PHYSICAL REVIEW LETTERS 128, 206803 (2022)

Nanoscale Heating of an Ultrathin Oxide Film Studied by
Tip-Enhanced Raman Spectroscopy

Shuyi Liu,' Martin Wolf," and Takashi Kumagai h2
lDepartment of Physical Chemistry, Fritz-Haber Institute of the Max-Planck Society,
Faradayweg 4-6, 14195 Berlin, Germany
Center for Mesoscopic Sciences, Institute for Molecular Science, Okazaki 444-8585, Japan

® (Received 7 December 2020; revised 13 March 2022; accepted 11 April 2022; published 17 May 2022)

We report on the nanoscale heating mechanism of an ultrathin ZnO film using low-temperature tip-
enhanced Raman spectroscopy. Under the resonance condition, intense Stokes and anti-Stokes Raman
scattering can be observed for the phonon modes of a two-monolayer (ML) ZnO on an Ag(111) surface,
enabling us to monitor local heating at the nanoscale. It is revealed that the local heating originates mainly
from inelastic electron tunneling through the electronic resonance when the bias voltage exceeds the
conduction band edge of the 2-ML ZnO. When the bias voltage is lower than the conduction band edge, the
local heating arises from two different contributions, namely direct optical excitation between the interface
state and the conduction band of 2-ML ZnO or injection of photoexcited electrons from an Ag tip into the
conduction band. These optical heating processes are promoted by localized surface plasmon excitation.
Simultaneous mapping of tip-enhanced Raman spectroscopy and scanning tunneling spectroscopy for
2-ML ZnO including an atomic-scale defect demonstrates visualizing a correlation between the heating
efficiency and the local density of states, which further allows us to analyze the local electron-phonon

coupling strength with ~2 nm spatial resolution.

DOI: 10.1103/PhysRevLett.128.206803

Heating is one of the most basic physical processes. Rapid
advances of nanofabrication techniques raise fundamental
questions regarding local heating at the nanoscale [I,2].
Optical and electric heating is of particular importance in
optoelectronic devices, which may lead the system out of
equilibrium where the vibrational degrees of freedom as well
as the electronic system cannot be described by a single
temperature. In addition, the local heating and the relevant
electron-phonon (e-ph) coupling are susceptible to atomic-
scale defects [3—-5]. Raman spectroscopy provides a unique
opportunity to analyze the vibrational heating of individual
modes through the ratio between the anti-Stokes and Stokes
intensities. Tip-enhanced Raman spectroscopy (TERS) can
achieve ultrahigh sensitivity with extremely high spatial
resolution [6] and has also been applied for temperature
assessment [7]. This method may allow us to visualize
thermal phenomena even at the atomic scale [8,9]. However,
a proper interpretation of TERS thermometry requires an
in-depth understanding of microscopic heating mechanisms
in a plasmonic nanojunction which are complicated by
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different heating channels that contribute simultaneously
[10]. Here, we apply TERS thermometry to ultrathin ZnO
films expitaxially grown on an Ag(111) surface [11] in order
to examine the microscopic heating mechanisms and further
analyze the e-ph coupling strength.

The low-temperature TERS equipment used here was
reported previously [12] and detailed in Supplemental
Material [13]. Figure 1(a) shows the TERS spectra obtained
over a two-monolayer (ML) ZnO film on Ag(111) includ-
ing both Stokes and anti-Stokes sides. The excitation
wavelength (4.) of 633 nm leads to resonance Raman
scattering in which the peaks assigned to the out-of-plane
and in-plane phonon modes are observed at 300—400 and
500600 cm™!, respectively [12]. The out-of-plane modes
are much more intense due to the surface selection rule [27]
and can be clearly observed in the anti-Stokes side, while
the anti-Stokes signal of the in-plane modes is too weak for
reliable analysis. Two spectra in Fig. 1(a) were recorded
under the same tip conditions and at a fixed tip-surface
distance (Z), but at different bias applied between the tip
and the sample (V). It is clear that the anti-Stokes
intensity is significantly increased at Vi, = +1.75 V.
Anti-Stokes Raman scattering results from populated vibra-
tional states, thus a larger intensity at Vi, = +1.75V
indicates an elevated effective temperature given by

Ins/Is = A, exp(_Ey/kBTu)7 (1)
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FIG. 1. (a) TERS spectra of 2-ML ZnO/Ag(111) including the

Stokes (right) and anti-Stokes (left) sides (4. = 633 nm,
F =0.33 mW um™2, Tgampte = 10 K) at Vi = +1.00 (black),
and +1.75V (red). Z is fixed at an STM set point of
Viias = +1 V, j, = 0.1 nA. The inset displays an STM image
of 2-ML ZnO/Ag(111) (Vi = +1 V, j, = 0.1 nA, the scale
bar is 5 nm). (b) Waterfall TERS plot as a function of Vi
(Aexe = 633 nm, F = 0.33 mW ym~2, T ample = 10 K). Z is fixed
at an STM set point of Vi, =41V, j, =0.1 nA. (c) Top:
TERS intensity of the out-of-plane mode as a function of Vi,
extracted from (b), after subtraction of the continuous back-
ground. The red and black curves are /g and /g integrated from
280 to 380 cm™! and from —380 to —280 cm™!, respectively.
Bottom: simultaneously recorded j, — Vi, curve. (d) Iag/Is, j;
and dj,/dV as a function of Vy, at different Z, recorded over
2-ML ZnO. The j, — Vy;,s curve is simultaneously recorded with
the TERS. Z =0 nm corresponds to an STM set point of
Viias = +1 V, j, = 0.1 nA. The dj,/dV spectrum measured at
a set point of Vi;,s = +1 V, j, = 0.3 nA.

where /g and /g are the anti-Stokes and Stokes intensities,
respectively, A, the correction factor, E, the vibrational
energy, kg Boltzmann constant and 7', the effective temper-
ature of a specific vibrational mode v. The A, is unity for
nonresonance Raman scattering, but it deviates when
plasmonic enhancement [7] and/or electronic resonances
[28] are involved. In the present case, the different
plasmonic enhancement between the Stokes and anti-
Stokes bands should be negligible because the Raman
shift (about 40 meV) is much smaller compared to the
spectral width of the localized surface plasmon resonance
of the junction (~0.5 eV, see Fig. S1 [13]). We estimate the
A, to be ~2 by measuring the temperature dependence of
the 1,5/Is (Fig. S1[13]) and obtain 7', ~ 170(£+34) K and
T, ~100(£20) K for Vi, = +1.75 V and +1 V, respec-
tively (here v represents the out-of-plane band). Thus, the
ZnO film under the tip is locally heated to a much higher T,
than the original temperature (bulk temperature 7 g

represents the temperature recorded at the sample stage).
Note that the tip apex temperature may be much lower [13].
The T, is affected by the tip conditions that modify
optically induced heating as discussed below. However,
the general tendency of the dependence of T, (I55/Is) on
the measuring parameters (e.g., Vi, and gap distance)
remains the same. Thus, the TERS thermometry here
should be regarded as a measurement of local heating
rather than the intrinsic temperature.

Figure 1(b) displays the Vi;,,-dependent TERS spectra
recorded at a fixed Z. The top panel in Fig. 1(c) shows the
I s and I extracted from Fig. 1(b) by integrating the peak
area of the out-of-plane band. The bottom panel shows the
simultaneously recorded tunneling current (j,). The Ig
exhibits a nearly quadratic dependence on the V.
Although the 7,g also quadratically depends on the Vi,
below +1.8 V, a steep increase occurs above +1.8 V at
which the j, also rapidly increases due to resonant electron
tunneling into the conduction band (CB) of 2-ML ZnO
[11]. A continuous background in Fig. 1(b) may originate
from electronic Raman scattering [29,30] or scanning
tunneling luminescence [31] in the junction (Fig. S2
[13]). In Fig. 1(d), the V,;, dependence of I,g/Ig at
different Z and the simultaneously recorded j, are plotted
along with the dj,/dV spectrum, revealing that the onset of
the steep increase of the 1,g// coincides with that in the j,
and the dj,/dV. Although the j, also significantly changes
at Vii,e < —1.5V due to resonant tunneling to the Ag
substrate states, this does not lead to a significant increase
of the /5. Therefore, we conclude that the efficient heating
occurs through resonant electron tunneling into the CB of
2-ML ZnO followed by subsequent e-ph coupling [32,33].
The nearly quadratic V;,,-dependence of both /5 and 1 ,g in
Fig. 1(c) may be attributed to a change in the TERS cross
section [13].

From Eq. (1) and the Planck distribution, the averaged
phonon population (N,) can be derived from the 1,g//g by
the relation of N, = 1/{[A,/(Ixs/Is)] — 1}. As seen in
Fig. 1(d) the increasing rate of the I,g/Ig becomes larger at
smaller Z at Vy;,, ~+1.8 V. For current-induced process,
the data can be fitted by N, o« I/, where 1n(Vipias) 18 the
number of electron required to excite a specific phonon
mode. The fitting result shows that n(Vy;,,) is changed
from 0.32 to 0.92 when V, is increased from +1.8 to
+2 V, respectively (Fig. S3 [13]). This sublinear n(Vy;,)
dependence indicates the presence of an additional optical
heating channel [with n(Vy;,,) = 0] which competes with
the tunneling current induced process [1n(Vys) = 11.
Although a sublinear n(Vy;,) dependence could occur
by a multiple-phonon excitation process, this is unlikely for
systems adsorbed onto a metal surface due to the very short
lifetime of the charged states. n(Vy;,s) ~ 1 at Vs = +2 V
indicates that heating is dominated by the current, where
the lifetime of the phonon mode could be estimated [13].

Heating in illuminated plasmonic nanojunctions will
occur either by the electric current or by optical excitation
[10]. Figure 2(a) displays the waterfall plot of the TERS
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(a) Waterfall TERS plot as a function of Z recorded one cycle of approach and retraction of the tip (Ao = 633 nm,

F =0.33 mW um™2, T ampte = 10 K). Z = 0 nm corresponds to an STM set point of Vi = +1 V, j, = 0.1 nA. (b) I55/1g as a
function of Z at different V. I (I5s) is integrated from 280 to 380 (—280 to —380) cm~'. (c) Simultaneously recorded j, — Z curve.

spectra recorded for 2-ML ZnO as a function of Z, where the
Ag tip approaches and retracts subsequently. Figure 2(b)
shows the Z-dependent I,g/Ig of the out-of-plane band
measured at different Vi, At all Vi, the 155/ increases
with decreasing the Z. However, the increasing rates are
similar at Vi, < 40.5 V, which cannot be explained by
current-induced heating because j, is largely changed by
Viias [Fig. 2(c)]. Therefore, the increase in the I,g/Ig
at a smaller Z is associated with optically induced heating.
This is further confirmed by a linear dependence of the
Ing/Is on the incident laser power (Fig. S4 [13]).
The increase of the I,q/Is at a small Z results from the
enhancement of the plasmonic field that promotes the
optically induced heating.

Figure 3 depicts possible excitation channels contribut-
ing to the heating in the Ag tip-vacuum-ZnO-Ag(111)
junction under illumination. The energy level denoted as IS
near the Fermi level (Er) of Ag(111) is the interface state
between 2-ML ZnO and the Ag surface, originating from
the occupied Shockley state of Ag(111) [11]. The CB edge
of the ZnO is positioned at 1.8 eV above E [11], which is
pinned to Er of Ag(111) and is not changed by V... The
heating involves four different excitation channels: in
channels (1) and (2), hot electrons are first generated in
the tip and the surface, respectively, through nonradiative
decay of the excited localized surface plasmon and they are
subsequently transferred into the CB of the ZnO from the
tip or the surface. Channel (3) is direct optical excitation
between the IS and the CB edge. Channel (4) is the inelastic
electron tunneling (IET) process induced by Vi;,. This
channel is negligible at V;, < +1.8 V (below the onset of
CB) because off-resonant tunneling has a much smaller IET
cross section. However, the increasing rate of the I,/ in
Fig. 2(b) is larger at Vi, > +1 V (comparing to
Viias < +0.5 V) which is substantially lower than the
onset bias of the CB edge. Thus, the larger increasing rate
is attributed to channel (1). This is further supported by an

occurrence of additional photocurrents at Vi, > +1 V
(Fig. S5 [13]). However, channel (1) is inefficient at
Viias < +0.5 V as the energy difference between the
CB of the ZnO and the Fermi level of the tip becomes
too large [i.e., channel (1) becomes gradually operative at
Viias > +0.5 V]. Channel (2) should also be inefficient
because the CB edge is located at 1.8 eV above the Fermi
level, which is almost equal to the maximum energy that
hot electrons can gain from the optical excitation at A, =
633 nm and the lifetime of such high-energy hot electrons
is very short (<10 fs) [34]. Therefore, the amount of
electrons transferred into the CB should be very small.
However, channel (3) is operative at 4., = 633 nm because
the photon energy (1.9 eV) matches the electronic reso-
nance between IS and CB [i.e., channel (3) is independent
of Viis]. The increase of the I,g/Ig with decreasing
the Z at Vy;,, < +0.5 V [Fig. 2(b)] is explained by the

()
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Ag(111)

ZnO| Vacuum

Ag tip

FIG. 3. Schematic of different heating channels. (1) Transfer of
the photoexcited electron from the Ag tip. (2) Transfer of the
photoexcited electron from the Ag(111) surface. (3) Direct
optical excitation between the interface state and the conduction
band. (4) Inelastic electron tunneling. Ep: Fermi level, CB:
conduction band, IS: interface state.
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FIG. 4.

(a),(b) STM (Vs = +1V, j, = 0.1 nA) and STS of
conduction band (Vs = +1.8 V, j, = 1 nA) image of 2-ML
7ZnO on Ag(111). The scale bar is 2 nm. (c)—(e) Mapping of I,
I s, and T, of the out-of-plane phonon modes measured for the
same area as (a) (Ve = 0.1V, j, =2 nA, Ay = 633 nm,
F = 0.34 mW/um?, lexp = 3 8, Tgample = 12 K). (f) Mapping of
the relative e-ph coupling strength.

enhancement of channel (3) through the increased plas-
monic field.

The high spatial resolution of TERS allows us to
visualize the effect of atomic-scale inhomogeneity on the
local heating. Figures 4(a) and 4(b) show the STM image of
2-ML ZnO and the scanning tunneling spectroscopy (STS)
map of the CB, including atomic-scale defects that occa-
sionally occur after voltage pulsing which may cause
dropping of a tip material. We assign the bright feature
marked in Fig. 4(a) to the Ag cluster. Note that the phonon
frequencies and electronic structures of the 2 ML-ZnO are
not significantly modified as supported by the fact that
overall spectral features of TERS and STS are similar with
and without the Ag cluster (see Fig. S6 [13]). The threefold
symmetric protrusions in Figs. 4(a) and 4(b) represent the
moiré structure resulting from the lattice mismatch between
the ZnO film and the Ag(111) surface [35]. The STS map
[Fig. 4(b)] shows that the local density of states (LDOS) of
the CB is modulated by the Ag cluster. As mentioned
above, because /., = 633 nm leads to resonant Raman
scattering for 2-ML ZnO, the TERS intensity is strongly
correlated with the LDOS [12]. Figures 4(c) and 4(d)
display the map of /g and 1,4, respectively, recorded in the
constant-current STM mode. The Ag cluster should be

located on the ZnO surface. This will modulate the CB of
the ZnO layer but the IS will remain intact. Thus, the
transition matrix element between the IS and the CB is
affected exclusively by the modification of the CB. This is
also implicated by a larger (smaller) TERS intensity at the
positions exhibiting higher (lower) LDOS of the CB in the
STS map. However, the TERS intensities are not correlated
with the simultaneously recorded STM topography
(Fig. S6). This excludes the possibility that the TERS
contrast is caused by a change in the tip height. Figure 4(b)
reveals that the LDOS variation of the CB at the <1 nm
scale is comparable or smaller than the size of the
plasmonic field in the STM junction which determines
the spatial resolution of TERS [12]. Figure S7 [13] shows
the spatially averaged STS map of Fig. 4(b) with a mean
filter of a 2-nm diameter, revealing a similar appearance as
the TERS map in Figs. 4(c) and 4(d), corroborating that the
field confinement is ~2 nm. Figure 4(e) shows the 7, map
for 2-ML ZnO obtained from Figs. 4(c) and 4(d), which
also exhibit a similar appearance as the averaged STS map.
According to the heating mechanism discussed above,
when the TERS mapping is recorded at Vi, = +0.1 V,
the ZnO film is heated mainly through direct optical
absorption of the confined field, i.e., via channel (3) in
Fig. 3. In this case, a higher T, is expected for the positions
with larger LDOS because more efficient local optical
absorption between the IS and the CB is expected. Note that
the optical heating as well as the TERS intensity is
susceptible to a change in the field enhancement in the
junction. However, this contribution is expected to be small
because the separation distance between the tip apex and
the Ag surface remains almost constant during the meas-
urement (Fig. S6 [13]) and we ignore it in the discussion
below. The spatial resolution of the 7, map (~2 nm) is
determined by the size of the confined field, but the actual
heated area will be larger than the size of the field because of
lateral heat transfer. Additional data for a domain boundary
and a line defect are shown in Fig. S8 [13], which further
confirms the correlation between the 7', and the LDOS of the
CB. We also examined local heating over 3-ML ZnO films
having a resonant excitation wavelength of 1., = 780 nm
[11], but the TERS intensity is much weaker than that for
2-ML ZnO, hampering the TERS thermometry.

TERS thermometry also provides a unique possibility to
assess a local e-ph coupling strength. When the ZnO film
under the tip is locally heated, the generated heat will be
transferred to the surrounding. The heat transfer satisfies
the relationship J ~ K[T,(r) — Ty| ~ A(r)C,.pn,(r), where
J is the heat flow, K the heat transfer coefficient, r the tip
position, T, (r) the temperature of the ZnO film under the
tip, T,y the environment temperature, A(r) the absorption
coefficient, C,., () the e-ph coupling strength of vibra-
tional mode v. The A(r) is proportional to the LDOS of the
CB, p(r) because the LDOS of the IS is expected to be
spatially homogeneous. The vertical heat transfer (to the
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substrate) is not affected as long as the interface remains
intact and the phonon frequencies of 2-ML ZnO in TERS
are not significantly influenced by the inhomogeneity
(Fig. S6 [13]). The latter suggests that the lattice properties
are unchanged and the lateral heat transfer within the ZnO
film will be weakly dependent on the position. Therefore,
we assume that K is spatially homogeneous (treated as a
constant). Then the e-ph coupling strength at a specific
position can be estimated from the 7', and the LDOS of the
CB (STS map) using the relationship of C,,(r) «
[T,(r) —Ty|/p(r). Figure 4(f) shows the map of the
relative e-ph coupling strength for the out-of-plane modes
obtained by dividing 7', [Fig. 4(e)] with the filtered STS
map in Fig. S7 [13]. The C,.p,(r) is higher at the Ag
cluster position, while it exhibits a much smaller variation
over the intact ZnO film. Under illumination, transient
charging of the Ag cluster may occur due to the increase of
the LDOS below the CB of the ZnO (acting as a dopant
level, see Fig. S6a [13]), promoting e-ph coupling as
observed in a localized donor in a bulk ZnO [36]. The
simple model we employed here is valid only for a
qualitative evaluation of a relative e-ph coupling strength.
Our approach will pave the way for tracing local electron-
phonon coupling dynamics in real space and real time at the
atomic-scale resolution by combining it with time-resolved
Raman spectroscopy [37].
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