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Hot-carrier and optical-phonon ultrafast dynamics in the topological insulator
Bi2Te3 upon iron deposition on its surface
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Topological insulators (TIs) are promising materials for future spintronic applications such as emerging
spin-to-charge conversion (SCC) devices, possibly working at GHz-THz frequency for ultrafast data processing.
These devices will rely on hybrid nanostructures composed, for example, of a ferromagnetic layer deposited on
the topological insulator. The efficiency of spin-to-charge conversion will depend on the quality of the interface,
including chemical (interfacial chemical reactions) and physical (band bending effect, Fermi pinning) aspects.
This paper presents a complete study of electronic structures and photoexcited carrier dynamics in topological
insulators capped with iron and iron oxide. We combine static and time-resolved angle-resolved photoemission
spectroscopies (ARPES, TR-ARPES) with time-resolved optical methods (transient optical reflectivity and
transmission). Both single crystal and thin films of Bi2Te3 are studied. We show that monolayers of iron and
iron oxide significantly affect the electronic band structure at the interface by shifting the Fermi level into the
conduction band, which we explain by a band bending effect, and is confirmed by in situ XPS measurements.
This modified interfacial electronic structure offers a new channel for relaxation of hot carriers, illustrated by a
drastic decrease of their characteristic decay time after optical excitation. These results might have a potential
impact in the future development of TI-based SCC devices.

DOI: 10.1103/PhysRevB.104.245110

I. INTRODUCTION

Topological matter has taken a central position in solid
state physics during the last decade. Various topological
phases such as three-dimensional (3D) topological insula-
tors (TIs), Weyl semimetals, quantum spin Hall insulators,
and quantum anomalous Hall insulators have been studied
[1–3]. Surface states and their spin-momentum locking give
rise to many different interesting spin-related physical phe-
nomena. The study of topological insulators has entered the
stage of finding the best possible systems to harness their
unique properties. Among very promising applications for
spintronic devices, the spin-charge-conversion (SCC) process
has attracted particular attention [4–7]. In the case of TI-based
systems, this conversion process is based on the inverse-
Edelstein effect (IEE) [4,5] which corresponds to conversion
of a spin current, usually generated in a ferromagnetic (FM)
layer and impinging with a normal incidence on a FM-TI
interface (injection of spin current in the surface Dirac states),
into a transversal charge current in the TI layer or at the
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interface of the FM-TI layers. The figure of merit of the IEE is
given by a characteristic distance (λIEE) which depends, using
a phenomenological approach [6], on the product of the Fermi
velocity on the Dirac cone with a characteristic time [4–6].
That characteristic time involves the spin tunneling time at
the interface and the spin relaxation time (including the effect
of defects and roughness) [4,5]. Longer time corresponds to
a better figure of merit. That time depends on the electronic
band structure formed at the junction between a FM material
and the TI. Consequently, it becomes essential to characterize
the interfacial electronic structure and to know the relaxation
channels of out-of-equilibrium carriers and spin in such hy-
brid nanostructures.

Surface and bulk carriers dynamics in bulk [7–16] or thin
films [17–20] have been investigated in detail during the
last ten years, either with photoemission [9–16] or with op-
tical techniques [7,8,17–20]. Channels of carrier relaxation
between surface and bulk states have been discussed, and
Dirac electron relaxation times ranging from picoseconds to
hundreds of picoseconds [12,14,15] and even up to microsec-
onds [13] were reported, illustrating the complexity and the
richness of the dynamics. The carrier dynamics, sometimes
probed by time-domain THz spectroscopy [21], can also be
influenced by the surface band bending and associated Schot-
tky effect as evidenced recently [7]. In the case of ultrathin
films of TIs consisting of a couple of quintuple layers, drastic
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confinement effects, where surface state hybridization occurs,
lead to an opening of a gap at the Dirac cone as well as a
modification of the bulk gap [22–24]. Subsequent significant
evolution of the lifetime of above band-gap photoexcited car-
riers has been reported in several works [18–20]. Beside these
studies of pure TIs, the experimental description of the carrier
dynamics at short time scales in hybrid FM-TIs has been in-
vestigated experimentally only recently in hybrid Co/Bi2Se3

nanostructures [7], while several theoretical works have been
carried out to describe the electronic properties [25] and the
SCC [5,6] in hybrid nanostructures. Although promising for
future spintronic devices, realization of such hybrid nanos-
tructures requires an understanding of the interaction between
the deposited layer and the topological insulators including
both physical and chemical aspects at the interface. The depo-
sition of a FM layer can indeed lead to several effects such
as breaking the Dirac cone through a magnetic interaction
[25], surface state creation due to atomic diffusion [26], Fermi
level shift by surface doping [27,28] in relation to junction
effects [25,27]. It has been theoretically predicted that the
proximity effect of FM layers is more complex than the effect
of a pure magnetic exchange breaking of the time-reversal and
electronic hybridization in doped bulk TIs. Furthermore, some
smearing out of TI states at interfaces has been predicted [25]
which might drastically affect many physical properties.

In this paper, we evaluate how the photoexcited carrier and
phonon dynamics in Bi2Te3 (bulk and thin films) materials are
influenced by the proximity of an ultrathin layer of a magnetic
metal, Fe, or a magnetic insulator, Fe2O3. We combine both
static and time-resolved angle-resolved photoemission spec-
troscopy (i.e., ARPES and TR-ARPES), sensitive to surface
states, with time-resolved optical pump-probe spectroscopy
(transient reflectivity, TR, and transient transmission, TT) in-
tegrating the surface and bulk responses. We show that the
proximity of iron and iron oxides shifts the Fermi level into
the conduction band (CB) via a band bending effect, revealed
by both ARPES and by a detailed analysis of XPS spectra.
This leads to a drastic decrease of photoexcited carrier relax-
ation time by a factor close to 2 for 0.4 monolayer of iron
(ML) on bulk Bi2Te3 and up to a factor of 5 for thin films
covered by 1 nm of iron oxide. These observations strongly
support the existence of new channels of relaxation for pho-
toexcited carriers that resemble a fast intraband relaxation pro-
cess similarly to metallic systems. Such drastic behavior of the
transient dynamics is observed for carriers in the bulk bands,
but we cannot confirm directly the same behavior for the Dirac
states at this stage due to limited resolution of the TR-ARPES.

Finally, although we do not probe directly the spin trans-
mission at the interface and the SCC efficiency, these results
provide some relevant information about electron and phonon
dynamics at the interface to guide the realization of hybrid
nanostructures for SCC devices based on TIs since they ad-
dress specifically the carrier dynamics at interfaces between
the FM material and the TI.

II. EXPERIMENTAL METHODS

A. Samples and characterization

In this work we studied, in vacuum, a single crystal of
Bi2Te3, with and without a capping layer of iron (Fe) or iron

FIG. 1. (a) Set of XPS Te 3d5/2 spectra from a clean Bi2Te3

crystal and for the crystal capped with Fe and oxidized in situ.
(b) XPS Te 3d5/2 core level line measurements for as deposited BT
film and BT film capped with 0.5 nm of Fe. In red, measurements of
the Te core level for the same film after oxidation (passivated) in air.
Despite the oxidation, we note that the band bending, although a little
reduced, persists for both the single crystal and thin film surfaces.

oxide (Fe+3). We also studied, in air, thin films of Bi2Te3

grown on mica, either naturally passivated or with a capping
layer of iron oxide (Fe+3). An artistic view of all samples
under investigation is shown in Fig. 1 within the Supplemental
Material [29]).

The single crystal of BT was supplied by MaTeck and
had a size of 10×10×1 mm3. The crystal was divided into
two parts. One was used for the measurements of the clean
and Fe-capped Bi2Te3(001) crystal performed at the UARPES
beamline at the synchrotron SOLARIS. The other part was
used for TR-ARPES measurements performed at the Labora-
tory of Quantum Optics of the University of Nova Gorica. In
both cases, the crystal was exfoliated in UHV just before the
measurements. The Fe film was deposited from an electron
beam evaporator. The thickness was controlled by the depo-
sition time and it was measured by using a quartz balance
for UARPES measurements and by XPS measurements for
TR-ARPES. A thickness less than 1 monolayer means that
there is most likely a statistical distribution of adatoms on the
surface. For the TR-ARPES, a study of a controlled oxidized
surface was performed by dosing O2.

The photoelectron spectrometer used for TR-ARPES was
also used for XPS analysis using monochromatic Al Kα ra-
diation. The spectra of the BT crystal, exfoliated and after Fe
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evaporation on the exfoliated surface, was measured in the re-
gions of the C 1s and O 1s core levels. No contamination with
carbon or oxygen was found before or after Fe deposition. The
variation of intensity of photoemission lines before and after
Fe deposition was used to estimate the thickness of the Fe
layer. Exponential damping of the photoelectron intensity was
assumed and the inelastic mean free path of photoelectrons
was calculated with the use of the QUASES software [30].

The thin films of Bi2Te3 were deposited on muscovite
mica substrates in a molecular beam epitaxy chamber
(Surface Physics Laboratory of the University of Silesia,
Chorzów). Details of the topological insulator thin film
growth and characterization (reflection high-energy electron
diffraction, RHEED, low-energy electron diffraction, LEED,
and x-ray photoelectron spectroscopy, XPS) were described
in our previous papers [17,19,26,31]. After depositing the
monocrystalline layer of Bi2Te3, we deposited on half of the
sample an ultrathin layer of iron. We also studied a wedgelike
structure whose iron layer thickness, deposited onto the BT
film, gradually changes from 0 to 1 nm (see Supplemental
Fig. 1 [29]). The BT films under investigation are rather thick
(15 nm) and, without iron on the top surface, behave as bulk
materials and do not exhibit a confinement effect as discussed
recently [19]. In situ XPS measurements were conducted to
analyze the core levels of the BT films with and without the
iron capping layer and details of the electronic structure are
discussed below.

B. Continuous and time-resolved spectroscopic methods

Angle-resolved photoemission spectroscopy measure-
ments were performed at the UARPES beamline at the
synchrotron SOLARIS. The photon source was the EPU
quasiperiodic undulator. Measurements were carried out in
ultrahigh vacuum of about 1×10−10 mbar with the Scienta
DA30L analyzer of the beamline and with horizontal s light
polarization. All ARPES measurements were performed at
80 K. Fe was deposited from an electron beam evaporator at
room temperature at the rate of 0.1 Å/min.

Time and angle resolved photoelectron spectroscopy mea-
surements were performed at the Laboratory of Quantum
Optics of the University of Nova Gorica. The setup consists
of a HHG source (high harmonic generation), powered by an
intense 800 nm Ti:sapphire laser producing 40 fs pulses with
a 5 kHz repetition rate, 3 mJ per pulse [32]. Two thirds of
this energy is used for generating the VUV probe pulse and
one third is used as the IR pump pulse. For the TR-ARPES
studies presented here, we used HHG radiation produced in
argon with photon probe energy of 17.07 eV (72.6 nm, 3.107

photons/pulse). We used the 11th harmonic as it exhibited the
highest flux. Either a p or s polarization was employed for
the photon energy. The VUV radiation was monochromatized
by a grating stage in the off-plane geometry for ultrafast time
resolution, described in detail previously [33]. The monochro-
mator transmitted 17.0 eV photons with 100 meV bandwidth.
The pump wavelength we used was 800 nm with energies
ranging from 1.5 to 2.2 μJ/pulse corresponding to a fluence
of 0.9 to 1.3 mJ cm−2. The pump and the probe beams
impinged on the sample in an almost collinear geometry in
order to minimize the temporal spread due to the lateral spot

dimensions. The experimental chamber includes a com-
mercial hemispherical Scienta R-3000 electron spectrometer
coupled to the laser system. The time-resolved optical mea-
surements were conducted at the Institut des Molécules
et Matériaux du Mans (IMMM). A two-color pump-probe
scheme was used with a 80 MHz repetition rate Ti:Sapphire
laser and a synchronously pumped optical parametric oscilla-
tor (OPO); details of experimental parameters can be found in
previous papers [17,19,31]. In our experiments we used a laser
pump with wavelength 830 nm (1.49 eV) and a probe beam
with a wavelength of 580 nm (2.14 eV) obtained with the
synchronously pumped optical parametric oscillator. The typ-
ical fluences were between 30 and 100 μJ cm−2; for Bi2Te3

we previously observed linear optical response for this typi-
cal fluence range [19]. Both transient optical reflectivity and
transmission were performed with different configurations
where the pump light impinges either on the iron oxide/BT
side (front configuration) or on the transparent mica substrate
first before interacting with the BT layer side (back configu-
ration).

Even though the probe energy is close to the optical absorp-
tion threshold of α-Fe2O3 [34] or of γ -Fe2O3 [35], the light
absorption remains negligible considering that the oxide lay-
ers are ultrathin (<1 nm) compared to the optical skin depth,
which we estimate to be around 40–50 nm for a wavelength
of 550 nm for α-Fe2O3 [34]. Thus our pump and probe beams
were highly transmitted through the iron oxide layer, and
the excitation and detection processes were generated mainly
within the layer of Bi2Te3. We also performed experiments
with a pump excitation at 2.98 eV, i.e., well above the band
gap of iron oxides and we drew similar conclusions, con-
firming the negligible contribution of the iron oxide in the
measurement.

III. RESULTS AND DISCUSSION

A. XPS at thermodynamic equilibrium

XPS spectra of the specimens were measured and enabled
us to understand the electronic structure of uncapped and
capped materials (single crystal and thin films). For the sin-
gle crystal, we found a shift of the Te and Bi core levels
towards higher binding energy of 0.1–0.3 eV as a result of
Fe deposition. The Te 3d5/2 line is shown in Fig. 1(a) (see
Supplemental Fig. 2 in the Supplemental Material [29] for the
Bi 4f7/2 line). The effect can be attributed to band bending
[36] and will be further discussed together with the electronic
structure resolved with ARPES. Note that the XPS spectra
show the existence of a slight chemical reaction of Fe with
the BT crystal at room temperature, which we attribute to the
reaction of Fe with Te [26] probably leading to the formation
of FeTe and the appearance of metallic Bi (see Supplemental
Figs. 2 and 3 [29]). No specific signature was found for the
Te 3d XPS doublet since the binding energy of the Te 3d
line is equal for FeTe and for Bi2Te3. The analysis of the Fe
2p doublet was difficult due to the low intensity but we can
confirm the Fe is metallic (see Supplemental Fig. 4 [29]). No
evidence of Te or Bi oxides was found after in situ oxidation.
Finally, the core level shift after this oxidation is similar to
that observed with pure iron as shown in Fig. 1(b).
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FIG. 2. ARPES band structure for a single crystal and a thin film measured at the UARPES beamline with a photon energy of 50 eV and an
s polarization. (a) Signal at 80 K for a crystal with a clean surface, and (b) covered by a 0.2 ML of Fe. (c) ARPES signal of a BT film (15 nm)
measured at 85 K. The horizontal axis is the momentum along the �K direction of the Brillouin zone.

For the thin films, for an iron capping layer of 0.5 nm,
we observe the same shift of the Te 3d [Fig. 1(b)] and Bi
4 f (Supplemental Fig. 5 [29]) lines towards higher binding
energy that we also ascribe to a surface band bending. Once
oxidized in air, some oxides are formed such as TeO2 as
shown in Fig. 1(b), and also Fe2O3 and Te and Bi oxides, as
clearly revealed in Supplemental Figs. 6 and 7 [29]. Note that
these oxides were not detected for the BT crystal covered by
oxidized iron [see Fig. 1(a)] because the amount of iron was
smaller than the one covering the film. Under such oxidation,
the Bi 4 f and Te 3d levels of the thin film still exhibit an
energy shift indicating that the electronic structure of BT at
the interface preserves a band bending: ∼0.2 eV for the Bi
4 f7/2 level (Supplemental Fig. 5 [29]) and ∼0.3 eV for the
Te 3d5/2 levels [Fig. 1(b)]. Depth profiling of the core level
lines was performed for the films capped with a 2 nm thick
iron layer. That sample was naturally oxidized in air (Supple-

mental Fig. 8 [29]). The spectra show the presence of iron
oxide (Fe3+) and some pure iron at the interface with BT and
possibly some slight diffusion of iron into capped BT films.

B. ARPES at thermodynamic equilibrium

The band structure of the UHV exfoliated BT crystal mea-
sured at 80 K is shown in Figs. 2(a) and 2(b). The energy
dispersion curves for the clean BT and the BT capped with
0.2 ML Fe for the energy region close to the Fermi level are
compared. The clean single crystal of BT is of n type with
the Fermi level below the bottom of the conduction band,
crossing the Dirac cone. After deposition of about 0.2 ML
Fe, the Fermi level is shifted by about 100 meV and enters
into the conduction band which begins to be occupied by
carriers. A similar effect was recently shown by Scholz [28]
confirming the donor effect when an iron ML are deposited.

FIG. 3. The valence band structure of a Bi2Te3 single crystal as visible in TR-ARPES before the 800 nm optical excitation −0.3 ps (a) and
after 2.5 ps (b) and 5 ps (c).
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FIG. 4. Photoemission intensity map as a function of energy and delay time for Bi2Te3 crystal. The maps show the difference of
photoelectron intensity before and after the optical excitation, for clean Bi2Te3 (a), capped with 0.4 ML Fe (b), capped with 1.5 ML Fe
(c), and capped with 0.8 ML Fe oxidized in situ (d). (e)–(h) are the corresponding photoelectron energy distribution curves at 3 ps before the
optical excitation (black line) and at 1 ps after the optical excitation (red line).

This small amount of iron on top of the surface does not
destroy the Dirac cone, consistently with previous work [28].
The Dirac point is shifted to higher binding energy by about
200 meV and the shape of the top of the valence band (VB) is
modified. We do not observe the Rashba splitting reported for
Fe-capped Bi2Te3 [37] or Ca-capped Bi2Se3 compounds [38].
However, we also note that in the work of Scholz et al. [28]
such Rashba splitting was also not observed with a similar
amount of iron evaporated onto the surface of the TI. We
surmise that the lack of the Rashba splitting for the exfoliated
crystal could come from the cleanliness of the surface which
may prevent the formation of a large enough surface built-in
electric field (even if we have evidenced a band bending as
discussed previously) and then limit the Rashba interaction. A
low carrier concentration in the conduction band might also
play a determinant role. Finally, we would like to note that
the enhancement of the Rashba splitting appears to depend
quite a lot on the surface dopants, their organization, and the
magnetic coupling between adatoms as discussed previously
in Ref. [37].

Note that we observe a drastic dependence of the photoe-
mission cross section of Dirac states on the ARPES signal.
In particular, the Dirac states which were clearly visible with
a photon energy of 50 eV (UARPES) become undetectable
with a photon energy of 17 eV. This has been checked both
with the UARPES and HHG beamlines as shown in Supple-
mental Fig. 9 [29]. Consequently, the following discussion of
TR-ARPES, performed with a photon energy of 17 eV, will
mainly concern the bulk electronic states dynamics.

A thin BT film (15 nm) was also measured at the UARPES
beamline (SOLARIS) after transfer from the MBE chamber
(Chorzow) with a special cell (10−7 mbar) to the UARPES
beamline. The band structure is shown in Fig. 2(c) and reveals
the existence of Dirac states. Due to possible contamination
during the transportation or due to the possible stoichiometry
variation (Bi rich specimen), we observe that the thin film is
naturally n type. Since the contrast is rather low for the static
ARPES measurement obtained for the thin film (uncovered or
covered), no TR-ARPES was performed for the thin film. As
an alternative and complementary approach we then focused
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FIG. 5. Time evolution of angle and energy integrated photoe-
mission intensity of excited states for clean Bi2Te3 (black line),
capped with 0.4 ML Fe (red line), capped with 1.5 ML Fe (blue line),
and capped with 0.8 ML Fe oxidized in situ (green line).

FIG. 6. (a) Configurations of the reflectivity and transmission
measurements made with the sample covered partly by an iron layer.
(b) Data for the two different energies of the laser beam. Time-
resolved optical transmission and reflectivity obtained for the sample
partly covered with Fe with a pump wavelength of 830 nm (1.49 eV)
or 415 nm (2.98 eV). Signals, marked with Fe, were obtained from
the part of the sample capped with iron oxide.

FIG. 7. (a) Phonon signal extracted from fitting of the rise and
decay transient reflectivity shown in Fig. 6(b). (b) Time derivative of
the transient phonon signal revealing different oscillation periods for
sample with and without iron capping layer. (c) Corresponding fast
Fourier transforms (FFT) of phonon signals.

our attention on the optical time-resolved ultrafast dynamics
in the thin films as discussed in Sec. III D.

C. Time-resolved ARPES

The TR-ARPES measurements were performed on a single
crystal at room temperature with an energy resolution of about
100 meV. The experimental conditions of our time-resolved
photoemission studies do not enable us to obtain energy and
angle resolution similar to the static measurement as shown
in Fig. 2. As discussed previously, and whatever the sample,
it appears that there is no clear Dirac cone visible both in the
pre-excitation angle-resolved photoemission map (time delay
−0.3 ps) and in the post-excitation Figs. 3(a)–3(c). Rather,
the structure visible after excitation (time delay 2.5 ps) above
the Fermi level should be mainly related to the transiently
occupied conduction band. In Figs. 3(b) and 3(c), one can see
a long lasting occupancy of the conduction band just above
the Fermi level even for 5 ps after the pulse. This finding is in
agreement with previous studies [10] where a long lifetime of
excited electronic states was found.

After Fe deposition and its oxidation (see Supplemental
Fig. 10 within the Supplemental Material [29]), the Dirac
states were not visible. We also note that the angular distri-
bution of the electronic states is significantly smeared out (see
Supplemental Fig. 10 [29]). This is probably related to the
distribution of adatoms within the spot size.

245110-6



HOT-CARRIER AND OPTICAL-PHONON ULTRAFAST … PHYSICAL REVIEW B 104, 245110 (2021)

FIG. 8. (a) Phonon signal, in sample capped with a wedge of
iron thin film of Bi2Te3, extracted after removing the electronic
contribution. The corresponding FFT frequency and amplitude is
given either as a map [in the right panel of (a)] or as a graphic
in (b).

In order to capture the dynamics in an energy range scaling
with the pump photon energy of 1.5 eV (see the definition
of the region of interest (ROI), shown in Fig. 11 within the
Supplemental Material [29]), angle-integrated photoemission
maps were realized from Supplemental Fig. 10 given in Sup-
plemental Material [29]. The integrated signals are shown in
Figs. 4(a)–4(d). The left column, i.e., Figs. 4(a)–4(d), shows
the variation of the photoemission intensity map as a function
of energy and time delay for clean Bi2Te3, capped with 0.4
ML Fe, 1.5 ML Fe, and capped with 0.8 ML Fe and then
oxidized in situ, respectively. The maps show the difference
of photoelectron intensity before and after the excitation. Red
and blue colors indicate an excess or a deficit of carriers
compared to the stationary condition (thermodynamic equilib-
rium). The right column of Figs. 4(e)–4(h) presents the energy
distribution curves (EDC) where the EDCs of the ground state
and after a delay of 1 ps from the pulse are compared.

Several interesting features of the relaxation process can
be found in the data collected in Fig. 4. The region of the
bulk energy gap is visible only for a clean crystal for binding
energies up to 200 meV [see vertical dashed blue lines in
Fig. 4(a)]. The excited states are concentrated just above the
Fermi level as also well illustrated by Fig. 4(e). The intensity
concentrated in the region of about 100 meV above the Fermi
level can be attributed to the population of the bulk conduction
band. For capped specimens, we do not observe a gap but
rather a clear signal revealing the existence of occupied states
at the Fermi level as seen in Figs. 4(f)–4(h).

FIG. 9. Electron band structure of (a) clean Bi2Te3 crystal.
(b) clean Bi2Te3 thin film. (c) 15 nm thin film of Bi2Te3 in air, with
developed stable passivation layer of Te and Bi oxide. (d) Bi2Te3

crystal with a deposited capping layer of pure and (e) oxidized iron
in vacuum; (f) 15 nm thin film of Bi2Te3 with deposited capping layer
of Fe in vacuum followed by an oxidation in air. Larger band bend-
ing is observed for samples on which evaporated iron compounds
was performed. The existence of Dirac states has been confirmed
by ARPES only for systems shown in (a), (b), and (d) at the mo-
ment. Dashed gray curves on each figure represent the vanishing
surface states with a typical extension of 2 nm as reported in the
literature [48].

Another interesting feature which appears after excitation
is the excess emission from the electronic states in the binding
energy region of 400–600 meV, at the top of the valence band.
That excess population of electronic states has a relatively
short lifetime and it is considerably reduced after about 4 ps.
Such an effect was not described earlier [9,11]. Note however
that this behavior was reported for high resistance Bi2Te2Se
(BTS) samples by Papalazarou et al. [14] and for Sb-doped
Bi2Te3 (BST) samples by Sanchez-Barriga et al. [15] where
the shift reaches typically 74 meV and 70 meV, respectively,
at low temperature. This effect was attributed to a surface pho-
tovoltage (SPV). By comparing EDCs with and without pump,
and within our energy resolution of 100 meV, we were not able
to evidence a shift of the electronic levels as shown in Supple-
mental Fig. 12 [29]. This indicates a negligible SPV effect in
our case. Note that the effect of excess population within the
VB is still visible for a surface capped with 0.4 ML Fe and
disappears for a thicker Fe layer and the oxidized surface. The
last cases are consistent with the common understanding that
one can expect full occupation of valence electronic states in
the ground state, and an increase of the hole state population
after excitation in that energy region would be expected. As
the scale of the valence band energy shift remains important
and larger than the SPV reported for the BST samples for
instance [14], an alternative or additional possible explanation
that could be taken into account is related to a transient change
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TABLE I. Carrier relaxation time measured with TR-ARPES and
time-resolved optical methods (reflectivity R, transmission T).

Sample/experiment Time constant (ps)

Bi2Te3 single crystal TR-ARPES
τ1

Bi2Te3 clean surface 1.2 ± 0.5
Bi2Te3 + Fe 0.4ML 0.49 ± 0.03
Bi2Te3 + Fe 1.5 ML 1.0 ± 0.02
Bi2Te3 + Fe 0.8 ML oxidated 0.90 ± 0.02
Bi2Te3 thin films 15 nm �R/R(t ) �T/T (t )

τ1 τ1

Bi2Te3 Front (F) 2.09 ± 0.1 2.26 ± 0.1
Bi2Te3 Back (B) 1.99 ± 0.1 2.09 ± 0.1
Bi2Te3+Fe(1 nm) (F) 0.56 ± 0.03 0.35 ± 0.03
Bi2Te3+Fe(1 nm) (B) 1.05 ± 0.1 0.40 ± 0.03
Bi2Te3+Fe(0.8 nm) wedge (F) 0.77 ± 0.03
Bi2Te3+Fe(0.5 nm) wedge (F) 1.20 ± 0.1

of the bulk and surface electronic structure due to the exci-
tation with the relatively high intensity 1.5 eV photon beam
(1 mJ cm−2). The effect of band gap modification in BT via
strong photoexcitation was described by Hada et al. [39,40].
The transient modification of the electronic structures in TIs
via photoinduced atomic motions was proposed. It is worth
mentioning that the band structure of BT with antisite defects
shows a strong modification of the band structure in the energy
region 300–500 meV below the Fermi level [16] and there are
calculations of BT electronic structure indicating the presence
of the surface non-Dirac states in the binding energy range of
about 400–600 meV [39,41].

Deposition of Fe (0.4 to 1.5 ML) leads to a significant
increase of the density of states in the vicinity of the Fermi
level [Figs. 4(f) and 4(g)]. Consistently with ARPES results
shown in Fig. 2(b), we ascribe this effect to a shift of the
Fermi level into the conduction band. Even if the shift of
the Dirac point is toward higher binding energy, that effect
is not visible in the EDCs shown in Fig. 4 as reported in
previous work [28]. The reason is related to the lower energy
resolution than in the spectra shown in Fig. 2(b) and to the
increasing energy of the valence band offset. Oxidation of
the iron layer does not change much the situation and there
are still occupied levels at the Fermi level. For all hybrid
nanostructures [Figs. 4(f)–4(h)], we observe a similar time
evolution for holes and excited electronic states. Such so-
called symmetry was shown in the paper of Sobota et al.
[10] for n-type BT where the bulk electrons and holes ex-
hibit a characteristic relaxation time of 1.67 ps and 1.85 ps,
respectively. Figure 5 shows the time evolution of angle and
energy integrated photoemission intensity of excited states for
selected samples. The integration region is 1 eV wide, starting
from the Fermi level. The curves were fitted with a multiple
exponential decay function (see Supplemental Fig. 13 in the
Supplemental Material [29]). The best fit was obtained for
a double exponential decay model, and the results gave two
time constants, indicating a faster (τ1) and a slower process
(τ2). Values are given in Table I. While for the clean crystal
the relaxation time for the faster process is about 1.2 ps, it
decreases with characteristic time ranging from τ1 ∼ 0.4 ps

to 1 ps for the capped BT layers. This significant change of
photoexcited carrier relaxation dynamics is well confirmed in
capped thin film and is probed with transient optical methods
described below.

D. Time-resolved optical measurements

Figure 6 shows the transient reflectivity and transmission
for different configurations. The letter F (B) indicates front
(back) and corresponds to an experiment where the pump
beam impinges on the front of Bi2Te3 surface or on the back
of the sample, at the interface Bi2Te3-mica. The probe and
pump beams always impinge on the same side but the probe
beam is either detected in transmission (T) or in reflection (R).
Thus FT means pump excitation at the front of the sample
and detection of the transient transmission and BR means
pump excitation at the back of the sample and detection of the
transient reflectivity [see sketch in Fig. 6(a)]. Typical signals
are shown in Fig. 6(b) obtained with Fe capping (1 nm of
iron oxide) (Fe-FR, Fe-BR, Fe-FT, Fe-BT) or without capping
(FR, FT, BR, BT). The curves are composed of a fast de-
caying signal with superimposed oscillations. The oscillations
(Fig. 7) are related to generated/detected Raman active optical
phonons A1g(I) in BT [17,19,31] that we will discuss later
on. Signals in Fig. 6(b) are shown for pump photon energies
of 1.49 eV and 2.98 eV. The main and clear effect is the
reduction of the relaxation time for the film covered with iron
oxide whatever the geometrical configuration or pump energy.
As we mentioned in the Experimental Methods section, the
fact that the phenomena do not depend on the pump photon
energy support the view that there is a negligible effect of the
contribution of optical absorption by the capping layer. For
all configurations the relaxation of hot carriers, related to the
electronic band structure of the films, is faster for the Fe3+

doped films. We have applied a fitting procedure described in
Supplemental Material [29] to extract the carrier relaxation
time labeled as τ1. The results are given in Table I where we
compare the values with those obtained by angle and energy
integrated time-dependent photoemission signals. It is worth
underlining that the relaxation time of the pure BT layer of
around 2 ps measured by optical methods is in agreement with
previous measurements performed with a BT crystal [39],
confirming the bulklike behavior of our 15 nm thick film. In
transient optical measurements, we report a larger decrease
of the relaxation time by a factor of around 4 for the thicker
Fe3+-capping layer (1 nm). The measurements made with the
wedge sample indicate that we have some intermediate values
of τ1 depending on the initial Fe capping layer thickness. For
example (see Table I), we have τ1 ∼ 0.77 ps and 1.2 ps for
a capping layer of 0.8 nm and 0.5 nm, respectively. These
results are consistent with results obtained with TR-ARPES
and confirm an overall decrease of the characteristic relaxation
time of photoexcited carriers when the iron “surface doping”
increases, although at this stage we are not able to separate the
surface and bulk carrier contributions.

It is important to discuss also the dynamics of the optically
generated Raman active A1g(I) mode. Once the electronic
contribution is adjusted (see Supplemental Material [29]), it
is possible to extract the phonon contribution superimposed
on the electronic decay signal in �R/R [see Figs. 7(a), 7(b)
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and 8(a)]. By showing that we always generate and detect this
A1g(I) mode, we confirm that the capping process does not
modify the local symmetry of the structure (this conclusion is
also supported by in situ and ex situ XPS, see Supplemental
Figs. 6–9 [29]). For the sample shown in Fig. 6(a), we showed
that for a 1 nm capping layer, we have a blue shift of the
A1g(I) phonon frequency as shown in Figs. 7(b) and 7(c).
When looking at the wedge sample, we confirm that blue shift
and changing the iron oxide capping layer from 0 to 1 nm
leads to a nonmonotonic change of the A1g(I) frequency. The
frequency remains constant up to around 0.6 nm (about 3 ML)
and then increases by an amount of around 5% for the thicker
layer of 1 nm (5 ML) as shown in Figs. 8(a) and 8(b). Such
a blue shift of a Raman active optical phonon has already
been reported in the literature for rather strong photoexcitation
[42–45] and was explained as a stiffening of the interatomic
bonds due to a high photoexcited carrier concentration. We
are not in that regime. Rather, we believe that there is such
a strengthening due to a possible modification of the bond
strengths by slight diffusion of some iron atoms into the film,
possibly between quintuple layers. This is supported by our
XPS depth profile studies shown in Supplemental Fig. 8 [29]
performed with a BT film capped with the thicker 1 nm Fe
layer and oxidized in air, revealing some incorporation of the
iron into the film. The reason why we have a steplike function
with a critical capping layer thickness of around 1 nm is not
clear yet. One hypothesis, yet to be confirmed, relies on the
formation of FeTe alloy in the first layers, and once such
an alloy is formed, the additional iron atoms preferentially
migrate in the film along the columnar grains revealed in
Ref. [26] to be finally incorporated in the van der Waals planes
between quintuple layers of BT.

E. Discussion

The ARPES and TR-ARPES measurements (EDCs) per-
formed on a single BT crystal show that when covered by
a couple of iron MLs, the Fermi level is shifted within the
conduction band, and that effect can be modulated by the
amount of deposited iron. Our in situ XPS analysis (Fig. 1(a)
and Supplemental Figs. 2 and 5 [29]) also indicate a shift
towards higher binding energy for the Te 3d and Bi 4 f core
levels by about 0.2 eV which is close to the energy shift
seen in Fig. 2(b). These observations favor a downward band
bending effect. Without extrapolating straightforwardly the
physics of junctions to our hybrid nanostructures, we note that
considering the work function of 4.6–5.1 eV [46] for Bi2Te3

[47] and of 4.3 eV for iron, we can expect a band bending
towards higher binding energy and a shift of the Fermi level
in the conduction which is in agreement with our observation
in Fig. 2(b). A sketch of the proposed band bending is shown
in Fig. 9 for the different systems we have investigated. Of
course the chemical interaction of some elements at the inter-
face has also to be taken into account and the junction might
not be ideal. In our case, chemical reaction was found in the
XPS spectra indicating some possible formation of FeTe at
the interface and the appearance of metallic Bi for the cov-
ered BT crystal (see the XPS spectra shown in Supplemental
Figs. 2–5 [29]). The same tendency is observed for the in situ
oxidized iron capped BT crystal with a clear relation between

the Fermi level shift in the conduction band (EDCs in Fig. 4)
and the observation of a signature of a band bending with XPS
measurements (Fig. 1(a) and Supplemental Figs. 2 and 3 [29])

Such band bending and the associated shift of the Fermi
level in the conduction band observed in the BT crystal cov-
ered by iron or iron oxide appears to be quite robust since
we did not detect any SPV within the range of pump fluence
investigated and within our energy resolution. The presence
of the Fermi level in the CB is a favorable situation for
bulk photoexcited carriers to thermalize through new energy
and momentum relaxation channels accessible for both the
surface and bulk out-of-equilibrium electrons. For a Fermi
level shifted into the CB, the hot carrier dynamics indeed ap-
proaches the metallic situation where fast intraband processes
take place.

Such behavior is also expected to be at play in thin BT
films capped with iron oxide. Although no ARPES and TR-
ARPES were performed for thin films capped with iron oxide,
the XPS measurements show a similar signature of a band
bending (see Fig. 1(b) and Supplemental Fig. 5 [29]). It is
worth mentioning that the film of Bi2Te3, without evaporation
of iron, but passivated in air does not exhibit a detectable
core level shift in the XPS signals, as already discussed in
a previous paper [19]. This indicates that similarly to the
clean BT crystal, no drastic band bending effect is expected
as sketched in Fig. 9(c). The capping layer of thin films is
more complex, with various oxides (see Supplemental Figs. 6
and 7 [29]), but still also exhibits an energy shift towards
higher binding energy of the Te 3d and Bi 4 f levels. Finally,
with transient optical measurements, we clearly evidence the
decrease of the relaxation time, consistently with the results
observed for the BT crystal capped with iron oxide. There
is, however, an important difference between bulk and thin
films. For the latter, the carrier relaxation time is much more
reduced (see Table I) since we have a reduction by a factor
ranging from 4 to 7 depending on the capping layer thickness
and the characteristic relaxation time approaches that of large
electron-phonon coupling metals [49]. It is worth noting that,
contrary to ARPES measurements which are sensitive to the
first layers (1–2 nm), the transient optical dynamics of hot
carriers probed either in reflection or in transmission is a
response of the material measured over the optical skin depths
of pump and probe, i.e., over a typical depth of 6–10 nm [50]
which scales with the film thickness. Consequently, we have
to consider that such a drastic decrease of the relaxation time
might exist in the entire film and is not limited to scattering
processes at an interface. Such an optical signal integrates
both the surface and the bulk states’ responses without allow-
ing separation of the contributions. The significant decrease
of the relaxation time might have two origins. First of all, it
is likely that the band bending and the Fermi shift concern
nearly the entire film and is not limited to the first layers at
the interface. This is consistent with estimates obtained in the
related compound Bi2Se3 where, with a band bending energy
shift of 0.2–0.26 eV [27], i.e., similar to the one we observe
in Bi2Te3 (see Fig. 1(b) and Supplemental Fig. 5 [29]), the
extension of the depletion layer is around 20 nm [27], so of
the same order as the film thickness. As mentioned before for
the case of the crystal, having a Fermi level in the CB favors
fast intraband relaxation processes. (Remark: we note that

245110-9



M. WEIS et al. PHYSICAL REVIEW B 104, 245110 (2021)

the band at the interface BT/mica can be expected to remain
flat due to the limited interaction with the van der Waals
surface of mica). The second possible reason to explain the
drastic decrease of the relaxation time is based on the role of
defects. For a thick capping iron oxide layer, we also show the
presence of diffusion of iron into the film for a capping layer
as thick as 1 nm. Besides the modification of the interatomic
bond strength revealed by the blue shift of the Raman active
mode A1g(I) (Figs. 7 and 8), such diffusion of iron atoms can
create some new levels in the electronic structure, that can
contribute to the increase of scattering of hot carriers, even if
at the moment we cannot quantify the effect.

IV. SUMMARY AND CONCLUSIONS

Deposition of Fe on the surface of a crystal of the model 3D
topological insulator leads to several interesting phenomena.
For very low coverage, up to about 1 ML, the electronic struc-
ture is modified and the conduction band is partially filled but
the Dirac surface states are still present. Even such a low cov-
erage has a clear impact on the electronic structure by shifting
the Fermi level into the conduction band (donor effect). We
observe then a significant decrease in the lifetime of photoex-
cited carriers (at least, bulk carriers) by TR-ARPES. With an
iron oxide capping layer we observe the same tendency of an
electron donor effect and the subsequent reduction of the hot
carrier relaxation time. The transient optical measurements
performed with thin film of Bi2Te3 covered by iron oxide,
also show this behavior with a reduction of the hot carrier
relaxation time by a factor ranging from 2 to 7 depending on
the amount of iron oxide on the surface.

The general behavior, and the basis of the ARPES and XPS
analysis of the electronic structure of our systems, suggests
the deposition of iron or iron oxide might lead to the creation
of a junction with an associated band bending and a significant
shift of the Fermi level into the conduction band. In some
cases, a reaction of Fe with BT was observed leading to
formation of metallic Bi and probably FeTe but it is limited
to the interface. The drastic bulk hot carrier dynamics change
is observed in nearly the entire thin film which has a thickness
of 15 nm, so suggesting indeed that the effect of the capping
layer on the electronic band structure extends over several
nanometers. We can qualitatively explain the evolution of

the carrier dynamics as a consequence of an increase of the
intraband scattering process efficiency due to the increase of
the metallicity of the system illustrated by the significant shift
of the Fermi level in the conduction band. We note that such
drastic evolution of the carrier dynamics is at least partly
attributed to the bulk electronic states, although we do not
claim at this stage that Dirac states exhibit the same behavior.

Our results also show that by detecting the Raman active
coherent phonon A1g(I) dynamics, we demonstrate that the
local symmetry is not broken. Furthermore, a careful analysis
of this optical phonon mode frequency shows it evolves with
the capping layer thickness, and we suggest that there exists
a limit of around 1 nm (5 ML) for the capping layer over
which some diffusion of iron atoms takes place within the
BT layer. In that situation the interface and the junction effect
can become more complicated even if the overall effect on the
photoexcited carriers is to drastically reduce their lifetime.

These results demonstrate that both chemical and physical
aspects of such a junction have to be understood to control in
the future the injection of spin current. Even if we probe at
the moment mainly the photoexcited bulk carrier dynamics,
we can anticipate that such efficient channels of relaxation for
hot carriers might also have some importance in the spin-to-
charge conversion process involving the Dirac surface states
that will be interesting to check experimentally in the future.
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