
face  is  equilibrated  by  the  spontaneous  oxidation  or  reduc-
tion  of  the  molecules  where  the  subsequent  charge  transfer
across the interface creates a potential step (∆) that shifts the
VL[18].  The  resulting  ELA  for  the  interface  can  be  divided  into
three  scenarios  (Fig.  1(b)):  (i)  when  the  work  function  of  the
substrate Φsub is  smaller  than  of  the  organic  material,
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Φsub < , electrons will transfer from substrate to the organ-
ic material, contributing to a VL upshift (∆ =  – Φsub) with
Fermi-level  pinning  to ;  (ii)  when  < Φsub < ,  no
electron  transfer  will  occur  between  the  substrate  and  the
organic material, thus VL alignment will be shown without in-
terface  dipoles  (∆ =  0  eV),  and  the  work  function  of  organic-
on-substrate Φorg/sub will linearly depend on Φsub with a slope
of 1; (iii) when Φsub > , electrons will flow from organic ma-
terial  to  the  substrate,  resulting  in  a  downshift  of  VL  (∆ =
Φsub – ) with Fermi-level pinning to [17, 18].

The  pinning  energies  of  the  donors  or  acceptors  are  im-
portant parameters to both determine and design the ELA at
both  the  electrode-active  layer  interface  and  the  D–A  inter-
face  in  OSCs.  Pinning  energies  of  many  traditional  organic
semiconductors  have  been  already  reported[21, 24–27],  but  few
reports  are  focused  on  the  newly  developed  NFA  based  D–A
systems.  In  this  paper,  we  utilize  ultraviolet  photoelectron
spectroscopy  (UPS)  to  determine  the  pinning  energies  and
IPs  of  a  batch  of  donors  and  acceptors  applied  in  high-effi-
ciency  OSCs.  It  is  found  that  all  the  studied  materials  follow
the general ELA trend predicted by the ICT model when depos-
ited  onto  the  inert  conducting  substrates.  The  positive  pin-
ning  energies  of  the  studied  donors  and  the  negative  pin-
ning energies of NFAs almost sit at the similar energy level of
around 4.3−4.6 eV, which follows the established design rules
for  fullerene-based  D–A  systems.  However,  recent  results
show that for D–A combinations where both the NFA and the
donor feature strong intramolecular charge transfer, the inter-
face  VL  shift  is  typically  significantly  larger  than  that  pre-
dicted  by  the  ICT  model,  which  then  also  affect  OSC  device
performance as we comment on here.

 2.  Methods

To  determine  the  pinning  energies  of  a  material,  work
functions of  several  conductive substrates should be determ-
ined  by  UPS  prior  to  the  organic  semiconductor  film  depos-
ition.  The  substrates  commonly  used  are:  gold  (Au)  exposed
to  air  (Φsub =  4.5–4.6  eV)  or  UV/ozone  (UVO)-treated  Au
(Φsub = 5.2–5.7 eV),  PEDOT:PSS (Φsub = 5.0–5.1 eV),  indium tin
oxide  (ITO)  as-received  (Φsub =  4.5–4.7  eV)  or  UVO-treated
(Φsub = 4.7–5.0 eV), SiOx/Si (Φsub = 4.1–4.7 eV), ZnO/ITO (Φsub =

3.8–4.1 eV), AlOx/Al (Φsub = 3.4–3.9 eV). Then the organic semi-
conductor material is spin-coated on these substrates of differ-
ent  work  functions  and  is  transferred  for  UPS  measurements.
As Fig.  2(a)  shows,  after  determining  the  work  function  of  a
substrate  from  the  secondary-electron  cutoff  edge  (Ecutoff)  by
using  the  simple  formula: Φ = hν – Ecutoff,  work  function  of
the  same  material-coated  substrate  is  remeasured,  so  a
change  in  work  function  or  a  potential  step ∆ can  be  ob-
tained.  Meanwhile  the  vertical  IP  of  the  material  can  be  de-
rived  from  the  frontier  edge  of  the  valence  band  spectrum
(EVB)  by  using  formula:  IP  = EVB + Φ.  The  spectra  of  Y11
coated  on  different  substrates  are  shown  as  an  example  in
Fig.  2(b),  and  spectra  of  other  materials  are  shown  in  Fig.  S1
of the Supporting Information. The UPS measurements are car-
ried  out  under  the  standard  conditions  as  we  mentioned  in
previous  works[28, 29].  Layer-by-layer  deposition  of  polymer
films  using  Langmuir-Blodgett  or  Langmuir-Schäfer  tech-
niques have demonstrated that the interface potential  step ∆
is  abrupt,  typically  extending  over  only  2–3  monolayers  with
most of the shift obtained already after one monolayer[28,29].

 3.  Results and discussion
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Having the work function values of  both bare substrates,
Φsub,  and  the  corresponding  material-coated  substrates,
Φorg/sub in  hand,  one  can  easily  get  the  relationship  between
Φorg/sub and Φsub.  As  can  be  seen  in Fig.  3, Φorg/sub is  plotted
against Φsub for  various  materials  including  donors  and  NFAs
developed in recent years. It shows that all the studied organ-
ic semiconductor materials follow the ICT model, where three
regions  of  ELA  at  the  interface  between  the  inert  substrates
and  organic  semiconductors  are  shown:  (i)  Fermi-level  pin-
ning  to  (slope  =  0)  region  at  low  work  function  sub-
strates, (ii) vacuum-level alignment (slope = 1) region at moder-
ate  work  function  substrates,  and  (iii)  Fermi-level  pinning  to

 (slope  =  0)  region  at  high  work  function  substrates,  al-
though the region i  where  sits  could not be reached for
most  of  the  donors  due  to  the  lack  of  air-stable  substrates
with  ultra-low  work  functions  (Φsub <  3.4  eV).  The  of
donors and acceptors are derived from the average Φorg/sub val-
ues  of  data  points  at  the  plateau  region  of  Fermi-level  pin-
ning  (  from  region  iii,  from  region  i)  where Φorg/sub
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Fig. 1. (Color online) (a) Schematic of the common interface phenomenon at organic/metal or organic/organic interfaces. (b) Schematic illustra-
tion of the integer charge transfer (ICT) model.
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is  independent  on Φsub.  The  resulting  pinning  energy  values
of  the  range  of  materials  are  summarized in Table  1.  Follow-
ing  this  basic  pinning  energy  information  of  these  materials,
one can easily determine the ELA at the related electrode/or-
ganic  interface  to  further  figure  out  the  energy  barriers  for
charge collection or charge injection at the electrodes in sever-
al organic electronic devices[30–32].

For  most  donors  in Fig.  3(a),  the  positive  pinning  ener-

EICT+,D EICT−,A
EICT−,A EICT+,D EICT+,D EICT−,A

gies all locate in the energy range of 4.3−4.6 eV (shadowed re-
gion  in  light  green),  which  is  almost  the  same  level  range  as
the  negative  pinning  energies  (shadowed  region  in  light
green) of the NFAs in Fig. 3(b). Based on the ICT model, vacu-
um level alignment (∆ = 0 eV, when  > ) or small in-
terface  dipoles  (∆ =  – ,  when  < )
would  be  predicted  at  the  interfaces  of  these  D–A  pairs.  This
suggests efficient charge generation and small voltage loss in
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Fig. 2. (Color online) (a) Schematic illustration of deriving important parameters from UPS characterization. (b) UPS spectra of Y11 spin-coated on
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bulk  heterojunctions  based  on  the  design  rules  for  fullerene-
based OSC devices proposed in our previous works[19, 21, 22]. Ac-
cording  to  the  previous  investigation  on  the  relationship
between  the  voltage  loss  and  the ICT  dipoles  of  various
fullerene-based D–A systems, it is found that charge recombin-
ation could be suppressed at the sweet point where the posit-
ive pinning energy of the donor roughly equals to the negat-
ive  pinning  energy  of  the  acceptor,  ≈ ,  other-
wise  trap-assisted  recombination  via  ICT  states  at  D–A  inter-
faces  would  be  dominant  when  < ,  or  free
charge  generation  would  be  less  efficient  in  the  absence  of
ICT dipoles at D–A interfaces when  > . This empir-
ical design rule has been proved to be useful for understand-
ing  the  voltage  loss  mechanisms  in  OSCs  based  on  the  old
type  donors,  fullerene  acceptors,  and  even  some  NFAs[21, 22].
For example,  when P3HT (EICT+ = 4.14 eV) is  paired with most
acceptors  like  C60,  PC70BM,  ITIC  and  IT4F,  with  of  4.57,
4.40,  4.42,  4.55  eV,  respectively,  large  ICT  dipoles  of  around
0.3−0.4  eV  are  obtained  at  these  D–A  interface.  In  these
cases,  misalignment  of  and  will  lead  to  promin-
ent  density  of  occupied  ICT  states  (and  interface  potential
step)  at  the  D–A  interfaces  already  at  dark  conditions,  where
then  photo-generated  free  electrons  (holes)  in  the  acceptor
(donor)  domains would combine with the  ( )  related
positive  (negative)  polarons  at  the  donor  (acceptor)  side  of

EICT+

EICT+
EICT− EICT−

EICT−
EICT+,D EICT−,A

the  interface,  resulting  in  increased  voltage  loss.  Thus,  the
low lying  of P3HT might be one of the bottlenecks hinder-
ing  the  further  improvement  on  device  efficiency.  However,
two strategies could be employed to diminish the negative in-
fluence  from  the  ICT  states  at  interfaces:  first,  thermal  or
solvent  annealing can be used to decrease the ICT dipoles  at
the  D–A  interfaces  by  enhancing  the  donor [22];  second,
pairing  P3HT  with  acceptors  of  low ,  like  IC60BA  (  =
4.05  eV),  O-IDTBR  (  =  4.16  eV)  is  helpful  to  improve  the
PCEs[21, 33, 34] as it matches the  with the .

EICT+,D EICT−,A

EICT+,D EICT−,A

EICT+,D
EICT−,A

The  ICT  model  has  been  proven  very  robust  in  predict-
ing  metal/organic,  inorganic/organic  and  organic/organic
interface  ELA.  However,  recent  results  on  the  newly  de-
veloped  D–A  systems  where  both  donors  and  acceptors  fea-
turing  so-called  push-pull  structures  (intramolecular  charge
transfer)  suggest  that  the  ICT  model  is  insufficient  to  explain
the  measured  D–A  interface  ELA[29].  The  ELA  at  well-defined
D–A interface based on high-efficiency NFA systems were de-
termined  in  a  layer-by-layer  manner  through  the  Langmuir-
Schäfer  technique and the results  show that  significant  inter-
face dipoles exist  at  these D–A interfaces based on D–A pairs
featuring  push-pull  structure  and  large  HOMO  difference  pri-
or  to  contact,  even  though  the  pinning  energy  of  donor
match  with  that  of  the  acceptor.  This  finding  contradicts  the
ICT  model  prediction  of  small  or  even  zero  interface  dipoles
at these particular D–A interfaces. The presence of the promin-
ent  interface  dipoles  up-shifts  the  HOMO  and  LUMO  of  the
NFAs at the D–A interface, leading to a reduction in the interfa-
cial  energy  level  offsets  and  an  increase  in  charge  transfer
state  energies  (ECT),  as  shown  in  the  schematic  illustration  in
Fig.  4.  The  ELA  diagram  corrected  with  the  measured  inter-
face  dipole  (ELA  after  D–A  contact)  reflects  the  real  situation
in  devices  as  demonstrated  by  the ECT obtained  from  several
OSCs.  It  is  interesting  to  compare  the  D–A  interfaces  based
on the old-type OSC materials where ELA follows the ICT mod-
el  with  the  D–A  interfaces  based  on  new-type  materials  with
push-pull  structures  where  the  ELA  does  not  follow  the  ICT
model.  In the former case,  a  significant D–A interface VL shift
that  brings  the  benefits  of  increased ECT from the  up-shifting
of  the  acceptor  HOMO/LUMO  levels  and  enhanced  exciton
dissociation[19, 35],  also  brings  penalties  in  the  form  of  in-
creased  recombination  losses  induced  by  the  (dark)  ICT  state
density that creates the VL shift. Hence the experimentally ob-
served “sweet-spot” is reached at  ≈ . For the new
NFA-donor  systems,  a  significant  VL up-shift  can be obtained
even  though  ≈ ,  so  an  increased ECT and  en-
hanced  exciton  dissociation  efficiency  is  obtained  without
paying  the  penalty  of  ICT-state-induced  recombination  that
decreases  the  open  circuit  voltage.  This  suggests  that  pursu-
ing  engineering  of  the  D–A  interface  to  obtain  VL  up-sifts
while  avoiding  the  creation  of  interface  ICT  states  (  ≥

) is a possible route to achieve better performing OSCs.

 4.  Conclusion

In summary, the pinning energies of a wide variety of or-
ganic  semiconductor  materials  used  in  high-efficiency  OSCs
are  characterized.  The  ELA  for  metal/organic  and  inorganic/
organic interfaces follows the ICT model for all materials stud-
ied,  demonstrating  its  utility  for  designing  electrode  and
charge-transport-layer  interfaces.  The  positive  pinning  ener-

Table 1.   Summary of the pinning energies (EICT+,–), ionization poten-
tials (IP), and electron affinities (EA) of donors and acceptors.

Materials EICT+ (eV) EICT− (eV) IP (eV) EA (eV)

Donors

PBDB-T 4.34b – 4.88b 2.88a

PM6 4.50b – 5.06b 3.05a

PFO 5.07b – 5.81b –
TQ1 4.29b – 4.80b –
P3HT 4.14b – 4.54b 2.17a

D18 4.60b – 5.20b 2.86a

DR3 4.30 – 4.94 3.3a

ZR1 4.40 – 5.02 3.37a

PTB7-Th 4.54 – 5.06 3.4a

MDMO-PPV 4.28 – 4.79 –
Meh-PPV 4.37 – 4.99 –
DRTB-T-C4 4.60 – 5.01 –
PTO2 4.60 – 5.40 3.25a

PM7 4.54 – 5.22 3.27a

Acceptors

IEICO 4.74 4.24b 5.24b 3.75a

IEICO-4F 4.83 4.33b 5.40b 3.9a

Y1 4.78 4.28 5.45 3.68a

Y11 5.10 4.50b 5.50b --
Y6 4.90 4.46b 5.58b 4.07a

N2200 4.74 4.16 5.66 --
ITIC 4.79b 4.42b 5.74b 3.9a

IT4F 5.02b 4.55b 5.79b 4.1a

O-IDTBR 4.76 4.16 5.48 3.6a

SF(DPPB)4 4.60 – 5.37 –
PC70BM 5.08 4.40b 5.78b –
IC60BA 5.15c 4.05c 5.93c –
C60 5.55c 4.57c 6.35c –
C70 5.48c 4.65c 6.30c –

aValues from Ref. [15]; bValues from Ref. [29]; cValues from Ref. [21].
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gies  of  the  studied  donors  are  in  the  similar  range  as  the
negative  pinning  energies  of  the  NFAs,  sitting  at  around
4.3−4.6 eV, which follows the design rules for fullerene-based
OSCs.  The  ICT  model  fails,  however,  at  predicting  organic/or-
ganic  D–A interfaces  involving donors  and NFAs  both featur-
ing  strong  “push-pull”  nature.  Interestingly,  for  these  sys-
tems  a  significant  interface  VL-shift  can  be  obtained  even
when  a  (near)  zero  interface  dipole  is  predicted  by  the  ICT
model due to the absence of induced ICT states at the D–A in-
terface.  This  enables  the  NFA-based  OSCs  to  gain  the  bene-
fits  of  increased ECT and  exciton  dissociation  efficiency
without  paying  the  price  of  increased  trap-induced  recom-
bination.
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