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NiO is widely utilized as a hole transport layer in solar energy devices where light absorption in
a photoactive layer is followed by charge separation and hole injection into a NiO collection layer.
Due to the complex electronic structure of the hybridized valence band in NiO, the chemical nature
of the hole acceptor state has remained an open question, despite the fact that hole localization in
this material significantly influences device efficiency. To comment on this, we present results of
ultrafast charge carrier dynamics in a NiO based model heterojunction (Fe2 O3 /NiO) using extreme
ultraviolet reflection-absorption (XUV-RA) spectroscopy. Element specific XUV-RA spectroscopy
demonstrates the formation of transient Ni3+ within 10 ps following selective photoexcitation of
the underlying Fe2 O3 substrate. This indicates that hole transfer in this system occurs to NiO
valence band states composed of significant Ni 3d character. Additionally, we show that this hole
injection process proceeds via a two-step sequential mechanism where fast, field-driven exciton
dissociation occurs in Fe2 O3 in 680 ± 60 fs, followed by subsequent hole injection to NiO in 9.2
± 2.9 ps. These results reveal the chemical nature of the hole acceptor state in widely used NiO
hole transport layers and provides a direct observation of exciton dissociation and interfacial hole
transfer in this model system.

1 Introduction
The use of hole transport layers in solar materials is an essential
architectural element that enables efficient energy harvesting by
solid-state devices. 1–5 In particular, nickel oxide (NiO) has been
extensively used as a hole transport layer due to its wide band
gap, suitable valence band alignment with multiple photosensitizers, high p-type conductivity, and chemical stability. 3,6–8 The
kinetics of interfacial hole transfer from a photosensitizer to a NiO
layer and the electronic structure of the hole acceptor state in NiO
are known to strongly influence overall device efficiency. 1,9–11
However, the details of this process are not yet entirely understood due to the challenges associated with direct, real-time observation of carrier dynamics at interfaces.
The kinetics of field-driven exciton dissociation influences the
quantum efficiency of light harvesting devices where charge sep-
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aration competes with recombination dynamics. 12,13 A number
of approaches have been used to calculate or estimate the rate
of exciton dissociation and interfacial charge injection; however, the ability to independently resolve exciton dissociation and
charge transfer in real-time with chemical state resolution would
provide critical insight regarding the interfacial electronic structure that mediates charge separation and energy conversion efficiency. 13–16 Charge separation at semiconductor heterojunctions
can occur by two possible mechanisms. In a first case it is possible that the interfacial electric field in the space charge region is
sufficiently strong to drive exciton dissociation, and charge transfer occurs by subsequent drift of the minority carrier across the
interface. 17 In a second case it is possible that the exciton remains bound in the depletion region and that charge separation
only occurs upon exciton arrival at a type II interface where the
difference in electron affinities between the donor and acceptor
levels drive exciton dissociation. 18 These two cases are depicted
schematically in Figure 1 for a model heterojunction Fe2 O3 /NiO.
Energy levels in Figure 1 are drawn to scale, where the band gaps
(NiO: 3.6 eV, Fe2 O3 : 2.1 eV), Fermi levels (NiO: 5 eV, Fe2 O3 : 4.39
eV), valence band of NiO (5.5 eV) and conduction band of Fe2 O3
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(4.09 eV) are adapted from previous results. 19–22
To experimentally differentiate between case 1 and case 2 kinetics requires the ability to spectroscopically resolve exciton dissociation and interfacial charge transfer separately. Specifically,
case 1 would follow a sequential two-step kinetic rate equation
where exciton dissociation precedes interfacial charge transfer,
giving rise to three distinct states evolving sequentially in the time
domain, namely a bound exciton state, a dissociated state, and an
interfacial charge transfer state. Alternatively, case 2 would follow a single step rate equation where exciton dissociation and
interfacial charge transfer occur as a single concerted process giving rise to only a bound exciton state and an interfacial charge
transfer state.

Fig. 1 Case 1 depicts a two-step sequential mechanism of hole transfer.
The interfacial field drives the exciton dissociation in the space charge region of Fe2 O3 /NiO heterojunction. The subsequent hole transfer occurs
via the drift of the carrier across the interface. Case 2 depicts that the
exciton remains bound in the depletion region, the bound exciton dissociates at the interface upon hole transfer.

X-ray spectroscopy is element and oxidation-state specific and
accordingly offers the unique ability to track charge dynamics
on both sides of a heterojunction by measuring the time evolution of element-specific absorption features that are unique to
either side of the interface. 23,24 Unfortunately, real-time observation of interfacial charge transfer by transient x-ray absorption
spectroscopy are not readily achieved due to the relatively long
pulse durations (∼100 ps) achievable by synchrotron radiation,
which precludes ultrafast measurement of electron motion at interfaces. 25–28 A number of recent studies have demonstrated that
ultrafast, tabletop extreme ultraviolet (XUV) light sources based
on high harmonic generation can extend the benefits of x-ray absorption spectroscopy to the femtosecond (or even attosecond)
time domain for the study of real-time electron dynamics with
element-specific resolution. 29–33
In this study we employ element and oxidation state specific
XUV-RA spectroscopy to study interfacial charge transfer and exciton dissociation dynamics in model Fe2 O3 /NiO type II heterojunctions. XUV-RA was recently adapted by our group as a surface
specific analog to XUV absorption spectroscopy to probe surface
carrier dynamics with femtosecond time resolution. 34–38 XUV reflectivity has also been recently used to study carrier relaxation
dynamics in single-crystalline germanium. 39
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We have selected Fe2 O3 /NiO as a model heterojunction because NiO is a promising candidate to serve as a hole transport
layer. NiO is already extensively utilized as a hole collection layer
in dye sensitized solar cells, 40,41 organic-inorganic hybrid perovskite solar cells, 3,5 organic light-emitting diodes, 2,4 and photovoltaics. 1 Despite the widespread applications of NiO, the valence
band electronic structure as well as the mechanism of the hole
transport in this material are not completely understood. Of particular interest is the chemical nature of the hole acceptor state in
the valence band of NiO.
In many cases charge transfer to a metal containing complex
is accounted for by assuming a unit oxidation state change in
the metal center, 42,43 leaving the question of where charge actually localizes between the metal d states and a potentially noninnocent ligand ambiguous. For example, using this nomenclature it could always be concluded that hole transfer from a light
absorbing layer to NiO leads to the formation of transient Ni3+ .
However, this approach fails to specify whether hole injection actually occurs to Ni 3d or O 2p valence band states. It has recently
been noted that the chemical reactivity of nickel oxide depends
greatly on the actual site of hole localization. 44
The valence band electronic structure in NiO is a subject of
long-standing interest, and NiO has been separately described
as both a charge-transfer as well as a Mott-Hubbard semiconductor. 45,46 In a charge-transfer semiconductor the valence band
maximum is mainly composed of O 2p states, while in a MottHubbard semiconductor the valence band maximum is primarily composed of metal 3d states. The electronic structure of the
hybridized valence band in NiO is further complicated by considering the presence of surface mid-gap states that are unavoidably associated with interfacial defects in NiO-based solar materials. 47,48 Given the complex electronic structure of the valence
band, the state specific determination of the hole acceptor state
in NiO has remained an important challenge.

2 Materials and Methods
2.1 Preparation of thin films of Fe2 O3 , NiO, and Fe2 O3 /NiO
Pure Fe2 O3 and NiO samples were prepared by first sputtering
the metal precursor onto a SiO2 thermal oxide (100) wafer using
a Kurt J. Lesker Co. Lab 18 Thin Film Deposition System. The
thickness of the deposited metal film was monitored in situ using
a quartz crystal microbalance (iron: DC sputtering at 0.6 Å/sec
for 30 minutes; nickel: DC sputtering at 1.0Å/sec for 15 minutes).
Following metal deposition, the iron metal film was annealed in
air at 520◦ C for 30 minutes to produce Fe2 O3 , and nickel metal
film was annealed in air at 500◦ C for 120 minutes to produce
NiO.
To prepare Fe2 O3 /NiO heterojunction samples, an AJA Orion
DC Sputter Deposition tool was used to deposit the NiO overlayer
onto previously prepared Fe2 O3 . This was accomplished by depositing Ni metal in the presences of O2 using an Ar flow rate of
20 sccm and an O2 flow rate of 5 sccm. These deposition conditions are similar to those given in a work by Miller and Rocheleau. 49 The deposition rate of NiO was calculated by depositing
under these conditions for five minutes. The resulting step edge
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was measured to be 50 nm by AFM, yielding a deposition rate of
1.77 Å/sec for NiO. Heterojunctions of NiO on Fe2 O3 were produced with the following NiO overlayer thicknesses: 2 nm, 3 nm,
5 nm, and 10 nm. Based on the measured rate, the required deposition time for these overlayers was 12, 18, 30, and 60 seconds,
respectively. Ground state XUV-RA spectra for each of these heterojunction samples relative to pure Fe2 O3 and NiO is provided
as Figure S1 in the Supporting Information. All transient spectra reported here were collected from Fe2 O3 /NiO heterojunction
samples having an average thickness of 5 nm. This thickness represents a good experimental choice for transient measurements
because the NiO film is sufficiently thin to enable measurement of
exciton dynamics in the Fe2 O3 substrate but is sufficiently thick
to resemble nearly defect-free NiO as described in detail in the
Supporting Information. Additional characterization of the samples by SEM (Figure S3) and AFM (Figure S4) is also included in
the Supporting Information.
2.2 XUV-RA Spectroscopy
Both static and transient XUV-RA measurements were performed
under ultrahigh vacuum (∼10−9 Torr). Experimental details have
been described in our previous contributions. 34,36 To summarize
here, high harmonic XUV probe pulses are generated by focusing
2.0 mJ of 800 nm light into a semi-infinite gas cell (SIGC) filled
with neon gas. This process generates odd harmonics of 800
nm (1.55 eV). Becuase centrosymmetric environments prohibit
the generation of even order harmonics, an additional symmetry
breaking field of 40 mJ pulse at 400 nm is overlapped with the
800 nm driving field in the gas interaction region, allowing the
generation of both even and odd harmonics. An Al filter (0.6 µm,
Lebow) is used to remove residual 800 nm and 400 nm light from
the XUV beam. A toroidal mirror is used to focus the XUV beam
onto the sample at an incidence angle of 8◦ relative to the sample
surface. The XUV beam reflected from the sample is subsequently
spectrally dispersed onto a CCD detector (Andor, DO920P-BN) using an aberration corrected concave variable line spaced grating.
Fe2 O3 and Fe2 O3 /NiO heterojunction samples were excited using a pump fluence of 6.3 mJ/pulse-cm2 centered at a wavelength
of 400 nm (area= 2.34 mm2 ). The 400 nm pump beam was produced by second harmonic generation from 2.9 W, 35 fs, 800 nm
pulse. NiO was excited using a pump fluence of 5.3 mJ/pulse-cm2
centered at a wavelength of 267 nm (area = 1.23 mm2 ). This
pump beam was produced by third harmonic generation from
the 800 nm pulse. The angle of incidence was 20◦ relative to
the sample surface for both 400 nm and 267 nm pump beams.
For time-resolved measurements, the XUV flux reflected from the
sample is measured with both the optical pump beam on and off
as a function of time delay between pump and probe pulses.
The time delay between pump and probe beams is controlled using a retroreflector and a linear delay stage (Newport,
ILS150CC) with ≥ 1 µm bidirectional repeatability. An Al filter (0.2 µm, Lebow) is installed just before the detector to completely remove any pump beam scatter from the measured XUV
reflectance spectrum. To avoid beam damage, the sample is
rastered during data collection. The transient data reported in

Figure 2A–D represents the results of 9.8 hr, 7 hr, 8.7 hr, and 2.3
hr of total data integration for for Fe2 O3 pumped at 400 nm, NiO
pumped at 267 nm, Fe2 O3 /NiO heterojunction pumped at 400
nm, and NiO pumped at 400 nm, respectively. All experimental
spectra were frequency filtered using a bandstop filter between
0.5 and 0.79 eV−1 to remove periodic oscillations resulting from
spatial variation in the high harmonic probe pulse as described
previously. 37

3 Results and Discussion
Because NiO has a wide band gap of 3.6 eV compared to the relatively small band gap (2.1 eV) of Fe2 O3 , it is possible to selectively photoexcite the Fe2 O3 substrate and measure the transient
response at the Fe and Ni M2,3 -edges independently. As previously
reported, these element-specific resonances appear in the ranges
of 52-56 eV and 62-70 eV for Fe and Ni, respectively. 37 We have
also investigated the dynamics in pure Fe2 O3 and pure NiO for
comparison. Ground state XUV-RA spectra of pure Fe2 O3 , pure
NiO, and the Fe2 O3 /NiO heterojunction showing the expected element specific M2,3 -edge resonances of Fe and Ni are provided in
the Supporting Information (see Figure S1).
Figure 2 shows contour plots depicting the time evolution of
transient signal at the Fe and Ni M2,3 -edges for pure Fe2 O3 (A),
pure NiO (B), and the Fe2 O3 /NiO heterojunction (C). Because
NiO has a wide band gap of 3.6 eV, Figure 2B represents dynamics
induced by a 267 nm pump (4.7 eV) pulse, while Figure 2A and
2C represent results from a 400 nm (3.1 eV) pump pulse designed
to selectively excite Fe2 O3 . As a control, NiO transient dynamics
were also measured using a 400 nm pump, and the results are
shown in Figure 2D.
In core-hole spectroscopy an increase in the oxidation state of
a metal center induces a blue shift of the element specific absorption line while a decrease in oxidation state induces a red
shift. This provides an accurate qualitative understanding of the
transient spectra described below. For example, it has been previously shown that direct photoexcitation of Fe2 O3 at 400 nm
excites a charge transfer bandgap transition, where an electron
is promoted from the primarily O 2p valence band states to the
Fe 3d conduction band states. 34,50,51 This results in a reduction
of Fe3+ metal centers to Fe2+ , which can be observed spectrally
as a ground state bleach (GSB) of Fe3+ absorption at 55 eV and
excited state absorption (ESA) by transient Fe2+ at 52.2 eV. A
similar spectral response is observed at the Ni M2,3 -edge for NiO
photoexcited at 267 nm, where GSB at 65.2 eV and 69.2 eV represents depletion of ground state Ni2+ population and ESA at 63.2
eV represents the formation of transient Ni+ also consistent with
a charge transfer band gap excitation. These qualitative assignments have been verified previously for Fe2 O3 34,50 and NiO 37
using semi-empirical spectral simulations based on ligand field
multiplet calculations.
Comparison of Figures 2A and 2C shows two differences between the transient kinetics of Fe2 O3 (A) compared to the
Fe2 O3 /NiO heterojunction (C) following photoexcitation with
400 nm light. First, we observe that the Ni M2,3 -edge shows no
transient response as expected for pure Fe2 O3 . In contrast the
heterojunction sample shows a clear spectral signature at the Ni
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Fig. 2 (A, B) Contour plots showing the experimental transient reflection-absorption data of pure Fe2 O3 (A) and pure NiO (B) pumped at 400 nm and
267 nm, respectively. (C, D) Contour plots showing the experimental transient reflection-absorption data of Fe2 O3 /NiO heterojunction pumped at 400
nm (C) and pure NiO pumped at 400 nm (D). Associated spectra to each of these contour plot are provided in the Supporting Information.

M2,3 -edge, which is delayed in time relative to the Fe M2,3 -edge
signal. Second, we observe that the transient signal at the Fe M2,3 edge, which initially appears identical between these two samples
evolves quite differently for the case of the heterojunction sample
compared to pure Fe2 O3 . We first qualitatively assign the origin
of these two spectral differences prior to performing a rigorous
kinetic analysis of the associated data.
Signal at the Ni M2,3 -edge measured for the Fe2 O3 /NiO heterojunction sample consists of a GSB at 65.2 eV indicating a loss of
Ni2+ population as well as an ESA at 68 eV indicating the formation of transient Ni3+ . We also observe a weak bleach at 69.2 eV
consistent with the ground state doublet of Ni2+ (see Figure S1).
However, because this feature is weaker than the GSB at 65.2 eV
and slightly overlaps with ESA of the Ni3+ state, we take the 65.2
eV bleach as the primary marker for ground state depletion. The
appearance of the Ni2+ GSB and Ni3+ ESA is correlated in time
and measurably delayed relative to signal at the Fe M2,3 -edge. For
comparison, Figures 2B and 2D show the result of direct photoexcitation of pure NiO at 267 nm and 400 nm, respectively. For
4|
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267 nm excitation a clear spectral response is immediately visible
at the Ni M2,3 -edge within the 120 fs instrument response function. In contrast, no transient response is observed within noise
for photoexcition of pure NiO with 400 nm light. This is as expected because 400 nm light is below the band gap of NiO. This
comparison demonstrates that the delayed transient response observed at Ni M2,3 -edge in the hetorostructure sample is a result
of photoexcitation of the Fe2 O3 layer having a smaller band gap,
followed by charge transfer to the NiO layer.
We assign this spectral signature to hole transfer from Fe2 O3 to
NiO consistent with the expected band alignment for this type II
heterojunction. The transient signal observed at the Ni M2,3 -edge
in the heterojunction sample shows a GSB at 65.6 eV indicating
depletion of the Ni2+ ground state population. However, unlike
the pure NiO sample, we also observe an ESA feature at 68 eV
slightly higher than the Ni2+ GSB. This blue shift is consistent
with the predicted signature for Ni3+ confirming that hole transfer occurs to NiO valence band states having significant Ni 3d
character. Under this interpretation the temporal delay between
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Fig. 3 (A) Vectors from the singular-value decomposition of the transient data showing the spectral signature of the bound exciton, dissociated exciton
and the hole transfer state. (B) Kinetic traces for the Fe-edge GSB (cyan), Ni-edge ESA (red), and Ni-edge GSB (blue). The circles are experimental
data and the solid lines represent the global fit based on a three-component, sequential kinetic model. (C) Select transient XUV-RA spectra for
Fe2 O3 /NiO heterojunction after photoexcitation at 400 nm depicting the spectral evolution up to 20 ps post-excitation. The red dotted traces are the
reconstructed global fit traces assuming a three-component, sequential model.

transient signal measured at the Fe and Ni M2,3 -edges represents
a measure of the interfacial charge transfer rate as analyzed in
detail below.
Additionally, we note the presence of a weak ESA feature in
the heterojunction sample at 63.6 eV, which is also delayed in
time and appears to be associated with the hole transfer process.
The position of this feature closely matches the M2,3 -absorption
energy of Ni+ at 63.2 eV. 37 Given the band alignment in this type
II heterojunction, we were initially surprised to detect transient
Ni+ , which appears to be the result of Ni2+ reduction rather than
oxidation. To explain this feature, we note that reduced Ni metal
is often present as a defect in partially oxidized NiO. 52,53 We confirm the presence of Ni metal defects in the samples studied here
as a 1.2% contribution to the Ni 2p XPS spectrum (see Supporting
Information Figure S2). Based on this observation, we hypothesize that the weak ESA feature measured at 63.2 eV arises due
to hole trapping at Ni metal defect sites present at low concentrations in the NiO layer, which could explain the generation of
transient Ni+ following hole injection. The slight delay observed
between the rise of Ni3+ signal and Ni+ signal likely reflects the
time required for hole trapping at Ni metal defect sites following
injection into the NiO layer.
The second significant difference observed between Figures 2A
and 2C is that the transient signal at the Fe M2,3 -edge, which ini-

tially appears identical between these two samples, evolves quite
differently for the case of the heterojunction sample compared to
pure Fe2 O3 . This can be seen most clearly in the recovery of the
Fe3+ ground state bleach at 55 eV for the heterojunction sample.
In contrast, this bleach persists for >100 ps with no sign of decay
in the case of pure Fe2 O3 .
To illustrate that the spectral evolution at the Fe M2,3 -edge appears faster than at the Ni M2,3 -edge, we use a three-component,
sequential kinetic model to describe the spectral changes of the
Fe2 O3 /NiO heterojunction sample. This model assumes that an
initial excited state evolves to an intermediate state with a rate
constant given by k1 , and that this intermediate then evolves to a
final state with a rate constant given by k2 . Results of the singular
value decomposition of the transient data to a three-component
kinetic model performed using the Glotaran software package 54
are shown in Figure 3. Figure 3A shows the three associated
spectral vectors to the transient data obtained from the global fit.
From the initial state to the intermediate state, spectral features
significantly change at the Fe M2,3 -edge, while only minor features are observed at the Ni M2,3 -edge. In contrast, a significant
change in the spectral signature at the Ni M2,3 -edge and only a
minor change at the Fe M2,3 -edge are observed from the intermediate state to the final state. Given that the spectral responses at
the Ni M2,3 -edge is the result of hole transfer from Fe2 O3 to NiO,
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Fig. 4 (A) Schematic of the kinetic model showing the three-step, sequential kinetics for interfacial charge transfer. Photoexcitation at 400 nm produces
a charge transfer exciton in Fe2 O3 . This charge transfer exciton dissociates to form dissociated exciton with a rate constant of k1 (680±60 fs).The
subsequent interfacial hole transfer across the heterojunction to NiO valence band occurs with a rate constant of k2 (9.2 ±2.9 ps). (B) Population of the
bound exciton, dissociated exciton, and hole transfer states as obtained from the global fit using the model described in A.

we assign the final state as an interfacial charge transfer state,
where a hole has migrated to the NiO layer and the electron is
left in the Fe2 O3 layer.
For comparison, a similar global analysis has also been performed on the pure Fe2 O3 sample, and the results are reported in the Supporting Information. Comparing results for the
Fe2 O3 /NiO heterojunction sample and the pure Fe2 O3 sample
show that the initial excited state spectrum is nearly identical in
these two systems (see Figure S5). This state has previously been
assigned as a charge-transfer excited state in Fe2 O3 . This chargetransfer state is highly localized and forms a bound exciton. 36
Therefore, we assign the initial state as a bound exciton state in
the Fe2 O3 layer.
Measuring the spectral evolution of this state for the pure
Fe2 O3 and the heterojunction samples shows that the Fe M2,3 edge evolves quite differently in these two cases. This can be
seen in Figure S5 of the Supporting Information, which compares
the intermediate state spectra for the heterojunction sample with
that of the pure Fe2 O3 . These spectra differ primarily in the the
GSB at 55 eV, which recovers almost completely in the Fe2 O3 /NiO
heterojunction sample, while this feature is long-lived in Fe2 O3 .
As evidenced by the three-state spectral deconvolution, this difference at the Fe M2,3 -edge arises at a time scale which is faster
than hole transfer into the NiO overlayer. Because the presence of
the NiO layer influences the Fe M2,3 -edge kinetics at a time scale
which is faster than interfacial charge transfer, we consider that
this may be a result of the interfacial electric field induced in the
Fe2 O3 layer by the type II heterojunction with NiO. An estimation of the field strength at a Fe2 O3 /NiO interface based on the
known band alignment and estimated carrier densities is 6×106
V/m (see Supporting Information), and this field strength would
be expected to facilitate fast exciton dissociation as described below.
Field-induced exciton dissociation has been described as a tunneling process with a rate that is proportional to the dissociation probability as given by exp(−Eb /edFm ), where Eb is exciton
binding energy, e is elementary charge, d is exciton diameter, and
Fm is electric field at the interface. 55 A theoretical study recently
6|
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predicted an exciton dissociation lifetime of less than 1 ps for
strongly bound excitons in MoS2 . 56 Scaling the dissociation probability by comparing Eb , Fm and d in MoS2 and Fe2 O3 as given in
Table S2 in the Supporting information predicts a similar rate for
exciton dissociation in these two systems, where a greater electric
field in the monolayer MoS2 is offset by a weaker exciton binding
energy in Fe2 O3 .
This suggests that hole transfer occurs via a case 1 mechanism,
where the interfacial electric field in the space charge region leads
to exciton dissociation, and charge transfer occurs by subsequent
drift of the hole across the Fe2 O3 /NiO interface. Consequently,
we utilize the sequential, two-step kinetic model to describe this
interfacial hole transfer process, where three distinct states evolve
sequentially in the time domain, namely a bound exciton state
(BE), a dissociated exciton state (DE), and an interfacial charge
transfer state (ICT). The field driven dissociation of the BE state
to the DE state occurs with a rate constant of k1 , while the subsequent formation rate of ICT state is given by k2 . Here k1 and k2
represent the rate constants for exciton dissociation and interfacial hole transfer, respectively as shown in Figure 4A. The detailed
derivation of the kinetic model including convolution with the
measured instrument response function is given in the Supporting Information. The fitted populations of the BE, DE, and ICT
state based on the described two-step kinetic model are shown in
Figure 4B. The global fit to this kinetic model shows good agreement with the experimental data as shown in Figure 3B and 3C.
We find that the field driven dissociation of the BE state to DE
state occurs with a time constant (1/k1 ) of 680 ± 60 fs, while the
time constant (1/k2 ) for the formation of ICT state is 9.2 ± 2.9
ps.
This k2 value is consistent with previous measurements of interfacial hole injection rates in other transition metal oxide and
dichalcogenide systems. 57,58 However, few experimental measurements of field-driven exciton dissociation at a semiconductor
interface exist for comparison with k1 . Attempts to estimate the
exciton dissociation rate in carbon nanotubes have been made
based on changes in the absorption linewidth as a function of applied electric field. 14 The electric field present at the Fe2 O3 /NiO
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interface studied here is estimated to be on the order of 6×106
V/m (see Supporting Information). Absorption linewidths measured at similar field strength predicts the exciton dissociation
rate in carbon nanotubes to be on the order of tens to hundreds
of fs. Further, the time constant of 680 ± 60 fs agrees well with
predictions for sub-picosecond dissociation of strongly bound exciton in MoS2 , having a similar dissociation probability as the
present system. This comparison indicates that the measured time
constant for exciton dissociation in Fe2 O3 /NiO heterojunction is
generally consistent with both theoretical and experimental expectations.
It is important to note that the measured k1 time constant in
this analysis represents an effective rate constant and is convoluted with all other elementary processes, which give rise to
spectral evolution at the Fe M2,3 -edge during this same time period. Comparison with pure Fe2 O3 shows that spectral evolution also occurs at the Fe M2,3 -edge during the first picosecond
following photoexcitation even in the absence of a NiO heterojunction. These dynamics in the case of pure Fe2 O3 have been
studied in detail previously and are assigned as the spectral signature of small polaron formation and surface electron trapping
in this material. 34,51 Small polaron formation represents the coupling between an electronic excited state and the phonon modes
of a material resulting in a lattice distortion, which stabilizes the
charge transfer excited state. In the case of Fe2 O3 , this lattice
distortion can be described as the expansion of the oxide lattice
around the Fe2+ photoexcited metal center. Assuming electron
density localizes on the Fe center and hole density localizes on
the O ligands, this lattice expansion serves to increase the exciton
bond length and facilitate fast exciton dissociation. Consequently,
it is expected that electron-phonon scattering and exciton dissociation would be strongly coupled in this system.
This can be further illustrated by the following analysis. Taking the intermediate vector for pure Fe2 O3 (see Figures S5) as
the spectral signature of a small polaron state (SP), it is possible to deconvolute the Fe M2,3 -edge spectra of the heterojunction
sample as time-evolving transient population of the BE, SP, and
DE states. The amplitude coefficients associated with these states
as a function of time are given in Figure S6 of the Supporting
Information. From this it is possible to extract elementary rate
constants for small polaron formation and exciton dissociation
separately, assuming that these processes occur sequentially (i.e.
small polaron formation first results in a lengthening of the exciton bond followed by dissociation). The results of fitting the BE,
SP, and DE amplitude coefficients to this model, including convolution with the known instrument response, are shown as solid
lines in Figure S6. These results suggest that small polaron formation occurs with a time constant of 520 ± 190 fs and that exciton
dissociation occurs with a time constant of 280 ± 240 fs. This
time constant for polaron formation matches within error what
has been previously reported for a Fe2 O3 surface. 34 The fast time
constant associated with exciton dissociation indicates that given
the time resolution of the present experiment, dissociation occurs almost instantly following lattice distortion, confirming that
dissociation is strongly coupled to the lattice motion involved in
bond elongation during the small polaron formation process.

4 Conclusion
These measurements show the ability of element specific, XUV
spectroscopy to follow interfacial charge transfer in real-time and
to directly probe the chemical nature of charge donor and acceptor states at semiconductor interfaces. Specifically, we identify
the formation of transient Ni3+ within 10 ps following photoexcition of an underlying Fe2 O3 substrate, indicating that hole transfer occurs in this system to NiO valence band states having significant Ni 3d character. This hole injection process appears to
proceed by a two-step mechanism where fast exciton dissociation
occurs with an effective time constant of 680 ± 60 fs in a process
which is strongly correlated with electron-phonon coupling. Exciton dissociation is followed by subsequent hole injection with a
time constant of approximately 9.2 ± 2.9 ps. These results provide important insights into the chemical nature of hole acceptor
states in widely used NiO charge transport layers and represent a
first direct observation of exciton dynamics and charge injection
at a model heterojunction interface with element-specific resolution.
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