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Interdiffusion of a standard AlGaAs/GaAs quantum well is proposed as a viable alternative to the
complex techniques necessary to fabricate parabolic quantum wells. The extent of the linear
diffusion is optimized in order to produce an energy-level ladder if four almost equally spaced
eigenstates. The calculated third-order susceptibility of 2700 (nfrifomparable with that of the
parabolic quantum well, which is more than six orders of magnitude compared to that of the bulk
GaAs. © 1996 American Institute of PhysidsS0003-695(96)01230-2

Nonlinear opticSis the study of phenomena that occurs there is some recent inter&i using the technique of inter-
as a consequence of the modification of the optical propertiediffusion to modify the confinement profile of a QW includ-
of a material system by the presence of light. Typically, onlying its intersubband optical propertf@sand detectot! By
higher-power laser is sufficiently intense to modify the opti-adjusting carefully the parameters such as composition, well
cal properties of a material system. Conventionally, nonlin-width and diffusion length of the QW, the interdiffused QW,
ear optics is often taken to be the study of intensive lighttDFQW) with a parabolic-like confinement profile can be
generated second-harmonic frequency, as it is first demorebtained. This is much simpler and easier than the methods
strated by Frankeet al. in 19612 The nonlinear optical re- for the fabricating a parabolic QW suggested previously. In
sponse can often be described by expressing the polarizatidhis letter, a DFQW structure with a parabolic-like confine-
P(t) as a power series in terms of the field stren@ft), and  ment profile is proposed to produce an enhanced third-order
susceptibility, y, as P(t)=3=}_;xWEX(t). The quantities susceptibility similar to the case of a parabolic QW.
x® and y® are known as the second- and third-order non-  Thermal processing of GaAs-fBa _,As QW, such as
linear optical susceptibilities, respectively. In the past de+apid thermal annealing around 1000 °C, produces interdif-
cade, interests have been focused on the quantum confingision across the heterointerfaces of an as-grown square QW
ment effect of carriers in a semiconductor GWicluding its ~ which results in a modification of the composition and con-
nonlinear optical properties. Strong infrared absorption feafinement profiles of the QW structure. Assuming linear dif-
tures, such as extremely large oscillator strength and reldusion, the interdiffusion process can be characterized by a
tively narrow linewidth, associated with intraband transitionsdiffusion lengthL 4 defined as 4= (Dt) whereD andt
between subbands of the QW have been obsetvEdis  are the diffusion coefficient and annealing time, respectively.
gives a very large optical nonlinearlity and for a conven-A small value ofL4 corresponds to a lightly interdiffused
tional square, QW, there are about six orders of magnitud®W while a large value ok 4 corresponds to an extensively
larger than that of the bulk GaAs. However, this cannot bdnterdiffused well. The diffused Al composition profile,
stretched too far due to the limitation of the single pair of W(2), across the QW structure is given'fy
resonant subbands.

Recently, very strong third-harmonic susceptibility has
been achieved in superlattice structutemnd, in the para-
bolic QW structur® due to the fourth power dependence on
the dipole moment. The equally spaced eigenstate energy in
a finite parabolic quantum well provides multiple pairs of
resonan_t _sybpands so that the enhancement in_the third-orcb%erew0 is the as-grown Al mole fraction in the barrier,
susceptibility is much more enhancgd than that in the case cr_fZ is the as-grown width of the QW is both the quantiza-
square QWs. Two fabrlcatlpn technlqu.es can be usgd 10 I8on and the growth axi§QW centered az=0), and erf
alize a parabolic QW, one is by changing the material CoMyengtes the error function. The DFQW confinement profile
position of the _v_veII grao_luall-"yand the other is by using ¢, the conduction bandUc(2), is defined by Uc(2)
alternate depo_smon _of thin undo_ped_layers of GaAs an_d Al-_ QclEq4(2) — Eq(z=0)], whereQc is the offset ratio which
G_aAs of_ yarg/mg thickness, which increases quadraticallyg gat 10 0.7 andEy(w) = 1.424+ 1.594v+w(1—w)(0.127
with ppsmon. However, \.Nhether. using smoot.h or abrupt —1.31w) is the bulk band gap. The Sciiager equation is
heteromterfaces, there still remain _d|ff|cult|es in accurate_lysowed using this potential numerically by a finite difference
generating the two types of parabolic structure, thus makingnethod consistently with the Poisson equation. Once the
it not cost effective for mass production. On the other handgjgenstates have been obtained, the third-harmonic suscepti-
bilities can now be readily computed via the density matrix
dElectronic mail: ehli@hkueee.hku.hk formalism as follows-3

L,+2z
4L 4

erf

N fLZ—22
M L,

1
W(Z)=W0[1—— } (1)

2

460 Appl. Phys. Lett. 69 (4), 22 July 1996 0003-6951/96/69(4)/460/3/$10.00 © 1996 American Institute of Physics
Downloaded-10-Nov-2006-t0-147.8.21.97.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://apl.aip.org/apl/copyright.jsp



M baM acM ch db

(3)=_>< A (0) X . . . — A (0)
X AP X (R B0 T (Bwwy 20 Tep) (Bogy o Tay  2P60)
MpaM 4M M
X Bow—3w0—iT Aba = dE'FCd Aweg—w—I (ApE)
ab w—lI ab)( wcp— 20— cb)( Weg— W |ch)
MpaM pM ,gM
% . ba'Vich ad.dc _ +Ap§2
(Awab_3w—|Fab)(AwaC_2w_|Fac)(AwdC_w_|ch)
% MbaMchchad (2)
(Awab_3w_irab)(Awac_2w_irac)(Awnl_w_iFad) '
T
whereN is the total electron density in the DFQW which is In order to tailor design the DFQW with an aim to

defined as\,pec/L, and the total surface 2D electron gas is achieve equally spaced eigenenergies, the structural param-
determined to be 1:210'? cm 2 in this calculationAw,, eters and interdiffusion extent of the DFQW is chosen very
=(En—Em)/%, and ', 1=, is the dephasing time be- carefully so that its confinement profile is parabolic-like in
tween the DFQW statdsp,) and|¢,,). The dipole moment shape. During the design, it is found that the eigenenergy
matrix  element M,, IS  given by M;n spacing and thus the magnitude and position of the third
=f‘rlL52L ér (2)qz¢m(z)dz, whereq is the electronic charge; harmonic susceptibility is a strong function of the diffusion
AP(O):Z 0 _ (0 is the difference of unperturbed diagonal length. An optimized result shows that if the structural pa-

mn~ Pmm~ Pnn : _ _ _ ;
density matriprﬁ]) which is equal to the thermal equilibrium rameters Is set tW_Q'37’ L,=170 A adeq—ZZ Ain the
b IGaAs/GaAs material system, this will give a good para-

occupation probability of the corresponding state and can : ; e = _
expressed éSpg%)={1+exd(En—EF)/(KBT)]}‘l, where Er bolic shfiped profile. This is shown in Fig. .1 together with the
is the Fermi levelT is the temperature which is taken to be parabolic QW (L,=220 A, vy=0.3, spring constank
300 K, andKg is the Boltzmann constant. In Ed2), =0.049 meV/R) for comparison. As can be seen, the

a,b,c,d are numbers representing the four lowest eIectrmPFQ_W profile ma.tches t'he parabolic profile exactly at the
eigenstates and they are permutated in cyclic order in thBarrler but only with a slight mismatch in the center of the

calculation. Four iterations are required in the summatiorVe!! Thls(;,hould have caused a minor effect on the en-
and their respective combinations area,H,c,d) hanced x'*’ generated by the DFQW. The calculated

=(1,2,39,(2,3,4,3,(3,4,1,2), and (4,1,2,3). The Fermi eigenenergy differences for the DFQW arAE,=E2

level is determined by a method briefly described as follows.” E1=74 meV,AEg=E;—E; =153 meV, andAE,,=E,

The electrons in each subband are considered as a quasi-2DF1= 226 meV. Thus it can be seen from these values that
electron gas, and their corresponding occupy states can be four energy Ieve(lss) are nearly equally spaced.
expressed aN, = (m?/mh2)ksT In{1-+exp (E—E)/ksT1, The nonlinear x*)(3w)| of the optimized DFQW as a
where m? = (0.0632+ 0.0856v-+ 0.023W2)m, is the effec- function of the photon wavelength is shown in Fig. 2 to-

e . . . . H — —
tive mass of electron, am, is the free-electron mass. Since 9&ther with tha; of a parabolic QW.,=170 A, w=0.4,K
N,pee=SN,, which is already known and hence the quasi—:0'125 meV A?) for comparison purposes. It can be clearly
Fermi level can be obtained. seen that both spectra consist of only one peak and with
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FIG. 1. Confinement profile of the DFQWv=0.37, well width=170 A,
diffusion length=22 A) and the PQW (w=0.3, well width=220 A, FIG. 2. Third-order susceptibility of the DFQW and that of the PQW
K =0.049 meV/R). (w=0.4, well width=170 A, K=0.125 meV/R).
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about the same magnitude except in the case of the DFQW he technology of using interdiffusion is thus useful, simple,
the x® resonance is at a longer wavelengtk15.3 um.  and effective for producing large nonlinearlity.
The magnitude of the DFQW peak is about 1000 (nr/V) The author would like to thank the HKU-CRCG and
more than that of the parabolic QW. This is due to the factRGC-Earmarked Research Grant for financial support.
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