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Abstract

®

CrossMark

Hybrid inorganic/organic semiconductor heterojunctions are candidates to expand the scope of
purely organic or inorganic junctions in electronic and optoelectronic devices. Comprehensive
understanding of bulk and interface doping on the junction’s electronic properties is therefore
desirable. In this work, we elucidate the energy level alignment and its mechanisms at a
prototypical hybrid pn-junction comprising ZnO (n-type) and p-doped N,N’-di(1-naphthyl)-
N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (a-NPD) as semiconductors, using photoelectron
spectroscopy. The level alignment can be quantitatively described by the interplay of contact-

induced band and energy level bending in the inorganic and organic component away from
the interface, and an interface dipole due to the push-back effect. By adjusting the dopant
concentration in a-NPD, the position of the frontier energy levels of ZnO can be varied by
over 0.5eV and that of a-NPD by over 1eV. The tunability of this pn-junction’s energy levels
evidences the substantial potential of the hybrid approach for enhancing device functionality.
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Introduction

Doping of semiconductors is a key method for optimizing
the functionality of electronic and optoelectronic devices,
allowing to tune the semiconductor’s electrical and optical
properties [1—4]. Compared to inorganic semiconductors, the
fundamental mechanisms of doping organic semiconductors
are not comprehensively understood [5, 6]. Particularly pn-
junctions are of broad importance in electronic devices, such
as diodes, transistors, and as charge generation/recombina-
tion contacts. The junction formation with intrinsic organic
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semiconductors is quite well understood, and even organic
pn-homojunctions have been realized [7, 8]. In contrast, inor-
ganic/organic pn-junctions have not yet been realized, but
they could open up new possibilities for material combina-
tions and device functionality.

To provide insight into such a hybrid heterojunction, we
investigate that of a ZnO single crystal, which has n-doped
nature, and the exemplary organic hole-transport material
N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’'-
diamine (a-NPD), which we p-doped by intermixing with the
strong molecular acceptor 2,2’-(perfluoronaphthalene-2,6-di-
ylidene)dimalononitrile (FsTCNNQ). FeTCNNQ has a higher
molar mass and thus lower volatility compared to the more
commonly used 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoqui-
nodimethane (F;,TCNQ). This improves the thermal stability

© 2018 IOP Publishing Ltd  Printed in the UK
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of dopants in the semiconductor matrix in devices and addi-
tionally prevents cross-contamination effects in multi-mat-
erial sublimation chambers [5]. Furthermore, F{TCNNQ
has a slightly higher electron affinity compared to F4,TCNQ,
implying more efficient host-to-dopant electron transfer [9].

Notably, molecular dopants, such as FsTCNNQ, can also
modify the electronic properties of inorganic semiconductor
surfaces upon deposition. For ZnO and GaN it was shown that
molecular acceptor deposition substantially increases the sur-
face work function, accompanied by an upward surface band
bending due to semiconductor-to-acceptor charge transfer
[10, 11]. Furthermore, it is known that dopant molecules can
diffuse through organic semiconductor matrices [6, 12—14],
eventually resulting in preferential adsorption of dopants on
the inorganic substrate when both compounds are co-depos-
ited, as commonly done for fabricating organic doped layers.
However, such diffusion can be substantially reduced or even
absent for some amorphous matrix materials and densely
packed molecular films [15, 16]. Consequently, it is of key
importance in the context of interfaces with doped organic
semiconductors to investigate to what extent dopant diffusion
and/or preferential adsorption on the inorganic semiconductor
impact the overall behavior of energy levels close to the inter-
face. Therefore, in addition to discussing the electronic prop-
erties of @-NPD/ZnO based pn-junctions with varying doping
levels of the organic layer, we contrast these with experiments
on ZnO interfaces to the pristine organic compounds, as well
as with a model of a pin-junction, i.e. an undoped a-NPD
layer between ZnO and FgTCNNQ. Indeed, we find that the
acceptor alone substantially impacts the atomic and electronic
structure of ZnO, and that diffusion of the acceptor through
the a-NPD matrix is indeed negligible (on the timescale of
our experiments). This allows us to quantify the electronic
energy levels at this prototypical organic/inorganic pn-junc-
tion unambiguously, and thus providing first-time benchmark
understanding of such junctions in general.

Experimental details

Zinc-terminated ZnO(0001) single crystals (purchased
from CrysTec) were annealed in a GERO tube furnace under
oxygen atmosphere at 1000 °C for 2h. The heating and the
cooling rate were 33 °C and 3 °C per minute, respectively.
After annealing the samples were either directly introduced
into the vacuum chamber or stored in a glove box under
nitrogen atmosphere to keep the exposure to air to a min-
imum. The ZnO surfaces feature large, atomically flat terraces
and a sharp low-energy electron diffraction pattern (see the
online supplementary information (SI), figure S1 (stacks.iop.
org/JPhysCM/31/064002/mmedia)). Fe TCNNQ and a-NPD
were purchased from Novaled and Sigma-Aldrich, respec-
tively. Molecular thin films were prepared via sublimation
from resistively heated quartz crucibles at residual gas pres-
sure <10~® mbar during evaporation. Doped films were pre-
pared by co-sublimation of the two substances. The deposited
materials’ nominal mass thickness was monitored using a

quartz crystal microbalance, using a density of 1.35g cm™>

for a-NPD and 1.65 g cm ™~ for FsTCNNQ.

Photoemission spectroscopy (PES) measurements were
performed at HU Berlin and at the end station SurICat (beam-
line PM4) at synchrotron BESSY II in ultrahigh vacuum
with base pressures of <10~ mbar (HU) and <10~'° mbar
(BESSY). Valence PES measurements were conducted using
a differentially pumped Specs UVS 20-A He gas discharge
lamp with a photon energy of 21.2eV and a Specs EA 125
hemispherical electron energy analyzer with 5eV pass energy
(HU), as well as a photon energy of 40eV and a Scienta SES
100 hemispherical electron energy analyzer with 20eV pass
energy (BESSY). The secondary electron cut-off (SECO)
was measured at 2eV pass energy applying a constant bias
of —10 V to the sample to clear the analyzer work function.
The contributions of the Hels and the Hel, satellites were
subtracted from all shown UPS data measured at HU Berlin.
Core level spectra were measured using Al Ka radiation of an
Omicron DAR-400 twin-anode x-ray source with 1486.6eV at
20eV pass energy (HU), and with photon energies of 1000eV,
630eV, and 500eV at 50eV pass energy for measuring the
Zn2p, the Ols, and the N1s core level regions, respectively
(BESSY). A clean polycrystalline gold substrate was used to
determine the Fermi level position and the Au4f, core level
peak, set to 84eV binding energy. XPS peak positions were
determined by fitting the data with a Shirley background and
Gaussian/Lorentzian (70:30) line shapes. The intersection
of two straight lines fitted to the slope of the spectra and its
background was used to determine the work function from the
SECO and the low energy onset of the valence region. The
energy resolution is 0.2 eV, including instrumental broadening
and sample inhomogeneities.

Results and discussion

We start by investigating the electronic properties of interfaces
formed between the individual organic compounds and ZnO,
as well as an a-NPD interlayer between ZnO and the acceptor,
for obtaining the key reference information that is required to
ultimately understand the pn-junction itself, as outlined in the
introduction. The changes of key parameters that characterize
these interfaces, i.e. work function (P), substrate core level
binding energies, and organic frontier energy level position,
are summarized in figure 1 as function of overlayer thickness
(corresponding PES spectra are shown in figures S2—-S4 of
the SI). Upon deposition of only 0.3nm «-NPD onto ZnO,
® decreases by 0.40eV and stays constant for higher cov-
erage (see figure 1(a)). In accordance with reported ® changes
upon a-NPD deposition on other metal oxides [17], we assign
the ¢ decrease observed in our case to the push-back effect,
i.e. the electron density of ZnO that was spilling out into
the vacuum for the bare surface is pushed back by surface-
adsorbed a-NPD molecules. Since the core level positions of
ZnO remain unchanged upon a-NPD deposition, no change
occurs to the downward surface band bending that persist for
the bare Zn-terminated ZnO surface [10, 11]. Consequently,
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Figure 1. Relative changes of the work function ($) and core
level positions of Zn2ps/, and Ols as a function of nominal mass
thickness (©) of (a) «-NPD on ZnO(000 1), (b) FsTCNNQ on
Zn0O(0001), and (c) FsTCNNQ on 5nm a-NPD on ZnO(0001)
(for corresponding PES spectra see figures S2—S4 in the SI).

the energy level alignment at the interface between a-NPD
and ZnO is physisorptive and can be described by ‘push-back
corrected vacuum level alignment’. The low binding energy
onset of photoemission from the level associated with the
highest occupied molecular orbital (HOMO) of «-NPD is
1.6eV below the Fermi level (Ef) for multilayer coverage,
and with a ® value of 3.7eV the ionization energy is 5.3 eV, in
accordance with typical values reported for a-NPD [17-20].
The deposition of FsTCNNQ on ZnO leads to a signifi-
cant increase of ® by up to 1.60eV, due to electron transfer
from ZnO to the molecular acceptor (see figure 1(b)) [11].
In accordance with observed ® changes for similar molecular
acceptors deposited on metals and on ZnO [10, 21], the satur-
ation of ® is assigned to the completion of a FsTCNNQ mono-
layer, provided that multilayers do not further influence the
work function, which has not yet been reported for such mat-
erial systems. Since the nominal coverage (f) of monolayer
completion is larger than 1 nm, we suggest that island growth
sets in before the monolayer closes. The ® increase is accom-
panied by a shift of the Zn2ps/, and Ols core level peaks by
0.30eV to lower binding energy. The relative changes in the
peak positions of the Zn2ps;, and Ols core level peaks are
shown in figure 1. Core level shifts of a semiconductor sub-
strate upon deposition of molecular acceptors result in changes
of the surface band bending. Consequently, the total work ®
upon adsorption of the acceptor on ZnO can be described by a
change of surface band bending at the ZnO surface by 0.30eV
and a localized interface dipole of 1.30eV due to the electron
transfer to the acceptor, as explained in detail in [11]. In that
same work it was shown that vacuum prepared ZnO surfaces
exhibit a change in surface band-bending of up to 1.0eV upon
deposition of FeTCNNQ and suggested that surface states of

ZnO significantly reduce band bending contributions to the
® change. In comparison with our findings, we can conclude
that ZnO surfaces that have been prepared ex sifu by thermal
annealing in oxygen atmosphere feature a higher surface state
density than vacuum prepared ZnO surfaces. Furthermore,
since the shifts saturate at the same coverage as the change
of ®, FsTCNNQ monolayer completion at the corresponding
coverage is substantiated.

Figure 1(c) shows the evolution of the key electronic
parameters of incrementally deposited FsTCNNQ onto ZnO
pre-covered with a o-NPD interlayer with a nominal mass
thickness of Snm. The zero shift values in figure 1(c) corre-
spond to the work function, core level positions, and HOMO
onset position for the pristine o-NPD interlayer on ZnO.
Note that the absolute ® value is 3.7eV (due to the push back
effect, vide supra), while ® of bare ZnO is typically 4.1eV in
our experiments. The total change of ® as well as the change
of the surface band bending are the same, within the exper-
imental error of less than 50 meV, for both FsTCNNQ depos-
ited directly on ZnO and with the a-NPD interlayer. However,
due to the wider distance between FETCNNQ and the ZnO
surface when the a-NPD interlayer is present (assuming no
inter-diffusion of the organic compounds occurs), fewer mol-
ecules have to be negatively charged (compared to no inter-
layer) in order to achieve the same magnitude of the dipole
[22]. Therefore, the saturation of the change in work function
can be reached at a lower nominal thickness for FsTCNNQ
deposited on ZnO with «-NPD interlayer compared to
FeTCNNQ deposited directly on ZnO. We note that the dif-
ference in saturation coverage may also occur due to a differ-
ence in growth morphology between FeTCNNQ deposited on
ZnO with and without an a-NPD interlayer. Furthermore, the
deposition of FsTCNNQ on the o-NPD interlayer leads to a
shift of the HOMO onset towards E by a notable amount (up
to 1.15eV). The HOMO onset position saturates at 0.55eV
below Er (see SI figure S4).

The observations made for the a-NPD interlayer could
have different underlying phenomena, which we discuss
and evaluate in the following. If F{TCNNQ were not able
to p-dope o-NPD, then either long-range electron transfer
from ZnO to the acceptor through the interlayer could take
place, or FsTCNNQ could diffuse through the interlayer and
accumulate at the ZnO surface. However, since FgTCNNQ
is a stronger dopant than F,TCNQ [15, 19, 23] and the fact
that we observe distinct sub-band gap absorption features in
optical spectroscopy (see figure S5 of the SI) for FeTCNNQ-
doped «-NPD films, which are representative of the acceptor
anion species [24], we have evidence that FeTCNNQ indeed
p-dopes a-NPD.

Yet, possible dopant diffusion towards ZnO remains an
important issue for pn-junction formation, as accumula-
tion of dopants at ZnO (when dopant and semiconductor
molecules are co-deposited) would modify the effective
doping level close to the interface. A first indication that pro-
nounced dopant diffusion is not present here is the fact that
the saturation of all energy level shifts in the experiment with
the a-NPD interlayer occurs at lower nominal FeTCNNQ cov-
erage than without interlayer (see figure 1), where actually
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Figure 2. Ols core level spectra of 1.6nm FsTCNNQ deposited
on (a) ZnO(0001) and (b) 5nm «-NPD on ZnO(0001). (¢) Ratio
between the OH surface species and the bulk oxygen component
(%0n) as a function of nominal mass thickness of FsTCNNQ
(Orstenng) on ZnO(000 1) with and without a-NPD interlayer.

more molecules at a given coverage should reach ZnO. Clear
evidence for the absence of notable F¢TCNNQ diffusion
through a a-NPD matrix, however, comes from Ols core level
spectra before and after FeTCNNQ deposition on ZnO, with
and without a-NPD interlayer (see figure 2). Based on theor-
etical modeling at the density functional level [25], the peaks
observed in the Ols core level spectra of the ZnO(0001)
polar surface are assigned to O?~ ions of the bulk ZnO lat-
tice (red), surface OH groups (green), and OH groups filling
oxygen vacancy sites (black). From XPS measurements with
different photon energies, and thus different surface sensi-
tivity, it becomes evident that both OH group types are sur-
face species (see figure S6 of the SI). Note that the relative
abundance of surface OH groups varies for different samples,
as details of the surface morphology and storage history vary
as well. After depositing FeTCNNQ on ZnO we observe that
the two OH surface species are considerably reduced with
respect to the Ols core level of the bulk (see figure 2(a)).
This indicates that FeTCNNQ chemisorbs on ZnO involving a
release of surface OH. Deposition of a-NPD has no effect on
the OH surface loading (see figure 2(b)). From scanning force
microscopy (SFM) measurements (see figure S7 of the SI) we
conclude that the amorphous a-NPD layer with a nominal
mass thickness of 5nm covers the surface of ZnO completely.

Consequently, in the absence of diffusion, the interlayer of
a-NPD could avoid direct contact between FeTCNNQ and
ZnO. Note that the reduction in OH surface groups may also
be the reason for the observed difference in saturation cov-
erage when depositing FeTCNNQ on ZnO with and without
an a-NPD interlayer (see figure 1). The evolution of the ratio
between the surface OH species and the bulk oxygen versus
the nominal FgTCNNQ thickness with and without a-NPD
interlayer is shown in figure 2(c). The constant ratio of the
two oxygen types when depositing FeTCNNQ on the a-NPD
interlayer evidences that FsTCNNQ does not diffuse notably
through the a-NPD matrix (on the timescale of our experi-
ment, i.e. several hours).

All above results enable the detailed and reliable characteri-
zation of the organic/inorganic pn-junctions, as described in the
following in detail for a-NPD p-doped with 2 vol% FsTCNNQ,
and briefly summarized for higher dopant concentrations sub-
sequently. Deposition of 0.Inm of the p-doped a-NPD on
ZnO results in a ¢ reduction by 0.25eV (see figure 3(a)), due
to the push-back effect discussed for undoped a-NPD above.
Further increasing the p-doped organic layer thickness leads to
a continuous ¢ increase, which saturates for coverages higher
than ca. @ = 12.8 nm at a value of 4.85¢eV. The initial ¢ reduc-
tion due to the push-back effect is smaller than that for pristine
a-NPD, as the effect induced by FeTCNNQ, i.e. p-doping of
a-NPD and thus shifting the Fermi level towards the HOMO
level of the organic semiconductor, counteracts the push-back.
On general grounds, we would argue that also for the p-doped
a-NPD layer the actual push-back effect is around 0.40¢eV,
but not observed in the experiment as the upward energy level
bending dominates (see also below for valence and core levels).
Here we note that in contrast to covalent semiconductors, like
ZnO, we do not use the term ‘band bending’ for the phenom-
enon in the molecular layer, as these amorphous materials do
not exhibit bands but rather localized molecular levels; there-
fore, we use the term ‘energy level bending’. The increase
in @ for higher p-doped layer thickness is accompanied by
a steady shift of the molecule derived frontier valence levels
(seen already from 0.1 nm coverage onwards, see figure 3(b)),
by a total amount of 0.85eV. The HOMO level onset is con-
stant beyond € = 12.8nm (as also observed for ®), placed
0.50eV below the Fermi level, resulting in a 0.95eV reduction
of its binding energy compared to pristine -NPD on ZnO,
as expected for p-type doping. The ionization energy of the 2
vol% doped a-NPD layer does not deviate notably from that
of pristine a-NPD.

Observing the core level peak shifts allows differentiating
between effects due to interfacial dipoles (e.g. the push-back
and dopant-induced ® changes) and actual doping-induced
energy level bending. Upon increasing the coverage of
p-doped a-NPD, the peak positions of N1s (figure 3(d)) shift
to lower binding energies by 0.85 eV, attributed to energy level
bending in the organic layer. Notably, the amount of this shift
is identical to that observed for the valence features (figure
3(b)), supporting the notion of a purely electrostatic origin.
We thus conclude on the formation of a space-charge region
within the p-doped organic layer with upward energy level
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Figure 4. Schematic energy level diagrams at the hybrid interface between (a) a-NPD and ZnO(000 1) and (b) a-NPD p-doped with
2 vol% F¢TCNNQ and ZnO(000 1). Gray shaded energy bands indicate the energy levels of ZnO(000 1) before molecular adsorption.

bending away from the interface. To minimize the error when
considering the film thickness, so far given as nominal thick-
ness # from microbalance measurements during deposition,
we assessed this value by mechanically scratching the sample
and measuring the scratch height with SFM; the film thick-
ness for § = 25.6nm was found to be (19 4 3) nm. Complete
energy level bending is thus assumed to be reached at a film
thickness of (10 &£ 2) nm, corresponding to the thickness of
the accumulation layer in the organic thin film. In contrast
to the N1s core level, which is representative of the organic
layer, the Zn3s (figure 3(c)) core level of ZnO gradually shifts
to lower binding energy by up to 0.40 eV. This is assigned to
a change of surface band bending within ZnO, due to electron
transfer from ZnO to some of the molecular dopants within
the p-doped a-NPD. Importantly, the amount of OH surface
species is barely reduced (from 34% to 32%) upon p-doped
a-NPD deposition (figure 3(e)), evidencing that the number
of dopants directly adsorbing on ZnO is virtually negligible

(compare to figure 2 and its discussion above). Consequently,
diffusion of FeTCNNQ through the amorphous a-NPD matrix
can indeed be neglected on the timescale of the experiment, as
already concluded from the experiment with the 5nm a-NPD
interlayer above. The experimentally observed total work func-
tion change (starting from bare ZnO, i.e. +0.75eV) observed
upon p-doped a-NPD deposition on ZnO can be satisfactorily
explained as the sum of the change in surface band bending
in the inorganic substrate (AE Zn3s = +0.4eV), the energy
level bending in the organic film (AE Nls = +0.85eV),
and the estimated total contribution of the push-back effect
(Epg = —0.4eV). The corresponding schematic energy level
diagrams shown in figure 4 highlight the fundamental differ-
ences between the electronic properties of the hybrid organic/
inorganic semiconductor heterojunction of in-type (intrinsic
a-NPD and n-type ZnO) and pn-type (p-type a-NPD and
n-type ZnO), whereas the pn-junction features the band
(energy level) bending behavior in both layers away from the



J. Phys.: Condens. Matter 31 (2019) 064002

M H Futscher et al

interface, as known from conventional inorganic pn-junctions.
We note that there is no noticeable diffusion of oxygen from
the ZnO substrate on the timescale of the experiment, as the
Ols and the Zn2p core levels are equally attenuated and no
oxygen can be detected after a thick film of a-NPD p-doped
with 2 vol% F¢TCNNQ has been deposited on ZnO (see SI
figure S10).

To provide an estimate of the doping efficiency of
F¢TCNNQ for a-NPD, which is defined as the ratio of mobile
charge carriers to the number of dopants present, established
semiconductor theory may be used [7, 19, 26]. Assuming that
the dopant density in a-NPD is much higher than the dopant
density in ZnO, the width of the accumulation layer can be
approximated by [27]

2650&
e NA

w =

where V}, is the energy level bending magnitude in a-NPD and
Ny is the dopant density calculated as

Lpnpp

Np =96
Mnpp

where ¢ is the nominal doping ratio (obtained from the vol%
values used above), L the Avogadro constant, and pnpp and
Mnpp are the density and the molar mass of «a-NPD, respec-
tively. The dielectric constant is assumed to be € = 3, which
is a value often used for organic semiconductors. Using the
measured energy level bending of 0.85eV and the accumula-
tion layer width of (10 £ 2) nm, we derive a doping efficiency
of (5 & 3)%, corresponding to a density of mobile holes of
(3 £2) x 10'® cm~3 within the p-doped a-NPD, compared to
a dopant density Ny of 5 x 10" cm™3. This shows that only
a small fraction of the dopants can introduce mobile holes
that contribute to conduction. Similar low doping efficiencies,
of only a few percent, have indeed been reported earlier for
p-type doping of organic semiconductors [28-30]. The low
doping efficiency can be attributed to the strong Coulomb
interaction in these materials [31-33], which means that posi-
tive charges on a semiconductor molecule remain strongly
bound to the dopant anions, and therefore do not enhance
electrical conductivity. However, also local structural details
and trap states, originating from chemical impurities and/
or structural disorder were found to play an important role
[34, 35].

Finally, we attend to a wider range of dopant concentra-
tions. Figure 5 shows the evolution of valence and core levels,
as well as the work function of the intrinsic and differently
p-doped a-NPD films on ZnO(0001), all with a nominal
mass thickness 6 of Snm. Note that this film thickness does
not yet correspond to the thick-film limit, i.e. the shown values
are still within the accumulation region, particularly for low
doping levels. With increased doping concentration Ngop
(given in vol%) ® increases by up to 1.45eV and the HOMO
level of a-NPD shifts by 1.20eV towards the Fermi level, both
compared to an undoped «-NPD film on ZnO. The changes of
® and HOMO level saturate at Nyop between 10 vol% and 20
vol%, with the lowest value for the HOMO onset at 0.40eV
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Figure 5. Dependence of the work function (®), the HOMO onset
(AHOMO) and core level position of Zn2ps3,, Ols, Cls, and N1s
as a function of F{TCNNQ doping concentration (Ngop) in a-NPD
films on ZnO(000 1). All molecular films have a nominal thickness
of Snm (see SI figure S9 for corresponding PES spectra).

below the Fermi level. The ionization energy at low Ny, cor-
responds to the one of pristine a-NPD. In accordance with
F,TCNQ-doped molecular films [15], the ionization energy
at high Ngop is increased, by 0.15eV to 5.45eV at most. This
increase in ionization energy is attributed to the fact that a
fraction of the a-NPD molecules is positively charged, which
makes electron removal energetically more costly. In addition,
we have indications for phase separation between Fs TCNNQ-
doped a-NPD and pristine FsTCNNQ at high Ny, from
x-ray scattering experiments (see SI figure S8). This implies
heterogeneity in the local sample work function, which can
impact the reliability of the ionization energy determination
by PES, as the method is area-averaging [36, 37]. The Cls and
the N1s core level peaks shift by up to 0.95eV towards lower
binding energy, indicating a stronger energy level bending in
the organic layer with increasing Nyop, as expected for a higher
density of mobile charge carriers for higher doping concentra-
tions. In addition, the Ols and Zn2ps; core levels shift by up
to 0.50eV towards lower binding energy due to charge transfer
between ZnO and FTCNNQ, i.e. a substantial change of sur-
face band bending in the inorganic semiconductor. We note
that the morphology of the organic thin film can also influ-
ence the electronic properties of the p-n junction. However,
SFM and x-ray scattering experiments show that, for mod-
erate doping concentration, the film morphology is similar for
different doping concentrations, showing that the morphology
does not play a major role in our case (see SI for details).

Conclusion

We investigated the effect of p-doping of the organic semicon-
ductor a-NPD on the energy level alignment at the interface
to the inorganic semiconductor ZnO (natively n-type) using
photoelectron spectroscopy. When deposited directly on ZnO,
FeTCNNQ is found to chemisorb and reduce the binding
energy of the HOMO onset, with respect to the Fermi level,
of subsequently deposited a-NPD by 0.95eV, while simul-
taneously altering the ZnO surface termination by reducing
the OH surface species. For the reverse deposition sequence,
and also for the deposition of FgTCNNQ-doped o-NPD, we
find no indication for notable diffusion of the dopant through
a-NPD and preferential adsorption on ZnO. Doping o-NPD
with 2 vol% F¢TCCNQ induces mobile holes within a-NPD,
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but the doping efficiency is low (about 5%). Yet, this enables
the formation of a space-charge region within doped a-NPD
and concomitant downward energy bending toward the inter-
face to ZnO. Accordingly, the initially downward surface band
bending within ZnO is reversed to upward, and the overall
features of the interfacial energy levels of this organic/inor-
ganic junction correspond indeed to that of conventional inor-
ganic pn-junctions. With increasing doping concentration,
band and energy level bending on both sides of the junction
become more pronounced. The detailed understanding of the
electronic properties of the prototypical organic/inorganic pn-
junction established here facilitates the implementation and
optimization of such hybrid heterojunctions in electronic and
optoelectronic devices.
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