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Interdiffusion of a standard AlGaAs/GaAs quantum well is proposed as a viable alternative to
complex techniques necessary to fabricate parabolic quantum wells. The extent of the lin
diffusion is optimized in order to produce an energy-level ladder if four almost equally spac
eigenstates. The calculated third-order susceptibility of 2700 (nm/V)2 is comparable with that of the
parabolic quantum well, which is more than six orders of magnitude compared to that of the b
GaAs. © 1996 American Institute of Physics.@S0003-6951~96!01230-2#
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Nonlinear optics1 is the study of phenomena that occu
as a consequence of the modification of the optical prope
of a material system by the presence of light. Typically, o
higher-power laser is sufficiently intense to modify the op
cal properties of a material system. Conventionally, non
ear optics is often taken to be the study of intensive li
generated second-harmonic frequency, as it is first dem
strated by Frankenet al. in 1961.2 The nonlinear optical re-
sponse can often be described by expressing the polariz
P(t) as a power series in terms of the field strength,E(t), and
susceptibility, x, as P(t)5(k51

N x (k)Ek(t). The quantities
x (2) andx (3) are known as the second- and third-order no
linear optical susceptibilities, respectively. In the past
cade, interests have been focused on the quantum con
ment effect of carriers in a semiconductor QW,3 including its
nonlinear optical properties. Strong infrared absorption f
tures, such as extremely large oscillator strength and r
tively narrow linewidth, associated with intraband transitio
between subbands of the QW have been observed.4 This
gives a very large optical nonlinearlity and for a conve
tional square, QW, there are about six orders of magnit
larger than that of the bulk GaAs. However, this cannot
stretched too far due to the limitation of the single pair
resonant subbands.

Recently, very strong third-harmonic susceptibility h
been achieved in superlattice structures,5 and, in the para-
bolic QW structure6 due to the fourth power dependence
the dipole moment. The equally spaced eigenstate energ
a finite parabolic quantum well provides multiple pairs
resonant subbands so that the enhancement in the third-
susceptibility is much more enhanced than that in the cas
square QWs. Two fabrication techniques can be used to
alize a parabolic QW, one is by changing the material co
position of the well gradually7 and the other is by using
alternate deposition of thin undoped layers of GaAs and
GaAs of varying thickness, which increases quadratica
with position.8 However, whether using smooth or abru
heterointerfaces, there still remain difficulties in accurat
generating the two types of parabolic structure, thus mak
it not cost effective for mass production. On the other ha

a!Electronic mail: ehli@hkueee.hku.hk
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there is some recent interest9 in using the technique of inter-
diffusion to modify the confinement profile of a QW includ
ing its intersubband optical properties10 and detector.11 By
adjusting carefully the parameters such as composition, w
width and diffusion length of the QW, the interdiffused QW
~DFQW! with a parabolic-like confinement profile can b
obtained. This is much simpler and easier than the meth
for the fabricating a parabolic QW suggested previously.
this letter, a DFQW structure with a parabolic-like confine
ment profile is proposed to produce an enhanced third-or
susceptibility similar to the case of a parabolic QW.

Thermal processing of GaAs-AlwGa12wAs QW, such as
rapid thermal annealing around 1000 °C, produces interd
fusion across the heterointerfaces of an as-grown square
which results in a modification of the composition and co
finement profiles of the QW structure. Assuming linear di
fusion, the interdiffusion process can be characterized b
diffusion lengthLd defined asLd5(Dt)1/2, whereD and t
are the diffusion coefficient and annealing time, respective
A small value ofLd corresponds to a lightly interdiffused
QW while a large value ofLd corresponds to an extensively
interdiffused well. The diffused Al composition profile
w(z), across the QW structure is given by12

w~z!5w0H 12
1

2 FerfS Lz12z

4Ld
D1erfS Lz22z

4Ld
D G J , ~1!

wherew0 is the as-grown Al mole fraction in the barrier
Lz is the as-grown width of the QW,z is both the quantiza-
tion and the growth axis~QW centered atz50!, and erf
denotes the error function. The DFQW confinement profi
for the conduction band,UC(z), is defined byUC(z)
5QC@Eg(z)2Eg(z50)#, whereQC is the offset ratio which
is set to 0.7 andEg(w)51.42411.594w1w(12w)(0.127
21.31w) is the bulk band gap. The Schro¨dinger equation is
solved using this potential numerically by a finite differenc
method consistently with the Poisson equation. Once
eigenstates have been obtained, the third-harmonic susce
bilities can now be readily computed via the density matr
formalism as follows:13
/96/69(4)/460/3/$10.00 © 1996 American Institute of Physics
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whereN is the total electron density in the DFQW which
defined asN2DEG/Lz and the total surface 2D electron gas
determined to be 1.231012 cm22 in this calculation,Dvnm

5(En2Em)/\, and Gnm
215tnm is the dephasing time be

tween the DFQW statesufn& and ufm&. The dipole moment
matrix element Mnm is given by Mnm

5*
25Lz

5Lz fn* (z)qzfm(z)dz, whereq is the electronic charge

Drmn
(0)5rmm

(0)2rnn
(0) is the difference of unperturbed diagon

density matrixrnn
(0) which is equal to the thermal equilibrium

occupation probability of the corresponding state and can
expressed as1 rnn

(0)5$11exp@(En2EF)/(KBT)#%
21, whereEF

is the Fermi level,T is the temperature which is taken to b
300 K, and KB is the Boltzmann constant. In Eq.~2!,
a,b,c,d are numbers representing the four lowest elect
eigenstates and they are permutated in cyclic order in
calculation. Four iterations are required in the summat
and their respective combinations are (a,b,c,d)
5(1,2,3,4),(2,3,4,1),(3,4,1,2), and (4,1,2,3). The Ferm
level is determined by a method briefly described as follo
The electrons in each subband are considered as a qua
electron gas, and their corresponding occupy states ca
expressed asNn5(me* /p\2)kBT ln$11exp@(Ef2En)/kBT#%,
whereme*5(0.063210.0856w10.0231w2)m0 is the effec-
tive mass of electron, andm0 is the free-electron mass. Sinc
N2DEG5(Nn which is already known and hence the qua
Fermi level can be obtained.

FIG. 1. Confinement profile of the DFQW~w50.37, well width5170 Å,
diffusion length522 Å! and the PQW ~w50.3, well width5220 Å,
K50.049 meV/Å2!.
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In order to tailor design the DFQW with an aim to
achieve equally spaced eigenenergies, the structural para
eters and interdiffusion extent of the DFQW is chosen ver
carefully so that its confinement profile is parabolic-like in
shape. During the design, it is found that the eigenener
spacing and thus the magnitude and position of the thi
harmonic susceptibility is a strong function of the diffusion
length. An optimized result shows that if the structural pa
rameters is set tow50.37,Lz5170 Å, andLd522 Å in the
AlGaAs/GaAs material system, this will give a good para
bolic shaped profile. This is shown in Fig. 1 together with th
parabolic QW ~Lz5220 Å, w50.3, spring constantK
50.049 meV/Å2! for comparison. As can be seen, the
DFQW profile matches the parabolic profile exactly at th
barrier but only with a slight mismatch in the center of the
well. This should have caused a minor effect on the e
hanced x (3) generated by the DFQW. The calculated
eigenenergy differences for the DFQW are,DE215E2
2E1574 meV,DE315E32E15153 meV, andDE415E4

2E15226 meV. Thus it can be seen from these values th
the four energy levels are nearly equally spaced.

The nonlinearux (3)(3v)u of the optimized DFQW as a
function of the photon wavelengthl is shown in Fig. 2 to-
gether with that of a parabolic QW~Lz5170 Å,w50.4,K
50.125 meV Å2! for comparison purposes. It can be clearly
seen that both spectra consist of only one peak and w

FIG. 2. Third-order susceptibility of the DFQW and that of the PQW
~w50.4, well width5170 Å,K50.125 meV/Å2!.
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about the same magnitude except in the case of the DFQ
the x (3) resonance is at a longer wavelengthl515.3 mm.
The magnitude of the DFQW peak is about 1000 (nm/V2

more than that of the parabolic QW. This is due to the f
that the nonlinear enhancement does not only depend on
energy ladder but also on the overlapping of the eigens
wavefunctions, a phenomena also observed in the case
hyperbolic QW.12 If both the as-grown QW structure an
diffusion length are adjusted, the wavelength position of
enhancedx (3) can be varied aroundl515.3mm, thus pro-
viding a tuning range. This demonstrates the advantage
using DFQW to achieve an enhancedx (3) while at the same
time simplifies the fabrication technology.

To conclude, a DFQW has been successfully emplo
to enhance the third-harmonic susceptibility to an extent t
it is six times better than the case of square QW. The
tainedx (3) enhancement is as high as 2700 (nm/V)2. How-
ever, the operating wavelength is at around 15.3mm and not
at the 10.6mm common pumped by CO2 lasers. Although
this enhancement can also be achieved by utilizing the p
bolic QWs, technical difficulties in their fabrication with
high yield and low price still exist. In addition, by carefull
adjusting the DFQW structures, the operating wavelength
an enhancedx (3) can be varied to produce a tuning rang
462 Appl. Phys. Lett., Vol. 69, No. 4, 22 July 1996
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The technology of using interdiffusion is thus useful, simple
and effective for producing large nonlinearlity.
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RGC-Earmarked Research Grant for financial support.

1N. Bloembergen,Nonlinear Optics,4th ed.~World Scientific, Singapore,
1992!.

2P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinreich, Phys. Rev
Lett. 7, 118 ~1961!.

3M. J. Kelly, Low Dimensional Semiconductors~Oxford University Press,
New York, 1995!.

4B. F. Levine, K. K. Choi, C. G. Bethea, J. Walker, and R. J. Malik, Appl
Phys. Lett.50, 1092~1987!.

5D. Walrod, S. Y. Auyang, P. A. Wolff, and M. Sugimoto, Appl. Phys.
Lett. 59, 2932~1991!.

6Y. Huang and C. Lien, J. Appl. Phys.75, 3223~1994!.
7S. Sen, F. Capasso, A. C. Gossard, R. A. Spah, A. L. Hutchinson, and
N. G. Chu, Appl. Phys. Lett.51, 1428~1987!.

8K. Tada, S. Nishimura, and T. Ishikawa, Appl. Phys. Lett.59, 2778
~1991!.

9See the special issue in Quantum Well Mixing for Optoelectronics, edite
by B. L. Weiss, Opt. Quantum Electron.23, S 799~1991!.

10E. H. Li, B. L. Weiss, and A. Laszcz, Electron. Lett.28, 885 ~1991!.
11A. G. Steele, M. Buchanan, H. C. Liu, and Z. R. Wasileeski, J. App
Phys.75, 8234~1994!.

12E. H. Li, B. L. Weiss, and K. S. Chan, Phys. Rev. B46, 15181~1992!.
13R. W. Boyd,Nonlinear Optics~Academic, New York, 1992!, Chap. 3.
E. Herbert Li
¬to¬AIP¬license¬or¬copyright,¬see¬http://apl.aip.org/apl/copyright.jsp


