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Interfacial interaction at hybrid interfaces results in structural and electronic properties different
from organic and inorganic components. In this study, x-ray photoelectron spectroscopy analysis
carried out on CuO-hexa-peri-hexabenzocoronene (HBC) bilayers shows the appearance of an
additional C 1s peak at lower energy due to Cu—C interaction. Spectroscopic ellipsometry
investigation shows that interfacial layer (~4 nm) has absorption features related to Cu—C bonding,
modified HBC valence states, and Cu®*- electron interaction. The observed resistive switching
property of the CuO-HBC layers is considerably different from junction properties of HBC and CuO
layers and is directly related to the hybrid interfacial layer. © 2011 American Institute of Physics.

[doi:10.1063/1.3544937]

Understanding the interfacial properties of an organic-
inorganic (OI) hybrid junction is scientifically challenging
due to large dissimilarities in the structural and electronics
nature of the two materials.' Recent reports suggest that hy-
brid interfaces will open up possibilities for devices such as
organic light emitting diodes, thin film field-effect transis-
tors, and photovoltaic devices.”™ By controlling the proper-
ties of organic and inorganic layers, the interfacial properties
of the hybrid interfaces and the device characteristics can be
fine tuned and controlled.

This letter reports the study of the interface between
inorganic CuO semiconductor and organic hexa-peri-
hexabenzocoronene (HBC) layers and the effect of hybrid
interfacial layer on the optical and resistive switching prop-
erties. HBC is a well known planar polycyclic aromatic hy-
drocarbon molecule and can be regarded as disk-shaped hy-
drogen terminated graphene fragment, having delocalized
electrons on both sides of the molecular plane. HBC mol-
ecules segregate themselves into columnar superstructures
due to -7 interactions of the aromatic cores. It is known to
exhibit high intrinsic charge carrier mobilities of up to
1 cm?/V s in its bulk form with a highest occupied molecu-
lar orbital and lowest unoccupied molecular orbital (LUMO)
gap of 2.8 eV.* HBC layer has been used as promising inter-
facial layer for increasing open circuit voltage of GaAs based
Schottky barrier solar cells.” On the other hand, CuO is a
p-type inorganic semiconductor having monoclinic structure
with an optical band gap of 1.2 eV.® The hole mobility of
CuO is 0.1 ¢cm?/V s. CuO has excellent photovoltaic, elec-
trochemical, and catalytic properties.9 The central objective
of this study is to investigate the structural and electronic
changes at the CuO-HBC heterointerface for understanding
the switching mechanism in a bilayer resistive memory de-
vice.
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In this study, deposition of thin organic layer of HBC
(~20 nm) onto the copper base has been carried out using
thermal evaporation technique. The synthesis of HBC is de-
scribed elsewhere.'’ A thin film of CuO (~400 nm) was
deposited over HBC layer using rf-magnetron sputtering
from a Cu,O target (99.99% purity). The sputtering was
carried out at room temperature with an applied rf power of
100 W. Thereafter, a titanium top electrode (~100 nm) was
deposited using thermal evaporation technique through a
shadow mask onto the copper oxide layer. Junction proper-
ties of Ti-CuO-HBC (20 nm)-Cu have been studied using
6517-A electrometer from Keithley, Ohio.

X-ray photoelectron spectroscopy (XPS) was carried out
using an ultra high vacuum XPS system (Model 1257) from
Perkin Elmer, Minnesota. The Cu-HBC and CuO-HBC
sample for XPS studies were prepared by depositing a thin
layer of (~10 nm) Cu and CuO onto a HBC layer deposited
on glass substrate. The optical properties of CuO (10 nm)-
HBC sample were studied using spectroscopic ellipsometry
(SE) in the wavelength range of 200-1000 nm using an
M-2000F ellipsometer from J. A. Woollam Co., Inc., Ne-
braska.

Figure 1(a) shows the C s spectra of CuO-HBC, HBC,
and Cu-HBC sample. It was observed that in addition to the
C 1s peak at 284.6 eV observed in all samples, an additional
peak at 282.7 eV is observed in the case of the CuO-HBC
sample. The low intensity peak at lower energy in compari-
son with the main C ls peak indicates interaction at the
CuO-HBC hybrid interface. Electronegativity difference be-
tween Cu (1.9) and C (2.5) results in charge transfer from Cu
to C, causing an additional C ls peak at lower binding en-
ergy corresponding to a Cu—C bond. In a similar study, fluo-
rine groups have been shown to influence the electronic
properties of HBC and the higher electronegativity of F (4.1)
with respect to C resulted in electron transfer from C to F,
which shifts the C 1s peak toward higher binding energy by
about 2 eV."" A similar shift in binding energy has been
explained due to the interface polarization of the valence
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FIG. 1. (Color online) (a) C 1s peak in CuO-HBC, HBC, and Cu-HBC
sample. (b) Variation of C 1s peak position in CuO-HBC sample with depth
profiling showing two C 1s peaks [main peak (Cy;) at 284.60 eV corre-
sponding to HBC and interfacial layer (Cy;) peak]. (c) Variation of binding
energy (BE) and deviation (A) from the Cy; peak for Cy; peak in CuO-HBC
sample with depth profiling. (d) Intensity variation of Cy; and Cy; peak with
depth profiling.

density of states in Be/W system.12 To study the changes in C
s spectra across the hybrid interface, XPS depth profiling
was carried out for CuO-HBC sample and the results are
presented in Fig. 1(b). It was observed that the binding en-
ergy of the interfacial peak (Cy; ) decreases and the difference
(A) between Cy and the main peak (Cy;) increases as one
moves toward the interface up to about 20 min of sputtering
[Fig. 1(c)]. The intensity of the Cy peak is observed to in-
crease up to 20 min of sputtering, whereas the intensity of
the Cy; peak at 284.6 eV follows the opposite trend and
continues to increase [Fig. 1(d)]. These results show that
sample depth at 15-25 min of sputtering corresponds to the
interfacial region [shown by the shaded portion in Figs. 1(c)
and 1(d)].

Spectroscopic ellipsometry was carried out onto CuO-
HBC sample. The best fit to the experimental data in terms of
ellipsometric angles (W) was obtained by incorporating an
interfacial region of (~4 nm) in the CuO-HBC structure.
Thickness and optical constants of the CuO top layer (TL),
interfacial layer (IL), HBC bottom layer (BL) was obtained
by fitting of the experimental data at three different incident
angles using a four layer (CuO-IL-HBC-glass substrate) op-
tical model. The absorption coefficient («) versus energy
(hv) plots for the top, bottom, and interfacial layers are
shown in Fig. 2(b)-2(d), respectively. It was observed that
the absorption spectra corresponding to HBC BL exhibits
two peaks (marked as 3’ and 4’) and the IL absorption spec-
tra show five peaks marked as (1, 2, 3, 4, and 5) [Figs. 2(c)
and 2(d)]. This implies that the interface region has a number
of distinct features in terms of absorption spectra. Electronic
interaction between CuO and HBC in the interfacial region
results in the appearance of additional peaks in the absorp-
tion spectra. The peak position in the absorption spectra for
the HBC BL (3’ and 4') and IL (1, 2, 3, 4 and 5) obtained is
summarized in Table 1. Peaks 3’ and 4’ observed at 2.75 and
3.5 eV in the absorption spectra of HBC BL are related to the
I and II valence levels of HBC. A careful analysis of the peak
position in the absorption spectra of the interfacial layer
points toward its hybrid nature. Peaks 1 and 2 at 2.03 and 2.5
eV seems to be related to the band-to-band transition of
Cu,C, or Cu,C, normally observed between 1.5 to 2.0 eV.”
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FIG. 2. (Color online) (a) Experimental and modeled ellipsometric angles
“W” for CuO-HBC sample at three different incident angles of 55°, 65°, and
75° using four layer optical model [see inset of (d)]. Absorption spectra (a)
for (b) CuO TL, (c) HBC BL, and (d) IL.

Peak positions marked as 3 and 4 correspond to modified I
and II valence levels of HBC. Peak positions marked as 5
seem to be related to interaction of cation (Cu®*) with the 7
electron of aromatic chains of HBC. A similar absorption
feature due to cation-7 electron has been presented in
Cu?*-tryptophan system.14 Thus, the optical absorption spec-
tra of the interfacial layer show structural and electronic in-
teraction between the organic and inorganic components.

As the resistive switching phenomenon is known to be
extremely sensitive to interfacial properties,15 the effect of
interfacial interaction on CuO-HBC hybrid interface has
been studied by investigating resistive switching properties.
For observing resistive switching phenomenon, an electro-
forming voltage is applied to metal-insulator-metal (MIM)
structure, which results in a large change in resistance. Sub-
sequently, the MIM structure can be switched from low re-
sistance state (LRS) to high resistance state (HRS) upon ap-
plication of reset point voltage (Vi) and back to LRS on
application of set point voltage (VS).16 If the LRS and HRS
occur at the same voltage polarity, switching is referred to as
unipolar; otherwise, bipolar.

Figure 3(a) shows the electroforming process performed
on the pristine Ti-CuO-HBC-Cu structure with a current
compliance limit of 2 mA on applying a voltage of 0.44 V.
After electroforming, the Ti-CuO-HBC-Cu cell remains in
the LRS and exhibits linear I-V characteristics up to a volt-

TABLE I. Comparison of peak position in absorption spectra for the HBC
BL and IL with ultraviolet photoelectron spectroscopy results for the HBC
sample (see Ref. 6). E, HBC (BL) and E, (IL) correspond to the peak
position in the absorption spectra for BL and IL, respectively, whereas Eg;
and E; ;o correspond to position of valence states with respect to the Fermi
level and the lowest unoccupied molecular orbital.

E,HBC BL) E,(IL) Em Eumo
(eV) (eV) (eV) (eV) Peak assignment
2.03 oo e Cu,C,
251 P Cu2C4
2.75 2.85 1.35 2.80 First valence State (HBC)
3.50 3.20 1.75 320  Second valence State (HBC)
‘e 4.95 ‘e Cu”*-7 interaction
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FIG. 3. (Color online) (a) Current-voltage characteristics for Ti-CuO-
HBC-Cu sample during the initial electroforming step, showing transition to
LRS at forming voltage (Vi) of 0.44 V with a current compliance limit (Ic)
of 2 mA. (b) I-V curve showing reversible and unipolar resistive switching
for Ti-CuO-HBC-Cu sample. The sample switches from LRS to HRS at a
reset voltage (V) of 0.29 V and switches back to LRS at a set voltage (V)
of 0.39 V. (c) Double logarithmic I-V plots showing the linear Ohmic be-
havior with slope of about 1.05 in the LRS. Linearity is observed in HRS at
lower voltages with slope of about 0.9; deviation from this linearity is ob-
served in HRS at higher voltages. (d) Schematic diagram of the Ti-CuO-
HBC-Cu structure used for studying resistive switching properties.

age of 0.19 V as shown in Fig. 3(b). Upon increasing the
voltage further, the sample switches to HRS at a reset voltage
(Vg) of 0.2 V. Upon further increase in voltage bias, the
sample switches back to LRS state upon application of a set
point voltage (V) of 0.39 V. The typical resistance values in
LRS and HRS are observed to be (~18 ) and (~38.5
X 10* ) at a voltage of 0.1 V. A high value of resistance
ratio ~2 X 10* between the HRS and LRS state is quite at-
tractive from an application point of view. The resistive
switching behavior was observed to be unipolar with repro-
ducible I-V characteristics. Double logarithmic plots of the
I-V curve in both LRS and HRS states are presented in Fig.
3(c). A I-V characteristic in LRS displays the Ohmic behav-
ior with an approximate slope of 1.08. The conduction
mechanism of the HRS at low voltage also follows Ohm’s
law, but appreciable nonlinearity is observed at high volt-
ages. It does not seem to follow any single law and may be a
combination of different possible current transport mecha-
nisms such as trapping (detrapping) of space charge limited
current and the formation (deformation) of multifilaments, as
reported earlier.'” It may be noted that Ti-HBC-Cu and Ti—
CuO-Cau structures showed linear and rectifying I-V charac-
teristics, respectively (not shown here), and resistive switch-
ing behavior was observed to be completely absent. This
confirms that hybrid interfacial layer is responsible for resis-
tive switching phenomenon.

Furthermore, resistive switching characteristics of the
Ti-HBC-CuO-Cu junction (not shown here) in which the
HBC layer was vacuum evaporated onto a CuO layer shows
higher electroforming voltage (>50 V) in comparison with
(0.44 V) when the CuO layer is sputter deposited onto the
HBC layer. XPS and SE results showed minimal modifica-
tion at the interface in the former case (not shown here).
Kinetic energy of copper or oxygen adatoms during sputter
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deposition of CuO onto a HBC layer seems to be an impor-
tant factor controlling the extent of interfacial interaction.
The degree of interfacial interaction at CuO-HBC hybrid
junction can be controlled by changing the energy of ada-
toms (sputtering voltage or deposition pressure) or by post-
deposition heat treatment (time and duration). Such a study
will help in further understanding the nature of the interfacial
layer and the resistive switching mechanism. It may be men-
tioned that there are a number of reports on the resistive
switching behavior in organic and inorganic layers. The re-
sistive switching properties observed in the present study are
due to hybrid interfacial layer and not due to CuO and HBC
layer.

In conclusion, XPS analysis carried out on CuO-HBC
bilayers shows the appearance of an additional C 1s peak at
lower energy due to electron transfer from Cu to C. Optical
modeling based on SE data shows the formation of interfa-
cial layer of about 4 nm thickness, with absorption features
related to Cu—C bonding, modified HBC valence states, and
Cu?*-7 electron interaction. Electrical properties of MIM
structures comprising of CuO-HBC layers show that the in-
terfacial layer is directly responsible for the observed resis-
tive switching properties as junctions formed from the inor-
ganic CuO layer and the organic HBC layer shows rectifying
and Ohmic characteristics, respectively. This study presents
an example in which the formation of hybrid interfacial layer
results in electrical properties not observed in the organic
and inorganic components.
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