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Integration of active elements into silicon wafers is the first step towards their usage in modern
electronic devices based on nanometric structures. Spintronic terahertz emitters, typically composed of
nanometer-thin magnetic multilayer, have the outstanding capability of producing high-quality, broad-
band terahertz pulses using extremely simple heterostructures. A question remains on whether an efficient
and cheap integration with other silicon-based technologies can be achieved. We show here that sim-
ply having a ferromagnetic layer on silicon produces remarkably efficient spintronic terahertz emission
despite the low spin-orbit coupling of the individual components. We achieve this by leveraging on the
natural formation of silicides at the interface of a transition metal and silicon. The cobalt silicide layer has
good spin-to-charge conversion efficiency that reaches around 1/6 as that of the prototypical spintronics

THz-emitter heterostructure cobalt/platinum.

DOI: 10.1103/PhysRevApplied.18.034056

I. INTRODUCTION

Terahertz (THz) radiation covers a highly attractive fre-
quency range corresponding to phonon resonances [1,2]
as well as the characteristic energy of molecular motion
[3] of many materials. Besides application in conventional
pump-probe THz spectroscopy, THz has seen an increase
in research interest across areas like life sciences [4] and
material characterization like two-dimensional (2D) mate-
rials [5—7] and topological materials [8,9]. Despite its
wide application, the scientific and technological applica-
tion of THz radiation is not as mature as the neighboring
frequency ranges (radio and infrared). The steady improve-
ment in the techniques used to produce THz radiation
[10—12] have helped close the so-called THz gap and
driven a steady growth of the usage of THz radiation not
only in many research areas, but also commercial appli-
cations [11,13—15]. There is however one aspect where
the THz gap still remains open. There are currently avail-
able technologies that integrate radio and infrared radiation
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generators into silicon. However, the same integration is
lacking in the case of THz generators.

The millimeter-thick nonlinear crystals typically used
for efficient THz generation have limited the integration
with modern microprocessors. This, together with the nar-
row bandwidth [16], prompts for the search for alternative
THz generation methods. Fortunately, the recent progress
in the field of spintronics has brought about the realization
of spintronic THz emitter [17]. This is typically made from
a heterostructure consisting of a ferromagnetic (FM) and
a nonmagnetic (NM) metal layer, where the emitted THz
intensity is comparable with that from mm-size nonlin-
ear crystals [18]. These nm-thick spintronic THz emitters
[16] have gained a lot of popularity due to broad band-
width, flexibility in the optimization and integration into
more complex devices [19], thus offering the possibility of
integration with microprocessors [20]. This is especially
useful for the next-generation devices as transistors are
approaching the quantum limit and devices are pushing
their performance through transistor stacking [21].

Despite the attractiveness of spintronic THz emitters,
the integration with Si is nontrivial due to silicide forma-
tion at the interface. It is known that silicides are formed at
the interface of transition metal layers and silicon [22,23].
Although silicides have traditionally been used to inter-
face metal and semiconductors to reduce contact resistance

© 2022 American Physical Society
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[24,25], it is considered detrimental for spin-based applica-
tions, since the silicide can be magnetic [26], and so offers
magnetic scattering sites leading to spin-flip scattering [27]
and the destruction of spin polarization of the electrons.
A previous photoemission measurement [26] reported the
formation of cobalt silicide with different stoichiometry in
Co/Si interfaces that are both magnetic (e.g., CosSi) and
nonmagnetic (e.g., Co,Si, CoSi, and CoSiy).

Considering the central role that silicon plays in mod-
ern electronics, it is therefore advantageous to integrate a
spintronics THz emitter with silicon to create optoelectron-
ics devices at THz frequencies. In this paper, we present
the THz emission from Co/Si heterostructure and show the
production of sizeable THz radiation comparable to other
known efficient bilayers like Co/W and Co/Pt. We iden-
tify the silicide layer formed at the interface as responsible
for the large spin-to-charge conversion. This suggests that
integration of spintronics THz emitters into silicon elec-
tronics can be achieved with emitted powers, which are
sufficient for technological applications.

II. EXPERIMENT

A. Sample fabrication

All thin films are deposited using sputtering techniques
on top of quartz substrates. The quartz substrates are
cleaned with acetone and isopropanol for 10 min each in
an ultrasonicator before sputtering. For the Si/Co bilayers,
the Si layer is first deposited using magnetron sputtering
at a base pressure below 1.0 x 10~7 Torr (Kert J. Lesker
Co.). The Si sputter target is nondoped and its purity is as
high as 99.999% (ACI alloys). The deposition is carried
out using a rf power of 60 W on the target and with Ar gas
at a pressure of 3 mTorr. The various Si thicknesses (d = 0,
2,4, 6,8, and 10 nm) are prepared at a sputtering rate of
approximately 3 nm/min. Subsequently, the as-deposited
Si thin films are transferred directly to a magnetron sputter-
ing chamber (AJA Int. Inc). The 3-nm-thick Co deposition
is carried out at a base pressure below 5 x 10~ Torr, using
a dc power of 60 W and with Ar gas at a pressure of 3
mTorr. The Co sputtering rate is as fast as approximately
I nm/min. For the heavy metal/Si/Co trilayers, the Pt or
W layer is first deposited using a dc power of 60 W and
with Ar gas at pressure of 2 mTorr (AJA Int. Inc), which
is followed by the Si and Co deposition. All thin films are
encapsulated with the 3-nm-thick SiO, layer using the rf
sputtering in the magnetron sputtering chamber.

B. Experimental setup

A Ti:sapphire regenerative amplifier (Coherent Legend)
with 800-nm central wavelength, pulse duration of 30 fs,
and repetition rate of 1 kHz is used for the experiment. The
beam is split into a pump beam and a gating beam for THz
detection using EO sampling. The pump beam is normal
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FIG. 1. (a) Schematic of excitation and THz emission from

SiO; (3 nm)/Co (3 nm)/Si (2 nm)/quartz substrate (I mm).
The direction of the applied magnetic field is denoted by 6,
(b) XPS spectrum and (c) cross-section TEM and EDX image of
Co(3 nm)/Si(2 nm). The white scale bar is 5 nm. (d) Emitted THz
waveform from front (black) and back (red) pump, showing a flip
in polarity of THz waveform when pump direction is reversed.
(e) Peak THz E-field versus B-field direction for front (black)
and back (red) pump, showing onefold dependence. (f) Reversal
of spin current (js) and charge current (j) due to flipping of sam-
ple. The data in (d),(e) imply the SCC conversion mechanism in
Co/Si.

incident onto the capping layer side of the sample as shown
in Fig. 1(a). Residual pump beam after the sample is fil-
tered out by a high-density polyethylene filter that is highly
transmissive for THz waves. A linear polarizer for THz
is placed behind the polyethylene filter with the transmis-
sion axis along X such that only THz along the x axis is
detected. The linearly polarized THz and the gating beam
are both focused on a 1-mm-thick (110) ZnTe crystal. The
gating beam is then separated into orthogonal polariza-
tion components by a Wollaston prism and detected by
a balanced photodetector. An external magnetic field of
approximately 800 Oe is applied to the sample to control
the saturation magnetization direction of the Co layer. The
absorbance measurement is measured at room temperature
with a UV-VIS-NIR spectrophotometer (Perkin Elmer).

II1. RESULTS AND DISCUSSION

We prepare a set of Co(3 nm)/Si(d) bilayer thin films
with varying Si thickness of d from 2—10 nm. Detailed
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characterizations are performed to confirm the sample
composition. Figure 1(b) shows the x-ray photoelectron
spectroscopy (XPS) of the Co(3)/Si(2) sample, from which
we conclude that the Si sample has mostly transformed to
silicide in Co(3)/Si(2) (see the Supplemental Material [28]
for more details). Figure 1(c) shows cross-section trans-
mission electron microscopy (TEM) and energy-dispersive
x-ray (EDX) mapping of the Co(3)/Si(2) sample. Here we
focus on the Co, Si, O elements to distinguish the cap layer
(Siand O elements), Co layer, Si layer, and quartz substrate
(Si and O elements). From the elemental mapping images,
we see that there is a clear overlap between Co and Si sig-
nals, further confirming that almost all Si has transformed
to silicide in the Co(3)/Si(2) sample. Using XPS, TEM,
EDX, and vibrating sample magnetometry (VSM, see the
Supplemental Material [28]), we identify the silicide to be
Co,Si, where x ~ y ~ 1. A 800-nm pump beam with the
average power of 20 mW is focused on the capping layer
side (“front pump”) of the sample at room temperature and
normal incidence as shown in Fig. 1(a). The emitted THz
passes through a linear polarizer and only the polariza-
tion direction parallel to the x direction is transmitted and
measured by electro-optic (EO) sampling.

In a spintronics THz emitter, the carriers in the FM
layer are typically excited optically by an ultrashort laser
pulse in the visible and near-infrared region, and thus
bring the electrons into a nonequilibrium distribution and
high-energy states [7]. Shortly after, the excited electrons
undergo spin-dependent relaxation and transport in the FM
producing a spin-polarized superdiffusive current [29,30].
This spin current js, when injected in the NM layer, is
converted into a charge current j. through either inverse
Rashba-Edelstein effect (IREE) or inverse spin Hall effect
(ISHE), or both, where the efficiency of the conversion is
determined by the SOC (spin-orbit coupling) strength of
the NM layer [31]. The induced j. typically has a time
duration in the ps regime [17], which produces electro-
magnetic radiation in the THz range. Such a spin-to-charge
conversion (SCC) mechanism obeys the relation j, o js %
M where j. is the charge current, js is the spin current, and
M is the magnetization of the FM layer. The efficiency of
conversion between the charge and spin current is given by
the spin Hall angle sy = j../js.

To verify the origin of the emitted THz, the sample is
pumped from the substrate side (“back pump”) while the
external magnetic field is rotated along the x-y plane. The
magnetic field angle dependence measurement is taken at
the peak THz field determined from the THz waveform.
The one-fold sinusoidal dependence of the emitted THz
amplitude on the magnetic field angle [Fig. 1(c)], as well
as a change in polarity of the THz pulse for the front and
back pump schemes [Fig. 1(b)], imply that SCC is the
mechanism of the THz emission. The direction of opti-
cally driven spin current (js) in the Co layer is opposite
for front and back pump schemes as depicted in Fig. 1(d).

The spin current is then injected into the adjacent Si layer
and is converted into the transverse charge current (j.),
which results in the sign reversal of the emitted THz pulse
[Fig. 1(b)]. This spin current dependence is also observed
in reverse stacked samples (details in the Supplemental
Material [28]). In addition, the injected spin polarization
in the Si layer is controlled by the external magnetic field,
and hence the direction of j. is manipulated by the exter-
nal magnetic field direction [Fig. 1(c)]. Also, since the
maximum and minimum values are approximately equal,
it implies that the emitted THz is linearly polarized.

Since the spin Hall angle of Si is known to be negligi-
bly small, it is expected to give negligible THz emission
based on the SCC in the Si layer. However, the most sur-
prising finding is that the peak THz radiation emitted from
Co(3 nm)/Si(2 nm) [Fig. 1(b)] reaches around 1/6 in mag-
nitude compared to that from a reference Co(3 nm)/Pt(6
nm) device, which is widely considered to have a high
SCC efficiency, and even stronger than Co(3 nm)/W(6 nm)
[Figs. 2(a) and 2(c)]. Such a remarkable result shows that
a very efficient THz emitter can be created and integrated
into a silicon device in the simplest possible geometry—by
the simple addition of a Co layer. Next we show that a
strong SCC happens within a thin metallic silicide layer
formed at the Co/Si interface.

It is now a question of which type of silicide is formed
and, whether it is the silicide that is responsible for the
SCC. To characterize the silicide formation in our devices,
we measure the absorbance spectra of Co(3 nm)/Si(d) and
Si(d) ford = 2,4, 6, 8, 10 nm. We first analyze the squared
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FIG. 2. THz emission data of (a),(b) Co(3 nm)/Pt(6 nm);
(c),(d) Co(3 nm)/W(6 nm); (e),(f) Co(3 nm)/Si(2 nm)/W(6 nm).
Left figures are the THz waveform for front and back pumps,
showing THz polarity reversal upon reversal of pump direction.
Right figures are the emitted THz amplitudes versus magnetic
field direction, showing onefold dependence. The data show that
SCC is the mechanism of THz emission for all these samples.
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absorbance spectra to establish whether the silicide is
metallic or insulating. From the squared absorbance spec-
tra, we extrapolate the data to the x axis, and read off the x
intercept as the direct band gap as depicted in Fig. 3(a).
We see from Fig. 3(a) that the solid lines intersect the x
axis at approximately 2 eV for d =4 — 10 nm [see also
Fig. 3(b)], while for d = 2 nm, the data is almost pho-
ton energy independent, and so cannot give a positive x
intercept. Since this method of extracting the band gap is
for a semiconductor, it suggests that Co(3 nm)/Si(2 nm)
is no longer semiconducting, i.e., has become metallic.
We also perform a control experiment, where we mea-
sure the absorbance spectra of pure Si layers (without Co).
Figure 3(d) shows the direct band-gap ranges from approx-
imately 2.7 eV for d = 2 nm to approximately 2.1 eV for
d = 10 nm, consistent with quantum confinement effects
[32]. From these two sets of absorbance data, we con-
clude that for the Co(3 nm)/Si(d) samples with thicker
Si(d = 4 — 10 nm), there is a coexistence of silicon and
cobalt silicide, whereas in Co(3 nm)/Si(2 nm), the entire Si
layer becomes metallic cobalt silicide. We further confirm
our findings by performing reflectance (R) and transmit-
tance (7) measurements of Co(3 nm)/Si(d) as shown in
Figs. 4(a) and 4(b). By simultaneously fitting R(w) and
T(w) to theoretical expressions corresponding to our het-
erostructure, we obtain the effective real and imaginary
parts of the complex refractive index of the SiO,/Co/Si
stack as illustrated in Figs. 4(c) and 4(d). We find that, for
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FIG. 3. Squared absorbance spectra for (a) Co(3 nm)/Si(d) and

(c) Si(d), for d =2, 4, 6, 8, and 10 nm. Circles represent data.
Solid lines are the linear fit to high-energy response. For semi-
conductors, the intersection of the solid lines to the x axis gives
the direct semiconductor band gap EY". (b) Extracted EY for
different Si thicknesses. For Co(3 nm)/Si(2 nm), the squared
absorbance is almost independent of energy and yields a nega-
tive band-gap value when fitted to the semiconductor expression.
(d) For Si (d), the extracted E%" are all positive and ranges
between 2.1-2.7 eV, agreeing with the literature.
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FIG. 4. Experimental (a) transmittance and (b) reflectance
spectra for Co(3 nm)/Si(d). Calculated (c) real part » and (d)
imaginary part « of the complex refractive index, (e) absorp-
tion coefficient «. (f) Experimental transmittance spectra for d =
2 nm (black circle) and d = 10 nm (red circle). Solid lines are
fits to TMM (see the Supplemental Material [28]), showing that
for d = 2 nm, the best fit is obtained when all the Si is con-
verted into CoSi, leading to a sample structure of approximately
Co(1.9 nm)/CoSi(2.3 nm), whereas for d = 10 nm, a good fit is
also obtained when the same thickness of CoSi (approximately
2.3 nm) is formed, with the remaining Si having a thickness of
approximately 8 nm.

d = 4 — 10 nm, the absorption coefficient « increases with
increasing frequency, while for 2 nm, and « is frequency
independent as depicted in Fig. 4(e). This analysis presents
independent confirmation of our earlier result, that the
Co(3 nm)/Si(2 nm) later is effectively metallic, suggesting
that all the Si has become metallic silicide.

Having concluded that the formed silicide is metallic,
we now proceed to estimate the thickness of the sili-
cide layer and whether there is any surviving cobalt. To
do this we assume the formation of only metallic CoSi,
neglecting the formation of other silicides with different
stoichiometries. Using molar mass and density of each
material, we can conclude that, approximately, 1.0 nm
of Co with 1.8 nm of Si will form 2.1 nm of CoSi.
With x as the unknown amount (in nm) of Co converted
to silicide, the sample structure is SiO,(3 nm)/Co(3-x
nm)/CoSi(2.087x nm)/Si(d-1.822x nm)/quartz substrate(1
mm), where d =2 — 10 nm. We calculate the transmit-
tance of the mentioned structure using a modified transfer
matrix method (TMM) [33,34] based on existing dielectric
constants [35-38] and fit it to the experimental measure-
ments over a range of frequencies (details in the Sup-
plemental Material [28]). The best fit for d = 2 nm as
shown in Fig. 4(f) is obtained when all Si is converted
into CoSi, leading to a sample structure of approximately
Co(1.9 nm)/CoSi(2.3 nm). For the other samples (d = 4 —
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10 nm), a good fitting is also obtained when the same thick-
ness of CoSi (approximately 2.3 nm) is formed, with the
remaining Si for each sample having thickness of approx-
imately 2—8 nm, respectively. The results confirm that for
d = 2 nm sample all layers are conducting, while for d =
4 — 10 nm there will be coexistence of silicon and cobalt
silicide.

Since Si has very weak SOC and hence would not have
emitted any measurable THz radiation, it is therefore rea-
sonable to infer that the silicide layer is responsible for the
SCC. We first perform a control experiment where we ana-
lyze the THz emission from Co(3 nm)/Pt(6 nm) and Co(3
nm)/W(6 nm) samples [see Figs. 2(a)-2(d)]. We confirm
that the signal obtained is due to SCC [Fig. 2(f)] and that
the sign of the spin Hall angle (Osy = j¢/js) of Ptand W are
opposite [Figs. 2(a) and 2(c)] [16,19,39]. Next we sand-
wich a Si layer between Co and W to obtain Co(3 nm)/
Si(d nm)/W(6 nm) for d = 2 — 10 nm. We observe that,
when compared to emission from Co(3 nm)/W(6 nm), the
polarity of the emitted THz flips for d =2 — 10 nm as
shown in Fig. 5(a). If SCC were to occur inside the W
layer in Co(3 nm)/Si(d nm)/W(6 nm), we would not see
any flipping of the THz polarity. Our data thus show SCC
occurs inside the silicide layer, resulting in a strong THz
emission.

Even though the THz emission from the Co(3 nm)/
Si(d)/W(6 nm) sample is reduced compared to the Co(3
nm)/Si(2 nm), it still maintains a comparable amplitude.
Our TMM calculations show that the reduction can be jus-
tified by the absorption in the alternative metallic layer.
Although we cannot completely exclude that some spin
current reaches the W layer, it is also interesting to observe
that the THz emission is constant for most of the Si
thicknesses. This hints that the W here acts simply as a
passive layer (simply absorbing part of the emitted THz)
and its presence has not altered the main source of SCC.
This implies that SCC must have happened at the Co/Si
interface and therefore within the silicide layer.
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FIG. 5. (a) Emitted THz waveforms for Co (3 nm)/Si (d)/W
(6 nm) for d = 0 — 10 nm. The waveform at d = 0 nm [i.e. Co
(3 nm)/W (6 nm)] is opposite to waveforms for all non-zero val-
ues of d, suggesting that the Si layer prevents the spin current that
is created in the Co layer from reaching the W layer. (b) Emitted
THz waveforms of Co (3 nm)/Pt (6 nm) and Co (3 nm)/Si (2 nm),
showing the Co/Si to be an efficient THz emitter.

Spin injection into silicon is typically carried out with a
layer of oxide to prevent silicide formation [40]; however,
the silicide layer would reduce the injection efficiency. As
such, the SCC efficiency (fsy) in silicides has not been
reported in the literature. To estimate Ogy in cobalt sili-
cide, we compare the THz emission of Co(3 nm)/Si(2 nm)
and Co(3 nm)/Pt(6 nm) under the simplifying assumption
that the generated spin current at parity of absorbed laser
fluence is the same in both samples. From Fig. 5(b), the
peak THz emission from Co(3 nm)/Si(2 nm) is approx-
imately 0.2 times that of Co(3 nm)/Pt(6 nm). Using the
reported spin Hall angle of 0.068 in 6-nm-thick Pt [41]
as well as the calculated excitation laser absorption and
theoretical THz emission, the spin Hall angle in silicide
is around 6sy = 0.016 (details within the Supplemental
Material [28]). This value of fsy is not small compared
to most other normal metals [42], suggesting that cobalt
silicide is a strong emitter of THz radiation via SCC.

Considering the pivotal role that Si plays in bridging
current electronics to next generation of spintronics, our
work suggests that Co/Si is a promising material for spin-
tronics devices. Furthermore, the peak THz electric field
radiation is only slightly smaller than that from ZnTe
(details in Supplemental Material [28]), which is tradition-
ally used as a THz emission source. Compared to ZnTe,
the simplicity of our heterostructure and the compatibility
with Si-based electronics allows for easier integration with
modern electronics.

IV. CONCLUSION

We perform THz emission measurements on Co(3 nm)/
Si(2 nm), Co(3 nm)/Pt(6 nm), Co(3 nm)/W(6 nm) and
Co(3 nm)/Si(d)/W(6 nm). We produce a very efficient THz
emitter with minimal complexity and directly integrated
on silicon. Our data are consistent with SCC mechanism
occurring at the Co/Si interface. Steady-state absorbance
measurements suggest the Co/Si interface to be metallic
in nature. The spin Hall angle of the silicide layer is esti-
mated to be 0.016, which is quite significant, since it is of
the same order of magnitude (approximately 20%) as that
of the heavy metal Pt, which has large SOC and is widely
thought to be a strong emitter of THz radiation.
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