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3. Phys.: Condens. Matter 6 (1994) 10025-10030. P~inted in the UK 
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cofined donors in single GaAs/Al,Gal-,As quantum-well 
microstructures 
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Depanment of Physics, Faculty of Science. United Amb Emirates University, PO Box 17551. 
AI-Ai", United Arab Emirates 

Received 20 June 1994 

Abstract. The present work investigates the effect of the F-X crossover pressure at low 
temperatures on the donor binding energies in single-quantum-well (ow) microstructures. It 
is found that. at a constant qw thickness. the predicted donor binding energies x e  enhanced 
with increasing pressure and then decreased when approaching the crossover Q~~SSUK? between 
the qw r nates and the barrier X states, It is noticed that the pressure-dependent donor binding 
energies ate mainly related to the changes in the dielectric constants and the effective masses 
of both materials. 

1. Introduction 

The man-made diamond anvil cell [l,  21 and the use of low-temperature photoluminescence 
measurements made it possible to study the electronic and optical properties of 
microstructure semiconductors such as GaAs/AI,Gal-,As under high hydrostatic pressures. 
These structures have had a considerable number of studies made on their optical and 
electronic properties under atmospheric pressure [3-91 and high hydrostatic pressures [1@- 
181. The high hydrostatic pressure changes their band structures from direct to indirect. The 
dropping of the X conduction band of the AI,Gal-,As banier layer under the r 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 r-X band crossing due 
to the applied hydrostatic pressure on confined donor electrons in single GaAs/AlxGal,As 
Q w s  at low temperatures. 

2. Theory 

Considering a confined donor electron in a finite GaAs Q w  of height WO and thickness 
L(O), and choosing the origin of the growth direction (z axis) to 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 

X ( P ,  T )  = T(P, T )  + V ( P ,  T ,  r )  + W(P, T ,  2). (1) 

t 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 

Z(P ,  T) = -[1/2m,,@, T)IV2. (2) 

The two subscripts w and b stand for the QW and the barrier layers, respectively. The QW 
effective mass m,(P, T )  is given [I91 by 

m,(P, T) = i/ui +7.5112/r,(~, T) + [r,(p, T) +o.3411-~111 (3) 

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

r,(p, T) = 1.519   CY^ - 5.405 x ~ O - ~ T ~ / ( T  + 204) (4) 

where a; is the measured pressure coefficient of the QW at the r point as given in table 1. 
The bamer effective mass in#, T) is taken [ZO] as 

mb(P, T) = m,(P, T) + 0.083~ (5) 

where x is the aluminium concentration in the Al,Ga,-,As layer. 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 hydrqstatic pressure 
and low temperature and is expressed as 

(6) W P ,  T, r )  = - I / [ % b ( P r  T)rl 

where r = (p2+z2)”2 and p = (x2%y2)1’2 is the position of the electron in the x-y plane 
of the GaAs QW which is parallel to the interfaces. &(PIT) and %(PIT)  are the static 
dielectric constants for QW and barrier materials, respectively, as functions of pressure and 
temperature. 6,(P,  T) for the QW is determined [21] from the relation 

c,(P, T) = ~(0, T) exp(8P) (7) 

where 

4 T) = dTO)exp[m(T - TO)]. (8) 

The values of~o(T0). yo and 8 at the reference temperature To, and the equivalent temperature 
range, are listed in table 2. a,(P. T) for the barrier material can be expressed 1201 as 

€b(P,  T) = <,(P, T) - 3.12~.  (9) 

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

where 
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and 

Srx(P)  = &x(P - P,) /P .  (12) 

In the above equations, PI is the crossover pressure between the x b  conduction band and the 
r b  band and P2 is the crossover pressure between the Xb conduction band and the r, band. 
In equation (12), &(P) is the pressure-dependent r-X mixing strength coefficient and 
SO is an adjustable parameter which is used to match the predicted energy at PI with the 
experimental result. The value of rw.b(P,  T )  is determined according to the relation 

rw .b (P ,  T )  = rw.b(Oi T )  (13) 

where rw.b(O, T )  is the standard value of the conduction r minima at atmospheric pressure 
(P = 0) and a low temperature T .  is the corresponding pressure coefficient for the 
two layers. Similarly, 

&(P, T )  = &(o, T) + afp. (14) 

The values of r b ( 0 ,  T ) ,  &(O, T ) ,  T ,  a:,,. and at are given in table I. 

Table 1. Values far all panmeters used in present work which am wken from photoluminescence 
measurements [IO. 171. 

Table 2 The experimental values [211 of the static dielecuic constant, and its logarithmic 
temperamre and pressure derivatives for,the GaAs QW at the reference temperature TI and the 
corresponding temperature range. 

T 61 RI(TI), nI 8 
(K) (au) K-’) (IO-‘ kbar-l) 

. .  (K) 
0 G T G 200 75.6 12.74 9.4 -16.7 
T > 200 300.0 13.18 20.4 -17.3 

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

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

t = [2mw(p ,  T ) E O ( P ,  TW’ 
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and 

K = (2mb(P, T)[Wo(P,  T) - Eo(P, T)]]”z. (17) 

The factor C can be obtained by applying the boundary conditions on the longitudinal part 
of the wavefunction Y and its derivative [ l / k , , b ( P ,  T)]aY/az [22-24] at the interfaces 
IzI = L(P)/2. The lowest electronic energy E@, T) in the Qw can be obtained to satisfy 
the transcendental equation [9,18] 

t a n [ t ~ ( ~ ) / ~ ] =  ([m,(P, T)/mb(P, T)I[WO(P,  T ) / E ~ ( P ,  T) - 11)”~. (18) 

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

Eb(P, T) EO(p, T) - &min(p, T) (1% 

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

&d,(P, T) = min(YlW(P, T)IY). (20) 

3. Results and discussion 

Figure 1 shows a comparison of the predicted pressure-dependent lowest energies Eo(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 SO = 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 mX(P,  T )  = (0.85-0.14)~ [ZO] has led to lower values of the predicted lowest energies 
Eo(P. T ) ,  even with large values of So. From this finding it is clear that the X band effective 
mass should not be very heavy relative to the r band effective mass which is the same 
finding as obtained by Mendez et ul [25], who reported tunnelling through indirect-gap 
semiconductor barriers under hydrostatic pressure. 

Figure 2 exhibits the pressuredependent binding energies &(P, T) at a low temperature 
of 4 K of confined donors to a single GaAs-Alo.,Gao..~As Qw of thickness L(0) = 200 A. . 
The solid curve takes into account the band crossing with So = 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 PI between the xb and the r b  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 increasing 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. 



Effect of the r-X crossover 

a -  - 
w" 

3 -  

nL--- - - 
0 3 1u 1~5 20 

P (kbar) 

L(0)=200 A 
x=0.3 
T=4 K 

30 

10029 

, 
Figure 1. The pressure-dependent lowest energy Eo(P.  T )  for band crossing (7) neglecting 
band crossing (---) and the experimental results [I71 (0 )  for a 200 A single G& 
Alo.3Ga,,,As QW at a low temperature of 4 K. 
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Figure 2. The predicted donors binding energies Eh(P,  T )  for both band crossing (7) and 
neglecting bond crossing (- - -) versus the high hydrostatic pressure P for a 200 A single 
GaAs-Alo.sGao..~Aa QW zx 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 9 between 
the X, band and the rw band and then starts to decrease. This decrease in fact is related to 
the continuous decrease in the bmier height that confines the electrons to the QW, which 
becomes shallower as the &-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 increa.$ng 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 rcccnt work by Dutisseuil et a1 1261 who have 
found a decrease in the current with increasing pressure in GaAs/Al,Gal_,As superlattice 
oscillators. 

4. Conclusion 

The donor binding energies in single QWs at low temperatures are pressure dependent. 
The r-X crossing changes the binding energy of donor dramatically, especially when the 
hydrostatic pressure reaches the rW-Xb crossover point 4. 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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