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We report photoluminescence and photoluminescence excit@lds) investigations of intermixed
GaAs/AlGaAs double quantum wells. The PLE spectra provide energy information about many
different transitions, from which the band profile can be more reliably derived. Using the widely
assumed error function profile, it was not possible to explain the observed results. Detailed analysis
revealed that the as-grown sample had a graded interface which affected the band profile for the
intermixed samples. €1998 American Institute of Physid$§0021-897@8)03917-9

I. INTRODUCTION In this article we report a more detailed analysis of the
band profile in an intermixed double quantum well structure
There is currently intense interest in monolithic integra-and show that analysis of the transition energies from several
tion of semiconductor lasers, low loss waveguides, phassubbands, instead of only the lowest transition energy, gives
modulators, and other componehfsThe crucial challenge improved knowledge about the interface abruptness in the
in integration is to produce different optical and electronicas-grown epitaxial structure. The material structure used was
properties at different regions within the same wafer. Twogrown by metal organic vapour phase epitéddOVPE) and
approaches have been devised and pursued independentlycionsisted of an undoped 0.28m thick AlyGagAs core
this end. One is through regrowth or even multiple growths. containing two 10 nm thick GaAs quantum well@Ws),
Such an approach is obviously expensive and inconvenienseparated by a 10 nm thick AGa, gAs barrier. The core
and unsuitable for some material systems, particularly Alwas sandwiched between a Jufn thick Aly ,Ga, 6As lower
containing alloys, due to the difficulty of growing on an oxi- cladding layer(n-type doped, 18 cm™3, Si) and a 0.9um
dized surface. The other approach is through postgrowth inthick Aly GaygAs upper cladding layer(p-doped, 5
termixing or interdiffusiorf:®> The advantage of such a x10" cm™3 C). A 0.1 um thick highly p-doped (8
technique over its regrowth rival is convenience and lowx 10" cm™3, Zn) GaAs contact layer completed the struc-
cost, and also compatibility with other fabrication processesture. Intermixing was achieved using a well developed pro-
Many different methods have been developed over the yeacess known as impurity free vacancy disorderitigyD).2
in order to improve the optical properties of the intermixed
layer and the interface abruptness between the intermixed
and the control regions. Recent reports have shown that the REsULTS AND DISCUSSION
optical loss in the intermixed passive section is reduced to a
level purely resulting from fundamental free carrier absorp-  Both low temperature photoluminescer(&.) and pho-
tion in the doped cladding regiofi$. The intermixing itself  toluminescence excitatiofPLE) measurements were per-
does not seem to lead to any optical loss, suggesting that tHermed on a set of intermixed samples and an as-grown ref-
intermixing approach has reached a new phase in its deveérence sample. Figure 1 shows the PL and PLE data obtained
opment and is truly advantageous over the regrowth techfrom three representative layers. A He—Ne laser was used for
nique. the PL measurement and Ti-sapphire laser for PLE. From the
An error function approach has been used by severdPL data[Fig. 1(a)], it is clear that the lowest band edge
groups to predict the electronic band profile of the inter-transition energy increases with intermixing, which is also
mixed quantum well regiof® However, experimental sup- confirmed by the PLE dafaFig. 1(b)] where the lowest peak
port has so far mostly been limited to studies of the lowestepresents the E1-HH1 excitonic transition. Many other tran-
band edge transition, namely the lowest electron state to th&tions are also visible in the PLE spectra, which provide rich
highest hole statéE1-HH1). As has been pointed out in a information on the effects of the intermixing on the higher
purely theoretical paper by E. H. Lithe subband edge en- lying subbands. The transitions are marked with a set of
ergies do not behave in a uniform fashion with intermixing, capital letters(A,B,C,D,E,B and their likely origins, based
suggesting that when only the lowest interband energy i®n our simulation results, are shown in Table I. The Ti-
used to characterize the intermixing process, errors are likelgapphire laser used had a cutoff energy of about 1.62 eV, so
to occur. transitions higher than that were unobservable. It is clear
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well for the lower transitions, there is, however, a noticeable
(a) discrepancy for the higher ones. The calculated energies for
the higher subbands always appear to be larger than those
observed experimentally, suggesting a wider well is needed
for the higher subband. Similar behavior has very recently
been reported by another grotfpwho suggested an expo-
nential profile for their as-grown MOVPE AlGaAs/GaAs
QWs instead of normal rectangular/square wells.

The following exponential profile was used to describe
the Al concentration in the as-grown sample,

X=X, exd — B/(2?— (L,/2)?)] for |z|=L,/2,

PL response (arb.)

ey
X=0 for |z]<L,/2,

where X, is the nominal Al content0.2), 8 the curvature
parameter, and 3.5 (rfinwas used here, arid,, the initial
well width (10 nm or the width of the bottom of the well.
Using Eq.(1) a much better fit for all the transition energies
was obtained as shown in Table(dolumns 2 and ¥ We
have also attempted to use an error function to fit the data for
Energy (eV) the as-grown sample but no suitable match could be found.
This graded initial interface is obviously going to influ-
FIG. 1. (3 _L0\_/v temperature PL_data o_btained from the as-grown r_eferenceence the final shape of the intermixed wells. It is assumed
sample(solid liné), and samples intermixed at 925 °C for 1fashed ling _ ropos sacond law still dictates the interdiffusion between the

intermixed at 925 °C for 60 &ash-dotted linge (b) The corresponding PLE . : o
data. Ga and Al during intermixing,

dX d?x

9t P g2 v
from the spectra that some of the higher energy peaks do not t
increase in energy while the lower ones do. We shall returiwhereD is the diffusion coefficient. If the initial condition is
to this later in more detail. a square well, the Al concentration can be obtained as

The electronic band profile of the as-grown sample had
initially been calculated through a finite difference method _ Xo ff” F{ - 77)

. (2)= exp ——=|d7y

by assuming a square well shape. The model and parameters 27Dt J w2~z 4Dt
used here are similar to those in our earlier publicatitois.

1.525

A conduction band offset of 0.6AE, was used and nonpa- Xo * -7
rabolicity was included following Ekenberd.The electron + 2 /7Dt (LW,2)+ZeX 4Dt d7 )

band edge effective mass was 0.0665, while the Lut-
tinger parameters, as formulated by Lawaetz, were used tg§ading to the well known error function profile. However,
derive the heavy and light hole mas$#n exciton binding ~ When the initial Al concentration profile is an exponential
energy of 10 meV, a value well supported in literattitejas ~ function f(z), the solution of the diffusion equation is now
used for calculating the various transition energies. Table given by
shows the transition energies from both the simulated and X0 . _
PLE data(columns 2 and B While the two sets of data agree X(z)= f )exp( 77) dy

Lw/2)—z

27Dt J( 4Dt
TABLE I. The experimentally observed transition energies for an as-grown " Xo * f( )ex;{ -7 d @)
(nonintermixed samp)e(column 2. The calculated results are shown as- 27Dt Jww+2 7 4Dt) 7

suming both a square weltolumn 3 and an exponential well profileol-
umn 4. This equation can only be solved numerically. It is easy to
see that, wherf(#)=1, the above equation reverts to the

EcaI Ecal

Eexp Square well Exponential well square well form.
Transition (eV) (eV) (eV) Figure 2 shows our calculated potential profiles from the
ELHHL(A) 1539 1541 1537 |n|t|e_1lly graded mterf_ace. The_ main difference betwee_n these
E1-LH1 (B) 1.549 1.551 1.547 profiles and the profiles obtained from the error functlor_1 ap-
E1-HH2(C) 1.560 1.563 1.558 proach was that the upper part of the well was effectively
E1-HH3 (D) 1576 1.586 1579 much wider for the exponential profile. Figure 3 displays
E2-HH1 (D) 1576 1.587 1.578 calculations of two representative subband edge energies for
EL-LH2 (B) 1.588 1.604 1.590 different diffusion lengths. The solid lines were calculated
E2-LH1 (E) 1.588 1.602 1.589 ! gths. 1 '
E2-HH2 (F) 1.597 1.616 1.598 using the new formula4) while the dashed lines were cal-

culated using the error function approximati). The ex-
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FIG. 2. Conduction band potential profile for different diffusion lengths FIG. 3. Calculated transition energies for E1-LH1 and E2-HH2 from the
obtained using the newly derived formula. new formula(solid lineg and the error function approacdashed lines
Experimental data are also displayed wittfor E1-LH1 andV for E2-HH2.

perimental data are also displayed for comparison. Clearlyary condition, has been derived, and numerically calculated
the solid lines compare much more closely with the experifesults using the new formula were found to be in better
mental data than the dashed ones. agreement with our experimental observation than the error
Another interesting result from the PLE data is thatfunction approach.
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