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Parabolic quantum wells with the GaAs-Al„Gal „As system
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Photoluminescence measurements at 5 K on wafers containing parabolic quantum wells fabricated by
molecular-beam epitaxy with the GaAs-A1036a07As system reflect harmonic oscillator-like electron and
hole levels, The many observed heavy-hole transitions can be fitted accurately with a model that divides
the energy-gap discontinuity AEz equally between the conduction and valence-band wells. This is in

marked contrast to the usual AE, =0.856Eg and AE„=0.1&,E& generally assumed for square wells. Ex-
periment and theory show that parabolic wells can lead to parity-allowed ArI = 2 ("forbidden" ) transitions
with strengths greater than that. of nearby hn = 0 ("allowed" ) transitions.

INTRODUCTION

where n = 1, 2, 3, etc. With parabolic ~elis

E„;= (n —I/2)il" Ipp;,

where again n = 1, 2, 3, etc, and

(2)

with K; equal to the curvature of the parabolic well. Defin-
ing the curvature E; by the potential height of the finite
parabolic well at z = +L, /2, namely, 0;b, E~, where b, E~ is
the total energy-gap discontinuity between the GaAs at the
bottom of the wells and the Al„Gai As at the top of the
wells and Q is the fraction of hE~ for the ith particle well,
Eq. (2) becomes
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It is interesting to note that the partitioning of the energy-
gap dlscolltlflulty Q colllcs ill directly ill Eq. (4) but Ilot. lll

It is well known that molecular-beam epitaxy (MBE)
readily lends itself to the growth of structures requiring
smooth and abrupt GaAs-Al„Gal „As heterointerfaces. '2
In addition, the MBE growth method is well suited to the
fabrication of structures with various potential profiles, e.g. ,
triangular quantum wells have been grown by MBE.3 Re-
cently, a pulsed Al source has been used with MBE to allow
the growth of Al„Gai, As with an arbitrary Al profile. 4

This Rapid Communication describes the MHE growth and
some of the characteristics of multiquantum well GaAs-
Al„Gal „As structures with parabolic potential wells. As
expected, these structures result in exciton transitions in the
excitation spectra that reflect a uniformly spaced density-
of-states function for the electrons and holes. The photo-
luminescence data also show enhanced "forbidden transi-
tions, "5 6 transitions with An = 2 but parity allowed. Ana-
lyses of the energies of the various exciton transitions sug-
gest that the partitioning of the energy-gap discontinuities
between the electron and valence-band ~elis may not be the
same as that utilized for square wells. 7 9

For square GaAs ~elis of width L, and infinite height,
the energy levels of a particle of mass m;" depend on L, ac-
cording to

I

1 n&h

2; L,

Eq. (1). Equations (1) and (4) are, of course, only approxi-
mations since the finite well heights should be taken into
account as well as the dependence of the effective mass on
the A1„Gal „As alloy composition x.

RESULTS

Parabolic compositional profiles were generated by alter-
nate deposition of thin undoped layers of GaAs and
Al„Gai „As of varying thickness. Computer control was

employed in the deposition. The relative thicknesses of the
Al„Gal „As layers increased quadratically with distance
from the well centers while that of the GaAs layers de-
creased. Average layer thickness of approximately 10 A
werc employed in order to permit thc GaAs laycis to bc suf-
ficiently thick to produce surface smoothing and cleaning, '0

while still allowing ample electron and hole tunneling to
average the effective potentials to parabolic profiles. Each
well contained 20 layers of A1„6ai „As and 21 layers of
GaAs. The thickness of the %th layer of Al„Gai As from
the center of the well was [(N —0.5)/10]IXL, /20. The
Al„Gal „As layers are centered at distances (N 0.5)L, /20—
from the well center, and the remaining material is GaAs.

Figure 1 shows the photolumincscence and excitation
spectra at 5 K from a parabolic well sample with ten periods
where each period consists of a parabolic well estimated
from the growth parameters to have L, = 510 + 35 A and
barriers of width Ls = 237 + 16 A composed of x = 0.30
+0.06 alloy. The photoluminescence spectra were obtained

with an excitation intensity 7~=0.14 W/cm'. The photo-
luminescence is relatively sharp, 2.2 meV full width at half
maximum, and sufficiently intense to demonstrate that the
Al-containing layers do not seriously degrade the recom-
bination efficiency. The excitation spectrum with detection
set at the photoluminescence peak exhibits much structure
and shows essentially no Stokes shift between the n=l
heavy-hole exciton El& and the emission peak. Thus, the
main recombination from this sample is intrinsic and due to
Eip cxciton emission as ln thc bcttci' quality square potential
well samples. " Any electron density in the ~elis cannot
exceed 5x 10'0 cm

Assignments of the various cxciton transitions are also in-
dicated in Fig. 1. Circular polarization excitation and detec-
tion techniques aided in the identification of some of the
lower energy peaks. 5 " The allowed transitions, An =0, are
ldcntlf lcd by E„,where Il ls defined by Eq. (4) and I slglll-

1984 The American Physical Society



29 PARABOLIC QUANTUM WELLS WITH THE GaAs-Al„Gat „As. . . 3741

TABLE I. Experimental and calculated energy-level spacings for
parabolic quantum wells,

Expt. Calc. Eq. (4) "Exact" calc.
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1.56 1.60 1,64 1.68 1.72
PHOTON ENERGY (eV)

FIG. 1. The photoluminescence spectrum obtained at 5 K with
0.14 W/cm excitation at 1.6 eV is shown in the insert. The excita-
tion spectrum was taken with the same intensity as above and with
the detection set at the peak of the photoluminescence, 1.531 eV.
Various exciton transition peaks are labeled in the figure. Exciton
transition energies for the heavy-hole excitons calculated using para-
bolic wells of equal height for the electrons and holes are shown as
short vertical bars below the peaks. Their calculated strengths nor-
malized to 100 for Eti, (without the resonant enhancement) are
given as integers below the peaks. For An ~0, the sum of
strengths of overlapping transitions, e.g. , E24I, and E3&&, are includ-

ed in the strength given.

AE, (meV)
SE„(meV)
aE, (meV)

AE~

BED

b, E~

AEI

dE(

BED

AE, (meV)
dkE/, (mev)
aE, (meV)

AE~

AEg

AEe

aE
b, EI

AEI,

22.3
8.4

16.9

33.5
5.4

12.2

2.65 6.19

1.32 2.73

2.01 2.26

L, =325+25 A, x=0.29+0.06

40.1

15.6
27.9

51.6
8.33

18.9

2.57 6.19

1.44 2.73

1.79 2,27

L, =336+25 A, x=0.30+0.06

L, =510+35 A, x=0.30+0.06

31.3
5.2

11.8

6.02

2.65

2.27

48.9
8.1

17.9

6.04

2.73

2.21

fies whether the exciton transition involves a light or heavy
hole, I or h, respectively. For the parity allowed "forbidden
transitions, " An ~0 but even, the designation E, is

nn m

used, where n refers to the electron level as above and n'

the quantum number for the hole designated by m as above.
Differences of the energies of the various transitions were
then used to determine the energy-level ladders for elec-
trons, heavy holes, and light holes, AE„AEI„and AEI,
respectively. For these estimates, the binding energies of all

the excitons were assumed equal. ' The experimental
values of AE; are given in Table I along with estimates from
Eq. (4) using the commonly accepted values for m and
Q„namely, m, '/ma= 0.0665, '

mi,'/ma= 0.45, ' mt'/mo
= 0.088, ' Q, =0.85, and Ql, = QI= 1 —Q, = 0.15. Data
from two other parabolic well samples, L, =325 +25 A and

L, = 336 + 25 A, are also given in Table I.

DISCUSSION

The agreement between the measured energy-ladder spac-
ings and that calculated via Eq. (4) from the known growth
parameters as given in Table I is poor. The L, dependence
of the calculated results can be removed by taking ratios of
these energy ladders which then points up wherein the ma-
jor problem lies. The average of the measured ratios are
AE, /AE1, =2.6, b, E, //5. El=1.4, and EEI/AE„=1.9. These
ratios are to be compared to calculated values; hE, /
AEI, =6.0, hE, /bEt=2. 7, and AEI/AEq=2. 3. The agree-
ment between these two sets of numbers is also very poor

AE, (meV)
5E& (meV)
b, EI (meV)

AE~

AEI,

AE~

SE
b, E(
b, EI,

33.1
12.4
23.7

2.67

1.40

1.91

50.8
8,20

18.5

6.19

2.73

2.27

48.2
8.0

17.7

6.03
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except for AEI//5. Es and hence raises questions about the
validity of Eq. (4) which assumes one effective mass
throughout and parabolic wells of infinite height. With this
in mind Eq. (4) was modified to include by perturbation
theory the variation of the effective masses with z which
results in a correction to the energy levels determined from
Eq. (4) of

SE;= — '
2 „ f(m, ',x)(3—2n+2n2) meV

3.81 x 103

Lz 2m," mo

(5)

where for x=0.3, f(m;, x) =0.27 for electrons and 0.17 for
heavy holes. For the sample with L, = 510 A this correction
reduces the ladder spacings given in Table I by from 1.5% to
3.0% and hence for this L, has little effect on the calculated
ratios derived from Eq. (4). However, the correction to Eq.
(4) given by Eq. (5) does result in calculated energy-level
spacings that decrease slightly with increasing n as is usually
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observed and predicted by the more exact calculation given
below.

A better calculation of the energy levels has also been
made using a program that determines the transmission of
an arbitrary sequence of square-shaped wells and barriers as
a function of energy. This computation includes any stand-
ing wave effects due to the discontinuous growth profile,
the variation of the effective masses with x, the finite well

height, and the boundary conditions for GaAs-Al„Gal „As
interfaces proposed by one of us (D.A.K.) and independent-
ly by Bastard. " The results of these calculations are also
given in Table I and they are found to differ by only a few
percent from those determined from Eq. (4). The relatively
good agreement between the experimental and calculated
values of AEt/HEI, (15'/0+4%) suggests that the main diffi-
culty involves the partitioning of the energy-gap discontinui-
ty and not the hole masses. Since Eq. (4) gives results on
AE; that are only a fcw percent smaller than the values
given by the better computation, Eq. (4) will be used to il-

lustrate the problem with the partitioning of the energy-gap
discontinuity. Equation (4) leads to

&E, Q, mp'

/5, EI, 1 —Q, m,
'

which wtth thc conventional masses I; (Rcfs. 13 and 14)
yields Q, =0.50. Thus there is a discrepancy when com-
pared with the generally accepted value of Q, =0.85 (Ref.
7) based on square-well spectra. However, there is some
evidence that Q, is sensitive to certain growth parameters. '6

At present we have no explanation for the discrepancy
between our value for Q, and the accepted value. The para-
bolic wells wc require to explain the observed ladder of lev-
els could be produced by a combination of the accepted
value Q, = 0.85 and a negative space charge due to a densi-

ty n2D=1x1012 cm-' of either electrons or negatively
charged acccptors. The absence of a Stokes shift between
the emission peak and the 1h excitation peak rules out such
a density of electrons in these samples. Also, with this den-
sity of electrons one would not see the lh cxciton peak in

excitation at all. %C believe the presence of such a density
of acceptor or donor impurities is also ruled out by the fact
th Bt thc salTlc MBE appal atUs p1 odUccs quantum wells ln

modulation-doped samples cxhlbltlng very high carr lcl
mobilities. Therefore we believe space-charge effects in
these samples are negligible.

Short vertical bars under the various peaks in Fig. 1 indi-

cate energies of the heavy-hole transitions determined
via the exact program using Q, =0.51, I.,=507 A, and
x=0.25. Values of L, and x employed are within the es-
timated uncertainties of these quantities given earlier. The
calculation gives 6E,= 22.8 meV, DER = 8.0 meV, and
HEI=19.4 meV. The calculated and experimental energies

of the El z transition were set equal. The agreement
between these calculated and experimental heavy-hole exci-
ton transitions is considered excellent, but the L, and x
used are not unique. On the other hand, the calculated
light-hole transitions (not shown) are too high in energy as
expected since the calculated b, Et //5. Ea is too large.

One of the more striking characteristics of the data in Fig.
1 is the large strength of the "forbidden transitions" (parity
allowed, An =2), especially those for large n S. trong for-
bidden transitions E13$ with resonant™type line shapes like
that shown in Fig. 1 have been seen previously in multi-
quantum square-well structures 17 For the uo, doped square
well case, theoretical estimates of the strengths of the for-
bidden transitions using finite squgre-well eigenfunctions
which take into account different effective masses for the
wells and barriers give values that are many orders of mag-
nitude too small. These estimates have now been repeated
using infinite parabolic-well eigenfunctions that include only
GaAS masses. The calculated strengths (matrix elements
squared) for E„„and El"ta are equal. ' 6 Also, since the spac-
ing of the energy level ladder for the An=0 heavy-hole
transitions is almost four times that of the heavy-hole
ladder, transitions E24g and E31p, E35I, and E42I„ctc. are at
nearly the same energy and hence are not expected to be
resolved. Therefore to compare the calculated strengths
with the excitation spectra, the strengths of overlapping
transitions have been added together. The numbers under
the various heavy-hole exciton transitions in Fig. 1

represent the integer values of the calculated strengths nor-
malized to 100 for the calculated strength of Ets. (The
resonant enhancement of Eli, in Fig. 1 due to resonant Ray-
leigh scattering renders direct comparisons with this experi-
mental peak meaningless. ") These results explain the large
strengths of the An ~ 0 transitions and the decreasing
strength of the 5 n = 0 transitions as n increases. The
strengths of these parity-allowed transitions arise from the
fact that, in contrast to the square-well case, the hole and
electron wave functions for parabolic wells have different
spatial ranges for the same n, and for different n are not
even approximately orthogonal. Thus, with parabolic wells,
the 5 n ~ 0 parity-allowed transitions are not really "forbid-
den.

CONCLUSIONS

Photoluminescence spectra of GaAs-Al„Gal „As parabol-
ic quantum-well samples reflect the expected harmonic os-
cillator levels. The observed level intervals suggest that
the energy-gap discontinuity between the GaAs and
Al„Gal „As layers ls evenly split between the electron and
valence-band ~elis. Theory and experiment show that the
An =2 parity-allowed transitions are enhanced relative to
the An = 0 allowed transitions as n becomes large.
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