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This paper presents a set of equations describing the terahertz generation and electro—optic detection based on

optical rectification in zincblende crystals. The dependence of terahertz emission efficiency on the polarization of incident

beam and crystal-orientation is discussed. For the experimental setup with a transceiver which transmits and detects

terahertz radiation in the same crystal, we have demonstrated the optimal combination of both parameters above to

optimize the working efficiency. Equations supplied in this paper are valid for zincblende crystals with arbitrary crystal-

orientation and every possible polarization of an incident beam, which are of great significance for the optimization of

a system.
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1. Introduction

The generation and detection of free space ter-
ahertz (THz) radiation have been extensively inves-
tigated in the last two decades. Many works have
been done to obtain efficient and compact THz de-
vices such as emitters and detectors.l'=6 The THz
radiation sources based on the optical rectification in

7=1] under the ultrafast laser pulse

the semiconductor!
excitation and the THz electro-optic (EO) sampling
detection'?>~1%! have attracted more attention since
they are convenient to be employed with desirable per-
formance.

The THz generation by optical rectification is a
second-order nonlinear optical process. In addition,
the EO detection is basically regarded as a reverse pro-
cess of its rectified generation, thus it is more conve-
nient to realize detection and generation on one crystal
as a transceiver.!'6] Because the THz generation and
detection processes are accomplished in one crystal in
a transceiver, which decrease the flexibility of the sys-
tem, the transceiver has a limited signal-to-noise ratio.
However, the transceiver has a smaller size than a tra-
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ditional THz generation and detection system, which
makes it desirable for cases where a portable and com-
pact THz system is needed. It is well known that THz
generation and detection based on optical rectifica-
tion can be strongly affected by the crystallographic
orientation, the azimuthal angle of EO crystals and
the polarization of incident beam.'7—2% When realiz-
ing the generation and detection on one crystal, these
effects become more complex and make it very diffi-
cult to determine the optimum transceiver conditions.
Chen et al.
crystal-orientation-dependent efficiency of an EO THz

made significant investigations of the

transceiver constructed by (110) and (111) zincblende
crystals.?9) In the paper of Nick et al. some expres-
sions describing the EO detection were given for gen-
eral propagation directions of the probe beam and the
THz field.[?!] However, there are no detailed descrip-
tions and expressions for the general situation of an
EO crystal with an arbitrary crystal orientation and
an incident beam with an arbitrary polarization direc-
tion, which are obviously important to THz generation

and detection.
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This paper gives a full mathematic description of
THz emission and EO detection based on the second-
order nonlinear optical effect in zincblende crystal. We
show the dependence of the generation and detection
of the THz field on the crystal-orientation and the
polarization of the incident beam. Since orientation
and polarization are chosen arbitrarily, our results are
valid in general cases. It should be noted that there
are three coordinate systems utilized in our calcula-
tion, all the relevant vectors expressed in different co-
ordinate systems can be distinguished by their super-
scripts.

2. Calculation

2.1. Terahertz
zincblende crystals

wave generation in

When the optical pump beam with an ultrafast
pulse train irradiates on an EO nonlinear crystal, the
different frequency components interact and form a
beating polarization, which radiates electromagnetic
waves at the beat frequency.l?2/ The amplitude of the
radiated electric field is proportional to the second-
order time derivative of the dielectric polarization
in the far-field approximation. In this section, we
give a detailed theoretical description of the crystal-
orientation-dependent generation of THz radiation.

As shown in Fig. 1, we define a laboratory co-
ordinate system xyz with the = axis as the crystal-
orientation and perpendicular to the crystal surface,
the incident plane is the z—z plane. In addition, we ex-
press the crystallographic coordinate system as x'y’z’
with [1,0,0] — 2/, [0,1,0] — ¢/ and [0,0,1] — 2’. The
third coordinate system is defined as follows: the z”
axis coincides with the = axis and satisfies the trans-

formation

N/ ~/ ~/ A~/
T =Sy +SyY + 52,

— (—sz,:,)’ + sy/ﬁl)/, /5?2/ + 83,,

2 =[(sh 4+ 82)& — sersy Y

— Sx’sz/ﬁ/}/m’ (1)

where 2/, ', 2’ are the unit vectors of the crystallo-
graphic coordinate system, 2", ", 2" are the unit vec-
tors of the third coordinate system, s,, sy, 5,/ are the
components of the unit vector 2" respect to crystal-
lographic axes. For an EO crystal with a zincblende
structure, the nonlinear susceptibility is expressed in

the crystallographic coordinate system as[??!

000¢dygs O 0
dijp =diy=1000 0 dia 0 |. (2)
000 O 0 dig

Under the situation of normal incidence, the incident
optical beam can be written as

Epump = (0, Ey, E,) = Ey(0,sin ¢, cos @), (3)

where E,, E, are amplitudes of z (p-polarization) and
y (s-polarization) component of incident beam, re-

spectively.
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Fig. 1. Geometry of the crystal and coordinate systems.
The surface of the crystal is y—z plane, the x—z plane is
defined as the incident plane. The z'’ axis coincides with
the z axis whose direction is [s,, 5./, 5,/] expressed in an
2'y’2" coordinate system. The azimuth 6 is defined as the
angle between the z axis and the z” axis. The Epump
is the electric field vector of the incident beam (normally
incident), which has an angle ¢ with z axis.

After some calculations and transformations, we

obtain the expression of nonlinear polarization P”/[24]

|
TVI—C (A(zc —1)

sin2(p —6) + g((? —3C)cos2(p—0) — 3C)>

C 2(1-0C)
Far 2 1 /A A
8E, .
P’ = L, | = —2—0%4 (cos2<p9 + Bsin2(p — 0 +> , (4
2! 1

S Wei (B((4—3C)cos2(p —0) +2—3C) —2Asin2(p — 0))
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where npump is the refractive index of the incident beam in the crystal and

A=s.(s2 — %), B=sys., C’zsj—ksj. (5)

y/ 2!

Because the amplitude of the radiated THz electric field is proportional to the nonlinear polarization and the
THz electric field in the z” direction cannot be coupled out from the crystal,!*®! so the expression of the radiated
THz electric field is

Erpigyr 8E2d14n T, 2 — (Acos?(p — 0) + Bsin2(p — 0))

Frr | (pamp + D2 (01w, + 1) VO B((4—3C)cos®(¢ —0) — 1) — Asin2(p — ) | ©)

\
where ETHZy"a ETsz" are the Components of the THz ]_GI ..........................................

electric field Ety, in the y”, 2" directions, respec-

o

S
e
[+

tively, nru, is the refractive index of the THz wave
in the crystal. In Egs. (4) and (6), we have consid-
ered the transmitted coefficients of amplitude when a

polarized beam crosses the interface of crystal.

Note that in Eq. (6), the THz electric field is af-

fected by the angle ¢ — 0, which indicates the rel- ' i (A
ative position of polarization of the incident beam 0

and the azimuth of the crystal. So it is convenient 0 0.5 1.0 1.5
Angle of longitude a/rad

0.2

Angle of latitude 3/rad
=
2]
=

for experimenters to just fix the polarization direc-

tion ¢ or azimuth 6, and modify the other to vary 1.6 (b)
the magnitude of the THz field. Assume that the / \\

crystal orientation is set to be S = [su,5,,5.] = \
[cos asin B3, sin asin 3, cos (], where a, 8 are polar an-
gles of vector S in the crystallographic coordinate sys-
tem. The maximum absolute values of the THz elec- 0.8
tric field (|Brm.| = (|Eriy|” + | Bz |*)"/?) can be

achieved with different orientation S , which are plot-

Angle of latitude 3/rad

0 0.5 1.0 1.5
ted in Fig. 2(a). The THz field reaches a maximum Angle of longitude «/rad

when the values of (a, 3) are set to (0,7/2), (7/2,7), Fig. 2. (a) The maximums which can be obtained for
and (7T, 71_/2)7 all of which correspond to <110> orienta- the THz electric ﬁeld as a functlo.n of crystal—orlent.atlon
expressed by longitude a and latitude 8. (b) Optimum

tion. The THz field gradually diminishes from (110) crystal-orientations for maximizing the THz field.

orientation to (100) and (111) orientation, and van- . .
ishes at (100) orientation which agrees well with the 2.2. Terahertz detection by EO sampling
published results. Furthermore, we found that there When an arbitrary bias electric field is applied

are same maximums of the THz field at some other ori- ~ to the EO crystal, the electric field will induce a

entations, all optimum crystal-orientations are shown refractive-index change which affects the ellipticity of

in Fig. 2(b). However, it is reasonable to use crys- the index ellipsoid. This change in ellipticity is mea-

sured by comparing the two orthogonal polarization

tal with (110) orientation because it is a sophisticated .
with (110) p components of the probe beam separated by a polariz-

commercial product. As seen from Fig. 2(a), the THz ing beam splitter. A balanced photodetector measures

field changes slowly near the optimal orientations. So  {}0 intensity difference between the two components
a small deviation from the optimal orientations can ex- and gives a signal that is directly proportional to the
ert a very limited influence on the generation of THz  applied electric field. A typical EO detection setup is

radiation. displayed in Fig. 3.
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) D1-D2
polarizer g0 crystal A/4 WP

probe

Fig. 3. Schematic diagram of the general experimental
setup of EO detection. A probe beam, which is linearly
polarized after passing a polarizer, travels through an EO
crystal and A/4 plate, and is then split by a Wollaston
prism (WP). A differential detector (consisting of photo-
diodes D1 and D2) measures the difference D1-D2, which
is proportional to the THz electric field applied to the EO
crystal.

When an arbitrary bias electric field E' =
(Ey,Ey,E,) is applied to an EO crystal with a
zincblende structure, the equation of the crystal

refractive-index ellipsoid can be expressed as!29]

$/2 + /2 + 2/2
:;172 + 27"41Ex/y'z'
0

+2rp By’ + 2rpEya’y’ =1 (7

in the crystallographic coordinate system 2/, ¢/, 2’. In
most cases, the probe illuminates the surface of the
crystal vertically, so we should rewrite Eq. (7) in the
laboratory coordinate system &, ¢, 2 and set z = 0
to obtain the equation of the refractive-index ellipse
of y—z plane. From the equation, we derive the two
semiaxes n1, ne and corresponding polarization direc-

[26] As shown

tions 7¢1, Teo of two propagation mode.
in Fig. 4, we illustrate the polarization change of the
probe beam passing the optical elements.

The polarization can be decomposed along direc-
tions 7w1, w2, respectively, when the probe beam
passes the WP and splits into two beams, which are
received by the two photodiodes, D1 and D2, respec-
tively. We use I; and Iy to express the intensities
incident on the two photodiodes, the difference of the
two intensities is given by Ref. [21]

Al =1, - I,
~ Iylcos(2(6 + ¢)) cos(2(y — §))
+ ¢sin(2(§ + @) sin(2(y = 0)),  (8)

where Iy = 500\/57|Eprobe|2 /2, ¢ = wLAn/c is the
phase difference of two propagation modes after the
EO crystal, An = n; — ny is the refractive-index dif-
ference, w, L, c are radian frequency of probe beam,
the thickness of EO crystal and the velocity of light in
vacuum, respectively. When there is no THz electric
field applied to the EO crystal, ¢ = 0 and the two

intensities should be balanced to suppress the back-
ground noise, so it must be cos(2(§ + ¢)) = 0 or
cos(2(y — d)) = 0. Because § + ¢ depends on the
polarizations of probe beam, which is variable. So it
is more reasonable to orientate the WP relative to the
quarter-wave plate to make cos(2(y — d)) = 0. So the
signal we obtained by the EO detection is expressed
as

AI/Iy ~sin(2(€ + ¢)) “LCA". (9)

From Eq. (9) we found that the signal is linear with
the refractive—index difference induced by THz field
applied to the EO crystal. The £ + ¢ is the angle be-
tween the polarization of probe and the polarization of
the propagation modes in the EO crystal. Both £ 4 ¢
and An depend on the applied THz electric field.

Eprnim EI’

Twil

Fig. 4. The polarization directions of the two propaga-
tion modes in optical elements. The 7¢1, 7c2 and 71, 712 are
the polarizations direction of the two propagation modes
in the EO crystal and \/4 plate separately, the polariza-
tion directions of the two modes after WP are 7yw1, 7wo2.
The E,, Es are p- and s-polarization components of the
incident probe beam. The angle between E, and 71 is &,
the angle between E;, and 7; is 6, and the angle between
E)p and 71 is . All vectors are in the plane of paper and
parallel to the surface of crystal because the probe beam
and the THz wave applied to crystal propagate collinearly
and perpendicularly to the crystal surface.

If we write the initial polarization of the probe

beam in the coordinate system z''y" 2" as

nlll

brobe = (0, cosn, sinn), (10)

where we use 7 to express the angle between the initial
polarization direction of probe and the §” vector. So

Eq. (9) can be rewritten as[?!
L 3
Al/Iy ~ %(EZFHZ - (8] sin2n + S5 cos 2n))
L 3
= S (Bl - V) (1)
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with
2 2
, C 2
Sl = (Sy/SZ/M7SI/SZ/7S$ISy/ s (12)
2 2
—sZ, 4+ 52,
Sy = (502 ) (13)
Sz/ + 35/
V' = S} sin 2n + S5 cos 2n. (14)

All vectors in these equations are expressed in the co-
ordinate system of crystallographic axes. It should be

noted that equation. (11) is valid in any coordinate
system, we can re-express it in the coordinate system

x//y/lzll

to simplify the calculation. By the selection
of 1, both the size and direction of V" can be ma-
nipulated. For obtaining the maximum of the inner
product of E7y, and V", we need only calculate the
maximum of the V”” , which is the component of V"
parallel to the y” 2" plane. The signal AI/Iy can be

expressed as follows:

(B(3C — 4)sin(2n) + 2A cos(2n))? 1/

AL ‘V// _ [(A sin(21) + 25 cos(21))* +
Io I~
LB s R R S S e S
0.9
= 0.8
% 12] 0.7
% 0.6
;:G 0.8 0.5
n 0.4
:

0
0 0.5 1.0

Angle of longitude «/rad

1.5

Fig. 5. The signal (arbitrary units) of EO detection with
a separate EO crystal as a function of crystal-orientation
expressed by longitude « and latitude 8.

As shown in Fig. 5, we plot the maximum signal
value (arbitrary units) as a function of the crystal-
orientation of the EO crystal. The maximums appear
at the positions (« = 0,8 = 7/4), (a = 7/4,8 = 7/2),
and (a = /2,0 = w/4), all these positions represent
the same crystal-orientation (110). The maximum ab-
solute value of VH" is |VH” lmax = 1 corresponding to

. (15)

7 = 0,7/2. It means that the optimum polarization
direction of initial probe beam is parallel to 3" axis
or 2z axis, and the corresponding polarization of the
THz field should be parallel to H” = (0,0, 1), namely,
along the 2z axis.

2.3. Terahertz detection by transceiver

It is possible to individually maximize the gener-
ation and detection of the THz electric field in two
separate crystals, but when we use the same EO crys-
tal as the THz transceiver described in Ref. [20], the
THz electric field generated has the same polariza-
tion direction as the THz field applied to the detected
crystal; the incident pump beam is the same with the
probe beam. The following equation should be satis-
fied:

n=m/2—(p—0). (16)

Inserting Eq. (16) into Eq. (14) and transforming to
x"y" 2" coordinate system, we can derive the expres-
sion of V" as a function of ¢ — #. Connecting it with

Eq. (6), we can rewrite Eq. (11) as

AT 1 A? (i sin(4(p — 0)) — %sin(Z(go - 9))) + AB((3C — 3) cos(4(¢ — 0)) + (3C' — 1) cos(2(¢ — 9)))

I, C 6 —3C

+ B2(3C —2) ( sin(4(¢ — 0)) +

As shown in Fig. 6, we depict the maximum sig-
nal as a function of the crystal-orientation of crystal in
the EO transceiver. It should be noted that the signal
values have been normalized to the values in Fig. 5.
As the THz waves are generated and detected by the
same crystal in the transceiver, we lose the flexibility

of optimizing the generation and detection, the signal

Csina(p - 0))

(17)

is obviously weakened as shown in the graph. Our cal-
culation reveals that the optimum crystal-orientations
are still (110), whereas the intensity of the signal drops
50% approximately in comparison with the conven-
tional setup with two separate crystals, which agrees
well with the conclusion of Ref. [20], however the sig-

nal vanishes when the crystal orientation is set to the
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(111) direction, this conclusion is different from the
result in Ref. [20]. We found that there is a small
mistake in Eq. (29) of Ref. [20], which results in the
mismatch between the two conclusions. After correct-
ing the mistake, the result agrees well with ours, which
also verifies our theory. From Ref. [21], only the rela-
tive position ¢ — 60 of the polarization of incident pump
beam (probe beam) and azimuth of crystal affects the
performance of system when the crystal-orientation is
fixed, which is the same as the description in Subec-
tion 2.1, so we can fix either ¢ or # and then modify
the other to find the most suitable positions.

l‘ﬁ o
0.45
o 0.40
=
= L2 0.35
Ll
2 0.30
£ 0.8 0.25
= 0.20
2 . 0.15
g 04
< 0.10
0.05
0
0 0.5 1.0 1.5

Angle of longitude «/rad

Fig. 6. The normalized signal of EO detection with the
EO transceiver as a function of crystal-orientation ex-
pressed by longitude o and latitude 3.

3. Conclusion

We have presented a full mathematical descrip-
tion of the generation and detection of a THz pulse in
zincblende crystals with arbitrary crystal-orientation.
Results show that the optimum crystal-orientation for
THz generation based on optical rectification is not
unique. However, it is reasonable to choose a crys-
tal with (110) orientation in the system for its ex-
cellent performance and practicability. We also dis-
cussed the EO detection of THz pulses by using THz
transceiver. Our theoretical results provided a practi-
cal guide to choosing the crystal-orientation for an op-
timum system performance. The optimal orientation
was demonstrated to be (110) and the performance of
system will deteriorate considerably when the orien-
tation of the EO crystal used in the transceiver de-
In addition, the
detection signal vanished when the crystal-orientation
is chosen to be (100) and (111) directions. The po-
larization of the incident beam can be arbitrary be-

viates from the (110) orientation.

cause the azimuth of the EO crystal can be adjusted

to meet the optimal demand. All the above conclu-
sions have a great significance to the choice of the
crystal-orientation of EO crystal.
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