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A new coupled-quantum-well semiconductor with triply resonant third-order nonlinear susceptibility
x5 has been designed and demonstrated using AlInAs/GalnAs heterostructures grown by molecular-
beam epitaxy. In order to maximize [xi3’| our structure has been tailored in such a way to maximize the
product of the dipole matrix elements of the relevant intersubband transitions while maintaining nearly

3)

equal spacing between the electronic bound states of the quantum wells. Experimental values of |x{2)] as
high as =1x10"" (m/V)? at 10.7-um pump wavelength have been obtained, in agreement with the-

oretical estimates.

PACS numbers: 78.20.—¢

Band-structure engineering [1] has been advantageous-
ly used in recent years to artificially tailor the transport
and optical properties of semiconductors, by exploiting
the atomic-layer-thickness control and the large number
of heterojunction combinations and doping profiles made
possible by molecular-beam epitaxy (MBE) [2]. This ap-
proach can also be used to engineer new man-made semi-
conductors with very large nonlinear susceptibilities. For
example, large second-order susceptibilities associated
with mid-infrared intersubband transitions in asymmetric
quantum wells have been recently reported by several
groups [3-7].

In general, nonlinear susceptibilities z(") associated
with intersubband transitions within conduction-band
quantum wells can be strongly enhanced, compared to
susceptibilities of bulk semiconductors in the same wave-
length range, using two effects. First, 2 is proportional
to the product of n+1 dipole matrix elements, each of

() — e4N <Z|3)<:33><Z34><Z4;>

which is typically 1 order of magnitude or more greater
than bulk dipole matrix elements, since quantum-well
sizes are typically much larger than atomic distances.
Second, by tailoring well thicknesses and the shape of the
wells, " can be further enhanced using multiple reso-
nances. In this work we have applied the above strategy
to the design of new coupled-quantum-well semiconduc-
tors with extremely large |13(2,‘ in the infrared (A ~10
um). This has allowed us to observe for the first time in-
tersubband third-harmonic generation (THG) in quan-
tum wells. Previously Sa’ar et al. have reported the
third-order intersubband optical Kerr effect, which is re-
lated to x,f,?)_,,,‘w, in a rectangular, non-coupled-quantum-
well structure [8]. Walrod er al. have demonstrated
intersubband-nondegenerate four-wave mixing in AlGa-
As/GaAs quantum wells [9].

To optimize y$, we have made use of the following ex-
pression (in MKS units), which is a good approximation
for the triply resonant case [10]:

(1)

&)

where N is the electron density in the wells, & the permit- |

tivity of the vacuum, e the electronic charge, AE;; =E;
— E; the energy separation between subbands j and i of
the conduction-band quantum well, and T';; and {z;;) the
half width at half maximum and the matrix element of
the i — j intersubband transition, respectively. To max-
imize |x§,f,’| one should look for a material where the
relevant energy levels are equally spaced and where the
product of the corresponding dipole matrix elements is
maximum [see Eq. (1)]. It is hard to find a material with
such characteristics [10,11]. Using appropriate combina-
tions of quantum wells we have engineered a semiconduc-
tor structure which is an excellent approximation to the
triply resonant situation described above (inset of Fig. 1).
Note that using parabolic wells does not do the job. In an
infinitely deep parabolic (or semiparabolic) well with
negligible band nonparabolicities the energy levels are
equally spaced and only the dipole matrix elements be-
tween adjacent states are nonzero; thus <z 4) =0 so that
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2 =0. For compositionally graded parabolic or semi-

parabolic wells of finite depth the deviation from the ideal
harmonic-oscillator potential caused by the finite well
depth and band nonparabolicities gives rise to (z;4)#0.
Nevertheless, (z14) is always < (z3),(z23),{(z34) and typi-
cally does not exceed 1 A for an energy-level separation
=120 meV in AlGaAs parabolic wells [12]. For the
AllnAs/GalnAs structure of Fig. 1, instead, all the
relevant matrix elements are large: (z4,)=8.6, (z,2) =13,
(2530 =22.7, and (z34)=22.6 A. The calculated energy
levels are E;=151, E>=270, E;=386, and E4=506
meV [13].

Our AllnAs/GalnAs structure, grown by MBE and
lattice matched to a semi-insulating (100) InP substrate,
consists of forty coupled-well periods (Fig. 1) separated
by 150-A undoped AllnAs barriers. Only the thickest
well is n-type doped (nominally =1x10" cm ~%). The
multi-quantum-well region is separated from n* 4000-

© 1992 The American Physical Society



VOLUME 68, NUMBER 7

PHYSICAL REVIEW LETTERS

17 FEBRUARY 1992

100 , , . . . , :
3 E, - 506 = \/} |
2 80
o« E; =386 E ]
g 4
E, = 270

g 6o E, = 151 meV /\\ N
o J
=z
S w0
g * 1
£ .
o
x 20 o
T hw = 118.3 meV
[ T =300 K

0 1 | . | . =

0 100 200 300 400 500
PUMP POWER (mW)

FIG. 1. Third-harmonic generation as a function of pump

power. The solid curve represents the fit with a cubic to the
data and demonstrates that the third-harmonic signal increases
with the cube of the pump power. The pump is linearly polar-
ized in such a way to maximize the component of the electric
field normal to the layers. Inset: The energy-band diagram of a
single period of the AllnAs/GalnAs coupled-quantum-well
structure. The GalnAs wells have thicknesses of 42, 20, and 18
A, respectively, and are separated by 16-A AllnAs barriers.
Shown are the positions of the calculated energy subbands and
the corresponding modulus squared of the wave functions.

A-thick GalnAs cladding layers by 150-A undoped
AllnAs barriers. Transmission measurements with a
Fourier transform interferometer (FTIR) using a mul-
tipass waveguide geometry [6] at 300 K found three ab-
sorbance peaks at energies AE|; =102, AE3=232, and
AE4=344 meV. The small differences between these
values and the ones calculated for the optimized structure
(Fig. 1) are due to small variations between the nominal
and measured layer thicknesses [14]. From the areas un-
der the absorbance peaks, fitted with a Lorentzian line
shape, the electron sheet density in the well can be es-
timated using the calculated dipole matrix elements. We
found n,=(3.5%1) x10" cm 2, in reasonable agree-
ment with the nominal doping concentration.

For the experiments the samples were cleaved in nar-
row strips and the cleaved edges were polished at 45° to
provide a two-pass waveguide. In this geometry the
CO;-pump-laser beam, after entering the sample at nor-
mal incidence (on one of the polished edges) and travers-
ing the coupled-well region, is reflected off the top surface
and passes a second time through the multilayers. For
the experiment we used a highly stable cw CO; laser. A
A/4 plate converts the radiation into circularly polarized
light which is then chopped at 2 kHz. After passing
through a telescope to reduce its divergence, the beam
traverses two high-extinction polarizers. By appropriate-
ly varying the angle between the axes of the latter, one
can vary the power and the linear polarization of the in-
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FIG. 2. Third-harmonic power as a function of pump polar-
ization. The data follow the expected sin®p dependence (solid
curve).

cident light. A lens focuses the light normal to one of the
45° edges of the sample. The third-harmonic radiation
(A=3.5 um) is collected by a lens, followed by a sapphire
window to cut the pump beam, an analyzer, and a short-
pass (A.=4.1 um) filter. The signal is detected with a
calibrated N»-cooled InSb detector.

The third-harmonic power is expected to increase with
the third power of the pump beam [9]. In addition, only
the component normal to the layers of the electric field of
the incident pump wave contributes to intersubband
THG. Thus if ¢=90° represents the orientation of the
polarization of the incident pump beam, which maximizes
the component of the electric field normal to the layers,
rotating the polarization of the pump will reduce the
third-harmonic power according to sin®p. The measured
third-harmonic power (Figs. 1 and 2) verifies the above
dependence on pump power and polarization angle. We
also verified that the third-harmonic radiation is linearly
polarized in the plane defined by the propagation direc-
tion and the normal to the layers, as expected from the
polarization selection rules of intersubband transitions.

To derive the expression for the third-harmonic power
generated in our structure, we observe that the distance
traveled by the pump and third-harmonic beam in each of
the two passes through the superlattice is much smaller
than the coherence length (/. =28 uym at A=10.6 um).
In addition, the phase mismatch acquired by the funda-
mental and third-harmonic waves in the top InGaAs
cladding layer, between the two passes through the super-
lattice, is negligible since the distance traveled in this re-
gion (= 1.1 um) is </, and the relative phase shift upon
reflection from the top surface is negligible due to the
near equality of the refractive indexes at 3w and w. The
expression for P(3w) can then be simply derived from
Maxwell’s equations including the absorption losses at @
and 3w, for the case of phase matching and no pump de-
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where P(w) is the pump power (i.e., the incident power
minus the reflected power), S is the area of the laser spot
(diameter=42 um), n, and n3, are the refractive indices
at @ and 3w, a, and a3, are the absorption coefficients
for the pump and third harmonic, respectively (obtained
from the FTIR data), e =73 a,— ¥ az,, 0 is the angle of
incidence with respect to the normal to the plane of the
layers (45° in our case), L is the interaction length,
which for our double-pass structure reduces to 2(active
layer thickness)/cos6, and g is the vacuum permittivity.
In deriving Eq. (2) we have considered the case of a
pump linearly polarized so that the component of the
electric field normal to the layers is maximized. Since
this component is proportional to sin6, the contribution of
the pump power to THG comes in as [P(w)sin?6]7 in Eq.
(2). The additional sin?@ factor in Eq. (2) is a result of
the transformation from the crystal coordinate system to
the laboratory frame used to describe the field propaga-
tion.

By best-fitting the data of Fig. I, and using Eq. (2),
one obtains |x$2)] =0.6x10 7" (m/V) 2.

The dependence of THG on pump wavelength was also
investigated. The data are shown in Fig. 3(a). The
power increases rapidly as the photon energy approaches
115 meV, corresponding to the resonance condition

150 . [ . \ \
L]
o L : (a) |
Z —~
) .
gg 100} .
Q(CGZ - . —
::L%J .
=) L . B
cp °° .
I
z |
*

0 t t —ted—t
& r o (b)
2 0.8} s, .
N
€ 3 ’. 4
b 0.6 .
o L . ]
= 0.4} * -
P H .
S"/x:ve; 0.2 -
— = O. -

0 I | [ L] L

110 120 130 140

PHOTON ENERGY (meV)

FIG. 3. (a) Third-harmonic power and (b) thiré-order sus-
ceptibility |x$3)] as a function of pump photon energy. The
pump power is 300 mW.
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Jhw=E4s—E,. The range of photon energies is limited
by the CO; laser. Note that peaks corresponding to
hw=AE> and 2hw =AE 3, cannot be resolved since the
energy differences between AE |5, AE 53, and AE 34 are less
than the broadening. From the data of Fig. 3(a) and
substituting in Eq. (2) the experimental values of all the
quantities involved, one obtains lx%Z,)l as a function of Aw
[Fig. 3(b)]. Using the calculated (z;;) in Eq. (1) and the
half widths at half maximum of the FTIR absorbance
peaks (I'>=20, I'3=16, and I'4=18 meV) as an esti-
mate of the broadenings I';; in Eq. (1), one obtains
lxid]=13%10""* (m/V)? at hw=115 meV, which
compares favorably with the experimental value, i.e.,
0.9%10 7" (m/V)? (Fig. 3). To our knowledge this is
the largest third-order nonlinear susceptibility reported in
any material. It is about 5 orders of magnitude greater
than l)({f,,)l associated with bound electrons in InAs and
GaAs [16], at comparable wavelengths. The value re-
ported by Sa’ar et al. [8] for y$' o at A= 10.6 um in a
GaAs/AlGaAs multiwell structure is 1.7x10 ™' (m/V)~,
The measured peak value of |x§}u)| is limited, in our
present structure, by the broadening I';; of the intersub-
band transitions. The latter is primarily determined by
in-plane layer-thickness fluctuations. By varying growth
conditions (e.g., using interrupted growth) one might be
able to reduce the broadening. If this can be achieved, the
small conversion efficiency of our structure could be
greatly enhanced by suitably detuning the pump photon
from resonance, while preserving the two- and three-
photon resonance condition (this will be satisfied, in the
present design, at Aw =115 meV, provided the broaden-
ing I';; can be reduced) to reduce absorption losses, and
by modifying the sample geometry in order to increase
the interaction length. A similar strategy has been suc-
cessfully used recently to optimize intersubband second-
harmonic generation in asymmetric stepped quantum-
well structures [17].

It is interesting to note that THG can also arise in our
structure from frequency mixing between the second-
harmonic and pump waves. From our previous measure-
ments of |1§,2,,)| in coupled-quantum-well AllnAs/GalnAs
structures [6,7] and the amount of second-harmonic
power generated in our structure [~1 nW for P(w)
=200 mW], one can easily estimate that the third-
harmonic power generated by this mechanism does not
exceed a few tenths of a picowatt.

In conclusion, we have reported a new quantum-well
structure which exhibits an extremely large third-order
susceptibility associated with THG. Using band-struc-
ture engineering a large variety of new structures can be
created, which are expected to exhibit a rich variety of
nonlinear optical effects with large susceptibilities. Par-
ticularly intriguing in this respect is the possibility of field
tuning the latter, since the wave functions and energy lev-
els can be easily controlled in quantum wells by the appli-
cation of small voltages. This was recently demonstrated
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by us in the case of second-harmonic generation, by reso-
nantly tuning x$2) via the Stark effect [7].
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