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sub-picosecond THz pulse to the nanotip 
to modulate the bias of the tunnel junc-
tion, has achieved atomic resolution on 
ultrafast timescales.[8–17] In order to further 
manipulate light-field-driven processes 
in the ultrafast and ultrasmall regime, 
researchers use the CEP of broadband THz 
pulse to modulate the potential barrier 
between the nanotip and sample.[10,12,15,17] 
This strong nonlinear effect is helpful to 
realize the ultrafast coherent control of 
electron transport on the atomic scale.[18–20] 
Especially, it is vital to switch the polarity 
of bias at the STM junction by controlling 
the CEP of the THz pulse. Therefore, the 
CEP control techniques of broadband THz 
pulse are important, which is the primary 
motivation of this work.

The CEP of ultrashort THz pulse is 
generally stabilized by the technique of 
self-referencing or difference-frequency 

generation (DFG).[21,22] A complex THz setup composed of sev-
eral THz polarization components has been used to control the 
CEP, but its insertion loss is very large due to the high Fresnel 
reflection loss.[23] Natural materials with weak dispersion 
response and small birefringence cannot be easily designed for 
CEP control of THz pulses with broadband frequency compo-
nents. By contrast, THz devices made of thin-film optical com-
ponents are expected to exhibit higher modulation depth and 
support more compact systems.[24,25] Metamaterials (MMs), 
artificial materials with extraordinary optical properties derived 
from subwavelength structures, exhibit strong dispersion and 
anisotropic response to EM waves compared with natural 
materials.[26–28] Up to now, many THz phase modulators have 
been proposed to realize wavefront engineering, which can be 
roughly divided into free-space phase modulation (FSPM) and 
guided-wave phase modulation (GWPM).[29–33] The former real-
izes the phase modulation of free-space waves mainly by the 
change of EM resonance characteristic of MMs. However, since 
the amplitude and phase satisfy the Kramers–Kronig (K–K) dis-
persion relation, the greater the modulation depth of phase, the 
greater the loss of amplitude. Unlike FSPM, GWPM usually 
controls the phase in guided wave mode by changing the equiv-
alent propagation constant in the waveguide, but these THz 
phase shifters still have the problems of small phase modula-
tion range, large loss, and high power consumption. It is a fea-
sible scheme to realize a 2π phase shift on the sub-wavelength 
scale by using the resonant phase and Pancharatnam–Berry 
phase of scatterers with an anisotropic light response.[34–36] 
In order to completely control the equi-phase surface of EM 
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1. Introduction

The carrier-envelope phase (CEP) of the optical pulse deter-
mines the instantaneous electric field intensity of the pulse, 
which plays an important role in many nonlinear physical pro-
cesses  such as high-harmonic generation (HHG), ionization 
probability of above-threshold ionization, electron localization 
in dissociation of the molecule, population transfer, and so 
forth.[1–4] Near single-cycle terahertz (THz) pulse has been gen-
erated and applied in many fields.[5–7] Recently, the THz scan-
ning tunneling microscope (THz-STM), developed by coupling 
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waves, these scatterers need to be arranged in arrays. However, 
these scatterers will change the polarization direction of the 
incident electric field, and the radiation efficiency is still low. 
MMs, which can provide both CEP shift and low insertion loss 
for broadband THz pulse without changing the polarization of 
the electric field, have not been reported.

In this letter, we realize broadband THz CEP control with 
MM arrays of different parameters, as shown in Figure 1. The 
unit cell of each array consists of two subunits. One induces an 
approximately equivalent phase shift over the whole spectrum 
range, and the other converts the modulated cross-polarized 
waves back to co-polarized waves. The sample was fabricated 
using conventional UV lithography, electron beam deposition, 
and lift-off techniques on polyimide film. The performances 
of the as-fabricated sample were then characterized using a 
THz time-domain spectroscopy (THz-TDS) system. Simulation 
and experimental results show that THz CEP can be ideally 
adjusted by the proposed MM arrays. Compared to the complex 
THz CEP controller composed of different parts, the proposed 
CEP shifter is ultra-thin, flexible, with low insertion loss, and 
easy to install and operate, which can realize 2π shift of CEP in 
sub-wavelength thickness, as shown in Table 1.

2. Design and Fabrication

The unit cell of each array consists of subunit A (pale green 
area) and subunit B (pale blue area), as shown in Figure  1a. 

In subunit A or B, the orthogonal gratings and split-ring reso-
nator (SRR) made of gold are embedded in a dielectric film 
made of polyimide. In order to simplify the fabrication pro-
cess and facilitate the separation or combination of subunit 
A and subunit B, the two are bonded with silica gel. For 
subunit A of different arrays, the same structural parame-
ters are tpolyimide = 80 μm, tmetal = 0.2 μm, d = 8 μm, g = 4 μm,  
h = 30 μm, and px = py = 38 μm. The fabricated flexible thin-film 
CEP shifter consists of five arrays with an area of 100 mm2 for 
each array, as shown in Figure  1b. Figure  1c shows the profile 
of the SRR in subunit A along the parallel x–y plane, and the 
corresponding parameters are listed in Table 2. For subunit B, it 
has the same structural parameters as subunit A except for being 
rotated by π with respect to the y-axis. Subunit A of different 
arrays converts the incident co-polarized (x-polarized) wave into 
a transmitted cross-polarized (y-polarized) wave, and modu-
lates the phase of the transmitted wave with SRR of different 
geometric parameters, thus introducing a different phase for 
different arrays. Subunit B of different arrays converts the cross-
polarized wave back into a co-polarized wave. Since the structural 
parameters of subunit B of different arrays are exactly the same, 
no phase difference will be introduced for different arrays. When 
subunit A and B are bonded together by silica gel, only the CEP 
of the incident pulse will be modulated, as shown in Figure 1a.
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Figure 1.  Overall and local schematics of the CEP shifter. a) Perspective view of the unit cell of array, which consists of subunit A (pale green area) and 
subunit B (pale blue area). b) Overall and local optical images of the CEP shifter from the top view, and flexibility of the CEP shifter demonstrated by 
manually bending the sample. c) Overview of the profile of the SRR in subunit A along the parallel x–y plane.

Table 1.  Comparison to reported THz-CEP shifter.

Ref. Bandwidth Insertion  
loss

Thickness Angular 
robustness

Polarization 
dependence

[23] 2.0 THz ≈10 dB >87 mm Weak Linear

This work 1.6 THz <4 dB ≈160 μm Strong Linear

Table 2.  Geometric parameters of SRR.

Array No. I II III IV V

α 72.5° 35° −17.5° 125° 74°

β 45° −45° −45° 45° 45°

γ 17.5° −125° −72.5° −35° 16°

r1 [μm] 30.5 33.5 30.5 33.5 30.5

r2 [μm] 24.5 29.5 24.5 29.5 24.5
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In the THz band, the birefringence coefficient of natural 
crystal materials is usually not large enough, so it is necessary 
to increase the device thickness for a large phase delay, which 
cannot be used in small integrated devices. Different from the 
gradual accumulation of phases in traditional optical elements, 
arbitrary phase delay can be realized at the sub-wavelength scale 
by the strong coupling between EM wave and metasurface.[29,34–36] 
Here, the SRR which reveals a strong response to the THz radia-
tion is the basic unit, as shown in Figure 1c. SRR is one of the 
simplest anisotropic resonators under certain conditions.[35] It 
is similar to V-shaped antennas but can be designed to be more 
subwavelength. When the linearly polarized wave is coupled with 
SRR, the incident electric field component polarized parallel and 
perpendicular to the symmetry axis of SRR excites the symmetric 
and antisymmetric eigenmodes of SRR, respectively. For arbitrary 
incident θ-polarized wave, both eigenmodes are excited at the 
same time, and the scattered field can be expressed as:
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where S and A denote the complex scattering amplitudes 
from the symmetric and anti-symmetric modes, 

�
x  and 

�
y  are 

the unit vectors along the x- and y-axes, respectively. Obvi-
ously, the scattered field contains two terms, which are polar-
ized along the θ-direction and the (2β – θ)-direction from the 
x-axis, respectively. For the θ-polarized component, that is, 
the co-polarized wave, it has a phase response similar to that 
of the incident field but with different amplitudes. Therefore, it 
is difficult to directly realize large phase delay for co-polarized 
waves by adjusting the structural parameters of SRR. For the 
(2β – θ)-polarized component, its phase delay can easily cover 
0–2π by changing the structural parameters of the SRR. In our 
simulation and experiment, the symmetry axis of the SRR is 
along β = π/4 and the incident polarized wave is the x-polarized 
wave, 

� �= + + −( ) /2 ( ) /2E S A x S A ysca .

However, due to the bidirectional radiation of electric dipole, 
SRR has significant reflection and polarization loss, and the 
polarization conversion ratio (PCR) of SRR does not exceed 
25%.[35] Therefore, we use multi-beam interference to improve 
the PCR of SRR, as shown in Figure 2. For metal grating, due 
to the low-frequency EM Lorentz interaction, the EM mode 
perpendicular to the metal grating can be transmitted with 
low loss, while the EM mode parallel to the metal grating 
will be reflected.[37] Therefore, for interface 1 and interface 3, 
we approximately consider their transmission coefficients 

= ≈| | | | 11 3t tx x  and reflection coefficients π= ≈| | | | 1 with1 3r ry y  
phase change. It should be noted that this approximation is 
not applicable in higher frequencies. Since the Jones matrix 
of SRR with mirror plane π/4 inclined has equal off-diagonal 
elements,[38] the complex transmission and reflection coef-
ficients of the interface 2 have the following relationship: 

= = = = =, ,2 2 2 2 2 2 2 2t t r r t t r rx y x y yx xy yx xy , where superscript x(y) repre-
sents x(y)-polarized input and x(y)-polarized output, xy(yx) 
represents y(x)-polarized input and x(y)-polarized output. The 
subscript number represents the interface where the corre-
sponding metal layer is located. The spacer layer is a homoge-
neous medium that can only provide the phase factor of EM 
wave propagation. In addition, the thickness of the spacer layer 
is much greater than that of the metal layer, so the interaction 
between the metal layers can be ignored. First, the system com-
posed of interface 1, interface 2, and the medium between them 
is regarded as resonator cavity 1, the complex transmission 
coefficients can be deemed as the superpositions of multiple 
reflections and transmissions at the two interfaces:
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where k  = 2πnf/cis the propagation constant, n denotes the 
refractive index of polyimide, c is the speed of light in free space, 
and f is frequency, = +1 2

2a r ey i kh, = + −(1 ) ( )2
2 2

2
2 2b r e t ey i kh yx i kh . 
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Figure 2.  Schematic of multiple-beam interference in the thin film composed of subunit A, which shows how multiple reflections and transmissions 
at the interface affect the transmission and reflection coefficients.
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Then, the system composed of interface 2, interface 3, and the 
medium between them is regarded as resonant cavity 2. Thus, 
the total complex transmission coefficient can be given as:
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Taking the geometric parameters of subunit A in array I 
as an example, Figure 3a shows transmission and PCR as a 
function of frequency. By comparing the transmission curves 
of theoretical calculation and simulation, it can be found that 
they agree well in the range of 0.4–1.6 THz. The difference 
between them may be due to the neglect of the influence of 
interlayer coupling in theoretical calculation. The difference 
between experimental and simulation results may be caused 
by the dimensional error of microfabrication processes and the 
change in the dielectric refractive index. In order to understand 
why transmission decreases at some frequencies and the broad-
band spectrum response of SRR, we set up a field monitor to 
monitor the surface current distribution of SRR at 0.67, 1.2, 
and 1.7 THz, respectively. Obviously, the typical inductance-
capacitance (LC) resonance (mode I) and the third-order reso-
nance (mode III) are induced by the antisymmetric eigenmode 
of SRR, and the dipole resonance (mode II) is excited by the 
symmetric eigenmode of SRR. These three modes reveal dis-
crete resonance behavior and the superposition between them 
results in a broad spectrum response of SRR. The simulated 
and measured PCRs show that the PCR of the sample is greater 
than 90% in the range of 0.4–1.8 THz, which is much higher 
than the PCR of SRR. Therefore, the PCR of the sample can be 

significantly improved by introducing a pair of cross-oriented 
gratings. The sample was fabricated by a traditional micro
fabrication process, and its process chart is shown in Figure 3b.

3. Results and Discussion

Subunits A and B need to be used together to adjust the THz 
CEP while keeping the polarization unchanged. Since the struc-
tures of subunits A and B are the same, only one subunit was 
investigated with the Finite Integration Technique (FIT). Five 
groups of special CEP values were designed and fabricated 
for special applications.[8–17] Figure 4a shows the simulation 
results of transmitted far-field THz temporal waveforms with 
cross-polarization after subunit A in different arrays. Obviously, 
when the incident pulse is modulated by different arrays in 
turn, the CEP shift is clearly observed. There is no temporal 
delay between these pulses, and the envelope (gray dotted line) 
and duration of the pulse remain unchanged. Figure 4c shows 
the phase shift spectra obtained by the Fourier transforma-
tion (FT) of the temporal waveforms, and the results show that 
phase shift between different arrays is relatively constant in 
the range of 0.5–1.8 THz when the CEP of array III is set as 
the reference value. For example, when array III is switched to 
array I, the shift of CEP of the cross-polarized pulse is π, which 
realizes the reversal of the signs of the temporal waveform. 
By carefully designing the geometric parameters of SRR, arbi-
trary CEP values between 0 and π can be obtained, as shown 
in Figure 4e, which illustrates the CEP shift in the range of π 
with nearly constant transmission at 1.0 THz. A commercial 
THz-TDS system is used to observe the CEP shift for different 
MM arrays in the sample. Since the detector of the THz-TDS 
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Figure 3.  a) The transmission and PCR as a function of frequency. Insets: surface current distribution at 0.67, 1.2, and 1.7 THz, respectively. b) The 
specific illustration of fabrication procedures. In the first step, a polyimide multilayer thin film of 30 µm is prepared onto a silicon wafer using a spin-
coating method. Then, 1 mL of image reversal photoresist AZ 5214 E is spin-coated onto the surface of the substrate. Thereafter, the first layer of MMs 
(metal gratings) is fabricated using conventional UV lithography, electron beam deposition, and lift-off techniques. A second polyimide multilayer thin 
film of 30 µm as a spacer is prepared onto the first layer of metal gratings. The SRR layer is obtained by a high-precision alignment UV lithography and 
metal deposition and lift-off process. A third polyimide multilayer thin film of 30 µm as a spacer is prepared onto the SRR layer of metal gratings. A 
second layer of metal grating, which is perpendicular to the first layer of metal grating, is fabricated by alignment UV lithography and metal deposition 
and lift-off process. Finally, a top layer of polyimide thin film of 30 µm is prepared to form the flexible MM.
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is polarization sensitive, it is necessary to rotate the detector to 
the cross-polarized direction. Figure 4b,d shows the measured 
THz temporal waveforms and the phase shift spectra, which 
are in good agreement with the simulation results. The differ-
ence between them is caused by a small mismatch between 
the fabricated real device and the simulated structure. The 
simulated and measured transmission spectra are also plotted 
in Figures  4f and 4g, respectively. The results show that the 
sample can maintain efficient transmission when modulating 
the CEP of cross-polarized pulses, the reduction of the trans-
mission for some frequency components is due to the resonant 
absorption of SRR.

The tolerance of the performance for the incidence angle 
and sample bending was also checked. First, we simulated 
and measured the response of the sample at different inci-
dence angles. As shown in Figure 5a,b, the simulation and 
experimental results show that when the azimuth ϕ changes 
from 0° to 52°, the transmission of the sample in the range 
of 0.4–1.6 THz is almost unaffected, except that the dip with 
the center frequency near 2.0 THz has a small redshift, indi-
cating good tolerance to the misalignment problems. In addi-
tion, polyimide film has good mechanical strength, and its 
bending strength is greater than 200 MPa at room temperature. 
Since our sample thickness is only about 100 μm, it’s necessary 
to understand the effect of sample bending on device perfor-
mance. Next, we checked the sample bending-induced trans-
mission response. In the simulation, when the curvature K 
is greater than 0.06 mm−1, the transmission appears obvious 

absorption around 0.9 and 1.3 THz, as shown in Figure  5c. 
This is because the structure of the model is complex at this 
time, and only appropriate sparse mesh to meet the calculation 
requirements, resulting in poor convergence of the calcula-
tion results. As shown in Figure  5d, the experimental results 
show that when the curvature K (reciprocal of the radius of the 
osculating circle) is less than 0.12 mm−1, the transmission is 
not affected by bending in the range of 0.4–1.6 THz, indicating 
good tolerance to the bending problems. The results of the 
above experiments show that the fabricated sample shows good 
robustness in practical application.

For some practical applications, like in THz-STM, the polariza-
tion of the THz pulse needs to remain the same while adjusting 
the CEP. We have demonstrated that the sample composed of 
subunit A can efficiently modulate the CEP of cross-polarized 
waves. Since the sample is composed of reciprocity materials, 
the Lorentz reciprocity condition is satisfied.[39] According to 
the Lorentz reciprocity theorem, if we send the cross-polarized 
waves modulated by subunit A back to subunit A in the oppo-
site direction, the incident cross-polarized waves will be restored 
to the transmitted co-polarized waves. Therefore, subunit A was 
rotated π along the y-axis to obtain subunit B, which was then 
combined with subunit A to realize the direct modulation of CEP 
of the incident pulse. The geometric parameters of subunit B of 
each array are set the same as those of subunit A of array I to 
ensure that no additional phase shift is generated between each 
array. Figure 6a,b shows simulated and measured far-field THz 
temporal waveforms, respectively. As expected, the introduction 
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Figure 4.  Temporal waveforms, phase shift, and transmission spectra of cross-polarized waves. a) Simulated temporal waveforms, where the gray 
broken lines are the envelope of the THz pulse. Insets: the unit cell of the array, which consists only of subunit A. b) Measured temporal waveforms. 
c,d) Phase shift spectra obtained by FT of temporal waveforms shown in (a) and (b), respectively. e) Transmission and phase shift as a function of 
geometric parameters of SRR. f,g) Transmission spectra obtained by FT of temporal waveforms shown in (a) and (b), respectively.
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Figure 6.  Temporal waveforms, phase shift, and transmission spectra of co-polarized waves. a,b) Simulated and measured temporal waveforms. Insets: 
the unit cell of the array, which consists of subunit A and subunit B. c,d) Phase shift spectra obtained by FT of temporal waveforms shown in (a) and 
(b), respectively. e,f) Transmission spectra obtained by FT of temporal waveforms shown in (a) and (b), respectively.

Figure 5.  Effects of wide-angle oblique incidence and structural bending on transmission. a,b) Simulated and measured transmission spectra of cross-
polarized waves when the azimuth ϕ changes gradually from 0° to 65°. c,d) Simulated and measured transmission spectra of cross-polarized waves 
when the curvature K changes gradually from 0 to 0.14 mm−1.
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of subunit B only converts cross-polarized wave into co-polarized 
wave, but does not change the introduced phase shift between 
subunit A of different arrays. This means that the temporal 
waveform of the incident wave can be directly changed with 
different arrays. Consequently, the total current amplitude and 
direction may be set by varying the CEP of the THz pulse when 
the sample serves the THz-STM. Figure  6c,d shows the simu-
lated and measured phase shift spectra, respectively, converting 
the CEP shift value from π to −π. The simulated and measured 
transmission spectra are plotted in Figure 6e,f, which show that 
subunit B will not induce large transmission loss. However, the 
larger transmission loss at high frequencies in the experiment 
may be caused by the mismatch between subunit A and subunit 
B during the bonding process.

4. Conclusion

In conclusion, we designed and experimentally demonstrated an 
ultra-thin and flexible CEP shifter, which can efficiently modu-
late the CEP of THz pulses. The CEP shift was realized by the 
resonance phase and Pancharatnam–Berry phase of SRR. Multi-
beam interference was used to ensure high transmission, and the 
superposition of multiple resonance modes to expand the band-
width of the spectrum. When the incident pulse was modulated 
by different stereo-MM arrays in turn, the change of temporal 
waveforms of the THz pulse was clearly observed using a THz-
TDS. We also verify that the design is robust under wide angles 
of incidence and deformation of the sample. In addition, our 
design scheme can also be applied to other frequency bands by 
appropriately scaling the geometry parameters of the structure.

5. Experimental Section
Numerical Simulations: Full-wave electromagnetic simulations 

were carried out using FIT. In the modeling, the permittivity of Au 
was given by the Drude model with im p1 /( ( ))2ε ω ω ω= − + Γ , where 
plasma frequency ωp  = 1.32  × 1016  rad s−1 and the collision frequency 
Γ = 1.2 × 1014  rad s−1. The polyimide was modeled as a lossy dielectric 
with a dielectric constant εp = 3.0 + 0.03i.[40] Periodic boundary conditions 
were set to the x- and y-boundaries and an open boundary condition was 
applied in the z-direction. The model was excited by a plane wave in the 
−z-direction and the probe was set in the +z direction to record far-field 
THz temporal waveforms.

Optical Measurements: In the experiment, a commercial THz-TDS 
system was used to characterize the performance of the sample. The 
sample was fixed on a micro-displacement stage and placed at the focus 
part of the THz beam path. By moving the sample, the THz pulse would 
pass through different MM arrays. All the measurements were carried 
out at room temperature in a dry air atmosphere to eliminate the 
disturbance from water vapor (humidity below 10%).
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