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nerated by intraband and
interband transition detected using a plasmonic
Cu/TiO2 nanodiode

Changhwan Lee,ac Yujin Parkbc and Jeong Young Park *abc

The use of metal nanoparticles, including Au, Ag, Cu, and Al, can increase the efficiency of photovoltaic

devices by electromagnetic field enhancement, which is driven by the excitation of localized surface

plasmon resonance. Direct energy conversion from light into electricity via the decay of surface

plasmons causing the excitation of hot electron–hole pairs is also a feasible channel. The generation of

hot electrons in metal nanostructures can occur through intraband excitation within the conduction

band or through interband transition, which is caused by transitions from other bands to the unoccupied

conduction band states. Here, we show the distinction between hot electron generation induced by

intraband excitation and interband transition on a plasmonic Cu/TiO2 nanodiode by measuring the

current conversion efficiency with a monochromator system. We also show the dependence of the

production of photocurrent on the thickness of the Cu layer and the effect of an aluminum oxide

protection layer on the hot electron flux versus oxidation of the Cu layer. Our results can provide

a better understanding for copper-based hot electron photovoltaics, which could lead to more efficient

plasmonic energy conversion.
1. Introduction

Localized surface plasmon resonance (LSPR) can occur via
connement of the collective vibration of free electrons in
a metal nanostructure and the electric eld of incident light.1,2

Two important effects of LSPR excitation are great enhancement
of electric elds near the metal nanoparticle surface and optical
absorption by the particle with a maximum at the plasmon
resonance frequency.3,4 The most popular plasmonic materials
are gold, silver, copper, and aluminium, and the advantages of
plasmonic metal structures have been widely used to increase
the efficiency of various types of photovoltaics and photo-
catalysts.5,6 In recent years, however, it has been found that
plasmonic nanostructures can directly convert photons into
electricity on their own by producing hot electrons.7–10 Aer
light is absorbed into the nanostructure and LSPR appears, the
plasmons decay by transferring their energy to the electrons in
the metal, resulting in the excitation of highly energetic elec-
trons.11 However, hot electrons are rapidly thermalized with
a short lifetime on the order of tens of femtoseconds, and most
incident photon energy cannot be harvested. Thus, it is
ed Institute of Science and Technology

a. E-mail: jeongypark@kaist.ac.kr

ed Institute of Science and Technology

a

Reactions, Institute for Basic Science,

hemistry 2019
important to extract the hot electrons before they lose this
excess energy. There are several proposed structures for using
hot electrons, including Schottky or tunnelling barriers that are
capable of ltering electrons with high energy.12–15 These novel
schemes for solar energy conversion offer many possibilities for
realizing ways to exceed the performance of conventional
photovoltaics and photocatalytic devices or to completely
replace traditional conversion systems.

The generation of hot electrons in metal nanostructures can
occur through intraband excitation within the conduction band
(from occupied s-band to empty s-band) or through interband
transitions, which are caused by transitions from other bands to
the unoccupied conduction band states (d-band to empty s-
band).1,16 The interband transition energy levels of plasmonic
metals are 2.15 eV for Cu, 2.4 eV for Au and 4 eV for Ag.17

Therefore, when silver is illuminated with visible light, hot
electrons can only be produced by intraband excitation.18 Gold
and copper, on the other hand, are capable of interband exci-
tation in the visible region because it is possible to generate hot
electrons with a relatively lower energy than those generated via
interband excitation in Ag.19,20 To extract these energetic elec-
trons, n-type semiconductors with a high Fermi level are mainly
used as acceptors, such as TiO2, which can form a Schottky
barrier with plasmonic metals and has a wide bandgap.21–23 TiO2

is also an excellent electron-accepting material that has a high
density of state (DOS) in the conduction band, enabling rapid
electron injection. However, not all excited hot electrons are
extracted to the TiO2 because of the presence of the Schottky
RSC Adv., 2019, 9, 18371–18376 | 18371
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barrier. Thus, with Au/TiO2, the hot electrons generated by the
interband transition under visible light have a very low extrac-
tion probability because their energy is not sufficient to over-
come the Schottky barrier height of around 1 eV created at the
interface of the Au/TiO2.24

There are several recent studies where copper is used to
replace silver and gold, which are the most widely researched
metals in the plasmonic eld of study.25–28 As the work function
of copper (4.65 eV) is smaller than that of gold (5.1 eV), it can
form a Schottky barrier with the TiO2 layer with a lower height.
Since the interband transition energy level of copper is also
lower than gold, it is possible to produce hot electrons with
higher energy. Therefore, it is expected that a Cu/TiO2 structure
can detect hot electrons excited from both intraband excitation
and interband transition, thereby greatly increasing the
extraction efficiency. Furthermore, copper is much less expen-
sive than silver or gold, so the use of copper can develop more
cost-effective plasmonic devices. Nevertheless, copper-based
plasmonic structures have not been actively studied. In fact,
copper is easily oxidized in ambient air and has a major weak-
ness of gradually losing LSPR excitation, which hinders the use
of copper to fabricate stable devices. To prevent the oxidation of
copper, various studies have been carried out, such as using
a capping agent,29,30 deposition of insulating materials on
copper,31 and alloying copper with other elements.32

Here, we will verify hot electron detection by measuring the
steady-state photocurrent using plasmonic Cu/TiO2 nanodiodes
with a randomly connected copper nano-island structure. From
the current–voltage curve of the plasmonic Cu/TiO2, informa-
tion about the electrical characteristics, including the Schottky
barrier height, was obtained. Furthermore, we prove LSPR
excitation by measuring the incident photon-to-current
conversion efficiency (IPCE). To distinguish the extraction of
hot electrons by intraband excitation and interband transition,
both the absorbance spectrum and IPCE are used. Lastly, we
demonstrate a stable Cu/TiO2 photodiode with the deposition
of an Al2O3 lm that contributes to delaying the degradation of
the copper layer.

2. Experimental methods
2.1 Fabrication of Cu/TiO2 nanodiodes

Cu/TiO2 Schottky nanodiodes were fabricated as follows. A
150 nm thick Ti layer was rst deposited by an electron beam
evaporator on a 500 nm SiO2 wafer, which was wet oxidized on
a p-type Si (100) wafer. The Ti deposition was done with a 4 � 7
mm2 mask at 2� 10�6 torr with an evaporation rate of 0.5 Å s�1.
The Ti lm was then heat treated at 500 �C in ambient air for 2 h
to make the TiO2 lm. Two electrode pads consisting of Ti and
Au lms were deposited using a 5� 5 mm2mask. The Ti and Au
lms for the electrode pads were 50 and 150 nm thick, respec-
tively, and both were deposited at a rate of 1.0 Å s�1 under 2 �
10�6 torr. One of the pads is in contact with the TiO2 surface to
make an ohmic contact and the other pad is deposited on the
SiO2 surface to create a terminal connected with the Schottky
contact. To fabricate the Schottky contact, a 5 nm thick plas-
monic Cu lm was deposited on top of the wafer, crossing the
18372 | RSC Adv., 2019, 9, 18371–18376
TiO2 and Ti/Au electrode pads using a 2 � 10 mm2 mask. For
deposition of the plasmonic Cu layer, the vacuum pressure was
2 � 10�6 torr and the evaporation rate was 0.2 Å s�1. Lastly,
a 10 nm thick Al2O3 protection layer was made at 2 � 10�6 torr
with an evaporation rate of 0.2 Å s�1.

2.2 Characterizations of Cu/TiO2 nanodiodes

The current–voltage (I–V) curves and photocurrents were
obtained using a source meter (Keithley Instrumentation
2400) with a 4-point probe station. Incident light was illu-
minated from a tungsten-halogen lamp (9 mW cm�2)
perpendicular to the diode surface. The IPCE was measured
at 400–900 nm with a Xe arc lamp source (Newport, TLS-
300XU), which was utilized to tune the wavelength. To char-
acterize the absorbance properties of the metal lms, thin
metal layers were prepared on a transparent quartz substrate
and measured with an UV-vis spectrometer (Shimadzu, UV-
2600).

3. Results and discussion
3.1 Photoelectrical properties of Cu/TiO2 nanodiode

To observe the hot electron ow, a plasmonic Cu/TiO2

nanodiode was fabricated as shown in Fig. 1(a). The nano-
diode is composed of two Ti/Au ohmic electrode pads (one at
each end), and the active area (Cu/TiO2) is located at the
center of the diode. The morphology of the plasmonic Cu lm
exhibits closely packed and randomly connected Cu nano-
clusters. Once hot electrons are generated in the copper lm,
they travel into the TiO2 layer and make an electrical circuit,
which is capable of measuring the steady-state current on the
Cu/TiO2 diode. In Fig. 1(b), a short-circuit photocurrent of
about 250 nA for the 5 nm Cu lm was obtained on the
fabricated diode with visible incident light. Since hot elec-
trons generated on the plasmonic Schottky diode can be
detected as a current only if they overcome the energy barrier,
the height of the Schottky barrier is an important factor
determining the photocurrent. Theoretically, we can predict
the Schottky barrier height using the Schottky–Mott rule:

fSB ¼ fm � c (1)

where fSB is the Schottky barrier height, fm is the work function
of the metal, and c is the electron affinity of the semiconductor.
As the work function of Cu is 4.65 eV, and the electron affinity of
TiO2 is 4.0 eV, the Schottky barrier height should be 0.65 eV. To
conrm the barrier height of our Cu/TiO2 diode, the I–V curve
was measured (Fig. 1(c)). By tting the results obtained in the I–
V curves to the thermionic emission equation, the barrier height
can be obtained experimentally. The thermionic emission
equation is dened as

I ¼ AA**T2 exp

�
� qfSB

kbT

��
exp

�
qðVa � RsIÞ

hkbT
� 1

��
(2)

where A is the area, A** is the effective Richardson constant, fSB

is the Schottky barrier height, kb is the Boltzmann constant, T is
the temperature, Rs is the series resistance, and h is the ideality
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Schematic drawing of the plasmonic Cu/TiO2 nanodiode
and scanning electron microscope (SEM) image of the plasmonic Cu
layer. (b) Steady-state photocurrent measured on the plasmonic Cu/
TiO2. (c) Current–voltage curve measured on the plasmonic Cu/TiO2

diode. (Inset) Current–voltage curve and fit of the measured current–
voltage data to the thermionic emission equation in log scale.

Fig. 2 (a) IPCE of the plasmonic Cu/TiO2 and Au/TiO2 diodes. (b)
Absorbance of the plasmonic Cu and Au. The LSPR peaks at 675 nm for
Cu and 600 nm for Au correspond to intraband excitation. The
increased absorbance at wavelengths below 550 nm for Cu and
480 nm for Au is attributed to interband transition. (c) Energy band
diagram of the Cu/TiO2 structure. Mechanism for hot electron
generation from the 4s-band of Cu by intraband excitation and from
the 3d-band of Cu by interband transition.
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factor. Based on eqn (2), the series resistance and ideality factor
were determined to be 124.5 U and 2.24, respectively. In addi-
tion, the Schottky barrier height of Cu/TiO2 was fSB ¼ 0.63 �
0.01 eV, which is comparable with the theoretically predicted
value.
3.2 Hot electron extraction mechanism of Cu/TiO2

nanodiode

To understand the extraction mechanism for hot electron
generation on the Cu/TiO2 Schottky nanodiode, the IPCE was
measured, which is the current conversion efficiency of hot
electrons as a function of incident photon energy (Fig. 2(a)).
For comparison, we also probed the nanodiode with Au
instead of Cu, which is a widely studied plasmonic metal, but
This journal is © The Royal Society of Chemistry 2019
has a higher work function (5.1 eV) and deeper d-band energy
level from the Fermi level (2.4 eV) than Cu. In the IPCE of the
Au/TiO2 diode, one distinct peak was observed at 600 nm
corresponding to LSPR excitation. On the other hand, the Cu/
TiO2 diode exhibited clear increases in the IPCE at 450 and
675 nm. These results imply that the Cu/TiO2 diode has two
different types of hot electron transfer mechanism. For
a more detailed analysis, the absorbance spectrum was
measured on both the plasmonic Cu and Au layers. As shown
in Fig. 2(b), increased peaks corresponding to the LSPR
RSC Adv., 2019, 9, 18371–18376 | 18373
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excitation of Cu and Au were observed at 675 and 600 nm,
respectively, which are in accordance with the IPCE results.
Furthermore, both materials clearly show an increase in
absorbance at wavelengths less than 550 nm for Cu and
480 nm for Au from the interband transition. Note that the
increase in absorbance of the Cu and Au means that hot
electron production was enhanced. Interestingly, however, in
the IPCE of the Au/TiO2 diode, there is a negligible increase
in the interband transition region. This is because only
a small portion of hot electrons generated by the interband
transition in Au could surpass the Schottky barrier height of
the Au/TiO2. In contrast to the gold, the Cu/TiO2 diode can
convert hot electrons generated by both intra- and interband
excitation into photocurrent, enabling efficient detection of
the hot electrons. The two types of hot electron transfer
processes via intraband excitation and interband transition
in Cu/TiO2 are illustrated in the energy band structure
(Fig. 2(c)). Since the 3d-band energy level of Cu lies 2.15 eV
below the Fermi energy level, at least 2.75 eV of photon
energy is required for interband transition hot electrons to be
detected as a photocurrent. Meanwhile, the hot electrons
excited from the 4s-band have a barrier of around 0.6 eV, so
they can be extracted at a relatively lower photon energy. Also,
the density of state of the 3d-band is stronger in the narrower
energy region, while the 4s-band appears as a weak DOS in
the wider energy region. Correspondingly, it is clearly shown
in the IPCE of the Cu/TiO2: the sharp IPCE peak at 2.7 eV (460
nm) is higher in the narrower photon energy region than that
at 1.9 eV (650 nm).
Fig. 3 (a) Photocurrent and (b) IPCE measured on the Cu/TiO2 diode
depending on the thickness of the Cu layer (i.e., 5, 10, and 20 nm).

18374 | RSC Adv., 2019, 9, 18371–18376
3.3 Relationship between hot electron extraction and
thickness of Cu lm

Fig. 3(a) shows a plot of the photocurrent observed on the Cu/
TiO2 diode with Cu lm thicknesses of 5–20 nm. The photo-
current of a diode with a thinner Cu layer is higher than that
with a thicker Cu lm. In general, hot electrons are mainly
produced on the metal surfaces that directly absorb light. This
means that the bottom of the metal layer, which forms the
Schottky interface with the TiO2, is not benecial for generating
hot electrons, while the metal surface is highly benecial.
Furthermore, hot electrons have a short mean free path
(�30 nm for Cu33) because of their rapid cooling dynamics.
Therefore, as the thickness of the Cu layer increases, the
distance between the Schottky interface and the Cu surface also
increases and fewer hot electrons reach the Schottky interface.
Therefore, a thick Cu lm leads to a low probability for hot
electron extraction. Likewise, the IPCE results measured on the
Cu/TiO2 also decreased as the thickness of the Cu lm
increased, maintaining two peaks indicating different mecha-
nisms for hot electron transfer (Fig. 3(b)).
3.4 Enhanced stability of Cu/TiO2 nanodiode with Al2O3

passivation layer

Although copper can exhibit effective plasmonic properties,
it has not been widely used because it is easily oxidized in air.
Fig. 4(a) shows the degradation of photocurrent with air
Fig. 4 (a) Degradation of photocurrent of the plasmonic Cu/TiO2 with
and without a protection layer of Al2O3 with air exposure. (b) Current–
voltage curves measured on the plasmonic Cu/TiO2 diode (black) and
plasmonic Cu/TiO2 diode coated with Al2O3 (red).

This journal is © The Royal Society of Chemistry 2019
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exposure time measured on the Cu/TiO2 diode with and
without a protection layer. Here, an Al2O3 layer was deposited
on the Cu lm as a protection layer using electron beam
evaporation. The photocurrent of the bare Cu/TiO2 diode
decreased dramatically to less than 100 nA as it was fully
exposed in air. This is because LSPR excitation of the Cu
weakened as the Cu layer was oxidized. On the other hand,
the photocurrent only slightly decreased, but was saturated
at 180 nA with an alumina layer deposited on the copper lm.
I–V curves were also measured on both diodes (Fig. 4(b)).
Based on the measured I–V curves, the Schottky barrier
heights of the diodes were calculated using eqn (2). The bare
plasmonic Cu/TiO2 showed fSB ¼ 0.69 � 0.01 eV and the
Al2O3 coated plasmonic Cu/TiO2 exhibited fSB ¼ 0.7 �
0.01 eV, which means the Schottky barrier height is preserved
aer deposition of the Al2O3 layer. These results indicate that
the alumina lm can be used as passivation layer for slowing
the degradation of the Cu/TiO2 diode without changing the
energetic levels of the diode (i.e., the Schottky barrier height).
We note that back-side illumination can lead to enhanced
hot electron generation at the metal–dielectric interface. In
this case, IPCE will be enhanced if the incident light goes
sequentially through the TiO2 to the plasmonic Cu layer,
because hot electrons would be mostly generated close to the
Schottky barrier height, allowing efficient hot electron
capture to occur. Further investigation using a different
diode structure could be an interesting subject for a follow-
up study.

4. Conclusions

In summary, we fabricated a plasmonic Cu/TiO2 nanodiode to
discern hot electron generation via intraband excitation and
interband transition on a plasmonic copper lm. Based on the
electrical measurements, it shows a reasonable Schottky barrier
height and photocurrent, which means the diode works well. To
distinguish the two different types of transition modes, we
measured the IPCE. The plasmonic Cu/TiO2 diode has two
distinct IPCE peaks at specic photon energies that are iden-
tical to the LSPR absorbance peak and absorbance region for
interband transition. However, in the case of the plasmonic Au/
TiO2 diode, it only exhibits an intraband transition IPCE peak,
while the absorbance spectrum shows both intraband excita-
tion and interband transition. This is because Au has a greater
interband transition energy and Schottky barrier height with
TiO2 than Cu, which leads to inefficient hot electron extraction
from the interband transition. Lastly, we demonstrate a much
more stable plasmonic Cu/TiO2 diode in air by depositing an
Al2O3 lm without changing the Schottky barrier height. These
ndings imply that there are two different hot electron gener-
ation mechanisms in plasmonic metals (intraband excitation
and interband excitation), but they can only be detected when
the metals absorb incident photons and the excited hot elec-
trons possess sufficient energy to be extracted. Moreover, we
expect the stabilized plasmonic properties of Cu with alumina
lm deposition can suggest designs for efficient Cu-based
plasmonic photovoltaics.
This journal is © The Royal Society of Chemistry 2019
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