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Second-order nonlinear optical properties of strained Z8d,Se/ZnSe asymmetric coupled quantum wells
(ACQW'’s) have been investigated by using the reflective second-harmonic gené&tiGnhtechnique. Com-
pared with the SHG intensities in ZnSe bulk material, a significant enhancement of the signals was observed
in ACQW'’s due to the centrosymmetry-breaking effect resulting from the strong-coupling interaction between
adjacent quantum wells. The second-harmonic intensity was also found to increase with decreasing cadmium
concentratiorx because of the second-harmonic off-resonance effect. Moreover, the SHG intensity versus the
sample azimuthal angle shows an obvious in-plane anisotropy with a period of 180°, and our numerical
calculations of the SHG dependence on azimuthal or polarization angle agreed well with experimental results.
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I. INTRODUCTION wells (SACQW'’s) and two sample$5 and § with multiple
asymmetric coupled quantum welisMACQW'’s). A 500-
Over the past decade there has been a growing interest fin-thick undoped ZnSe buffer layer was first grown on a
the nonlinear optical properties of wide-band-gap zZnSeGaAs (100 substrate in every sample. Then the ZnCdSe/
based 1I-VI semiconductor quantum well®W’s) because ZnSe SACQW's or MACQW's were grown on the buffer

of their applications for laser diodes and other photonic del@yers, and at last a 60-nm-thick undoped ZnSe cap layer
vices operating in the blue-green region of the visibleconcluded the growth. Each SACQW consists of two

spectrumt= The previous theoretical calculations and ex-ZM-xCdSe wells &=0.24) with thicknesses df; andL,

perimental work have demonstrated that the nonlinear optica{ll'ﬁE LZQ Lgslfectivgly% which age S(:aLpaArateij 3% a ZnIS_e bar-
coefficients, particularly the second-order susceptibility, ard!er With thicknessB (for samples 1-4/,=3.8 nm, L,

many times larger than those for bulk materials when asym= 10 NM, andB=10, 5, 2.5, and 1.25 nm, respectively

L s ach MACQW consists of ten periods of SACQW'’s sepa-
metry is mtrodueced by a composmonally graded band gap OfFated by a ZnSe layer of thickness between every two
coupled wells*® However, little effort has been made to

. . . djacent ones, as shown in Fig. 1. For comparison, a SHG
study the dependence of nonlinear optical properties on Q tudy was also performed on a 500-nm-thick undoped ZnSe

parameters for ZnSe-based materials. Studies of the relatiq) o, layer(sample J grown under identical conditions to

between nonlinear optical propertieg and QW parameterg,q QW samples. The absorption spectra of the MACQW's

such as the degree of asymmetry, interwell coupling, angyere measured by using a Shimadzu 365 spectrophotometer.

in-plane anisotropy can help us in the design of desired non- The experimental setup used for reflective SHG measure-

linear optical components. ments is also shown in Fig. 1. The incident fundamental
Second-harmonic generatigBHG), being extremely sen- beam of 40 ps pulse width, 10 Hz repetition rate, and 1.5

sitive to the symmetry of materials, is widely used to studymJ/pulse energy at 1.06m from an actively model-locked

the second-order properties of surface and interfésigsh as Nd:YAG (yttrium aluminum garngtlaser was directed by a

qguantum wells as a nondestructive and noncontact probe. Irtelescope onto the samples as a spot of diameter 1 mm and at

this paper, we observed anisotropic features of SHG intensitst fixed incident angle 45°. The SHG signals at 532 nm were

depending on the azimuthal angle of samples, and obtainedetected by a water-cooled photomultiplier tB#T) and a

the SH dependence on coupling effects, cadmium concentrgoxcar averager and then displayed onxayrecorder. An

tion, and incident polarization angle through measurementifrared-blocking filterF1 and a 532 nm interference filter

of SHG intensities in strained Zn,Cd,Se/ZnSe asymmetric F2 were inserted to ensure that only the second-harmonic

coupled quantum well$ACQW's). The experimental data radiation was detected. The SHG intensities from the

are in good agreement with our predictive results obtaine§a@mples were normalized to those from a z-cut quartz plate
from theoretical formulas. reference to eliminate the measurement errors caused by la-

ser power fluctuations. The polarization anglg between

the incident fundamental polarization direction and the inci-

dent plane could be changed by rotatii@ plates. Rotating

the sample around the surface normal could change the azi-
During our experiments, all QW samples were grown bymuthal angle¢ between the GaA§110] direction and the

molecular-beam epitaxy on GaA$00) substrates, including incident plane. The analyzer polarization anglg between

four sampleg1—4) with single asymmetric coupled quantum the output SHG polarization direction and the incident plane

Il. EXPERIMENTAL DETAILS
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could be changed by rotating the analyz&tan prisn), as (Ex.Ey,E,)=(Esinay,,E cosa, cos6,E cosa,sing).
shown in Fig. 2, where theaxis is along the surface normal 2)
and they axis in the incident plane.

All the SHG experimental results were obtained at roomhe SHG intensity as a function afy,, ¢, anda, can be
temperature. written

I(ay,,d,a,) =K|P,sina,— P, cosf cosa
ll. THEORY (ap, ¢, aa) =K|P a 'y a

. + P, sin 6 cosa,|?, 3
It is well known that an unalloyed ZnSe crystal has the z | ®

zinc-blende structure, a CdSe crystal has the wurtzite strugyhereK is a constant determined by the QW parameters.

ture, and the alloy Zn ,Cd,Se/ZnSe has the zinc-blende  Taking 9=45°, $=0°, anda,=0° or 90° in Eq.(3), we
structure for small cadmium concentratigri So the struc-  gptain

ture of all parts in our ACQW samples could be regarded as

zinc blende with aC oint group. The nonzero compo- ° o)=L (2)_ (2) _ (2
nents of the second—g)rdr:ar susgceptFi)biW) in bulk materi:fl o oul /0.0 = £6KI(xazz~ V2500~ X200 atp
and ACQW's are given in Table®l. +2x2J2E4, (4)
In the mean-field approximation there are only three in-
dependent nonzeng® elements and the second-order polar- e ouf @p,0°,909 = 2K |2 sin(2a,)|2E*. (5)
ization P(?) has been given previously s ST e .
P§<2)=X§<§<) E,, P§,2)=X§<§<)2EyEz: IV. RESULTS AND DISCUSSION

A. Dependence of SHG intensity on interwell coupling
P = SIXSUES+ED) + XS ED]. ) (barrier width )

) o ) The measured ratio gb in to p out (ap=0°,2,=0°)
HereE is the electric field of the fundamental wave. With the SHG intensity versus barrier widt® for SACQW samples
coordinate system shown in Fig. 2, we can write 1-4 is shown in Fig. 3 with a fixed azimuthal angie

=0°; there were almost no signals from ZnSe b(dkmple
7) under the identical conditions. The SHG intensity and thus
Fan %, = x? increase slowly as the barrier widthdecreases from 10
E, to 5 nm, and then grow quickly when the barrier width con-
tinues to decrease. Singé? of a single QW should be zero
A due to the centrosymmetry of electronic and hole wave
functions® a larger degree of interwell coupling would break
/¢ the symmetry and thus enhance the SHG signals.
______ > [110]

Y TABLE I. Symmetry of second-order susceptibilig§? in bulk
material and ACQW.

Sample

Symmetry x?

X Oh (bulk) 0
2)_ (2 2)_ (2 2)_ (2 2
C4v (ACQ\N) ng)x_ng)yv XE(X)Z_X(yy)zv X>(<z)x_X§z)yv ng)z

FIG. 2. Geometry of the reflective SHG measurements.
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B. Dependence of SHG intensity on cadmium concentratior
(barrier height) T T T T

Barrier height(or well depth will increase with increas-
ing Cd compositionx, while the band gap of the coupled
QW's decrease¥. The measured SHG intensities of, (p
in/p out, @,=0°, $=0°, a;=0°) andlg, (s in/p out, e, ] /
=90°, $=0°, a,=0°) from MACQW's 5 and 6 measured & [ 1 !
at room temperature and the sample parameters are given i \ !
Table Il. The table shows that a larger cadmium concentra-g 10F
tion x (barrier height or well depthleads to smaller SHG
intensitiesl ,, and . I

To further clarify the relation between SHG intensities vor e £V 0o )
and cadmium concentratidior the band gap of the coupled = ‘f P \I - v/
QW's), we measured the absorption spectra of samples 5an ~ °L i " . n . 1
6, as shown in Fig. 4. The absorption peak of sampl2.84 0 % 180 2ro 360
eV or 529 nm is closer to the SH photon energy 2.33 &Y Azimuthal angle ¢ (degree)

532 nm than that of sample %2.40 eV or 517 nm The
smaller SHG intensitiek,, andl s, from sample 5 than those ~ FIG. 5. Measured dependence of the ratia to p out SHG
from sample 6 were caused mainly by the second-harmonittensity from(a MACQW (sample 6, dosand (b) ZnSe bulk

off-resonance effedt (sample 7, squarg®n the azimuthal angle. The broken line rep-
resents the theoretical calculation.
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C. Dependence of SHG intensity on azimuthal angle

The ratiosp in of p out ands in to p out SHG intensities
from sample 6 are changed by changing the sample azi
muthal angles, as shown in Figs. 5 and 6, respectively. An
obvious in-plane anisotropy with a period of 180° was ob-
served and the in/p out intensities were two orders of mag-
nitude larger than the in/p out ones. Notice that the SHG
intensities from ZnSe bulksample 7 are at least one order
of magnitude smaller than those from MACQW sample 6
due to its centrosymmetry.
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TABLE Il. SHG intensitiesl ,, andl, in quantum wells with L3 : /. I\‘ 1
different Cd compositions. 0.0 L -/ L 4
0 90 180 270 360

Azimuthal angle ¢ (degree)

SHG intensity |

Sample Ly (nm) B(nm) L, (nm) E(Mm) x I, Igp

5 1.2 1.2 2.4 6.0 038 1.7 0.02 FIG. 6. Measured dependence of the raticsdif to p out SHG
6 1.2 1.2 2.4 6.0 0.30 20 0.6 intensity from MACQW sample §dot9 on the azimuthal anglé.
The broken line represents the theoretical calculation.
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FIG. 8. Measured dependence of th@ut SHG intensity of
MACQW sample 5(dots on incident polarization angle,. The
broken line represents the theoretical calculation.

FIG. 7. Measured dependence of fheut SHG intensity from
MACQW sample 5(dotg on incident polarization angle,,. The
broken line represents the theoretical calculation.

In the electric-dipole approximation, the dependencep of ical values calculated from Eq&t) and(5), represented by
in/p out ands in/p out SHG intensities from ACQW'’s on the the broken lines in Figs. 7 and 8. These properties are also in

azimuthal anglep was deduced by Qat al1%'?as a good agreement with results of Refs. 13 and 14.
Lop( @) | Ci) + i) cog 2¢) + ¢yt cog4¢)[2, (6) V. CONCLUSIONS

0 2 4 2 Our experimental results show that SHG intensity in
ISF’(QS)OC'C(SP)JFC(SP) cos{2¢)+c<sp) cog44)l%, ™ strained Zp_,Cd,Se/ZnSe asymmetric coupled quantum
where the Coeﬁicientsgn;) and C(srg) give rise to themfold ~ Wells is at least one order of magnitude larger than that from
rotational symmetry oE2)() andE2“)(4), respectively bulk ZnSe due to the centrosymmetry-breaking effect result-
) ) pp S sp AT T ' ing from the strong interwell coupling interaction. It is also
and ¢,y and cgp’ represent the 'Sftmp'c c?ntrlbutlon. The strongly dependent on the QW parameters. SHG intensity
electric-quadrupole contributions|y) and cfy) can be ne- \as found to increase with decreasing barrier width or cad-
glected because they are much smaller than the electrignjum concentratiorx (barrier height, well depth Further-
dipole contribution'® The results foll , () andls,(4) cal-  more, an obvious in-plane anisotropy was observed with a
culated by using Eqg6) and (7), as shown by the broken period of 180° in our measured ratios pin to p out ands
lines in Figs. 5 and 6, agreed well with the experimentalin to p out SHG intensities. The out SHG intensity versus
data. the incident polarization angle displayed a periodic feature,
| s(ap) | sin(2)[?, while thep out SHG intensity varied in a
D. The dependence of SHG intensity on polarization angle relatively complex way, which agreed well with the theoret-

The measured SHG intensitieb, o,{ap,0°,0°) and ical calculations.
Is ou{ @p,0°,90°) from sample 5 are shown in Figs. 7 and 8,
respectively. Thes out SHG intensity displays a periodic
feature,Is(ap)oc|sin(2ap)|2, while the p out SHG intensity The work described in this paper is part of the research
varies in a relatively complex way with two maxima af program of the National Natural Science Foundation of
=0° and 180°, two minima at,=45° and 135°, and a China(Grant No. 69978004and the National Natural Sci-
small peak atv,=90°. They all agree well with the theoret- ence Key Foundation of Chin@rant No. 19834030
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