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Abstract

Hot-electron injection is widely used in plasmonic devices. However, it is still lack of a direct
theoretical model for performance prediction. This paper measures the surface potential of Au/TiO> film
by Kelvin probe force microscope (KPFM) under various conditions, and then develops a theoretical
model for quantitative interpretation. The model can well fit the relationship of surface potential versus
light power under various irradiation wavelengths. The study in this paper opens the pathway for
quantitative characterization of the efficiency of hot-electron injection and sheds light on improving the
plasmonic efficiency of photoelectric conversion and photocatalysis.
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1. Introduction

Hot-electron injection phenomenon is one of the hottest topics in surface science because of its
crucial role in photoelectric energy conversion [1-15]. Although much research effort has been dedicated
to making a variety of light-harvesting devices based on hot-electron injection, the overall efficiency of
these devices is usually low [16], and the mechanism of hot-electron injection and its characteristics are
still under intensive theoretical [17-19] and experimental study [16, 20-23]. Therefore, it is necessary to
systematically examine the mechanism and to carefully quantify the influence factors of the efficiency.
This will pave the way to the performance enhancement of plasmonic devices [24-26].

In previous studies, photoluminescence quenching [27], light-induced absorption spectroscopy and
surface photoelectron spectroscopy [28] have been used to study the charge separation and transfer effect.
These methods provide the basis for the study of charge dynamics but are limited to the low spatial
resolution. On the other hand, Kelvin probe force microscope (KPFM) maps the surface potential to
study the structural and electronic properties of functional surfaces and interfaces with a nanometer-scale
spatial resolution [29-32]. It is a versatile imaging technique and has been applied to various
materials/devices investigations, such as perovskite solar cells [33], photocatalysts [34] and nanoscale
biomaterials [35]. Together with the corresponding AFM image of the same region of interest, KPFM
imaging can be utilized for ultrasensitive label-free sensing. In this case, well-designed nanostructures
(AuNPs and DNAs) act as nanoscale recognition elements to specifically capture the target analytes with
tiny amount. Due to the high spatial resolution of KPFM/AFM images, these nanostructures can be

identified easily by taking both of spatial and surface potential information into consideration. And the
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concentrations of the target analytes can be found by measuring the surface potentials of the recognition-
analyte complexes. High-sensitive detections of the metal cations (such as AI** [36], Hg?' [37], Ag* [38])
were achieved by using this method, and biomolecular interaction and binding affinities also can be
observed at single molecule level [39]. Moreover, KPFM can be used to observe the charge transfer
phenomena at the metal-semiconductor interface. For example, the surface potential of Au nanoparticles
(AuNPs) on nonpolar ZnO [40] and TiO, nanotubes [41] under the UV irradiation were obtained by the
KPFM. A new evidence supporting the charge transfer formation from the TiO, surface to the Au cluster
was also demonstrated by KPFM [42].

In this paper, the surface potential of Au/TiO» under monochromatic light is measured by KPFM
and a direct observation of the hot-electron injection is achieved. The variations of surface potential with
respect to the incident light power and the irradiation wavelengths are investigated as well. For
quantitative interpretation, a theoretical model is developed based on the classical theory of Schottky
junction solar cells.

2. Experimental
2.1 Material Fabrication and Characterization

The schematic graph of the prepared sample is shown in Fig. 1(a). A thin TiO; film is formed on the
ITO conductive glass in magnetron sputtering method. Then, Au NPs are deposited on the TiO- substrate
by photochemical reduction. Weighing 30 uL HAuCly aqueous solution with a concentration of 0.029
mol/L into a beaker containing 100ml of deionized water, subsequently, the magnetron sputtered TiO»
film is placed at the bottom of the beaker and irradiated with xenon light source (NBeT, HSX-F300) for
5 minutes. After drying the sample, the Au NPs are deposited on the TiO, substrate. Scanning electron
microscope (SEM, JEOL JSM-7100F) and noncontact mode atomic force microscope (AFM, Park
systems NX10) are used to identify and characterize the Au/TiO; thin film. The absorbance spectra of
samples are measured with the UV-VIS spectrophotometer (Shimadzu, UV-2600).

2.2 Surface Potential Measurements

The photo-induced surface potential changes of the samples are obtained with AFM in EFM mode
at a scan rate of 0.25 Hz and the amplitude of 2 V by using a gold-coated silicon cantilever (PPP-NCSTAu,
a force constant of 7.4 N/m and a resonance frequency of 160 kHz). The light coupled from a xenon light
source by an optical fiber (SMA-905) illuminates on the sample at the incident angle of 45 degree. The

KPFM measurements are all performed in a closed chamber for noise reduction. The wavelengths of the
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incident light are adjusted by adopting specific filters (Throlabs, wavelength interval 20 nm) in the optical
path.
3 Results and Discussion

Fig. 1(c) shows the morphology of the Au/TiO; film using the scanning electron microscopy. It can
be found that AuNPs are sparsely distributed on the TiO- film surface (bright spots in Fig. 1(c), the
related EDS result is shown in supplementary material S1), with the average diameter about 60 nm. The
major physical processes in electrons transfer (Au/TiO2 as an example) are depicted in Fig. 1(b). When
the AuNPs are in direct contact with the n-type TiO- film, in order to achieve a consistent Fermi level,
electrons diffuse from the TiO, side to Au and produce positively charged regions in the TiO;
nanoparticles, forming a depletion region (space charge region). When the Au/TiO: film is irradiated by
UV light, the photo-generated electrons in the TiO; region transfer into the Au particles due to a
thermodynamic driving force so that the re-equilibration of the Er levels of the TiO, and Au can be
achieved. Under the irradiation of visible light, energetic hot-electrons are generated in the AuUNPs due
to the localized surface plasmon resonance (LSPR), most of which then migrate from the AuNPs to the
conduction band of the TiO; film over the Schottky barrier at the Au/TiO; interface, and leave positively
charged AuNPs at the same time.

Some qualitative experiments are carried out before the quantitative study. The surface potential
images of Au/TiO, sample under UV or visible irradiation are plotted in Fig. 2(a)-(c) as measured by the
KPFM, together with the corresponding AFM image of the same region of interest. In this method, the
AFM tip scans over the surface to obtain the AFM topography image, at the same time an AC bias of
frequency @ via a lock-in amplifier is applied to obtain the potential information. Therefore, the
topographic image and the surface potential image are achieved simultaneously and correspond to each
other spatially. Due to the obvious dimension differences between the AuNPs (about 60 nm) and TiO>
particles (about 20 nm), these two kinds of particles are recognized firstly in the topographic image (the
statistical distributions of particle sizes can be found in supplementary material Fig. S3) and their surface
potentials are then obtained from the surface potential image. The dark and bright spots in Fig. 2(b) and
2(c) are attributed to the AuNPs after comparing with the AFM image in Fig. 2(a), showing that the
surface potentials of AuNPs are lower than that of TiO, under UV light and become higher under visible
light. This observation is consistent well with the charge transfer mechanism indicated in Fig. 1(b).

During the KPFM measurement, the light irradiation is kept constant onto the sample. Therefore,
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the irradiation time is the same as the time of the KPFM measurement, which is typically 30 minutes for
a single graph. On the other hand, the time of generation and transfer of hot electrons is very short (within
the time scale of femtoseconds [2]). Therefore, the obtained surface potential differences indicate the
steady-state concentration of hot electron near the surface of Au/TiO,. It is a net effect of generation,
separation, and recombination of carriers in the metal-semiconductors.

The origin of the steady state of surface potentials can be explained as follows: when the visible
light is continually shone on the Au/TiO; film, hot electrons are generated in the AuNPs due to the LSPR
effect and then migrate to the TiO; film, which forms a weak current (/) flowing through the Schottky
barrier at the Au/TiO; interface. As the hot electrons migrate and accumulate, an electric field is formed,
whose direction is opposite to that of the current of hot electrons migration. As a result, a reverse current
(1) is produced due to the built-in electric field. When this reverse current gradually grows and finally
becomes equal to the hot-electron migration current, a stable potential difference is formed across the
metal-semiconductor interface.

The transfer of electrons between AuNPs and TiO. film is more accurately studied under
monochromatic irradiation by using narrow band-pass filters of visible light. The central wavelengths of
six filters are 405 nm, 430 nm, 470 nm, 520 nm, 590 nm and 780 nm, which are characteristic
wavelengths of the AuNPs absorption spectrum that correspond to the dip, the low absorption peak, the
start of LSPR absorption, the LSPR peak, the end of LSPR absorption and the long wavelength side,
respectively. The bandwidths of filters are all 20 nm, except for that of 780 nm (bandwidth 80 nm). For
simplification, all these filters are referred to their central wavelengths in this paper.

The surface potential of the Au/TiO, sample is tested as a function of the incident light power under
each filter (Fig. 3(a)-(c)). Here the value of surface potential is an average of ten prominent isolated
AuNPs, and the error bar represents the standard deviation. Under 405 nm irradiation (i.e., the dip of
AUNP absorption), the surface potential presents a mild decrease with the increase of the light power that
falls on each AUNP. This is because the little UV irradiation (395 — 400 nm) leaked from the blocking
spectrum of the filter excites the electrons in the TiO, valence band to the conduction band, which then
flow to the AuNPs. With the increase of light power, more electrons are excited and flow to the AuNPs,
causing a decrease of the surface potential of AUNPs. Under 430 nm, similar trend can be observed due
to the direct absorption by TiO; (see Fig. 1(d)). Under 470 nm (i.e., the start of LSPR absorption), the

potential increases very obviously but almost linearly. Under 520 nm (the LSPR peak) and the 590 nm
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(the end of LSPR absorption), the trends are similar. The potential rises rapidly from -36 mV to +30 mV
and then gradually saturates. However, the saturated value of 520 nm (about +62 mV) is larger than that
of 590 nm (about +50 mV). Under 780 nm, the surface potential has very slight drop.

Due to the differences of individual AuNPs (e.g., morphologies and Au-TiO; contact states), the
surface potentials of the analyzed individual AUNP are not exactly same with each other, which causes
some slight fluctuations in the light-power vs. potential curves (e.g. the peak @0.031 pW for 405 nm
irradiation, the peak @0.003 pW for 430 nm irradiation, the valley @0.031 pW for 470 nm irradiation,
the valley @0.025 pW for 520 nm irradiation and the valley @0.058 pW for 780 nm irradiation).
However, the general trends of surface potential due to the hot injection is still obvious since the change
of surface potential (e.g., over 75 mV in Fig. 3(b)) is much larger than the fluctuations (here the most
standard deviations of surface potentials are less than 15 mV). The observed trends and the measured
date will be quantitatively explained using the theory below.

In the classical theory of Schottky junction solar cells, the characteristics of voltage V and current |

at both ends of a solar cell are expressed by [43]:
[ ev | (1)
l=1,-1_ =1, exp| —|-1|-1
d sc OL Xp( nkT J J sc
where lg is the diode current, lo is the reverse saturation current, ls is the short-circuit current, e is the
electronic charge, n is a diode ideal factor, k is the Boltzmann constant, and T is the absolute temperature.

When a Schottky junction solar cell is in an open circuit state, then it should have | = 0. Therefore, the

current and the voltage follow the expression:

V. :mln(lsc+lJ+V0 )
e

0
where V. is the open-circuit voltage and Vo is the ground offset voltage of KPFM.

In our model, the hot-electron injected current acts as the short-circuit current Is. It rises from the
hot electrons that are generated near the Au/TiO, interface by the plasmonic effect, and the relationship

between the light power and the injected current Iphoto-injection Can be written as:

. _MF JaCF

IphOtO —injection " Tsc T 1240 B 1240 (3)

where 7 is the external quantum efficiency (EQE), /4 is the wavelength of light, a, is the absorption
coefficient of sample under different wavelengths of light, and C is the internal quantum efficiency (IQE).

F is the light power irradiated on a single AuNP can be expressed by:
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where Fo is the power of output light, S and A are the areas of the light spot and the absorption cross-
section of a single AuNP, respectively. To eliminate the size effect, the AuNPs with diameters around
60 nm are artificially selected and analyzed in the following experiments. The linear relationship between
the current and the incident light power is also demonstrated by some other experiments [9, 10].

By substituting Eq. (3) into Eqg. (2), the open-circuit voltage can be expressed by:

\Y
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Here the reverse saturation current I is given by:[44]
I, = AAT? exp(— M%j (6)
kT

where A" is the effective Richardson constant (1200 A €m2 K2 for TiO,), Ag, is the barrier height of the
Schottky junction.

According to Eq. (5), when the light power F is small enough (i.e., F—0), it has Vo | F0=Vo, that i,
Vo is equal to the voltage obtained in the dark environment. In Eqg. (5), there are only three unknown
parameters: n, Ag, and C. Among them, n and A¢y, are only dependent on the temperature and the
electronic properties of Au-TiO2 Schottky junction, therefore they are independent of the wavelengths.
In contrast, the parameter C is the unique parameter dependent on the wavelength.

As the hot-injection current in the Au-TiO; interface is dominated by the diffusion of majority
carriers, the ideality factor n is close to 1. It is reported that Ag, of Au-TiO; interface is in the range of
0.9-1.2eV [8, 45-48]. In this study, we choose the middle value Agy, = 1.05 eV. Therefore, the value of
the internal quantum efficiency C can be determined by curve fitting of the experimental data as
exemplified in Fig. 4 (a)-(c). Since the hot-electron injection is a result of LSPR, the curve fitting focuses
on mainly 470 nm, 520 nm and 590 nm. The results are listed in Table 1. Details of the curve fitting are
described in supplementary material.

As stated above, the only wavelength-dependent parameter is C. According to the fitting results, the
internal quantum efficiency C grows as the wavelength of light increases, whose trend is consistent well
with theoretical prediction and the experimental data in recent study [21]. And the values of internal
quantum efficiency C have the same order of magnitude, which is ~ 10, This verifies the effectiveness

of our model.



It is noted that Atwater et al. found the inappropriateness of the Fowler theory when the interband
transition is present in addition to the intraband transition associated with the plasmonic resonance [21].
However, this cannot be confirmed in our experiment data due to the limited data points. A more detailed
study will be conducted in future.

Next, the relationship between the saturated surface potential and the absorption spectrum is
investigated. The five filters are used again for monochromatic illumination, and the light power is
adjusted to be high enough to make sure the surface potential is always saturated for all five wavelengths.
Seven AuNPs (labeled by A — G in Fig. 5(a)) are randomly chosen for further analysis. The KPFM
measurement results are summarized and shown in Fig. 5(b). The average potential of these AuNPs
grows gradually from the UV band to the visible band, reaches maximum point at 520 nm and then drops
afterwards (Detailed trends of the potentials for selected Au NPs are plotted in Fig. S5). Similar
conclusion also can be drawn from the fitting result above: 520 nm irradiation has the highest external
quantum efficiency (y = 1.0810°%) than the other two irradiations (1 = 3.29%10 and 7.36>1076 for 470
and 590 nm, respectively). It is also observed from Fig. 5(b) that the saturated surface potential follows
the trend of the absorption spectrum of AuNPs (not that of Au/TiO; film). This is reasonable. According
to Eq. (5), the open-circuit voltage Voc increases with higher absorption coefficient a,. That is to say, the
Vo - 4 curve should follow the same trend as the absorption spectrum. Such observation also agrees with
the experimental results obtained by other groups by standardizing the photoelectric conversion

efficiency [10, 49, 50]. This proves again the effectiveness of Eq. (5) and thus our model.
4. Conclusion

In this paper, the electron transfer of Au/TiO, irradiated by visible light of various monochromatic
wavelengths is tested by using the KPFM, which are then interpreted by a theoretical model we proposed.
Generally, the hot electrons in AuNPs are excited due to the LSPR effect, go over the Schottky barrier
and eventually flow toward the TiO; film. When the irradiation wavelengths are within the LSPR peak
of AuNPs, the surface potential varies with the incident light power in a similar trend: first a rapid
increase and then a saturation state. Our model directly links the KPFM surface potential with the light
power of single AuNP by combining the classical theory of Schottky junction solar cells and the reported
hot-electron current expression. It can quantitatively describe the measured curves of surface potential

versus light power under the irradiation of different wavelengths. It is also experimentally observed that



the saturated surface potential follows the absorption spectrum of the AuNPs. These findings above will
provide a useful theoretical model for the design and development of plasmonics-based optoelectronic,

photocatalytic and photosynthetic devices.
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Fig. 1. (a) The schematic graph of the sample structure. From bottom to top, it consists of a TiO2 film on the ITO
glass substrate and a layer of Au nanoparticles (AuNPs) on the top. (b) The transfer of electrons between AuNPs and
TiO2 under the UV or visible irradiation. (¢) The scanning electron micrograph of AuNPs on the TiO: surface. (d)
The measured absorption spectra of different samples. The ITO film presents very low absorption with a peak at 450
nm (dash-dotted line). And the TiO2 film has two absorption peaks at 420 and 650 nm (dash-dot-dotted line). The
AuNPs themselves have an absorption peak at 520 nm with the bandwidth of 70 nm (solid line) due to the localized
surface plasmon resonance (LSPR). After the AuNPs are deposited on the TiO: layer, it has also two absorption
peaks at 430 and 520 nm (dashed line)
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Fig. 2. The AFM topography (a) and the simultaneously obtained surface potential images of Au/TiO2 under the UV

(b) and the visible irradiation (c). The arrows with same color indicate the same particles in these three graphs.
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Fig. 3. The surface potential as a function of the light power under the irradiations of light at 405 nm and 430 nm
(a), 470 nm, 520 nm and 590 nm (b), and 780 nm (c). The absorption spectrum of AuNPs and the positions of band-
pass filters are plotted in (d).
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Fig. 4. Curve fitting of the surface potential as a function of light power using Eq. (5) when the irradiation wavelength

is 470 nm (a), 520 nm (b), and 590 nm (c). The obtained internal quantum efficiency with respect to different
irradiation wavelengths are summarized and plotted in (d).
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Fig. 5. Experimental study of the saturated surface potential with respect to the absorption spectrum of AuNPs. (a)

Seven AuNPs (labeled by A — G) are randomly selected in the AFM image. (b) The absorption spectrum of AuNPs

and the average potential change of these selected AuNPs under the irradiation of different wavelengths.
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Table 1. The parameters of fitting curves in Fig. 4 under the illuminations of different wavelengths.

Value
Parameter SYmbols 470 nmi2.64ev. 520 nm/2.38eV 590 nm/2.10eV
Ideality factor n 1
Temperature T 293 K
Reverse sat. current lo 2.6x108 mA
Barrier height A 1.05eV
IQE (x10) C 5.77 6.28 13.14
EQE (>10°%) n 3.29 10.80 7.36
Ground offset voltage Vo -40.4 mV -36.2 mV -40.2 mV
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