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Based on the hot electron effect in a semiconductor, an overmoded resistive sensor for 0.3—0.4 THz band is investi-
gated. The distribution of electromagnetic field components, voltage standing wave ratio (VSWR), and the average electric
field in the silicon block are obtained by using the three-dimensional finite-difference time-domain (FDTD) method. By
adjusting several factors (such as the length, width, height and specific resistance of the silicon block) a novel sensor with
optimal structural parameters that can be used as a power measurement device for high power terahertz pulse directly is
proposed. The results show that the sensor has a relative sensitivity of about 0.24 kW~!, with a fluctuation of relative
sensitivity of no more than +22%, and the maximum of VSWR is 2.74 for 0.3-0.4 THz band.
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1. Introduction

The generation of high power terahertz radiation has
aroused considerable interest because of its widespread ap-
plications in imaging, radar, high-data-rate communications,
plasma heating and diagnostics, medical research,!!=3! etc.
Vacuum electronic devices can work at room temperature, and
in many publications dealing with vacuum electronic terahertz
devices (such as gyrotrons, extended interaction klystrons, and
various relativistic Cerenkov generators) they are extensively
considered as the most promising candidates for practical ap-
plications in a frequency range of 0.1-1.0 THz.[**%! In our
research group, a 0.14-THz relativistic surface wave oscilla-
tor (RSWO) with high power output has been designed and
experimented for its merits of compactness and low confined

5.7-10] We are now work-

magnetic field since the year of 2007.!
ing on a 0.34 THz relativistic surface wave oscillator (RSWO)
with high power output.['!]

The high power terahertz wave has two main characteris-
tics: one is a fast pulse with a duration of several nanoseconds,
and the other is a high power of several megawatts.[?! Refer-
ence [8] discussed the measurement method of the frequency
of the high power terahertz wave by using the subharmonic
heterodyne combined with cut-off waveguide method. Here,
we discuss the power measurement method.

Generally, detectors for high power narrow band terahertz
pulses comprise a pyroelectric detector, Schottky diode, etc.
The pyroelectric detector is capable of operating at relatively
high power levels but with long response time (typically, sev-
eral milliseconds). For the Schottky diode, whose response
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time is at about the picosecond-level, the main problem arises
from the fact that it cannot handle the high power level. Hence,
before being measured, the high power terahertz wave should
be strongly attenuated, leading to a decrease of the measure-
ment accuracy.

To effectively measure the power of the high power tera-
hertz wave, a novel fundamental-mode resistive sensor (RS),
based on the hot electron effect in semiconductor in high elec-
tric field,['>"31 was developed and used to detect the power
generated by a high power surface wave oscillator working
at 0.14 THz.!3%12] We are currently developing a new high
power terahertz wave source working at 0.34 THz,!'!) and we
have designed a similar sensor by placing a silicon bar in the
WR 2.8 waveguide working at the fundamental mode.1%!7]
However, there are two difficulties. First, the height of the sili-
con bar is only 0.05 mm, and it is very difficult to realize. Sec-
ond, it is very difficult to fix the sensing element in the WR 2.8
waveguide with its cross-section of 0.7112 mmx0.3556 mm.
To overcome these difficulties, in this paper we propose an
overmoded resistive sensor by placing the sensing element in
a waveguide working at the overmoded state.

2. Physical model
2.1. Overmoded RS

A brief description of an overmoded RS is given in Fig. 1.
The incident high-power terahertz pulse is received by a WR
2.8 waveguide, where the electromagnetic wave can propagate
in a TE;p mode, it then enters into a WR 8.0 waveguide via a
tapered waveguide, and interacts with a silicon block, which
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is called sensing element (SE). Electromagnetic theory indi-
cates that the electromagnetic wave can also propagate in the
WR 8.0 waveguide in a TE9p mode for 0.3-0.4 THz band in

an overmoded state.[!8]

WR 8.0

T{apered wavesii o

—>
THz pulse

~silicon block

Fig. 1. Sketch of overmoded RS.

2.2. Sensing element

The high electric field of the terahertz pulse heats the elec-
trons in a homogeneous semiconductor crystal and changes
their mobility, thus increasing the resistance of the n-type
silicon block fixed in the waveguide.'>-!31 This is the well-
known principle of the hot electrons effect and is the basis for
aRS.

Figure 2 shows an in situ type RS model. With an n-
type silicon block being fixed on the center of the wide wall
of a rectangular waveguide WR 8.0, zmax, @ = 2.032 mm, and
b = 1.016 mm represent the length, width, and height of the
waveguide, respectively, and /, 2d, and h denote the length,
width, and height of the silicon block, respectively. The cross-
section of the silicon block, serving as the sensing element of
the RS, is described in Fig. 3. The silicon block is composed
of the same two parts. Shortened by a metal layer on the top,
one part is shortened with a wide wall of the waveguide on the
bottom, while the other part is insulated from the waveguide
but connected through a coaxial cable for a power supply and
signal output.

Zmax

Curren source
Fig. 2. In situ type RS.
The equivalent circuit of power measurement is shown in

Fig. 2. Due to the increasing resistance of the SE, which is
caused by the incident terahertz pulse, the voltage drop on the

SE changes and it can be measured directly, which enables the
power of the terahertz pulse to be obtained.

metal layer

n-type silicon n-type silicon

> U,

current source

Fig. 3. Cross-section of SE.

2.3. Length of the tapered waveguide

The tapered waveguide converts the electromagnetic
wave from the mode TE¢ in the waveguide WR 2.8 into the
same mode as that in the waveguide WR 8.0 as completely
as possible and, hence, the transmission efficiency is one of
the most important parameters. The transmission function on
TE o mode, which is called S,;, can be used as an evaluation
of the transmission efficiency. The only parameter to be de-
termined is the length of the tapered waveguide in Fig. 1. The
amplitudes of Sy for four different lengths are calculated by
using the finite-difference time-domain (FDTD) method '],
which are shown in Fig. 4 in a frequency band of 0.3-0.4 THz.
It can be seen from Fig. 4 that the amplitudes of S»; are all
greater than 0.96 and the 25 mm-length is rather less fluctu-
ated.
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Fig. 4. (color online) Variations of the amplitudes of S>; with frequency
in a band of 0.3-0.4 THz.
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3. Distribution of the electric field

A three-dimensional (3D) FDTD method is used to simu-
late the field distribution within the model, as shown in Fig. 2.
For the TE|p mode, Ex = H, = E; = 0, Hy, E,, and H, can
all be excited in analytic form according to microwave theory.
The convolutional perfectly matched layers (CPMLs)?%! are
set to be in planes z = 0 and z = Zmax. A maximum electro-
magnetic wave reflection coefficient of no more than 1073 is
achieved. The 3D FDTD method can be used to simulate the
interactions between high-power terahertz pulse and the n-type
silicon block.

Figure 5 shows the distribution of E, during the interac-
tion within waveguide WR 8.0 (frequency 0.34 THz, zmax =
3 mm, plane y = /2, p = 1 Q-cm, and the relative dielectric
constant of the n-type silicon block is € = 11.9). As a result
of the insertion of the silicon block, more perturbations occur
in the Ey-distribution. As is well know, the amplitude of E),
for mode TEj can be expressed as |Ey| = Eysin(7x/a), and
it reaches a maximum in the center of the wide wall (x = a/2)
and a minimum on the edge of the wide wall (x =0 and x = a)
in an empty rectangular waveguide. Because the scattering and
absorption are caused by the sensing element, a standing-wave
occurs and obvious attenuation of |E,| takes place. In addition,
it is obvious that the unsymmetry of excitation source in the z-
direction in Fig. 2 leads to the unsymmetric distribution of |E,|

in the same direction in Fig. 5.

o)

1
< 2
'7110 070 ZI“\K“
Fig. 5. (color online) Distributions of Ey in (a) empty waveguide and
(b) waveguide with SE, with / = 0.65 mm, 2d = 0.6 mm, 2 = 0.2 mm,
p =2Q-cm, f =0.34 THz, Zmax = 5 mm, and plane y = h/2.

4. Parameters of the sensing element
4.1. Voltage standing wave ratio (VSWR)

Figure 6 shows the dependences of VSWR on the length,
width, height and specific resistance of a silicon block. It
can be seen from Fig. 6 that & is the most important factor to
VSWR, 2d and p both have effects on VSWR to some ex-
tent, and / influences the frequency which the extremum value
of the VSWR reaches. In fact, the reason why /4 and 2d have
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Fig. 6. Dependences of VSWR on frequency at different values of the
height (a) length (b), width (c), and specific resistance (d) of a silicon
block.
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effects on VSWR is mainly that the increase of 2d (or i) would
increase the area of the cross section of a sensing element,
thereby leading to an increase of VSWR.

In summary, I/, 2d, h, and p can all influence VSWR
to some extent and % is the most important. In the case of
h = 0.2 mm in which VSWR can be kept lower for 0.3—
0.4 THz band, a possible optimal height of the RS is deter-
mined.

4.2. Optimization of relative sensitivity

According to the hot electron effect, the relative differ-
ence in resistance of the sensing element, AR/R, is propor-
tional to the power of the electromagnetic wave that propa-
gates in the waveguide, thus the relative sensitivity of an RS
can be defined as AR/

R
§=—— ey
and the relative difference in resistance of the sensing element
can be expressed as

1

1+ (2mf7e)? (E%). @

AR

® P2
where f is the frequency of electric field, f is the hot-electron
coefficient in a DC electric field, 7. is the energy relaxation
time of hot electron, and (E?) is the average value of the square
of the electric field within sensing element. Let P be the level
of power that propagates through the waveguide, Ey which is
the maximum of electric field amplitude of the TE;y mode in
a rectangular waveguide can be expressed as

- abEg
4807

—(c/2af)*. 3)

As it is overmoded transmission that the electromagnetic field
in TE;o mode at frequencies from 0.3 THz to 0.4 THz passes
through waveguide WR 8.0, the relative sensitivity of an in

sifu RS can be written as!!®]

48087 1 1
ab+/1— (c/2af)? + (27 f7e)?

where c is the speed of light in free space.

(E?)

7
EO

S(f) = 4)

For a real application, the relative sensitivity of an ideal
RS should be kept constant in a 0.3-0.4 THz band. Let f; be
the lowest interested frequency, and assume &(f) to be kept
unchanged for f > fj in the 0.3-0.4 THz band, in other words,

c(N=
eters, Nigeal (f) and Nca(f), can be defined as

E(f1). According to Eq. (4), two dimensionless param-

14+2/[1+ (27 fi7e)?] —WW%
Thdeal(f) 1_|_2/[ (27‘[ng)2] —(7L]/)LC)2‘| -
e
Tlca](f)_ <E2(fl)>/Eg(fl) ’ ©

where A and A represent the wavelength of electric field and
cutoff wavelength of the waveguide, respectively. It is obvi-
ous that Nigea (f) =Ncal(f) only if E(f) is kept constant in the
range of 0.3-0.4 THz; that is to say, equations (5) and (6) can
be used for the optimization of relative sensitivity of an RS.
By comparing Nigeal (f) with N¢ca(f), one can easily obtain a
series of parameters of an optimal RS, including /, 2d, and p.
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Fig. 7. Dependences of 1, on length (a), width (b), and specific resis-
tance (c¢) of a silicon block.

The dependences of 7Ny on I, 2d, and p of the silicon
block in the 0.3-0.4 THz frequency band are shown in Fig. 7.
Some conclusions can be made from this figure. First, being
contrary to the long-/ case, 1., decreases at lower frequencies
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while it increases at higher frequencies in short-/ case, and
! = 0.65 mm may be a good optimal solution in comparison
of M ca With Nigear. Second, 2d can also influence 1), to some
extent, 2d = 0.6 mm is in better agreement with the case of
Nideal than all of the four cases. Third, p affects 1., greatly.
The larger the value of p is, the larger the deviations of 1)y
and Njgeq are. It can also be seen from Fig. 7 that 1., accord
better with 7Mjgear than in the case p =2 Q-cm.

Four parameters (i.e., the height, width, length, and spe-
cific resistance of the silicon block) have all been determined
and, as a result, the overmoded RS is put forward, which pro-
ceeds from a larger size of cross-section than that of the single
mode one, and shows that it is perfectly feasible to complete.
The relative sensitivity and VSWR of the overmoded RS are
shown in Fig. 8. It can be inferred from Fig. 8 that the rela-
tive sensitivity is about 0.24 kWL, the fluctuation of its rel-
ative sensitivity is no more than +22%, and the maximum of
VSWR is 2.74 in the 0.3-0.4 THz band.
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Fig. 8. Relative sensitivity (a) and VSWR (b) versus frequency of the
SEensor.

According to dependence of the transmission power on
VSWR and voltage reflectance I, let VSWR = 2.74, then
I' = 0.45, the power reflectance would be 0.2. That is to say,
the relative error of measurement would be no more than 20%.

5. Conclusions

An overmoded RS for the 0.3-0.4 THz band is inves-
tigated in this paper, and a novel RS that can be directly
utilized for high-power terahertz pulses measurement is pre-
sented. The structure consists of a window of waveguide WR
2.8, a section of tapered waveguide whose length is 25 mm,
and a window of waveguide WR 8.0. Distributions of electric
field components and VSWR within the waveguide WR 8.0,
and average electric field in the silicon block are discussed.
The relative sensitivity of RS is about 0.24 kW~!, with a fluc-
tuation range of no more than £22%, and its VSWR is less
than 2.74 in the 0.3-0.4 THz frequency band. Owing to the
larger size of the cross-section of the waveguide window and
the thicker sensing element, the RS is shown to be perfectly
feasible to be produced.
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