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The effects of the compressive stress on the binding energy and the density of shallow-donor impurity states
in symmetrical GaAs/AlGa, _,As double quantum wells are calculated using a variational procedure within
the effective-mass approximation. Results are for different well and barrier widths, shallow-donor impurity
position, and compressive stress along the growth direction of the structure. We have found that independently
of the well and barrier widths, for stress values up to 13.5 kimathe direct-gap regimethe binding energy
increases linearly with the stress. For stress values greater than 13.Jirdiesct gap regimeand for
impurities at the center of the wells, the binding energy increases up to a maximum and then decreases. For all
impurity positions the binding energy shows a nonlinear behavior in the indirect gap regime dudtdXthe
crossing effect. The density of impurity states is calculated for a homogeneous distribution of donor impurities
within the barriers and the wells of the low-dimensional heterostructures. We have found that there are three
special structures in the density of impurity states: one associated with on-center-barrier-, the second one
associated with on-center-well-, and the third one corresponding to on-external-edge-well-impurity positions.
The three structures in the density of impurity states must be observed in valence—to—donor-related absorption
and conduction—to—donor-related photoluminescence spectra, and consequently these peaks can be tuned at
specific energies and convert the system in a stress detector.
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[. INTRODUCTION exciton and shallow-donor states in symmetric-coupled
GaAs-Ga_,Al,As multiple quantum wells, the fractional-
The development of molecular-beam epitaxy and metaldimensional-space approach have been extended by Reyes-
organic chemical-vapor deposition as a means of growingsomezet al!? In this scheme, the real anisotropic “exciton
high-quality semiconductor heterostructures has led to théor shallow donor plus multiple-quantum-well” semicon-
development of multilayered heterojunctions with atomicallyductor system was mapped, for each exciimndono) state,
abrupt interfaces and precisely controlled compositional anthto an effective fractional-dimensional isotropic environ-
doping profiles over distances as short as a few angstroms. fiient.
the layer thicknesses are sufficiently small, coupling between The problem of strain influence on optical properties of
adjacent wells becomes important and causes superlattiego-dimensional systems is very important from both funda-
formation. These superlattice structures have attracted comental and technical points of view. Previous theoretical and
siderable attention, both experimentally and theoretically, agxperimental investigations on the effect mostly considered
they exhibit numerous interesting physical phenomena andirect optical transitions between valence- and conduction-
have many device applicatiohs: The latter include infrared band states. Kolokoloet al'® have found that the absorp-
detectors, resonant tunneling diodes, and ballistic transistorsion of light with polarization parallel to the heterointerface
In isolated- and multiple-quantum-well systems consistin uniaxially stressedp-type GaAs/Ga_,Al,As heteroe-
ing of alternate layers of GaAs and GgAl,As, some au- structures may be sensitive to the direction of light polariza-
thors have calculated the impurity binding energy with infi- tion. By photoluminescence studies on a GaAs-GAl,As
nite or finite potential barrier height in the GaAl,As  superlattice under hydrostatic pressure, Venkateswaran
regions as functions of the GaAs well and;GgAl As bar- €t al** have reported the first observation of a transition in-
rier thickness and the position of the impurity which is lo- volving a quantized energy level in the indire€tonduction
cated in the GaAs wefl-” For the isolated-quantum-well band,EZ,, and obtained its pressure coefficient. Using the
case, as a general feature, the authors present theoretical edfective-mass approximation, Gélt al!® have showed the
sults for the optical-absorption and -photoluminescencémportance of an accurate theoretical treatment of the Cou-
spectra associated with a homogeneous distribution of dondemb interaction, including intersubband mixings of valence
and acceptor impurities along the quantum well structuresywave functions, to describe subband-to-subband transition
finding an edge associated with the maximum value of theenergies and oscillator strengths in asymmetrical GaAs-
impurity binding energy and one or twaepending on the (Ga,Al)As double quantum wellDQW'’s) under an uniaxial
external applied fieldsvan Hove-like singularities. Later stress. Inter-Landau-level transitions have been reported by
on, with the purpose of achieving high electron mobility par-Smith et al! in resonant tunneling between transvebse
allel to the GaAs well layer$ the modulated doping inside states in GaAs/AlAs double-barrier structures under hydro-
the Ga_,Al,As has been consideréd™ In order to study static pressure. In this work they observed clear periodic
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structures in the second derivative current-voltage character- [l. THEORETICAL FRAMEWORK

istic of the resonance attrlbu_teq to the procesxefl) . In the effective-mass approximation, the Hamiltonian for

—X(1)+TOnas, WhereX,(1) indicates the lowest quasi- hydrogenic shallow-donor impurity in symmetrical

confined subband associated with the transv¥ragnima in GaAs-Ga_,Al,As DQW under the effects of the tempera-
—X X

AlAs and TQus is @ zone-center transverse optical phonony, e (1) and of a compressive stresR)(in the z direction is
Theoretical works related to the effects of hydrostaticyiyen py

pressure and compressive stress on shallow-donor impurity

states in GaA$Ga,A)As quantum wells have been reported 52 g2

in the last ten year$ '8 These authors have considered the H=— o (PT v2- CAI; +V(z,P,T), (1)
I'-X crossover and, as general feature, they have found a Ma,p(P.T) Ew,bl s

linear dependence on the binding energy in the direct-gahere r =[x2+y2+ (z—2)2]¥2 is the carrier-impurity dis-
regime under the applied pressure, while in the indirect-gagance and subscripts and b stand for the quantum well
regime (applied pressure larger than 13.5 Kb#ite energy  (wL) and the barrier layefBL) materials, respectively.

grows with the pressure until reaching a maximum and themn* (P T) are the WL and BL material parabolic conduction
it decreases. Additionally, they have shown a redshift in thesffective masses as functions Bfand T (Ref. 22:

shallow-donor-related optical-absorption spectra associated

with the pressure dependence of the semiconductor band 2 1 -1

gap. o o m,(P,T)= “7'5]( E,(P.T) | Eg(P,T)+0.34]” Mo
It is well known that the application of uniaxial stress

perpendicular to the growth axis of a QW provokes cou- @

plings between light- and heavy-hole states. This effect coulavhereEy(P,T) eV is the stress-dependent band gap for the
produce interesting resonant-tunneling processes in multipl&aAs semiconductor at tHe point and at low temperatures,
QW structures. Uniaxial stress and polarization-dependerwhich is expressed &5
measurements in GaAs/GaAl,As quantum wells under
applied electric fields show that two peaks in the energy Eq(P,T)=1.519+10.7x 10" ®P—5.405
range where only a single exciton is expected to occur have 42
strongly mixed heavy- and light-hole charact&t3he pres- X 10T (T +204). ®
sure, magnetic field, and electric field effects on the excitonic . . .

. The barrier effective mass depends on the aluminum con-
systems in GaAs quantum wells have been reported by Bau%[antration K as
and Ando®® They have emphasized the phenomenon of ex-
citon mixing induced by the complicated valence-band struc-
ture. Recently, Barticeviet al?! have reported the exciton

trapping Phenomena at mtgrface defe(_:ts/guantum dots in nar- We stress that for single QW's larger than 50 A, the non-
row QW's under an applied magnetic field. Results were

btained in the effective-m roximation by an ex nparabolic effective-mass effects are lower than %%.
obtaine € efiective-mass approximation by an expa ewp(P,T) are the WL and BL material static dielectric con-
sion of the exciton-envelope wave functions in terms of_..

. .~ stants. AtT=4 K the stress-dependent GaAs static dielectric
products of hole and electron QW states with appropriate.,nstant is given

Gaussian functions for the excitonic states.
The understanding of the optical properties associated £,,(P,4K)=12.83 exp— 1.67x 10 3P) (5)
with shallow-donor impurities in multiple GaA&a,AlAs v ' ' '

guantum well structures is a subject of interest due to its The dielectric constant mismatch effects in single GaAl-

potential application ir_l optoelectronics, sinc_e it is possible tO(Ga,AI)As quantum wells have been reported showing that
modulate the absorption spectra, by applying external prespe main effects are for small well widths and high Al

sures, from states of the valence band or the emission spectgncentratio?® For example, fox=0.3 andL =100 A the
from states of the conduction band, in both cases having agifference is the order of 2% diminishing with increasing
final states those related to randomly distributed donor imys|| size. Strictly speaking, the image potential in QW's can-
purities along the structure. not be neglected in considering electronic and impurity
In the present work using the effective-mass approximastates, especially when the dimensions of the wells are
tion and the variational method, we make theoretical develsmalf” (well sizes of 50 A imply a 9% difference in binding
opments about the effects of an external compressive stressiergy.
on the binding energy and the optical properties associated In our calculations we usge=0.3 and the structures are
with shallow-donor impurities randomly distributed in sym- generally with large sizes. Due to the fact that in the present
metrical GaAs{Ga,A)As DQW structures. The image work we focus our attention on stress effects, charge image
charge effects are not considered. The work is organized a&ffects have not been considered. This means that in the
follows: in Sec. Il we present our theoretical framework, in Hamiltonian in Eq.(1) e,(P,T)=g4(P,T).?
Sec. Il we give our results and discussion, and finally in  V(z,P,T) is the potential which confines the donor elec-
Sec. IV we present our conclusions. tron in the WL regions, given by

mp=m,,+0.08Xmy. 4
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Vo(P,T), for |z]>L, and |z|<L,/2, where Sy, (=1.16<10 *kbar!) and S, (=-37
V(z,P,T)= 0 for Ly/2<|z]<L X 10~ % kbar ') are the elastic constants of GaKs.
' b z ¢ 6) Following Chen and Zhotlf, the trial wave function for
the ground state is chosen as
whereL.=L,/2+L,, with L, andL,, the stress-dependent
width of the central BL and the width of a single WL, re- W (r)=Nf(z)g(r), (8

spectively.Vo(P,T) is the stress-dependent barrier heitfht.
L, andL,, can be obtained by the fractional change in vol-
g;nzge which for the zinc-blende crystal of volurieis given g(r)=exp(—Ar) (9)

whereN is a normalization constant,

is the hydrogenic part, anf(z) is the eigenfunction of the

oV Hamiltonian in Eqg.(1) without the impurity potential term,
v - 3P(Sut2Sy), (D \which is given by
|
+AexdB(z+Ly)], z<—Lg,
Bsi Lp c Lp . Ly
—bsin 7y Z+? +Ccos 7@ Z+? , - C<Z<—?,
L L
f(z)={ +coshBz), - 7b<z<7b, . (10
+Bsi o)l o) |
sin # Z—? cos ¢ Z—? , ?<Z cs
+Aexd —B(z—Ly)], z=+1L,
The coefficientdA, B, andC are obtained from the matching ll. RESULTS AND DISCUSSION

conditions of the eigenfunctiof(z) at the interfaces.
The corresponding eigenvalue associated wiilz),
Eq(P), may be obtained as the first root of the transcenden

In Fig. 1 we can observe the symmetry of the probability
density with the impurity located at the center of the barrier
(solid lines, as well as its asymmetry when the impurity is

tal equation located at the center of the right well of the symmetrical
1 1 GaAs{Ga,A)As DQW for two values of the applied stress,
2cog 7L, + ,u__) sin(gLy) — | w+ —|sin(5L,,) 10 kbar [Fig. 1(a@)] and 30 kbar[Fig. 1(b)]. An absolute

K I maximum in the probability density at the center barrier im-

_ _ purity position,P=30 kbar, is observed, in contrast for the

X exp—ply) =0, ) case forP= 10 kbar where the maximum occur at the wells.
where = m 8/m} 7 and  and g8 are, respectively, This difference is due to the increasing stress which in the
limit of 37 kbar makes the barrier equal to zero and the
2m(P) 12 probability density becomes the same as a hydrogenic atom

ﬂ:{—hz—Eo(P) (120 [see the inset in Fig.(ih)]. The dashed lines show the prob-

ability density for impurities at the center of the right well
and where, independently of the applied stress, the absolute
maximum is located at the impurity position, according to
2m} (P) 12 the 37 kbar limit. Due to the larger coupling of the wells for
[3=(T[V0(P)— Eo(P)]] : (13)  theP=30 kbar case, the probability density to the left well is
larger than the one in Fig(4d—e.g., forL,=50 A—and for
The compressive stress dependence of the donor bindirfl::g; 30, and 35 kbar applied stresses the percentage of prob-
energy is calculated from the definition ability density in the barrier and the left well is 30%, 37%,
and 43%, respectively.
Ep(P)=Eq(P)—Emn(P), (14) Figure 2 shows the binding energy of a donor impurity as
a function of the growth direction impurity position in two
whereE,i,(P) is the eigenvalue with the impurity potential symmetrical GaA$Ga,A))As DQW'’s and different values of
term, minimized with respect to the variational paramater the applied compressive stress. In all curves it is observed
In the next section, our results for a symmetricalhow the binding energy increases as the impurity position
GaAs-Gg /Alg ;As DQW are presented dt=4 K. goes from the center of the barrier to reach a maximum when
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z/L, FIG. 3. (a) Binding energy of a donor impurity as a function of
the width of the wells in symmetrical GaA&a,A)As DQW'’s with
FIG. 1. z-direction probability density of a donor impurity in Lp,=200A for P=10 kbar (solid lines and P=30 kbar (dashed
symmetrical GaA{Ga,A)As DQW’s with L,=50A and L, lines). Numbers 1, 2, 3, and 4 are for the impurity located at the
=20A, for P=10kbar () and P=30 kbar (b). The solid and barrier center, at the barrier edge, at the well center, and at the well
dashed lines are for barrier-center and right well-center impurityedge, respectivelyb) The binding energy for well center impurities
positions(solid circle3. The inset in(b) shows the stress depen- [curves 3 in(a)] showing a slow change, at low values of well
dence of the barrier height. width, due to the coupling of the wells. The lower curves for the
expectation value ofz—z| show the origin of the binding energy
behavior(see text for discussion

L, A

the impurity is in the well region and then diminishes when
the impurity is close to the well edge. For an impurity lo- ) o . i .
cated at the center of the barrier the binding energy increas&£0Ssings (this is not shown in the figuyeFor stress in the
with the decrease of the barrier width for a given value of thdndirect-gap regime the same behavior continues for impuri-
stress. However, as observed, at the well region there is ties close to the center of the barr_le_r. However, for |mp_ur|t|es
crossing between the corresponding solid and dashed curvéd0Se to the center of the well it is observed that, in the
at constant applied stress, because the binding energy ifdirect-gap regime, the binding energy grows with the

creases faster with increasing barrier width, which is equivaStress, until reaching a maximum value, and then it falls
lent to a higher confinement. down(see Fig. 5. This behavior is associated with the cross-

It is important to note that for an applied stress in theindS Of solid curves marked with 2 and 3 at the impurity
direct-gap regime smaller than 13.5 kbar, the binding energoSitions given by 0.6 Lc and 0.9 Lc. Whenever these cross-
curves always move to higher energy with the increment of9S are present, the curves of binding energy as a function

the stress, independent of the impurity positithiere are no  Of applied stress, for that value of the impurity position
(where the crossing is givénpresent a maximum. These

———— crossings are interesting since two structures of different di-
1: 10 kbar N mensions can be tuned to the same energy using two differ-
[ 2: 27 kbar R ent values of the impurity positiofsolid curve 1 and dashed
curve 1, or one structure with two different impurity posi-

13

E 10 ' tions can be tuned with two different stres$sslid curves 2
= and 3.
w7 The role of the quantum confinement is displayed in Fig.
4 ] 3(a), where the binding energy for different impurity posi-
4 3 ] tions as a function of the well widtfthe widths of the wells
0.0 0.5 1.0 increase simultaneouslyin symmetrical GaA$Ga,AlAs
z/L DQW's is shown. As a general feature, we observe that the

binding energy increases for small well sizes, until reaching

FIG. 2. Binding energy of a donor impurity as a function of the @ maximum value, and then diminishes with increasing well
growth direction impurity position in symmetrical GaAGa,A)As  Width as expected due to the weakness of the geometric con-

DQW's. The sizes of the two considered structureslage 50 A, finement. At the maximum binding energy the distance be-

L,=100 A (solid lines andL,,=50 A, L,=200 A (dashed lines  tween the impurity and electron cloud reaches its minimum

Different values of the applied compressive stress are consideredvalue. The important feature in this figure is that curve 3
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T T impurities, the wells coupling become evident fog less
than 200 A.

The characteristic behavior of curves 2, 3, and 4 can be
analyzed in the following way.

For curves 4: initially,L,=0, the wave function is al-
lowed to extend in the well region for 200 A. As the barrier
growths this region begins to be restricted to 100 A, but for
. . ; relatively small barriers the region extends a little toward the
0 100 200 300 400 left well: for that reason the binding energy increases until

the barrier becomes sufficiently large as to impede the wave
L, (A) functi . g
unction penetration toward the second well, and as a conse

FIG. 4. Binding energy of a donor impurity as a function of the dUeNce alconstant-energy_—limit situation is regched_. A §imilar
barrier width in symmetrical GaA&Ga,A)As DQW's with L, behawor is found for position ®n-center well |mpu_r|t)/. in
=100 A for P=10 kbar(solid line) and P=30 kbar(dashed ling  this case the wave function can extend to 50 A in the well
Numbers 1, 2, 3, and 4 are the same as those in Fig. 3. region to the right and 150 A toward the left, as the barrier

width increases the allowed left region begins to be restricted

o ) to 50 A since the barrier begins to uncouple the left well. For
shows a flatter binding energy behavior as compare t0 thg,, rities at the border of the barriurves 2 the behavior
other ones. This can be understood by noting that in posiy yery different. Initially the wave function is totally sym-
tions 1, 2, and 4 the electron cloud has more space to digpetrical with respect to the impurity position, and since the
tribute itself(see Fig. 1 for the impurity position at the well \ye|| is of 200 A, the effect of the external barriers is very
and barrier centemwhile for position 3, with a large barrier |gw: as a consequence the binding energy is very high. When
width of 200 A, the electron cloud is confined to just onethe barrier appears it breaks the wave function spatial sym-
well space and has less freedom to move, so the distance tetry, increasing the carrier-impurity distance expectation
the impurity remains almost constant. It is interesting to revalue and therefore the binding energy decreases as a result
mark that in the zero-well-width limit—that is, for bulk of the decreasing Coulomb interaction. However, fqy
Ga, /Al As—the binding energy does recover the value of 1<100 A the effect of the well to the left is manifested in an
effective rydberg for the two values of the strésse the two  allowed region of the order of 100 A to the left of the impu-
solid circles at the left axjs For large values of the well rity and another of 100 A to the right. Whén, increases, the
width, it is relevant to note that the binding energy for im- well to the left is uncoupled and the wave function will be
purities located at the well center goes to the exact limit of aconfined in a region of 100 A that corresponds to the well at
hydrogenic atom in GaAs for the two values of the stresghe right. This manifests itself in a binding energy increase
(see the two solid circles at the right axis for 1 effective because the carrier-impurity distance expectation value is re-
rydberg corresponding to 10 and 30 kbdn Fig. 3b), itis  stricted to approximately 100 A—i.e., an increment in Cou-
worth noting the change in the form of the binding energylomb interaction. The binding energy grows toward the limit
for curves 3, due to the large confinement of the electrorin which the left well disappears, and due to this fact, it will
cloud at small values off,,. For the case of large applied join with the corresponding value for the impurity located at
stress, dashed curve 3, the decrease in barrier width product®e external side of the wefivhich corresponds the merging
a smaller confinement. The variation of tfe-z;| expecta- of curves 2 and ¥
tion value confirms the above discussion. In spite of the fact The compressive stress dependence of the binding energy
that we neglected image charge effects we should notice th&dr different impurity positions in symmetrical GaAs-
there will be important changes in Fig. 3 for well widths (Ga,Al)As DQW's for two different values of the well and
lower than 50 A when these effects are included. barrier widths is presented in Fig. 5. As observed, for stress

The effects of the central barrier width on the binding values up to 13.5 kbdwertical solid ling the binding energy
energy for different impurity positions and two values of theincreases linearly with the stress. This is due to the increment
applied compressive stress are shown in Fig. 4. When thef the barrier and well effective masses as well as to the
barrier width goes to the zero, we reproduce the exact valuedecrement of the dielectric constant with stress. For stress
for the binding energy in a single quantum well of 20G%A. values higher than 13.5 kbar it is well known that teX
It is clear that in this zerd-, limit curves 1 and 2 with solid crossover shows up in GaAs, diminishing the barrier height
lines (dashed linegsshould go to the same binding energy with stress, causing the variation observed in the binding
value. On the other hand, in the limit of large barrier width energy(see the inset in Fig.)£"*®%®|t is important to re-
the results converge to the binding energy values for 100 Anark that for stress values around 37 kbar there is a
decoupled quantum welf8.Additionally, in theL, infinite  semiconductor-metal transition.
limit, for an applied stress smaller than 37 kbar, when the For curves 1, corresponding to an on-center barrier impu-
impurity is located at the center of the barrjsee also Fig. rity, as the stress increases the barrier height diminishes and
1(a)] the binding energy will always go to zero becausethe wave function penetrates into the central barrier and
the expectation value of the electron-impurity distance igherefore a decrease in the carrier-impurity distance expecta-
going to infinity and therefore the Coulomb interaction tion value is found, giving an increment of the binding en-
goes to zero. It is clear that for on-center and on-edge welkkrgy. For small barrier widths, the binding energy shows a

E, (meV)
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FIG. 5. Binding energy of a donor impurity as a function of the 8 5L [ 10kbar | |
applied compressive stress in symmetrical GéBa;A)As DQW's —
with L,=L,=100A (solid line and L,=75A and L,=25A w
(dashed ling Numbers 1, 2, 3, and 4 are the same than those from o 0.0 L ],
Fig. 3. 71652 1655 1658
. . . . . . 1-0 T T T T T T T
softer variation since, for low stress, the charge distribution ©
is more concentrated around the impurity. A similar situation
happens for impurities at the two walls of the well. 30 kbar
For the well dimensions here considered, for on-center 0.5 T
well impurities the variation observed in the binding energy
with stress presents a very similar behavior to the one ob-
served for impurities at the center of isolated single quantum

wells 20

The binding energy of a donor impurity as a function of
the impurity position along the growth direction in sym-
metrical GaAstGa,AlAs) DQW’'s and the corresponding

PHYSICAL REVIEW B 69, 045323 (2004

oo . 1.
1853 1856 1859
sg-Eb (meV)

FIG. 7. Density of impurity states as a function of the difference

density of impurity state$DOIS) is presented in Fig. 6. We between the effective energy gdpnergy of the first state for

observe two structures in the DOIS associated with the minielectrons- energy of the first state for holesnergy of the GaAs

mum of the binding energy at the on-center barrier and to théand gap and the impurityz-position-dependent binding energy in
maximum of the binding energy at the well region. Fromsymmetrical GaAgGa,A)As DQW'’s. The dimensions of the struc-
these results we can infer a direct correspondence betwedure areL,,=100 A andL,=50 A, and different values of the ap-
the impurity position-dependent binding energy and theplied compressive stress have been used.

DOIS. As observed in the binding energy as a function of the

impurity position, for each applied stress, there is a doubl
contribution to the DOIS for energies higher than the valu
corresponding to the binding energy of the impurity located
at the center of the barrier. For example, this fact is associ:
ated with the drastic change of the DOIS close to 7.3 me

11 —

| 10 kbar |

30 kbar -

| 30 kbar |
01 2 00 05 100 1 2
g, (E) (1/a.u.) z/L, g, (E) (1/a.u.)

FIG. 6. Binding energy of a donor impurity as function of the

gor P=10 kbar. Additionally, for the same case it can be

observed the quasiconstant value of the DOIS for binding
energies between 6.2 and 7.3 meV. This is a signature of the
uasilinear behavior of the binding energy of impurities lo-
cated close to the external on-edge of the quantum wells.
This quasiconstant DOIS feature is a consequence of the well
coupling occurring for small values af, .

In Fig. 7 we display the donor DOIS as a function of the
difference between the effective energy dag=energy of
the first state for electrorAsenergy of the first state for
holest energy of the GaAs band ghand the impurity bind-
ing energy for different values of the applied compressive
stress. Notice that for the different values of the applied
stress, the drastic change in the DOIS is localized between
the two structures of infinite weight, different from the re-
sults in Fig. 6 due to the larger value lof . When the stress
approximates to the limit value of 37 kbpsee the inset in
Fig. 1(b)], the DOIS must approximate to only one structure

growth direction impurity position in symmetrical GaA6a,A)As  at energy of 1 effective rydberg for the GaAs. This fact be-
DQW's with and L, =100A andL,=20A and for an applied 9gins to be evident in the approaching of the two sharp struc-
compressive stress of 10 kbdower curve and 30 kbar(upper  tures[Fig. 7(c)] when the stress increases. Otherwise, in

curve. The plots to the right P=30kbar) and the left B  curves for 0 and 10 kbdFigs. 7a and 1b), respectivelya

=10 kbar) correspond to the density of impurity states. separation between the two structures due to the linear be-
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havior of the effective mass and the dielectric constant with  We have found that independently of the well and barrier
the applied stress is observed. The shift to higher energies dfimensions, for stress values up to 13.5 kbar the binding
the DOIS is due basically to the stress dependence of thenergy increases linearly with stress. For stress values larger
GaAs{Ga,Al)As band gap and this must conduce teed-  than 13.5 kbar and for impurities at the center of the wells,
shift of the donor-related absorption spectra with the com+the binding energy increases up to a peak and then decreases.
pressive stres¥. This behavior produces a crossing of the binding energy
curves as a function of the impurity position for equal di-
IV. CONCLUSIONS mensions but stresses of 27 kbar and 30 kbar. For impurities

The effects of the compressive stress on the binding englose to the barrier center and close to the well edges, the

ergy and the shallow-donor DOIS in symmetrical Pinding energy, as a function of the stregsg. 5), shows a
GaAs/ALGa,_,As DQW are calculated using a variational Nonlinear behavior in the indirect-gap regime.
procedure within the effective-mass approximation. Results 1he DOIS(Figs. 6 and Yis a direct consequence of the
are for different well and barrier widths, shallow-donor im- Pinding energy variation with impurity position. The DOIS is
purity position, and Compressive stress a|ong the growth diC&'CU'ated for a homogeneous distribution of donor impuri-
rection of the structure. ties within the barriers and the wells of the symmetrical
For an impurity located at the center of the barrier theGaAs{Ga,Al)As DQW. We have shown that there are three
binding energy increases with the decreasepfor a given  special structures in the DOIS: one associated with on-
value of the applied stres§ig. 2). However, in the well center-barrier-, the second one associated with on-center-
region there is a crossing for different values of the barriewell-, and the third one corresponding to on-external-edge-
width because the binding energy increases faster with inwell-impurity positions. The three structures in the DOIS
creasing barrier width, which is equivalent to a higher con-must be observed in valence—to—donor-related absorption
finement. and conduction—to—donor-related photoluminescence spec-
The impurity confinement due to the decrease in the wellra, and consequently these peaks can be tuned at specific
width [Fig. 3(@] produces an increase in the binding energyenergies and convert the system into a stress detector. Also,
up to a maximum value. A characteristic structure is found inye have observed that the DOIS depends strongly on the
the binding energyFig. 3b)] when the barrier height de- applied stress. Theoretical calculations on shallow-donor-
creases due to the coupling of the wells, as a result of thee|ated absorption and photoluminescence spectra in asym-
wave function penetration into the central barrier. metrical GaAstGa,A)As DQW's under compressive and
The effects of the barrier width on the blndlng energy forextensive stress will be pub“shed elsewhere.
different impurity positions and two values of the applied By considering the heavy- and light-hole valence-band
compressive stress are shown in Fig. 4. When the barrighixing, the present work could be extended to consider the
width goes to the zero, we reproduce the exact values for thgtress effects on the bmdmg energy and Optica| properties

binding energy in a single quantum well with well width of associated with shallow-acceptor impurities and excitonic
200 A0 On the other hand, when the barrier width |anease%omp|exes_ This work is in process and will be pub||shed

the results converge to the values of the binding energy fog|sewhere.
100 A decoupled quantum wells and for different impurity
positions=°

For barrier widths less than 200 A the binding energy ACKNOWLEDGMENTS
behavior is detected by the coupling of the two wells and by
the impurity position. For larger barrier widths the wells are  The authors are grateful to the Universidad de Antioquia
uncoupled, giving a constant-binding-energy behavior, ex{CODI) for financial support. This work was financed in part
cept for the on-center barrier impurity position in which the by Colciencias, the Colombian Scientific Agencies, under
binding energy goes to zero. Grant Nos. 1115-05-11502 and 1106-05-11498.

13. M. Smith, P. C. Klipstein, R. Grey, and G. Hill, Phys. Rev. B (1990; R. B. Santiago, L. E. Oliveira, and J. d’Albuguerque e

57, 1740(1998. Castro,ibid. 46, 4041(1992.
°N. Dai, D. Huang, X. Q. Liu, Y. M. Mu, W. Lu, and S. C. Shen, A, Latge N. Porras-Montenegro, M. de Dios-Leyva, and L. E.
Phys. Rev. B57, 6566(1998. Oliveira, J. Appl. Phys81, 6234(1997).
3K. I. Kolokolov, A. M. Savin, S. D. Beneslavski, N. Ya. Minina, ®R. Dingle, H. Stormer, A. C. Gossard, and W. Wiegmann, Appl.
and O. P. Hansen, High Press. R&8. 69 (2000. Phys. Lett.23, 665(1978.
4G. Bastard, Phys. Rev. B4, 4714(1981. 9S. Chaudhuri, Phys. Rev. B8, 4480(1983.
5C. Mailhiot, Y. C. Chang, and T. C. McGill, Phys. Rev. 8,  1°H. Chen and S. Zhou, Phys. Rev.38, 9581(1987.
4449(1982. 1IN. Nguyen, R. Ranganathan, B. D. McCombe, and M. L. Rustgi,
L. E. Oliveira and R. Pez-Alvarez, Phys. Rev. B0, 10 460 Phys. Rev. B44, 3344(1991); 45, 11 166(1992.

(1989; L. E. Oliveira and J. Lpez-Gondar,ibid. 41, 3719 12g Reyes-Gmez, A. Matos-Abiague, C. A. Perdomo-Leiva,

045323-7



N. RAIGOZA et al. PHYSICAL REVIEW B 69, 045323 (2004

M. de Dios-Leyva, and L. E. Oliveira, Phys. Rev.&8, 13 104 225, Adachi, J. Appl. Phys$8, R1(1985.

(2000. 23A. M. Elabsy, J. Phys.: Condens. Matt&r10 025(1994).
13K. 1. Kolokolov, S. D. Beneslavski, N. Ya. Minina, and A. M. 24S. Chaudhuri and K. K. Bajaj, Phys. Rev.28, 1803(1984; K.
Savin, Phys. Rev. B3, 195308(2002). Jayakumar, S. Balasubramanian, and M. Tonilaikl. 33, 4002

14U. Venkateswaran, M. Chandrasekhar, H. R. Chandrasekhar, T. (1986; W. Chen and T. G. Anderssoihid. 44, 9068(1991).
Wolfram, R. Fischer, W. T. Masselink, and H. Morkdehys.  25G A Samara, Phys. Rev. B7, 3494(1983.

Rev. B31, 4106(1985. _ _ 26A. M. Elabsy, Phys. Rev. BI6, 2621(1992; Z. Y. Deng, T. R.
'°B. Gil, P. Lefebvre, P. Bonnel, H. Mathieu, C. Deparis, J. Mass- | 4 and J. K. Guoibid. 50, 5732(1994).

ies, G. Neu, and Y. Chen, Phys. Rev4B, 1954(1993. 277.Y. Deng, T. R. Lai, J. K. Guo, and S. W. Gu, J. Appl. PHFA,
'°See A. M. Elabsy, J. Phys.: Condens. Mater10 025(1994, 7389(1994)

and references therein. 28 '

C. A. Duque, A. L. Morales, A. Montes, and N. Porras-
Montenegro, Phys. Rev. B5, 10721 (1997; A. Latgg N.
Porras-Montenegro, M. de Dios-Leyva, and L. E. Oliveibid.
53, 10 160(1996; A. Bruno-Alfonso, M. de Dios-Leyva, and L.
E. Oliveira,ibid. 57, 6573(1998.

17s. Y. Lopez, N. Porras-Montenegro, and C. A. Duque, Phys. Sta-
tus Solidi CO, 648(2003.

8A. L. Morales, A. Montes, S. Y. [pez, N. Raigoza, and C. A.
Duque, Phys. Status Solidi @ 652 (2003.

R, T. Collins, L. Vira, W. 1. Wang, L. L. Chang, L. Esaki, K. v.

Klitzing, and K. Ploog, Phys. Rev. B6, 1531(1987) 2p. Y. Yu and M. Cardonafundamentals of Semiconductors
20G, E. W. Bauer and T. Ando, Phys. Rev.3B, 6015(1988. " (Springer-Verlag, Berlin, 1998
217 Barticevic, M. Pacheco, C. A. Duque, and L. E. Oliveira, Phys.” A- L. Morales, A. Montes, S. Y. [pez, and C. A. Duque, J. Phys.:
Rev. B68, 073312(2003. Condens. Mattei4, 987 (2002.

045323-8



