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Theoretical study of shallow acceptor states under the influence of both a confinement potentia
and a deformation potential

Q. X. Zhao and M. Willander
Physical Electronics and Photonics, Department of Microelectronics and Nanoscience, Chalmers University of Technology

and Göteborg University, S-412 96 Go¨teborg, Sweden
~Received 27 August 1997; revised manuscript received 22 December 1997!

Energy levels of the ground and the excited shallow acceptor states have been calculated for center-doped
strain-free GaAs/AlxGa12xAs quantum wells~QW’s! in the presence of an external pressure and in strained
InxGa12xAs/AlyGa12yAs QW’s. The impurity states are calculated using a four-band effective-mass theory, in
which the valence-band mixing as well as the mismatch of the band parameters and the dielectric constants
between well and barrier materials have been taken into account. The acceptor binding energies and the
internal electronic transitions are calculated. The results show that an applied external pressure in
GaAs/AlxGa12xAs QW’s or built-in strain in InxGa12xAs/AlyGa12yAs QW’s strongly influences the acceptor
states. The oscillator strengths between the acceptor ground states and the different excitedp-like states are
also calculated for the InxGa12xAs/Al0.3Ga0.7As system with three different indium fractionsx. The results
show clearly that a built-in strain strongly influences the transition energies and the relative oscillator strengths.
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I. INTRODUCTION

A comprehensive understanding of the acceptors confi
in lattice matched quantum well~QW! structures during the
last decay, has been achieved through exten
experimental1–10 and theoretical11–17 investigations. Corre-
sponding study of impurities confined in strained system
such as InxGa12xAs and nitride-based structures~both with
great application potential!, is very limited. The purpose o
this theoretical study is to gain a more detailed understand
of the acceptor electronic structures under the influence
both the QW confinement and the deformation potential.

Because of the complexity of such calculations, the nu
ber of reports in the literature that deal with the presence
a deformation potential is very limited. Schmidt18 has ana-
lytically discussed the splitting of acceptor ground states
their shift under the influence of axial stress or noncu
crystal field on the basis of a spherical or cubic valence-b
structure with large spin-orbit splitting in bulk material. R
cently theN acceptors confined in strained CdxZn12xTe QW
structures were reported experimentally.19 To the best of our
knowledge, the only theoretical and experimental work t
takes into consideration the strain dependence of the ac
tors in QW structures was reported by Loehret al.20 How-
ever, the excited states of acceptors have so far, to
knowledge, not been studied.

In this theoretical investigation, we employ a we
established theoretical model to calculate the ground st
and the excited states of acceptors that are subjected t
influence from both a confinement potential and a deform
tion potential. Our calculation is based on the method t
was previously used for calculating acceptor levels in stra
free GaAs/AlxGa12xAs QW structures with and without a
external magnetic field as a perturbation12,13,15–17We dem-
onstrate the influence of compressive and tensional strain
the binding energies of the different acceptor states, the
570163-1829/98/57~20!/13033~6!/$15.00
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ergy splitting of the acceptor ground states, and the transi
energies between the 1S and the 2S states. The paper is
organized in the following way: In Sec. II, we briefl
discuss how the strain effects are included in the theo
In Sec. III, we present the results from strain
InxGa12xAs/AlyGa12yAs QW’s and results from strain-fre
GaAs/AlxGa12xAs QW’s in the presence of an applied e
ternal pressure.

II. BRIEF DESCRIPTION OF THE THEORY

The effective-mass theory applied in this study is bas
on earlier work.12,13 It has been successfully applied
strain-free systems with and without an applied exter
magnetic field as a perturbation.12,13,15–17 To calculate
strained systems, we need to properly include the strain
fects in the acceptor Hamiltonian. In the following we briefl
discuss the strain effects in the theoretical model. Consid
single QW grown in the@001# direction ~which we take as
the quantization axisz!, the acceptor Hamiltonian expresse
in electron energy is given by a 434 matrix operator,12

H52@Hkin1Hc1Hp
qw#. ~1!

HereHkin represents the kinetic energy of the hole,Hp
qw con-

tains the confinement potential due to the valence-band
continuity and the influence of a deformation potential, a
Hc is the potential of the acceptor impurity center and of t
image charges due to the mismatch of the dielectric const
The details ofHkin andHc can be found in Ref. 12.

The modification of the QW potential,Hp
qw must include

the effects of the deformation potential. That is,Hp
qw will

contain a square-well potential,Hhh,lh
qw , for the heavy hole

~hh! and the light hole~lh!, and includes a potential differ
ence (Vp) between the hh and lh band edges in the well~due
to built-in or external strain!;
13 033 © 1998 The American Physical Society
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Hp
qw5Hhh,lh

qw 1Vp . ~2!

Note that unlike previous reports,11–17 here Hhh,lh
qw may

have different values for the hh and lh states when the
formation potential is included. In the case of strain-fr
QW’s ~i.e., the barrier materials and the well material hav
similar stress coefficient! an applied external stress on
changes the energy separation (Vp) between the hh and lh
state andHhh,lh

qw will not change. The splitting between the h
and lh states due to an applied pressure can be describe
Vp(63/2)52Vp(61/2)5D in Eq. ~2!. If D is zero, we
have the exact situation that was reported earlier.12,13,15–17In
our definition, a negativeD means that the stress potent
has a compressive character. In that case, the hh state w
the ground state. On the other hand, whenD is positive we
have a tensional strain situation, and the lh state will be
ground state. Figure 1 shows the case of AlxGa12xAs/GaAs
QW’s under different external strain conditions. If the barr
and well layers have different stress coefficients, the st
dependence ofHhh,lh

qw must also be treated properly. In th
case of lattice mismatched QW systems, it is clear that
built-in strain influences both the hh and lh band offsetHhh,lh

qw

and the energy separationVp in Eq. ~2!.
Once the strain effects are properly included in the acc

tor Hamiltonian, the Hamiltonian given in Eq.~1! acts on
this four-component functionFm,

HFm5EFm. ~3!

The energy levels of the shallow acceptor states and co
sponding wave functions are derived.Fm(r ,q,z)5@Fm,s#
5@Fm,3/2,Fm,1/2,Fm,21/2,Fm,23/2#, and thes component of
an acceptor envelope function of definite angular momen
m can be expanded into a set of basis functions, separab
the coordinatesr andz;

Fm,s~r,u,z!5ei ~m2s!u f m,s~r,z!5ei ~m2s!u(
n

Rn
m,s~r!gn

s~z!.

~4!

The function gn
s is chosen to be thes component of the

four-component envelope functiongn , which describes a
QW subband state atki50. The potential difference betwee
the hh and lh in Eq.~2!, further complicates the compute
program.

III. RESULTS AND DISCUSSIONS

We first examine the strain-free GaAs/AlxGa12xAs sys-
tem in the presence of an external stress. This gives an

FIG. 1. A schematic drawing of valence band potential o
GaAs/AlxGa12xAs QW structure under different sign of the biaxi
deformation potential.
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of how the deformation potential influences the accep
binding energies without changing the band offset poten
~which determines the confinement effect!. In the following
numerical calculations, the Luttinger parameters21 given in
Table I are used. The parameters for the AlxGa12xAs alloy
are obtained by a linear interpolation between the GaAs
the AlAs parameters. An offset ratio between the conduct
and the valence band of 65–35 has been assumed an
valence-band discontinuity for the AlxGa12xAs alloy is ac-
cordingly taken as DEv50.3531.247x eV. Since the
Al0.3Ga0.7As alloy and GaAs has similar stress coefficien
an applied stress will not change the valence-band offse
will only change the energy separation between the hh an
states byVp(63/2)52Vp(61/2)5D @Eq. ~2!#.

The pressure dependence of the lowest-ene
levels for the center-doped acceptors in 100-Å-wi
GaAs/Al0.3Ga0.7As QW is calculated. Figure 2 shows th
even symmetric acceptor states. Solid and dashed curves

FIG. 2. Pressure dependence of the binding energy of the e
parity acceptor states for an on-center impurity in a 100-Å-w
GaAs/Al0.3Ga0.7As QW. Solid and dashed curves are used for sta
of the (3/2,1) and (1/2,1) symmetry, respectively. The bindin
energies are given with respect to the bottom of the first hole s
band. The energy separationuDE(lh-hh)u between the first lh and
the first hh sublevel is also indicated in the figure. The solid line
uDE(lh-hh)u corresponding to that of the ground state is the hh s
and the dashed line foruDE(lh-hh)u corresponding to that of the
ground state is the lh state.

TABLE I. The Luttinger parameters. The parameters of allo
linear interpolation of two binary material parameters, except
the band-gap energy of alloy InxGa12xAs and spin-orbit splitting of
alloy InxGa12xAs. They are given by Eg(InxGa12xAs)
5Eg(GaAs)21.5837x10.475x2 ~eV! and Dso(InxGa12xAs)
5Dso(GaAs)20.09x10.14x2 ~eV!.

GaAs InAs AlAs

g1 6.85 20.40 3.45
g2 2.10 8.30 0.68
g3 2.90 9.10 1.29
« 12.53 15.15 9.80
a ~Å! 5.653 25 6.0583 5.653 25
Dso 0.34 0.38
C12/C11 0.5071 0.5434
av ~eV! 1.16 1.0
b ~eV! 22.0 21.8
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respond to states with (3/2,1) and (1/2,1) symmetry, re-
spectively. The fourfold degenerate acceptor ground stat
bulk, 1S3/2(G8), splits into two twofold degenerate state
1S3/2(G6) and 1S3/2(G7), for acceptors located at the cent
of the QW. The 1S3/2(G6) and 1S3/2(G7) states are related t
the hh ground state of (3/2,1) symmetry and the lh ground
state of (1/2,1) symmetry, respectively. The acceptor en
gies are given with respect to the bottom of the first h
subband, which corresponds to the energy of the lowest
level in an impurity-free QW. Worthy of note is the fact th
~depending on the strength and the sign of the deforma
potential and the QW confinement! the ground state can b
either the hh or lh state. In the case of a 100
GaAs/Al0.3Ga0.7As QW, the crossover between the first h
and the first lh sublevels occurs at a value ofD57.0 meV. It
is also of interest to note that in Fig. 2 the crossover betw
the ground acceptor states, 1S3/2(G6) and 1S3/2(G7), occurs
before the crossover of the first hh and lh subbands. If
assume a very simple proportional relation between the
ceptor ground splitting and the first heavy-light hole subba
splitting, the results in Fig. 2 suggest that the deformat
potential has a stronger influence than the confinement
tential, on the acceptor ground-state splitting relative to
first hh-lh subband splitting. Otherwise, there are two po
bilities: ~1! we would expect the crossover between t
ground acceptor states to occur after the crossover of the
hh and lh subbands or~2! the acceptor ground states dege
erate when the first hh-lh subbands degenerate. The a
occurrence depends on whether the deformation potentia
a weaker or a similar influence on the acceptor ground-s
splitting relative to the first hh-lh subband splitting in com
parison with the confinement potential.

Figure 3 shows the binding energies of the odd symme
acceptor states. Solid, dashed, and dotted-dashed curv
lustrate the pressure dependence of states with (1/22),
(3/2,2), and (5/2,2) symmetry, respectively. In a QW, th
bulk states 2P3/2 and 2P5/2 split into doublet states.

FIG. 3. Pressure dependence of the binding energy of the
parity acceptor states for an on-center impurity in a 100-Å-w
GaAs/Al0.3Ga0.7As QW. Solid, dashed, and dotted-dashed cur
are used for states of the (1/2,2), (3/2,2), and (5/2,2) symmetry,
respectively. The binding energies are given with respect to
bottom of the first hole subband. The energy separa
uDE(lh-hh)u between the first lh and the first hh sublevel is a
indicated in the figure. The solid line foruDE(lh-hh)u correspond-
ing to that of the ground state is the hh state and the dashed lin
uDE(lh-hh)u corresponding to that of the ground state is the lh sta
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In infrared absorption measurements, the transitions
tween the 1S ground state and the different excitedS-like
states are forbidden. However, the 1S-2S energy separation
can be deduced from selective photoluminescence and r
nant Raman measurements.6,10,15Figure 4 shows the energ
separations between the ground state@1S3/2(G6) and
1S3/2(G7)# and the excited states@2S3/2(G6) and 2S3/2(G7)#.
On the other hand, the transitions from the 1S ground state to
different odd symmetric excited states~P-like states! are di-
pole allowed transitions in infrared absorption measu
ments, such as the transitions denotedG, D, andC lines in
bulk GaAs material corresponding to the transitions from
1S3/2(G6) and the 1S3/2(G7) ground states to the 2P3/2 and
the 2P5/2 excited states. The transition energy can be
duced from Figs. 2 and 3. The results are not shown h
since they are difficult to measure. The difficulty lies in th
weak absorption through the thin doping layer, particula
under external pressures. The 1S-2S transitions are more
conveniently measured by selective photoluminescence
two-hole transitions or its Raman components in QW str
tures. Due to thermalization effects, the 1S-2S transitions
related to the hh acceptor ground state@1S3/2(G6)# will
dominate when theD value is negative. The 1S-2S transi-
tions related to the lh acceptor ground state@1S3/2(G7)# will
dominate whenD has a positive value.

For strained QW systems, a built-in strain chang
both the hh and lh band offset as well as the ene
separation between them. Here we consider
InxGa12xAs/AlyGa12yAs system. As previously mentioned
the parameters for GaAs and AlAs are given in Table I. F
InxGa12xAs/GaAs an offset ratio between the conducti
and the valence bands of 60–40 has been used.22 The differ-
ence of the band-gap energy between strain-free InxGa12xAs
alloy and GaAs is accordingly taken asDE5(1.5837x
20.475x2) eV.23 The biaxial deformation is given by«
5@a02a(x)#/a(x). The shear stress energy for the hh a
lh states is zhh52«05b@11(2C12/C11)#«, z lh52(Dso

2«0)/21(Dso/2)A@11(2«0 /Dso)19(«0 /Dso)
2#, respec-

tively.24,25 Dso is a parameter of spin-orbit splitting. It i

dd
e
s

e
n

for
.

FIG. 4. Pressure dependence of transitions from the 1S acceptor
states to the excitedS-like acceptor states in a 100-Å-wid
GaAs/Al0.3Ga0.7As QW. The energy separationu1S(lh)-1S(hh)u
between the ground 1S lh-like acceptor and the ground 1S hh-like
acceptor state is also indicated in the figure. The solid line
u1S(lh)-1S(hh)u corresponding to that of the ground state has
heavy-hole character and the dashed line ofu1S(lh)-1S(hh)u corre-
sponding to that of the ground state has the light-hole characte



re

A
-g
p

-

h
n
n
nd
e

n

e

tal
the

gths

in

ilar
re
g.
or
on-
lit-

fo

re
.
th

th

for

-

en

e
e

-

13 036 57Q. X. ZHAO AND M. WILLANDER
given by Dso(x)5@Dso(GaAs)20.09x10.14x2) eV.23 The
change of valence-band offset due to the hydrostatic st
energy is given by 2av@12(C12/C11)#«. Parametera0 is the
lattice constant of the substrate, anda(x) is the lattice con-
stant of the corresponding well layer. Quantitiesb anda are
the deformation potential constants, andC12 andC11 are the
stiffness constants. The valence-band offset is given by

DEhh~ InxGa12xAs/GaAs!5F0.43~1.5837x20.475x2!

12avS 12
C12

C11
D «1zhhG eV,

~5!

DElh~ InxGa12xAs/GaAs!5F0.43~1.5837x20.475x2!

12avS 12
C12

C11
D «1z lhG eV.

~6!

With two exceptions, the parameters for the InxGa12xAs al-
loy are obtained by a linear interpolation between the In
and the GaAs parameters. The exceptions are the band
energy and the parameter of spin-orbit splitting. These
rameters are given by a quadratic relation.23 The valence-
band offset for InxGa12xAs/AlyGa12yAs can thus be de
duced from a relationDEv(x,y)5DEv(InxGa12xAs/GaAs)
1DEv(GaAs/AlyGa12yAs). Due to a built-in strain, the
band offsets of the hh and lh states are different now. T
energy separation between the hh and lh bands is give
Vp52(zhh2z lh). The parameters used for the calculatio
are listed in Table I. It is important to point out that the ba
offset ratio in the range of 70/30 to 60/40 in th
InxGa12xAs/GaAs system has been reported,22,23 and the
value is referred to the strained band-gap energy. Thus
using Eqs.~5! and~6!, we have overestimated the strain co

FIG. 5. The binding energy of the even parity acceptor states
an on-center impurity in a 100-Å-wide InxGa12xAs/Al0.3Ga0.7As
QW vs different fractionsx of indium. Solid and dashed curves a
used for states of the (3/2,1) and (1/2,1) symmetry, respectively
The binding energies are given with respect to the bottom of
first heavy-hole subband. The energy separationuDE(lh-hh)u be-
tween the first lh and the first hh sublevels is also indicated in
figure.
ss

s
ap

a-

e
by
s

by
-

tribution in the band offset. However, we use th
InxGa12xAs/Al0.3Ga0.7As system; therefore, the maximum
overestimate presented in this study is 6% of the to
valence-band offset. This causes a negligible influence on
calculated acceptor binding energies and oscillator stren
shown in Figs. 5–9.

Figures 5–7 show the correspondingS-like states,P-like
states, and 1S-2S transition energies of acceptors confined
the center of InxGa12xAs/Al0.3Ga0.7As QW’s for different
indium fractions. Since the lattice constant of InxGa12xAs is
larger than the lattice constant of AlxGa12xAs, the
InxGa12xAs/AlyGa12yAs QW structures have a built-in
compressive strain. The results should show a trend sim
to that for GaAs/AlxGa12xAs under compressive pressu
~which is in fact consistent with Fig. 5, if compared with Fi
2 for the case ofD,0!. The dramatic changes of accept
binding energy versus concentration of indium are dem
strated in Figs. 5 and 6. Particularly evident there is the sp

r

e

e

FIG. 6. The binding energy of the odd parity acceptor states
an on-center impurity in a 100-Å-wide InxGa12xAs/Al0.3Ga0.7As
QW vs different fractionsx of indium. Solid, dashed, and dotted
dashed curves are used for states of the (1/2,2), (3/2,2), and
(5/2,2) symmetry, respectively. The binding energies are giv
with respect to the bottom of the first heavy-hole subband.

FIG. 7. The transitions from the 1S hole acceptor states to th
excited S-like acceptor states in a 100-Å-wid
InxGa12xAs/Al0.3Ga0.7As QW vs different indium fractionsx. The
energy separationu1S(lh)-1S(hh)u between the ground 1S3/2(G7)
acceptor state and the ground 1S3/2(G6) acceptor state is also indi
cated in the figure.
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ting of the ground acceptor states@1S3/2(G6) and 1S3/2(G7)#.
The results indicate that most likely only the 1S-2S transi-
tions related to the hh ground acceptor state 1S3/2(G6) can be
observed experimentally in selective photoluminesce
measurements when the indium fraction is more than 0
due to large energy separation between the 1S3/2(G6) and
1S3/2(G7) states.

The oscillator strengths between the acceptor gro
states and the different excitedp-like states13,17 are also cal-
culated for the InxGa12xAs/Al0.3Ga0.7As system with three
different indium fractionsx, according to the following
formula:13

f i0~«!5
2m0~Ei2E0!

2\2g1
(
k,k8

(
s

z^Fik8
s u«•r uF0k

s & z2, ~7!

FIG. 8. The oscillator strengths of the absorption lines from
1S3/2(G6) and 1S3/2(G7) acceptor states vs the transition energy
x ~solid lines! and z ~dashed lines! polarization in
InxGa12xAs/Al0.3Ga0.7As QW’s with ~a! x50.0, ~b! x50.01, and
~c! x50.025. The thermal population effect is not included in t
figure.
e
2

d

where f i0 is the oscillator strength of transitions from th
ground state to the excited state labeled byi . E0 , F0k

s and
Ei , Fik8

s are the energies and envelope functions of grou
and excited states, respectively, and« is the polarization vec-
tor of the electromagnetic radiation. The results are show
Figs. 8 and 9. A Gaussian broadening is introduced for
transitions with a Gaussian broadening parameter of
meV. The solid~dashed! arrow indicates the transition en
ergy between the acceptor 1S3/2(G6) and 1S3/2(G7) ground
states and the continuum, respectively. The energy sep
tion between the two arrows corresponds to the energy s
ting of the acceptor ground states. The solid and dashed l
in the figures correspond to thex- and z-polarization
transitions.13,17 In Fig. 8, the effect of the thermal populatio
in the acceptor ground states 1S3/2(G6) and 1S3/2(G7) is not
included. The data represent an oscillator strength of e
transition only. The transitions corresponding to the bulk n

e
r

FIG. 9. The relative strengths of the absorption lines at 4.0
from the 1S3/2(G6) and 1S3/2(G6) acceptor states vs the transitio
energy for x ~solid lines! and z ~dashed lines! polarization in
InxGa12xAs/Al0.3Ga0.7As QW’s with ~a! x50.0, ~b! x50.01, and
~c! x50.025.
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13 038 57Q. X. ZHAO AND M. WILLANDER
tationsG, D, andC are also identified in the figures. The
show clearly that a built-in strain strongly influences t
transition energies and the relative oscillator strengths.
relative intensity of the transitions from the 1S3/2(G6) and
1S3/2(G7) ground states depends not only on the oscilla
strengths but also on the relative population of the t
ground states. In order to compare the calculated results
experimental data, we have to consider the relative occu
tion of the 1S3/2(G6) and 1S3/2(G7) ground states. Occupa
tion of these states is determined by the Boltzman factor,
n(G7)/n(G6)5exp(2Dhh-lh/kT). Here Dhh-lh represents the
energy splitting between the 1S3/2(G7) and 1S3/2(G6) accep-
tor ground states. In Fig. 9, the relative intensity of the tra
sitions from the ground states is demonstrated atT54.0 K.
The transitions related to the 1S3/2(G7) ground state are
hardly seen at this temperature.

In summary, a well-developed four-band effective-ma
model has been used to calculate the acceptor states in s
free QW’s in the presence of an applied pressure and
system with a built-in strain. The transitions between theS
u

s,

rd
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r
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s
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acceptor state and the excitedS-like states are deduced. Th
results show that the biaxial deformation potential c
strongly influence the acceptor binding energy and the sp
ting of the ground 1S-like acceptor state. Our calculated r
sults are ready to be compared with the 1S-2S energy sepa-
rations determined by selective PL measurements via
THT satellites. The oscillator strengths between the acce
ground states and the different excitedp-like states are also
calculated for the InxGa12xAs/Al0.3Ga0.7As system with
three different indium fractionsx. The results show clearly
that a built-in strain strongly influences the transition en
gies and the relative oscillator strengths.
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