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The phenomena of charge/energy transfer commonly exist at most heterointerfaces. These processes
vary with the change of the electronic structure at the interface, which leads to the diversity of device
functionalities. Therefore, interface engineering is a powerful approach to control the charge/energy
transfer behavior by modulating the interfacial electronic structure. On the basis of a novel ipsilateral
selective electron tunneling (ISET) mechanism, we systematically investigated the charge transfer
property at a semiconductor/graphene/photoactive material ternary interface. With acridine orange dye
as the photoactive material, photoinduced electrons from the dye can directly tunnel across the TiO,/
graphene Schottky barrier into the conductive band of TiO,, while the photoinduced holes were
collected by graphene. These results demonstrate the capability of such an ISET-based ternary interface to
achieve efficient charge transfer and separation, promising the fabrication of new types of photovoltaic and

rsc.li/frontiers-materials optoelectronic devices.

Introduction

The control of charge/energy transfer occurring at heterointerfaces
is crucial to produce high-performance functional electronic
devices, such as field effect transistors (FETs),' photovoltaics
and molecular electronic devices.> In general, the electronic
structure at the heterointerface, which is determined by the
properties of the materials used, plays the key role in controlling
the charge/energy transfer process. For instance, Schottky barriers
exist at some semiconductor/metal interfaces and p-n junctions
exist between semiconductors with different doping. These hetero-
interfaces have specific properties such as rectification and charge
separation, which are important to build logical circuits, photo-
detectors, solar cells and so on. In addition, the interfacial
properties between the materials and their environment, especially
two-dimensional materials with atomic thickness, are sensitive to
external stimuli, showing great potential in the fabrication of
ultrasensitive sensors.* Therefore, effective heterointerface design
and control are essential to realize functional devices with optimized
performances.
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Low-dimensional carbon materials, including carbon nano-
tubes and graphene (Gr), have been extensively studied and
widely applied in optoelectronic devices.*®” Due to the quantum
size effect and their special electronic structure, these low-
dimensional carbon materials usually show distinctive properties.
For instance, graphene, as a classical low-dimensional carbon
material with a single layer of hexagonally arranged sp>-bonded
carbon atoms,® shows excellent properties in electronics,’
mechanics and optics.® In addition, because of its large surface
area, graphene is easily modulated and ultrasensitive to the
environment. Therefore, graphene with functionalized surfaces
can be applied as a sensor with high selectivity and low detection
limit.*® Due to the abnormal linear dispersion relationship near
the Fermi level and the high transparency to phonons and
electrons,®'° the interfaces between graphene and semiconductors
show distinctive charge/energy transfer behaviors, which imply
great potential in the fabrication of novel functional devices.

Recently we reported an ipsilateral selective electron tunneling
(ISET) mechanism based on a unique semiconductor/Gr/dye
ternary interface (Fig. 1a)."’ In particular, a Schottky barrier is
formed at the TiO,/Gr interface. Photoinduced electron-hole
pairs produced from an acridine orange (Ado, as a photoactive
material) layer diffuse along the same direction to graphene. The
photoinduced electrons can inject into the TiO, transport layer by
crossing the Schottky barrier. In contrast, the photoinduced
holes are collected by graphene, thus realizing effective charge
separation at the TiO,/Gr/Ado ternary interface. In addition,
both theoretical and experimental results showed that the
electron injection speed is much faster than recombination.
This yielded an ~86.8% carrier collection efficiency. On the
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Fig.1 (a) Schematic of how the ipsilateral selective electron tunneling
(ISET) mechanism works. (b) Structural representation of a photovoltaic
device with a TiO,/Gr/Ado ternary interface.

basis of these results, the behavior of charge transfer is directly
related to the electronic structure of the heterointerface, which
is significantly dependent on light illumination, material thickness
and stacking sequence. To explore the rich charge-transfer behavior
at such an ISET-based TiO,/Gr/Ado ternary interface, in this work we
systemically studied the electronic structure of the ternary interface
with different stacking sequences and thicknesses of the Ado layer,
which is crucial to improve the fundamental understanding of how
the ISET mechanism works.

Results and discussion

To do this, a series of TiO,/Gr/Ado ternary interfaces were
obtained to produce the corresponding devices. The device
structure is shown in Fig. 1b. Detailed fabrication processes
are provided in the Experimental section. In brief, single-layer
graphene was grown using a chemical vapor deposition (CVD)
method on copper foils. Ado molecules were thermally evapo-
rated on graphene and then annealed at 140 °C to ensure a
homogeneous Gr/Ado interface. The thickness of the Ado layer
was designed from 1 nm to 12 nm, which was carefully controlled
by thermal evaporation and confirmed by AFM characterization
(Fig. S1, ESIt). 100 nm In and 100 nm Ag were evaporated as
Ohmic contact back electrodes on the rutile TiO, (100) single
crystals. The front surfaces of TiO,, which are atomically flat, were
flushed using hydrofluoric acid and etched using oxygen plasma
to reduce surface contaminants, which guarantees a compact
TiO,-graphene interface. The Gr/Ado layers were transferred
to TiO, with the aid of PMMA to fabricate the corresponding
TiO,/Gr/Ado ternary interfaces.

Ilumination intensity-dependent charge transfer behaviors
of the TiO,/Gr/Ado ternary interface were firstly investigated.
Fig. 2a shows the current-voltage (J-V) characteristics of a
representative device (~2 nm Ado thickness) measured under
visible light illumination (>420 nm). Fig. 2b-d are derived
from Fig. 2a, illustrating how the illumination intensity affects
the open circuit voltage (Voc), the short circuit current (Jsc) and
the fill factor (FF), respectively. Jsc is directly proportional
to the illumination intensity, which is due to the fact that the
number of excited Ado molecules is proportional to the intensity
of incident photons. Vo, which changes from 0.357 V to 0.445 V
with increasing illumination intensity, is nearly proportional to
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Fig. 2 Illumination intensity-dependent charge transfer at the TiO,/Gr/
Ado ternary interface. (a—d) Current—voltage characteristics (a), open
circuit voltage (b), short circuit current (c) and fill factor (d) for the device
measured under visible light (>420 nm) illumination with intensities from
2.256 to 90.00 mW cm 2,

the logarithm of the illumination intensity. This is similar to the
behavior of p-n junction-based photovoltaic devices that obey
the Shockley eqn (E1),"” where 7 is a constant, k is the Boltzmann
constant, ¢ is the temperature, q is the electron’s charge, J;, is the
photo-generated current, and Jj, is the reverse saturation current.

Voc :%kzln(J—L-i- ]).

i GY

However, considering the novel ISET mechanism at the TiO,/
Gr/Ado ternary interface, a small shift of Vo to higher values
indicates a better photovoltaic effect at high light intensities for
the TiO,/Gr/Ado system. The results demonstrate that the trans-
interface potential is determined by both the intrinsic electronic
structure and non-equilibrium carrier caused by illumination
excitation.

FF is equal to the maximum output power divided by Voc
and Jsc, representing how “square” the j-V curve is. The FF
value evaluates the proportion of effective photocarrier separation
during the photoinduced charge transfer at the heterointerface.
Fig. 2d shows that FF decreases from 0.449 to 0.286 as the
illumination intensity increases, indicating the increased photo-
carrier recombination at the TiO,/Gr/Ado ternary interface."?
Such an increased carrier recombination mainly comes from the
rate-limiting effect of the charge-separated process at the
Schottky barrier, which is identical to the behavior of traditional
photovoltaic devices.

Besides the illumination intensity, the material thickness is
crucial to the charge/energy transfer behavior at the hetero-
interfaces. For instance, the electron injection at the interface
of molecular electronic devices depends on the thickness of the
molecular layer.* Furthermore, in organic solar cells, the thickness-
dependent charge/energy transfer behavior at the interfaces of
electron/hole transporting materials also exists, which significantly
affects the aggregation behavior, and the charge recombination and
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Fig. 3 Ado thickness-dependent performances. (a—d) Current—voltage characteristics (a), short circuit current (b), open circuit voltage (c) and fill factor
(d) for the device with the TiO,/Gr/Ado ternary interface. (e—h) Current-voltage characteristics (e), short circuit current (f), open circuit voltage (g) and fill

factor (h) for the device with a control TiO,/Ado/Gr interface. The intensity of visible light illumination during measurements is 90 mW cm™=.

electron scattering process at the interfaces.””> Therefore, in the
current work, the Ado thickness-dependent charge transfer behavior
of the TiO,/Gr/Ado ternary interface was investigated. Fig. 3a shows
the current-voltage characteristics of the devices with different Ado
thicknesses under visible light illumination of 90 mW cm™>. Upon
increasing the Ado thickness from 1 to 12 nm, it is intriguing to find
that Jsc increases from 8.28 to 12.77 pA cm > (Fig. 3b), which is
obviously attributed to the increased absorption of the Ado layer.
We noticed an intense convex shape in the relationship between
Ado thickness and Jgc, and the device with ~1 nm Ado achieved
nearly ~60% Jsc compared to the one with ~12 nm Ado. Such
results indicate that additional Ado molecules make a minor
contribution to the Jsc in comparison with superficial ones, due
to the limitation of the exciton diffusion free path. Vo decreases
from 0.485 V to 0.195 V with increasing illumination (Fig. 3c). On
the other hand, in the dark the j-V properties of all these hetero-
interfaces were uniform (Fig. S19a, ESIt), indicating that the
Schottky barriers at the TiO,/Gr interfaces are not obviously affected
by the accumulation of Ado molecules. Therefore, it is reasonable to
believe that such an Ado thickness-dependent Vo is related to the
non-equilibrium process induced by photoirradiation.

To investigate the non-equilibrium process at the TiO,/Gr/
Ado ternary interface, we applied transient photoluminescence
(PL) to study the dynamics of photo-induced charge separation,
collection and combination. For the samples with 1 nm or
12 nm Ado layers, the PL decay traces could be fitted according
to a triple exponential decay function (Fig. S21, ESIt). The decay
times for both traces were fitted to 7; = ~2 ns, 7, = ~8 ns and
73 = ~ 62 ns, corresponding to the mean times of photoinduced
electron injection into TiO, (t,), graphene (t,) and the intrinsic
interband recombination of Ado excitons (t3), where the last
two processes are ineffective recombination processes.'* Although
the two samples have similar PL decay times, the contribution
proportion of the three processes were different from each other.
Along with the Ado thickness increase from 1 nm to 12 nm, the
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contribution proportion of 7; decreased from 55.2% to 23.8%
while 75 increased from 13.3% to 41.3%. The increased recom-
bination is attributed to the long distance for excitons diffusing
through a thick Ado layer to the ternary interface for effective
separation. The charge recombination process during such a
long-distance diffusion also causes the decrease of the fill
factor (Fig. 3d) and Vo to some extent.

In addition, the transient photovoltage methods were
applied to measure the rise time of the transient voltage at
the TiO,/Gr/Ado interface. The time-dependent photovoltage
traces (Fig. S22, ESIt) can be fitted to a double exponential
function with two rise times. The faster rise time corresponds
to the process of photoinduced electron injection, transportation
through TiO, and final collection by the In/Ag back contact
electrode. The slower rise time corresponds to the process of
photoinduced hole collection by the graphene layer. The fitted
faster/slower rise times were 111.7 ps/602.2 us for the sample
with 1 nm Ado and 121.4 ps/1340.9 ps for the sample with 12 nm
Ado, respectively. These results show that the process of hole
collection is much slower than that of electron collection (~ 2 ns),
especially for thick Ado layers. Therefore, the photoinduced holes
are easily accumulated in the Ado layer, which can induce
opposite negative charges in the graphene layer, similar to the
gating effect in the FET devices."”*® Such a hole-induced gating
effect can effectively enhance the Fermi level of graphene, thus
causing the decrease of V¢ (Fig. 4a).

For further understanding the ISET effect at the TiO,/Gr/Ado
interface, we fabricated a traditional TiO,/Ado/Gr interface as a
control. Fig. 3e shows the J-V characteristics of the TiO,/Ado/Gr
ternary interface with Ado thicknesses from 1 nm to 12 nm
under the illumination of 90 mW cm™ 2. We found that Jsc and
Voc decayed rapidly along with the increase of Ado thicknesses
(Fig. 3f and g). Especially, the J-V characteristics became linear
along with the increase of Ado thicknesses, which led to the FF
decrease from 0.326 to 0.250 (Fig. 3h) at a faster decay rate than
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Fig. 4 (a) Schematic of the hole-modulated energy level shift, which
causes the decay of Voc. (b) Schematic of the electronic structures at
the TiO,/Gr/Ado (left) and TiO,/Ado/Gr (right) ternary interfaces.

that containing the TiO,/Gr/Ado interface (from 0.361 to 0.264,
Fig. 3d), indicating the increase of charge recombination. For
charge separation in photovoltaic devices with different hetero-
interfaces, the formation of the depletion layer is of crucial
importance. In the case of the TiO,/Gr/Ado ternary interface in
the dark, the J-V characteristics show that the rectifying behaviors
scarcely vary with increasing Ado thickness (Fig. S19a, ESIY),
indicating a stable and robust Schottky barrier at the TiO,/Gr
interface. In contrast, although the depletion layer is able to form
at the TiO,/Ado/Gr ternary interface, the rectifying characteristics
rapidly decay with increasing Ado thickness (Fig. S19b, ESIt),
indicating the reduced Schottky barrier height (Fig. 4b). The
breakdown of the depletion layer is evidently unfavorable for
charge separation, thus damaging photoelectric conversion in
TiO,/Ado/Gr devices. In addition, the series resistance of photo-
sensitive agents is another problem existing at the TiO,/Ado/Gr
ternary interface, while the TiO,/Gr/Ado structure partly avoids
this problem. As it is more difficult for charges to diffuse
through thick Ado layers in the TiO,/Ado/Gr device, more
electron/hole pairs recombine during the diffusion process.

(a)
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Therefore, owing to the robust depletion layer and without the
problem of the series resistance of photosensitive agents for the
TiO,/Gr/Ado ternary interface, the ISET-based heterointerfaces
have obvious advantages for efficient charge separation.

To further investigate the charge-separation behavior of the
TiO,/Gr/Ado ternary interface, the photon-to-current conversion
efficiency (IPCE) of the devices, which is equal to the ratio
between separated electrons/holes and photon intensity, is
measured as a function of wavelength. Fig. 5a shows the IPCE
spectrum (blue dot) of a TiO,/Gr/Ado device with ~1 nm Ado,
which is quite like the light harvesting efficiency (LHE) spectrum
(red line) of the corresponding Ado film dispersed on Gr. As a
comparison, the IPCE spectrum for a device with a 12 nm Ado
layer does not conform to the corresponding LHE spectrum
(Fig. 5b), especially in the range of 4 < 480 nm. To further
evaluate the charge separation efficiency of the interface, we
calculated the absorbed photon-to-current efficiency (APCE),
which is equal to the IPCE divided by the LHE, reflecting the
intrinsic quantum efficiency of photoinduced charge separation.
The APCE is uniform in the range of 420 nm to 550 nm for a
~1 nm Ado device (Fig. 5d), while the APCE decays rapidly when
the wavelength is below 480 nm for a ~12 nm Ado device
(Fig. 5e).

To understand such a difference, the intrinsic optical properties
of the Ado layer were studied. The solid-state UV-Vis spectrum
shows the maximum absorption of the Ado dye on Gr at 421 nm
and 492 nm (Fig. S3, ESI{), which is consistent with the IPCE
spectrum. Along with the increase of the Ado thickness, the
absorption at 421 nm increases more rapidly than that at
492 nm. This result hints that the absorption at the wavelength
of 421 nm is related to molecular aggregation, which conforms
to the concentration gradient experiments in solution (Fig. S3f,
ESIT). To some extent, the aggregation of photosensitive agents,
which commonly exists in fluorescence devices,"” organic
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with ~1 nm Ado (c). (d—f) APCE spectra (black dot) derived from the IPCE and LHE spectra in (a—c). The red lines are guides to the eye.
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electronics'® and solar cells,” leads to the decay of APCE. In
comparison with single-molecule absorption, which mainly
possesses electron excitation from SO to S1 states, aggregation-
involved absorption is more complicated. Besides electron
excitation, inter-molecular processes, such as inter-molecular
electron transfer and the formation of electroplexes, contribute
considerably to the absorption. However, such processes do not
contribute to any photoinduced excitons. In addition to molecular
aggregation, the slow hole injection rate is another considerable
reason for the APCE decay. Now that the hole injection proves to
be the rate-limiting step of the photovoltaic process (Fig. S22,
ESIt), where the rate for hole injection with the time scale of a few
hundred ps is much slower than the rate of electron injection with
the time scale of a few ns (Fig. S21, ESIT), the increased excitons
could not be effectively separated at the heterointerfaces.
Therefore, the photocurrent reaches saturation due to the hole
injection limit, which causes the decrease of the apparent APCE
values. Furthermore, it is worthy noting that the unseparated
excitons will be quenched via an interband recombination
process and cause the decay of FF, which is in agreement with
the experiment.

The IPCE spectrum of the TiO,/Ado/Gr interface was also
measured as a control (Fig. 5¢). The IPCE spectrum shows a
broadened peak with the maximum at 472 nm, which conforms
to the corresponding LHE spectrum. Such a LHE spectrum
varies a lot, in comparison with the TiO,/Gr/Ado structure and
free molecules in solution. The calculated APCE spectrum of
the TiO,/Ado/Gr interface with ~1 nm Ado (Fig. 5f) shows
slightly larger APCE values than those of the TiO,/Gr/Ado
system (Fig. 5d). The AFM image (Fig. S2, ESIT) shows that
severe aggregation occurs on the TiO, surface, while a uniform
flat layer is formed on the surface of Gr coated TiO,. The
aggregation behavior of Ado molecules, which is controlled by
the properties of the surface, significantly affects the absorption
spectrum. Due to the hydrophilic surface of TiO,, Ado molecules
aggregate on TiO,, which causes a bad contact at the Ado/TiO,
interface. In contrast, Ado molecules stack and interact with the
hydrophobic graphene surface through n-m interaction. The
absorption of the Ado/Gr layer almost conforms to the free
molecules in solvent, indicating that Ado molecules disperse
well on graphene and even keep the properties of single-molecule
states for a thin Ado layer. Such an interfacial structure determines
a strengthened Ado molecule-graphene interaction, which is
favorable to the charge transfer and separation process.

Conclusion

In conclusion, we systematically studied the charge/energy
transfer behaviors of the ISET-based TiO,/Gr/Ado ternary inter-
face. These behaviors are intimately related to the illumination,
the dye layer thickness and the intrinsic heterojunction structure.
These elements indeed affect the non-equilibrium carrier intensity,
the depletion layer structure and the dye aggregation at the hetero-
interface. More importantly, this work revealed the relationship
between the interfacial behavior, the manufacturing process and the
internal mechanism, which is the key to the intrinsic ISET process.
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These results demonstrate that interface engineering enables
the design and formation of distinctive interfaces for fabricating
different functional devices, which will invite intense research.

Experimental
Growth of graphene

Single-layer graphene was grown on 25 um thick copper foils
(99.8%, Alfa Aesar) using the following chemical vapor deposition
approach with optimal conditions.”® In particular, the copper
foils were pretreated with acetic acid for 20 minutes to reduce the
oxide. After pretreatment, the copper foils were flushed with
ultrapure water and dried under a nitrogen stream. The copper
foil was then put into a split tube furnace for graphene growth.
The copper foil was firstly annealed at the temperature of 1045 °C
for 1 hour in the atmosphere of H, (75 Pa). Then, 1 sscm CH, was
introduced into the tube as the carbon source for 15 min in the
atmosphere of H, (60 Pa). Finally, the furnace was cooled down to
room temperature under the protection of H, (75 Pa).

Preparation of back electrodes on TiO,,

One-side mechanically-polished rutile (001) single crystals (MTI
Corporation) with an atomically flat surface were prepared with
the size of 10 x 5 x 0.5 mm. 100 nm of In and 100 nm of Ag
were thermally evaporated onto the back side of the crystals
sequentially as back contacts. Before graphene transfer, the
crystal was immersed in 30% aqueous HF solution for 1 min,
and then, flushed with ultrapure water. After HF treatment, the
TiO, surface was etched using oxygen plasma (15 Pa, 30 W) in a
reactive ion etching system (ME-3A RIE) for 1 min. The HF
and oxygen plasma could reduce dangling bonds and organic
contaminants on the TiO, surface. After chemical polishing, the
In/Ga back contacts were connected to copper foils, as an external
circuit fixed on glass sheets, with a Ga/In eutectic to guarantee an
Ohmic contact. The TiO, crystals were sealed with epoxy (Epotek
377) and dried at room temperature for a few hours.

Fabrication of the TiO,/Gr/Ado interface

The acridine orange (Ado) dye was firstly thermally evaporated
onto the surface of single-layer graphene (Gr) on a copper foil.
The Ado was thermally evaporated at a rate of 0.05 A s™* at a
pressure of 2 x 10~ * Pa. The evaporation was carefully controlled
to deposit a particular dye thickness and the thickness was
confirmed using an atomic force microscope (AFM). Then, the
Cu/Gr/AO sample was annealed at 140 °C for 5 min in the
atmosphere of argon, which was operated on a hot plate (IKA®
C-MAG HP?) in a glove box (Glove Box Mikrouna). The annealing
process led to the formation of homogeneous, high-coverage
Gr/Ado interfaces. The Gr/Ado interface is transferred by a thin
film of poly(methyl methacrylate) (PMMA) (MicroChem 950
PMMA, A6, ~100 nm). As a supporter and protector, PMMA
films were covered with Cu/Gr/Ado and baked at 150 °C for
3 min in the atmosphere of argon. Copper was etched using a
1 M aqueous solution of ammonium persulfate for about
24 hours, resulting in SLG/AO/PMMA films floating in the etchant.
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The films were flushed with ultrapure water and isopropanol sequen-
tially, and then, transferred to the pre-fabricated TiO, surface. The
devices were baked at 80 °C for 5 min to guarantee the intimate
Gr/TiO, interface. Finally, the graphene films were connected to
the external circuit by copper foils.

Fabrication of the TiO,/Ado/Gr interface

Ado molecules were thermally evaporated on the surface of
TiO, crystals. Then, pure Gr/PMMA films were transferred on
the surface of TiO,/Ado. The devices were baked at 100 °C for
3 min in the atmosphere of argon to guarantee a good contact
on the Ado/Ado interface. The other processes in the fabrication
of the TiO,/Ado/Gr interfaces were the same as those of the
TiO,/Gr/Ado interfaces.

Device characterization

UV-Vis spectra of solid states and the Ado solution were recorded
on a Perkin Elmer Lambda35 UV-Vis spectrophotometer. Gr/Ado/
PMMA films used as a control were transferred on a quartz
substrate. Gr/PMMA films without Ado dye molecules, which
were made using the same process as those in Gr/Ado/PMMA
films, were applied as reference samples. Ado/quartz samples, in
which Ado aggregates in the same morphology as that in Ado/TiO,,
were measured as control devices. The light harvesting efficiency
was derived from the absorption with the following formula:
LHE = 1 — 10 ™" The current-voltage characteristics of the
interfaces were measured using a semiconductor characterization
system (Agilent 4155C) in the dark and under AM 1.5 simulated
solar light irradiation (Science Tech). A 420 nm cut-off UV-filter was
applied to reduce UV light in order to eliminate the intrinsic
excitation of TiO,. The illumination area on the interface was
defined to 0.4 cm” by a mask. The light intensity was adjusted to
100 mW cm ™2 using a standard silicon solar cell. The wavelength-
resolved photon-to-current conversion efficiency (IPCE) was
measured under monochromatic light illumination, which is
applied from a 150 W Xe lamp through a computer controlled
grating monochromator with appropriate filters (Zolix Omni-1150).
The light intensity and corresponding wavelengths were measured
using a calibrated OPT-2000 spectrophotometer while the photo-
current was measured using an Agilent 4155C. The IPCE was
calculated via the following formula: IPCE(4) = hc/A x [photo-
current/light power]. The absorbed photon-to-current efficiency
(APCE) is calculated via the following formula: APCE = IPCE/LHE.
Transient photoluminescence was carried out using a time-resolved
fluorescence spectrofluorometer (Edinburgh Inst. F900). A time-
correlated single photon counting (TCSPC) setup was applied with
a time resolution of 150 ps. A 473 nm continuous-wave laser was
used as an excitation source. For transient photovoltage measure-
ments, the pulse was supplied by the 532 nm line of an Nd/YAG
laser. Transient photovoltages were recorded using an oscilloscope.
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