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Optical evidence of the direct-to-indirect-gap transition
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We have studied electronic properties of GaAs-A1As short-period superlattices grown by
molecular-beam epitaxy. A direct-gap to "indirect"-gap transition has been evidenced through opti-
cal experiments on a large number of samples. It also corresponds to a type-I to type-II superlattice
transition. Our results are in good agreement with an envelope-function description applied to each
extremum of the host-material band structure. As a result of spatial transfer of electrons in AlAs,
we have obtained an accurate value of the offset parameter AE,"/AEg 0 67.

I. INTRODUCTION

The Ga& Al As alloy is now commonly used as the
large-gap material in epitaxial microstructures on GaAs.
But the growth of such alloys remains difficult in
molecular-beam epitaxy (MBE), especially from the point
of view of surface and interface roughness. Moreover, the
doping of this alloy with high Al content introduces deep
centers responsible for persistent photoconductivity (so-
called DX centers). Thus it has been suggested that the
substitution of short-period superlattices (SPS's) could
solve many problems, and now such SPS's are often in-
cluded in microstructures. ' However, little has been
published on the fundamental electronic properties of
these "new" materials since the pioneering work of Gos-
sard et al. '

In this paper, our purpose is to present some of these
properties obtained from systematic optical studies of a
large number of samples. We shall emphasize the direct-
to-indirect-gap transition when the A1As concentration is
increased, which is expected in SPS's as it is observed in
disordered alloys. In Sec. II, we present our calculation of
the various SPS energy gaps based on the envelope-
function theory. Direct, "pseudodirect, " and indirect gaps
are found. Experimental results obtained through photo-
luminescence (PL), excitation spectra of PL, measure-
ments of PL decay time, and PL under hydrostatic pres-
sure are given in Sec. III. In Sec. IV we show that the fit
of experimental results to theoretical curves can provide
an accurate value of the still-questioned offset parameter.

II. ENVELOPE-FUNCTION APPROACH

In the envelope-function framework, the wave function
built from the host-material electron or hole states around
an extremum of the band structure can be written as

1b(r) =(S) ' uo(r)e ' 'F(z),

where r~=(x,y, O), k~=(k„,k~, O), and S is the surface of
the sample; uo is the periodic part of Bloch function at
the extremum of interest.

F(z) is the envelope function along the [001] axis (SPS
growth axis). For a SPS with a large number N of
periods, following Bloch theorem, F(z) can be developed
as

F(z) =(N) '~ f (z)e'e',

where q is the SPS momentum along the growth axis and
f(z) is periodic with the period P of the SPS.

The envelope-function approximation, related to the
Kronig-Penney model, has been applied by many authors
to GaAs-Ga& Al As superlattices. In the usual case
where x is less than 0.4, the ternary alloy is a direct-gap
semiconductor and therefore the SPS electronic states
built from the I minima always lie at lower energy than
the states built from the X minima of the zinc-blende
Brillouin zone (BZ). ln the present case, A1As is the bar-
rier material, which causes the maximum confinement of
I -like states to increase. For thin GaAs layers, we found
it may cross over the X states. Moreover, for these X
states, the A1As slab becomes the potential well (Fig. 1), at
least for the typical offset values which are now common-
ly admitted. We define, as do many authors, the offset
parameter 6 as the conduction-band discontinuity at the
I point between the two materials divided by the band-
gap discontinuity. The spatial transfer of electrons in
A1As occurs if b, is less than b,, =0.84 (using the band-
gap energies listed in Table I). For b, =b,„there is no
conduction-band discontinuity at the X point between
GaAs and A1As. This is the situation studied in Refs. 8
and 9.

To describe such a situation, we built SPS electronic
states using the envelope-function formalism around X
and I. minima, as usually done around I minima of the
host materials. This method is questionable for very thin
layers, and no kind of mixing between I -like and X-like
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FIG. 1. Solid line represents the extrema of conduction and

valence band of each bulk material at I and dashed line is the
bottom of conduction band at X. In this picture, the offset pa-
rameter is equal to 67%.

states can be described, as it is in more sophisticated
methods. "However, we found a rather good agreement
with experimental data, as we shall see.

At X and I points, the effective mass tensor is aniso-
tropic and the confinement energy must be calculated us-

ing masses along the [001] direction. The other tensor
components determine the perpendicular motion. We
point out that the difference between the values of the
transverse and longitudinal mass will lead to a splitting of
the energy levels associated with the L minima.

Since we investigate the electronic structure of the SPS
through optical experiments, we have calculated the inter-
band optical matrix element. Considering that the en-

velope function is slowly varying, and neglecting the di-

pole between envelope functions, we may write it as

The first term is the usual dipolar matrix element be-
tween conduction and valence bulk states. The overlap in-
tegral between envelope functions has been separated into
three terms.

We now discuss the following:
(i) The dipolar matrix element ( u,

~ p ~
u, ) should be

smaller than (u,
~ p ~

u„) because of the symmetry of the
atomiclike function at the edge of the bulk crystal BZ.

(ii) The 5(kt, k~) term expresses the conservation of
momentum parallel to the layers. This selection rule
should remain valid in a real superlattice. We deduce that
optical transitions from valence E'-like to conduction L-
like states are "strongly forbidden, " that is, they should
involve localized impurity states or require phonon assis-
tance as in bulk indirect-gap materials. The same applies
to states constructed on [010] and [100] X minima of the
zinc-blende reciprocal space.

(iii) The 5(q, q') term expresses the conservation of
quasimomentum perpendicular to the layers, in the SPS
reciprocal space. From this point of view, the I -like to
I -like energy gap is obviously direct. The energy gap be-
tween 1-like valence states and X[001]-like conduction
states is also direct, if the superperiod of the SPS includes
an even number of zinc-blende elementary cells: in this
case, the wave vector of the X extrema maps onto the
center of the SPS Brillouin zone. Strictly speaking, this
term should forbid such transitions in SPS with an odd
period. Contrasting with the 5(kt, kt) selection rule, we
think that the 5(q, q') selection rule should be relaxed,

TABLE I. GaAs and A1As parameters used in this study. Most data are low temperature values.
They are taken from the following sources: Semiconductors, Physics of Group IV Elements and IIIV-
Compounds, edited by O. Madelung, and Landolt-Bornstein, III/17a (Springer-Verlag, Berlin, 1982) and
S. Adachi, J. Appl. Phys. 58, Rl (1985).

Band-gap and spin-orbit
splitting energies (eV)

GaAs

1.519

1.98'
1.81'
0.341

A1As

3.1

2.23
2.5'
0.3

Conduction-band effective
masses (units of mo)

m„(I )

m„(X) along 6: m,
ml

m„(L) along A: m,
m&

0.067

0.23
1.3

0.07
1.9

0.13

0.19
1.1

0.1

1.9

Valence-band effective
masses (units of mo)

mhh 0.45 0.5

Offset parameter

'Parameters given at 110 K.
Parameters given at 300 K.

AE /AEg d': 0 67
AE, =0.53 eV
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otherwise it will be difficult to observe experimentally in a
real SPS. As a matter of fact, it requires that the coher-
ence of the wave function is maintained over several
periods for I -like valence and X-like conduction states,
both heavy-mass extrema in the zinc-blende BZ, leading
to very narrow mini-bands. As an example, in order to
make the selection rule efficient in a low-temperature ex-
periment, I -like holes and X-like electrons should
thermalize towards their respective band extremum in the
SPS Brillouin zone, before recombination occurs. This is
unlikely to happen for such heavy particles and we think
that some experimental "evidences" of the direct charac-
ter of SPS reported in literature are questionable.

(iv) The last term of (2) expresses the overlap of elec-
tron and hole periodic parts of the envelope function. It
is close to 1 in type-I SPS, where both ground states are
essentially localized in the same layer. But it is much
weaker, and more dependent on the structure, in a type-II
SPS. This applies to the I -like valence to X-like conduc-
tion transitions, since the final state is essentially confined
in A1As layers. %'e think this is an essential reason for
these transitions to be weaker than in the above-
mentioned I case, even though they may be, strictly
speaking, direct transitions.

To summarize this discussion, we can assert that the
SPS gap corresponding to the two X valleys along the
[001] axis is "pseudodirect, " since the one-photon transi-
tion is only weakly allowed. In addition, we presume the
parity of the number of monolayers will not actually af-
fect the intensity of corresponding optical transitions.
Transitions involving L-like states and the four remaining
X-like states are indirect since the electronic transverse
momentum never vanishes and the condition kz ——kz can-
not be fulfilled.

We have calculated the SPS energy states built from I,
X, and L minima in the envelope-function approximation,
using a nonparabolic band structure in I (three-band
Kane model), and a parabolic model for X and I. minima
and the heavy-hole valence band, for both GaAs and
A1As. The different parameters used in the calculation
are shown in Table I.

In this paper, we shall discuss the results as a function
of the following structure parameters: the period
P=L G,A, +LA~&s and the average aluminum concentra-
tion x=I.A«, /P. This is justified by the use of SPS as
"pseudoalloys. " In Fig. 2, we plotted representative re-
sults of calculated SPS energy gaps E, E (pseudodirect
gap), E; and E (indirect gaps) as a function of x for two
different periods P, the offset parameter 6=AE,"/b E"
being fitted to 67% as justified below. For high enough
x, the lowest energy gap appears to be E . These are the
structures we shall briefly name "indirect" in the follow-
ing, to stress the similitude with disordered alloys. Let us
recall that electrons and holes ground states are then
separated in real space. As a consequence, one may ex-
pect that the "direct-to-indirect-gap" transition is also a
type-I to type-II transition. Such a spatial transfer has
been suggested in other structures. '

III. EXPERIMENTS
EX

A. Growth and characterization
4 k S
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All the samples (typically 50) were grown by
molecular-beam epitaxy (MBE):

1st series~ T, =600 C P,x variable, P (20 nm

2nd series~T, =650'C P,x variable, P (20 nm

3rd series~P=4 nm T„x variable

2.4

2.2

2.0

4 S

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x {Al)
FIG. 2. Calculated energy gaps of GaAs-AlAs SPS. The

curves are plotted as functions of x for P =2 nm in (a) and
P =4 nm in (b). Experimental results are taken from samples
with period close to the nominal 2 or 4 nm value and interpolat-
ed to be compared to the theoretical values, 0: photolumines-
cence energy at 1.7 K. 0: experimental absorption threshold
obtained through PLE at 1.7 K.

( T, is the temperature of the GaAs substrate during the
growth).

They have been characterized by x-ray diffraction and
some of them by Raman scattering. It revealed the good
crystallographic quality of most samples and the reprodu-
cibility of the growth conditions. Except for a few poor
quality samples which we excluded, the three series exhib-
it the same behavior with respect to the direct-indirect
transition.

B. Photoluminescence

We performed photoluminescence (PL) experiments at
1.7 K using the 514.5- or 488.0-nm lines of a cw Ar +
laser. Each sample was investigated and the PL linewidth
provided some confirmation about the crystallographic
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quality. Because of the large number of available sam-

p es, we have been able to classify them with respect to
t e eatures of their spectrum. Representative results are
s own in Fig. 3.

In the structures expected to be direct within our
above-mentioned calculation we m t fos o ten get one main
intense and sharp line [Fig. 3(a)]. For some samples, the

y
'

y high: typical spectra are recorded
with exciting power as weak as 1 mW/cm. Thcm. e full
wi at alf maximum FWHM ranges typically from 0.6
to 7 meV' no
tion

s i t is observed when increasing theg e excita-
ion power; the line is presumably due to excitonic recom-
ination. The PL ~ I

corn
he PL energy is in good agreement w'th h

puted value; as expected, it strongly depends on the
structure parameters P and x (Fig. 2). Sig. . ome poorer qual-
ity samples showed also a broader line at lower energy
(several meV below the band gap) th ta we attributed to
donor-acceptor recombination.

As a matter of fact, these direct structure spectra look
very similar to the PL spectra of classical multilayer
structures GaAs-Ga Al AAl„As. In very-short-period su-
perlattices, the coupling between neighboring wells de-

pending on the AIAs slab width is observed by measuring
the lowering of the PL energy.

4C'In indirect" structures, the PL efficiency is often
smaller, typically 2—4 orders of magnitude when exciting
ig t energy is lower than F". The spectra exhibit several
ines wit comparable intensities and ener

'
gies separated

y to 30 meV [Figs. 3(b) and 3(c)]. To our knowledge,
this is the first report of such structured spectra in
GaAs-A1As superlattices. As expected from the above-
mentioned calculation, the energy of these lines is much
less dependent on the Al concentration in a given
constant-P series. This may be considered as a good evi-
dence of the spatial separation of the recombining parti-
cles. We presume we observe the recombination from ex-
citon states associated with the pseudodirect 'blgap, possi y

p onon assisted and impurity related. But since the
theoretical splitting between E and E '

llis as smail as 20

to 60 meV ameV, a more precise assignment of the different
lines would rerequire sophisticated experiments and is
beyond the sco ey e scope of this paper. The sample of Fi . 3(b)
(P =9.8 nm anand x =0.7) is well described by the

ig.

envelope-function approximation. The confinement ener-
gies are small and the experimental PL

ood dgoo determination of the offset parameter. This con-
trasts with the P=2.6 nm, x =0.9 sam le [Fi . (3 f

ic e envelope-function approximation is hi hl
questionable.

is ig y

At hi her tern'g temperature, the relative intensity of the I -I
line increases and at room temperature, the direct recom-

ination is essentially observed (Fig. 4).

C. Excitation spectra

Absorption experiment is, in principle, a straightfor-
ward test for the direct-indirect transition. However, the
measurement requires a local etching of the GaAs sub-
s rate which may modify the strain field in the layer. In
a ition, interferences effects complicate the treatment of
the data. Three indirect tct type samples were investigated at
77 K and both direct and indirect energy gaps were ob-
served and measured. Actuall th
of hotol

y, e excitation spectrum
o photoluminescence (PLE) has appeared to provide the
same essential information as absorption. We used a
high-pressure Xe 1am p an" a simple monochromator
which allow us to ex 1p ore a large range of wavelengths
from 820 to 380 nm
shown in Fig. 5.

0 nm. wo representative spectraec ra are

In the direct-gap structures [Fig. (5a)], the PL intensit
is non-ne li ibleg igible .or any exciting energy above the PL

a, e intensity

o e energy gapline. It con irms the direct character of th
and the intrinsic nature (or related to shall
of the PL.

e o s a ow impurities)

In indirect structures [Fig. (5b)], the PL intensity is
very weak for ever y exciting energy ranging between the
indirect- and the direct-gap energies, which evidences the
much weaker absorption coefficient. In such structures
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FIG. 3. (a) Photoluminescence s ectrum
toluminesce

spectrum of a representative direct sam le. The

All
oft oi di t I 'th d'ffs wi very i erent structure arame

these spectra are obtained at 1.7 K. Arr
parameters. In (b), the line at 1.78 eV is the V'-I

rrows indicate calculated energnergy gaps.
is e — recombination.
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both E and E" values are provided in the same experi-
ment.

Because of the striking qualitative difference between
the two spectra, we found PLE to be an easy and rather
unambiguous criterion to classify our structures. Obvi-
ously, the assignment of the SPS situated in the crossover
region requires more sophisticated experiments, and may
even be meaningless.

D. Complementary experiments

P=9.4 nm x =O. &

T= &.7 W

1.7 1.8 ~.g E(ev)

FICx. 4. Temperature dependence of an indirect PL spectrum

at 77, 200, and 300 K. Both direct- and indirect-energy-gap

recombinations are observed.

We performed measurements of PL decay time on ten
selected samples. We used as exciting source, a cavity
damped Ar + laser and processed the PL signal through a
digital boxcar integrator. In indirect-type samples, as ex-
pected from the structure parameters, we measured life-
times ranging from 40 to 100 nsec. In samples expected
to be direct, the lifetime was shorter than our experimen-
tal resolution (20 nsec). No systematic study has been
performed.

We also performed optical measurements under hydro-
static pressure. Due to the opposite shifts of I" and L
conduction extrema, such experiments allow us to deter-
mine the nature of the SPS energy gap. Photolumines-
cence measurements at 300 K and under hydrostatic pres-
sure up to 6 kbar were carried out for five selected in-
direct samples (Fig. 6). As expected, the line correspond-
ing to E" is shifted to the higher energies with a coeffi-
cient dE "/dp=10 meV/kbar. The E line is slightly
shifted to the lower energies. In the same time, the rela-
tive intensity of the indirect transition is increased. As a
consequence, near the crossover point, the indirect recom-
bination line appears more clearly under hydrostatic pres-
sure.

IV. DISCUSSION

1.4 1.6

EX

1.B 2. 2
E (ev)

The offset parameter is the only adjustable one in our
calculation. Moreover, the E transition energies calcu-
lated in type-II SPS are very sensitive to the offset value,
because recombination occurs "across" the GaAs-A1As
interface (Fig. l). This situation contrasts with standard
determinations of 5 in GaAs-Ga& Al„As structures.

P= 4.5nrn
x =Q.48

295K

V)
Ce
C

-8.4 nm x =0.8

T='l.7 K

0

iZ
LLJ

1.6 1.8 2 2. 2 2. 4 2. 6 2. 8 3

FICx. 5. Luminescence excitation spectra of representative
direct (a) and indirect (b) samples at 1.7 K. The sharp low-

energy peak corresponds to luminescence. Calculated energy
gaps are pointed out.

1.7 1.9 2.0 E(eV)

FIG. 6. Photoluminescence spectra of a representative in-

direct sample under hydrostatic pressure at room temperature.
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This sensitivity provides an accurate fit to optical data.
This is especially true in large-P and high-x type-II SPS,
where the E energy is close to its lower limit value:

P (nm)

12
60K S7X 8OX

Ei;;, E~)~——, —(1 —b, )(E~)~, EG,—~, )=1.7 eVX X r r

and 6=0.67 . 6-

Actually, our determination is essentially limited by the
poor amount of knowledge of A1As parameters, primarily
band gap energies.

In conclusion, we have studied a representative set of
GaAs-AlAs SPS's. Their optical properties allow us to
distinguish direct type-I on the one hand, pseudodirect, or
indirect type-II, on the other hand. An envelope-function
calculation around each extremum of the host material
band structure gives a fairly good description of this ex-
perimental feature, and a quantitative agreement with the
measured energy-gap values. The calculated crossover
curve which separates the two domains in a P versus x
graph is plotted in Fig. 7, and investigated samples have
been marked on it. The first domain includes direct
type-I samples; it corresponds, roughly speaking, to
x &0.35 or LG,A, )4 nm. The other domain includes
SPS with optical properties analogous to those of
indirect-gap materials, although they may be considered
as "pseudodirect. " Some ambiguous samples lie in the
crossover region. Our determination 6=67%, which
agrees with recent results in GaAs-Ga& Al As systems,
corresponds also to the best crossover curve which
separates the direct and indirect regions.

2- 0 0

Our results should disappoint with respect to the ability
to make direct pseudoalloys with larger energy gap than
in random alloys. But they could stimulate a revision of
the theoretical problem ' using, as an offset parameter,
5=0.67.
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