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Quantitative theory of third-harmonic generation in an (InAs) , AGaSb) ; /(AlSb) superlattice
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We present the results of a full-scale calculation of the third-order susceptibility describing third-harmonic
generation in arfinAs) o AGaSh , J(AISb) superlattice. We investigate the virtual excitations which contribute
to the third-order susceptibilityy®)(—3w;w,w,w), in our superlattice and identify the processes which
dominate the response. Features of the band structure are related to the magnitude and frequency dependence
of x®(—3w;w,w,w). We find that these structures can be designed to exhibit large nonlinear responses by
exploiting band-structure engineering.

Recently, several attempts have been made to account fprocesses can also be exploited for third-harmonic genera-
the origin of third-order susceptibility in semiconductdrs.  tion. We also wish to draw attention to the exceptionally
These effects, which in most systems represent the dominamntide range of band-structure engineering offered by the
component of nonlinear response, provide a basis froninAs/GaSb/AISb class of materials, which is an ideal candi-
which to seek novel phenomena. We found that in addition t@late for future integrated optoelectronic systems. We focus
the excitation processes identified in the literature there aren the effect of processes involving higher-lying minibands
virtual excitations that are peculiar to a certain class of low-and restrict our attention to the range of frequencies where
dimensional structurege.g., superlatticgsand that do not these processes are effective.
obey universal scaling laws for bulk crystals. We find that x®)(—3w;w,0,0), the susceptibility de-

In a series of paper®.g., Refs. 4—Jfwe presented quan- scribing third-harmonic generation, is a sensitive function of
titative results for second- and third-order contributions tothe relative positions of the conduction and valence mini-
the refractive index and showed that band-structure engineebands. We identify the frequencies at which the various vir-
ing in low-dimensional structures offers, in certain well- tual processes dominajé®)(—3w;w,w,») and relate these
defined circumstances, a tunable enhanced nonlinear optict the band structure of the superlattice.
response. The present study extends and amplifies predic- By using the density-matrix formalism and perturbation
tions of our theory of higher-order response in semiconductheory a general expression foy®)(—3w;w,w,w) is
tor superlattices. In particular, we show that these virtuabbtained®°
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Here w is the frequency of the incident radiation with polar- Q,,=(E,—E,)/% +iI',, includes a damping constahif; to
izations «, B, and y. The polarization of the response at represent a spectral linewidth and provide a low-intensity
3w is u. 2,p g represents a summation over superlatticeapproximation to the near resonant response (* represents
minibands, X, represents a summation over the Brillouin the complex conjugajep,, represents a momentum matrix
zone, and f(a,k) is the occupation number of states element.Zy represents a sum over intrinsic permutation of
in the ground state. The transition frequency «, B, andvy. In addition, we assume that the temperature is
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FIG. 1. The frequency dependence in full term calculation of the  FIG. 2. The frequency dependence in full term calculation of the
individual contributions to Re¢®(—3w;w,w,w)] (in esy from  individual contributions to Ifiy®(—3w;w,w,)] (in esy from
componentsxxxx, xxzz andzzzzare shown by curvesxxx), componentsxxxx, xxzz andzzzzare shown by curvesx&xx),
(xxz3d, and zz3, respectively. (xxz2, and @zz3, respectively.

0 K, and, accordingly, that thermally excited carriers are abdominate the response, we calculated the susceptibility re-
sent. stricting the summation over superlattice states in(Eg.By

In order to evaluate®)(—3w; w,»,») using Eq.(1) we  restricting the values od, b, c, andd we are able to evalu-
require first to calculate the energy differences and opticahite the contribution from a particular process
matrix elements between the superlattice minibands througta—d—c—b—a. We calculatedy® for processes HH1
out wave-vector space. This can be done using a semiempir~C1—C2—C3— HH1 (shown schematically in Fig.)3
ical pseudopotential calculation for our infinte 14 and LH1->C1—-C2—C3—LH1. The Ré&x%,
(InAs) o AGaSh o /6(AISb) structure[here GAISb) means 6 (—3w;w,»,w)] resulting from the calculation of all 48
ML, three lattice constants ¢AISb)].2° The spin-orbit inter-  terms of Eq.(1) for these processes are shown in Fig. 4. We
action of the electrons has been taken into account in owee that the process HHiC1—-C2—C3—HH1 has a
calculation. The sampling procedure used was as describegrger contribution to x® than LH1->C1
in detail in Ref. 11. As in our previous studie$we choose _.C2_.C3-LH1. Further, Fig. 5 shows that the sum of the
a value of 3 meV for the damping constant, since no specifigeal contributions from these processes is almost identical to
experimental data are available. While the precise choice ghe total Rgy(3) { —3w;w,w,w)] arising from all processes.
I will affect the magnitude and sharpness of the peaksyhys we conclude that the processes LH1&HH1

with smallerT’;; leading to sharper peaks of greater magni-_,c1_,c2-—C3—LH1&HH1 are dominant. Calculations
tude, it will not affect our principal conclusions concerning

the microscopic processes involved in the third-order re-
sponse.
The band gaps dt (the zone centgibetween the conduc- w
tion minibands and the valence minibands are as follows:
HH1-LH1~2, C1-HH1=749, C2-C1~458, and C3- c=C2
C2~427 meV (where LH1, HH1,C1, C2, and C3 are ‘
[4]

ground light-hole, ground heavy-hole valence minibands,
and ground, first excited, and second excited conduction
minibands, respectively
The real and imaginary parts af®)(—3w;w,», ) are

plotted in Figs. 1 and 2, respectively. The calculated fre-
guency dependence of the independent compon;eﬁisﬂ © 3w
x3) . andx(),,are shown for photon energies between 500
and 800 meV. A large response is obtained in the 550—650- v
meV range of the spectrum, and we note that the dominant

. (3 .
component throu_ghOUt ;ggz)zz(—Sw(,é;),w,w). We observe a FIG. 3. Schematic diagram of the transitions of
maximum magnitude of the Re;;;{—3w;w,w,w)] re- 5 4 .c_.ph.a, which are restricted to HH1
sponse o~7x10 ™ esu. Im(®)) does not reduce to zero _.c1—.C2—C3—HHL. This is the process contributing 6%
at the low-frequency end of Fig. 2 due to the presence of-3w;w,w,w), for which the state after three of the four virtual
X(3) processes involving only the lower conduction mini- photon interactions is near the third conduction minib&3d HH1,
bands. These lie outside the scope of the present study. C1 andC2 are the heavy-hole-1, the first, and the second conduc-

In order to identify the virtual excitation processes whichtion minibands, respectively.

d=C1

a=HH]1
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FIG. 4. R({Xg)zg—sw;w,w,w)] (in esy in full 48-term calcu- FIG. 5. The frequency dependence in full term calculation of the

lation for processes HHC1l—C2-C3—HH1, and LH1 contribution to REx(Y,{—3w;w,»,w)] (in esy from process LH1

—C1—C2—C3—LH1 are shown by curvegHH1) and (LH1), & HH1—-C1—-C2—C3—LH1 & HH1 is shown by curveHH1
respectively. +LH1). The Réx',{—3w;w,», )] for all processes is shown by
curve (full).

were repeated including only six of the terms in the expanyateq susceptibility with other values for third-harmonic gen-
sion of Eq. (1). These terms, each of the forfm  eration presented in the literature. Experimental measure-
*[(Eci-v—iAil ga=fiw)(Eco-y—ifil'ca=2fiw) (Eca-y  ments of y®(—3w;w,w,w) as high as 7.1410°7 esu at
—il,—3%hw)] ', gave a susceptibility virtually indistin- ~10.7 xm have been reported by Sirtortal’® in
guishable from the full 48-term expansion. Al In,_,As/Galn,;_,As quantum wells. The structures
Let us now attempt to explain the form of thé® re-  they studied had four very nearly equally spaced levels in the
sponse with reference to the system resonances for these si@nduction band and hence had a stronger resonance en-
terms. For the dominant processes identified above, thedencement. In addition, one must take into account the
terms will generally be large, since all three expressions ino~* factor in Eq.(1), which tends to increase the lower-
square brackets may be simultaneously close to zero. We cdfequency susceptibility. If we compare our calculated
explain the spectral form of the response as follows. As wean*x® to w*x® in the experiment we find our susceptibility
increase the incident energy from 500 to 800 meV, the sigiio be approximately one order of magnitude lower. However,
of the real parts of each expression changes. Below the efhe structure studied here was not fully optimized for reso-
ergy 545 meV, three-photon resonance Wit8, all the ex- nant enhancement, with only the two- and three-photon reso-
pressions in the square brackets have positive real parts. TR@NCeS occurring close to each other. We conclude that the
real part of relatiorT is positive, and close to this resonance YP€ Of structure studied here can exhibit a potentially useful

3 .
we get a large magnitude. Above this energy but below twoenhancedy(® and that were such a structure to be engi-
photon resonance witG2 (~604 meV, the last of the three neered with four equally spaced states a magnitude compa-
expressions has changed sign and the real part of rel@tion rat}'f ::%;Eiﬁsrigﬁoritr?dthti)g ?;Ltg;tvs’la Cec;(liledngg dOtc)Jtljarmtﬁgb ry of
Irigreegsg\s/ﬁi.vge?tﬂ/(?aer?C(!:)I:aBr(I)y‘lt?e n2e7e5n0vr\:i1t?1v;et]t]eeresr|1%2 I';soolgi;e ]'{[]unable third-order processes in low-dimensional structures

' 1o third-harmonic generation in InAs/GaSb/AISb superlat-
that the calculated frequency dependence of the susceptib ices. By choosing our structure to be two- and three-photon

. - - . . - 3

ity is of this form. Further, the principal peaks in thé®)  poar resonant simultaneously we obtain a significantly en-
spectrum do indeed occur at energies close to 545 and 6G¢nced response. A still larger response is attainable in a
meV. However, we note that a full calculation must include gty cture with four equally spaced levels.

all 48 terms in Eq(1) and contributions from different wave In particular, we found that the virtual processes

vectors throughout the Brillouin zone, = LH1&HH1—C1—C2—C3—LH1& HH1 have the largest
The polarization dependence af® in Figs. 1 and 2 contribution toy®(— 3w w,,®) in our semiconductor su-

3 . . .
shows thai;)_(g_z)zﬁ—Sw,w,w,w) is the dominant component. ,eiattice. The spectral shape gf2), and x2,, can be ex-
For the individual processes described above we expect thl§1ained in terms of the two-photon and three-photon reso-
component to be the largest since transitions between adjgmnces between the optical field and the transitions of the

cent conduction minibands are forbidden femolarized — gyqattice(®) is strongly polarization dependent, giving a
radiations'? Only for componentzzzzare none of the matrix (3)

ibuti (3) igi i -
elements in the numerator reduced due to this selection rul Iéigieclcg Sne}rtlglggf Loljxlzng:_ﬁ)?: %lr'%bgztﬂﬁxlxg rHi?/zr.
This is consistent with the polarization dependence observe
in experimental third-harmonic generation measurements in  We would like to thank the Islamic Republic of Iran, the
quantum wells reported by Sirtoei al® EPSRC(UK), the Research Committee of Newcastle Univer-
Finally, we briefly compare the magnitude of the calcu-sity, and the ONR USA for financial support.
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