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Abstract:

The energy offset between the electrode Fermi level and organic semiconductor
transport levels is a key parameter controlling the charge injection barrier and hence
efficiency of organic electronic devices. Here, we systematically explore the effect of
in situ oxygen exposure on energetics in n-type conjugated polymer P(NDI2OD-T2)
films. The analysis reveals that an interfacial potential step is introduced for a series of
P(NDI20OD-T?2)-electrode contacts, causing a nearly constant downshift of the vacuum
level while the ionization energies versus vacuum level remain constant. These findings
are attributed to the establishment of a so-called double dipole step via motion of
charged molecules and will modify the charge injection barriers at electrode contact.
We further demonstrate that the same behavior occurs when oxygen interacts with p-

type polymer TQ1 films, indicating it is possible to be a universal effect for organic



semiconductors.

Introduction

Conjugated polymers exhibit optical and electronic properties which make them
suitable for organic electronics applications, e.g., thin film transistors,! light emitting
diodes,** and photovoltaic cells.>® The electronic structure at heterojunctions often
plays a critical role in the performance and functionality of such devices, governing e.g.
charge injection/collection.”” Many conjugated polymers unfortunately are sensitive to
ambient atmosphere, in particular to oxygen exposure, leading to changes in electronic
structure. These changes, involving oxidization/doping of the semiconducting polymers,
typically are accelerated by light exposure and elevated temperatures.'®!'? Previous
work by Nicolai, et al, demonstrated that organic semiconductor films feature electron
trap states at ~3.6 eV below vacuum level. These trap states, which have a significant
effect on the charge transport, are suggested to originate in bishydrated-oxygen
complexes created by water and oxygen uptake.'? Light-induced p-type doping also can
occur, as demonstrated for P3HT exposed to oxygen by Hintz, et al, a process found to
be reversible by vacuum annealing.'* Unless the polymers films are protected from
exposure to ambient atmosphere, the effects of p-doping and electron trap state
formation appear in organic photovoltaic cells (OPVs) resulting in decreased short-
circuit current, open circuit voltage, fill factor, and sometimes even by the formation of
an “S”-shaped current-voltage curve.!® In organic field-effect transistors (OFETs) such

processes show up as a shift in threshold voltage, reduction in mobility, decreased



subthreshold slope, and increased off-current.'® Hence, understanding the effects on
(interface) energetics caused by oxygen in organic semiconductor films certainly is an

essential step for future development of more robust organic materials and devices.

Poly{[N,N"-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-
*5,5'-(2,2' bithiophene) } (P(NDI2OD-T2), the chemical structure of which is depicted
in Fig. 1a, is widely used in OPVs and OFETs as a n-type polymer semiconductor
thanks to the red-shifted optical absorption relative to the fullerene derivatives and
excellent electron mobility, as high as 0.85 cm? V! S1.17!® Charge accumulation
spectroscopy and Raman spectroscopy have been used to study the degradation
phenomena of P(NDI2OD-T2) films exposed to oxygen, where electron trapping
resulting in decreased charge transport ability was found to occur, and the electron traps
were induced by an OzeeeP(NDI20OD-T2) complex formation involving slight
destabilization of the polymer highest occupied molecular orbital (HOMO) and creation
of an inter-gap level localized mainly on the O molecule, and the comparatively weak
oxygen-polymer interaction was suggested to be reversible by heating.! In this paper,
we investigate the influence of oxygen on P(NDI2OD-T2) film interface energetics by
controlled in situ oxygen gas exposure probed by ultraviolet and X-ray photoelectron
spectroscopy (UPS and XPS). We address the evolution in work function, the frontier
feature (HOMO) and ionization potential (IP) by UPS so as to monitor the interface
energetics and hence injection barriers during the exposure. XPS is applied to probe

whether direct bond formation between oxygen and P(NDI2OD-T2) occurs or is indeed



weak as previously suggested by calculations.!” To exclude the effects (e.g. photo-
oxidation) by other sources like sun light, especially the UV part, the sample is shielded
and the experiments are carried out without exposure to UV-Vis light. Our in situ
approach enables us to track the oxygen-induced charge injection barrier modifications

between electrode Fermi level and organic semiconductor energy level, and discuss

their origins.

Results and Discussion
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Figure 1. (a). Chemical structure of n-type conjugated polymer P(NDI20OD-T2) with a diagram of the energy level.

ICT+ and ICT- represent the energy level of positive and negative integer charge transfer state, respectively; (b)



Energetics at P(INDI2OD-T2) interface that follows the ICT model: dependences of the work function of P(NDI20OD-
T2) film coated various conducting substrates via solution process, ®orc/sus on the work function of bare substrate,

Dsus.

The energetics at weakly-interacting organic/electrode (organic) interface follow the
integer charge transfer (ICT) model, which describes the relation between the Fermi
level and the integer charge transfer states of the organic semiconductor (see supporting
information).” 22 The Fermi level pinning results from spontaneous charge transfer
across the interface when there is an energy difference between the substrate work
function and the energy required to oxide/ gained from reducing a molecule at the
interface.” ?* Fig. 1b shows the energetics at P(NDI2OD-T2) interface that follows the
typical ICT model, where the P(NDI2OD-T2) films were deposited onto various
substrates with a broad range of work function to cover all three distinct regimes. The
measured Ejcts.- of the pristine P(INDI20OD-T?2) film is determined to be 4.95 and 4.1
eV, respectively. When the underlying substrate work function ®@syg is larger (smaller)
than 4.95 eV (4.1 eV), the Fermi level is pinned to Eict+ (Eict-) with the formation of
the downshift (upshift) potential step at interface, the resulting work function of the
film ®orarsus is constant with the value of Eict+ (Eict). In the vacuum level alignment
region (4.1 eV < ®sys < 4.95 eV), the @oragisus of the P(NDI20OD-T2) film is equal
to @sup which is the case for the P(INDI20OD-T2) films coated on indium tin oxide (ITO,

®sup =4.5eV) and gold (Au, @sup =4.7eV).
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Figure 2. (a)-(e) UPS spectra evolution at the secondary electron region (work function, left) and the frontier
electronic structure region (HOMO, right) of P(NDI20OD-T2) film on various conducting substrates including

Au(UVO), Au, ITO, SiOx/Si and AlOx/Al, as a function of in situ oxygen gas exposure time 30, 60, 120 and 180



min. The bottom spectrum corresponds to the pristine film for comparison. Al and A2 are contributed to the energy
shift of work function and HOMO edge with respect to Er, respectively. (f) Summary of the resulting ICT plots of
P(NDI20OD-T?2) after saturated oxygen exposure. The energy shift of about 0.15 eV under the original ICT curve is

shown.

Fig. 2a-e displays the UPS spectra evolutions of the P(NDI2OD-T2) films on
conducting substrates covering the all three regimes of the ICT model, as a function of
exposure time under controlled oxygen gas pressure. In Fig. 2a the bottom spectrum
corresponds to the pristine P(INDI2OD-T2) film on UV-ozone treated Au (Au UVO)
substrate, and its work function and the IP are estimated from the results to be 4.95 and
5.6 eV, respectively. Since the work function of the Au UVO substrate is 5.6 eV, it
causes the formation of occupied ICT+ states in the P(NDI2OD-T2) film at the interface,
pining the work function to the Eicts, as visible in Fig. 1b. For oxygen exposure time
from 30 to 180 min, the vacuum level shifts downward by 0.15 eV and remains stable.
Synchronously, the HOMO edge gradually shifts to higher binding energy by 0.15 eV.
There are neither changes in the IP nor in the spectral features of P(NDI2OD-T2) film.
The same behavior exhibited in Fig. 2b-e, occurs for both the case of pinning to ICT-
states [P(NDI2OD-T2) on SiOx/Si and AlOx/Al, respectively] and the case of the
vacuum level alignment [P(NDI20OD-T2) on Au and ITO, respectively]. From the
results presented in Fig. 2f, all the work functions of the P(NDI20OD-T2) films after

exposure to oxygen gas shift by 0.15 eV below the original ICT curve.
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Figure 3. XPS core level spectra Cls, Ols and N1s of P(NDI2OD-T2) film before and after 180 min oxygen gas

exposure.

The findings are similar to recent results on other organic semiconductors, e.g. PCBM
interface upon oxygen exposure,”> where it was suggested that the formation of
bishydrated-oxygen complex introduces partly filled defect states that cause energy
level bending. However, we find that the shift in work function upon oxygen exposure
of P(NDI2OD-T2) is independent of film thickness 12, 8 and 3 nm (see Fig.S2 and
Table S1), so energy level bending due to the formation of an extended depletion region
cannot be the cause of the observed shifts. The new states created by the
O222eP(NDI20OD-T2) complex formation also cannot explain the behavior, as although
the HOMO is destabilized (in agreement with the decrease of the Eict+), the inter-gap
state should yield an increased Eict., which is not the case. We instead turn to the work
function modification at doped conjugated polymer/electrode interface?® and
conjugated electrolyte/electrode interface®’, where one of the ions in the organic

semiconductor film is more mobile than the counter one. At interface the Ion* and Ton



can respectively interact with their induced image dipole of the substrate, one of the ion
species are move closer to the substrate and thus form a “double dipole step” shifting
the work function.?” 28 The effect does not depend on the substrate work function and
only occurs at interface, hence is film thickness independent in line with our results.
The overall energy level alignment of such systems then follows the ICT model
modified by the double-dipole step (see supporting information).??” To further test if
the work function shift of the ideal ICT curve in the P(INDI2OD-T2) film upon oxygen
exposure can be explained by the similar mechanisms with a negatively charged O2 and
positively charged P(NDI2OD-T2) in the O2¢esP(NDI20OD-T2) complex, heating of the
exposed film was carried out in ultrahigh vacuum. The original work function is
recovered with no other change to the UPS spectra features (Fig. S3), indicating a weak
interaction between oxygen molecule and P(NDI2OD-T2) as well as a reversible
process as predicted by theory. This is further supported by XPS Cls, Ols and N1s core
level spectra of P(NDI2OD-T2) film, as shown in Fig. 3, where no new features after
180 min oxygen exposure are observed. Note that the applied exposure time is sufficient
for complete diffusion of oxygen molecules through the film. If the negatively charged
oxygen molecules are more mobile than the positively charged P(NDI2OD-T2) in the
O2°2eP(NDI20OD-T2) complexes, we expect the formation of a “double dipole” step at
the polymer-substrate interface that downshifts the work function regardless of initial
substrate work function as is indeed the case, see Fig. 4 of the energy level alignment
diagrams for P(INDI2OD-T?2) interfaces before and after oxygen exposure, which is

different with the case of the energy level shift originating from the gas molecule



penetration into the film through the crystal-grain boundaries leading to the small

imperfections of the packing structures and thus change of the gap states.?
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energetics: (a) pristine and (b) after oxygen exposure. (c) Schematic illustration of work function downshift at

interface upon oxygen exposure, which originates from the double dipole step (D1+ D2) formation at interface. In



the oxygen-doped P(NDI2OD-T2) film, the diffused oxygen molecule is negatively charged (blue circle with dashed
line), and the polymer 7 backbone carries the holes (red circle with solid line). The electron and hole pairs in the
P(NDI20OD-T2) film respectively developed the opposite image charge (black circle) in the conducting substrate
across the interface. Related to the hole-carrying P(NDI2OD-T2), the negatively charged oxygen molecules are more
mobile toward the interface. The purple arrow points to the oxygen molecule motion, resulting in electron
redistribution at the interface (blue circle with solid line). This process produces two negative dipole moments u
and uz at the PAINDI2OD-T2)/conducting substrate interface, leading to diminish the work function (D1+ D2) of the

film.

We expect the results present here also hold for other organic semiconductor featuring
weak interaction with oxygen molecules (no covalent bonding) as long as the negatively
charged oxygen in the complex is more mobile than the positive charge on the organic
semiconductor. The analogous energetic modification phenomena in the p-type
conjugated polymer poly[2,3-bis-(3-octyloxyphenyl) quinoxaline-5, 8-dilyl-alt-
thiophene-2, 5-diyl] (TQ1) film upon oxygen exposure are also observed (see Fig. S4).
Work function downshifts by 0.15 eV under the pristine TQ1 ICT curve and no strong
chemical interaction between polymer and oxygen molecule after saturated oxygen

exposure is found (Fig. S4b-c, Fig. S5, Fig. S6 and Table S2).
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These energetics modifications upon oxygen exposure may have a significant effect on
the performance of organic electronic devices. The formation of an additional double
dipole step will decrease the overall interface dipole at a cathode (low work function
contact, region (i) in Fig. S7) and increase the overall interface dipole at an anode (high
work function contact, region (iii) in Fig. S7). Since the film IP is unchanged (and
assuming the same is true for the electron affinity), this will move the LUMO level
closer to Fermi level at cathode/organic semiconductor interface, decreasing the
electron-injection barrier (Dg.) here defined as the energy offset between Er and bulk
LUMO level,*® see Fig. 5a. The energy level-matched contact is then expected to be
more efficient for the electron injection, thereby increasing device performance. For

anode/organic semiconductor interface in Fig. 5b, the addition of a double dipole step



causes a larger hole-injection barrier (d ), here defined as the energy offset between

EF and bulk HOMO level, resulting in a loss in device performance.

Conclusion

In conclusion, we show the experimental evidences and theoretical explanations for the
effects of in situ oxygen exposure on energetics in n-type polymer film, and discuss the
origin of the charge injection barrier evolution at the electrode contact. We have found
that all the work functions of the P(NDI20OD-T2) films regularly downshift by
approximately 0.15 eV below the original ICT curve upon oxygen exposure and their
HOMO edges shift to higher binding energy by the same energy. The IP thus remains
constant and there is no broadening of the spectral features. We attributed to these
findings to the establishment of a so-called double dipole step via motion of charged
molecules and will modify the charge injection barriers at electrode contact. The
interaction between P(NDI2OD-T2) and oxygen molecules is weak (no direct bonds),
and the negatively charged oxygen molecules are more mobile than the positively
charged conjugated polymer. As a consequence, the double dipole step formed at
interface downshifts the work function for all metal or semiconducting substrates. We
further demonstrated that the process also holds for oxygen-exposed p-type polymer
TQI films, indicating it may be a universal principle for organic semiconductor films
that undergo weak interaction with oxygen molecules (no covalent bonding). The
energetics modifications at anode and cathode contacts can affect the performance of

organic electronic devices through modification of the charge injection barriers. We



expect that the results have significance for the understanding and control of

environmental factors in organic electronic devices.

Experimental Section:

Materials: The n-type polymer P(NDI2OD-T2) used in the study obtained from Polyera
Company. The p-type polymer TQ1 was synthesized at the Chambers University of
Technology, Sweden. Films from o-dichlorobenzene solution were spin-coated on
different substrates in dark conduction, then directly and quickly transferred into the
load lock of the ultrahigh vacuum (UHV) system. The substrates and the corresponding
work functions are following: AIOx/Al (@ = 3.8 eV), SiOx/Si (® =4.1 eV), ITO (® =
4.5 eV), AuOx/Au (® =4.66 eV), PEDOT: PSS (® =5.1¢V), and UVO treated Au (®
= 5.6 eV). All substrates were cleaned by sonication in acetone and isopropanol before
using.

Characterization of energetics evolution: Photoelectron spectroscopy measurements
were performed in an UHV surface analysis system equipped with Scienta-200
hemispherical analyser. The system includes a load lock chamber with a base pressure
of 1 x10”7 mbar, a preparation chamber with a base pressure of 8 x10'° mbar, and an
analysis chamber with a base pressure of 2 x107'° mbar. In-situ exposure of P(NDI20D-
T2) and TQI1 film to oxygen gas was carried in the preparation chamber, and the
exposure pressure of 6 x10°® mbar is controlled via a leak valve. After each cycle of
oxygen exposure, the sample were transferred to the analysis chamber without breaking
UHV for measurement. UPS was measured using Hel 21.22 eV as excitation source

with energy resolution of 0.05 eV to investigate the work function and the frontier



electronic structure features. The work function was derived from the secondary
electron cut-off of the spectra, and the ionization potential is estimated from the frontier
edge of the occupied density of states. XPS with monochromatized Al Ka 1486.6 eV
was used to detect possible chemical interaction after exposure. All spectra were
calibrated with reference to the Fermi level and Au 4f7, peak position of the Ar* ion

sputter-clean gold foil.
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Figure S1. UPS spectra of the secondary electron region (work function, right) and the
frontier electronic structure region (HOMO, left) of P(NDI20OD-T2) film as a function
of time 30, 60, 120 and 180 min under the condition of no oxygen gas exposure. There
is no change in the spectra features, implying that the UV lamp source during UPS
measurement has no effect on the energetics of the P(NDI2OD-T2) film and the

energetics evolution of the films in the main text indeed are attributed to the oxygen.
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Figure S2. UPS spectra evolution of P(INDI20D-T?2) film coated on ITO with different

thickness before (solid lines) and after (dashed lines) 180 min oxygen exposure.
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Table S1. Pristine work function (WF), WF after 180 min exposure, and WF shift (A)

of P(NDI2OD-T?2) films with different thickness 12, 8 and 3 nm.

. L. WEF after 180
P(NDI2OD-T?2) film Pristine WF .
. Substrate min exposure A (eV)
thickness (nm) (eV)
(eV)
12 [main text] ITO 4.5 4.35 0.15
8 ITO 443 4.28 0.15
3 ITO 4.45 4.3 0.15
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Figure S3. UPS spectra evolution of the pristine, oxygen-exposed and annealed
P(NDI20OD-T2) film coated on AIOx/Al. The corresponding work functions are 4.1,

3.96 and 4.08 eV, respectively.
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Poly[2,3-bis-(3-octyloxyphenyl) quinoxaline-5, 8-dilyl-alt-thiophene-2, 5-diyl] (TQ1)
is commonly used in organic photovoltaics as p-type donor polymer featuring high

power conversion efficiency [1].
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Figure S4. Energetics evolution phenomena in TQ1 film upon oxygen exposure. (a)
chemical structure of TQI, (b) The resulting ICT plots after oxygen exposure are
downshifted by ~0.15 eV compared to the ICT plots of pristine TQ1, (c) Work function
evolutions of UPS spectra of TQI1 film on various conducting substrates including
PEDOT:PSS, Au, SiOx/Si and AIOx/Al, as a function of in situ oxygen gas exposure

time 30, 60, 120 and 180 min.
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Figure S5. Comparison of XPS core level spectra Cls, Ols, N1s and S2p of TQ1 film

before and after 180 min oxygen gas exposure.
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Figure S6. UPS spectra evolution of TQI films coated on ITO with different thickness

before and after 180 min oxygen exposure.
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Table S2. Pristine work function (WF), WF after 180 min exposure, and WF shift (A)

of TQ1 film with different thickness15, 7 and 4 nm.

. . WEF after 180
TQ1 film Prinste WF .
. Substrate min exposure A (eV)
thickness (nm) (eV)
(eV)
15 [main text] - - - 0.12-0.16
7 ITO 4.28 4.16 0.12
4 ITO 4.33 4.20 0.13

S-9



ICT model modified by double dipole step:
ICT model: The Integer Charge Transfer (ICT) model [2-8] can successfully describe
and predict the equilibrium energy level alignment behavior at weakly interacting
interfaces. It features an abrupt transition between a Schottky-Mott regime and Fermi-
level pinning regimes upon variation of work function of underlying substrate to create
interfaces spanning low to high work function, see Fig. S6. The Schottky-Mott regime
(ii) is defined by vacuum level alignment while Fermi level pinning regimes (i and iii)
feature the formation of a potential step that scales with difference between the
equilibrium oxidation or reduction energies of the conjugated polymer at the interface
and the work function of the substrate. The origin of the potential step is explained by
spontaneous charge transfer across the interface via tunneling (integer charge transfer)
when the substrate work function is greater (lower) than the energy required to oxidize
(gained from reducing) a polymer segment at the interfaces. The ICT model states
originate form oxidization/reduction energies at interface that strongly depend on the
inter and intramolecular order [3,4], generally following the Gaussian distribution. [6,8]
Sometimes such states are also referred to as tail states or gap states. The most easily
oxidized/reduced of m-delocalized backbone adjacent to the interface hence will be
“used up” creating integer charge transfer states until enough charge has been
transferred across the interface to create a potential step that equilibrates the Fermi level.
The energy where the Fermi level is subsequently pinned is referred to as Eicrts.-
depending on if it is positive or negative polarons that are being created. The resulting
three distinct energy level alignment regimes as per the ICT model are described by:

(1) ®sus < Eict- - Fermi level pinning to a negative integer charge transfer state via
integer electron spontaneously flowing from substrate to polymer, resulting in a
substrate-independent work function, ®orac/sus = Eict., slope = 0;

(ii) Eict < @sus < Eicrs - Vacuum level alignment, giving a substrate-dependent
work function without charge transfer, ®orc/sup =Psus, slope = 1;

(ii1)) ®sus > Eicr+ - Fermi level pinning to a positive integer charge transfer state

via integer spontaneously flowing from polymer to substrate, resulting again in a
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substrate-independent work function, ®orac/sus = Eict+, slope = 0.
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Figure S7. Energy level alignment regimes (i, ii and iii) as per the ICT model.

Double dipole step: The concept of a double dipole step was proposed by Reenen et al
[9] to explain the work function modification in electrolyte-coated electrodes where
one of the charged species (ions) can achieve a more intimate contact with the electrode
surface by e.g. being more mobile than the counter charge. When the ions are located

close to the interface, the Ion* and Ion™ can interact with their respective induced image
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charges on the substrate, and since one of the ion species are more mobile, e.g. Ton™,
those ions will move closer to the substrate and as a consequence form a “double dipole
step” up-shifting the work function. If the Ion™ is more mobile, a double dipole step
down-shifting the work function instead is formed. This effect only occurs at the

interface and hence is film thickness independent, see the Fig. 4c in main text.
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Figure S8. Shift of the ideal ICT curve (Solid black line) due to the double dipole step

Ap.[10] The dash line means the resulted ICT curve by modification of the double

dipole step.

ICT model modified by double dipole step: Recently, we demonstrated that the ICT
model is modified by the double dipole step with the constant shift of the regular ICT
curve featuring p-type doped organic semiconductors and conjugated electrolyte
materials (see Fig. S7) [10, 11]. In the former case of FATCNQ: rr-P3HT coulombic-
bound charge-transfer complexes form with a hole on the rr-P3HT and an electron on

FATCNQ. Since the holes on the rr-P3HT chains are more mobile/delocalized than the
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electrons on the much smaller FATCNQ molecules, the double dipole effect occurs
causing a work function shift for the (i), (ii) and (iii) regimes in the ICT curve. Also for
conjugated (polymer) electrolyte materials, the double dipole step shifts the whole ICT
curve yielding an increase or decrease of the work function of the electrode, depending
on if the mobile charge is cationic or anionic. The energy level alignment at such
interfaces is controlled by the equilibration of the Femi level due to oxidation/reduction
of m-delocalized backbone as described by ICT model in combination additional double

duple step at interface, up- or downshifting the “ideal” ICT curve.
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