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Far-infrared intersubband absorption in p-type GaAdAl,Ga;_,As single
heterojunctions under uniaxial compression
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Theoretical calculations of intersubband light absorption spectmatype (001) GaAs/AlGa _,As 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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[. INTRODUCTION heterostructures may be sensitive to the direction of light
polarization.

Optical absorption due to intersubband transitions in In the present paper, we consider a singidype
GaAs heterostructures attracted considerable attention in tH&01) GaAs/A} sGay sAs heterojunction in which the confin-
last decade in view of the perspective of their application asng potential forms a “triangular” QW. The absence of in-
infrared photodetectors. Usuallyp-type heterostructures Version symmetry in the asymmetric QW leads to a spin-
having higher mobility and optical sensitivity thamtype splitting of hole Sljll_:)banc'ié6 at nonzero wave vector. _This_
heterostructures are considered to be a preferable material f§ff€ct allows transitions not only between subbands with dif-
optical devices. Neverthelegsiype systems are also signifi- ferent quantum number; but also between ;pln-splltted sub-
cant for optical applications due to specific features of thepands. In the next sec_tlo(Sec. 1 we descnbe_ a general_
hole energy spectrum. Intersubband light absorption ir{nodel used for .callculatlons of t_he light absorption spectra in
n-type quantum well§QW's) is possible only for light po- a QW under un|§1X|aI compression. In Sec. Il we @scus; the
larized perpendicularly to the heterointerfddeln p-type results of numerical calculation of light absorp§|on in a single
heterostructures, normally incident light is absorfbede to p-type (001)GaAS/Ad'5G %sAs  heterojunction  under

g . _ uniaxial compression.
the mixing of heavy- and light-hole staté€, that makes
these structures more attractive for optical applications. The
intersubband absorption due to transitions between hole sub-
bands inp-type GaAs/AlGa, _,As/GaAs symmetric QW'’s For the band-structure calculation we usedx4}
was theoretically considered in Ref. 8. The photon withLuttinger-Kohn Hamiltoniaf® with the four topmost'g va-
energy higher than the depth of the subband levelence bands, that was written in the representation of the total
in a QW causes a transition between this level and thengular momentund=3 and strain terms were taken into
continuum  spectrurh. Experimental investigations of account according to the Bir-Pikus descripfidn
the light absorption due to intersubband transitions were car-

Il. THEORY

ried out on GaAs/AlGa,_,As heterostructuré®?? and P+Q R -S 0
Hg;_Zn,Te/CdTe superlattice's. R P-Q O S
The problem of strain influence on optical properties of H= ) 1)
) . . . - S* 0 P-Q R
two-dimensional systems is very important from both funda-
mental and technical points of view. Previous theoretical and 0 s* R*  P+Q

experimental investigations of the effect mostly considered
; ! - .~ Where
direct optical transitions between valence- and conduction-

band state$!~*8and no attention was paid to the problem of 52
the anisotropy of optical properties in the case of uniaxial P+Q=- 2—[(y1i ) (K2 + k§)+(y112y2)k§]
strain. Application of uniaxial compression leads to the Me

strong anisotropy of the subband dispersion and the Fermi

surface inp-type heterostructurésBecause of this fact, the —a,(exxteyyte)+b
absorption of light with polarization parallel to the heteroint-

erface in uniaxially stressed-type GaAs/AlGa,_,As (2

1
€2z~ z(sxx+ 8yy)
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2[ In order to obtain a transition probability, we used the
R=- [72(k2 kZ) — 2i y3kyky ] first-order perturbation theory. In this approximation, an ex-
\/_ ternal field interaction operator can be written as
3 .
—Tb(syy—sxx)—ldaxy, (3) dH (k)
= o ALY, (10
h? _ _ : . L
S=-i E% \/§(kx_|ky)kz+ d(ey,tiesy). (4)  Here,A(r,t) is the vector potential of electromagnetic field

Here,a,, b, andd are the deformation potentials for the Ar=>
valence bands;; are the components of the strain tensog, ’

is the free-electron mass; are the Luttinger constantg; (11
are the components of the quasiwave vector. Thigtdma-
trix can be reduced to two>22 matrices by using the unitary
transformatiorH’ = UHU %6

wCh . .
v ea(bqvemqrfwt)_,_bq+vef|(qr7wt))'

whereq is the wave vector of the photon with the frequency
o and polarizatiorv, €] is the light polarization unit vector,
bg, and b+ are the photon creation and destruction opera-

P+Q A 0 0 tors €is the dielectric constany is the volume. According
A P-Q 0 0 to the Fermi's golden rul&,**we can write the total transi-
H = , (5  tion probability W;; (w) between subbandsandj with en-
0 0 P-Q A ergy E; andE; at zero temperature
0 0 A*  P+Q 2o
where Wij(w)= fIE(k|\)\<|Ef\|<‘I’*CD*|Hmt|‘I’q)n 1>|
[Ej(kp[>]Eq]
2
A=lR -1 1 @Ok, ®) X 8(E;~ E;—hw)dp, (12
o ¢ where E¢ is the Fermi energy¥; and W; are the wave
and the transformatiol is functions of the Hamiltoniand, and ®,_; are the wave
e i 0 0 _ele functions of electromagnetic fielg, is the momentum. Sub-
. _ bandi corresponds to the one of the spin subbands of the
1 0 e'7 —€e7 0 spin-splitted ground state and the transitions occur from the
- E 0 ein gin o |- (7 filled ground states below the Fermi level to the free states

“ie g 0 i above the Fermi level. In the long wavelength regen®

€ € can be replaced by one. Taking into account that
The anglesp and » are determined from [(®nlbg,|Pn_1)[?=n,,, wheren,, is the number of photons
with the frequencyw in the volumeV, the matrix element of

m 1 the transition betweenandj subbands can be written as
=7t 5(@tp) 1= sa=p).  ® :
and (i[Hindi)= \/ TV f ( )\I'J—(r)dr
He\/gyskxky_dsxy and Eq.(12) is written as
tal’(a’): - l
h? ) V3 472e’n,,
—kg)+ 7b(syy—sxx) Wij(w0)=— Ei(k)|<|E(|dPp 6(Ei—Ej— )
hewV Jig k)= g
h2 Mk , ’
m_\/§73kxkz_d82x X fv‘l’i*(r)(T”qu Wi(r)dr (14
e
tan(B) = — : ©)
dey,— Eﬁyskykz The factor[ f(E;) — f(E;)] must be added in Eq12) in

the case of nonzero temperature, wheig the Fermi-Dirac
distribution. For modeling various broadening mechanisms,

We choose the direction to be perpendicular to the het- the & function is replaced by Gaussian with the width param-

erointerface(001). A self-consistent potentiaV/(z), calcu-

lated in the depletion-layer approximation, is added along thgterF

matrix diagonal and, is replaced by the operator ()1d/9z. 1 (Ei—Ei—hw)?

The detailed procedure of the calculations is described i sE —E —f0)— exp( S S L )
Ref. 6. The calculations of the band structure have been per- L V27T 2r?

formed using the finite-difference method. (15
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For a single quantum well the light absorptiéfw) can
be defined as a ratio between the absorbed part of the light
flow to the total light flowl,. This flow through the normal
unit areas fills the volume with the lengtte/ e per time
unit by the number of photons,=1,. So the light absorp-
tion A(w) can be obtained by replacing the voluién Eg.
(14) by c/+/e, summarizing all these volumes along the
direction and dividing by the total light flow.

Taking into account the form of the wave functidh of -~
the Hamiltonian(1) in the envelope function approximation g
m
WV41(2)
Wy(z) |
— el(kxx+kyy)’ 16
W¥3(2) (18
W,4(2)

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

[110] s [100]

k, (10° cm™)

A((l)) = —2 f dkj——
[Ei (k) [<|E¢l
\/€Cﬁ2w \Ej(k““)\>|E:| | 2l

FIG. 1. Energy of the first five hole subbands in thdype

(E—Ei—hw)? (001)GaAs/A) GaAs  heterojunction Kg=7.6x 10" cm ?)
xexg — 4) versusk; parallel to[100] and[110] directions af=0. Dashed and
2I2 solid lines correspond to the states described by the upper and lower

blocks of matrix(5). Dotted line is the position of the Fermi level.

2
[f(E)—f(E)] Several possible optical transitions are marked by arrows.
i /1

7

X J\Ifi*(z)(meg)\lfj(z)dz

o"kH

fective mass, and a goffered circle corresponding to the spin
subband “0” with more heavy effective ma$§.This fact
leads to the two series of transitions: transitions between
states described by the same block of matéixand transi-
The numerical calculations have been performed for thdions between states described by the different blocks of ma-

Ill. RESULTS AND DISCUSSION

p-type (001)GaAs/AJsGa,sAs single heterojunction with
the total hole concentration Z6L0' cm™ 2. Values of the
deformation potentialsa,=—1.6 eV, b=—-1.7 eV, d=

trix (5). We will use letters ‘U” and “L"” to denote the
upper and lower blocks. ThusU1L3" means the transition
from the first subband of the upper block to the third subband

—4.55 eV and other parameters are taken to be the same akthe lower block(see Fig. 1

in Ref. 6. For a more realistic description of light absorption  Transitions inside the same block of mat(& and tran-

spectra, we take the level broadening parametErs sitions between the different blocks correspond to different

=1.75 meV according to Refs. 7 and 8. We consider norparts of the matrix elemertV;|dH/okeg| ¥ ;). If we multi-

mally incident light with linear polarization as well. ply the matrix element by *U at left and at right and take
In the following description we take into account only the into account thatV’=UW¥ andH'=UHU™, the matrix el-

first five levels in the quantum well that determine the low-ement can be represented in the form

energy region of light absorption. The subbands with higher

culation of light absorption in a wider range of wavelength. JaH’ ,

o)-fuid

guantum numbers should be taken into account for the cal-
4
Our main conclusions are based on the specific features of Kk €

JH .
\I,i Weq

the hole subband dispersion and its anisotropy under uniaxial
; . . U
compression. Therefore, they are also valid for the consider- — < v/ —HU*e; \pj’>
ation of transitions to higher excited subbands. oK
Due to the lack of the confining potential symmetry in a ) U™t o
triangular QW each level is spin splitted at a nonzero value —\WiJUH——eg Wi ). (18)

of quasi-wave vectok; and has the nonparabolic and aniso-
tropic subband dispersibiiFig. 1). At the total hole concen-
tration 7.6< 10'* cm~2, only two subbandgspin subbands ExpressiorHU ™ in Eq. (18) can be replaced by “H’, and
of the spin-splitted ground heavy-hole state are populated. I/H by H'U. So far, as¥'’ is an eigenfunction of the Hamil-
this case, the Fermi surface consists of two parts: a circléonianH’, we haveH' W =E;(k)W; . Under this condition,
corresponding to the spin subband “1” with more light ef- Eq. (18) can be written as
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aH Rz R
0.03 1
! 6U + AV !
' 0.02
_<q,|, UWGE \I}J’>E|(k) (19) Ngu .
Ay J
The transformatiotd is unitary and s@/ok(UU*)=0. Ac- o
cording to this expression, the matrix element is given by 0.014
<q} dH ‘P> <\P, aH’ Vq,,>
i| = )= [l—¢ X "
ok S Mook 9 0.00- D
JU 0 1 2 3 4 s [110]
’ P ’ 6 -1
(20) b)
. . L 0.03 1 —
The matrixUdU */dk in Eq. (20) is simplified to o
_ - ] UlL2
o 0o o ¥ o
ak o024 e U1U4
E" RN e U1L4
o o 7 o ESE B /) "
Ut 1 K o / \ N
= — | \ g S
U— =5 o7 : (21 0.014 \ RN
O — 0 O {
ak ]
de
— 0 0 o©
dk 6 "
B - k, (10 cm )
This transformation inverts the column of the eigenfunc-
tion ¥'. So, according to E¢20), the matrix element con- FIG. 2. Squared momentum matrix elements for theype

sists of two terms. The first one, which is similar to the total(001) GaAs/A} sGa, sAs single heterojunction at zero pressure and
matrix element, corresponds to the transitions between statéight polarized along th¢110] direction. The transitions from sub-
inside one of the blocks of matris). The second term cor- bandL1 are shown in figuréa) and the transitions from subband
responds to the transitions between the different blocks df'1 are shown in Figurgb). U and L denote transitions corres-
the matrix. The presence of the second term is explained b@ondjng to the states described by the upper and lower blocks of
the fact that the unitary transformatids depends on the Matrix (5).
value of quasiwave vectdt. If the transformationU were
the same for all values of, it would be possible to use  Uniaxial compression has affects on matrix elements, as
directly the HamiltoniarH" and its eigenfunction¥”’ in Eq.  well as on the energy spectrum. As can be seen from Fig.
(17) instead ofH and W. Whereas these two series of the 3(h) at P=5 kbar for light polarization perpendicular to the
transitions are described by different terms, it is reasonablgirection of uniaxial Compression, there are three dominating
to expect that they have different probabilities. transitions labeled £1L4,” “ U1U4,” “ L1U5,” at low
Figures 2 and 3 show results of calculations of square§ajues of k; and two dominating transitions labeled
momentum matrix eleme_nts for the triangular quantum welk«| 1.2 » « y1U2” at high values ofk;. All other transi-
as functions of the quasi-wave vector at zero pressure anghns have significantly smaller probabilities in this case
under uniaxial compressiorP(=5 kbar) applied along the [only few of the corresponding squared momentum matrix
[110] and [110] directions. The validity of the above- elements are plotted on Fig(t8]. The results for momentum
discussed suggestion is clear from the figures. The behavionatrix elements obtained under uniaxial compression for
of matrix elements corresponding to transitions inside thdight polarization parallel to the direction of the compression
same block of matrix5) differs from the behavior of matrix is more complicatediFig. 3(a@)]. In this case, approximately
elements corresponding to transitions between the differertialf of the transitions have considerable probability and one
blocks. For example, the probability of the transitibhU2  of the transitions is more prominent=2L4 (U1U4). The
increases with an increase &f near to zero valuek|, breaks in the transition curves are caused by the touching
whereas the probability of the transitidnlL2 decreases. points in the energy spectrirand depend on how we mark
The similar behavior takes place for theL5 andL1U5  the subbands before and after touching point. In our case, we
transitions. use Hamiltonian5), therefore subbandd1 andU4 become
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FIG. 3. Squared momentum matrix elements for the/pe

(001)GaAs/Ap sGay sAs single heterojunction at uniaxial compre:

sion P=5 kbar applied along thgl10] direction: (a) light polar-
ized along thg110] direction, (b) light polarized along th¢110]

direction. U and L denote transitions corresponding to the states)

described by the upper and lower blocks of matfx

a)

0.61 0.62 0:03 0.64
E (eV)

- P=3kbar

0.61 0‘62 0‘63 0.64
E (eV)

A(%)
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L1 andL4, respectively, after the touching poifits.Hamil-
tonian is used in forngl) instead of(5), there is no change of
the subband names in touching points, and as a result, the
breaks do not appear. Therefore, in our case, two different
matrix elementgfor example,L1L4 andU1U4) character-

ize the same optical transition, one before touching point and
another after it.

Application of external uniaxial compression significantly
modifies subband dispersiérand leads to the considerable
transformation of intersubband absorption spectra. The re-
sults of calculations for different values of uniaxial compres-
sion applied along110] and[100] directions are presented
in Figs. 4 and 5. The absorption spectrum is characterized by
a set of peaks at zero pressure, it suffers considerable trans-
formation under uniaxial compression: new peaks arise,
some of the peaks change their magnitude and some of them
vanish with an increase of compression. The presence of
uniaxial compression causes strong anisotropy of light ab-
sorption in respect to light polarization. Stress-induced an-
isotropy of optical absorption is determined by the direction
of applied uniaxial compression: the uniaxial compression
leads to a decrease of the absorption of light with all direc-
tions of polarization, but the absorption of light with polar-
ization perpendicular to the direction of the compression de-
creases faster under compression than the absorption of light
with polarization parallel to the direction of the compression.
As a result, the optical absorption is anisotropic for different
light polarization under in-plane uniaxial compression. This
strong anisotropy is caused by the anisotropy of the subband
dispersion.

The origin of the anisotropy of light absorption investi-

s- gated in this paper is similar to the origin @bserved ex-

perimentally and confirmed theoreticallgonsiderable an-
isotropy of kinetic properties of two-dimensional holes in
(001) GaAs/A}) Ga, As quantum well$. So far as the an-
isotropy of light absorption ip-type GaAs/A|Ga _ ,As het-
erostructures is caused by the energy spectrum transforma-

P=1kbar

FIG. 4. Calculated light absorption spectra in

> the p-type (001) GaAs/AJ sGa, sAs single hetero-

0:01 0.62
E (eV)

0.04 junction under uniaxial compression applied
along[110] direction: (a) P=0, (b) P=1 kbar,
(c) P=3 kbar,(d) P=5 kbar. Solid and dashed
lines correspond to the absorption of light with

P=5kbar polarization perpendicular and parallel to the di-
rection of applied compression, respectively.

0.01 0.02 0.63 0.64
E (eV)
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a) b)
0.4} 0.4r A
TN P=1kbar
03} (XIS
S S PN
3 02t Foo2r iy \
01l 01 ! FIG. 5. Calculated light absorption spectra in
the p-type (001) GaAs/A} sGa, sAs single hetero-
0.0 o o o o 0.0 T o oo oo junction under uniaxial compression applied
’ ’ ’ ) ) ’ ’ ’ along [100] direction: (@) P=0, (b) P
E@©Y) E V) =0.5 kbar, (c) P=1 kbar, (d) P=5 kbar.
04 c) oal D Solid and dashed lines correspond to the absorp-
.oon tion of light with polarization perpendicular and
o3p & 1% I P=3kbar 03l P=5kbar parallel to the direction of applied compression,
g " i \ H \ S ; I,‘ . respectively.
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tion under in-plane uniaxial compression, it is reasonable tgeaks arise, some of the peaks change their magnitude and
expect similar anisotropic behavior of light absorption corre-some of them vanish with an increase of compression. The
sponding to the transitions between valence- and conductior@bsorption of the light with polarization perpendicular to the
band states and bound-free transitions. direction of the compression is smaller than the absorption of
the light with polarization parallel to the direction of the
compression for the most values of photon energy at nonzero
pressure. It has been demonstrated that the dependence of
probability of transitions between subbands with the same
Results of theoretical calculations of light absorption invalue of the total angular momentum on the quasi-wave vec-
the far-infrared region in thp-type (001) GaAs/AjGay,sAs  tor differs from the dependence of probability of transitions
single heterojunction under uniaxial compression have beebetween subbands with different values of the total angular
presented in this paper. We have examined att0] and momentum on the quasi-wave vector.
[100] directions of uniaxial compression and demonstrated
stress-induced anisotropy of absorption of light with differ- ACKNOWLEDGMENTS
ent polarization. The light absorption spectrum is character- This work was supported by the Russian Foundation for
ized by a set of peaks at zero pressure and it suffers consi@asic Research Grant No. 97-02-17685. We are grateful to
erable transformation under uniaxial compression: newProfessor A. Junovich for helpful discussions.
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