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Abstract: Incorporating auxiliary all-optical modulation 
speeds as optional response modes into a single meta-
material is a promising research route towards advanced 
terahertz (THz) applications ranging from spectroscopy 
and sensing to communications. Particularly, a pleth-
ora of dynamically tunable optical functionalities are 
determined by the resonant light-matter interactions. 
Here, an electromagnetically induced transparency (EIT) 
resonator stacked with two traditional semiconductor 
films, namely silicon (Si) and germanium (Ge), is experi-
mentally demonstrated. A giant switching feature of the 
EIT window with a peak at 0.65 THz occurs when the Si 
or Ge film is excited by ultrafast optical pulses, allow-
ing for an optically tunable group delay of the THz wave 
packet. The recovery time for the slow and fast on-off-on 
switching cycles is 1.7 ns and 11 ps, respectively, which are 
mapped as the pump delay time of Si and Ge. Two optional 
response modes are integrated on the same device, where 
the modulation speed varies by three orders of magni-
tude, endowing the modulator more compact. This work 

provides new prospects for the design and construction 
of novel chip-scale THz devices based on EIT and their 
applications in areas of sophisticated optical buffering 
and active filtering.

Keywords: electromagnetically induced transparency; 
terahertz metamaterials; ultrafast modulation; all-optical 
device; Fano resonace.

1  �Introduction
The recent metamaterial advancements have inspired the 
exploration of many extraordinary phenomena, including 
the negative refractive index [1, 2], sensing [3], electromag-
netic cloaking [4, 5], perfect absorber [6, 7], and super-
lenses [8]. Precisely, metamaterials are artificial designed 
periodic structure arrays that exhibit great flexibility 
in custom-built functionalities, which are determined 
by size, shape, and arrangement. Electromagnetically 
induced transparency (EIT) is a destructive interference 
effect that occurs in a three-level atomic system, which 
gives rise to a sharp transparency window in a broad elec-
tromagnetic wave spectrum. Importantly, this effect can be 
utilized to engineer the dispersive properties of an initially 
opaque media on a large scale, making possible for the 
appearance of slow light phenomena [9–11]. Metamaterial 
structures with effective medium characteristics, such as 
cut wires (CWs) and split-ring resonators (SRRs), make the 
realization of bulk EIT analogues promising due to Fano-
type linear destructive interference [11–13], without the 
scathing experimental requirements of optical implemen-
tations [14–16].

Fano resonance possesses high sensitivity to the local 
electromagnetic environment of the resonator [17]. And 
rapid strides have been devoted to the dynamic tuning of 
metamaterials by external stimuli such as heat [18], light 
[19–21], or voltage bias [22, 23]. Among those options, all-
optical modulation is of preference, due to their ultrafast 
optically tunable permittivity and advantage of integration 
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with present microelectronic and optoelectronic device 
technology platforms [24–30]. In the past, traditional pho-
tosensitive semiconductors, silicon (Si) and gallium arse-
nide (GaAs), have been widely exploited in a variety of 
photonic metamaterial devices [31–36]. Placing Si or GaAs 
islands in the split gap strategically provided a valuable 
insight into optical tuning terahertz (THz) metamaterials. 
More recently, transition metal dichalcogenide (TMDC) 
film [19, 37] and solution-processed perovskite thin film 
[38–40]–based active devices have been demonstrated at 
THz frequencies with numerous desired features such as 
ultrasensitive or ultrafast response. The ultrafast recovery 
time of the photoactive switching is a significant indicator 
for an all-optical system in the field of advanced photon-
ics [41–48]. Equally important, the slow speed response 
and the broadened time window make the device more 
tolerate to the uncertainty of the delay time of external 
stimuli. Based on the point of enriching multifunctional 
THz devices, discretionary dynamic response modes 
should be incorporated for a wider range of applications. 
Unprecedented merits in terms of the simplification and 
cost are offered by the economical and an extremely easy 
process of integrating the spin-coated perovskite film 
or chemical vapor deposition–grown large-area TMDC 
film on top of the metamaterial surface [37–40]. Inspired 
by this, we demonstrate an active and speed-selectable 
EIT metamaterial using layer stacked commercial Si-on-
sapphire (SoS) substrate and germanium (Ge) film.

Similar to Si, Ge is an indirect bandgap semiconduc-
tor, whose fundamental energy bandgap is 0.66 eV (0.14 eV 
lower than the direct bandgap), and also exhibits great 
potential for dynamic modulation. Compared with Si, 
Ge possesses a larger intrinsic carrier concentration and 
a higher carrier mobility [49, 50] as well as good compat-
ibility with complementary metal-oxide-semiconductor 
foundries. In our device layout, Ge is simply evaporated 
as single layer over the Fano-resonant metamaterial array 
on the epitaxially grown SoS substrate. Different from the 
ErAs/GaAs superlattices where ultrafast photoswitching 
of inductive-capacitive (LC) resonances were achieved 
previously [51], amorphous Ge has structural defects that 
result in trap-assisted recombination sites [49, 52], which 
helps promote ultrafast carrier recombination (around 
three orders of magnitude faster than superlattices) and 
the device fabrication based on it requires no alternating 
between materials. This is because it only involves the dep-
osition of a single-element semiconductor film, instead 
of satisfying the lattice matching condition. Meanwhile, 
there is no strict alignment requirement for this two-step 
photolithography in the semiconductor-island-integrated 
metamaterial unit cells [53, 54]. As a consequence, this 

fabrication process is found to be convenient, efficient, 
and economical.

In this article, we present a comprehensive investiga-
tion on the THz transmission modulation and the optical 
reconfiguration of EIT metamaterial structure which is 
based on different electromagnetic environments by 
hybridizing Ge and Si films as active mediums with an 
Au EIT array. From the transient transmission using the 
optical-pump-THz-probe (OPTP) system, we find that the 
ultrafast dynamic behavior within the picosecond of all-
optical modulation in the amorphous Ge, together with 
the slow speed response defined by the integrated Si film, 
makes the device more tolerable to the uncertainty of 
delay time. Such device highlights the potential of control-
lable all-optical modulation speed and the simple fabrica-
tion steps based on Ge and SoS substrate. Furthermore, 
this optically tunable EIT metamaterial may also inspire 
research interest in the development of electrically and 
mechanically tunable THz devices with novel functionali-
ties and compact footprints.

2  �Results and discussion

2.1  �Sample preparation and characterization

The schematic architecture of the EIT THz device with a 
controllable modulation speed is depicted in Figure 1A, 
where the proposed device owns a stacked structure that 
is composed of four layers of functional materials, namely 
a sapphire substrate, a Si film, a metal resonance pattern, 
and a Ge film. The metal structure acts as the initial 
resonator, who generates the EIT resonance within the 
designed frequency range. The Si and Ge films serve as 
the photon-active media with a slow recovery speed and a 
fast recovery speed, respectively. This enables the dielec-
tric environment on the surface of the metal resonator to 
be controlled by pump beam and leads to an active modu-
lation effect on the EIT resonance window. Owing to the 
material difference between the front and back surfaces 
of the resonators, the modulator is designed to present 
diverse modulation speeds when a pump pulse separately 
irradiates the Si and Ge film. The fabrication processes 
starts with a commercially available SoS wafer compris-
ing a 500-nm-thick intrinsic epitaxial Si layer formed on 
500-μm-thick R-plane sapphire substrate. The periodic 
array of CWs and the SRR pair patterns is first fabricated 
by using the conventional photolithography technique, 
where the 190-nm-thick gold (Au) structures is depos-
ited on SoS substrate by E-beam evaporation and then 
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the patterned photoresist layer is lifted off subsequently, 
thereby leaving the desired Au EIT resonator array on sub-
strate. Finally, a 600-nm-thick film of noncrystalline Ge 
is thermally evaporated onto the planar gold array. It is 
noticeable that Au has an excellent chemical stability and 
an ultrahigh conductivity (>4.56 × 107 S/m), serving as a 
perfect electrical conductor in THz metasurface. The size 
of the fabricated sample is 4 × 4 mm2.

The detailed geometrical parameters of an individual 
unit cell are presented in Figure 1B. Specifically, a pair of 
SRRs with the same size are aligned face to face in the ver-
tical direction, and the arm length in horizontal and verti-
cal directions is L3 = L2 = 30 μm. The premeditated distance 
of the split gap is g1 μm. A CW resonator with a length of 
L1 = 85 μm is displaced on the right of SRR pairs. The reso-
nance frequency of the dark mode is determined by the 
split gap g1 and arm length L3 of the SRRs, while the reso-
nance frequency of the light mode is determined by the 
length L1 of the CW resonator. The separation length in the 
middle of the CRRs and CW is set to be g2  =  5 μm to ensure 
enough coupling strength between each other. Addition-
ally, the metamaterial unit cell is also characterized by 

atomic force microscopy, as shown in Figure 1C, where 
the uniform surface morphology is observed, ensuring the 
good film coverage and metal structural integrity of THz 
dynamic modulator.

Optical property characterization of the hybrid meta-
material modulator is performed by a high-performance 
OPTP system (TTT-02-OPTP, TuoTuo Technology). The 
nonlinear THz generation and electro-optic detection are 
based on two 1-mm-thick ZnTe crystals. A light source of 
1 kHz repetition optical pulses of 800  nm (center wave-
length) with a pulse width of 100 fs (full width at half 
maximum) is split for optical pumping of the Si and Ge 
film, respectively. Focused THz beam (~2.2 mm diameter) 
is collimated on the Au array with electric field parallel 
to the CW. The spatially overlapping pump spot with a 
5-mm-diameter enables a uniform excitation aperture for 
the THz transmission. The THz time-domain waveforms 
are collected by moving the step stage of the gating pulses 
within certain pump fluences and pump delay time. To 
obtain the frequency-dependent THz amplitude E(ω), the 
time-domain waveforms is converted into the frequency-
domain by standard Fourier transformation. For easy 

Figure 1: Characterization and schematic diagram of the modulation-speed controllable THz device.
(A) Principle schematic diagram of the proposed metamaterial integrated with a layer of Si (500 nm) and Ge film (600 nm) on the lower 
and upper surfaces of the gold resonators, whose response speed is tunable. The Si and Ge films can be excited by forward and backward 
optical pump pulses as a photoactive layer. (B) Schematic view of the functional unit cell. The geometrical parameters are as follows: L1 = 85 
μm, L2 = L3 = 30 μm, W = 6 μm, g1 = 4 μm, g2 = 5 μm. The period is Px = 80 μm, Py = 120 μm. The height of the Au pattern is 190 nm. (C) Atomic 
force microscope (AFM) image of one corner of a unit cell. Inset: the AFM line scan corresponding to the gap of g2. Scale bar, 10 μm.
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analysis, the transmission spectra of the sample ES(ω) 
are normalized to the transmission spectra of air Eair(ω), 
following the relation of |T(ω) | = | ES(ω)/Eair(ω) |. By gradu-
ally changing the pump delay and recording the THz time-
domain waveforms, the transient evolution process of the 
photo-switching cycle in EIT resonance can be mapped.

The all-optical modulation of hybrid EIT metama-
terial transmission resonance is elegantly repeated in 
numerical simulations conducted by the commonly used 
finite element method. In this electromagnetic simula-
tion model, the permittivity of the sapphire substrate is 
selected to be 11.5 according to the extracted result of THz 
time domain spectroscopy test. Si and Ge are ascribed to 
have fixed real relative permittivities of 11.7 and 16  with 
intrinsic conductivity σ = 0.01 S*m−1. The normal incident 
THz plane wave is taken to propagate in the z-direction, 
with the polarization of electric field parallel to the CW. 
Periodic boundary condition is utilized to describe the 
continuous Au array. Photoexcited carrier density ∆Ne-h 
of Si and Ge is used to calculate the frequency-dependent 
complex conductivities according to the Drude model. 
The time-dependent ∆Ne-h is obtained by the fitting the 
result of carrier relaxation equation with the maximum 
charge carrier concentration determined by matching the 
experimental results.

2.2  �Dynamic control of the EIT resonance

To explain the underlying mechanism of the EIT effect, 
we simulated the amplitude transmission spectra of SRR 

pair and CW separately without excitation. In the CW 
array, a typical localized surface plasmon (LSP) reso-
nance of electric dipole can be strongly excited by the 
incident light, which exhibits a broad dip at 0.71 THz in 
the transmission spectra of Figure 2A. As for the SRR-pair 
array, since the electric field is parallel to the capacitor 
(split gap) of SRRs, it cannot couple to the resonator [55]. 
Meanwhile, there is also no magnetic resonance because 
the magnetic field is completely parallel to its plane. As a 
consequence, the inductive-capacitive (LC) resonance of 
the SRR-pair array is suppressed, showing no dip in the 
transmission spectra in Figure 2A. However, according to 
the induction law, the circulating surface current with the 
magnetic-dipole moment normal to the SRR plane can be 
induced by the magnetic field with component normal to 
the plane, operating as a dark resonator that couples indi-
rectly to the incident light. When CW is introduced in the 
EIT metamaterial sample, the circulating current in the 
SRR can be initiated via the Fano-type near-field coupling 
[12]. A narrow transparent window near 0.63 THz occurs 
within the broad dipole resonance dip background, due 
to the destructive interference between the direct excita-
tion pathway of electric dipole resonance and the indirect 
excitation pathway of magnetic dipole resonance. The 
electric field distribution corresponding to the transpar-
ency peak with the high electric field localized at the split 
gap of SRRs is shown in Figure 4A and B.

Optical pump fluence is regarded as a key parameter 
employed to tuning the resonance intensity in a metasur-
face. Figure 3 shows the spectral dispersion of transmis-
sion at the pump delay time with a maximum modulation 

Figure 2: Simulated transmission spectra without excitation.
(A) Simulated amplitude transmission property of the sole CWs, SRRs, and the EIT metamaterial sample. (B) and (C) are the structural 
geometries of the SRRs pair and CW, respectively. Corresponding to the illustration, the incident THz electric fields is polarized in the Y 
direction.
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depth. A strong EIT resonance feature is observed in 
the experimentally measured transmission spectrum of 
THz electric field amplitude. In Figure 3A and B, the EIT 
window is located at the frequency of 0.65 THz. In the case 
where the pump fluence is blocked, the hybrid metama-
terial device maintains a normalized amplitude trans-
mittance of 83% at the position of the resonance peak, 
despite the influence imposed by the intrinsic conduc-
tivity of the Si and Ge films. With the increasing optical 
pump fluence, the EIT resonance, which is characterized 
by a transmission peak at 0.65 THz and dip at 0.57 THz, 
is increasingly suppressed as the density of electrons 
transition into the conduction band increases. Due to the 
large discrimination in photon-photoconductivity (Δσ) 
conversion efficiency between Si and Ge, the pump flu-
ences used for photon doping are different. A series of the 
pump fluences ranging from 4 to 40 μJ/cm2 for Si and 120 
to 2000 μJ/cm2 for Ge are employed in this work. Under 
the maximum pump fluence, the transmission ratio at the 

transparency window dropped to 0.58 (Si) and 0.49 (Ge), 
and the trend towards saturation is clearly visualized with 
the EIT peak almost completely vanishing. At this point, 
the difference between transmission levels at the peak 
and dip of the EIT resonance is reduced to ≈3% (Si) and 
−10% (Ge) (normalized to the magnitude in the absence of 
pump pulses), where the negative result suggests that the 
EIT resonance has completely disappeared.

The experimental result is well reproduced by the 
numerical simulation using the finite element method. 
Limited by the accuracy of the photolithography 
process, the geometric parameters of the Au structure 
might slightly deviate from the original design and 
cause the EIT window to drift 0.02 THz. As described 
by Figure 3C and D, the transmission property is viewed 
as a function of photoexcited carrier density ∆Ne-h. By 
matching the simulation and measured results, ∆Ne-h is 
optimized to a proper value, which is then considered as 
the initial injection condition of nonequilibrium carriers 

0.4 0.5 0.6 0.7 0.8 0.9

1.37 cm–3

1.09 cm–3

0.82 cm–3

0.69 cm–3

0.55 cm–3

0.27 cm–3

0.13 cm–3

0 cm–3

0.39 cm–3

2000 µJ/cm2

1500 µJ/cm2

1000 µJ/cm2

750 µJ/cm2

500 µJ/cm2

250 µJ/cm2

120 µJ/cm2

0 µJ/cm2

40 µJ/cm2

30 µJ/cm2

20 µJ/cm2

15 µJ/cm2

12 µJ/cm2

8 µJ/cm2

4 µJ/cm2

0 µJ/cm2

0.24 cm–3

0.15 cm–3

0.12 cm–3

0.09 cm–3

0.06 cm–3

0.03 cm–3

0 cm–3

Frequency (THz)
1 0.4

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.5 0.6 0.7 0.8 0.9
Frequency (THz)

T
ra

ns
m

is
si

on
 a

m
pl

itu
de

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

T
ra

ns
m

is
si

on
 a

m
pl

itu
de

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

T
ra

ns
m

is
si

on
 a

m
pl

itu
de

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8 0.63 THz

0.65 THz

A B

C D

Pump fluence

Silicon Germanium

Pump fluence

0.65 THz

0.63 THz

∆Ne-h (×1017)Simul.

Expt. Expt.

Simul.
0.9

T
ra

ns
m

is
si

on
 a

m
pl

itu
de

1

0.4 0.5 0.6 0.7 0.8 0.9
Frequency (THz)

1 0.4 0.5 0.6 0.7 0.8 0.9
Frequency (THz)

1

∆Ne-h (×1017)

Figure 3: Normalized results of the all-optical modulation in amplitude transmissions spectra.
Optically pump-power-controlled active tuning of the transmitted amplitude of EIT window at 0.65 THz is achieved by changing the 
photoconductivity of (A) Si and (B) Ge films. The corresponding numerically simulated transmission results are shown in (C) and (D), 
respectively, as a function of photoexcited carrier density ∆Ne-h. The insets in (B) and (A) are the microscopic images of the front and back 
surfaces of a unit fabricated metamaterial on the sapphire substrate. The dashed line represents the EIT frequency of resonance system.



6      J. Zhou et al.: Controllable all-optical modulation speed in hybrid silicon-germanium devices

for the next simulation process. For the pump fluence 
of 40 μJ/cm2 and 2000 μJ/cm2 in Figure 3A and B, the 
corresponding ∆Ne-h values are 1.37 and 0.39 × 1017 cm−3, 
respectively. Next, the frequency-resolved conductivi-
ties of the doped Si and Ge films are calculated by the 
Drude model [56]:

	
σ ω

ω τ
−

∗= ×
+

2

( ) e h

d

e N i
im

� (1)

where e is the electronic charge (1.602 × 10−19 C), Ne-h is 
the charge carrier density, and m* is the optical effective 
mass of the charge carriers. For Si and Ge, m* are 0.07 m0 
and 0.15 m0, respectively. τd is the scattering time, which 
is defined as the average time between consecutive scat-
tering events. In this context, τd is assumed to be 35 fs for 
Si [50] and 70 fs for Ge [57]. The saturation tendency of 
modulation effect to photon doping is also revealed by ∆Ne-

h. At a low charge carrier density, the EIT window is more 
sensitive to the change of ∆Ne-h, whereas the maximum 
pump fluence we used here has brought the device nearly 
saturated.

To explore the underlying physics of the active EIT 
behavior, the widely used coupled Lorentz oscillator 
model is adapted to analyze the near field Fano-type 
interaction between the two bright and dark modes in the 
EIT metamaterial unit cell [14]:

	

ω ω γ κ

κ ω ω γ

     − −
=     − −     
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Here, x1 and x2 are the oscillator amplitudes, ω1 and 
ω2 are the resonant frequencies, γ1 and γ2 are the damping 
coefficients, and f1 and f2 are the external forces with the 
driving frequency ω. The coupling constant κ describes 
the interaction between the oscillators.

The small photoexcited carrier density ∆Ne-h is not 
sufficient to induce a significant shift of the resonance 
frequencies for both bright and dark modes, so the EIT 
frequency still remains near 0.63 THz with a subtle change 
when excited by different pump fluences, as depicted in 
Figure 3C and D. However, the damping of dark mode 
γ2 becomes much stronger, because the current flow is 
impeded by the increasing ohmic losses in the Si or Ge 
film due to the photoexcited carrier. In the meantime, 
the effective length of these two resonant elements turns 
larger as the conductivity σSi or σGe increases, leaving the 
coupling coefficient κ between the two modes smaller. 
Hence, the coupling effect between bright and dark modes 
becomes much weaker, which causes a dramatic decrease 
in the electric field localized at the split gap of SRRs, as 

displayed in Figure 4A and B. Subsequently, it can be seen 
from Figure 3C and D that the EIT-like resonance strength 
weakened as the photoexcited carrier density ∆Ne-h 
increases from 0 to 1.73 and 0.39 × 1017 cm−3, respectively. 
In the meantime, the transparency windows broaden non-
negligibly with slight shifts of the resonance frequencies.

Figure 5A and B show the time-resolved THz trans-
mission of the Si and Ge films in the absence of artifi-
cial structure. Rather than strategically place the Si or 
Ge islands in the gap of the metal resonators, the meas-
ured device is uniformly covered by the Si and Ge films. 
After the photon injection process, the semiconductor 
thin films would lead to a modulation of the entire part 
excited by laser, including the EIT resonance regions as 
well as the nonresonant regions. Unlike the EIT reso-
nance, which is more susceptible to interface environ-
ment, the light-induced change of photon-media films 
are relatively small, as shown in Figure 5. The transient 
negative differential transmission −∆T/T is proportional 
to Δσ, and consequently, these curves directly describe 
the photo-conductivity of the film vs. pump delay time. Si 
and Ge are both indirect band-gap semiconductors whose 
photoluminescence yield of electron-hole pair recombina-
tion can be negligible. Therefore, it is concluded that the 
recombination processes of these two materials are mainly 
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dominated by the monomolecular recombination. The dif-
ference is that a large amount of defect states are induced 
by the Ge film during the thermal evaporation fabrication. 
As photoexcited carriers relax from the conduction to the 
valence band, defect states present within the band act 
as trap-assisted recombination sites in the noncrystalline 
Ge where the carrier recombination is greatly boosted. 
Figure 5C presents a concise explanation for the relaxa-
tion dynamics of the nonequilibrium carriers in Si and Ge.

To accurately characterize the temporal evolu-
tion processes, a single exponential decay equation is 
exploited to fit the experimental results,

	

∆ −

− = 1( )
t
tT t Ae

T � (3)

The best-fitting result of Si is plotted in Figure 5A as 
a solid line with a decay time constant t1 = 442 ps. In the 
case of Ge film, the entire process completes just within 

several picoseconds. Consequently, we must consider that 
the experimental data is the convolution of the real signal 
and the instrument response function (IRF).

	
1( ) IRF A
t
tT t e

T
∆ −

− = ⊗ � (4)

The IRF and fitting results are illustrated in the inset, 
with the decay time extracted to be t1 = 0.65 ps. This is 
an impressively short characteristic time, which is three 
orders of magnitude smaller compared to Si materials. The 
huge difference between time constants makes it possible 
to integrate two selectable response speeds in a single 
modulator, which is expected to simultaneously possess 
an ultrafast switching and a slower option for the purpose 
of providing a sufficiently long modulation window. 
Based on the accurate mathematical description of the 
dynamic curve and the predefined initial injection value 
of nonequilibrium carriers (the pump fluence of 40 μJ/cm2 
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for Si and 2000 μJ/cm2 for Ge), we have investigated the 
evolution of the time-resolved EIT resonance to verify the 
proposed slow and fast process in numerical calculation.

Our key results of the transient evolution process are 
presented in Figures 6 and 7. From these two figures, one 
can clearly observe a slow and a fast photo-switching 
cycle in false color images without crosstalk between 
each other. The penetration depth of the 800 nm laser in 
Si and Ge materials are 1176 and 203 nm [49, 58], respec-
tively. A 600-nm Ge film is sufficient to absorb all incident 
light, but the epitaxial Si film cannot block the pump 
pulses totally. However, considering that the pump flu-
ences used to achieve the similar modulation depth is 50 
times different between Si and Ge, the leakage from the 
Si film can be ignored for the Ge film. Specifically, even 
excluding the attenuation due to reflections and abor-
tion, the maximum pump fluence of 40 μJ/cm2 (the EIT 
resonance has almost disappeared) is only equivalent 
to one third of the minimum power applied to Ge film. 

Therefore, the experimental result shown in Figure 6A is 
a purely a slow cycle with no participation of fast process. 
Here, the time delay represents the mismatch between 
the arrival of the excitation and the THz probe at the 
sample position. As illustrated in Figure 6, limited by the 
length of the optical delay line used in the experiment, 
the maximum time delay can only be extended to 900 ps, 
which is too short to cover an intact switching cycle for 
the slow change evolution process. Thus, the completed 
progress is supplemented by simulation. As the pump 
pulse impinges on the Si film, a large density of electrons 
is injected into the conductive band. Due to the quasi-
metal transition of Si, the capacitive gaps of the SRRs are 
short-circuited and the screening effect of the fringing 
field by the Si film is significantly strengthened, which 
leads to the deterioration of the dark mode as well as the 
destructive interference between the LC and LSP reso-
nance. Thereby, a strong modulation is imposed at the 
delay time around 0 ps, as exhibited by Figure 6. Distinct 

Figure 6: Transient evolution process of the slow switching changes in EIT resonance with the Si film is activated.
(A) Experimental transmission spectra map of the hybrid photonic device vs. the pump-probe time delay. The pump fluence is 40 μJ/cm2. 
(B) Simulation results of the first 900 ns of the transmission spectra map. (C) Simulation results of the entire photo-switching cycle of the 
active EIT resonance device in slow recovery speed. The recombination rate equation of the nonequilibrium carriers (∆Ne-h) obtained from the 
fitting result is used in numerical calculation by assuming the maximum ∆Ne-h is 1.37 × 1017 cm−3.
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to the dipole resonance, the EIT resonance is more sus-
ceptible to dielectric changes around its surface environ-
ment; thus, its temporal evolution resonance recovers 
more slowly, as depicted in Figure 6C. Particularly, the 
EIT resonance is still moderately affected by the pho-
toconductivities until a time delay of 1.7 ns. After this, 
relaxation of the carriers eventually restores the original 
spectral property within 1.7 ns.

The experimental and simulation results of the fast 
switching circle in the Ge film are shown in Figure 7. 
The basic evolution of Ge is similar to that of Si, but its 
relaxation characteristic time is only 0.65 ps, which is 
almost comparable to the photon injection process, allow-
ing for the total on-off-on circle accomplished within 11 ps 
(90 GHz). In the meantime, the modulation window is 
seriously compressed in which the transmission spectrum 
changed drastically in a very short time, so the delay time 

needs to be controlled precisely (sub-picosecond scale) 
in the modulation practice. In contrast, as displayed 
in Figure 6A, the transmission spectrum of slow cycle 
switching that lasts more than 900 ps changes gently 
and uniformly, resulting in a more accurate modulation 
output under the same delay time definition.

In order to eliminate the fake EIT effect that may be 
concealed in the transmission amplitude, the optically 
tunable active group delay (Δtg) of the THz wave packet 
is retrieved from the measured complex transmissions 
as the derivative of phase with respect to circular fre-
quency at various photoexcitations. It can been seen from 
Figure 8 that the wave packet with a central frequency of 
0.65 THz is delayed by 1.9 ps without pump excitation and 
the delay time decreases as the pump increases, reach-
ing almost zero at the pump maximum. Therefore, we can 
conclude from Figure 8 that the slow light characteristic of 

Figure 7: Transient evolution process of the fast switching changes in EIT resonance with the Ge film is activated.
(A) Measured transmission spectra map of the hybrid photonic device vs. the pump-probe time delay. The entire photo-switching cycle of 
the active EIT resonance device in fast recovery speed is presented. The pump fluence is 2000 μJ/cm2. (B) The corresponding simulated 
result of the optical modulation process. The measured recombination curve of the nonequilibrium carriers (∆Ne-h) is used in numerical 
calculation by assuming the maximum ∆Ne-h is 0.39 × 1017 cm−3.
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EIT resonator gradually disappears as the pump fluences 
increases, and eventually vanishes.

3  �Conclusion
In summary, we have experimentally and numerically 
established a novel planar metamaterial device com-
prising an Au EIT array hybridized with Ge and Si films 
as active media, which is confirmed to have the speed-
selectable optical reconfiguration and THz transmission 
modulation characteristics. Our comprehensive results 
suggest that the resonant THz transmission is optically 
modulated within the picosecond and nanosecond time 
scale, respectively. This ultrafast dynamic behavior of 
all-optical modulation is attributed to defects introduced 
in the amorphous Ge, which operates as trap-assisted 
recombination sites for accelerating the relaxation 
of charge carriers. Equally important, the slow speed 
response and the broadened time window are defined by 
the integrated Si film, which make the device more tol-
erable to the uncertainty of delay time while preserving 
an ultrafast switching. Therefore, the EIT hybrid device 
with multiple photoactive materials has gone some way 
towards promoting the next-generation multifunctional 
THz components.
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