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Abstract—We analytically describe quasi-phase matched
second-harmonic generation in the mid-IR region in a parallel
isotropic semiconductor slab made of Zinc Telluride (ZnTe)
and Cadmium Telluride (CdTe) using total internal reflection
quasi phase matching technique. The simulated results indicate
conversion efficiencies of 4.08% (centered at 8.495 pm) and
15.83% (centered at 9.341 pm) in a 400 pm thick, 10-mm-long
slab of ZnTe and CdTe respectively. The losses due to surface
roughness, Goos-Hiinchen shift and absorption of the slab have
been considered in the analysis. The effect of variation in the
angle of incidence has been studied for both the materials.

Keywords-second-harmonic  generation, total internal
reflection, quasi phase matching, isotropic, zinc telluride,
cadmium telluride.

1. INTRODUCTION

Mid-infrared tunable sources are of considerable
interest for applications in environmental monitoring.
Indeed, the main civilian and military pollutants present
strong absorbing lines in the spectral region from 3 to 12
pm [1]. In this context, quasi-phase matching (QPM) has
proven to be the most promising technique in the generation
of tunable optical sources because of its ability to phase-
match any two waves by choosing an appropriate spatial
period of modulation of the nonlinear coefficient along the
propagation direction within the transparency region of the
chosen material.

Rapid development in the field of semiconductor
technology has lead to extensive use of isotropic
semiconductors  for  optical frequency conversion
techniques. These isotropic semiconductors offer a number
of advantages like (i) high optical second-order nonlinear
susceptibility, (ii) excellent transparency range, (iii) good
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mechanical properties, (iv) possible future integration with
the pumping source etc. [2]. Among these semiconductors,
ZnTe and CdTe have indeed come forward as an important
nonlinear optical crystals, finding wide applications in
generation of pulsed terahertz radiation in time-domain
terahertz spectroscopy, terahertz imaging, holographic
interferometry, optical rectification, reconfigurable optical
interconnections, infrared optical window, photovoltaics and
in laser optical phase conjugation devices [3]. However,
these compounds being isotropic, no natural birefringence
phase matching is possible. Therefore, QPM may be
considered an attractive technique for frequency generation
in these isotropic crystals.

It was 1962 when Armstrong et al.first suggested that
QPM can be obtained by total internal reflection (TIR) in a
plane parallel slab [4]. This technique has been
demonstrated in isotropic semiconductor (GaAs, ZnSe, ZnS)
slabs for resonant-QPM as well as nonresonant QPM by a
number of researchers [5-7]. Both resonant as well as
nonresonant QPM techniques make use of differential
Fresnel phase shift A¢r experienced by the three interacting
waves at reflection at the air-material interface. This phase
shift Adr can compensate for the dispersion phase mismatch
Ak = k;3-2k; (here k;and k3 represents the fundamental and
SH wave vectors respectively) and allows a quasi-phase
matched growth of the conversion signal. The basic
difference between resonant and nonresonant QPMs lies in
the bounce length between two consecutive TIR bounces. In
case of resonant QPM, the bounce length is exactly equal to
an odd multiple of the coherence length whereas
nonresonant refers to the situation where the bounce length
is not exactly equal to an odd multiple but also not equal to
an even multiple as well. Thus the phase matching
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conditions are more stringent in resonant as compared to
nonresonant scenario.

II.  PROPOSED SCHEME

We have considered a parallel semiconductor slab (Fig.
1) of length, L = 10 mm, and thickness, t = 400 um. The
face on which the fundamental laser radiation will be
incident is cut at an angle y (= 0.39 rad) with respect to a
plane perpendicular to the horizontal plane.

-

s

Figure 1. Geometry of parallel semiconductor slab showing the scheme of
second harmonic frequency conversion.

Let the fundamental broadband optical radiation having
centre frequency ®; be incident at an angle @; with respect to
the normal to the inclined slab end face. The angle of
incidence ¢@; on the horizontal plane inside the
semiconductor slab will be determined by the refractive
index of the material. If ¢, is greater than the critical angle
for the range of input frequencies, then the collimated
optical radiation will undergo TIR inside the tapered slab.
This scheme corresponds to non-resonant QPM since the
interaction lengths between successive bounces has not been
optimized to be equal to an odd multiple of the coherence
length L, (=n/AKk).

Now, in this parallel slab configuration with simple
geometry the equation for the length between consecutive
bounces can be expressed in terms of slab parameters as
follows:

L, = xcosy/[sin(¢,Hy)] ()
where L; is the length between the entrance point and the
point of first TIR point inside the slab, x is the slant distance
of the entrance point from the base of the slab, and
¢, = sin”'[(sing;)/n,] @
where n; is the refractive index corresponding to the input
fundamental frequency. The distance between successive
bounces can be expressed as
L;=t/cos ¢ 3)
where ¢ = /2 — (¢, + y ) is the angle of incidence inside the
slab.

A. Polarization Configuration

In general there are eight possible polarization combinations
of the three interacting waves (©; ®, ®;) (®; ®, are input
wavelengths, ®; is the generated output wavelength):

1. sss and ppp (Type 0 phase matching)

2. ssp and pps (Type I phase matching)

3. psp, spp, pss, sps (Type Il phase matching)

The designations refer to the orientation of the electric field
vector in each wave relative to the plane of incidence,
wherein ‘s’ designates the polarization that is orthogonal to
the plane of incidence and ‘p’ denotes the orientation of
electric field parallel to the plane of incidence.

In our analysis we have considered ppp polarization
configuration for both ZnTe and CdTe crystals. According
to Komine et al, ppp is the most useful polarization
configuration, in which the net phase shift quickly
approaches m over a wide range of incidence angles [6].

The expression for effective d-coefficient for ppp
polarization can be expressed as follows:
dppp= 6dijcos2(psin(p COST sint “4)

with the slab orientation in the {001} direction, where T is
the angle that the plane of incidence makes with the {100}
direction. The d-coefficient is maximum for T = 45° [6].
Since ZnTe and CdTe have the same zinc blended
crystallographic structure, their non-linear coefficient can be
expressed by the same function. Here djj is d;4 since both
ZnTe and CdTe belong to symmetry class Z3m. The value

of dy4 is considered to be 90 pm/V for ZnTe and 168 pm/V
for CdTe [8].

B.  Sellemier’s Equation

The standard Sellemier’s equation can be expressed as
n’=A + [BAY/(A*-c?)] where n is the refractive index and A is
the wavelength in microns. For ZnTe the best values of the
parameters are A=4.27, B=3.01, and ¢?=0.142; and for CdTe,
A=5.68, B=1.53, and ¢*=0.366 [9].

C. Conversion Yield Limiting Factors

The SHG conversion efficiency is limited by three
important factors: the surface roughness, the Goos-Hénchen
shift, and the absorption loss of the material. All these
factors are considered in our analysis.

The drop due to residual surface roughness is measured
in terms of the Strehl ratio [7], which gives the reflection
coefficient, R as a function of wavelength, angle of
incidence, and standard deviation,

R = exp[- {(4mniocos@,)/A} ] = 1- {(4nnjocoske,)/A}’ (5)

where j = o for the fundamental wave and 2w for the

generated SH, and o(= p—v value/12) where the p—v value
is the distance between the peak and valley of the surface
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under consideration. A p—v value of 150 nm is considered
in the computer-aided simulation.

When a collimated light beam is totally reflected from a
plane interface between two dielectric media, the reflected
beam encounters a longitudinal shift between the incident
and reflected beams known as the Goos-Hénchen (GH)
shift) [10]. This longitudinal shift causes a reduction of the
usable length of the semiconductor slab. In our case, the GH
shift has been separately calculated for the lower horizontal
surface and the inclined upper surface.

Linear absorption can be highly detrimental to
frequency conversion processes and places severe limits on
conversion efficiency values. In our analysis we consider a
linear absorption coefficient (o~ 0y,) of 0.008 cm™ for
ZnTe and 0.0014 cm’'for CdTe [8].

D. SH Intensity

The generated SH intensity in the undepleted plane wave
approximation is given by:

L2 =[z005"(Nde)/(2¢’ninns)]*[sin - (AKL/2)/(Ak/2]**[sin
(NAG/2)/(Nsin (Ad/2))]**1,™+1," (6)

Where, 1, = L," is the input fundamental intensity, N is the
number of bounces inside the plate, z, is the vacuum
impedance (=377 Q).

The global phase shift Ap = AKL + Adg + 6¢ where L is the
distance between two successive bounces (given by equ" 3).

In our analysis the interaction length between the last
bounce and the exit point from the semiconductor slab is not
considered. The effects of linear absorption and surface
roughness on both the fundamental and the generated SH
waves are included for all the consecutive bounces inside
the slab. The reduction in the usable length of the
semiconductor slab due to the GH shift is also considered in
the analysis.

III.  RESULTS AND DISCUSSIONS

In the computer-aided simulation, the input beam
intensity is assumed to be I, =~ 10 MW/cm®. The analysis
uses an input fundamental broadband source of §—10 pum.
The input conditions at the entry point of the collimated
optical beam to the semiconductor slab are chosen as ¢; =
1.4 rad and x = 50 pm. The variation of SH efficiency with
respect to the input fundamental wavelength is shown in
Fig.2 and Fig. 3 for ZnTe and CdTe respectively.
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Fig. 2. Plot of SH efficiency vs input wavelength for CdTe slab for y =
0.394 rad, ¢= 1.4 rad, L =10 mm, t= 400 pum, considering all the losses
(scattering, absorption, GH shift) encountered by the interacting waves.
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Fig. 3. Plot of SH efficiency vs input wavelength for ZnTe slab for y =
0.394 rad, ¢= 1.4 rad, L =10 mm, t= 400 um, considering all the losses
(scattering, absorption, GH shift) encountered by the interacting waves.

With variation in the angle of incidence, ¢;, both ZnTe and
CdTe show a shift in the center wavelength corresponding
to peak efficiency. For ZnTe as ¢; is decreased from 1.4 rad
to 1.1 rad, the center wavelength shows a red shift in its
value from 8.508 um to 8.58 pm while the peak efficiency
increases from 4.13% to 4.918%. With CdTe, for similar
variation in ¢y, the center wavelength shows a red shift from
9.342 pm to 9.434 um while the efficiency increases from
15.89% to 18.67%. Fig. 4 and Fig. 5 show the performance
of both the materials due to variation in ¢;.
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Fig. 3. Plot of SH efficiency vs input wavelength for CdTe slab for varying
values of ¢;.
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Fig. 4. Plot of SH efficiency vs input wavelength for ZnTe slab for varying
values of ;.

IV. CONCLUSION

To conclude in this paper, a SH frequency converter
based on a parallel ZnTe and CdTe slab has been analysed
numerically. The converter provides conversion efficiencies
of 4.13% (centered at 8.508 pm) and 15.89% (centered at
9.34 um) in a 400 um thick, 10-mm-long slab of ZnTe and
CdTe respectively, considering losses due to surface
roughness, Goos-Hénchen shift and material absorption.
Variation in the angle of incidence results in red shift of the
center wavelength of both the materials under study and
hence can be used for angle tuning of the center wavelength
corresponding to peak efficiency.
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