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ABSTRACT

We report on the experimental determination of electron-electron conductance at Au/TiO, interfacial regions and electron-phonon coupling
of thin TiO, layers for x =0-2.62. Our study demonstrates that the electronic energy transport mechanisms at metal/metal oxide interfaces are
enhanced through metallic defects that lead to electronic band alignment between the metal and metal oxide (in our case, Au and TiO,).
Electronic heat transport processes are interrogated via a pump/probe technique, utilizing sub-picosecond laser pulses to monitor the ultrafast
thermoreflectance responses of Au/TiO, systems, which were analyzed using a two-temperature model to extract electron-electron conductan-
ces at Au/TiO, interfaces and the electron-phonon coupling in TiO, layers. We find that TiO, stoichiometries near TiO, have ultrahigh elec-
tron-phonon coupling factors similar to that of pure Ti and that electronic energy transmission from Au to TiO, layers is comparable to that
of Au to Ti due to the presence of Ti° defects. For x = 2.62 in TiO,, electron-phonon coupling is reduced by more than a factor of 5. Our exper-
imental data are corroborated by real-time time-dependent density functional theory calculations, which show that excited electrons in Au do
not participate in the TiO, phonon relaxation process, resulting in lower electron-electron energy transmission from Au and electron-phonon

coupling due to the difference in the Fermi energy of Au relative to the conduction band minimum of TiO, when x >2.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0046566

The interaction between excited electrons and phonons is funda-
mental to the functionality of a range of devices and technologies, such
as photovoltaics,* catalysis,”® and optoelectronics.” '’ Photovoltaics,
in particular, rely on the lack of recombination of charge carriers prior
to reaching electrodes, and thus a low electron/hole-phonon coupling
rate is necessary for optimizing efficiency. As a result of this condition,
TiO, is ubiquitously used in the photovoltaic industry due to its low
recombination rate, wide-bandgap, and higher conduction band (CB)
edge energy.'"'"” In perovskite solar cells, TiO, layers have been imple-
mented adjacent to the photoactive perovskite to facilitate fast electron
transport to the transparent conducting oxide and maximize efficiency
by reducing electron-phonon coupling,”

Unsurprisingly, defects present in TiO, layers have been shown to
inhibit the maximum attainable quantum efficiency, #, of solar cells. In one

study, 1 was reduced by more than a factor of two in TiO, films containing
oxygen vacancies.* In another, oxygen vacancies were correlated with sec-
ond order scattering modes, alongside the presence of Ti*"/Ti" mixed
states.'” Both of these factors decreased 17 by a factor of ~2-4 as a result of
an increase in the charge recombination rate as a result of an increased
number of coupling pathways.'® Further, Radecka et al.'” have examined
stoichiometry influences in oxygen deficient TiO, , films, where an
increase in oxygen deficiency was correlated with a reduction in charge car-
rier mobility. Sharma et al'® have also shown that nonstoichiometry
reduces 17 by a factor of two. Clearly, the defect concentration is integral in
the performance of photovoltaic devices, impacting electron-phonon cou-
pling, and must be accounted for during the fabrication process.

In this paper, we study the effects of oxygen stoichiometry in
TiO, layers on electron-phonon coupling and resulting energy
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transport mechanisms, schematically illustrated in Fig. 1(a). This is
accomplished by implementing ultrafast pump-probe spectroscopy to
examine the nonequilibrium carrier dynamics of Au/TiO,/AlL,O; sys-
tems and quantifying the electron-phonon coupling factor, g, of thin
TiO, layers whose stoichiometry and thickness range from x = 0-2.62
to d=0-4nm, respectively. Additionally, we determine the efficiency
of electron thermal transport across the Au/TiO, interfacial region,
quantified by the electron-electron thermal boundary conduc-
tance."” ”" We find that both of these transport mechanisms are
heavily influenced by the stoichiometry of the TiO, layer, where resid-
ual metallic Ti" allows for more efficient electron-phonon coupling in
the adhesion layer and electron energy transport at the Au/TiO, inter-
face as a result of the better band alignment between the Au and TiO,,
as quantified by real-time time-dependent density functional theory.

Energy transport from a photonically excited electronic system of
a metal contact to the phononic system of a dielectric substrate
through an adhesion layer consists of numerous energy transport
mechanisms within and between layers at ultrafast (<1000 ps) time-
scales. First, energy is deposited into the electronic system of the top
metal contact via photon absorption. Electrons in this layer will tra-
verse through the layer and scatter with a phonon at an average length
scale of the mean free path. At the Au/TiO, interface, the efficiency of
electron interfacial energy transport can be described by the electron
diffuse mismatch model (EDMM)."” In short, the electron—electron
interfacial conductance, G,,, is proportional to the average electron
temperature on either side of the interface, Te 4y, via the ratio of the
electronic densities of states and Fermi velocities, I'. As electrons tra-
verse the Au/TiOy interface, they couple to the lattice in the TiO, layer,
increasing its temperature. This creates a temperature disparity
between the top Au contact and underlying dielectric substrate in the
electronic and lattice systems. Ultimately, this results in an indirect
heating of the Au lattice temperature as a result of the mismatch in
electron-phonon coupling with the TiO, layer which can be probed
using ultrafast pump/probe spectroscopy.

To explore the effects of oxygen stoichiometry and thickness on
electron-phonon coupling in TiO,, as well as electron energy transfer
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at the Au/TiO, interface, we monitor the sub-picosecond to nanosec-
ond excitation and relaxation processes of Au/TiO, samples with
time-domain thermoreflectance. The specific samples and characteri-
zation of these samples are detailed in our prior work.”* Briefly, 4 nm
layers of TiO, were deposited in a high vacuum (HV) environment
(~1 x 107 Torr) at 0.1, 0.5, and 1.0 A/s on a set of ALOj; substrates.
Due to the HV conditions during evaporation, the deposition resulted
in TiO, with varying x based on the Ti deposition rate when assuming
a consistent codeposition of oxidizing species across all specimens dur-
ing the deposition procedure.”” This TiO, adhesion layer was capped
with ~3nm Au, and one of the substrates was removed from the
chamber for characterization via x-ray photoelectron spectroscopy
(XPS). The other was pumped down once again and capped with an
additional ~50nm Au to facilitate thermal measurements via time-
domain thermoreflectance.””* For comparative purposes, we fabricate
systems without an adhesion layer (i.e., just 50nm Au on ALO;), as
well as one with a 1nm Ti adhesion layer deposited at ~0.1 A/s in
ultrahigh vacuum (UHV) capped with 50 nm Au. The thickness of the
Au layer for all these specimens, ~50 nm, is ideal in maximizing sensi-
tivity to measurements of the electron-phonon coupling factor, g, and
the electron-electron thermal boundary conductance, I, while mini-
mizing additional optical thermoreflectance responses from the under-
lying TiO, layer that can obfuscate analysis (cf, supplementary
material Sec. S2).

XPS spectra of the specimens with a TiO, adhesion layer are
shown in Fig. 1 for the (b) O 1s and (c) Ti 2p spectra of the TiO, adhe-
sion layers. Spectral deconvolution was performed on both spectra in
order to determine (1) the fraction of oxygen that reacted with Ti to
form TiO, during the deposition process and (2) the fraction of
unreacted Ti present in the layer, Ti’. At 0.1 Als, approximately ~50%
of the oxygen present in the adhesion layer comes directly from TiO,,
with the other ~50% coming from hydrocarbon and hydroxide spe-
cies. On the other hand, oxygen from TiO, comprised ~75% of the
oxygen present in specimens deposited at 0.5 and 1.0 A/s. At 0.1 A/s in
UHYV, no oxygen originating from Ti-O bonds was found—the signa-
ture at ~532¢eV is of the Al,O5 substrate and is detectable due to the
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FIG. 1. (a) Optical pump/probe experiment for determining energy transfer mechanisms in Au/TiO, structures. T, and T, are the surface temperature excursions of the elec-
tronic and lattice systems, respectively, in Au/1 nm Ti/Al,O5 as determined via the two-temperature model. (b) O 1s and (c) Ti 2p spectra of TiO, adhesion layers deposited in
HV and UHV. TEM micrographs of adhesion layers deposited at (d) 0.1, (e) 0.5, and (f) 1.0 A/s in HV and at (g) 0.1 A/s in UHV. In (d)—(g), the scale bar is 5 nm.
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thinness of the layer (1 nm). From the Ti 2p spectra, Fig. 1(c), spectral
deconvolution indicates that the composition of Ti present at 0.1 and
0.5A/s is entirely of reacted Ti, Ti*". At 1.0 A/s, however, the small
signature at ~455eV indicates that approximately 4% of the layer
comprised of unreacted Ti, Ti’. In all, the O:Ti ratios of the TiO, layers
deposited in HV, when accounting for only O-Ti features, were 2.62,
2.06, and 1.90 for specimens deposited at 0.1, 0.5, and 1.0 A/s, respec-
tively, while the specimen deposited in UHV appears purely metallic.

Shown in Figs. 1(d)-1(g) are TEM micrographs of each specimen
at the Au/TiO,/ALO; interfacial regions. All samples deposited in HV
show a consistent thickness of 3-4 nm and no signs of island forma-
tion. For the specimen deposited in UHV, Fig. 1(g), the thickness of
the adhesion layer is consistent with that determined via XPS, ~1 nm.
In the specimens deposited in HV, there is a noticeable difference in
the structure between the samples deposited at 0.1 A/s and those
deposited at 0.5 and 1.0A/s. At 0.1A/s, the adhesion layer is
completely amorphous, while at 0.5 and 1.0 A/s, the interfacial layers
show pockets of crystallinity. We are unsure of the exact reasons for
the amorphous nature of the adhesion layer deposited at 0.1 A/s in
HV. Considering that the layer deposited at approximately the same
deposition rate in UHV was crystalline, we hypothesize that the code-
position of oxidizing species in HV played some role in the crystalliza-
tion kinetics during the deposition of the layer.

We measure the ultrafast electron thermal transport mechanisms
of the Au/TiO, samples with time-domain thermoreflectance (TDTR),
an optical pump/probe technique. See the supplementary material Sec.
S1 for additional details regarding TDTR. The acquired thermal decay
is typically compared to the heat diffusion equation; however, at short,
ultrafast timescales, where the dynamic interplay between electrons
and phonons is most prevalent, the two-temperature model™ (TTM)
is implemented. Governed by the coupled partial differential
equations,

T,
Ce aat =V (KevTe) - g(Te - Tl) + S(x7 t)
o1 (1)
Cla_tl =V- (KZIVT[) +g(Te - Tl)7

the TTM considers both electrons and phonons as separate carriers of
heat. In these equations, C, and C; are the electronic and lattice heat
capacities, respectively, T, and T; are the electronic and lattice temper-
atures, K, and k; are the electronic and lattice thermal conductivities,
and g is the electron-phonon coupling factor. In the Au capping and
TiO, adhesion layers, the electronic heat capacities are defined such
that C, = yT,, where y is the electron heat capacity coefficient.”***
S(x, 1) is the source term, which deposits energy into the electronic sys-
tem, defined as

1-R t\?| dI
S(x,t) = —0.94 tp J - exp {2.77(5) } o (2)

In this equation, J is the fluence, R is the surface reflectivity, t is the
duration of the pump pulse, and x and ¢ are the space and time varia-
bles, respectively. % is the spatial derivative of the light intensity distri-
bution in the sample, calculated using a transfer matrix method with
the indices of refraction, n, at our pump wavelength of 400 nm.
Equations (1) and (2) are solved numerically using the
Crank-Nicolson method.” Unless otherwise stated, all inputs into the
model can be found in Table I. For the Au/Al,O5 system, we fit for g
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TABLE |. Parameters utilized in TTM modeling and fitting. For each layer, d is the
thickness, C; is the lattice heat capacity, y is the electronic heat capacity coefficient,
Ke and i are the electronic and lattice thermal conductivities, respectively, g is the
electron-phonon coupling factor, n is the complex refractive index, and dn/dT is the
temperature derivative of the complex refractive index. Fitting parameters are desig-
nated by F in Au, Au/TiO,, and Au/Ti systems. In Au/TiO, and Au/Ti systems, we
also fit for I', the proportionality constant for the electron—electron thermal
conductance.

Au TiO, Ti ALO;
d (nm) 50" 4 1
M m K™Y 249" 2.83" 236" 3.06°
y(Jm K ?) 63° 329° 329°
ke Wm 'K 276" 1° 10°
K (Wm 1K™ 3 1 2" 35
g(10"*Wm K" F(Au) F(Au/TiO,) F (Au/Ti)

n (400 nm) 147 +i1.95° 237" 2.09 + i2.96° 1.79'
n (800 nm) 0.15+i4.91% 210" 3.14 + i4.01° 1.76'
dn/dTx 10* 2.V 2.1 2.V

(800 nm)

“Measured using X-ray reflectivity.

PReference 25.

“Reference 26.

“Determined using four-point probe and the Wiedemann-Franz law.
“Reference 27.

‘Reference 28.

8Reference 29.

BReference 30.

‘Reference 31.

JReference 32.

of the Au film and the phonon conductance at the Au/Al,Oj; interface.
In systems with a TiO, adhesion layer, we fit for g of the adhesion
layer, I" at the Au/TiOy interface, as well as the phonon conductance
at the TiO,/AL,O; interface. See the supplementary material Sec. S3 for
additional details regarding the modeling and fitting procedure.

Figure 2 shows the acquired ultrafast reflectivity and best fits for
the Au/TiO, systems in the range of x = 0-2.62, alongside Au for ref-
erence. The response of TiO, s was not included because of its simi-
larity to TiO; go. At short time scales (<4 ps), a sharp increase in the
reflectivity followed by its decay is observed across all specimens due
to the dynamic electron temperature following optical excitation. At
longer time scales (>4 ps), the response depends on the composition
of the adhesion layer. For the system lacking an adhesion layer, the
reflectivity is approximately constant and decays slightly. On the other
hand, systems with an adhesion layer exhibit a rise in reflectivity com-
pared to that at ~3 ps. Both the rate at which this rise occurs and its
final magnitude depend on the stoichiometry of the underlying adhe-
sion layer and are characteristic of electron energy transport and the
mismatch of electron-phonon coupling factors in metal/metal™®**
and metal/semiconductor’” systems.

The extracted g and I" for all systems are presented in Figs. 3(a)
and 3(b), respectively. For systems with a TiO, adhesion layer, we
cannot distinguish between the intrinsic transport characteristics of g
and I" and those due to the nanometer roughness at the Au/TiO, inter-
face. Our reported values, therefore, reflect both intrinsic transport
mechanisms within the TiO, and at the Au/TiO,, interfaces, as well as
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FIG. 2. Ultrafast data and TTM best fits (>3 ps) for (a) Au and Au/1 nm Ti and (b)
Au/4 nm TiO, systems.

the contribution from any extrinsic effects as a result of the roughness
at the AwTiO, interfacial region. We determine the electron-
phonon coupling factor of Au to be 2.8 0.7 x 10" W m™> K™, in
reasonable agreement with previously reported values."' ** The pre-
dicted value for the electron-phonon coupling factor in Ti is
~150 x 10" W m > K" at room temperature.”® This large value, cou-
pled with the small thickness, d, of the adhesion layer results in a large
electron-phonon conductance in the Ti layer, gd. As a result, we set a
lower limit on the electron-phonon coupling factor of Ti as values
above 100 x 10" W m > K™ ! offer comparable fits to our data. We
find g of the oxygenated adhesion layers with stoichiometries TiO; g9
and TiO, 6 to be similar to that of the 1 nm pure Ti layer, >100 x 10'°
W m~? K. This high g in a highly defected TiO, layer is likely due to
the fact that residual, unreacted Ti is present in these films, allowing for
a low resistance pathway from the Au to TiO, adhesion layer. Indeed,
we observe that ~4% of the Ti in TiO; o9 layer consists of unreacted Ti
We note that while the presence of Ti’ cannot be confirmed via XPS in
the specimen with a stoichiometry of TiO, ¢, g for this layer is still com-
parable to that of pure Ti. This suggests that fractions of Ti less than the
detectable limits of XPS (~0.5%-1%) are still able to significantly
impact the transport processes in these systems. Once the oxygen con-
centration of the adhesion layer is greatly increased, reaching a stoichi-
ometry of TiO,,, no residual Ti® can be confirmed, and this low
resistance pathway is not present. We find that g for the TiO, ¢, layer is
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FIG. 3. Experimentally determined (a) electron—phonon coupling (g) of TiO, wetting
layers and (b) coefficient of electron—electron thermal conductance (I') at Au/TiO,
interfaces. Filled symbols are experimentally determined, while open symbols are
predicted by the electronic diffuse mismatch model (EDMM) for stoichiometric Ti,
TiO,, and Ti308.

~25x 10" W m™? K™, suggesting that coupling still occurs in the
TiO, 6, layer at a rate that exceeds that of the Au film.

Figure 3(b) shows the results for the electronic thermal conduc-
tance coefficient, I. As with g in the 1nm Ti adhesion layer, the
incredibly high electron-electron conductance at the Au/Ti interface
makes ¢ and I" difficult to quantify. Indeed, the electronic diffuse-
mismatch model predicts " to be 25 MW m ™2 K~ or an equivalent
conductance of nearly 7.5 GW m > K™ ' at room temperature. We can
thus only place a lower bound on I as equivalent fits in our model are
found for when I' >2 MW m ™2 K 2. EDMM calculations of T, shown
as open symbols in Fig. 3(b), using the electron density of states (DOS)
from Fig. 4, exemplify the importance of stoichiometry in these mod-
els. In particular, due to the presence of Ti in our TiO, films, our
measured I exceeds the theoretical value for Au/TiO, by an order of
magnitude. Additionally, the measured lower bound for I" in TiO,,,
which has a stoichiometry that is close to Ti;O, is in reasonable agree-
ment with the EDMM predicted value for Au/Ti;Os.

To better understand the reasons for our measured g and I', we
focus on examining stoichiometric effects in Au/Ti,O, on
electron-phonon relaxation times using real-time time-dependent
density functional theory (TDDFT)," the simulation details of which
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FIG. 4. Electron density of states (DOS) of Au, Ti, TiO,, and TizOg from Lu et al.*’
Reproduced with permission from Lu et al,, J. Phys. Chem. Lett. 11, 4 (2020).
Copyright 2020 American Chemical Society. "’

can be found in supplementary material Sec. $4. In Fig. 5, we plot the
(a) picosecond pump/probe dynamics of our Au/TiO, systems along-
side the (b) electron energy decay of Au/Ti,O, calculated using
TDDFT in Ref. 40. Because the short-time response of our acquired
data is indicative of the electron temperatures of Au and TiO, in our
specimens, we normalize the data such that the signal decays to 0 at 3
ps for comparative purposes only. This approximately reflects the time
at which the energy of the excited electrons has decayed to 0 eV, allow-
ing us to make direct comparisons to the TDDFT predictions. We also
adjust the 0 time delay to the maximum of the acquired signal.

We find that the measured relaxation times of our Au/TiO, sys-
tems are in qualitative agreement with those derived from TDDFT. In
Au and Au/TiO, ¢, systems, we determine relaxation times of ~650 fs.
For Au/TiO, systems for x=0, 1.90, and 2.06, the relaxation time is
faster, ~420 fs. Our measured relaxation times reflect electron—elec-
tron as well as electron-phonon interactions. Lu et al."’ determined
relaxation times of 2.75, 2.85, 1.99, and 0.75 ps for Au, Au/Ti;0g, Au/
TiO,, and Au/Ti systems, respectively. We cannot make direct com-
parisons to Ref. 40 due to the fact that they do not account for

Time (ps)

Delay Time (ps)

FIG. 5. (a) Normalized ultrafast response of Au films with a TiO, wetting layer. Red
circles are for the Au system, green down-facing triangles are for the Au/TiO g,
system, gold left-facing triangles are for the Au/TiO, og System, blue up-facing trian-
gles are for the Au/TiO1 g9 System, and black squares are for the Au/1 nm Ti sys-
tem. (b) Electron relaxation dynamics from Lu et al‘’ for Au/T iyO, systems.
Reproduced with permission from Lu et al,, J. Phys. Chem. Lett. 11, 4 (2020).
Copyright 2020 American Chemical Society. "’
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electron—electron interactions and the simulation is not able to capture
all electronic and phononic states due to its size. However, we find
that our derived relaxation times trend well with those of Lu et al.*’
when considering the minute differences in stoichiometry.

The reason for the decreased relaxation time in Au/TiO, systems
for x=0, 1.90, and 2.06 is influenced by a variety of factors, including
(1) the presence of Ti’, (2) the excited electron energy relative to the
Fermi energy, and (3) the relative position of the Fermi energy in Au
to the conduction and valence bands (VBs) of TiO,.

Primarily, Ti® atoms present in TiO; 99 and TiO, s accelerate the
relaxation time due to the higher g of Ti. As the fraction of Ti’ in these
layers is small as confirmed via XPS, and the composition is nominally
TiO,, lighter Ti and O atoms in TiO, move faster to help increase
electron-phonon coupling compared to Au. Indeed, inspection of the
nonadiabatic electron-phonon coupling matrix element, i (®;|V | D)
- dR/dt, which describes the transition between electronic states j and k
by coupling to phonons, is proportional to the phonon velocity, dR/dt."”

Additionally, the alignment of the TiO, energy levels with respect
to the Au Fermi energy influences charge-phonon relaxation, see
Fig. 4. For an accelerated relaxation process to occur, the energy of
excited electrons in the Au must fall outside of the TiO, bandgap so
that they may interact with those in the adhesion layer. As the incident
photon energy (3.1eV) generates the same number of electrons and
holes, an equivalent number of conductance and valence band orbitals
will be involved in the photoexcitation process. Since the hole DOS is
larger than the electron DOS in Au, the generation of a particular
number of hole states requires a smaller energy range compared to the
same number of electron states. Thus, as a result of this asymmetry in
DOS, the photoexcitation process covers a broader range of electron
state energies, and electrons therefore accommodate the majority of
the incident photon energy. Excited electrons in the Au will, therefore,
be above the bandgap of TiO,, increasing coupling.

Further, the Au Fermi energy is within ~1 eV of the conduction
band (CB) minimum of TiO,, resulting in a resonance of the TiO, CB
states and Au electrons near the Fermi energy and increasing
electron-phonon relaxation. The Au Fermi energy is also within
~0.5 eV of the valence band (VB) maximum for Ti;Og, whose stoichi-
ometry is close to TiO,,. At this stoichiometry, electrons excited to
3.1eV above the Au Fermi energy fall within the bandgap of the adhe-
sion layer, and thus electron—phonon coupling is subdued due to the
fact electrons in the TiO,¢, layer cannot participate in the process
resulting in a comparable relaxation time to the system lacking an
adhesion layer.

In summary, we performed ultrafast pump/probe measurements
for the determination of the electron-phonon coupling factors of thin
TiO, layers and the associated electron-electron conductance across
the Au/TiO, interface. Our results are indicative of the fact that even a
small fraction of unreacted Ti in TiO, adhesion layers has a significant
impact on the associated energy transfer mechanisms across Au/TiO,
interfacial regions. TiO, layers with stoichiometries close to TiO,,
when unreacted Ti is still present, offer comparable electron-phonon
coupling factors and electron—electron thermal boundary conductan-
ces to that of pure Ti. The data are in agreement with real-time
TDDFT calculations, and the results provide fundamental insight into
applications requiring the use of metal oxide nanoscale films and inter-
faces in systems where charge relaxation plays a significant role in
optimizing efficiencies.
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See the supplementary material for a description of TDTR, exper-
imental insight into the electron-phonon relaxation length scales,
parameters used in two-temperature modeling, and a description of
real-time time-dependent density functional theory calculations.
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