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We demonstrate how a metal wire grating can work as a 45° polarization converter, a quarter-wave retarder, and a
half-wave retarder over a broadband terahertz range when set up in total internal reflection geometry. Classical
electromagnetic theory is applied to understand the mechanism, and equations to calculate the polarization state
of reflected light are derived. We use a metal grating with a period of 20 μm and width of 10 μm on a fused silica
surface: linearly polarized terahertz light incident from fused silica with a supercritical incident angle of 52° is
totally reflected by the metal grating and air. The polarization of the terahertz light is rotated by 45°, 90°, and
circularly polarized by simply rotating the wire grating. The performance is achromatic over the measured range
of 0.1–0.7 THz and comparable to commercial visible light wave retarders. © 2017 Chinese Laser Press

OCIS codes: (350.2770) Gratings; (260.6970) Total internal reflection; (230.0230) Optical devices; (050.5080) Phase shift.
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1. INTRODUCTION

Terahertz (THz) frequencies have many advantages in high-
speed wireless communications [1,2], material characterization
[3,4], and biomedical imaging [5,6]. In these applications, the
components controlling the THz polarization, such as polari-
zation rotators and wave plates, are essential. Many designs use
birefringent materials, whether artificial or natural, to work as a
quarter-wave plate [7–9], but they depend on the wavelength
of the light. Some achromatic THz quarter-wave plate designs
reported employ stacked birefringent slides [10,11], dielectric
grating [12], metamaterials [13,14], or prism reflections
[15,16]. These structures have some significant drawbacks,
be it the thickness of the stacked crystal slides, the narrow op-
erational bandwidth of the dielectric grating and metamaterial
designs, and the requirement of high refractive index materials
or multiple reflections for large phase differences for the prism
techniques. Woo et al. reported a high conversion ratio slot
structure polarization converter, but it performed only at a sin-
gle frequency [17]. Grady et al. demonstrated a broadband
liner polarization converter based on metamaterials [18]. It
was highly efficient to convert the incident THz light into a
cross-polarization state, but it cannot perform more than
one state conversion. The designs referred to above work very
well as either a uni-functional quarter-wave plate or a liner
polarization converter, but they cannot function as both. A
single device that can provide both circular polarization conver-
sion and tunable linear polarization conversion with a broad

operation band is therefore desired. Here, we demonstrate
an approach that is able to realize an achromatic quarter-wave
retarder, half-wave retarder, and 45° linear polarization rotator
using a single device, namely, one metal wire grating in total
internal reflection (TIR) geometry. The transitions among
these three different states can be achieved by simply rotating
the wire grating. Metal grating structures working as THz po-
larizers in both transmission and reflection geometries have
been widely reported [19–21]. However, the possible applica-
tions of metal gratings in a TIR geometry have not been stud-
ied. Based on our previous research, many existing designs that
are well characterized in transmission geometry behave quite
differently in the TIR geometry [22,23]. Therefore, combining
the grating structure and the TIR modality could provide new
ways to manipulate the light polarization state without losing
the broadband features of the metal grating design.

2. THEORETICAL DERIVATION

To study the performance of the metal grating in a TIR geom-
etry, we start by theoretically analyzing the reflection and trans-
mission of a grating interface in the oblique incident case.
A schematic diagram of the electric and magnetic fields above
and below the grating is shown in Figs. 1(a) and 1(b). Above
the top surface of the metal grating, the material is isotropic
with refractive index of n1. Between and below the metal gra-
ting there is another isotropic material with refractive index of
n2. The thickness of metal in this study is assumed to be above
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the skin depth for the frequencies of interest, and the period of
the metal grating is much smaller than the wavelength to realize
broadband performance. The first subscript (i, r, or t) signifies
the incident, reflected, or transmitted electric (E) and magnetic
(H ) fields, respectively, whereas the second subscript (s or p)
represents the s or p component of these fields. αi, αr , and
αt are the incident, reflection, and transmission angles, respec-
tively, and θ is the angle between Eis and the wires in a counter-
clockwise direction.

In this paper, we use the boundary conditions in the x and y
directions to derive the equations of reflection coefficients.
In the x direction [as shown in Fig. 1(b)], which is parallel
to the wires, the tangential component of the E field is fully
reflected due to the free electrons in the metal wires. By apply-
ing Faraday’s law to a small rectangular loop located across the
boundary of medium 1 and medium 2 in the x–z plane, the
tangential E field along the x direction can then be expressed in
a scalar form of

E1x � 0; (1)

where E1x is the E field along x direction in medium 1. The
tangential component of the H field in the x direction can be
derived by applying Ampere’s law also to a small closed loop
across medium 1 and medium 2 in the x–z plane. The free
current perpendicular to the metal wire direction does not exist.
The boundary condition on the tangential component of theH
field in the x–z plane can be expressed in scalar form as

H 1x −H 2x � 0; (2)

where H 1x and H 2x are the magnetic fields along the x direc-
tion in medium 1 and medium 2, respectively.

The E field in the y direction is perpendicular to the wire
grating and can pass through the grating with low loss.
Following the same derivation process of Eq. (1), the tangential
E field along the y direction in the y–z plane can be written as

E1y − E2y � 0; (3)

where E1y and E2y represent the E field along the y direction in
medium 1 and medium 2, respectively.

To calculate the polarization state of reflected light, we consider the pure s-polarized and p-polarized incident cases separately
[Fig. 1(b)], as we can decompose an incident light of any polarization state into s and p components. By combining Eqs. (1)–(3), the
E–H field relationship, and Snell’s Law, the reflection coefficients can be derived (see Appendix A–C for further details).

For the s-polarized incident case, the reflection coefficients of the s and p components in the reflected light can be written as

rs �
Ers

E is
� 2n1 cos2 αi cos αt sin2 θ

n1 cos αt�cos2 θ� cos2 αi sin
2 θ� � n2 cos αi cos θ� n2 cos αi cos

2 αt sin θ
− 1; (4)

rp �
Erp

Eis
� −

2n1 cos αi cos αt sin θ cos θ

n1 cos αt�cos2 θ� cos2 αi sin
2 θ� � n2 cos αi cos θ� n2 cos αi cos

2 αt sin θ
: (5)

For the p-polarized incident case, the reflection coefficients of the s and p components in the reflected light can also be achieved as

rs �
Ers

E ip
� 2n1 cos αi cos αt sin θ cos θ

n1 cos αt�cos2 θ� cos2 αi sin
2 θ� � n2 cos αi cos θ� n2 cos αi cos

2 αt sin θ
; (6)

rp �
Erp

Eip
� 1 −

2n1 cos αt cos
2 θ

n1 cos αt�cos2 θ� cos2 αi sin
2 θ� � n2 cos αi cos θ� n2 cos αi cos

2 αt sin θ
: (7)

3. EXPERIMENTAL RESULTS

From the theoretical analysis, Eqs. (4)–(7) are still satisfied
when the incident angle is supercritical (in cases where
n1 > n2). Furthermore, the use of non-dispersive media should
result in these derived equations being independent of fre-
quency, thereby realizing achromatic performance within the
design parameters of the grating itself. To experimentally verify
the derived equations, we put an equilateral triangle fused-silica
prism (with a bottom surface of 2 cm × 2 cm ) in a 45° incident
THz reflection system. A fused-silica plate with aluminum
metal grating on the opposite surface is attached to the prism,
with an index matched liquid used to minimize any reflections
between the prism and plate. The wire width and period of the
grating are 10 and 20 μm, respectively, and the metal thickness
is 200 nm. The fused-silica prism and plate both have a refrac-
tive index of 2 [24]. Fused silica has a high absorption coeffi-
cient at high THz frequencies, but for frequencies below
1 THz, the absorption coefficient is less than 2 cm−1 [24].
A schematic of the setup is shown in Fig. 2.

The incident THz light refracted into the silica makes an
angle of 52.6° with the grating surface. The incident THz light
is set as pure s- or p-polarized separately. Under each circum-
stance, we record the reflected p and s signals at different θ val-
ues by rotating the silica plate. A reference signal is recorded by

Fig. 1. Schematic diagram of the electric (E) fields and magnetic
(H ) fields above and below the metal wire grating, viewing from
(a) the incident plane and (b) the top of the metal grating.
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replacing the grating plate by another silica plate with a gold
layer on the surface, and is regarded as the incident signal.
The complex reflection coefficients are then calculated by
comparing the reflected signal to the reference signal in the fre-
quency domain. The results are shown in Fig. 3 for both p and s
polarizations.

As the reflection coefficients are a function of frequency, we
calculate the result by taking the average over 0.1–0.7 THz
(the useable bandwidth of our THz system). The error bars plot-
ted in Fig. 3 show the variation range from 0.1 to 0.7 THz.
Figure 3 shows that the experimental results agree well with
the theoretical predictions for both the magnitude and the
phase. The error bars are very small, suggesting that the coef-
ficients are indeed essentially frequency independent. The
device therefore exhibits broadband achromatic characteristics.

With this experimental verification of our theory, we can use
the theory to predict the output by giving a certain incident
polarization state and values of αi and θ. An ideal design would
be if we can realize the device as a quarter-wave retarder, half-
wave retarder, and a polarization rotator by just changing the θ
value, as θ can be easily varied by rotating the grating plate. By
theoretical calculation we find that, when αi � 52° and the in-
cident state is 45° linearly polarized to the s direction, we are

able to achieve quarter-wave retardance, half-wave retardance,
and 45° linear rotation functions at the θ values of 90°,
58.5°, and 34°, respectively.

We use the setup shown in Fig. 2 to experimentally verify
the expected output. The incident angle of the THz system is
changed to 44° to induce a desired 52° incident angle at the
grating surface. A polarizer is used between the emitter and
the prism to filter the incident light to be 45° linear polarized.
By recording the reflected signals at θ values of 90°, 58.5°, and
34°, we calculate the magnitude ratio jErp∕Ersj and phase dif-
ference φp − φs between the reflected p and s components and
show the results in Fig. 4. It shows a very good match between
experimental results and theoretical prediction for data from
0.1 to 0.7 THz. The small spread of phase angles apparent
for different frequencies can be used to determine whether
the device can be designated as achromatic. The amplitude fluc-
tuation ranges of this design for the quarter- and half-wave
retarders are �11%, −20% and �13%, −10%, respectively.
Comparing the spread of phase angles in this work for the quar-
ter- (16°) and half- (10°) wave retarder performance with the
performance of commercially available achromatic wave plates
for visible light frequencies (11° for quarter-wave plate and 21°
for half-wave plate, Ref. [25]) shows that these are of compa-
rable quality. The commercial tunable THz polarization con-
verter [26] can work as a quarter-wave plate or a half-wave plate
only for a single frequency. Its insertion loss from three separate
quartz plates will be much higher than that in this work; the
adjustment of three quartz plates to switch between the quarter-
and half-wave plate for different frequencies is complex. The
phase angle spread of the quarter-wave retarder case in this
work is slightly higher than those recorded in Refs. [10,13]
(6° and 9°, respectively), however. The most likely source of
the increased phase chromaticity in our results is the time-
domain pulse shift experimental error, and not due to the wave
plate design itself. The phase is extremely sensitive to the pulse

Fig. 2. Diagram of the experimental setup.

Fig. 3. Experimental and theoretical complex reflection coefficients.
(a) The magnitude and (b) the phase of rp and rs when the incident
signal is p polarized. (c) The magnitude and (d) the phase of rp and rs
when the incident signal is s polarized.

Fig. 4. (a) Amplitude ratio (jErp∕Ersj) and (b) phase difference
(jφp − φsj) between reflected p and s components, when the incident
signal is 45° to the s direction and at a 52° incident angle.
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position as a 25 fs pulse shift will result in a 9° error at 1 THz.
A 25 fs pulse shift can be easily induced by a 2.3 μm shift of
the reflection plane when rotating the grating plate between
measurements.

To observe the polarization state changing from input to out-
put more intuitively, we plot Fig. 5 to compare these polarization
states. In Fig. 5, the incident state is recovered by using the re-
flection from a silica–metal plate. The s components of the dif-
ferent frequencies are normalized to 1. The result shows that the
reflected signal is completely converted to the desired state. The
conversion of different output states is achieved by simply rotat-
ing the grating plate. The full frequency range studied follows the
same conversion. The absorption of SiO2 at high frequencies
limits the working bandwidth in this work. The reason to choose
SiO2 prism is that its refractive index (n � 2) can lead to the
three different polarization conversions under the same incident
angle. By using a low-absorption Si prism, one can still achieve
two polarization conversions of half- and quarter-wave retard-
ance under the same incident angle of 47.5°, when the incident
light is 45° polarized and θ is set to 56° and 90°, respectively (see
Appendix D for further details). In this case, the working band-
width of the device is limited only by the grating dimension,
which can be designed up to 5 THz by simple micro-fabrication
techniques. The total loss of the device is very small, and is
caused by both the insertion losses of the air–silica–air interfaces
and the absorption when propagating through the device. By
properly designing the prism faces, one can also apply this device
to be used in transmission geometry. The device can ideally work
as a high-efficiency, ultra-broadband quarter-wave retarder, and
45° linear polarization rotator.

4. CONCLUSION

In conclusion, we have developed a THz polarization converter
based on a metal wire grating operating in TIR geometry. This

is a fundamentally new way to achieve achromatic polarization
rotation: we have developed the theory and verified it with
measurements of a real THz device. Our design provides an
approach to achieve an achromatic 45° polarization rotation
and quarter-wave and half-wave retardance using only a single
device. With appropriate choice of grating parameters and
materials, the design could be extended for use at other
frequencies, making this work relevant to the broader optics
community.

APPENDIX A: VERIFICATION OF SNELL’S LAW

According to the Maxwell–Faraday equation, the boundary
condition of the E field can be expressed in a propagation-wave
form as

~n1 × ~Ei exp�i�ωt − ~ki · ~r�� � ~n1 × ~Er exp�i�ωt − ~kr · ~r��
� ~n2 × ~Et exp�i�ωt − ~kt · ~r��; (A1)

where ω is the angular frequency; ~r is any unit vector on the
reflection plane; ~Ei; ~Er , and ~Et are the incident, reflected, and
transmitted electric fields, respectively; and ~ki; ~kr , and ~kt are the
wave vectors of the incident, reflected, and transmitted waves,
respectively. To satisfy this boundary condition for any direc-
tion of ~r and any time t, we should have

~ki · ~r � ~kr · ~r � ~kt · ~r: (A2)

Expressing Eq. (A2) in scalar form by using the geometric re-
lationship, we get

n1 sin αi � n1 sin αr � n2 sin αt ; (A3)

where n1 and n2 are the refractive indices of medium 1 and
medium 2, respectively; and αi ; αr , and αt are the incident, re-
flected, and transmitted angles, respectively. Equation (A3)
verifies that Snell’s law still holds when light is obliquely
incident to a grating surface.

APPENDIX B: GEOMETRY RELATIONSHIPS
OF Et , Ht , AND THEIR COMPONENTS
ON THE REFLECTION PLANE

As shown in Fig. 1, in the established x–y–z coordinate, we can
express the direction of ~kt as

~kt �
ktffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� cot2 αt
p �sin θ; cos θ; − cot αt �: (B1)

~Et and ~Ht must be perpendicular to ~kt :

~kt · ~Et � 0; (B2)

~kt · ~Ht � 0: (B3)

From the boundary analysis in the x and y directions in the paper,
we know that ~Et has no x component and ~Ht has no y compo-
nent. By expressing ~Et and ~Ht in these coordinates, we have

~Et � �0; E ty; E tz �; (B4)

~Ht � �Htx; 0; H tz �: (B5)

Fig. 5. Polarization states of the (a) incident signal and the reflected
signals at (b) θ � 34°, (c) θ � 58.5°, and (d) θ � 90°.
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Combining Eqs. (B1)–(B5), we get

Ety � Et

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2 αt

cos2 θ� cos2 αt sin
2 θ

s
; (B6)

Htx � Ht
cos θ� sin θ cos2 αtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 θ cos2 αt � cos2 θ

p : (B7)

Equations (B6) and (B7) give the geometry relationships of Et ,
Ht , and their components on the reflection plane.

APPENDIX C: SOLUTION OF THE BOUNDARY
CONDITIONS

Utilizing Eqs. (B6) and (B7), when the incident light is pure s po-
larized, the boundary conditions of Eqs. (1)–(3) in this paper can be
expressed by the incident, reflected, and transmitted fields as

Eis cos θ� Ers cos θ� Erp cos αr sin θ � 0;

E is sin θ� Ers sin θ − Erp cos αr cos θ � Et
cos αtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cos2 θ� cos2 αt sin
2 θ

p ;

H is cos αi sin θ −Hrs cos αr sin θ�Hrp cos θ � Ht
cos θ� sin θ cos2 αtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 θ cos2 αt � cos2 θ

p : (C1)

The E −H field relationship in a isotropic material is

H � n
μ0c

E: (C2)

In combining Eqs. (A3), (C1), and (C2), we are able to calculate the s incident reflection coefficients as

rs �
Ers

E is
� 2n1 cos2 αi cos αt sin

2 θ

n1 cos αt�cos2 θ� cos2 αi sin
2 θ� � n2 cos αi cos θ� n2 cos αi cos

2 αt sin θ
− 1; (C3)

rp �
Erp

Eis
� −

2ni cos αi cos αt sin θ cos θ

n1 cos αt�cos2 θ� cos2 αi sin
2 θ� � n2 cos αi cos θ� n2 cos αi cos

2 αt sin θ
: (C4)

Similar to the s-incident case, the boundary conditions when the incident light is pure p polarized can be expressed as

−Eip cos αi sin θ� Ers cos θ� Erp cos αr sin θ � 0;

E ip cos αi cos θ� Ers sin θ − Erp cos αr cos θ � Et
cos αtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cos2 θ� cos2 αt sin
2 θ

p ;

H ip cos θ −Hrs cos αr sin θ�Hrp cos θ � Ht
cos θ� sin θ cos2 αtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 θ cos2 αt � cos2 θ

p : (C5)

By combining Eqs. (A3), (C2), and (C5), the reflection coefficients can be calculated as

rs �
Ers

E ip
� 2n1 cos αi cos αt sin θ cos θ

n1 cos αt�cos2 θ� cos2 αi sin
2 θ� � n2 cos αi cos θ� n2 cos αi cos

2 αt sin θ
; (C6)

rp �
Erp

Eip
� 1 −

2n1 cos αt cos
2 θ

n1 cos αt�cos2 θ� cos2 αi sin
2 θ� � n2 cos αi cos θ� n2 cos αi cos

2 αt sin θ
: (C7)

Fig. 6. Amplitude ratio (jErp∕Ersj, black line) phase difference
(jφp − φsj, blue line) between the reflected p and s components, when
using Si as a prism and setting the incident angle as 47.5° and the
incident light to be 45° linear polarized.
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APPENDIX D: POLARIZATION CONVERSION
WHEN USING SI PRISM

Fused silica has a refractive index of 2, which makes it possible
to perform as a 45° rotator and a half-wave and quarter-wave
retarder under one incident angle. When the 45° rotation is not
necessary, a Si prism can be used to greatly improve the working
bandwidth of the device by providing a much smaller
dispersion and absorption. The theoretical output of the device
when using a Si prism and Si plate (assuming n � 3.42� i0)
when the incident angle is 47.5° and the incident light is 45°
linear polarized is shown in Fig. 6. The half- and quarter-wave
output is achieved when θ is set to 56° and 90°.
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