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Abstract. The present work investigates the effect of the I'-X crossover pressure at low
temperatures on the donor binding energies in single-quantum-well {(QW) microstructures. It
is found that, at a constant Qw thickness, the predicted donor binding energies are enhanced
with increasing pressure and then decreased when approaching the crossover pressure between
the qw I states and the barrier X states. It is noticed that the pressure-dependent donor binding
energies are mainly related to the changes in the dielectric constants and the effective masses
of bath materials.

1. Introduction

The man-made diamond anvif cell [1, 2] and the use of low-temperature photoluminescence
measurements made it possible to study the electronic and optical properties of
microstructure semiconductors such as GaAs/Al, Ga;_ As under high hydrostatic pressures.
These structures have had a considerable pumber of studies made on their optical and
electronic properties under atmospheric pressure [3-9] and high hydrostatic pressures [10—
18]. The high hydrostatic pressure changes their band structures from direct to indirect. The
dropping of the X conduction band of the Al,Ga;_,As barrier layer under the I” conduction
band of the GaAs quantum well (QW) layer due to the effect of high hydrostatic pressure
leads to unconfined electrons to the Qw.

. The purpose of the present work is to study the effect of the I'-X band crossing due
to the applied hydrostatic pressure on confined donor electrons in single GaAs/Al,Ga;_ As
Qws at low temperatures.

2. Theory

Considering a confined donor electron in a finite GaAs Qw of height W, and thickness
L(0), and choosing the origin of the growth direction (z axis) io be at the centre of the
Qw, the effective mass Hamiltonian of this electron at high pressures, P (kbar) and low
temperatures, T (K) can be written

HEP,T)=Z(P,T)+V(P,T.r)+W(P,T,z). (1

1 On leave from the Department of Physics, Faculty of Science, Mansoura University, Mansoura, Egypt.
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The first term Z(P, T) in equation (1) represents the pressure-dependent kinetic energy
operator at low temperatures which is expressed as

I(P, T) = —[1/2mu (P, )]V (@

The two subscripts w and b stand for the QW and the barrier layers, respectively. The Qw
aftective mass my (P, T) is given [19] by

my(P, T) = 1/T1 +7.51{2/ To(P, T) + [C\(P, T) + 034117111 3

where I, (P, T) eV is the pressure-dependent QW energy gap at the T point and at low
temperatures. It is expressed as

TW(P, T) = 15194 al P ~5.405 x 107*T2 /(T + 204) @)

where al, is the measured pressure coefficient of the QW at the I' point as given in table 1.
The barrier effective mass my (P, T) is taken [20] as

my(P, T) =mu(P,T)+ 0.083x 3

where x is the aluminium concentration in the Al Ga;_.As layver. The second term
V(P, T,r) is the Coulomb-potential energy operator which represents the interaction
between the donor ion and its associated electron as a function of high hydrostatic pressure
and low temperature and is expressed as

VP, T,r)==1/l€ws(P. T)r] )

where r = (024292 and p = (x> + y*)}/? is the position of the electron in the x~y plane
of the GaAs QW which is parallel to the interfaces. €, (P, T) and & (P, T} are the static
dielectric constants for QW and barrier materials, respectively, as functions of pressure and
temnperature. £,(P, T) for the Qw is defermined [21] from the relation

ey(P, T) = €(0, T) exp( P) 9,
where
€(0, T) = eo(Tp) explyo(T — To)]. (8

The values of eg(Tp), 3o and § at the reference temperature Ty, and the equivalent temperature
range, are listed in table 2. e, (P, T) for the barrier material can be expressed [20] as

&(P, T) = e (P, T) — 3.12x. ©

The last term in the Hamiltonian W{», T, z) stands for the pressure-dependent potential
energy barrier operator which confines the electrons to the QW and its height is given by

0 Izl < L(P)/2
P.T = 1
Wb T.2) {WU(P,T) ' { 2 > L(P)/2 (10)
where
[To(P, T) = Tw(P, T) P<P
We(P, T) = {Xb(ﬂ T) = Pw(P, T) + Srx(P) °r[ P <P<P an
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and
Srx{(P) = Sox(P — P)/P. (12)

In the above equations, P is the crossover pressure between the X, conduction band and the
Iy band and P, is the crossover pressure between the X, conduction band and the 'y, band.
In equation (12), Stx(FP) is the pressure-dependent I'-X mixing strength coefficient and
Sp Is an adjustable parameter which is used to match the predicted energy at Py with the
experimental result. The value of I'y x{P, T) is determined according to the relation

Tw.b(P, T) = Cyp(0, T) + o, , P (13)

where [y (0, T) is the standard value of the conduction I" minima at atmospheric pressure
(P = () and a low temperature T. a.{,_b is the corresponding pressure coefficient for the
two fayers. Similarly,

X(P, T) =%5(0, T) + o P. . (14)

The values of Ty(0, T), Xu(0, T), T, ol ,, and o5° are given in table 1.

Table 1. Values for all parameters used in present work which are taken from photoluminescence
measurements [10, 17].

L (A) 200

x {au) 0.3
(0. T) (V) 1.755
Xu(0, T) (&V) 1918
al, , (meV kbar™) 10.7
a (meV kbar™!) -13

T {K) 4

Py (kbar) 135
Py (kbar) 332

Table 2. The experimental values 7[21] of the static dielectric constant, and its logarithmic
temperature and pressure derivatives for.the GaAs Qw at the reference temperature Ty and the
comresponding temperature range.

T To «() w 3

X) () {au) 0~ K~ (104 khar™!)
0T <200 75.6 12.74 94 —16.7

T > 200 300.0 13.18 204 -[7.3

Since equation (1) cannot be solved analytically, a trial wavefunction is chosen [18] as

cos{tz) { z| € L(P)/2

5
Cexp(—clz) dzLee

W{r, z) = Aexp(—xr) {

where A is a normalization constant, x is a variational parameter,

¢ =[2my (P, T)Eo(P, T)1'? (16)
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and
i = {2mu(P, TWo(P, T) ~ Eo(P, THI}'/2. (17

The factor C can be obtained by applying the boundary conditions on the longitudinal part
of the wavefunction W and its derivative [1/2my ,(P, T)]8W/8z [22-24] at the interfaces
|z] = L{P)/2. The lowest electronic energy Eq(P, T) in the QW can be obtained to satisfy
the transcendental equation [9, 18]

tanl{ L(P)/2] = {[my (P, T)/my(P, TI[Wo(P, T)/Eo(P, T) — IN}2, (18)

The band crossing-dependent binding energies of the confined donors in the GaAs Qw at
low temperatures is calculated from the expression

Ep(P,T) = Eo(P,T) = Emin( P, T) (19)

where Eqin (P, T) is the minimum expectation energy of the donor electron which is given
by

Emin(P, T) = min{¥|H({P, T)¥). 20)

3. Results and discussion

Figure 1 shows a comparison of the predicted pressure-dependent lowest energies Eq(P, T)
for both band crossing (solid curve) and neglecting band crossing (broken curve) with the
experimental values (full circles) [17]. It is seen from figure 1 that values which neglect
band crossing (broken curve) are nearly a straight line while those taking into account the
band crossing (solid curve) with an adjustable parameter of 5o = 250 meV and an effective
mass of the X band as given in equation (5) are in good agreement with the experimental
values. It must be pointed out that large values of the effective mass of the X band such
as m*(P, T) = (0.85-0.14)x [20] has led to lower values of the predicted lowest energies
Eo(P, T), even with large values of Sp. From this finding it is clear that the X band effective
mass should not be very heavy relative to the I" band effective mass which is the same
finding as obtained by Mendez et al [25], who reported tunnelling through indirect-gap
semiconductor barriers under hydrostatic pressure.

Figure 2 exhibits the pressure-dependent binding energies Ey (P, T') at 2 low temperature
of 4 K of confined donors 1o a single GaAs—AlyaGag;As QW of thickness L(0) = 200 A.
The solid curve takes into account the band crossing with $5 = 250 meV and an effective
mass of the X band as given by equation (5), while the broken curve neglects the band
crossing. It is seen from the figure that the binding energies of both curves are enhanced with
increasing pressure. It is also seen from figure 2 that the energy values of the solid curve are
not affected by the first crossover point P; between the Xy, and the I'y valleys, The increase
in energies arises because the dielectric constants decrease with increasing pressure and lead
to low expectation potential energies. Furthermore the enhancement of the effective masses
with increaging pressure leads to a decrease in the expectation kinetic energies which in
turn enhance the binding energy values. All these effects due to the pressure dependence of
both the dielectric constants and the effective masses overcome the decrease in the lowest
energies due to the band crossing and end up with enhancement in the binding energies.
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Figare 1. The pressure-dependent lowest energy £9(P, T) for band crossing ( } neglecting

band crossing (- -~} and the experimental results [£7] (@) for a 200 A single GaAs—

Aly3Gag7As QW at a low temperature of 4 K.
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Figure 2. The predicted donors binding energies E4(P, T) for both band crossing (—) and
neglecting band crossing (— - — versus the high hydrostatic pressure P for a 200 A single

Gahs-Alp3Gap7As Qw at a low temperature of 4 K.

For the solid curve the behaviour of the increased binding energies continued until the
applied hydrostatic pressure approaches the second critical crossover pressure P, between
the X;, band and the Iy, band and then starts to decrease. This decrease in fact is related to
the continuwous decrease in the barrier height that confines the electrons to the Qw, which
becomes shallower as the Pp-value is reached as seen from figure 2. The discrepancy
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between the two curves arises because the barrier height that confines the electrons to the
QW becomes shallower with increasing pressure when the band crossing is included than
when it is neglected. The behaviour of the predicted binding energies of the present work is
in good agreement with that reported in the recent work by Dutisseuil et @/ [26] who have
found a decrease in the current with increasing pressure in GaAs/Al, Ga;_,As superlattice
oscillators.

4. Conclusion

The donor binding energies in single QWs at low temperatures are pressure dependent.
The I'-X crossing changes the binding energy of donor dramatically, especially when the
hydrostatic pressure reaches the I',—Xp crossover point P;. The barrier effective mass in
the crossing region is an effective parameter in determining the binding energies of donors
in single-QW microstructures.
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