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Far-infrared intersubband absorption in p-type GaAsÕAl xGa1ÀxAs single
heterojunctions under uniaxial compression
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Theoretical calculations of intersubband light absorption spectra inp-type (001)GaAs/AlxGa12xAs single
heterojunctions under uniaxial compression have been performed. The absorption spectrum is characterized by
a set of peaks at zero pressure and suffers considerable transformation under uniaxial compression. At nonzero
pressure, the absorption of light with polarization perpendicular to the direction of the compression is smaller
then the absorption of light with polarization parallel to the direction of the compression for the most values of
photon energy. It has been demonstrated that the dependence of probability of transitions between subbands
with the same value of the total angular momentum on the quasi-wave vector differs from the dependence of
probability of transitions between subbands with different values of the total angular momentum.
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I. INTRODUCTION

Optical absorption due to intersubband transitions
GaAs heterostructures attracted considerable attention in
last decade in view of the perspective of their application
infrared photodetectors. Usually,n-type heterostructure
having higher mobility and optical sensitivity thanp-type
heterostructures are considered to be a preferable materia
optical devices. Nevertheless,p-type systems are also signifi
cant for optical applications due to specific features of
hole energy spectrum. Intersubband light absorption
n-type quantum wells~QW’s! is possible only for light po-
larized perpendicularly to the heterointerface.1,2 In p-type
heterostructures, normally incident light is absorbed2 due to
the mixing of heavy- and light-hole states,3–6 that makes
these structures more attractive for optical applications.
intersubband absorption due to transitions between hole
bands inp-type GaAs/AlxGa12xAs/GaAs symmetric QW’s
was theoretically considered in Ref. 8. The photon w
energy higher than the depth of the subband le
in a QW causes a transition between this level and
continuum spectrum.9 Experimental investigations o
the light absorption due to intersubband transitions were
ried out on GaAs/AlxGa12xAs heterostructures10–12 and
Hg12xZnxTe/CdTe superlattices.13

The problem of strain influence on optical properties
two-dimensional systems is very important from both fund
mental and technical points of view. Previous theoretical a
experimental investigations of the effect mostly conside
direct optical transitions between valence- and conduct
band states,14–18and no attention was paid to the problem
the anisotropy of optical properties in the case of uniax
strain. Application of uniaxial compression leads to t
strong anisotropy of the subband dispersion and the Fe
surface inp-type heterostructures.6 Because of this fact, the
absorption of light with polarization parallel to the heteroin
erface in uniaxially stressedp-type GaAs/AlxGa12xAs
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heterostructures may be sensitive to the direction of li
polarization.

In the present paper, we consider a singlep-type
(001)GaAs/Al0.5Ga0.5As heterojunction in which the confin
ing potential forms a ‘‘triangular’’ QW. The absence of in
version symmetry in the asymmetric QW leads to a sp
splitting of hole subbands3–6 at nonzero wave vector. Thi
effect allows transitions not only between subbands with d
ferent quantum numbers but also between spin-splitted s
bands. In the next section~Sec. II! we describe a genera
model used for calculations of the light absorption spectra
a QW under uniaxial compression. In Sec. III we discuss
results of numerical calculation of light absorption in a sing
p-type (001)GaAs/Al0.5Ga0.5As heterojunction under
uniaxial compression.

II. THEORY

For the band-structure calculation we used 434
Luttinger-Kohn Hamiltonian19 with the four topmostG8 va-
lence bands, that was written in the representation of the t
angular momentumJ5 3

2 and strain terms were taken int
account according to the Bir-Pikus description20

H5F P1Q R 2S 0

R* P2Q 0 S

2S* 0 P2Q R

0 S* R* P1Q

G , ~1!

where

P6Q52
\2

2me
@~g16g2!~kx

21ky
2!1~g172g2!kz

2#

2av~«xx1«yy1«zz!7bF«zz2
1

2
~«xx1«yy!G ,

~2!
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R52
\2A3

2me
@g2~kx

22ky
2!22ig3kxky#

2
A3

2
b~«yy2«xx!2 id«xy , ~3!

S52 i
\2

me
g3A3~kx2 iky!kz1d~«yz1 i«zx!. ~4!

Here, av , b, and d are the deformation potentials for th
valence band,« i j are the components of the strain tensor,me
is the free-electron mass,g i are the Luttinger constants,ki
are the components of the quasiwave vector. This 434 ma-
trix can be reduced to two 232 matrices by using the unitar
transformationH85UHU15,6

H85F P1Q A 0 0

A* P2Q 0 0

0 0 P2Q A

0 0 A* P1Q

G , ~5!

where

A5uRu2 i
A3\2

me
g3A~kx

21ky
2!kz , ~6!

and the transformationU is

U5
1

A2F e2 iw 0 0 2eiw

0 e2 ih 2eih 0

0 e2 ih eih 0

e2 iw 0 0 eiw

G . ~7!

The anglesw andh are determined from

w5
p

4
1

1

2
~a1b!, h5

p

4
2

1

2
~a2b!, ~8!

and

tan~a!52

\2

me

A3g3kxky2d«xy

\2

2me

A3g2~kx
22ky

2!1
A3

2
b~«yy2«xx!

,

tan~b!52

\2

me
A3g3kxkz2d«zx

d«yz2
\2

me
A3g3kykz

. ~9!

We choose thez direction to be perpendicular to the he
erointerface~001!. A self-consistent potentialV(z), calcu-
lated in the depletion-layer approximation, is added along
matrix diagonal andkz is replaced by the operator (1/i )]/]z.
The detailed procedure of the calculations is described
Ref. 6. The calculations of the band structure have been
formed using the finite-difference method.
19530
e
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In order to obtain a transition probability, we used t
first-order perturbation theory. In this approximation, an e
ternal field interaction operator can be written as

Hint52
e

c\

]H~k!

]k
A~r ,t !. ~10!

Here,A(r ,t) is the vector potential of electromagnetic fiel

A~r ,t !5(
q,n
A2pc2\

evV
eq

n~bqnei (qr2vt)1bqn
1 e2 i (qr2vt)!,

~11!

whereq is the wave vector of the photon with the frequen
v and polarizationn, eq

n is the light polarization unit vector
bqn and bqn

1 are the photon creation and destruction ope
tors,e is the dielectric constant,V is the volume. According
to the Fermi’s golden rule,21,22 we can write the total transi
tion probability Wi j (v) between subbandsi and j with en-
ergy Ei andEj at zero temperature

Wi j ~v!5
2p

\ EuEi (ki)u,uEf u
uEj (ki)u.uEf u

u^Ci* Fn* uHintuCjFn21&u2

3d~Ei2Ej2\v!dp, ~12!

where Ef is the Fermi energy,Ci and Cj are the wave
functions of the Hamiltonian,Fn and Fn21 are the wave
functions of electromagnetic field,p is the momentum. Sub
band i corresponds to the one of the spin subbands of
spin-splitted ground state and the transitions occur from
filled ground states below the Fermi level to the free sta
above the Fermi level. In the long wavelength regione2 iqr

can be replaced by one. Taking into account th
u^Fnubqn

1 uFn21&u25nv , wherenv is the number of photons
with the frequencyv in the volumeV, the matrix element of
the transition betweeni and j subbands can be written as

^ i uHintu j &52A2pe2nv

e\vV E
V
C i* ~r !S ]H~k!

]k
eq

nDC j~r !dr ,

~13!

and Eq.~12! is written as

Wi j ~v!5
4p2e2nv

\2evV
EuEi (k)u,uEf u

uEj (k)u.uEf u
dp d~Ei2Ej2\v!

3U E
V
C i* ~r !S ]H~ki!

]ki
eq

nDC j~r !drU2

. ~14!

The factor@ f (Ei)2 f (Ej )# must be added in Eq.~12! in
the case of nonzero temperature, wheref is the Fermi-Dirac
distribution. For modeling various broadening mechanism
thed function is replaced by Gaussian with the width para
eterG

d~Ei2Ej2\v!→ 1

A2pG
expS 2

~Ei2Ej2\v!2

2G2 D .

~15!
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For a single quantum well the light absorptionA(v) can
be defined as a ratio between the absorbed part of the
flow to the total light flowI 0. This flow through the norma
unit areaS fills the volume with the lengthc/Ae per time
unit by the number of photonsnv5I 0. So the light absorp-
tion A(v) can be obtained by replacing the volumeV in Eq.
~14! by c/Ae, summarizing all these volumes along thez
direction and dividing by the total light flowI 0.

Taking into account the form of the wave functionC of
the Hamiltonian~1! in the envelope function approximatio

C5F C1~z!

C2~z!

C3~z!

C4~z!

G ei (kxx1kyy), ~16!

and the two dimensionality of the system, the absorption
normally incident light is written as

A~v!5
e2

Aec\2v
EuEi (ki)u,uEf u

uEj (ki)u.uEf u
dki

1

A2pG

3expS 2
~Ei2Ej2\v!2

2G2 D
3U E C i* ~z!S ]H~ki!

]ki
eq

nDC j~z!dzU2

@ f ~Ei !2 f ~Ej !#.

~17!

III. RESULTS AND DISCUSSION

The numerical calculations have been performed for
p-type (001)GaAs/Al0.5Ga0.5As single heterojunction with
the total hole concentration 7.631011 cm22. Values of the
deformation potentialsav521.6 eV, b521.7 eV, d5
24.55 eV and other parameters are taken to be the sam
in Ref. 6. For a more realistic description of light absorpti
spectra, we take the level broadening parametersG
51.75 meV according to Refs. 7 and 8. We consider n
mally incident light with linear polarization as well.

In the following description we take into account only th
first five levels in the quantum well that determine the lo
energy region of light absorption. The subbands with hig
quantum numbers should be taken into account for the
culation of light absorption in a wider range of waveleng
Our main conclusions are based on the specific feature
the hole subband dispersion and its anisotropy under unia
compression. Therefore, they are also valid for the consi
ation of transitions to higher excited subbands.

Due to the lack of the confining potential symmetry in
triangular QW each level is spin splitted at a nonzero va
of quasi-wave vectorki and has the nonparabolic and anis
tropic subband dispersion6 ~Fig. 1!. At the total hole concen-
tration 7.631011 cm22, only two subbands~spin subbands!
of the spin-splitted ground heavy-hole state are populated
this case, the Fermi surface consists of two parts: a ci
corresponding to the spin subband ‘‘1’’ with more light e
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fective mass, and a goffered circle corresponding to the s
subband ‘‘0’’ with more heavy effective mass.4,6 This fact
leads to the two series of transitions: transitions betw
states described by the same block of matrix~5! and transi-
tions between states described by the different blocks of
trix ~5!. We will use letters ‘‘U ’’ and ‘‘ L ’’ to denote the
upper and lower blocks. Thus, ‘‘U1L3’’ means the transition
from the first subband of the upper block to the third subba
of the lower block~see Fig. 1!.

Transitions inside the same block of matrix~5! and tran-
sitions between the different blocks correspond to differ
parts of the matrix element^C i u]H/]keq

nuC j&. If we multi-
ply the matrix element byU1U at left and at right and take
into account thatC85UC andH85UHU1, the matrix el-
ement can be represented in the form

K C iU ]H

]k
eq

nUC j L 5 K C i8U]H8

]k
eq

nUC j8L
2 K C i8U ]U

]k
HU1eq

nUC j8L
2 K C i8UUH

]U1

]k
eq

nUC j8L . ~18!

ExpressionHU1 in Eq. ~18! can be replaced byU1H8, and
UH by H8U. So far, asC8 is an eigenfunction of the Hamil
tonianH8, we haveH8C j85Ej (k)C j8 . Under this condition,
Eq. ~18! can be written as

FIG. 1. Energy of the first five hole subbands in thep-type
(001)GaAs/Al0.5Ga0.5As heterojunction (Ns57.631011 cm22)
versuski parallel to@100# and@110# directions atP50. Dashed and
solid lines correspond to the states described by the upper and l
blocks of matrix~5!. Dotted line is the position of the Fermi leve
Several possible optical transitions are marked by arrows.
8-3
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K C iU ]H

]k
eq

nUC j L 5 K C i8U]H8

]k
eq

nUC j8L
2 K C i8U ]U

]k
U1eq

nUC j8L Ej~k!

2 K C i8UU ]U1

]k
eq

nUC j8L Ei~k!. ~19!

The transformationU is unitary and so]/]k(UU1)50. Ac-
cording to this expression, the matrix element is given b

K C iU ]H

]k
eq

nUC j L 5 K C i8U]H8

]k
eq

nUC j8L
1 K C i8UU ]U1

]k
eq

nUC j8L ~Ej2Ei !.

~20!

The matrixU]U1/]k in Eq. ~20! is simplified to

U
]U1

]k
5

1

2 3
0 0 0

]w

]k

0 0
]h

]k
0

0
]h

]k
0 0

]w

]k
0 0 0

4 . ~21!

This transformation inverts the column of the eigenfun
tion C8. So, according to Eq.~20!, the matrix element con
sists of two terms. The first one, which is similar to the to
matrix element, corresponds to the transitions between s
inside one of the blocks of matrix~5!. The second term cor
responds to the transitions between the different blocks
the matrix. The presence of the second term is explained
the fact that the unitary transformationU depends on the
value of quasiwave vectork. If the transformationU were
the same for all values ofk, it would be possible to use
directly the HamiltonianH8 and its eigenfunctionsC8 in Eq.
~17! instead ofH and C. Whereas these two series of th
transitions are described by different terms, it is reasona
to expect that they have different probabilities.

Figures 2 and 3 show results of calculations of squa
momentum matrix elements for the triangular quantum w
as functions of the quasi-wave vector at zero pressure
under uniaxial compression (P55 kbar) applied along the
@110# and @11̄0# directions. The validity of the above
discussed suggestion is clear from the figures. The beha
of matrix elements corresponding to transitions inside
same block of matrix~5! differs from the behavior of matrix
elements corresponding to transitions between the diffe
blocks. For example, the probability of the transitionL1U2
increases with an increase ofki near to zero valueki ,
whereas the probability of the transitionL1L2 decreases
The similar behavior takes place for theL1L5 andL1U5
transitions.
19530
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Uniaxial compression has affects on matrix elements,
well as on the energy spectrum. As can be seen from
3~b! at P55 kbar for light polarization perpendicular to th
direction of uniaxial compression, there are three dominat
transitions labeled ‘‘L1L4,’’ ‘‘ U1U4,’’ ‘‘ L1U5,’’ at low
values of ki and two dominating transitions labele
‘‘ L1L2,’’ ‘‘ U1U2’’ at high values ofki . All other transi-
tions have significantly smaller probabilities in this ca
@only few of the corresponding squared momentum ma
elements are plotted on Fig. 3~b!#. The results for momentum
matrix elements obtained under uniaxial compression
light polarization parallel to the direction of the compressi
is more complicated@Fig. 3~a!#. In this case, approximately
half of the transitions have considerable probability and o
of the transitions is more prominent—L1L4 (U1U4). The
breaks in the transition curves are caused by the touch
points in the energy spectrum6 and depend on how we mar
the subbands before and after touching point. In our case
use Hamiltonian~5!, therefore subbandsU1 andU4 become

FIG. 2. Squared momentum matrix elements for thep-type
(001)GaAs/Al0.5Ga0.5As single heterojunction at zero pressure a
light polarized along the@110# direction. The transitions from sub
bandL1 are shown in figure~a! and the transitions from subban
U1 are shown in Figure~b!. U and L denote transitions corres
ponding to the states described by the upper and lower block
matrix ~5!.
8-4
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FIG. 3. Squared momentum matrix elements for thep-type
(001)GaAs/Al0.5Ga0.5As single heterojunction at uniaxial compre
sion P55 kbar applied along the@110# direction: ~a! light polar-

ized along the@110# direction, ~b! light polarized along the@11̄0#
direction. U and L denote transitions corresponding to the sta
described by the upper and lower blocks of matrix~5!.
rma-

19530
L1 andL4, respectively, after the touching points.6 If Hamil-
tonian is used in form~1! instead of~5!, there is no change o
the subband names in touching points, and as a result,
breaks do not appear. Therefore, in our case, two differ
matrix elements~for example,L1L4 andU1U4) character-
ize the same optical transition, one before touching point
another after it.

Application of external uniaxial compression significant
modifies subband dispersion,6 and leads to the considerab
transformation of intersubband absorption spectra. The
sults of calculations for different values of uniaxial compre
sion applied along@110# and @100# directions are presente
in Figs. 4 and 5. The absorption spectrum is characterized
a set of peaks at zero pressure, it suffers considerable tr
formation under uniaxial compression: new peaks ar
some of the peaks change their magnitude and some of t
vanish with an increase of compression. The presence
uniaxial compression causes strong anisotropy of light
sorption in respect to light polarization. Stress-induced
isotropy of optical absorption is determined by the directi
of applied uniaxial compression: the uniaxial compress
leads to a decrease of the absorption of light with all dir
tions of polarization, but the absorption of light with pola
ization perpendicular to the direction of the compression
creases faster under compression than the absorption of
with polarization parallel to the direction of the compressio
As a result, the optical absorption is anisotropic for differe
light polarization under in-plane uniaxial compression. Th
strong anisotropy is caused by the anisotropy of the subb
dispersion.

The origin of the anisotropy of light absorption inves
gated in this paper is similar to the origin of~observed ex-
perimentally and confirmed theoretically! considerable an-
isotropy of kinetic properties of two-dimensional holes
(001)GaAs/Al0.5Ga0.5As quantum wells.6 So far as the an-
isotropy of light absorption inp-type GaAs/AlxGa12xAs het-
erostructures is caused by the energy spectrum transfo

s

in

d

h
i-
FIG. 4. Calculated light absorption spectra
thep-type (001)GaAs/Al0.5Ga0.5As single hetero-
junction under uniaxial compression applie
along @110# direction: ~a! P50, ~b! P51 kbar,
~c! P53 kbar,~d! P55 kbar. Solid and dashed
lines correspond to the absorption of light wit
polarization perpendicular and parallel to the d
rection of applied compression, respectively.
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FIG. 5. Calculated light absorption spectra
thep-type (001)GaAs/Al0.5Ga0.5As single hetero-
junction under uniaxial compression applie
along @100# direction: ~a! P50, ~b! P
50.5 kbar, ~c! P51 kbar, ~d! P55 kbar.
Solid and dashed lines correspond to the abso
tion of light with polarization perpendicular an
parallel to the direction of applied compressio
respectively.
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tion under in-plane uniaxial compression, it is reasonable
expect similar anisotropic behavior of light absorption cor
sponding to the transitions between valence- and conduc
band states and bound-free transitions.

IV. CONCLUSION

Results of theoretical calculations of light absorption
the far-infrared region in thep-type (001)GaAs/Al0.5Ga0.5As
single heterojunction under uniaxial compression have b
presented in this paper. We have examined both@110# and
@100# directions of uniaxial compression and demonstra
stress-induced anisotropy of absorption of light with diffe
ent polarization. The light absorption spectrum is charac
ized by a set of peaks at zero pressure and it suffers con
erable transformation under uniaxial compression: n
,

an

p

19530
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peaks arise, some of the peaks change their magnitude
some of them vanish with an increase of compression.
absorption of the light with polarization perpendicular to t
direction of the compression is smaller than the absorption
the light with polarization parallel to the direction of th
compression for the most values of photon energy at nonz
pressure. It has been demonstrated that the dependen
probability of transitions between subbands with the sa
value of the total angular momentum on the quasi-wave v
tor differs from the dependence of probability of transitio
between subbands with different values of the total angu
momentum on the quasi-wave vector.

ACKNOWLEDGMENTS

This work was supported by the Russian Foundation
Basic Research Grant No. 97-02-17685. We are gratefu
Professor A. Junovich for helpful discussions.
T.

J.

.

in

l

1M. Zaluzny, Thin Solid Films76, 307 ~1981!.
2D. Ahn and S.L. Chuang, J. Appl. Phys.62, 3052~1987!.
3E. Bangert and G. Landwehr, Superlattices Microstruct.1, 363

~1985!.
4U. Ekenberg and M. Altarelli, Phys. Rev. B32, 3712~1985!.
5D.A. Broido and L.J. Sham, Phys. Rev. B31, 888 ~1985!.
6K.I. Kolokolov, A.M. Savin, S.D. Beneslavski, N.Ya. Minina

and O.P. Hansen, Phys. Rev. B59, 7537~1999!.
7R. Sooryakumar, A. Pinczuk, A.C. Gossard, D.S. Chemla,

L.J. Sham, Phys. Rev. Lett.58, 1150~1987!.
8Y.-C. Chang and R.B. James, Phys. Rev. B39, 12 672~1989!.
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