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Study of the second harmonic generation
and optical rectification in a cBN crystal

Qingping Dou, Haitao Ma, Gang Jia,
Zhanguo Chen, Kun Cao, Tiechen Zhang

Abstract. Cubic boron nitride (¢cBN) — a kind of an artificial
(synthetic) crystal with the band gap of ~6.3 eV, which has
the zinc blende structure and the 43m symmetry, is studied.
The optical rectification is obtained and the second harmonic
generation (SHG) is observed in the cBN crystal for the first
time by using a 1064-nm Q-switched Nd: YAG laser. The
green light at 532 nm from the cBN sample can be seen with
a naked eye.
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1. Introduction

Cubic boron nitride (cBN) is a kind of an artificial (syn-
thetic) crystal with the band gap of about 6.3 eV. The heat
conductivity of the ¢BN crystal is 13 W em™' K™, its heat
resistance is very high, and it can endure 2000 °C [1]. This
crystal is transparent in the near-UV, visible and near-IR
spectral regions. Therefore, the wide band-gap semicon-
ductor ¢cBN crystal can find wide applications in high-
frequency, heat-resistant and high-power electronic and UV
optoelectronic devices.

Because the ¢cBN crystal has the zinc blende structure
and 43m symmetry, it should possess a linear electrooptic
(EO) effect. We have studied the EO effect in this crystal by
using a modifying transverse EO modulator, and have
calculated its EO coefficient [2]. However, we have failed
so far to find any reports devoted to the nonlinear optical
properties of the cBN crystal in the literature.

In 1961, Franken and co-workers [3] observed for the
first time the optical frequency doubling. This phenomenon
was called the second harmonic generation (SHG). In 1962,
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Armstrong and co-workers [4] predicted the effect of optical
rectification, which was experimentally observed by Bass
and co-workers [5] in the same year.

In this paper, we report for the first time the results of
the SHG and optical rectification in the cBN crystal.

2. Theoretical derivation of equations
for the SHG and the optical rectification
in the (111) plane of the ¢cBN crystal

Due to the zinc blende structure and 43m symmetry of
the cBN crystal, its second-order nonlinear susceptibility
tensor has the form

0 0 0 xyz xyz O 0 0 0
000 O 0 xyz xyz O 0 (1)
000 O 0 0 0 xyz xyz

in the principal coordinate system of the cubic crystal [6].
Only one element in the tensor is independent. Let us
assume that y = y,,. and

E(t) = Eycos(wt — ¢) + %Eexp[—i(wt - 0)]

1 .
+ zEexp[l(wl — )] )
for the field of the fundamental frequency w, where
E(w) = S Eyexp (ip).

The relation between the second-order nonlinear polar-
isation P(z)(t) and E has the form

PO(0) = 1P (@, ) : E(,,) E(w,)

mon
x exp[—i(®w,, + w,)t]. 3
Then, for the optical rectification, we have
P(0) = 2501 (0, —) : E(0) E* (o), “4)
and for the second harmonic generation, we have

PP 2w) = ey1 P (w,w): E(w)E(w). 5)
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According to these relations, the SHG and optical
rectification occur simultaneously. In this case the intensity
of optical rectification is twice as large as that of the SHG.

An ideal c¢cBN crystal has an isotropic octahedron
structure, however, most crystals synthesised by us have
an anisotropic octahedron structure whose facets are all
{111} planes. In these crystals the top and bottom planes are
larger than the side planes, and they cannot intersect at right
angles. The real shape of the cBN crystal in the experiment
is shown in Fig.1. The upper ¢cBN sample shown in Fig.1,
whose opposite planes were parallel and approximately
equal, was used in the experiment. According to the real
shape of the cBN crystal, the incident beam can be only
perpendicular or parallel to the (111) plane.

Figure 1. Microscope photograph of cBN samples. The top left corner
¢BN sample with the area of S = 0.1429 mm? and length of the facet of
L = 0.06 mm was used in our experiment.

2.1 The incident beam perpendicular to the (111) plane

Let us assume that the angle between the polarisation
orientation of the incident beam and the [112] orientation in
the (111) plane is 6. In the (111) plane, the orientations
[112] and [110] are perpendicular to each other, and, hence,
the equations

E[“i] = EO CoS 6,
(6)
E[Ho] = EO sin 0
are valid.
The three components of the vector P(2>(t) in the
principal coordinate system have the form
3 3
P (0) = - %sox(écosz 0 — sin 0 cos 0>E02,
3 3 .
P(0) = —%eox(\/?—cosze+sm0cos€>E02, (7)

1 1
PP(0) = Zso;g(gcosz 0 — sin? 9) EZ.

Let us expand PC (0) into components P and P, in the
(111) plane, Py being parallel to the (111) plane, and P, —
perpendicular to it. We will locate in the (111) plane the
coordinate system with axes corresponding to [112] and

[110]

Y

30°( 30°

y[112]

Figure 2. The scheme of the polarisation in the (111) plane.

[110] orientations (Fig. 2). The projections of x, y, z axes in

the (111) plane are x', y’, z' axes, respectlvely Then let us

denote the projections of components P20), P (0) and
2)(0) on the (111) plane as P (0) P? 0), P (0)
Expressions for the latter have the f}orm

P(%)(O) = —geox(\?cosz 0 — sin 6 cos 0)E02,

X

PP(0) = _\éigox(?cos20+sin0cose>E§, )

1
P_,(,z) (0) = \1/2880}’<50082 0 — sin? 9) E¢.

Therefore,

2 2 o 2 o
P1T>0](0) = PX(/)(O) c0s 30° — P;,)(O) cos 30

6 .
= \/?—soxEoz sinflcos 0, 9
2 2 - ano 2 Ao 2
P, (0) = PL(0)sin 30° + P\7(0) sin 30° — P7(0)
—gsoxEOZ(%cosz()—sinz 0). (10)

The modules of the components of the polarisation vector
parallel and perpendicular to the (111) plane have the from:

PP(0) = [(P 2y0) + (P [(121>51(0))2] :

V6 432 5\*1"?
=25 ¢ 7E; [_11 —11<cos20+ﬁ>} , (11
3 3 3
PP (0) = % PA(0) + % PA(0) + g P (0)
V3
*—ﬁSOXEoz (12)
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When the incident beam is perpendicular to the (111) plane,
the components of the polarisation exciting the SHG wave
can be obtained by using expression (5),

241/2
P(z>(2w)_ﬁsoxgg{%—n(coszwﬁ)} . (13

3
PP 2w) = — £80 JE2.

24 (14

2.2 The incident beam parallel to the (111) plane

Let the incident beam be parallel to the (111) plane. We
assume that the angle between the polarisation vector of the
incident beam and the [111] orientation in the (111) plane is
o, and the angle between the direction of the propagation of
the incident beam and the [112] orientation is f. In this
case,

Ejj1y) = Egcosa,

Ejj10) = Epsinocos f,

15)
E[lli] = EO sin o sin ﬁ

In this case the components of the vector polarisation of the
optical rectification are obtained from expression (4):

1 1
P,Ez) (0) = 560XE§ |:§COSZ o

— %sin acos a(sin f + v/3cos f)

—?Sinzasin[f(?smﬂ—cos[ﬁ)}, (16)

1 1
P(,z)(O) = EWE& {gcosza

_ %Sin acos a(sin f — v/3cos )

—?sin%csinﬁ(?sinﬁ—i—cosﬁ)}, (17)

1 1 2 . .
PZ(Z)(O) = ESOXE(% {gcosza +§smacoso¢smﬁ

1 .2 1 .2 2
+3sin oc(ism B — cos ﬁ)} (18)

Then, the polarisation of the optical rectification in the
[111] orientation is

PO V3

D) =[PP (0) + PR (0) + PR(0)]

3
= \/——soxEéz)(SCOSZa —1).

Bz (19

When the incident beam is parallel to the (111) plane, the
polarisation of SHG can be also obtained by formula (5):

1 1
P@(Zw) = Zso}(E()Q {gcos2 o

- %sin acosa(sin f + v/3cos f)

—?Sin%csinﬁ(?sinﬁ—cosﬁ)}, (20)
PO (20) = S0 E} FCOSZ o
- 4 3
—?Sinacos a(sin f — v/3cos )
?sin%csinﬁ(?sinﬁJrcosﬁﬂ, 21
PP (2w) = ;‘So}iEo2 Bcosza +\/T§sinacosocsinﬁ
+%sin2a(%sinzﬁfcoszﬁ)}. (22)

Therefore, the SHG and optic rectification occur inde-
pendently no matter if the incident beam is perpendicular or
parallel to the (111) plane.

3. The experimental measurement of SHG
and the optical rectification in the (111) plane
of the cBN crystal

According to the theoretical analysis, the polarisations of
the SHG and optical rectification are nonzero no matter if
the incident beam is perpendicular or parallel to the (111)
plane. Therefore, the ¢cBN crystal may produce the SHG
and optical rectification effects under the action of high-
power laser radiation. In our experiment we observed
second harmonic generation and measured the optical
rectification signal.

Due to the small size of the cBN crystal, we designed a
special structure in which the cBN sample was sandwiched
between two conducting glass plates. The conducting glass
plates, used as two electrodes, were attached to each other
with an insulating glue (Fig. 3).

We used in the experiment a 1064-nm, 700-W Q-swit-

cBN crystal

H

Isolating glue

Conduction glass plates

[]

Figure 3. The structure of the sample under study.
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Pulsed Nd : YAG laser ¢BN crystal
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I
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Figure 4. Scheme of the experimental setup for the SHG.

ched Nd: YAG laser with a pulse repetition rate of 2 kHz
and a pulse duration of less than 20 ns.

3.1 The SHG in the ¢cBN crystal

The experiment setup is shown in Fig. 4. The incident beam
was perpendicular to the (111) plane and the output
radiation contained components at 1064 nm and 532 nm.
The photograph of the radiation spot of SHG is shown in
Fig. 5.

Figure 5. Photograph of the radiation spot of the SHG.

In this experiment we failed to obtain the optical
rectification in a pure form because of the possibility to
damage the electrodes by the high-power laser radiation.

3.2 Optical rectification in the cBN crystal

The experiment setup is shown in Fig. 6. The incident beam
is parallel to the (111) plane. A part of the beam splitted by
the beamsplitter is used as a reference signal for the lock-in
amplifier. The main part of radiation is focused by the
objective, then passes through the cBN crystal and is
frequency doubled (see Fig. 5). The voltage of the signal of
the optical rectification recorded with the lock-in amplifier
was about of ~1 pV.

Pulsed

Electric field
Nd: YAG laser .
Beamsplitter
532 nm
Sample
1064 nm 1064 nm
Objective Voltage
Photodetector Lock-in amplifier

Figure 6. Scheme of the experimental setup to study optical rectification.

4. Conclusions

We have shown theoretically the possibility of SHG and
optical rectification in the cBN crystal. We have observed
for the first time both these effects in the experiment.
Because the cBN crystal is transparent within the whole
visible and most of the UV spectra, it is possible to develop
an ultraviolet laser by using the SHG of the visible laser.
When femtosecond pulses are incident on the crystal,
terahertz waves can be obtained due to optical rectification.
The research is being conducted at present in both
directions.
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