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Infinite Potential Barrier and Hydrostatic Pressure Effects on Impurity-Related
Optical Absorption Spectra in GaAs Double Quantum Wells

N. Raigoza, A. L. Morales, and C. A. Duque
Instituto de Fsica, Universidad de Antioquia, AA 1226, MedellIColombia

Received on 4 April, 2005

Using the effective-mass approximation and the variational method, we have calculated the effects of hy-
drostatic pressure on the donor- and acceptor-related optical absorption spectra in symmetrical GaAs double
guantum well structures. A central finite potential barrier and two infinite external barriers constitute the profile
of the potential barrier considered for the wells. Our results are presented as a function of the well and barrier
widths and hydrostatic pressure. For the pressure dependence we condideXineixing in the central barrier
layer. For symmetrical and infinite-external-barrier quantum wells, and depending on the sizes of the structure
and the hydrostatic pressure, the donor-related spectra show three special structures, whereas for the acceptor
one only two structures appear.
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I. INTRODUCTION absorption spectra is calculated for transitions from the fir:
valence subband to the donor-impurity band and from th

In the last years, the study of hydrostatic pressure on th@cceptor-impurity band to the first conduction subband, cor
optical properties of quantum confined structures have beefidering that the impurities are evenly distributed in the regio
widely investigated [1-7]. Even since the advent of layered®f the central barrier and the two QWs. The paper is organize
semiconductor structures, one of the main research interes® follows: in section 2 we present our theoretical model, i
has been the study of the optical properties of semiconduc€ction 3 our results and discussion, and finally in section
tor quantum wells (QW). Not only have the optical proper-the conclusions are presented.
ties turned out to be of significant use for technological ap-
plications, but they also provide important information about
the fundamental behavior of electronic properties in an envi-
ronment of reduced dimensionality. The study of hydrostatic
pressure influence on optical properties of low-dimensional In the effective-mass approximation, the Hamiltonian fo
systems is important from both fundamental and theoretica hydrogenic shallow impurity in a GaAs-g8Alg3As DQW
points of view. It is well known that hydrostatic pressure under the effect of hydrostatic pressur, @t low temperature
can be used to modify the band structure of semiconductorT) is given by
In some cases, the absolute conduction band minimum may
shift from one symmetry point to another. For example, at R < 1

hydrostatic pressures above 40 kbar, GaAs becomes an indi- H= T2 MepePT) D) +Ve(zP)
2

rect band-gap semiconductor [3]. The use of low-temperature
photoluminescence measurements made it possible to study _
the electronic and optical properties of microstructure semi- epPT)r’
conductor under high hydrostatic pressure. Some authors ob-
served the Raman spectra and optical phonon energies in bulkherer is the carrier-impurity distance. Subscriptsandb
GaAlAs material under pressure [4]. Bauer and Ando [1]stand for the well and barrier layer materials, respectivel
have reported the pressure, magnetic field, and electric fielfll,cpc are the well and barrier materials conduction effective
effects on the excitonic systems in GaAs quantum wells. Thenasses, ane,, are the corresponding static dielectric con:
effects of thel' — X crossover pressure at low-temperaturesstants [5, 8-10]. In the well region we have used for the dono
on the donor binding energies in QW heterostructures havelectron effective mass and the static dielectric constant, r
been studied by Elabsy [5]. The combined effect of hydrostaspectively,
tic pressure and applied electric field on the binding energy
and density of shallow impurity states (DOIS) in symmetrical m,(P,T)
and asymmetrical GaAs-GaAlxAs double qguantum wells SO
(DQW) have also been calculated [6, 7].

In the present work we make theoretical developmentq
about the effects of hydrostatic pressure on the bind-
ing energy and the optical-absorption spectra associated e, (PT) = g0 (T-To) g %P (3)
with shallow-impurities (donor and acceptor) in symmetri-
cal GaAs-GarAlg3As DQW, by using the effective mass where my is the free electron massE) = E[(P.T) is
approximation and the variational method. The optical-the pressure and temperature dependent GaAs band g

II. THEORETICAL FRAMEWORK
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EfL=7.51eV,Ap=0.341€V,g0=12.74,8; =9.4x10°K~1,  square of the matrix element of the electron-photon intera
8, =1.67x10 3kbar !, and To=75.6 K. For the barrier pa- tion between the wave functions of the initial (valence) an
rametersify,. ande;) we have used a linear interpolation be- final (impurity) states, i.e.
tween the GaAs and AlAs materials.

In Eq. (1)Vc(z P) is the potential that confines the donor W= 2n 3 I Hingli)[? 8(Ef — Ei — h w) (11)
electron in the well regions, which is given by h

co if |2 > Lc, with Hio ~ € - P , where € is the polarization vector in
Ve(z,P) =< Wo(P) if |7 <Lp/2, (4)  the direction of the electrlc field of the radiation apdis the
0 if Lp/2<]7 <L, momentum operator.

For a homogenous distribution of impurities, and assumin
wherelL. = Ly /24 Ly, with Ly andL,, being the hydrostatic- that the structure dimensions are much larger than the latti
pressure dependent widths of the central barrier and of a sipacing, the total transition probability\{) is obtained by
gle QW, respectively, obtained from the fractional change insumming the contributions that come from all impurity posi-
the volume of the structure [11¥5(P) is the pressure depen- tions [12]. The case of transitions from an acceptor-impurit
dent barrier height. In order to include the pressure dependebtind to the first conduction subband is obtained by performir
I — X mixing, we have followed the phenomenological modelthe changes, p. < M, p, andVe(z P) < W(z P). For de-
suggested by Elabsy [5]. tails of the calculations see for example the references [11, 1

The trial wave function for the ground state is chosen asand for the valence band used parameters, see Ref. [13].
(6. 7]

W(r)=N f(2) g(r), (5) IIl. RESULTS AND DISCUSSION

whereN is a normalization constarg(r) = exp(—Ar) is the
hydrogenic part, wherg is a variational parameter, arfdz)

is the eigenfunction of the Hamiltonian in Eq. (1) (without the
impurity potential term), which is given by

The hydrostatic pressure dependence of the DQW paran
ters is characterized by: (i) the electron (hole) conduction (v
lence) mass in the well and in the barrier increases linear
with pressure, (ii) the dielectric constant in the well and bat

0 if |2 > Le, rier decreases linearly with pressure, (iii) the volume chang

cosh(Bz) if |2 < Lp/2, in the zinc-blend structure under hydrostatic pressure make:
f@=1 A[sininz (6) linear reduction of the DQW widths, and finally (iv) the bar-

—tan(nLc) cognz)] if Lp/2< |7 < Le, rier height does not change in the rariye 13.5 kbar and for

higher pressure values it decreases up to zelP=83.5 kbar.
where the constani is obtained from the continuity of the All these effects contribute simultaneously, and in a compet
wave function. The corresponding eigenvalues associatetive way, in the optical absorption processes that next we wi
with f(z), Eoc(P), may be obtained as the first root of the discuss.
transcendental equation

N1 5 —T T T T T T
M,cBsin(nLw) sin(BLy/2) I o B | : ®)]
—myencognly)cosBly/2) =0, (7) < 30} Y =] s
() ; ~ 3t 4
where the constanfsandn are defined by »E; P=0 \ 3 5
W20t j ----10kbary 1 3 i 7 i
AR 30 kbar | |
(2MGc/ 1?) Eqc ®) L,=50AL,=0 B
10 PR S S S R S S S O " N "
-0.5 0.0 05 0 20 40 60 80 100
and L
z Ik, (E oon - EQ) (MeV)
B= \/(ngc/hz)(vo —Eqc) - (9)  FIG. 1. Acceptor-impurity in a symmetrical GaAs-68l g 3As

DQW with Ly =50 A, Ly, =0, forP=0 (solid lines), 10 kbar (dashed
The hydrostatic pressure dependence of the donor blndlnI eS) and 30 kbar (dotted lines). (a) binding energy as a function

energy is calculated as e growth-direction impurity position. (b) optical-absorption spec
tra fr_om the acc_eptor-impurity band to conduction ground state ¢
Ep(P) = Eoc(P) — Emin(P) (10) function of the difference between the photon and gap energies.

whereEnmin(P) is the eigenvalue of the Hamiltonian in Eq. (1),  Figure 1 shows the acceptor impurity band [Fig. 1(a)] for &
minimized with respect to the variational parameter. DQW of dimensiond., = 50A and Ly =0, corresponding to
The transition probability per unit time for valence-to- aL= 100A single QW as a proof that the DQW reproduces
donor transitions (associated with a single impurity locatedhe results for single QW [12]. The three curves in order o
atz= z) is proportional -in the dipole approximation- to the increasing binding energy correspondrc=0, 10 kbar, and
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30 kbar. It is important to point out that the 30 kbar valuestructure and the central barrier is more effective in isolatin
is beyond thd™ — X transition, which starts at 13.5 kbar, so the wells.
the barrier height is smaller close to 40 meV and the bind- From the curves in Fig. 2(a) one observes that the co
ing energy is larger as discussed in references [6, 7]. Thisesponding DOIS will have two structures for the accepto
is in agreement with the energy-pressure relation reported inase, corresponding to the energies (14 meVHer0) at
[6, 7]. Fig. 1(b) shows the optical absorption spectra related; /L = +0.5 (triple degenerate) and at the center of the well.
to transitions from the acceptor-impurity band to the conduc{35 meV forP=0, double degenerate). These two structure
tion ground state. The energy displacement for the differenare clearly showed in Fig. 3(a) that corresponds to the DOI
pressure curves is larger in the absorption curve than in thier P =30 kbar. In figure 3(b) (which corresponds to the
binding energy curve due changes in the ground-state energgcceptor-impurity band to conduction ground state absor
(both for valence and conduction stakgs andEg,) as a func-  tion) the two well defined structures are depicted as a should
tion of pressure. The sharper peak in the absorption curve®r 35 meV atP=0, close to 1560 meV, and as a large pea
is due to the peak in the density of impurity states (DOIS)close to 1580 meV. The same assignment is valid for the :
atz /L. = 0.5, which in this case is degenerate, while thekbar pressure values, the only difference being the presst
shoulder structure is due to DOISztL: = 0. Itis noticeable  related blue shift associated with the pressure dependence
an increasing red shift of the absorption spectra as the prethe GaAs band gap. Notice the line shape resemblance w
sure increases essentially due to the pressure effects on ttiee results of Fig. 1. The DOIS for the donor case [7] will
conduction ground state. have three structures, two peaks coming from the barrier ce
ter minimum, well center maximum; and a constant regio

40— BT coming from the lowest energies. The first two peaks ar
/‘ .:';‘l'._(a)- L,=75AL,= 30 A: clearly seen in Fig. 3(c) for the optical absorption spectr
30 - o (D) from the valence ground state to the donor-impurity band. Tt
< IS 3 N third structure contributes to a high energy tail in the absory
g 20 g 10F 27 2s . tion spectra. The absorption process produces an overall bl
ur o shift, which overrules the pressure-related red shift discuss
. above, as pressure increases.
10r 1 \ 03
. N .30 kbar T T "§ ¥ @
-0.5 0.0 05 -05 0.0 05 o 02r P=30kbar; i 1
z /L z /L, 8 o1l -
FIG. 2. Binding energy as function of the growth-direction impurity 0.0 L ' L
position in a symmetrical GaAs-GaAl g 3As DQW with Ly = 75A, 1560 1600 1880 1920
Ly =30A, for P=0 (solid lines), 10 kbar (dashed lines) and 30 kbar 50 T -
(dotted lines). (a) acceptor-impurity, (b) donor-impurity. N (b)
o
-
Figure 2 shows the acceptor impurity band [Fig. 2(a)] and 3 25t .
the donor impurity band [Fig. 2(b)] in a §ymmetrical GoaAs— ‘;’4
Gay.7Alp.3As DQW of dimensiond., =75 A andLy,=30A.
The three curves in each plot belongRo=0, 10 kbar, and 0.0 Lk ) i .
30 kbar. The acceptor impurity band shape, for the differ- 1560 1600 1880 1920
ent showed pressures values, is quite analogous, presenting 4 . : :
an energy increment as pressure increases. However, for the (©
donor impurity band the shape Bt=30 kbar is quit differ- 9 3 —P=0 |
ent from the other two, resembling that of a single QW. This = L [\ P =30 kbar i
is due to the indirect band gap regime discussed above where i
the central barrier is much lower in such a way, its effect on = 1t b
the two wells coupling is reduced, and the impurity electron 0 ) L
cloud prefers to be close = 0. As a consequence the bind- 1580 1585 1880 1885

ing energy is larger. The infinite barrier boundary conditions B roion (MEV)

may contribute as well to this the effect, as can be seen fromg 3 optical-absorption spectra and DOIS as a function of th

fig. 5in reference [7]. There, the curve looks like the otherphoton energy in_a symmetrical GaAsd3&losAs DQW with

two curves. Notice that for the other two pressure values théw=75A, L, =30A, for P=0 (solid lines) and 30 kbar (dotted

electron cloud is expelled from the central region of the struclines). Figure 3(a) shows the DOIS corresponding to the shallov

ture due to the presence of the barrier. This effect is mor@CCePtor impurity band & =30 kbar. Figure 3(b) corresponds to
. e absorption spectra from the acceptor-impurity band to the co

pronounced for the hole case where they are more localizeg{,ction ground state and 3(c) to the absorption spectra from the \

close to the well center. The reason of this behavior is thgence ground state to shallow-donor impurity band.

smaller effective Bohr radius so they are less confined by the
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IV. CONCLUSIONS pressure dependence of the GaAs band gap. We expect t
our work stimulate an experimental one on the pressure ¢
By using the effective-mass approximation and the variafects on the optical absorption spectra in GaAs-GAlAs

tional method, we have calculated the effects of hydrostati®QWSs due to the fact that these structures could operate
pressure on the donor- and acceptor-related optical absorpti¢he Visible range and can be used for switching the output
spectra in symmetrical GaAs-GaAlg3As DQW structures.  the electronic devices.
We have found that, depending of the sizes of the structure and
the hydrostatic pressure, the donor-related absorption spectra
will show two sharp structures, whereas for the acceptor case
only one sharp peak is present while the other structure is vergcknowledgments
broad looking like a shoulder. This is due to sharper peaks in
the DOIS for the donor case. These structures will appear in
the absorption spectra in the case of a uniform distribution of We are grateful to the Universidad de Antioquia (CODI) for
impurities. Additionally, a red-shift in the optical transitions the financial support. This work was partially financed by th
is observed with the increasing of the binding energy with theColombian Scientific Agencies (Colciencias) under the grar
pressure, whereas a blue-shift is observed associated with ti¢15-05-11502.
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