PHYSICAL REVIEW B VOLUME 57, NUMBER 20 15 MAY 1998-I11

Theoretical study of shallow acceptor states under the influence of both a confinement potential
and a deformation potential
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Energy levels of the ground and the excited shallow acceptor states have been calculated for center-doped
strain-free GaAs/AlGa; _,As quantum well{QW'’s) in the presence of an external pressure and in strained
In,Ga _,As/Al,Ga _,As 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/ALGa _,As QW's or built-in strain in InGa, _,As/Al,Ga _,As QW’s strongly influences the acceptor
states. The oscillator strengths between the acceptor ground states and the differentpeiloitesiates are
also calculated for the J®a _,As/Aly :Ga, ;As system with three different indium fractions The results
show clearly that a built-in strain strongly influences the transition energies and the relative oscillator strengths.
[S0163-182698)05720-9

I. INTRODUCTION ergy splitting of the acceptor ground states, and the transition
energies between theSland the B states. The paper is
A comprehensive understanding of the acceptors confinedrganized in the following way: In Sec. I, we briefly
in lattice matched quantum welQW) structures during the discuss how the strain effects are included in the theory.
last decay, has been achieved through extensivéd Sec. lll, we present the results from strained
experimentd° and theoreticdl ™" investigations. Corre- INxGa_xAs/Al,Ga _yAs QW's and results from strain-free
sponding study of impurities confined in strained systemsGaAs/ALGa;_,As QW's in the presence of an applied ex-
such as IpGa,_,As and nitride-based structuréisoth with ~ ternal pressure.
great application potentiglis very limited. The purpose of

this theoretical study is to gain a more detailed understanding Il. BRIEF DESCRIPTION OF THE THEORY
of the acceptor electronic structures under the influence of ) o ) ]
both the QW confinement and the deformation potential. The effective-mass theory applied in this study is based

on earlier work’>®® It has been successfully applied in
ptrain-free systems with and without an applied external
magnetic field as a perturbatiéh!®*®-1 To calculate
trained systems, we need to properly include the strain ef-
ects in the acceptor Hamiltonian. In the following we briefly
iscuss the strain effects in the theoretical model. Consider a
ingle QW grown in thd001] direction (which we take as
the quantization axig), the acceptor Hamiltonian expressed
in electron energy is given by ax44 matrix operator?

Because of the complexity of such calculations, the num
ber of reports in the literature that deal with the presence o
a deformation potential is very limited. Schniftthas ana-
Iytically discussed the splitting of acceptor ground states an
their shift under the influence of axial stress or noncubic
crystal field on the basis of a spherical or cubic valence-bana
structure with large spin-orbit splitting in bulk material. Re-
cently theN acceptors confined in strained ah, _,Te QW
structures were reported experimentafiyio the best of our
knowledge, the only theoretical and experimental work that
takes into consideration the strain dependence of the accep-

tors in QW structures was reported by Loedtral?® How-

kin ; i \u
ever, the excited states of acceptors have so far, to off€reH"" represents the kinetic energy of the hatg,” con-
knowledge, not been studied. tains the confinement potential due to the valence-band dis-

In this theoretical investigation, we employ a well- continuity and the influence of a deformation potential, and

established theoretical model to calculate the ground statdd’ is the potential of the acceptor impurity center and of the
and the excited states of acceptors that are subjected to 4R29€ charges Sue to the mismatch of the dielectric constant.
influence from both a confinement potential and a deformalhe details ofH*" andH® can be found in Ref. 12.

tion potential. Our calculation is based on the method that The modification of the QW potentialJ" must include
was previously used for calculating acceptor levels in strainthe effects of the deformation potential. That k" will

free GaAs/AlGa,_,As QW structures with and without an contain a square-well potentiaH,, for the heavy hole
external magnetic field as a perturbafidt*>~*"We dem-  (hh) and the light hole(lh), and includes a potential differ-
onstrate the influence of compressive and tensional strains amce {/)) between the hh and |h band edges in the \idzlle

the binding energies of the different acceptor states, the erie built-in or external strain

H=—[HY"+ H+H"]. D)
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Valence band potential for GaAs/AlGaAs QW TABLE I. The Luttinger parameters. The parameters of alloy,
linear interpolation of two binary material parameters, except for
. MGads AlGas — lﬁlgajf " the band-gap energy of aIonxIGai,xA_\s and spin-orbit splitting of
Sl P bl ot Bh alloy In,Ga_,As. They are given by Egy(In,Ga _,As)
g Gads =E4(GaAs)-1.583%+0.475* (eV) and AyfIn,Ga_,As)
L T =A{GaAs)— 0.0%+0.14¢? (eV).
D>0 D=0 D<0
GaAs InAs AlAs

FIG. 1. A schematic drawing of valence band potential of a

GaAs/ALGa _,As QW structure under different sign of the biaxial n g?g 23;8 g’gg
deformation potential. Y2 : . .
V3 2.90 9.10 1.29
12.53 15.15 9.80
HI=H@Y+ V. 2 ¢
P hhih ™ e @ (A) 5.653 25 6.0583 5.653 25
Note that unlike previous reports;*” here HIY, may A< 0.34 0.38
have different values for the hh and Ih states when the deC12/C1 0.5071 0.5434
formation potential is included. In the case of strain-free? (€Y) 1.16 1.0

QW's (i.e., the barrier materials and the well material have & (€V) —2.0 -18

similar stress coefficiehtan applied external stress only
changes the energy separatiof,) between the hh and Ih
state andH}y, will not change. The splitting between the hh
and Ih states due to an applied pressure can be described
Vp(£3/2)=—=V(£1/2)=D in Eq. (2). If D is zero, we

have the exact situation that was reported eaffie?:">"in o 072 7 parameters for theGd, __As alloy
our definition, a negativ® means that the stress potenti_al are obtained by é linear interpolation between_ )t(he GaAs and
has a compressive character. In that case, _the hh §tate will l?ﬁe AlAs parameters. An offset ratio between the conduction
the ground state. On_the. othgr hand, witers POSItive We 54 the valence band of 65-35 has been assumed and the
have a tensional strain situation, and the Ih state will be thg_ o ~c_pand discontinuity for the &a,_,As alloy is ac-
ground state. Figure 1 shows the case ofG¥ _,As/GaAs cordingly taken asAE,=0.35%X 1.2475<_(er. Since the
QW'’s under different external strain conditions. If the barrierAI Gay-As alloy and GgAs has similar stress coefficients
and well layers have different stress coefficients, the Stres&noapgl)iéd stresé will not change the valence-band offset ’It
qw .
dependenc_e OHh.hv'h must also be treated _pr.operly. In the only change the energy separation between the hh and |h
case of lattice mismatched QW systems, it is clear that thg;,sag bW (£3/2)= -V (= 1/2)=D [Eq. (2)].
built-in strain influences both the hh and Ih band oftdgf, The p?e;sure dege;dence of the lowest-energy
and the energy separatidf, in Eq. (2). - _ levels for the center-doped acceptors in 100-A-wide
Once the strain effects are properly included in the accePGaAs/AL {Ga, As QW is calculated. Figure 2 shows the

tor Hamiltonian, the Hamiltonian given in Eql) acts on  eyen symmetric acceptor states. Solid and dashed curves cor-
this four-component functiof™,

of how the deformation potential influences the acceptor

inding energies without changing the band offset potential
hich determines the confinement effedh the following
numerical calculations, the Luttinger parametegiven in

50.0

Ty
HEM=EE™. 3 1100 A GaAs QW ]
~ 40.0 | T 84T
The energy levels of the shallow acceptor states and corre- & ™" SR
sponding wave functions are deriveB™(r,q,z)=[F™*] qé 30.0 .
=[FM32Z Eml2 pm-12 Em=3/2] and thes component of = o 1S5, 4Tg)
an acceptor envelope function of definite angular momentum ) 20.0 ]
m can be expanded into a set of basis functions, separable in & <" ]
the coordinatep andz; é 10.0 Pardly)
B 285, 4T)
F™S(p.0.2 — gi(m—s)6gm,s p —gl(m=9)¢ R™S S(7). 0.0 bt b L
(P ) (p ) ; n (p)gn() .10 0 10 20 30
(4) Parameter D (meV)
g
The functiong, is chosen to be the component of the FIG. 2. Pressure dependence of the binding energy of the even

four-component envelope functiog,, which describes a parity acceptor states for an on-center impurity in a 100-A-wide
QW subband state &;=0. The potential difference between Gaas/Al, ;Ga, As QW. Solid and dashed curves are used for states
the hh and Ih in Eq(2), further complicates the computer of the (3/2;+) and (1/2;) symmetry, respectively. The binding
program. energies are given with respect to the bottom of the first hole sub-
band. The energy separatibpAE(Ih-hh)| between the first |h and
. RESULTS AND DISCUSSIONS the first hh sublevel is also indicated in the figure. The solid line for
|AE(lh-hh)| corresponding to that of the ground state is the hh state
We first examine the strain-free GaAs/Sla_,As Sys- and the dashed line fd\E(lh-hh)| corresponding to that of the
tem in the presence of an external stress. This gives an idemound state is the I|h state.
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FIG. 3. Pressure dependence of the binding energy of the odd FiG. 4. Pressure dependence of transitions from iadceptor
parity acceptor states for an on-center impurity in a 100'A'Widestates to the exciteds-like acceptor states in a 100-A-wide
GaAs/AL :G& ;As QW. Solid, dashed, and dotted-dashed CUIVeSGaAs/Al Ga, As QW. The energy separatioflS(lh)-1S(hh)|
are used for states of the (1/2), (3/2,~), and (5/2;-) symmetry,  petween the groundSIh-like acceptor and the groundSihh-like
respectively. The binding energies are given with respect to thecceptor state is also indicated in the figure. The solid line of
bottom of the first hole subband. The energy separationis(ihy-1S(hh)| corresponding to that of the ground state has the
|AE(Ih-hh)| between the first Ih and the first hh sublevel is also heavy-hole character and the dashed ling1&(Ih)-1S(hh)| corre-

indicated in the figure. The solid line foA E(Ih-hh)| correspond-  sponding to that of the ground state has the light-hole character.
ing to that of the ground state is the hh state and the dashed line for

|AE(Ih-hh)| corresponding to that of the ground state is the |h state. In infrared absorption measurements, the transitions be-
tween the B ground state and the different excit&dike

respond to states with (3/2) and (1/2;+) symmetry, re- states are forbidden. However, th&2S energy separation
spectively. The fourfold degenerate acceptor ground state i@n be deduced from selective photoluminescence and reso-
bulk, 1S,,(T's), splits into two twofold degenerate states, Nant Raman measuremeftS:**Figure 4 shows the energy
1S5(T) and 1Sy(I'5), for acceptors located at the center Separations between the ground stdteSy(I's) and
of the QW. The B»(I's) and 1S,,(I';) states are related to 1Sz(I'7)] and the excited statg¢@S;(I's) and 2S;(I'7) ].
the hh ground state of (3/2) symmetry and the Ih ground On the other hand, the transitions from tHg dground state to
state of (1/2+) symmetry, respectively. The acceptor ener-different odd symmetric excited staté®-like state$ are di-
gies are given with respect to the bottom of the first holePole allowed transitions in infrared absorption measure-
subband, which corresponds to the energy of the lowest hol@ents, such as the transitions deno®&dD, andC lines in
level in an impurity-free QW. Worthy of note is the fact that bulk GaAs material corresponding to the transitions from the
(depending on the strength and the sign of the deformatiodSs(I's) and the B;5(I'7) ground states to theR, and
potential and the QW confinemerthe ground state can be the 2Pg, excited states. The transition energy can be de-
either the hh or |h state. In the case of a 100-Aduced from Figs. 2 and 3. The results are not shown here
GaAs/Al Ga -As QW, the crossover between the first hh since they are difficult to measure. The difficulty lies in the
and the first Ih sublevels occurs at a valueDof 7.0 meV. It~ weak absorption through the thin doping layer, particularly
is also of interest to note that in Fig. 2 the crossover betweeHnder external pressures. Th&-2S transitions are more
the ground acceptor statesSgl(I's) and 1S;(I';), occurs ~ conveniently measured by selective photoluminescence via
before the crossover of the first hh and Ih subbands. If wéwo-hole transitions or its Raman components in QW struc-
assume a very simple proportional relation between the adures. Due to thermalization effects, th&-2S transitions
ceptor ground splitting and the first heavy-light hole subbandelated to the hh acceptor ground stateS;,(I'¢)] will
splitting, the results in Fig. 2 suggest that the deformatiordominate when th® value is negative. The &2S transi-
potential has a stronger influence than the confinement pdions related to the |h acceptor ground sfet&;(I"7) ] will
tential, on the acceptor ground-state splitting relative to thelominate wherD has a positive value.
first hh-lh subband splitting. Otherwise, there are two possi- For strained QW systems, a built-in strain changes
bilities: (1) we would expect the crossover between theboth the hh and |h band offset as well as the energy
ground acceptor states to occur after the crossover of the firseparation between them. Here we consider the
hh and Ih subbands @) the acceptor ground states degen-In,Ga, _,As/Al,Ga, _,As system. As previously mentioned,
erate when the first hh-lh subbands degenerate. The actudle parameters for GaAs and AlAs are given in Table I. For
occurrence depends on whether the deformation potential hds,Ga _,As/GaAs an offset ratio between the conduction
a weaker or a similar influence on the acceptor ground-statend the valence bands of 60—40 has been &&sgtle differ-
splitting relative to the first hh-lh subband splitting in com- ence of the band-gap energy between strain-freg@dn._,As
parison with the confinement potential. alloy and GaAs is accordingly taken aSE=(1.583%
Figure 3 shows the binding energies of the odd symmetric- 0.4752) eV.?® The biaxial deformation is given by
acceptor states. Solid, dashed, and dotted-dashed curves #{ay—a(x)]/a(x). The shear stress energy for the hh and
lustrate the pressure dependence of states with )2, |h states is{yw=—g¢=Db[1+(2C1,/C1)]e, {n=—(Ag
(3/2,-), and (5/2;-) symmetry, respectively. In a QW, the —gg)/2+ (Af2)\[1+(2e0/As) +9(eg/As)?],  respec-
bulk states P, and 2P, split into doublet states. tively.?4% A, is a parameter of spin-orbit splitting. It is
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FIG. 5. The binding energy of the even parity acceptor states for - FG_ 6. The binding energy of the odd parity acceptor states for
an on-center impurity in a 100-A-wide J6a _,As/Aly Ga, -As an on-center impurity in a 100-A-wide J6a _ As/Aly Ga, As
QW vs different fractions of indium. Solid and dashed curves are q ys different fractions of indium. Solid, dashed, and dotted-
used for states of the (3/2) and (1/2;+) symmetry, respectively. gashed curves are used for states of the (1)2,(3/2~), and
The binding energies are given with respect to the bottom of thgs/2 ) symmetry, respectively. The binding energies are given

first heavy-hole subband. The energy separafibB(Ih-hh)| be-  yjth respect to the bottom of the first heavy-hole subband.
tween the first Ih and the first hh sublevels is also indicated in the

figure.

tribution in the band offset. However, we use the
éEXGai,XAs/AlolgGamAs system; therefore, the maximum
overestimate presented in this study is 6% of the total

lattice constant of the substrate, aa¢k) is the lattice con- valence-band offset. This causes a negligible influence on the
stant of the corresponding well I’ayer. Quantitieanda are calculated acceptor binding energies and oscillator strengths

the deformation potential constants, adg, andC,, are the ~ Shown in Figs. 5-9.

stiffness constants. The valence-band offset is given by Figures 57 show the correspondifidike statesP-like
states, and & 2S transition energies of acceptors confined in

5 the center of IpGa _,As/AlyGa-As QW's for different
0.4x(1.583%—0.475) indium fractions. Since the lattice constant of®a _,As is
larger than the lattice constant of ,Ma _,As, the

given by A (x)=[A{GaAs)—0.0%+0.14x%) eV.Z The
change of valence-band offset due to the hydrostatic stre
energy is given by 8, [ 1—(C,,/C19) Je. Parametes, is the

AEp(InGa_As/GaAg =

422 1_C_12 n oV In,Ga, _,As/Al,Ga _yAs QW structures have a built-in
v Cu/® Ehi ’ compressive strain. The results should show a trend similar
) to that for GaAs/AlGa, _,As under compressive pressure

(which is in fact consistent with Fig. 5, if compared with Fig.
2 for the case oD <0). The dramatic changes of acceptor
0.4X (1.583%— 0.475%?) binding energy versus concentration of indium are demon-

AE(In,Ga, _ As/GaAg =
A strated in Figs. 5 and 6. Particularly evident there is the split-

Crz

1_
Cll

+2a, ev.

e+

30.0
25.0 £

(6)

With two exceptions, the parameters for theGa, _,As al-

loy are obtained by a linear interpolation between the InAs
and the GaAs parameters. The exceptions are the band-gap
energy and the parameter of spin-orbit splitting. These pa-
rameters are given by a quadratic relatforthe valence-
band offset for InGa _,As/Al,Ga,_yAs can thus be de-
duced from a relatiolME,(x,y)=AE,(In,Ga _,As/GaAs)
+AE,(GaAs/Al,Ga _yAs). Due to a built-in strain, the
band offsets of the hh and |h states are different now. The . .
energy separation between the hh and |h bands is given by Fraction of Indium x
Vp=—({nn—&in). The parameters used for the calculations g1 7. The transitions from theSthole acceptor states to the
are listed in Table I. Itis important to point out that the bandeycited Slike acceptor states in  a  100-A-wide
offset ratio in the range of 70/30 to 60/40 in the |n,Ga_ As/Al,Ga As QW vs different indium fractiong. The
InGa,_,As/GaAs system has been reporféd and the energy separatiofl S(Ih)-1S(hh)| between the groundS,(T';)
value is referred to the strained band-gap energy. Thus bacceptor state and the groun8;k(I's) acceptor state is also indi-
using Eqs(5) and(6), we have overestimated the strain con- cated in the figure.
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FIG. 8. The oscillator strengths of the absorption lines from the ~ FIG. 9. The relative strengths of the absorption lines at 4.0 K
1S5(T's) and 1Sy(T';) acceptor states vs the transition energy for ffom the 15;(I's) and 1S(1'¢) acceptor states vs the transition
x (solid line§ and z (dashed lines polarization in  €neray forx (solid lines and z (dashed lines polarization in
In,Gay_,As/Aly Ga, AS QW's with (8 x=0.0, (b) x=0.01, and  'NxCa_xAS/AloCaAS QW's with (@) x=0.0, (b) x=0.01, and
(c) x=0.025. The thermal population effect is not included in the (¢) X=0.025.
figure.

where f,y is the oscillator strength of transitions from the

ting of the ground acceptor statesS; (') and 1S3(I';)].  ground state to the excited state labeledi b¥,, F§, and
The results indicate that most likely only th&2S transi-  E, ka, are the energies and envelope functions of ground
tions related to the hh ground acceptor stegA1's) can be  and excited states, respectively, ani$ the polarization vec-
observed experimentally in selective photoluminescenceor of the electromagnetic radiation. The results are shown in
measurements when the indium fraction is more than 0.0%igs. 8 and 9. A Gaussian broadening is introduced for all
due to large energy separation between tg,lI's) and  transitions with a Gaussian broadening parameter of 0.2
1S;5(I'7) states. meV. The solid(dashedl arrow indicates the transition en-

The oscillator strengths between the acceptor groungrgy between the acceptoSi,(T's) and 1S;(T';) ground
states and the different excit@tallike state§3'17 are also cal- states and the continuum, respective]y_ The energy separa-
culated for the 1nGa, _,As/Alg :GaAs system with three tion between the two arrows corresponds to the energy split-
different indium fractionsx, according to the following ting of the acceptor ground states. The solid and dashed lines

formula:® in the figures correspond to the- and z-polarization
transitions'>1’ In Fig. 8, the effect of the thermal population
2my(E; — Eq) in the acceptor ground stateSzl(1"g) and 1S;,(I";) is not
fioe)= kil M 2 2 |<|:i5k,|£.r||:gk>|2, 7 included. The data represent an oscillator strength of each

2h%y, kk' S transition only. The transitions corresponding to the bulk no-
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tationsG, D, andC are also identified in the figures. They acceptor state and the excit€dike states are deduced. The
show clearly that a built-in strain strongly influences theresults show that the biaxial deformation potential can
transition energies and the relative oscillator strengths. Thetrongly influence the acceptor binding energy and the split-
relative intensity of the transitions from theSj,(I's) and  ting of the ground &-like acceptor state. Our calculated re-
1S;5(I";) ground states depends not only on the oscillatorsults are ready to be compared with th®-2S energy sepa-
strengths but also on the relative population of the tworations determined by selective PL measurements via the
ground states. In order to compare the calculated results withHT satellites. The oscillator strengths between the acceptor
experimental data, we have to consider the relative occuparound states and the different excitedike states are also
tion of the 1S;,(I'g) and 1S;,(I';7) ground states. Occupa- calculated for the IgGa _,As/AlgGa ,As system with
tion of these states is determined by the Boltzman factor, i.ethree different indium fractiong. The results show clearly,
N(I'7)/n(Tg) =exp(—Apnn/KT). Here Ay, represents the that a built-in strain strongly influences the transition ener-
energy splitting between theS}(1"7) and 1S;,5(I'g) accep- gies and the relative oscillator strengths.

tor ground states. In Fig. 9, the relative intensity of the tran-

sitions from the ground states is demonstratedat4.0 K. ACKNOWLEDGMENTS
The transitions related to theS3,(I';) ground state are
hardly seen at this temperature. The authors would like to thank P. O. Holtz for many

In summary, a well-developed four-band effective-massvaluable discussions and comments, and A. Pasquarello for
model has been used to calculate the acceptor states in strainany discussions concerning the previous theoretical calcu-
free QW's in the presence of an applied pressure and in ktions for acceptors confined in a QW system and for pro-
system with a built-in strain. The transitions between t&e 1 viding computer codes for the modifications.
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