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i.e., these rotators cannot freely rotate the polarization to arbi-
trary directions. 

 In this communication, we demonstrate for the fi rst time 
a freely tunable polarization rotator for broadband THz waves 
using a three-rotating-layer metallic grating structure, which 
can conveniently rotate the polarization of a linearly polarized 
THz wave to any desired direction with nearly perfect conver-
sion effi ciency. It is a subwavelength device that has a thickness 
less than one quarter of the central wavelength in the working 
frequency band. The device performance has been experimen-
tally demonstrated by both THz transmission spectra and direct 

  Terahertz (THz) waves, which possess wavelengths between 
infrared light and microwaves in the electromagnetic spec-
trum, have been intensively studied in recent years due to the 
emergence of effi cient THz sources and sensitive detectors. [ 1–3 ]  
Nowadays, the THz technology has a variety of unprecedented 
applications in information and communications technolo-
gies, advanced imaging, bio- and medical sciences, homeland 
security, etc. Yet further development of THz materials/devices 
in the frequency range of 10 11 –10 13  Hz has been restricted 
mainly due to the lack of tunable, high-effi ciency, and broad-
band optical components including polarization converters 
and rotators, [ 4–18 ]  phase modulators, [ 19–21 ]  and lenses. [ 22,23 ]  It is 
known that commercially available THz emitters usually gen-
erate linearly polarized waves only along certain directions, but 
in practice, a polarization rotator that is capable of rotating the 
polarization of THz waves to any direction is particularly desir-
able and it will have various important applications. 

 Conventionally, the polarization direction of a linearly polar-
ized THz wave is modulated by birefringent crystals [ 24,25 ]  or 
liquid crystals. [ 26–28 ]  However, the available materials can only 
be applied to a very narrow frequency band of THz waves. Very 
recently, by introducing THz metamaterials researchers are 
able to change the polarization of broadband THz waves. [ 13,14 ]  
Specifi cally, the metamaterial-based broadband THz polariza-
tion converter has been proposed and demonstrated to have a 
powerful capability of rotating a linear polarization state into its 
orthogonal state. [ 13 ]  Tri-layer metasurfaces can also effi ciently 
rotate the linear polarization of THz waves in a broadband 
range. [ 14 ]  Despite of these achievements, however, a common 
limitation of such devices is that each metastructure can tune 
the polarization only to a specifi c direction based on its design, 
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 Figure 1.    Construction of the freely tunable broadband linear polarization 
rotator for THz waves. a) Schematic of the three-grating-layer rotator. 
The inset represents part of the lateral view. b) Photographs of the fi ve 
components of the polarization rotator. c) Magnifi ed photograph of S1. 
d) Magnifi ed photograph of S2. e) Assembled polarization rotator with 
 φ  1  =  φ  2  = 45°.
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interference in the three-layer grating structure based on the 
scattering-matrix analysis. We can expect that this active broad-
band polarization rotator has wide applications in analytical 
chemistry, biology, communication technology, imaging, etc. 

 As shown in  Figure    1  a, our freely tunable broadband linear 
polarization rotator consists of three layers of metallic grat-
ings with the same thickness  h . The fi rst and second grat-
ings have periods  d  1  and  d  2 , and slit widths  w  1  and  w  2 , respec-
tively; while the third grating has the same parameters as the 
fi rst one. The thickness of the air space between the neigh-
boring grating layers is  s . All three gratings can be freely 
rotated, and we defi ne the rotation angle between the fi rst 
and second gratings as  φ  1 , and that between the second and 
third gratings as  φ  2 . Figure  1 b shows the fi ve components we 
used to construct the polarization rotators. Here, S1 (magni-
fi ed in Figure  1 c) is a stainless steel grating with period  d  1  = 
300 µm, slit width  w  1  = 120 µm, and thickness  h  = 50 µm; 
the stainless steel grating S2 (magnifi ed in Figure  1 d) has the 
parameters  d  2  = 380 µm,  w  2  = 120 µm, and  h  = 50 µm; S3 
is the same grating as S1; and S0 is a 50-µm-thick separate 
layer. The assembled three-layer grating structure “S1-S0-S2-
S0-S3” is shown in Figure  1 e, where the thickness of the two 
air spacers is  s  = 60 (±2) µm, which is about 10 µm thicker 
than separate layer S0 because of the extra air gap between 
stainless steel layers.  

 The incident wave has the transverse-magnetic (TM) polari-
zation with electric fi eld  E  0  perpendicular to the strips of the 
fi rst grating ( E  0  along the  X -axis in Figure  1 a). Numerical com-
putations based on the fi nite-difference time-domain (FDTD) 
method [ 29 ]  were also carried out with the 
commercially available Lumerical FDTD 
Solution 8.0.1 software. Because metals in 
the THz band can be considered as perfect 
electric conductors, we have set the relative 
permittivity of the stainless steel to –1 and 
the conductivity to 1.6 × 10 7  (Ωm) −1  in the 
calculations. 

 For the three-layer grating device, we 
defi ne the angle

 φ φΦ += 1 2   
(1)

 

 as the designed total linear polarization rota-
tion angle, i.e., it is anticipated that the linear 
polarization state of the incident beam will 
be rotated by angle Φ after the transmission. 
Our calculations show that high polarization 
rotation effi ciency occurs at  φ  1  = φ   2 , so we 
always set  φ  1  =  φ  2  =  φ  = Φ/2 in this work. As 
mentioned above, we set the incident electric 
fi eld  E  0  to be perpendicular to the strips of 
the fi rst grating (TM polarization). We write 
the transmitted electric fi eld as  E  =  E  || (Φ) + 
 E ⊥  (Φ), where  E  || (Φ) and  E  ⊥ (Φ) are the com-
ponents polarized parallel and perpendic-
ular to the designed polarization direction 
(rotated by Φ from the X-axis to the Y-axis in 
Figure  1 a), respectively. In order to verify the 

polarization rotation induced by the device, we also defi ne two 
parameters T || (Φ) = | E  || (Φ)| 2 /|  E  0 | 2  and T ⊥ (Φ) = | E  ⊥ (Φ)| 2 /|  E  0 | 2 , 
which represent the transmission components along the two 
orthogonal directions. 

 If the rotation angle between the neighboring gratings is set 
as  φ  = 45° in the device, we have the total polarization rotation 
angle Φ = 2 φ  = 90°. Then we expect that the input wave will be 
simply rotated into an orthogonally polarized output wave, i.e., 
T || (Φ) → 1 and T ⊥ (Φ) → 0. As shown in  Figure    2  a, our calcula-
tions indeed verify that T || (Φ) reaches ∼90% while T ⊥ (Φ) is less 
than 1% in the frequency band 0.20–0.44 THz. It is more inter-
esting to see that the experimentally measured T || (Φ) and T ⊥ (Φ) 
in Figure  2 b agree well with the calculations, with T || (Φ) ∼ 90% 
and T ⊥ (Φ) < 1%. The polarization extinction ratio T || (Φ)/T ⊥ (Φ) 
is better than 100:1 (see Figure S2 in the Supporting Informa-
tion) for the shaded frequency in Figures  2 a and  2 b, which indi-
cates that the output wave is a high-quality linearly polarized 
wave. Here, we defi ne the polarization conversion effi ciency as

 E E T( ) / ( )
2

0
2

� �η = Φ ≡ Φ   (2) 

 The results of  η  or T || (Φ) in Figures  2 a and  2 b for Φ = 90°, 
therefore, demonstrate successful and nearly perfect polariza-
tion conversion for broadband THz waves through the three-
layer metallic grating device.  

 Moreover, by rotating the three composite grating layers, we 
can freely tune the polarization rotation (Φ) of the rotator to 
any desired angle, which is particularly convenient for users 
in actual applications because additional tuning devices are 
not required. The calculated and experimentally measured 
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 Figure 2.    Measurements and calculations of the transmission of a free-tunable broadband 
linear polarization rotator. a) Calculated and b) measured transmission components T || (Φ) and 
T ⊥ (Φ) of the broadband linear polarization rotator with rotation angle Φ = 90°. The frequency 
regions with T || (Φ) > 50% are shaded. c) Calculated and d) measured transmission component 
T || (Φ) (i.e., the polarization conversion effi ciency  η ) of the polarization rotator with varying 
angle Φ from –90° to 90°. Color bars show intensity levels of T || (Φ). The incident wave is TM-
polarized with respect to the fi rst grating S1.  d  1  = 300 µm,  w  1  = 120 µm,  d  2  = 380 µm,  w  2  = 
120 µm,  h  = 50 µm, and  s  = 60 µm.
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T || (Φ) (i.e., polarization conversion effi -
ciency  η ) of the broadband linear polariza-
tion rotator with Φ varying from –90° to 
90° are shown in Figure  2 c and Figure  2 d. 
When the rotation angle (|Φ|) decreases, 
the working bandwidth of the polarization 
rotator signifi cantly increases although the 
polarization conversion effi ciency slightly 
decreases. Meanwhile, due to T ⊥ (Φ) < 1% 
for all Φ varying from –90° to 90° (see Figure 
S3 in the Supporting Information), the 
T || (Φ)/T ⊥ (Φ) is always better than 100:1 (see 
Figure S4 in the Supporting Information), 
which again indicates that the output waves 
are high-quality linearly polarized waves. 
Therefore, it is verifi ed by the THz transmis-
sion spectra that this device can indeed work 
as a freely tunable broadband polarization 
rotator for THz waves. Besides, this polariza-
tion rotator is a subwavelength device with a 
total thickness of 270 µm, so it can be con-
veniently placed into compact optical circuits 
or devices for practical applications. 

 In order to reveal the underlying physics of 
the polarization rotation, we have performed 
theoretical analyses based on the scattering 
matrix method (see the Supporting Informa-
tion for details). [ 30–32 ]  First, we consider the 
polarized waves going through a metallic 
grating. The transverse-electric (TE) waves 
are refl ected by the metallic grating, while the 
TM waves are partially transmitted through 
the slits in the subwavelength region. Here, 
we assume the  X  and  Y  axes are perpendic-
ular and parallel to the strips of the grating, 
respectively. The scattering matrix  S  deter-
mines electric fi eld components for the TE or 
TM waves as
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 where the superscripts  f  and  b  stand for “forwards” and “back-
wards,” respectively. The grating is sandwiched by two dielec-
tric materials I and II, respectively, and the corresponding fi eld 
components along  p  =  X  or  Y  axis are labeled with the sub-
scripts I or II. And  r  and  t  are zero-order refl ection and trans-
mission coeffi cients, respectively. For polarization σ = TE, the 
electric fi eld is along  Y  axis, we have  r  = –1 and  t  = 0 in Equation 
 ( 3)  ; while for polarization σ = TM, the electric fi eld is along  X  
axis, we derive the  S  matrix using the FDTD method. Besides, if 
the electromagnetic waves incident on the grating with rotation 
angle  θ , the  S  matrix can be achieved by rotation operation as
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⎠⎟  is the rotation operator. 

 The polarized waves transmitting through the three-layer 
gratings can be described by the  S  matrix for the entire system 
using the iteration rule. Based on the scattering matrices, we 
have obtained the theoretical T || (Φ) curves of the above broad-
band linear polarization rotator (see Figure S5 in the Sup-
porting Information) for Φ = 0°, 30°, 45°, and 60°, respectively. 
These analytical results are consistent with the FDTD numer-
ical calculations and the experimentally measured T || (Φ) curves. 

 In order to understand how the polarization is rotated by 
the three-layer gratings, we can further calculate the electro-
magnetic fi elds inside the gratings using the transfer matrix  T , 
which can be derived from the  S  matrix as
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 where  S 11  ,  S 12  ,  S 21  , and  S 22   are the 2 × 2 block matrices of 

SS
SS SS
SS SS
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.  Figure    3   shows the frequency-dependent 

electric fi elds at three different spatial locations in a rotator.  E ( S j  ) 
with  S j   = S1, S2, and S3, respectively, stands for the electric fi eld 
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 Figure 3.    Frequency-dependent electric fi elds at three different spatial locations in the three-
grating polarization rotator. The calculated electric fi elds, i.e.,  E ( S j  ) with  S j   = S1, S2, and S3, 
after the THz waves immediately pass through the fi rst grating layer S1 (black), second grating 
layer S2 (blue), and third grating layer S3 (red), respectively. Denote  E  || ( S j  ) and  E  ⊥ ( S j  ) as the fi eld 
components parallel and perpendicular to the designed polarization direction, respectively. 
In the rotator with rotation angle Φ = 0°: a) intensity and b) phase of  E  ⊥ ( S j  ); c) intensity; and 
d) phase of  E  || ( S j  ). While in the rotator with Φ = 30°: e) intensity and f) phase of  E  ⊥ ( S j  ); and 
g) intensity and h) phase of  E  || ( S j  ). The incident wave is TM-polarized to the surface of the fi rst 
grating S1.  d  1  = 300 µm,  w  1  = 120 µm,  d  2  = 380 µm,  w  2  = 120 µm,  h  = 50 µm, and  s  = 60 µm.
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immediately after the THz waves pass through the fi rst grating 
layer S1, the second grating layer S2, and the third grating layer 
S3. Here, we use  E  || ( S j  ) and  E  ⊥ ( S j  ) representing the fi eld com-
ponents parallel and perpendicular to the designed polarization 
direction, respectively. In the tri-grating rotator with rotation 
angle Φ = 0°,  E  ⊥ ( S j  ) vanishes, while | E  || ( S j  )| has high intensi-
ties. The phases of  E  || ( S j  ) does not change abruptly, indicating 
that there are no resonances in the structure. While in the tri-
grating rotator with Φ = 30° (similar to other cases with Φ ≠ 
0°),  E  ⊥ (S3) tends to vanish, yet  E  || (S3) exists when the waves 
pass through the whole device. This feature determines the 
overall transmission and illustrates the polarization conversion 
of the THz wave. It is noteworthy that the ratio | E  || (S3)|/| E  0 | 
approaches 100% within broad bandwidth, indicating that a 
nearly perfect polarization conversion effi ciency  η ≅100% has 
been realized. Note that both | E (S1)| and | E (S2)| may become 
larger than | E  0 | at some frequencies when the waves travel 
between the fi rst and the third gratings (as shown in Figure  3 ), 
which represents a typical feature for optical constructive inter-
ference. [ 33 ]  In whole process, energy conservation sustains, yet 
the energy density is unevenly distributed in space.  

 Actually, when the TM waves pass through the fi rst grating, 
they are split into both TE and TM waves to the second 
grating. The TE waves travel back and forth between the fi rst 
and the second gratings; for TM waves, a part is refl ected and 
the rest passes through the second grating. Similar processes 
happen in-between the second and the third gratings. Those 
transmission and refl ection processes repeat, the construc-
tive interference of multiple TM waves transmitting through 

the third grating (S3) lead to nearly perfect 
polarization conversion. Therefore these 
three gratings are strongly correlated in the 
device, acting as a three-dimensional (3D) 
structure. In this 3D tri-grating structure, 
the TM and TE waves are interswitchable, 
and multiwave interference occurs, eventu-
ally perfect polarization conversion is real-
ized at optimal geometry. We should point 
out that the effi ciency of polarization con-
version in this tri-grating structure strongly 
depends on the thickness and the period of 
gratings, as well as the separations among 
three gratings (see the Supporting Informa-
tion for details). In addition, because the 
thickness of the device is subwavelength, 
the optical phases for different frequencies 
do not change too much within this lim-
ited space. It follows that the polarization 
conversion of this device is a broadband 
effect. By decreasing the thickness of grat-
ings or shrinking the separation of gratings 
in the device, the bandwidth for high polari-
zation conversion can be enlarged yet the 
band shifts to the higher frequency region 
(see Figures S6–S8 in Supporting Informa-
tion). Therefore, our theoretical analysis 
reveals that this polarization rotation origi-
nates from multi wave interference at THz 
regime in the three-layer grating structure. 

 The nearly perfect broadband polarization conversion can 
also be directly visualized through THz imaging. As schemati-
cally shown in  Figure    4  a, in our imaging experiments the TM-
polarized polychromatic THz pulses are transmitted through 
Rotator A, and then focused onto the imaging objects. The trans-
mitted signals through the objects are detected directly (without 
Rotator B) or detected after transmitted through Rotator B. 
Here, Rotators A and B are two linear polarization rotators 
placed with mirror symmetry, both with Φ = 90°,  d  1  = 300 µm, 
 w  1  = 120 µm,  d  2  = 380 µm,  w  2  = 120 µm,  h  = 50 µm, and  s  = 
60 µm. The polyethylene focusing lenses have focal lengths of 
5.0 cm, and the objects are mounted on a computer-controlled 
 X - Y  stage, allowing continuous scanning via a focused beam for 
two-dimensional (2D) image generation at selected frequencies. 
The imaging objects are three-letter patterns, “N,” “J,” and “U,” 
cut from a copper plate (see the inset of Figure  4 a). Note that the 
copper plate is completely opaque to THz waves. The scanning 
step here is 1 mm, and we perform intermediate interpolation 
twice between two neighboring data sets to smooth the images.  

 First, we put only Rotator A in the system (without Rotator 
B) and image the objects at frequencies  f  = 0.2, 0.3, and 
0.4 THz, respectively. As shown in Figure  4 b, no clear pattern 
is formed, and overall the detected intensity is very low. How-
ever, if we move in Rotator B in the system (as schematically 
shown in Figure  4 a), the images detected at  f  = 0.2, 0.3, and 
0.4 THz clearly show the pattern “NJU” in Figure  4 c, where 
the image contrast can reach about 60:1, and the average trans-
mission intensity becomes very high. The fuzzy boundaries of 
the images are due to the diffraction limit as the incident 
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 Figure 4.    Visualization of polarization rotation by THz imaging. a) Schematic of the THz 
imaging system. Rotators A and B are two identical linear polarization rotators placed with 
mirror symmetry, both with Φ = 90°,  d  1  = 300 µm,  w  1  = 120 µm,  d  2  = 380 µm,  w  2  = 120 µm,  h  = 
50 µm, and  s  = 60 µm. The inset is a photograph of the imaging object with the scale bar being 
5 mm long. Detected images of the object for frequencies  f  = 0.2, 0.3, and 0.4 THz under the 
conditions of b) with Rotator A but without Rotator B and c) with both Rotators A and B. Each 
2D image consists of 73 × 145 pixels. The color bars show the transmission intensity levels on 
the logarithmic scale, with brighter areas corresponding to higher transmission.
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wavelength is comparable to the boundary width of the sample 
patterns. The imaging resolution improves with increasing  f . 
Actually in the experiments, the polarization of the incident 
waves were rotated 90° by Rotator A, then the same polariza-
tion was kept after the waves passing the imaging objects 
(“NJU”). Note that the detector can only collect the signals with 
the same polarization of incident waves, thus the signals with 
orthogonal polarization can not be detected if Rotator B does 
not exist in the system. But once we put Rotator B into the 
system, the polarization of the transmitted wave was further 
rotated 90° by Rotator B, turning to be parallel polarization to 
incident waves, thus the transmitted signals were received by 
the detector. These results clearly demonstrate that Rotators A 
and B can indeed effectively rotate the linear polarization in the 
desired way. 

 Mechanical tuning is an effective way to achieve active 
devices. [ 34–39 ]  In our case, the broadband linear polarization 
rotator is mechanically tunable, which can also be demonstrated 
through THz imaging of a polarization-sensitive sample. As 
schematically shown in  Figure    5  a, the linear polarization states 
of the THz waves can be arbitrarily changed between the two 
polarization rotators. Here, we use a polarization-sensitive 
imaging sample, which combines the “TM” and “TE” patterns 
using two orthogonal gratings to distinguish the differences 
between the two patterns (see the inset of Figure  5 a and its 

magnifi cation in Figure S1 of the Supporting 
Information). This sample is a 50-nm-thick 
gold layer on a polyethylene terephthalate 
substrate constructed with lithography.  

 When both Rotators A and B are mechani-
cally rotated to Φ = 0°, the polarization states 
of the THz waves between two rotators are 
not changed, thus the detected images at  f  = 
0.2, 0.3, and 0.4 THz clearly show the “TM” 
pattern in Figure  5 b. When the two rotators 
are set to Φ = 45°, we obtain the overlapped 
“TM” and “TE” patterns in Figure  5 c. As 
expected, when A and B are mechanically set 
to Φ = 90°, the polarization states of the THz 
waves become orthogonal states compared 
with the waves outside two rotators, thus 
clear “TE” patterns are recorded in Figure  5 d 
(Note that in all the three cases, the sample 
is fi xed). The image contrast is about 10:1 
in Figure  5  (the dark images under bright 
background), which is reasonably lower than 
that in Figure  4  (the bright images under 
dark background). Based on these results 
on the polarization-sensitive sample, there-
fore, we have verifi ed the tri-grating rotator's 
capability of free polarization rotation to any 
direction. 

 In conclusion, we have demonstrated a 
linear polarization rotator that is a three-layer 
metallic grating structure for manipulating 
the polarization of broadband THz waves. 
By mechanical rotations of the composite 
grating layers, this freely tunable device can 
rotate the polarization of a linearly polar-

ized THz wave to any desired direction with high conversion 
effi ciency. It is a subwavelength device that has a thickness of 
less than one quarter of the central wavelength in the working 
band. The excellent performance of this device is experimen-
tally shown by both THz transmission measurements and 
direct THz imaging. The polarization rotation effect originates 
from multiwave interference in the three-layer grating struc-
ture. This low-cost, thin, high-effi ciency, and freely tunable 
broadband THz device may have potential applications in var-
ious areas, such as material analysis, wireless communication, 
and THz imaging. 
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 Figure 5.    THz imaging of a polarization-sensitive sample with the mechanical tunability of the 
polarization rotators. a) Schematic of the THz imaging system. Rotators A and B are the same as 
those in Figure  4 a. The inset is a photograph of the imaging object and the scale bar is 2.5 mm. 
Detected images of the object sample for frequencies  f  = 0.2, 0.3, and 0.4 THz under the polarization 
rotation angles of b) Φ = 0°; c) Φ = 45°; and d) Φ = 90°. Each 2D image consists of 65 × 97 pixels.
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