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Supplementary Methods: Theoretical and Computational Details.

Silicon L, 3 Edge The ground state Si XUV absorption was predicted using the OCEAN
code (Obtaining Core-level Excitations using Ab initio methods and the NIST BSE
solver). The energy-dependent broadening is included using a Drude-Lindhard single-
plasmon pole model for the electron loss function. The ground state electron densities and
wave-functions are calculated at the density functional level (DFT) using Quantum-
ESPRESSO (39). The local density approximation (LDA) using a norm-conserving
generalized gradient approximation (GGA) Perdew-Burke-Ernzerhof pseudopotential is
used to calculate the density of states with a converged k-point mesh of 20x20x20 points
and a plane wave cutoff of 100 Ry. The lattice constant is converged at 5.46 Angstroms.
Projector augmented wave (PAW) reconstructed wave functions are used for calculating
the core-level transition matrix elements. A real-space random phase approximation is
used to estimate the dielectric screening inside a sphere around the atom, while the
Levine-Louie dielectric function is used outside this sphere (40, 41). The Bethe-Salpeter

(BSE) equation is then used to calculate the final electron-hole states.

In the BSE-DFT calculation, the final states are converged at k-point meshes of 8x8x8 and
using a total number of bands of 100. The projector augmented wave states are converged
at k-point meshes of 2x2x2 and using a total number of bands of 200. The SCF mixing is
taken as 0.7 with 250 iterations used. The BSE mesh is 6x6x6, with a cut-off radius of 8.0
Bohr. The projector augmented wave shell radius is taken as 8.0 Bohr with a 0.8 scaling
factor of the slater G parameter. The dielectric constant of silicon is taken as 11.7. XUV
dipole orientations along the [100] and [110] directions are calculated, but within the
experimental broadening, little difference is found in the final predicted x-ray absorption.

A comparison of this fit with the ground state absorbance is shown in Fig. S3A.



The excited state changes to the Si L, 3 edge are known to originate in a variety of
electronic and structural dynamics. A simplified version of the model to extract electron
energies, hole energies, and the temperature of the lattice is used (42). Specifically, the
differential absorption features above 101.5 eV are mainly from structural distortions
related to heating the lattice, similar to what is measured in EXAFS. A multivariate
regression is used to extract the amplitude of the initial and final thermal contributions to
the differential absorption. The amplitude of the structural dynamics above 101.5 eV is
multiplied with the full spectrum and subtracted from each time point. The residual,
filtered by the known energy ranges of the electron and hole contributions, represents the
electron and hole energy as a function of time. The relative amplitudes are calculated by
integrating over these ranges, giving the values shown in the main text Fig. 3A. All of the
fitted parameters, not just the electron and hole populations shown in the main text, are
included in Fig. S5A and S5B for the Si in the junction and alone, respectively.
Differential absorptions for these two samples can be found in the main text Fig. 1C for

the Si in the junction and Fig. S1A for the Si alone.

Nickel M, 3 Edge The Ni M, 3 edge is modeled using the many-body approach of Ohtaka
and Tanabe (43). This model is derived by summing over the transition probabilities for
all possible final states, assuming parabolic bands and a scattering potential caused by the
core hole. The resultant ground state absorption includes the “orthogonality catastrophe”
or “white line” effect common to the x-ray absorption of metals,
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Where I’ is intensity, w* = (o - ww), Which is the frequency with respect to the edge onset
frequency w as given by the Fermi level of the metal, D is the bandwidth or energy
difference between the Fermi level and conduction band upper edge, T is temperature, and
{o Is the phase shift of the Fermi sea caused by scattering with the core-hole contact
potential. The ground state Ni M 3 edge is modeled by fitting the values of w, T, D and
{o to the ground state absorption spectrum. To account for the spin-orbit splitting of the Ni
3p level, the total spectrum is modeled as the sum of two of such peaks, keeping all four
fit variables constant, and fitting the spin-orbit splitting energy and peak ratio. A
comparison of this fit with the measured spectrum is shown in Fig. S3. Since the phase
factor {p depends on the energetics of the electrons filling the Fermi sea, it contains no

new information other than wand T.

To model the differential absorption spectrum of the excited state Ni M, 3 edge, the
modeled ground state spectrum for both spin-orbit components is subtracted from the
modeled excited state fit, in which all variables are held constant from the ground state
calculation except wy, T, and {,. Since Ni is not a free-electron metal, the magnitudes of
D, T and {, in the ground state are nonphysical. The magnitude of the excited state
changes, however, prove experimentally accurate. For example, the temperature shift
matches the predicted value for the given carrier concentration and heat capacity. The
change in Fermi level matches the number of carriers photoexcited in the Ni. The
differential absorption spectrum of the photoexcited Ni in the junction can be seen in the
main text Fig. 1C, and the differential absorption of the Ni alone is shown in Fig. S1B. A
comparison of the ground state absorbances of these two samples is found in Fig. S2A. All
fitted parameters are shown in Fig. S5C and S5D for the Ni in the junction and alone,
respectively. A comparison of the fitted Fermi level for the junction and alone sample are

in the top panel of the main text Fig. 3B.



Titanium M, 3 Edge Similar to the Si L, 3 edge, the ground state absorption of the TiO, at
the Ti M3 edge is first modelled using the OCEAN code. The DFT k-point mesh was
6x6x4 with a lattice constant of a=3.75 and ¢=9.38 Angstroms. The local density
approximation (LDA) is used with a norm-conserving Perdew-Wang pseudopotential
since OCEAN cannot use LDA+U or hybrid functionals. A plane wave cut-off of 100 Ry
was used for the pseudopotential. In the BSE calculation, the final states are converged at
k-point meshes of 6x6x4 and using a total number of bands of 50. The projector
augmented wave states are converged at k-point meshes of 2x2x2 and using a total
number of bands of 100. The BSE mesh is 4x4x4, with a cut-off radius of 4.0 Bohr. The
projector augmented wave shell radius is taken as 4.0 Bohr with a 0.8 scaling factor of the
slater G parameter. The dielectric constant of TiO, is taken as 20 to approximate
amorphous TiO,. XUV dipole alignments along the [100] and [111] directions are
calculated, but within the experimental broadening and amorphous TiO, layer, little
difference is found in the final predicted x-ray absorption. An energy-dependent
broadening was included by using a separate Lorentzian for each atomic multiplet split
peak. The value of the broadening was 3 eV except for the central peak, which was 5 eV.

This modeled spectrum is compared to the measured static absorbance in Fig. S3C.

The atomic multiplet splitting in the metal oxide means that only charge state and a
change in broadening can be extracted as a function of time. This is achieved by fitting a
global Lorentzian broadening and an energetic shift to the ground state absorption, and
then subtracting the unmodified ground state absorption to calculate the differential
absorption. These fitted parameters are shown in Fig. S5E for the TiO; in the junction and
in Fig. S5F for the TiO; alone. Differential absorption following photoexcitation for the

TiO2 in the junction and alone can be found in the main text Fig. 1C and Fig. S1C,



respectively. A comparison of the fitted edge shift for both samples is shown in the bottom

panel of the main text Fig. 3B.

Drift-Diffusion Calculation The calculation of the band bending and electric field inside
the Ni-TiO-Si junction shown in Figure 1A was performed using the AFORS-HET
(Automat FOR Simulation of HETerostructures) open access program (27, 44). This
simulation tool numerically solves the one-dimensional Poisson’s equations for
semiconductors to find the electric field, charge and current densities for a specified series
of layers with given boundary conditions. Then, the resultant field and densities are
applied to the semiconductor equations iteratively until a steady-state solution is reached.

These so-called semiconductor equations are
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where D is the field that displaces charges, p is the hole density, n is the electron density, p
is the density of interband traps, N is the acceptor/donor concentration, J is the current
density for electrons (n) or holes (p), G is the optical generation rate, and R is the
recombination rate for electrons (n) or holes (p). The program models recombination using
the Shockley-Read-Hall formalism, and carrier densities are calculated with Boltzmann

statistics.

Many different boundary conditions can be applied to the system, including a constant
voltage at one of the contacts or a constant boundary current. Additionally, interfaces
between the layers can have their own specified boundary conditions. The general form is:
p(x) = ¢j —¢; =V )
Jn () = =q - Sp(n(x) — neq () (6)



Jo() = +q- S5 (p(x) = peg(x)) (7)
where ¢ is the potential at position x, ¢; and ¢; are the work functions of the front and
back layers, V is an optional applied voltage, S is the recombination velocity of electrons
(n) or holes (p) at layer i, neq is the equilibrium electron density, and peq is the equilibrium
hole density. The semiconductor work functions are calculated by the AFORS-HET
program from the electron affinity, band gap, and doping levels provided by the user. For
the calculation of the Ni-TiO,-Si junction band diagram in this study, the electron affinity
of the p-Si is 4.05 eV, the electron affinity of the n-TiO, is 4.0 eV, the work function of

the Ni is 5.1 eV, and the boundary voltages are set to zero.
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Fig. S1. Transient differential data for reference samples. The differential XUV
absorption is shown on a negative (blue) to positive (red) colormap. The timescale is
logarithmic and offset by 100 fs for visualization. (A) Differential absorption for Si alone
with 800 nm light. (B) Differential absorption for photoexcitation of Ni alone with 800 nm

light. (C) Differential absorption for 266 nm photoexcitation of TiO, alone.
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Fig. S2. Ni in Ni-TiO,-Si versus Ni alone. (A) The absorption of the Ni in the junction is
over ten times less than the Ni alone film when measured from pre-edge dip to peak
(AAbs). The lines have been vertically offset for comparison. (B) The differential
absorption following 800 nm excitation of a thin Ni sample with similar thickness to the
Ni in the junction. This thin Ni film has no signal within a few mOD noise level. The

thicker Ni alone sample has an ~25 mOD signal as seen in Fig. S1B.
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Fig. S3. Modeling the XUV ground and excited state absorption. (A-C) The
experimental XUV absorption of each element (solid lines) is compared to the BSE-DFT
calculation (dashed lines) and the approximate valence density of states (DOS) from DFT
for each material. How well the valence charge density screens the core-hole perturbation
from the XUV excitation determines to what degree the XUV spectrum reflects the

valence density of states.
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Fig. S4. Comparison of EELS absorption in the XUV range for different compounds.
XUV absorption data from synchrotron sources is not readily available, so the electron
energy loss (EELS) absorption is shown for each element (45). The EELS absorption
process involves a one-electron excitation instead of a one-photon excitation (A) For Si,
the core-hole is well screened, and the peak structure and energy are more representative
of the underlying band structure than the oxidation state (compare Si and SiC). (B) For Ni,
the edge rise is sensitive to the number of holes or oxidation state. When electrons are
removed in the metal, the Fermi level changes, and the edge shifts to lower energy while
increasing in absorption. (C) For Ti, the broad absorption and appearance of multiplet split

peaks is sensitive to the oxidation state.
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Fig. S5. All fit parameters for each XUV edge as a function of time. (A) For Si in the
junction, the amplitude of the initial and final states used in the multivariate regression are
shown as the dark purple circles and light purple squares, respectively. The final state
represents a heated lattice. The electron and hole features’ spectral amplitudes after
removal of the final thermal state are shown as the dashed and solid black lines,
respectively. (B) The same as in Panel A, but for Si alone. (C) For Ni in the junction, the
fit Fermi level (red circles), temperature in the Fermi-Dirac distribution (light red
diamonds), and the phase factor (gray squares) which is co-dependent on the Fermi level
and temperature are shown. The final thermal state from the Si fit is shown as a dashed
black line. (D) The same as in panel C but for Ni alone. (E) For TiO;, the fit broadening

(grey diamonds) and edge shift (black squares) of the Ti edge. The error bars correspond



to the non-linear-fit standard error from a robust-fit weighted by the experimental

uncertainty. (F) The same as in Panel E but for TiO, alone.
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Fig. S6. Transient differential data for 800 nm photoexcitation of Si-Ni as measured

at the Ni edge.
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