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Electronic coupling in organic-inorganic semiconductor hybrid structures
with type-II energy level alignment

S. Blumstengel,* S. Sadofev, C. Xu, J. Puls, R. L. Johnson,” H. Glowatzki, N. Koch, and F. Henneberger
Institut fiir Physik, Humboldt-Universitdt zu Berlin, Newtonstrasse 15, 12489 Berlin, Germany
(Received 12 November 2007; revised manuscript received 19 December 2007; published 27 February 2008)

Electronic coupling in a hybrid structure made of ZnMgO and a spirobifluorene derivative (SP6) is inves-
tigated in the situation where the energy level alignment at the organic/inorganic interface revealed by photo-
electron spectroscopy is of type II. Charge separation caused by electron transfer from the SP6 lowest unoc-
cupied molecular orbital to the conduction band of the semiconductor is observed. By collecting the
photogenerated carriers in a ZnO quantum well, very efficient exciton transfer from the inorganic to the organic

part occurs as well.
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I. INTRODUCTION

Integration of organic and inorganic semiconductors in a
hybrid structure is a promising way to exploit favorable
properties of both material classes and to achieve novel pho-
tonic properties.! As a precondition, efficient electronic cou-
pling across the organic/inorganic interface is required. Re-
cently, we have shown that ZnO/ZnMgO quantum well
(QW) excitons can be efficiently transferred to an organic
overlayer of the blue emitting dye 2,2’-p-phenylene bis(5-
phenyloxazol) (POPOP) by a dipole-dipole-mediated energy
transfer step.” Meanwhile, similar findings have been re-
ported on polymer-InGaN/GaN (Ref. 3) and J-aggregate-
nanocrystal hybrid systems.* In this work, we address the
situation where the energy level alignment between the or-
ganic and inorganic components is of type IL. It is realized
when ZnO or ZnMgO is combined with a spirobifluorene
derivative. Specifically, both the energies of the highest oc-
cupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) are larger than the valence band
maximum (VBM) and the conduction band minimum (CBM)
of the semiconductor, respectively. Charge separation at the
organic/inorganic interface as a central step for photovoltaic
applications is demonstrated. Incorporation of a QW collect-
ing the carriers photoexcited in the inorganic semiconductor
allows for avoidance of charge separation and the occurrence
of exciton transfer to the organic layer.

II. EXPERIMENT
A. Growth of hybrid structures

The hybrid structures were grown under ultrahigh vacuum
conditions by molecular beam exitaxy in a DCA 450 double-
chamber apparatus. In this way, the organic layer is depos-
ited on a pristine and single-crystalline semiconductor sur-
face. The inorganic part is made of ZnMgO epilayers or
ZnO/ZnMgO QW structures, the MBE growth of which is
described in detail elsewhere.’ As substrate, a-plane sapphire
is used, which induces growth along the ¢ axis of the wurtz-

ite crystal, resulting in the O-terminated (0001_) surface. ZnO
as well as ZnMgO exhibit robust surface reconstructions en-
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abling the preparation of well-defined interfaces free of de-
fect states acting as quenchers.>> The band gaps covered by
ZnMgO extend from 3.3 to 4.4 eV and predestines such het-
erostructures for various optoelectronic applications in the
ultraviolet spectral range. 2,7-bis(biphenyl-4-yl)-2’,7’-di-
tert-butyl-9,9’-spirobifluorene (SP6) was purchased from
Merck and used without further purification. The chemical
structure is given in Fig. 1(a). The spiro linkage of SP6 pre-
vents crystallization6 and the deposited molecules form, thus,
an amorphous layer. This is demonstrated by the atomic-

force micrograph (AFM) of SP6 on ZnggMgg 4O (0001)
taken in tapping mode [Fig. 1(b)]. The thickness of the SP6
layer is dgpe=2.2 nm as measured by a quartz microbalance.
Its morphology follows exactly that of the ZnMgO surface.
The steps in the height profile [Fig. 1(c)] correspond to
monolayer or double layer steps of the wurtzite lattice
(¢=0.519 nm). When mechanical force is applied to the or-
ganic film with the AFM tip operated in hard tapping mode,
the layer breaks up as seen in the 1X 1 um? square in the
center of the image of Fig. 1(b). This confirms that SP6 is,
indeed, present on the ZnMgO surface and that even the first
few layers form homogeneous smooth films which are essen-
tial for the following investigations.
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FIG. 1. (Color online) (a) Chemical structure of SP6. (b) AFM

image of SP6 (dgpg=2.2 nm) on ZnMgO (0001). The deposition
rate is 0.1 nm/min and the substrate temperature is 20 °C. (c)
Height profile taken along the white line in the AFM image.
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B. Characterization

The electronic structure of the interface and the energy
offsets between the VBM of the inorganics and the HOMO
of the organics AEvgyynomo=Evem—Fnomo were deter-
mined by ultraviolet photoelectron (UP) spectroscopy. The
measurements were performed at the FLIPPER II endstation
at HASYLAB (Hamburg, Germany) in an analysis-
preparation chamber tandem with base pressures of
4% 107'% and 5% 107 mbar, respectively. The spectra were
recorded with a double-pass cylindrical mirror analyzer at a
photon energy of 22 eV. For measuring the secondary elec-
tron cutoff, a sample bias of —6 V was applied. SP6 is de-

posited both on a ZnO (0001) single crystal (Crystec) as well

as on a Zny ggMgg 140 (0001) epilayer. Prior to deposition of
the organic layer, ZnO and ZnMgO surfaces were treated by
repeated Ar-ion sputtering and annealing cycles. UP spectra
were obtained for stepwise increasing thickness of the SP6
layer up to 3.2 nm.

Charge separation and excitation energy transfer across
the organic/inorganic interface were studied by cw and time-
resolved photoluminescence (PL) spectroscopy. PL transients
were measured by time-correlated single-photon counting
with a resolution of 10 ps. The excitation pulses were deliv-
ered by the frequency doubled output of a synchronously
pumped dye laser, and spectral selectivity is provided by a
double monochromator in subtractive mode with a resolution
of 0.4 nm. PL and PL excitation (PLE) spectra were mea-
sured using a Xe lamp with the excitation wavelength se-
lected by a double monochromator. The PL was recorded
with a photomultiplier after passing a monochromator.

III. RESULTS AND DISCUSSION
A. Interfacial electronic structure

The valence electron photoemission spectrum of ZnO

(0001) [bottom curve in Fig. 2(a)] shows an energy separa-
tion between the VBM at the surface and the Fermi energy
(Ep) of 2.50 eV. The feature at 4.2 eV is related to the O 2p
orbital.” Upon deposition of SP6, the photoemission intensity
from ZnO is attenuated and distinct features attributed to SP6
molecular orbitals become visible. At a nominal thickness of
0.8 nm, they dominate the spectra. The top spectrum is a
simulated photoemission spectrum of SP6 obtained by
Gaussian broadening (full width at half maximum of 0.7 eV)
of the molecular eigenenergies obtained by semiempirical
AMI1 calculations using the CACHE software provided by
Fujitsu, Inc. It reproduces the experimental data well. The
levels of SP6 do not shift in energy with increasing thickness
and also the shape remains the same, indicating that band
bending in the organic layer is absent and that the electronic
structure of the molecules does not change upon adsorption
on ZnO. The molecules are, thus, bound by van der Waals
interaction only. This finding is in contrast to other semicon-
ductor surfaces on which chemical bond formation or even
fragmentation of deposited molecules was observed.® The
binding energy onset of the SP6 HOMO is 1.70 eV below
EF’ from which the value AEVBM/HOMO:_O'SO eV follows
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FIG. 2. (a) Valence region photoemission spectra of ZnO (solid
line) and ZnO/SP6 for increasing thicknesses of SP6. (b) Secondary
electron cutoff for pristine ZnO (solid line) and ZnO covered with
1.6 nm SP6 (dashed dotted line). (c) Energy level diagram of SP6/
ZnO and SP6/ZnMgO interfaces. The experimental accuracy of the
photoemission data is £50 meV. The exciton binding energy of
ZnO and ZnMgO is taken as 60 meV (Ref. 13), while that of SP6 is
assumed to be similar to the value of 0.45 eV reported for a ladder-
type poly(para-phenylene) (Ref. 14). VL: vacuum level.

for the SP6/Zn0O heterointerface. The shift of the secondary
electron cutoff from 6.4 to 5.6 eV [Fig. 2(b)] represents the
reduction of the work function of ZnO caused by deposition
of SP6, likely associated with a modification of the surface
dipole and the electron-density distribution on the ZnO

(0001) surface. Analogous examples exist for organic/metal
and other organic/inorganic semiconductor interfaces.'%!
The valence electron photoemission spectra of the

SP6/Zny s¢Mgy 140 (0001) interface formation are qualita-
tively identical with those of ZnO and are, therefore, not
depicted. The data yield a slightly larger energy offset
AEysmmomo=—0.85 eV. The position of the vacuum level,
i.e., the work function, decreases only by 0.4 eV.

The CBM-LUMO offset AEcgmiumo=Ecem—ELumo 18
easily calculated by adding to Eygy and Eygpo the optical
band gaps, obtained from absorption measurements, and the
exciton binding energies of the respective component. The
resultant energy schematics are represented in Fig. 2(c).
Both, for SP6/Zn0O (AEcgmiumo=—1.0 €V) as well as SP6/
ZnMgO (AEcgmiumo=-0.7 €V), CBM-LUMO offsets are
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FIG. 3. (a) SP6 PL transients at 5 K of SP6/ZnMgO hybrid
structures for increasing thicknesses of the organic layer. The exci-
tation energy is set below the absorption edge of ZnMgO at
E.=3.59 eV. (b) Dependence of the charge transfer efficiency 7cr
on the layer thickness dgpg at 5 K (H) and 290 K (A). The solid
lines are fits as explained in the text.

negative. Consequently, both configurations form type-II het-
erointerfaces, facilitating charge separation with the electron
in the semiconductor and the hole in SP6. In what follows,
the relevant transfer processes in the hybrid structures are
studied by optical spectroscopy.

B. Charge separation

The charge separation process is most easily studied by
exciting a SP6/ZnMgO hybrid structure below the ZnMgO
band gap so that only excitons in the molecular layer are
generated initially. Subsequent charge separation via electron
transfer from the SP6 LUMO to the ZnMgO conduction
band will show up in a quenching of the PL yield and a
shortening of the lifetime. The degree to which this happens
depends on how many of the excitons created in the SP6 film
do reach the interface before they radiatively recombine. The
PL decay of SP6 on ZngsMg 140 (thickness of 600 nm) is
depicted in Fig. 3. The observed shortening of the SP6 PL
lifetime with decreasing layer thickness dgpg=1.6—12 nm is
in full agreement with the above described scenario. The
efficiency of the charge transfer (CT) process given by
ner=y—Iyg)/ 1y, with Iz and I, being the SP6 PL yield of
the hybrid structures and on an inert quartz substrate, respec-
tively, is obtained by integrating the normalized PL transients
after deconvolution with the system response. The resultant
7er as a function of dgpg is depicted in Fig. 3(b). Exciton
diffusion in the organic layer is described by the one-
dimensional diffusion equation, whereby charge separation at
the SP6/ZnMgO interface is taken into account by the
boundary condition Ddn(x=dgps)/dx=—sn. n is the volume
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density of SP6 Frenkel excitons, D the diffusion constant,
and s the surface recombination velocity with which excitons
are removed via dissociation. Quenching at the SP6 surface
is neglected, yielding dn(x=0)/dx=0. Using the standard
steady-state solution and calculating the PL yield by
integration of n(x) over the layer thickness provide the data
fits shown in Fig. 3(b). With an absorption coefficient
aspe=4 X 10° cm™! inserted in the generation term and a PL
lifetime of SP6 7,=300 ps in the recombination term, the fits
yield estimates for s =2000 cm/s (5 K) and s=5500 cm/s
(300 K) as well as for the diffusion length L,=\Dr,
~3.7 nm (5 K) and L= 10 nm (300 K) of SP6 Frenkel ex-
citons. As Lp/2<sm, the rate limiting step in the investi-
gated configuration is diffusion of excitons toward the het-
erointerface. For reasonable distances d between the
molecules and the ZnMgO surface, i.e., distances well above
the van der Waals radius, d/s yields transfer times that can
become as small as 10 ps. The strong thickness dependence
of ncr results from the small exciton diffusion lengths in the
amorphous material. Charge separation through hole transfer
from the semiconductor to SP6 is more difficult to evaluate
in a similarly designed experiment as band bending at the
semiconductor surface may also influence the ZnMgO PL
yield and lifetime. It is, however, possible to inhibit hole
transfer by introduction of a ZnO QW, which acts as a col-
lector for electrons and holes photogenerated in the ZnMgO
barrier. If this QW is close enough to the organic interface
(~2-10 nm), efficient exciton transfer to SP6 is observed as
detailed in the next section.

C. Excitation energy transfer

To quantify efficiency and time scale of the energy
transfer  process, hybrid structures consisting of

Zn0/ZnggMg, 140 (0001) QWs covered with a thin layer of
SP6 are prepared. The ZnO/ZnMgO QW structure is com-
posed of a 600-nm-thick ZnMgO barrier layer on which the
ZnO QW is deposited. The QW is capped with a ZnMgO
barrier layer of variable thickness Lg=2-7.5 nm. The well
thickness dgw=3.5 nm ensures in conjunction with the cho-
sen Mg content in the barriers robust charge carrier confine-
ment in the ZnO QW. On top of the upper ZnMgO barrier,
the SP6 layer with 2.2 nm thickness is deposited. Figure 4(a)
compares the PL spectrum of a ZnO/ZnMgO reference
sample with the PLE spectrum of SP6 deposited on sapphire.
The PL spectrum of SP6 on sapphire is shown as well. As
there is spectral overlap between the ZnO QW as well as the
ZnMgO barrier layer PL and the S; absorption band of SP6,
excitation energy transfer is expected to occur from the in-
organic to the organic part of the hybrid structure. This is,
indeed, the case as evidenced by the observation of the
prominent ZnO QW and ZnMgO barrier absorption features
in the PLE spectrum of SP6 in the hybrid structure depicted
in Fig. 4(b). For comparison, the QW PLE spectrum of the
hybrid structure is shown as well. It reveals the substructure
of the valence band as well as the ZnMgO barrier band edge,
the latter being indicative of efficient carrier capture by the
ZnO QW. According to the energy level alignment at the
interface, there is an energetic barrier inhibiting the transfer
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FIG. 4. (a) Reference samples: PLE (dashed line) and PL (dotted
line) spectra of SP6 on sapphire and PL spectrum of a ZnO/ZnMgO
QW structure with Lg=5 nm (solid line). (b) SP6/ZnO/ZnMgO hy-
brid structure with Lg=2 nm: PLE of the ZnO QW measured at
E.n=3.35 eV (solid line), PLE of SP6 measured at E.,,=2.95 eV
(dashed line), and PL spectrum of the hybrid structure excited at
E.=3.7 eV (dotted line). The inset shows schematically the design
of the hybrid structure. All measurements were performed at 5 K.

of electrons from the ZnMgO conduction band to the SP6
LUMO level. Consequently, separate injection of electrons
and holes into the organic layer cannot contribute to the en-
hancement of the SP6 PL yield in the spectral region where
the ZnO QW and ZnMgO barrier absorb. The nonradiative
character of the energy transfer process is demonstrated by
the shortening of the QW PL lifetime upon deposition of
SP6, see Fig. 5(a). The lifetime of the QW excitons decreases
from 7ow=275 ps obtained for the ZnO/ZnMgO reference
sample to =69 ps in the SP6/ZnO/ZnMgO hybrid struc-
ture. This yields an energy transfer time of mpp=(1/7yp
—1/7gw)'=92 ps and an efficiency 7pp=1-(m/ THp)
=0.75. That means that three out of four excitons generated
in the ZnO QW are transferred to the organic overlayer, gen-
erating SP6 Frenkel excitons. This efficiency is even higher
than that of POPOP/ZnO/ZnMgO hybrid structures (7pp
=0.5 and Ry=3.5 nm),? which is in agreement with the larger
Forster radius Ry=3.9 nm for the SP6/ZnO/ZnMgO struc-
tures as calculated from the spectral overlap integral. The
efficiency 7pp decreases with increasing distance d between
QW and organic layer [inset of Fig. 5(b)]. For a dipole-
dipole-mediated transfer process in the present two-
dimensional setting, the energy transfer time depends on the
distance d between donor and acceptor as 7oy
=(1 /2)751“,N(R0/ d)*, with N being the number of molecules
in the Forster cycle. The experimental data follow well the d*
dependence, see Fig. 5(b). The fit yields, moreover, R,
=3.1 nm, in fair agreement with the calculated value.
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FIG. 5. (a) QW PL transients of a ZnO/ZnMgO reference
sample (i) with Lg=2 nm and (ii) the hybrid structure of Fig. 4(b)
obtained by exciting the samples at E,,=3.97 eV. The temperature
is 5 K. The decay curves were convoluted with the system response
using an exponential law (solid lines). (b) mpp and 7pp (inset) as
function of the distance d=Lg+dqgw/2. The solid lines are fits as
explained in the text.

Finally, one can compare the efficiencies of electron and
exciton transfer across the organic/inorganic interface for a
given sample geometry. In the frame of the diffusion treat-
ment, exciton transfer is represented by a positive flux
Jer=GoMppAqw Which has to be added to the surface recom-
bination flux jgr=—sn at the organic/inorganic interface ap-
proximated in lowest order by —Gysagpe 7y G is the incident
photon pump flux. At a given transfer efficiency
7op=0.75 (Lg=2 nm), the net outcome is controlled by the
exciton fraction Agw generated per incident photon in the
QW. For optical excitation into the ZnMgO barrier,
Aqw=0.5, resulting in a positive total flux, while for direct
excitation of the ZnO QW, AQW%012 yields jrr<jsgr-

IV. CONCLUSIONS

In agreement with the energy level alignment derived by
UP spectroscopy, excitons are dissociated efficiently via
charge separation at the SP6/ZnMgO interface. On the other
hand, if a ZnO QW is embedded into ZnMgO close to the
organic interface, we observe exciton transfer with an effi-
ciency of up to 75% from the QW to SP6. The measured
distance dependence of the transfer rate corroborates our as-
sumption that the coupling between Frenkel and Wannier
excitons is mediated via dipole-dipole interaction. These
findings show very clearly that despite the very different na-
ture of organic and inorganic semiconductor materials, the
interface between them is electronically active. In particular,
defect states that might trap the carriers and impede both
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charge and energy transfer across the interface play obvi-
ously no essential role. Moreover, the versatility of organic/
inorganic hybrid structures for use in optoelectronic applica-
tions, such as light-emitting diodes, photodiodes or
photovoltaic cells benefiting from the easy tunability of ab-
sorption and emission as well as large light-matter interac-
tion cross sections of the organics and the favorable charge
transport properties of the inorganics, is demonstrated as

PHYSICAL REVIEW B 77, 085323 (2008)

a step toward practical devices with optimized material com-
binations and geometries.
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