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Some detailed experimental studies of the effect of hydrostatic pressure on the energy levels of
GaAs-Ga;_,Al,As quantum-well heterostructures have been recently published. The heterostruc-
tures used are grown by molecular-beam epitaxy and consist of several single GaAs wells with dif-
ferent widths separated by wide Ga,_,Al,As barriers. Photoluminescence measurements at low
temperature and up to 70 kbar show that all the peaks move to higher energy as the pressure is ap-
plied. The pressure coefficients of the heavy- and light-hole excitonic transitions appear to be dif-
ferent. On the other hand these coefficients decrease with decreasing well widths. In this paper we
present a theoretical calculation of these pressure coefficients and of their well-width and barrier-
height dependence, which quantitatively fits the experimental results.

I. INTRODUCTION

Hydrostatic pressure has been proved to be a valuable
tool for studying the influence of the band-structure pa-
rameters on the electronic properties of semiconductors,
bulk crystals, or two-dimensional (2D) systems.! It was
not the purpose of the present paper to review exhaustive-
ly the large quantity of experimental works along these
lines; however, some behaviors very characteristic of im-
purities have been noticed for a long time in the case of
3D crystals: Although hydrogenlike centers tend to fol-
low the band structure, isoelectronic traps do not.>~* Ex-
perimental investigations of the behavior of 2D systems
under hydrostatic pressure have actually been made in a
wide series of quantum wells’~’ and superlattices,® ™'
like GaAs-Ga,_, Al As,* 10 GaSb-AlSb,’ or
In,Ga,_,As-GaAs,'' etc.

In type-I quantum wells, strongly allowed excitonic
transitions occur between the quantized levels in the con-
duction band and the light- (/) and heavy- (4) hole sub-
bands of the same quantum number n. The energies of
such transitions are higher than the band gap of the ma-
terial constituting the quantum well (QW), because of the
size quantization which induces a raise of the conduction-
and valence-band extrema.

The problem of band offset in GaAs-Ga;_,Al, As QW
has recently found an experimental solution, namely use
pressure-induced crossover between the I' minimum in
GaAs and the X one in Ga;_,Al,As.*~% The result al-
lows one to assume a valence- band offset of about 30%
of the band-gap discontinuity.

Another interesting experimental result in this case is
the weak—but remarkable—decrease of the pressure coef-
ficients of the transition energies with decreasing well
widths.*~7 1In fact, the case of the GaAs-Ga;_,Al,As
QW, as shown in Ref. 6, there seems to be a relation be-
tween the pressure coefficients (o) and the well width.
This behavior is a typical result of quantum-size effects
that appear as well for microstructures with well heights
smaller than a few hundred meV [the case of the GaAs-
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Ga,_,Al,As QW and superlattices (SL)] as for strained
QW with well heights ranging up to 1.5 eV [the case of
GaSb-AlISb (Ref. 7)].

In the present paper we propose a model calculation for
the excitonic recombinations and their pressure coeffi-
cients in type-I quantum wells, such as the GaAs-
Ga;_,Al,As ones. This model, which has successfully
been used for a GaSb-AlSb strained quantum well be-
tween O and 7 kbar,’ is extended to the case of GaAs-
Ga,_,Al,As quantum wells of different widths under
pressures up to 30 kbar.

The paper is organized as follows. In the next section
we present our model calculation, which takes into ac-
count the pressure-induced modifications of the micro-
structures: well width, barrier height, dielectric constant,
carrier effective masses, and the excitonic rydberg. Then
a quantitative comparison between our findings and the
experimental results recently given in the literature is
made in Sec. III. All contributions are analyzed in detail.

II. THEORETICAL MODELIZATION

A. Basic equations

Our calculation is based on the envelope-function ap-
proximation of Bastard.!? We resolve the effective-mass
equation, giving the ground quantized level in the
conduction- (valence-) band potential well of the confining
layer. This equation reads

[—#2V2/2m*(z)—E+V(2)]F(z)=0, (1)

where F(z) is the envelope function along the z axis of the
structure modulating the free-electron (-hole) part of the
wave function. ¥V (z) is the potential perturbation due to
the gap mismatch between the two materials and m *(z) is
the mass of the particle under consideration. The boun-
dary conditions are standard and given by the continuity
of both F(z) and 1/m*(z)(dF /9z)."3

In this paper we concentrate on the GaAs-
Ga;_,Al,As system; as a consequence, in the framework
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of the formalism, the transition energy corresponding to a
QW is obtained by adding the electron and hole confine-
ment energies and by subtracting the effective rydberg to
the energy of the GaAs fundamental energy gap:

E(QW)=E,(GaAs)+E, +Enge — Eryaberg - @)

We have to consider the dimensional properties of the ex-
citons in the QW’s. It is well known!*~17 that the binding
energy of the free exciton in a type-I QW increases to-
wards 4 times its three-dimensional value while the well
width decreases (this is exact in the case of an infinite po-
tential well; we will assume it to be true for our finite
ones'®). The variation of the 2D rydberg in units of the
3D rydberg versus well width in units of the 3D Bohr ra-
dius is shown in Fig. 2 of Ref. 15. In fact, since both
heavy and light holes are quantized, we will have to con-
sider heavy and light excitons (see, for instance, Fig. 3 of
Ref. 18). The behavior of the QW under hydrostatic pres-
sure is rather complicated since several effects have to be
considered.

(i) The well width diminishes with the pressure; this re-
sults in a rise in energy for the conduction- (valence-)
band levels and then in the transition energy between the
ground states. The pressure dependence of the well width
L, with the pressure is taken from the elasticity theory:

L, (P)=L,(0)[1—(S;+25,)P] , 3)

where P is the magnitude of the external pressure, which
|

mew(P,Ee,Elh) _ EglU+CwP+Ee +E1h ng-f—CwP +Ee+Elh+A

is positive for a compression; S;; and S, are the elastic
constants of GaAs.

(ii) Both GaAs and Ga;_,Al,As exhibit different pres-
sure coefficients. In the case of the aluminum concentra-
tion of the samples investigated here, the barrier height
decreases versus pressure and as a consequence the pres-
sure reduces the confinement of the carriers in the
sandwiched GaAs layer.

(iii) The size quantization and the change of the gaps
with the pressure lead to an increase of the effective
masses in the well and in the barriers. This change contri-
butes negatively to the pressure coefficient of the transi-
tion energy.’

We have taken Kane’s three bands model'’ in order to
express the change of the effective mass under pressure:

In the barriers,

m2(0,0,0) EY

mi(PE,,Ey)  EP+C“P+E, +Ey,

: 8)
m(0,0,0) EY

myn(P,Ey,Eyy)

=1, 9)
m }u:h(0,0,0)

where C® and C¥ are the band-gap pressure coefficients
in the barriers and wells, respectively. E: and E;’ are the
band gaps and E, and E|;, the confinement energies of the
electrons and light holes which are concerned by the k-p
coupling. The expressions for the QW show that a self-
consistent calculation is necessary to know the values of
the energy levels and masses. Equations (4)—(9) show that
the effective masses increase while increasing pressure
both in the well and in the barriers. This is a point which
is interesting to discuss because this is a very important
contribution to the change of the pressure coefficient of
the optical transitions.

In the well, this increase leads to a “collapse” of the lev-
els toward the bottom of the potential wells. Qutside the
well, this increase induces a reduction of the real-space ex-
tension of the wave function. For instance, if the well
center is at z =0 we can write, for |z | >L,/2 (L, being
the well width), F,,=K exp(—p |z |), where K is a nor-
malization constant and

ES/+A

mJ(P)  Eg+C°P EJ+C"P+A 2M+3E;
ml0) E} El+A  2843(EP4+cCPP)
4)
mp(P) _ El4ctp )
m$,(0) E}
mp,(P)
m—E:—(;)-:1 . 6)
In the quantum wells,
2A+3E¥ , -
2A+3(E+CYP+E, +E),)

p=[2m%E)V —E)/#*]'/?

E being the confinement energy of the particle in the well
and m®%E) the varying effective mass of this particle in
the barrier. We can say that the change with pressure of
the effective masses in the barrier makes the energy levels
in the well collapse only if these masses increase more rap-
idly than the masses in the well. On the contrary, if the
masses increase more rapidly in the well, the levels tend to
rise.

Now let us consider the pressure dependence of the ryd-
berg. It is not easy to calculate because its variations are
function of the change of the well width, effective masses,
and dielectric constant. The change of the dielectric con-
stant has been measured by Samara;?® he found
k=(1/e)de/dP)~ —0.14% kbar~!. As a consequence,
the 3D rydberg experiences a variation which reads

R¥p(P)=R?*5(0) exp(2kP)u(P) /u(0) ,

©(0) and u(P) being the proper effectives masses for the
excitons at atmospheric pressure and for a pressure P.
This change of the effective free rydberg has not been
measured for GaAs, but it was measured by reflectivity at
liquid-helium temperature for its companion indium pho-
siphide by Chen et al.;?! they found a change of the ef-
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fective rydberg of 3%/kbar while the prediction of the
effective-mass theory was the third. Some expressions of
the effective mass for heavy and light excitons can be
found in Ref. 22 and will not be repeated here.

The change of the Bohr radius of the 3D exciton under
pressure reads

apip(P)=ap 3p(0) exp( —kP)u(0) /u(P) .

Taking into account all these variations, we are able to
calculate the values of both heavy and light excitons for
each pressure.

B. Numerical calculation

We have performed a series of numerical calculations in
the case of the GaAs-Ga,_,AlAs QW in order to explain
the experimental findings collected at 80 K by Venka-
teswaran et al.® and at 8 K by Wolford et al.*?* The nu-
merical values of the hole effective masses have been ex-
pressed as a function of the Luttinger parameters given by
Lawaetz;** a linear interpolation has been made between
GaAs and AlAs in order to obtain the values correspond-
ing to the alloy composition of the barriers in the samples.

Concerning the electron effective mass, we have taken
the empirical formula of El Jani:?®

mJS(Ga,_,Al,As)=0.065740.0174x
40.145x2 for x <0.35 .

The 80 K and atmospheric-pressure values of the
Ga;_,Al,As band gap are 1502, 1857, and 1893 meV
when x =0, 0.3, and 0.33, respectively, according to Refs.
6 and 26. The spin-orbit splitting has been taken to be
equal to 340 meV for GaAs and 330 meV for the alloy.
The band-gap structure at 8 K is given accurately in Ref.
23. Now we need the pressure coefficients of the band
gap. AlAs exhibits a smaller pressure coefficient than
GaAs.?” The optical measurements of the GaAs band-gap
pressure coefficient tend to converge toward a value of
10.7 meV kbar—!.*#%28 On the other hand, the pressure
coefficient of Ga,_,Al,As band gap has been measured
decreasing with x.?” For x=0.30 the value of 9.8+0.1
meV/kbar has been measured;?® this enables us to esti-
mate a value of 9.9 for Al ,3Gag 7pAs. Finally, we take a
standard value of 4.6 meV for the three-dimensional exci-
ton rydberg in GaAs and a relative change of the dielec-
tric constant of 14X 10~* kbar~'.2° The elastic compli-
ance constants of GaAs are®’

S;;=1.16X10"°bars~ !,
S, =—0.370x 1075 bars™!,
S42=1.670x 10" bars~! .

III. RESULTS AND DISCUSSION

Figure 1 displays the pressure coefficient of the free-
exciton transition energies measured in GaAs-
Gay Al 3As QW’s (open and solid circles) and the results
of our calculation preformed for both heavy holes
(dashed-dotted line) and light holes (solid line). Two
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FIG. 1. Comparison between the pressure dependence of the
Gag ;7Aly 3As quantum well measured at 80 K (open circles for
the heavy holes and solid ones for the light holes) and the results
of that calculation (dash-dotted line for the heavy holes and
solid line for the light hole). The experimental uncertainty has
been represented by a vertical line, which corresponds to the
measurements of the experimental pressure coefficients of GaAs
(Ref. 28) and Gap;Alp3As (Ref. 6), 10.7+0.1 and 9.8+0.1
meV/kbar. The calculation has been performed with the aver-
age values of these pressure coefficients.

asymptotic behaviors should be noticed. In the large-
width limit, the 2D character of the microstructures van-
ishes, the quantum-size effects disappear as soon as the
well width exceeds the de Broglie wavelength of the car-
riers, and we tend toward the pressure coefficient of
GaAs. On the other hand, our calculation gives an
asymptotic behavior which reaches the pressure coeffi-
cient of the barrier in the case of the small-width sample.
In that case, as it has been displayed in Fig. 2, the en-
velope functions of electrons and holes are mainly local-
ized in the barriers. The probability to find the electron
(light hole) in the barriers are 79%, 9.4%, and 2.6%
(82.6%, 14.8%, and 5.1%) for well widths of 10, 60, and

110 ‘&, respectively. Figure 3 shows the pressure depen-
dence of the quantized light exciton as a function of the
probability of finding the electron in the GaAs layer
([ |F®|*dz). Obviously, we rediscover the asymptotic
behaviors of two limit cases: (i) the pressure coefficient of
the barrier in the limit of narrow well, and (ii) the pres-
sure dependence of bulk GaAs when the 2D character of
the microstructures vanishes in the case of wide wells. In
a previous paper® it was pointed out that the lower-
pressure coefficient in the case of narrow wells arose from
hybridization between I'- and X-like Bloch states. Such a
hybridization should be a second-order effect; the first-
order effects are (i) the increase of the effective mass of
the carriers with the transition energy, (ii) the change of
the barrier heights with the pressure, since both the binary
and ternary phases have different pressure coefficients,
(iii) the change of the well width, and (iv) the change of
the rydberg. In the case of a 50-A-wide QW (sample 2-E
of Ref. 6), the change of the rydberg versus pressure
makes the pressure coefficient of the exciton decrease by
0.082 meV kbar~!, while it has been measured as ~ —0.7
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FIG. 2. Schematic representation of the real-space density of
probability obtained for the electron (e) and the light hole (1h) in
the case of three widths of the GaAs-Gag;Alg3As QW. The
corresponding widths are (a) 10 A, (b) 60 A, and (c) 110 A. The
wave functions are more delocalized in the real space in the case
of narrow wells than in the case of wide wells. The probabilities
inside the well, f | F¥|%dz, are, respectively, (a) 20.99%, (b)
90.63%, and (c) 97.39%, for the electron. In the case of the

light hole, | Fi'|%dz are (a) 17.34%, (b) 85.20%, and (c)
94.93%.
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FIG. 3. Calculation of the pressure coefficient of the quan-
tum well as a function of the probability f | F¥|2dz of finding
the electron in the GaAs-Gag;Aly3As microstructures. The
asymptotic values of 10.7 and 9.8 meV /kbar correspond to bulk
GaAs (Ref. 4) and Gag ;Aly 3As (Ref. 6).

meV/kbar between bulk GaAs and 2-E excitons. This
change of the exciton is 1 order of magnitude smaller than
the experimental finding; this change is the same for these
QW as for the GaSb-AlISb strained QW.”

Finally, we have calculated the pressure coefficients of
excitons quantized in GaAs-Gag 7,Alg ,3As microstruc-
tures, and we find results in reasonable agreement with
the works summarized in Ref. 4, as has been displayed in
Fig. 4.

We have obtained satisfactory agreement between the
calculation and the experimental data obtained at 80 K
(Ref. 6) and 8 K. This agreement is in the limit of experi-
mental uncertainty. From this work and our previous
one,” we can say that a general trend of optical transitions
in QW is to exhibit a smaller pressure coefficient than
that of the 3D sandwiched material. The effective mass
of the carriers increases with the pressure and, simultane-
ously, their confinement. This is the case of the GaSb-
AlSb type-I strained QW'’s, where the potential wells (esp-
cially for the electron) are deep. In the case of GaAs-
Ga;_,Al,As QW’s, the depth of the potential wells does
not exceed a few hundred meV (the gap mismatch is of
the order of 350 meV in the range of aluminum concen-
trations investigated here); as a consequence, the carriers
are less localized than in the previous system and they can
tunnel into the barriers. The effective mass of the carriers
increases faster in the barriers than in the well; this results
in a decrease of the transmission rate inside the barriers
when the sample is pressed; the carriers are confined more
strongly and the value of the pressure coefficient is inter-
mediate between GaAs and Ga;_,Al,As. The narrower
the well, the heavier the effective mass of the carriers, and
the smaller the pressure coefficient. Concerning the nar-
rowing of the wells under pressure, they are found to give
a contribution compensated for by the increase of the ef-
fective rydberg.
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FIG. 4. The same as Fig. 1, but for GaAs-Gag 5,Alg 3As
QW’s, and at 8 K; thus the experimental data from Ref. 4 only
concern the transitions involving the heavy holes. The reason-
able experimental uncertainty is represented by a vertical line,
which takes the same origin as that discussed for Fig. 1.
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IV. CONCLUSIONS

In summary, we have shown that the pressure depen-
dence of GaAs-Ga;_,Al,As QW’s decreases with the
well width for essentially the following reasons.

(i) In the case of narrow wells, the quantized level tends
to follow the pressure dependence of the barrier edge be-
cause of the delocalization of the carriers into the barrier.

(i1) The increase of the carrier effective mass in the well
and in the barriers under pressure reduces the transmis-
sion rate into the barriers but increases the confinement of
the carriers. This second effect plays an important role in
the case of wide wells, when most of the wave function of
both the electron and hole are located inside the well,
while the first effect is predominant in the case of narrow
wells.
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