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The Interlayer Method: A Universal Tool for Energy Level
Alignment Tuning at Inorganic/Organic Semiconductor

Heterojunctions

Thorsten Schultz,* Dominique Lungwitz, Elena Longhi, Stephen Barlow, Seth R. Marder,

and Norbert Koch

The combination of inorganic and organic semiconductors in a heterojunc-
tion is considered a promising approach to overcome limitations of each
individual material class. However, to date only few examples of improved
(opto-)electronic functionality have been realized with such hybrid heterojunc-
tions. The key to unraveling the full potential offered by inorganic/organic
semiconductor heterojunctions is the ability to deliberately control the inter-
facial electronic energy levels. Here, a universal approach to adjust the offset
between the energy levels at inorganic/organic semiconductor interfaces is
demonstrated: the interlayer method. A monolayer-thick interlayer comprising
strong electron donor or acceptor molecules is inserted between the two
semiconductors and alters the energy level alignment due to charge transfer
with the inorganic semiconductor. The general applicability of this method by
tuning the energy levels of hydrogenated silicon relative to those of vacuum-
processed films of a molecular semiconductor as well as solution-processed

due to their potential for realizing novel
or improved functionality of electronic
and optoelectronic devices. For instance,
inorganic semiconductors typically fea-
ture high charge carrier mobility while
their organic counterparts can provide
for strong light-matter coupling. Through
their combination it should be possible
to take advantage of the beneficial prop-
erties of both material classes and, at the
same time, compensate for less favorable
properties of each material class in the
hybrid structure. For example, the per-
formance of solar cells based on PbSe
nanocrystals and amorphous silicon was
significantly enhanced by incorporation of
a thin pentacene layer, in which efficient

films of a polymer semiconductor is exemplified, and is shown that the
energy level offset can be changed by up to 1.8 eV. This approach can be used
to adjust the energy levels at the junction of a desired material pair at will,
and thus paves the way for novel functionalities of optoelectronic devices.

1. Introduction

Semiconductor heterojunctions comprising inorganic and
organic components receive increasing attention in research
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singlet fission increased the number of
generated charge carriers.[! Further exam-
ples of the functionality of such hybrids
are interfacial exciton dissociation for
photovoltaic applications,*™ interfacial
energy transfer for color conversion,>”]
and hybrid charge-transfer states that
absorb and emit light in a spectral region not accessible by
either component.3#1% As is the case for any semiconductor
heterojunction, the interfacial electronic energy level alignment
plays a key role for the function and efficiency of the resulting
device. For the hybrid interface, the relevant energy levels
are the valence band maximum (VBM) and conduction band
minimum (CBM) of the inorganic component, and the highest
occupied molecular orbital (HOMO) level and lowest unoc-
cupied molecular orbital (LUMO) level of the organic compo-
nent. The position of these energy levels with respect to each
other determines whether charge injection/extraction across
the interface is facilitated," energy transfer is enabled,” or
whether interfacial charge separation occurs.'2!3] One way to
modify the energy level alignment is chemical modification
of the organic semiconductor. Although the tunability of the
electronic structure of organic semiconductors by means of
varying their chemical structure is versatile, it has its limits and
may not always be sufficient to achieve the desired properties.
Another approach is to adjust the work function of the inor-
ganic semiconductor, which in turn leads to a re-alignment of
the energy levels of the organic semiconductor. Surface-grafted
self-assembled monolayers (SAMs) comprising dipolar phos-
phonic acid derivatives were used to change the work function
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of ZnO over a 1.5 eV range, and the level alignment between
ZnO and the organic semiconductor N,N*di(1-naphthyl)-N,N*
diphenyl-(1,1-biphenyl)-4,4-diamine (o~NPD) was tuned by
0.3 eV with different SAMs.”) However, the range over which
the work function can be tuned with SAMs is limited, and inev-
itable interfacial oxide formation during SAM processing can
compromise the interfacial electronic quality of non-oxide inor-
ganic semiconductors.™ Substantially larger changes of the
work function of inorganic surfaces have been demonstrated
by using strong electron donor or acceptor molecules!'*8! that
undergo ground-state electron transfer with the inorganic com-
pound. Depending on the direction of the electron transfer an
increase or decrease of the work function occurs; the induced
work function change scales with the molecular coverage and
saturates at monolayer coverage.'®’] A significant body of work
in relation to this has focused on modifying the work func-
tion of conductive electrode materials and thereby minimizing
charge injection barriers into organic semiconductors,!820-27]
but reports on semiconductor heterojunctions are scarce.!®17:28]
For instance, that this work function change indeed leads to
a re-alignment of the interfacial energy levels was shown for
ZnO and an organic blue-light-emitting semiconductor,!’]
where the pristine heterojunction exhibited efficient charge
separation after optical excitation, whereas after the insertion
of a monolayer of a molecular electron donor the heterojunc-
tion supported energy transfer and subsequent light emission.
However, apart from a few individual examples showing how
inorganic/organic semiconductor heterojunctions could be
adjusted with either an electron donor or acceptor interlayer,
the full potential of interfacial level tuning with this approach
has not yet been validated.

molecule, all layers vacuum processed

Here, we demonstrate the universality of this so-called inter-
layer method, by showing that the level alignment of hybrid
heterojunctions between inorganic and organic semiconductors
can be tuned with current state-of-the-art donor and acceptor
molecular interlayers over an unprecedented range of 1.8 eV.
We chose silicon as the inorganic semiconductor, because it is
presently still the most technologically relevant example, specif-
ically its hydrogenated (111) surface [H:Si(111)] due to its chem-
ical stability and inertness. Further, we chose the molecular
semiconductor o-NPD, processed in vacuum by evaporation,
and the polymer semiconductor poly[(9,9-dioctylfluorene-
2,7-diyl)-alt-(benzo[2,1,3]thiadiazole-4,7-diyl)] (F8BT), processed
from solution, because they are both commonly used in organic
electronic devices. For interlayer formation, we selected the
potent electron donor mesitylene pentamethylcyclopentadienyl
ruthenium dimer ([RuCp*(mes)],) and the electron acceptor
1,3,4,5,7,8-hexafluoro-11,11,12,12-tetracyanonaphtho-2,6-qui-
nodimethane (F6-TCNNQ), the chemical structures of which are
shown in Figure 1. The combination of X-ray (XPS) and ultra-
violet (UPS) photoelectron spectroscopy allowed determination
of energy levels, as well as of surface band bending changes in
H:Si(111) upon interface formation. The interfacial energy level
alignment was accordingly determined for three scenarios: o~
NPD on bare H:Si(111), and with either donor or acceptor inter-
layers, evidencing the capability of molecular donor/acceptor
interlayers to adjust the hybrid heterojunction energy levels
over a huge range. Ultimately, we even realize qualitatively
different energy level scenarios for the heterojunctions, both
processed either by evaporation in vacuum or from solution,
opening up powerful possibilities for varying device function-
alities for the same material pair.

polymer, all layers solution processed
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Figure1. Ultraviolet photoelectron spectroscopy (UPS) a) secondary electron cut-off (SECO) and b) valence spectra for H:Si(111) /[RuCp* (mes)],/a-NPD
(blue), H:Si(111)/o~NPD (black), and H:Si(111)/F6-TCNNQ/0~NPD (red). The o-NPD thickness is ca. 5 nm in all cases. The work function is obtained
from the SECO onsets as indicated in the figure. In b) the typical o-NPD valence region spectral shape is clearly observable for all cases. The HOMO
onset of &-NPD (indicated by numbers) shifts according to the work function of donor/acceptor-modified H:Si(111), and varies between 0.5 and 2.9 eV.
All films were deposited by thermal evaporation in UHV. ¢) and d) show analogous data for films of F8BT (thickness of ca. 4 nm) deposited by solution
processing in a glovebox. The F8BT valence band (VB) onset shifts according to the Si work function change. The structures of the molecules and the
polymer are shown next to the spectra, and the schematic heterojunction structures are on the right and left sides.
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2. Results and Discussion

After annealing in ultrahigh vacuum (UHV), pristine H:Si(111)
surfaces exhibited a work function of (4.1 + 0.2) eV, in agree-
ment with values reported earlier.?*32l A determination of the
VBM position from the low binding energy photoemission
onset is not readily possible from the UPS valence band spec-
trum (Figure S1, Supporting Information), as the silicon top-
most valence band has a wide dispersion, and thus a very broad
intensity distribution without a clear onset in the energy dis-
tribution curve. However, since the energy difference between
the VBM and the Si2ps, core level is fixed and known to be
98.74 eV,33] the valence band onset position can be determined
from the binding energy of the Si2p;;, core level. This was
determined from our samples to be between 99.1 and 99.3 eV;
this range reflects typical sample-to-sample variation due to the
solution-based surface hydrogenation and unavoidable short air
exposure. This implies that the VBM is ca. 0.5 eV below the
Fermi level (Eg) at the surface (XPS and UPS are highly sur-
face sensitive, with the information depth being in the range
of 1 nm). The bulk Fermi level of our silicon samples was cal-
culated from the donor dopant concentration and the charge
neutrality equation, which renders Eg to be 0.78 eV above the
VBV, indicating that the bulk is slightly n-type. Consequently,
there is a ca. 0.3 eV upward surface band bending in our pris-
tine H:Si(111) due to surface states.

We start by describing the energy level alignment between
silicon and o+NPD processed in UHV by evaporation. Upon
evaporation of 5 nm o-NPD onto bare H:Si(111), there is no
significant shift of the secondary electron cutoff (SECO) (less
than —0.1 eV), that is, the work function remains essentially
unchanged, which indicates vacuum level alignment (see
Figure 1a), black curve). Also the Si 2p core level does not shift
in binding energy (see Figure S2, Supporting Information), sig-
nifying no change of the surface band bending within H:Si(111).
In the UPS valence spectra shown in Figure 1b, (black curve)
the typical o+NPD spectral shape is observed, with the features
corresponding to ionization from the HOMO and HOMO-1
levels centered at binding energies of 1.7 and 2.2 eV, respec-
tively. The low binding energy onset of the &-NPD HOMO fea-
ture is 1.3 eV below Eg, yielding an ionization energy of 5.3 eV,
in agreement with literature.>>-% Consequently, right at the
interface the energy difference between the H:Si(111) VBM
and the o-NPD HOMO onset is 0.8 eV. All observations point
to negligible interfacial charge rearrangements within the two
compounds forming the hybrid structure.

The evaporation of a nominal thickness of 1.5 nm of the
acceptor F6-TCNNQ (corresponding to ca. one monolayer) onto
H:Si(111) increases the work function significantly to 5.3 eV.
This is due to electron transfer from silicon to F6-TCNNQ,B
as the electron affinity of F6-TCNNQ is higher than the work
function of H:Si(111).40 This interfacial charge rearrange-
ment increases the sample work function. The corresponding
reduction of electron density in near-interface Si leads to a shift
of the Si2p core level to lower binding energy by about 0.3 eV
(Figure S2, Supporting Information), that is, an increase in
the upward surface band bending in Si, positioning the VBM
only 0.2 eV below Eg. While the bulk of the H:Si(111) is slightly
n-doped (see above), the surface appears p-doped. Consequently,
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the molecular acceptor deposition induces the spontaneous for-
mation of an inversion layer near the silicon surface.

Upon o-NPD evaporation on top of H:Si(111)/F6-TCNNQ,
the work function decreases with increasing o+NPD thickness
(Figure S3, Supporting Information), saturating at 4.8 eV beyond
5 nm. This behavior is reminiscent of Fermi level pinning at the
HOMO of o+NPD, in line with the fact that the work function of
H:Si(111)/F6-TCNNQ is on par with the ionization energy of o~
NPD. The low binding energy tail of the density of states from
the HOMO donates electrons to the underlying high work func-
tion substrate to reach electronic equilibrium.*! Consequently,
the a-NPD side of the junction becomes depleted of electrons,
and the work function is lowered. The diffusion of surplus posi-
tive charge in the o+NPD layer away from the interface, and
the associated charge density gradient, results in energy level
bending, as previously explained in experiment!*! and theory.*’!
Accordingly, we see evidence for such energy level bending
away from the interface here, as indicated by a rigid shift
(ca. 0.1 eV) of the UPS valence features and sample work func-
tion when going from 1nm to 5 nm o+NPD thickness (Figure S3,
Supporting Information). For the 5 nm film of o+NPD on
H:Si(111)/F6-TCNNQ [Figure lab, red curves] the HOMO
level onset is found at 0.5 eV, in good agreement with previous
values for HOMO-pinned o-NPD on other substrates.3**! The
surface band bending within H:Si(111), and thus the interfacial
hole accumulation density, remains essentially constant (within
ca. 50 meV, as judged from the Si2p core level). We thus derive
an energy offset between the H:Si(111) VBM and the o-NPD
HOMO onset of 0.3 eV, which is a substantial reduction com-
pared to the value found for the heterojunction formed with
pristine H:Si(111).

To decrease the work function of H:Si(111) we used
[RuCp*(mes)],, a molecular electron donor that has been shown
to effectively decrease the work function of other materials.[7-234]
After evaporation of ca. one monolayer [RuCp*(mes)],
the work function of H:Si(111) is reduced to an exceptionally
low value of 2.4 eV (see Figure S4, Supporting Information).
This is caused by the donation of two electrons per dimer to the
H:Si(111), as the dimer dissociates into two monomeric cations
upon reaction with the surface.*l This is accompanied by a
shift of the Si2p core level to higher binding energy by about
0.5 eV (see Figure S2, Supporting Information), resulting in
flattening of the Si bands at the interface, that is, the surface
band bending is eliminated. This positions the H:Si(111) VBM
ca. 0.8 eV below Ep. Quite notably, there is no shift of the SECO
after deposition of o-NPD, that is, the work function remains
constant. This implies that no further charge rearrangement
occurs upon deposition of the organic semiconductor onto
H:Si(111)/[RuCp*(mes)],, and vacuum level alignment prevails.
This is expected because the electron affinity of o+NPD is ca.
1.5 eVl considerably lower than the work function of the
bare H:Si(111)/[RuCp*(mes)], surface. The onset of the o-NPD
HOMO is found 2.9 eV below Eg, and its energy difference
from the H:Si(111) VBM is a sizable 2.1 eV.

The energy levels of these three different heterojunctions
are summarized in Figure 2a. Remarkably, the energy offset
between the VBM of H:Si(111) and the HOMO onset of o-NPD
can be tuned from 0.3 to 2.1 eV, and that between the H:Si(111)
CBM and the o-NPD LUMO onset from 3.1 to 1.3 eV. This is

© 2020 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED

ADVANCED
FUNCTIONAL
MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com

www.afm-journal.de

a) H:Si(111) o-NPD H:Si(111) o-NPD H:Si(111) o-NPD
F6-TCNNQ
[RuCp*(mes)] ik
uCp*(mes)], . | s LUMO
— — " (LUMO —
53
4.8
32 |40 %0
E“ LCBM._ WL
F 0.8 = T0.50 - ST 7402 7. 7105
m‘ vemr ™ 1.3 VBM ¢ &

b) H:Si(111) F8BT

H:Si(111) F8BT

H:Si(111) F8BT
F6-TCNNQ

[RuCp*(mes)], T S—
Vac““ e A B 0’
4.0 01 cem (4.8

29 3.2 CBM
2.0
~ “qof 0% 1.0f "17 0.7 lo.9
25 ) VBM

VBM

VBM

Figure 2. Detailed energy level diagrams for a) H:Si(111) /[RuCp*(mes)],/o-NPD, H:Si(111)/a-NPD, and H:Si(111) /F6-TCNNQ/a-NPD, and b) H:Si(111)/
[RuCp*(mes)],/F8BT, H:Si(111)/F8BT, and H:Si(111)/F6-TCNNQ/F8BT. Si in (a) and (b) exhibits different surface band bending due to different surface
preparation (see Experimental Section). The energy of unoccupied levels (CBM and LUMO) are taken from literature, and considers the transport gap

of silicon, o-NPD, and F8BT.#7:50:51]

enabled by the capacity of the molecularly thin (ca. monolayer)
donor/acceptor interlayers to change the work function of
H:Si(111) all the way from 2.4 to 5.3 eV. It should be noted that
also virtually any work function value in between these extremes
can be realized by appropriately adjusting the donor/acceptor
coverage in the sub-monolayer regime, as the work function
value scales with coverage.'®l Accordingly, any heterojunc-
tion level alighment in between those shown in Figure 2a could
also be realized. In terms of functionality, the hybrid structure
changes from moderately permeable for hole transport from
the organic to the inorganic side (with the F6-TCNNQ inter-
layer) to strongly hole blocking (with the [RuCp*(mes)], inter-
layer), while being electron blocking from H:Si(111) to o+NPD
in either situation. A closer look at the UPS spectra (Figure S5,
Supporting Information) reveals that surplus electrons in the
F6-TCNNQ layer at the energy of the singly occupied molecular
orbital (SOMO) level are at higher binding energy than that for

Adv. Funct. Mater. 2021, 31, 2010174 2010174 (4 Of7)

the H:Si(111) VBM and o-NPD HOMO on either side, that is,
they are localized within the molecularly thin interlayer. Given
that SOMO levels are singly occupied (with their empty coun-
terpart forming the singly unoccupied molecular orbital level
above Ep), they should support charge transport within this
2D layer, provided that appropriate intermolecular coupling
facilitates electron transfer from an anion to a neighboring
neutral interlayer molecule. The strong confinement of these
levels and charges on the nanometer scale in a plane is reminis-
cent of a charged quantum well. Upon appropriately adjusting
the energy levels and coupling of the three components (inor-
ganic and organic semiconductor, molecular interlayer) of the
hybrid heterojunction it might be possible to form quasi-2D
electron gases!®® or achieve high conductivity in confined
geometry.*’]

After explaining the energy level alignment scenarios at
the silicon/o+NPD interfaces in detail, we demonstrate the

© 2020 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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universality of the interlayer method, by also tuning the energy
level alignment between silicon and a polymer semiconductor,
where both interlayer and polymer are processed from solution.
The details of solution processing are described in the Experi-
mental Section. After deposition of F8BT onto bare H:Si(111) no
significant change of the work function is observed (Figure 1c),
indicating the absence of notable interfacial charge rearrange-
ment and vacuum level alignment. The onset of the F8BT VB
is 1.7 eV below Ep (Figure 1d), resulting in an ionization energy
of about 5.7 €V, in agreement with literature values.’!! With an
interlayer of F6-TCNNQ the work function after polymer depo-
sition is 4.8 eV and the VB onset is accordingly closer to Ej (at
about 0.9 eV). A solution-processed interlayer of [RuCp*(mes)],
reduces the H:Si(111) work function to about 2.9 eV, and it
increases slightly to 3.2 eV after F8BT deposition. This indicates
Fermi level pinning at the LUMO level, in line with an electron
affinity of F8BT of 2.8 eV.’!l The HOMO onset shifts to 2.5 eV
below Eg, resulting in an interfacial level tuning range of 1.6 eV
for F8BT. Notably, although the interlayers and polymer were
deposited from solution, this is a similar range to that achieved
for o+NPD processed in UHV. The energy levels of these three
different heterojunctions are summarized in Figure 2b. It
should be mentioned that solution processing did not result
in a pronounced intermixing of interlayers and F8BT, and the
donor/acceptor molecules remain essentially at the silicon
surface, as evidenced by angle-dependent XPS measurements
(see Figure S6, Supporting Information).

Despite the superior capacity of the interlayer method to tune
heterojunction energy levels, as demonstrated by our results,
we briefly discuss two limiting factors of this approach. i) The
effective ionization energy (electron affinity) determines the
ability of the donor (acceptor) molecules to decrease (increase)
the work function of the inorganic semiconductor, and thus
the amount by which the subsequently deposited organic
semiconductor energy levels can be shifted. [RuCp*(mes)],
and F6-TCNNQ are among the strongest molecular donors
and acceptors available today. They can induce work function
values as low as 2.2 eV or as high as 6.3 eV,"""] spanning a
tremendous range of more than 4 eV. The development of even
stronger donors/acceptors faces the challenge that these would
be very likely to react with oxygen and/or water, making them
more difficult to handle in ambient atmosphere. However,
approaches like subsequent activation with light could help to
further expand the range of work function modulation in the
future.’? ii) A fundamental limitation is Fermi level pinning
at the HOMO/LUMO levels.’3l As long as the work function
of the inorganic semiconductor is within the energy gap of
the organic semiconductor, energy level tuning will follow the
work function modification if vacuum level alignment prevails.
Once the work function approaches the HOMO/LUMO level
of the organic semiconductor, further increase/decrease of the
work function will not lead to a further significant change of
the level alignment because charge transfer pins Eg. Therefore,
depending on the density of states of the organic semiconductor
frontier energy levels, the HOMO/LUMO cannot approach Eg
more closely than typically a few hundred meV.*l However, by
minimizing the width of this density of states, for example, by
reducing structural disorder, the range of level tuning can be
maximized.
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3. Conclusions

With this contribution, we revealed the full versatility of the
interlayer method, which employs thin interlayers of strong
donor or acceptor molecules to alter the energy level align-
ment at inorganic/organic semiconductor heterojunctions.
The donor [RuCp*(mes)], and the acceptor F6-TCNNQ allow
tuning the work function of H:Si(111) between 2.4 and 5.3 eV,
which in turn enabled adjusting the frontier-energy-level
offset to the molecular semiconductor o~NPD by an impres-
sive 1.8 eV. We further demonstrate the universality of the
interlayer method by showing that 1.6 eV level tuning for
Si and solution-processed interlayers and a polymer semi-
conductor is possible. The range of tuning might further be
extended by the development of even stronger donors and
acceptors. Beyond quantitative level tuning, we demonstrated
that qualitatively very different energy level scenarios can be
realized. This includes flat-band conditions on either side of
the heterojunction, formation of an inversion layer within
H:Si(111), and concurrent p-type energy level bending away
from the interface within each semiconductor with spatially
confined electron accumulation in the molecular interlayer.
Overall, the interlayer approach is thus applicable to virtually
any combination of inorganic and organic semiconductors,
rendering this method a powerful tool for interface engi-
neering in devices.

4. Experimental Section

Coupons cut from a Si(111) wafer (SIEGERT WAFER GmbH; donor
doping level specified as 10*~10™ cm~3) were sonicated in isopropanol
and acetone for 10 min each, before being immersed in a 40%
NH4F solution for 800 s to remove surface oxides and to saturate
the remaining dangling bonds with hydrogen. Subsequently, the
samples were transferred to a custom UHV system (base pressure
107° mbar) with only short time exposure to air (<5 min). They
were in-situ annealed at ca. 400 °C to minimize remaining surface
contamination. This step was omitted for the solution-processed films,
which were directly loaded into the glovebox after ex-situ treatment.
All photoelectron spectroscopy measurements were performed using
an Omicron EA125 hemispherical energy analyzer with an energy
resolution of ca. 150 meV. Non-monochromatized Mg K, (1253.6 eV)
and Al K,, (1486.6 eV) radiation was used for XPS, and He | (21.21 eV)
radiation was used for UPS. A voltage of —10 V was applied between
sample and analyzer during measurements of the SECO. Molecular
materials were either evaporated from resistively heated quartz
crucibles and the nominal deposited mass-thickness was determined
with a quartz-crystal microbalance, or were deposited via the following
solution process. Stock solutions with concentrations of 1 mg ml™
were prepared under nitrogen atmosphere in a glovebox using
cyclohexane to dissolve F8BT, 1,2-dichlorobenzene (o-DCB) for the
acceptor molecule F6-TCNNQ, and tetrahydrofuran (THF) to dissolve
[RuCp*(mes)],. The stock solutions were stirred overnight prior to
deposition. Thin film thicknesses were achieved by spin-coating at
various speeds (200-1000 rpm) and times (1-2 min). It should be
mentioned here that after washing of the donor/acceptor layers in
the respective pure solvents the silicon work function remained
unchanged in the case of F6-TCNNQ, but was still lowered to 2.9 eV
for [RuCp*(mes)], even without any evidence for either of the two in
XPS. F6-TCNNQ was obtained from Novaled, o-NPD from Sigma-
Aldrich, and [RuCp*(mes)], was synthesized as described elsewhere.l*l
Cyclohexane, 0-DCB, and THF were purchased as anhydrous solvents
from Sigma-Aldrich GmbH (>99.5% purity, inhibitor-free).

© 2020 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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