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Abstract Based on the theory of nonresonant Fresnel phase matching (FPM), tuning characteristics of second-har-
monic generation (SHG) wave, the full-width at half-maximum (FWHM) acceptance bandwidth for total internal re-
flection angle, and the effective nonlinear coefficient of sum-frequency generation in ZnSe and GaP crystals are calcu-
lated under different polarization configurations. In theoretical calculation, the parameters, which have been reported
to generate the tunable infrared waves by SHG in experiments, are adopted. The optimal quasi-phase-match condi-
tions in ZnSe and GaP are summarized by comparing the simulated results, respectively. The calculated results show
a sound theoretical basis for using FPM method to generate tunable mid-infrared wave in isotropic crystals.
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1 Introduction gating geometry.

For decades, many interesting materials have
been used in second-harmonic generation (SHG)
mid-infrared radiation*~*, such as HgGa,S,"?’, Ag-
GaSe,", GaSe™, and zinc-blende semiconductors
(e.g., GaAst®, ZnTe!®, GaP'"’, ZnSe®). Among
them, ZnSe crystal with a noncentrosymmetric
structure attracts particular interest owing to its
well understood optoelectronic properties and large
nonlinear coefficient™ . GaP crystal also has a num-
ber of attractive features that make it eminently
suite for this study. It shows appreciate dispersion

Its infrared active
]

in visible and infrared range*!.
phonon-polariton is Raman active*”’, allowing for
SHG. However, owing to their optically isotropic
characteristics, the birefringence match scenario is
impossible in ZnSe and GaP crystals, and the non-
collinear phase match geometry usually has to be
used™?’. Because the reported experimental result
has shown that the conversion efficient of the col-
linear geometry is much higher than that of the non-

collinear geometry™®

, the Fresnel phase matching
(FPM) scenario as an alternative solution has been

proposed to get effective conversion with co-propa-

This work was supported by the National “973” Program
of China under Grant No.2007CB10403.

The FPM"* was proposed by Armstrong et al.
firstly in 1962, who suggested to make use of the
different total internal reflection phase shifts, i.e.
Fresnel phase shift, in a plane-parallel plate to ob-
tain quasi-phase-match (QPM)"*. The FPM by to-
tal internal reflection can solve the problems of lim-
ited coherent length and low conversion efficiency
of frequency upconversion in isotropic crystals.
Compared with the traditional QPM condition, the
processing difficulty of the multiple-bonded and ori-
entation-patterned isotropic plates also can be

solved. Nowadays, the factors®

of Fresnel phase
match scenario, such as Goos-Hanchen shift and
surface roughness, which limit coherent length and
output signal intensity, have been investigated in

5] We also wonder the

theories and in experiments
tuning characteristics of generated SHG mid-infra-
red radiation and angular acceptance of SHG in FPM
isotropic crystals. However, there are few related
theoretical studies reported.

In this paper, based on the theory of nonresonant
FPM, we calculate and analyze the tuning characteris-
tics of SHG wave, the full-width at half-maximum
(FWHM) acceptance bandwidth for the total internal
reflection angle, and the effective nonlinear coefficient

of sum-frequency generation in ZnSe and GaP crystals
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under different polarization configurations. The calcu-
lated results provide a sound theoretical basis for using
FPM method to generate tunable infrared wave in iso-
tropic crystals.

2 Theoretical background

Figure 1 shows a schematic diagram of the
FPM scenario wave vectors k; (¢ =1, 2, 3), dis-
playing the input pump beams (w;, = w;), and the
SHG beam (w;) inside the isotropic crystal. Input
and output coupling occur through the slanted faces
of the monolithic isotropic crystal.
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Fig.1 Diagram of the FPM configuration. (a) Side view
and (b) top view of the configuration.

In the nonresonant FPM scenario, the condi-
tions of photo energy and momentum conversion of
SHG also require that 2w, = w; and Ak = 2k, —k; =
n/A.. There is one additional condition that must be
satisfied"*! ;

AP = AkL + A¢p + 0% — 2nn = 0, @D
where 7 is an integer number, L = ¢/cos = (2N +
1)A.is the zigzag length, t is the thickness of the
crystal, N is the number of bounces, N =

EP[l + [ —t/tand
ttan @

port), and A. is the periodical length given by the
coherence length. The total Fresnel phase shift A¢g

J (EP[ ] means to get the integer

is used to compensate any phase shift in isotropic
materials. The total phase shift A¢ among the inter-
action waves is the sum of the dispersion phase mis-
match Ak, the relative Fresnel phase shift Adp at the
crystal-air interface, and the additional phase mis-
match 8$. The total Fresnel phase shift is

M = i — b —#i, -
where ¢ =— 2arctan (A —q +gui] «/m
n;cos

is Fresnel phase shift, and if the beam is p polariza-
tion, g =1, orelse ¢ =0and ¢ =1, 2, 3. The total
internal reflection angle 0 must be higher than the
Descartes-Snell angle 0., sin 0. = 1/nry,» as shown
in Fig. 1. The additional phase shift 5¢ depends on
the sign of the effective nonlinear coefficient. if the

sign of the effective nonlinear coefficient changes at
reflection, 8¢ = =; if not, 8¢ = 0. In lossless case,
the output intensity of SHG beam is given by"*

:Zgwg (Ndcu)z

I 2¢% nin, <
sin(ARL /2) 1*Tsin(NA¢/2) 7%,
[ Ak/2 J [Nsin(A‘ﬁ/Z)J R

where Z, is the vacuum impedance (Z, = 3770, ¢
is the speed of light, d. is the effective nonlinear
coefficient, n; (1 =1,3) is the refractive index of
pump beam and SHG beam, respectively, and I;
(t=1,3) displays the input intensity of pump beam
and output intensity of SHG beam, respectively.

In this paper, the experimental model is based
on the experiment reported in Ref.[117]. In simula-
tion, the following parameters are taken: A, = A, =
3 ~ 6 um, the thickness of crystal ¢ is equal to 360 pm
tfor ZnSe crystal, and 400 pm for GaP crystal.

We also take the Snell equations of ZnSe and
GaP crystals, which are researched by Li e
al. U The optical refractive index of GaAs crys-
tal can be obtained from

. 4. 29801492

= T, 192063000

0.627765572;
A5 —(0.37878260)°
2. 89556331’
A2 — (46.994595)%"
The optical refractive index of GaP crystal can be

_|_

+

j=1,2,3. (4D

obtained by

‘ 6. 401
D= 2.680 F N
" X =0.0003279

J

Because of eight different polarization combi-

j=1,2,3. (5)

nations of the three waves, eight different polariza-
tion configurations are investigated on substituting
Eqgs. (4) and (5) into Eq. (1). Careful calculation
shows that for given pump waves, only spp and pss
configuration can provide QPM in ZnSe and GaP
crystals, as shown in Fig.2. In the case of A, = A,
= 3.4 pm, when@ = 32.5" for nonresonant FPM ZnSe
crystal in pss configuration, the condition of Eq. (1)
can be satisfied, i.e., A¢ = 2z with A; = 1. 7 pmand
the condition of Eq. (1) also can be satisfied with
0 = 30. 5° for nonresonant FPM ZnSe crystal in spp
configuration, as shown in Fig.2(a). The similar sit-
uation of nonresonant FPM GaP crystal is shown in
Fig.2(b). In the case of A, = A, = 3.4 pum, when
0 = 33.1°1in pss configuration, the condition of Eq. (1)
can be satisfied, and it also can be satisfied with
0 = 20. 7° in spp configuration.
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Fig.2 Fresnel phase shift A¢p (3.4 + 3.4 — 1.7 um) at
total reflection interface both in FPM (a) ZnSe and
(b) GaP crystal versus 0.

3 Theoretical analysis of tuning charac-

teristics
3.1 Angle tuning characteristics

Firstly, we analyze the angle tuning character-
istics with A¢ = 2nx under spp and pss polarization
configurations in nonresonant FPM ZnSe crystal.
The angle tuning curve under different polarization
configurations can be obtained by substituting Eqgs. (2)
and (4) into Eq. (1), as shown in Fig. 3.

Figure 3 (a) shows that under spp configuration,
when 0 tunes from 24.05" to 60.9° with A¢ = 4 X 2,
the tuning range of SHG wave A; = 1. 601 ~ 3 ym s
obtained. When the total phase shifts are A¢ = 3 X
2m and 5 X 2x, the corresponding tuning ranges of
SHG wave are 2. 398 ~ 3 pm and 1.5 ~ 2.192 ym
with @ = 24.2° ~ 43.1° and 42.19° ~ 60°, respec-
tively. In pss configuration, when the total phase
shifts are Ap = 3 X 2z, 4 X 27 and 5 X 2%, the tun-
ing ranges of § and pump wave are 24.1°~43.1°,
24°~60", 43°~60", 2.404 ~ 2.999 pm, 1.603 ~
2.919 pm and 1. 502 ~ 2. 192 pm, respectively, as
shown in Fig. 3 (b). Our calculation shows that
when A¢ =4 X 2x and A, = A, = 3.4 um, 0 equals
30.5° in spp configuration. There is a derivation be-
tween our calculation result and the reported experi-
mental result®’. One explanation of the discrepancy is

Fig.3 Tuning range of A; in nonresonant FPM ZnSe crystal
versus ¢ under (a) spp and (b) pss polarization config-
urations, respectively.

based on the fact that Eq. (4) does not fit to refractive
index of ZnSe crystal reported in Ref.[18]. Figures 3
(a) and (b) also show that, compared with these in pss
configuration, the tuning range of SHG wave A; is larger
in spp configuration, and the angle tuning range is sim-
ilar in different configurations. This means that spp
configuration of ZnSe crystal is benefit to generate
widely tunable SHG mid-infrared radiation in the exper-
iment.

The angle tuning characteristics of nonreso-
nant FPM GaP crystal under spp and pss configura-
tions are also numerically analyzed, as shown in
Fig. 4. When the condition of nonresonant FPM
A$ = 5 X 2x is satisflied with § = 24° ~ 57°, the
tuning range of SHG wave is 1. 804 ~ 2. 992 pm in
spp configuration and 1. 806 ~ 2. 994 ym in pps con-
figuration, respectively. When A¢ = 4 X 2x, the
tuning range of SHG wave is 1. 999 ~ 2. 996 pm and
2.244 ~ 3 pm in spp and pss configurations, respec-
tively. In this case, § is in the range of 24°~52.7".
The tuning range of SHG wave is 2. 004 ~ 2. 998 pm
and 2. 246 ~ 2. 998 pum with A¢ = 3 X 2x in the spp and
pss configurations, where the same tuning range of § is
24°~47.1°. The simulation shows that the tuning
ranges of SHG wave are almost the same with
identic angle tuning range under different polariza-
tion configurations in nonresonant FPM GaP crys-
tal.
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Fig.4 Tuning range of A; in nonresonant FPM GaP crystal
versus § under (a) spp and (b) pss polarization
configurations, respectively.

3.2 Angular acceptance of SHG

When the condition of nonresonant FPM is satis-
fied, i.e., as Egs. (1) and (3) show A¢ = 2nx, the
value of output signal intensity will be the maximum. It
means that the signal intensity is determined primarily
by the factor [ sin(NA¢/2)/Nsin(A¢/2)]* in Eq. (3).
In the ideal assumption, this factor satisfies the

condition of sin(NA$/2) =4/x°, i.e. , NAp=0.5=

2.2 «Agp=5X2n
« Ap=4X2n
o Ap=3X2n

. = o
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polarization configurations as a function of 4 for non-
resonant FPM ZnSe and GaP crystals. In nonreso-
nant FPM ZnSe crystal under spp and pss configura-
tions, the maximum FWHM acceptance bandwidths
are always lower than 2.5 mrad, as shown in Figs.5
(a) and (b). When @ =24° in the case of A¢ = 4 X 2x,
the FWHM acceptance bandwidth of 6 is 1. 704 mrad,
and the FWHM acceptance bandwidth of § is equal to
0.37 mrad when ¢ = 60. 9° in spp configuration
[Fig.5(a)]. Figure 5(b) shows that in pss configu-
ration with A¢ = 4 X 2z, the FWHM acceptance band-

width of 8 is 1.45 mrad with § = 24°, and the FWHM
257
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Fig.5 FWHM acceptance bandwidth of § in ZnSe and GaP crystals under (a),(c) spp and (b),(d) pss configurations, respectively.
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acceptance bandwidth of 4 is equal to 0.37 mrad when 4
=60.9°. The calculation shows that under different
configurations, the FWHM acceptance bandwidth
decreases with the increase of §. Meanwhile, be-
cause of the small FWHM acceptance bandwidth of 6
under different polarizations in ZnSe crystal, the
path adjustment is difficult in the experiment.

In nonresonant FPM GaP crystal, larger
FWHM acceptance bandwidth of § is obtained, as
shown in Figs.5(c) and (d). In the case of A$ =
5 X 2n, the FWHM acceptance bandwidth is equal
to 16. 77 mrad when 0 = 24°, and 80 = 4.9 mrad
with @ = 57° in spp configuration [Fig.5(c)]. Fig-
ure 5(d) shows that 80 = 16.8 mrad with § = 24°,
and 80 = 4.9 mrad with § = 57° in spp configura-
tion. The simulation shows that the FWHM accept-
ance bandwidth of 0 is almost the same under differ-
ent polarization configurations in GaP crystal. Com-
paring with the FWHM acceptance bandwidth of 4 in
ZnSe crystal, GaP crystal has a larger FWHM ac-
ceptance bandwidth of # under different configura-
tions, which will give convenience to adjusting path
in the experiment.

3.3 Effective nonlinear coefficient d .

According to Eq. (3), higher effective nonlin-
ear coefficient in a given polarization configuration
is benefit to obtain higher output idler beam intensi-
ty for a given set of pump wave and SHG wave.
Here we calculate the angle tuning characteristics of
effective nonlinear coefficient of ZnSe and GaP
crystals in the spp and pss configurations. In spp
configuration, the nonlinear coefficient d. is de-
scribed as-™

dyp = di,[3(cos fcos $)* + 1 — 2cos*@]sin . (8)
The nonlinear coefficient d.; in pss configuration is
described as-"

dpee = %dn(cos ¢+ 3cos 3$)cos 0, 9

where ¢ is the angle between the plane of incidence
and [001] axis of the crystal, di; =40 pm/V™* for
ZnSe crystal and d, =20 pm/ V'™ for GaP crystal,
respectively. Calculation shows that, when ¢ is
equal to 0° for the pss configuration and ¢ is equal to
30° for the spp configuration in both ZnSe and GaP
crystals, the maximum value of effective nonlinear
coefficient can be expected.

Figure 6 shows the influence of 0 on the effec-
tive nonlinear coefficient both in FPM ZnSe crystal
and GaP crystal under different polarization config-

urations. The effective nonlinear coefficient d.; de-
creases with the increase of § under different polari-
zation configurations. The falling speed of the ef-
fective nonlinear coefficient in spp configuration is
lower than the one in pss configuration. As shown
in Fig.6(a), when 0 is less than 57.4°, the value of
effective nonlinear coefficient in spp configuration
is less than that in the pss configuration for FPM
ZnSe crystal. However, when 0 is equal to 90°, the
effective nonlinear coefficient in pss configuration
dai =0 pm/V, and the effective nonlinear coefficient
d =20 pm/V in spp configuration. The same situation
of FPM GaP crystal is also shown in Fig.6(b). Calcu-
lation shows that when the ZnSe crystal is used to
be nonlinear crystal, spp configuration is benefit to
obtain higher effective nonlinear coefficient with ¢
in the range of 24.05°~60.9°. GaP crystals in pss
configuration will have higher effective nonlinear
coefficient with 9 <(57°.
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Fig.6 Effective nonlinear coefficient versus § under different
polarization configurations for FPM (a) ZnSe crystal
and (b) GaP crystal, respectively

4 Conclusion

We have theoretically investigated the tuning
characteristics of tunable SHG mid-infrared radia-
tion in FPM ZnSe and GaP crystals. Based on the
technique of FPM, the parameters such as angle
tuning characteristics, angular acceptance of SHG,
and effective nonlinear coefficient of ZnSe and GaP
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crystals are calculated and analyzed numerically.
We find that, when the condition of nonresonant
FPM A¢ = n X 2= is satisfied in ZnSe crystal, the
tuning range of SHG wave in spp configuration is
larger than that in pss configuration. The FWHM
acceptance bandwidth of 4 in spp configuration is al-
so similar to that in pss configuration. The calcula-
tion also shows that spp polarization configuration
can be expected to have a better performance than
pss configuration with a larger effective nonlinear
coefficient, when the wavelength of SHG wave is
less than 3 ym. When GaP crystal is used to be non-
linear crystal, the tuning ranges of # and SHG wave
As » and the FWHM acceptance bandiwdth of § are al-
most the same under different polarization configu-
rations, respectively. Because the effective nonlin-
ear coefficient of GaP crystal in pss configuration is
larger than that in spp configuration with § <57°,
pss configuration is more suitable to generate SHG
mid-infrared radiation in the experiment. Compa-
ring with the FWHM acceptance bandwidth of 4 in
ZnSe crystal, GaP crystal has a larger FWHM ac-
ceptance bandwidth of § under different configura-
tions, which will offer convenience to adjusting
path in the experiment. These theoretical calcula-
tions serve for the following tunable mid-infrared
generation experiment in isotropic crystals as theo-
retical evidence and reference.
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