PHYSICAL REVIEW B

VOLUME 41, NUMBER 6

15 FEBRUARY 1990-11

Electronic and optical properties of III-V and II-VI semiconductor superlattices

N. F. Johnson, H. Ehrenreich,* P. M. Hui, and P. M. Young
Division of Applied Sciences, Harvard University, Cambridge, Massachusetts 02138
(Received 11 July 1989)

The electronic structure and optical properties of III-V and II-VI semiconductor superlattices are
treated theoretically using a superlattice-representation formalism. The band structure is obtained
from superlattice K -p theory. The theory is based on closed analytic calculations of the superlattice
states at wave vector K =0 and the envelope-function approach. The known parameters of the bulk
constituents represent the only input. The electron effective masses and gaps of GaAs/Ga,_, Al As
(type I), InAs/GaSb (type II), and HgTe/CdTe (type III) are investigated for a wide range of layer
widths using the recently deduced large valence-band offset of HgTe/CdTe. The behavior of the
masses is also discussed in terms of the f-sum rule. The calculated fundamental absorption
coefficients for InAs/GaSb and HgTe/CdTe are in excellent agreement with experimental data.
The intersubband absorption between the lowest two superlattice conduction bands is investigated.
In the thick-barrier limit of GaAs/Ga, . ,Al, As the absorption can be larger than the fundamental
absorption and as narrow as a laser linewidth. In the thin-barrier limit the absorption is smaller and
broader, as illustrated for In, Ga, - As/In,Al, _,As.

I. INTRODUCTION

This paper presents a detailed treatment of the elec-
tronic structure and optical properties of III-V and II-VI
semiconductor superlattices (SL’s) based on and extend-
ing previous brief publications.! ™ The present theoreti-
cal approach describes the superlattice as a perfectly
periodic system within the envelope-function approxima-
tion.*> The standard formalism for bulk periodic solids,
including K-p theory, is then directly applicable. The
only input parameters for the theory are those of the bulk
materials involved in the superlattice. This approach has
previously been used (i) to extend the well-known bulk f-
sum rule to superlattices,' (i) to predict large intersub-
band optical absorption between the lowest two superlat-
tice conduction bands,? and (iii) to propose a resolution
of the valence-band offset controversy in HgTe/CdTe
SL’s.> The results presented in this paper exhibit the ex-
cellent agreement obtained between the experimental
values of quantities such as the fundamental absorption
coefficients for InAs/GaSb and HgTe/Hg,_,Cd, Te and
the results obtained using this theoretical approach.

The present approach, described in Sec. II, is easy to
implement without large scale computation and yields re-
liable results for superlattice properties (e.g., effective
masses) both perpendicular and parallel to the planes in
the energy region of interest. The superlattice states at
superlattice wave vector K =0 are first expressed in terms
of known bulk k-p parameters using the envelope-
function approach and a modified bulk Kane model as in-
put. The adequacy of this limited-basis k-p model has re-
cently been verified by comparison with the state-of-the-
art extended-basis model of McGill and co-workers.®
The K =0 masses can then be obtained analytically using
the f-sum rule.! Superlattice K-p theory is employed to
yield the SL band structure at finite K. The optical prop-
erties are then obtained from knowledge of the finite K
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electronic properties.

Sections III and IV present a quantitative comparison
of the electronic and optical properties of several techno-
logically important SL’s. Section IIT A describes the lay-
er width dependencies of the SL electron mass and gap in
GaAs/Ga,_, Al As (type I), InAs/GaSb (type II), and
HgTe/CdTe (type III). The behavior of the masses is
then discussed in terms of the f-sum rule for the
InAs/GaSb SL (Sec. IIIB), which is of theoretical in-
terest because the electron and hole wave functions are
concentrated in separate layers. Section III C compares
the band structures of the three SL’s.

The discussion of optical properties in Sec. IV is essen-
tially self-contained. The primary motivation for study-
ing HgTe/CdTe, and to a lesser extent InAs/GaSb, is for
use in infrared detectors. This application makes use of
fundamental SL absorption in the 10-um range. The
present theory yields fundamental absorption coefficients
in excellent agreement with experimental data’® for both
HgTe/Hg,_,Cd,Te and InAs/GaSb (Sec. IV A). The
type-1 SL’s considered here have been recently proposed
for use in optoelectronics owing to the large intersubband
oscillator strength between the lowest two SL conduction
bands, C1 and C2.2°!2 In particular, the C1—C2 ab-
sorption in GaAs/Ga,_,Al,As with thick Ga,_ Al As
barriers has been suggested for use in carrier-activated
light modulation in the 10-um range.? The correspond-
ing absorption coefficient is shown here to be sharply
peaked with magnitude ~10* cm ™! (Sec. IVB). In the
thin-barrier SL limit the absorption coefficient is predict-
ed to be broader and smaller (~10° cm™!), as illustrated
in Sec. IV B for In,Ga, _,As/In,Al,_,As.

II. FORMALISM
The Hamiltonian in an A4 /B superlattice is given by

#i

m2c2

2
H(r)=é)7n—+V(r)+ [ XVV(r)]p (1)
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where V(r) is the microscopic SL potential, p is the
momentum operator, and the last term describes the
spin-orbit coupling. The SL wave function at SL wave
vector K in band L satisfies

H(r){r|LK)=E (K){r|LK) )

where E; (K) is the corresponding energy. The z (or 1)
axis is chosen as the SL growth direction with z=0
defined as the center of a given layer of material 4. For
lattice-matched SL’s having the xy interface plane coin-
cident with a crystal plane, K=(k,,k, K )=(KK,)
where k, and k, are bulk wave vectors.

We employ the envelope-function approach® to express
SL quantities in terms of bulk electronic structure param-
eters. The envelope-function expansion is given by

(r|LK)= 3 F,(L,K;r){r|n0) 3)

where (r|n0) is the bulk Bloch function for band n at
k=0 in either material 4 or B and F,(L,K;r) is the en-
velope function. For the well-lattice-matched SL’s con-
sidered here, {r|n0) may be assumed to be the same in 4
and B. This assumption is justified here by the similarity
of the bulk pseudopotentials and momentum-matrix ele-
ments for the 4 and B bulk materials under considera-
tion.>!* The envelope function F,(L,K;r) is taken to be
slowly varying on the scale of the bulk unit-cell size, and
can therefore be cell averaged. This approximation to-
gether with the substitution of Eq. (3) into Eq. (1) yields a
multiband effective-mass-like Hamiltonian

HY s (ky,k, k,——i(3/3z))F(L,K;r)
=E; (K)F(L,K;r) (@)

governing the envelope functions at r in a layer of materi-
al A4 (B). The matrix H5%; (k) is the general k-p matrix
for bulk A4 (B) material and F(L,K;r) is a column vector
with components F,(L,K;r). The boundary conditions
for F(L,K;r), to be specified explicitly later, are obtained
by integrating Eq. (4) across an interface, and are con-
sistent with continuity of the cell-averaged current.!*
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The bulk momentum-matrix elements of H%?,, (k) con-
tain the effects of the rapidly varying {r|n0)’s.

The envelope-function equation [Eq. (4)] is truncated
here to a limited number of bulk bands by using the
specific form of HX 7y (k) corresponding to the modified
Kane model"® including finite-spin-orbit splitting.!> A
finite bulk heavy-hole mass is obtained though inclusion
of remote band effects via perturbation theory. The eight
bulk k=0 basis states (r|n0) being considered are
defined in Table I in terms of the states |S), |X), |Y),
and |Z) using the notation of Ref. 13. The correspond-
ing k=0 energies E,(0) in material A are also given.
Each (r|n0) can be characterized by |J,M, ) as shown in
Table I, where M, is the z component of the total angular
momentum J. 13

The SL states at K=(0,0,K,) can be labeled by M;
which remains a good quantum number.’ Specifically
M=+ for the light particle SL states, and M; =+3 for
the heavy-hole SL states. The resulting 8X8 matrix
equation obtained from Eq. (4) at K=(0,0,K,) consists
of two equivalent 4X4 blocks corresponding to positive
and negative M, values, respectively. Table II shows the
4X 4 block corresponding to positive M, (i.e., M;=+1
and +3). The 4 X4 block corresponding to negative M,
can be obtained from Table II by replacing F; by F,, F;
by F,, Fs by F¢, and F,; by Fg. Each F, is independent
of x _and y. The  Kane-matrix  element
P=—iV'2/3{(S|p,|Z) which appears in Table II is de-
duced from experimental bulk masses and gaps. The
function m"H(z) corresponds to the bulk heavy-hole
mass m i, when z is in material A or B, respectively.
The quantities Vrﬁ(Z), Vr7(z), and Vrs(z) are set equal to

zero in material 4. They are given in material B by the
differences Vr6’ Vr7, and Vl-8 between the corresponding

bulk band edges of material 4 and B as shown in Fig. 1.
The quantities m "%(2), V' (2), Vr_(2), and V. (2) are as-
sumed to change abruptly at an interface on the macro-
scopic length scale of the SL period.

The coupled differential equations for F,(L,K ;z) in
Table II can be rewritten equivalently as

TABLE 1. Bulk modified Kane model k=0 states |n0), energies E,(0) in material 4, and angular
momentum labels |J,M, ) for ', I';, and 'y bulk band edges, using the notation of Refs. 5 and 13. The
origin of energy is defined as the I'¢ edge. The bulk band gap and spin-orbit splitting in bulk 4 material

are E , and A 4, respectively.

n:n0) E,(0) |J,M,)

I 1:S1) 0 I3, +3)
2:[81) 0 13—

Iy 3:v2/31Z1)—V1/6lX +iY L) —E, [2,+1)
4v2/3|Z1)+V1/6|X —iY1) —E, 13,—3)
5:V1/21X+iYt) —E, 13,+3)

6:V'1/2|1X —iY 1) —E, 13,—-3)

r, 7V1/3|1Z1)+V173|X +iY L) —E,~A, L +1)
8:V1/31ZL)—V1/31X —i¥1) —E,—A, [+,—1)
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- %Bn(z,ELuq ))% A, (z,E, (KN +7V,(2) |F, (LK ;2)=E, (K, )F,(L,K ;) . (5)
[

The coefficients 4,(z,E;(K,)), B,(z,E; (K )), and ¥,(z)
are summarized in Table III for n=1,...,8.'% The
specific forms of the envelope-function boundary condi-
tions resulting from integration of Eq. (4) or Eq. (5)
across an interface are obtained by requiring continuity
of

B,,(z,E,_(Kl))% A,(z,E, (K, ))F, (LK ;2)

and
An(Z,EL(Kl))Fn(LyK_L;Z) .

With these boundary conditions Eq. (5) can be solved
analytically at K=0.

The K=0 SL states given by (r|L,0)
=3, F,(L,0;z){r|n0) have either even (P=+) or odd
(P =—) parity under r— —r within the present model.
Therefore (r|L,0) can be labeled by parity P == in ad-
dition to M;. Table IV gives the analytic expressions for
the nonvanishing F,(L,0;z)’s corresponding to {r|L,0)’s
with parity P and positive M; in an 4 /B SL with layer
widths 7,1 and period d.!” Discontinuities in the en-
velope functions arise due to the truncated basis set.% !4
The F,’s for the —M, SL states can be obtained from
those of the +M; states by interchanging F,<«F,,
F;-F,, Fs—F¢, and F,<—F;. The bulk k=0 Bloch
functions (r|n0) for n=1 and 2 transform like atomic s
functions under operations of the tetrahedral group,

while the {r|n0)’s for n =3, ..., 8 transform like atomic
E (k) E(k)
A A
\ka [E(0)/ \(B
E——
IVFS \xMux Im(k)
rs — — . /
(0] ’ r
_— 8
s 7N
— r,
W/Y_—IVW /1IN
Bulk A Bulk B

FIG. 1. Relative bulk band alignments of the I'¢, I';, and 'y
edges in materials 4 and B defining Vr6, V,-7, and Vrs’ respec-

tively. The complex band structure associated with the bulk B
band gap is shown dashed, and the maximum of the imaginary
part of the bulk wave vector “Max Im(k)” is indicated. k , (kp)
is the magnitude of the bulk wave vector along the growth axis
at energy E; (0) in bulk material 4 (B).

p functions. Therefore for {r|L,0)’s with P =+ (—) the
nonvanishing F,(L,0;z)’s in Table IV are even (odd) for
n=1,2 and odd (even) for n =3, ..., 8, respectively. An-
alytic expressions for E; (0) appear in Ref. 5. The quan-
tities k , and kp appearing in the expressions for the light
particle (heavy-hole) SL states in Table IV, are bulk wave
vectors for the bulk light particle (heavy-hole) bands at
energy E; (0) in materials 4 and B, respectively.® Figure
1 indicates k 4 and kjp for the case where L is a light par-
ticle SL band.

The superlattice band structure E; (K) for K+0 can
now be obtained using SL K-p theory. Writing

(rlL,K)=3 ¢, p(K)e'®™(r|N'0) 6)
<

the SL K-p equation for SL band L at wave vector K be-

comes

#K?
2m

#K
4P
8NN m NN

2

N

CLN'(K):O (7)

where Pyy.=(NO|p|N'0) is the SL momentum-matrix
element at K=0. Equation (7) may be used to derive the
f-sum rule, which yields the SL effective masses m; for
band L at K=0:

I =1+ > L (8)
mp | L'
(L'#L)
Here
o = 2 1{L,0lp,IL",0) > (2/m)|Pf.|? o
L™ m E (0)—E.(0) = AE.;.(0)
is the oscillator strength, (2/m)|P&.|?

=(2/m)|{L,0lp,IL’,0)|? is an energy associated with
the magnitude of the K=0 momentum-matrix element,
and a=1 (z) or || (x,y). The f-sum rule is also useful for
discussing SL optical properties. The SL matrix elements
appearing in Egs. (7) and (8) are given by'

<L’0|Px(y)|LI’O)= zann’(L’L')prfn('w ’ (10)

(L,0lp,|L",0)= 3 [a,,(L,L")pZ, +1,(L,L")S,,],

(11

where p,,,=(n0|p/n'0) is the bulk momentum-matrix
element, and

a1 Lan laptip
(L, L=~ [f_l +f1 ]dz

A/2 A/2

XFy(L,0;z)F,(L',0;z) , (12)
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N | Lap Lty
I, (L,L )‘E[f-z +/, dz

A/2 A/2

XF¥(L,0;z)p,F,(L',0;z) . (13)

The selection rules within the modified Kane model are
(L,0lp,x|L’,0) =0 unless (i) M;—M,=0(x1), and (ii)
|L,0) and |L’,0) have different parities.

For the SL’s considered here, the a,,(L,L')p;,. terms
dominate over the II,(L,L’') terms in (L,0|p,|L",0).
Therefore the Kronig-Penney model is inadequate for cal-
culating SL momentum-matrix elements since that model
only contains IT terms. It can be shown'*!® that for
type-I SL’s such as GaAs/Ga,_,Al ,As having a gap
much larger than the conduction- and valence-band
offsets,

(L,0lp,IL",0) ~(m /mX*,(L,L'), n=1,2

where L =C1,C3,..., L'=C2,C4,..., and m} is the
bulk electron mass. (C1 is the lowest SL conduction
band.) The effect of II,(L,L’) in Eq. (11) is therefore
smaller by about m /m} than the first term. In the bulk
limit (i.e., /4 or Iz—0) the F,’s for C2 become sine or
cosine waves with period d while the F,’s for C1 become
constant. The a and II integrals for L =C1 and L'=C2
vanish and (C1,0|p|C2,0) is therefore zero. This be-
havior is consistent with that of a bulk intraband transi-
tion which vanishes in the absence of scattering. In a su-
perlattice, the barrier layer supplies crystal momentum in
the 1 (z) direction. Hence (C1,0|p,|C2,0) will be larger
than (C1,0|p,|C2,0).

(14)

III. ELECTRONIC PROPERTIES

The three types of superlattice (SL) being considered
are shown in Fig. 2. The relative alignments of the I'y
and Iy bulk band edges are shown for type-I
(GaAs/Ga,_, Al As), type-II (InAs/GaSb), and type-III
(HgTe/CdTe) A /B superlattices. A is the valence-band
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TYPE I TYPE I TYPE IT
B A B A B8 B A B8
Iy S Ll q ~ Te
e\ l
L ——
1
AI + Te _
As__m——__ g L___u :\'h/ Loy A 1 i L__Tg
——— " ——
2 1 ———— . 1 2
A B8 A B
‘zA ¢B

FIG. 2. Schematic band alignments for the three types of su-
perlattice. The electron well associated with the T
conduction-band maximum (solid line) and the inverted hole
well associated with the I'y valence-band maximum (dashed
line) are shown. The electron and hole envelope functions are
shown schematically for a type-II superlattice, where the two
are concentrated in adjacent layers. A is the valence-band
offset.

offset. Although the SL electron and hole states contain
both I’y and I’y components, the solid line (I'g) can be as-
sociated roughly with the quantum well appropriate to
electrons, and the dashed line (I'g) with that appropriate
to holes. As indicated by the sketched envelope func-
tions, the electron and hole in type-II SL’s are therefore
concentrated in layers 4 and B, respectively. By contrast
both electron and hole are concentrated in layer A4 in
type-I and -III SL’s. The spectral limit theorem!® implies
that a positive SL gap always exists in type-I SL since
there is a gap region common to both materials 4 and B.
For type-1II and -III SL’s the gap may be zero.

Table V gives the bulk k-p parameters and valence-
band offsets A used as input to the envelope-function
equations [Eq. (5)]. A is taken as 350 meV for
HgTe/CdTe (Ref. 3) in contrast to our previous zero
offset analysis.! Although the qualitative features of Fig.
3 in Ref. 1 are unchanged, m, in the HgTe/CdTe SL is

TABLE V. Bulk k-p parameters and valence-band offsets (A) used as input to the superlattice envelope-function equations.
mX(m iy ) is the bulk electron (heavy-hole) mass. E(I), E(T';), and E (I'y) are the energies of the ', I';, and I'g edges, respectively.

Type 1 Type 11 Type 111
GaAs Gag ;A ;As? Ing 53Gag 47AS Ing s,Alj 43As InAs GaSb HgTe® CdTe®
(A) (B) (A) (B) (A) (B) (A) (B)
T=0 K T=60 K T=0 K T=0 K
E(T'¢)—E(Tj) (eV) 1.52¢ 1.98 0.76¢ 1.47¢ 0.42¢ 0.81°¢ —0.30 1.60
E(I'3)—E(T;) (eV) 0.34¢ 0.32 0.35% 0.32* 0.38¢ 0.75¢ 1.0 0.90
A (eV) 0.138f 0.16¢ 0.57¢ 0.35
mr/mg 0.0678 0.084 0.042¢ 0.075¢ 0.022 0.0428 0.031 0.11
miy /mg 0.78 0.7 0.5° 0.5% 0.4¢ 0.4° 0.7 0.7

#Virtual crystal alloy values.

bReference 3.

‘Reference 13.

9Reference 10.

‘Reference 20.

f70:30 conduction-band:valence-band ratio (Ref. 21).
EReference 22.
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roughly twice as large for A=350 meV than for A=0
while m and E;" both tend to be slightly smaller.

A. K =0 gaps and masses

Figure 3 shows the SL band gap EgSL and the K=0 C1
electron masses m, (solid line), m (short-dashed line) as
functions of layer width. The behavior can be under-
stood qualitatively by considering the quantum well (QW)

(a) 4 GaAs /256057 A8g 3 As ]

Effective 04
Masses

Band
Gap
(ev)

— m/m, 0 40 80
—— my/m,

.
20 ees Alloy — $A) —»

(b)

4AInAs/4BGqu

Band
Gap
(ev)

Effective
Maosses

. Vi
o
004 2g(A) 2g(A)
40
/_ my /my o 40 80 2
—— my/mg °
2, (A)
ese Al aA —e
o a0 80 2° oy
o
— (A
(c) 4, HgTe / 4 CdTe
Effective 02

Band
Gap
(eVv)

Masses

02

— my/mg o 40 80

—= my/mg
| eee Allo
0 40 80 ° Y

— 2y(A)—=

FIG. 3. Superlattice gap E;" and the K=0 C1 electron
masses m, (solid line), m (short-dashed line) as functions of
layer widths /4, Iz in (a) GaAs/Gay ;Aly ;As, (b) InAs/GaSb,
and (c) HgTe/CdTe. The locus of E;=0 is indicated by a
long-dashed line for InAs/GaSb and HgTe/CdTe. VCA masses
and gaps for the alloy 4, B,_, with x =1, /d are shown by dot-
ted lines.
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and homogeneous virtual crystal alloy (VCA) limits (dot-
ted lines). The behavior of the effective masses will be
discussed again in Sec. III B on the basis of the f-sum
rule.

The QW picture is appropriate in the thick-barrier lim-
it where m is large. The SL band gap EgSL is then deter-
mined by the kinetic energies of confinement of the elec-
trons and holes in their respective wells. In the QW pic-
ture, the energies of the electrons and holes are more sen-
sitive to their respective well widths than the correspond-
ing barrier widths. Furthermore, because of its lighter
bulk mass, the electron confinement energy is more sensi-
tive to the electron well width than the hole energy is to
the model well width.

The VCA picture is appropriate in the thin-barrier SL
limit where the envelope-function decay length in the
barrier is much greater than the barrier thickness. In this
limit the 4 /B SL is expected to behave like a homogene-
ous alloy A,B,_, where x =/, /d is the concentration of
material 4 assumed to be uniformly dispersed
throughout the sample. The VCA picture predicts that
m and m, will be equal and follow E;" as in the bulk.

For fixed barrier width I in each SL system, E;' de-
creases as [, increases, due to a reduction in the QW
electron  kinetic energy of confinement. In
GaAs/Ga,_,Al, As [Fig. 3@)] ES" tends to the bulk
GaAs gap with increasing /,. Figure 2, on the other
hand, suggests that in InAs/GaSb [Fig. 3(b)] and
HgTe/CdTe [Fig. 3(c)] the gap E becomes zero for
large / , because the decreasing electron confinement en-
ergy causes the electron energy level to fall below that of
the hole level. In the VCA picture an increase in /, is
equivalent to an increase in x. Since the bulk A4 gap is
less than that of bulk B, the VCA gap also decreases.
The variation of the VCA gap for GaAs/Ga,_, Al As
and HgTe/CdTe using x =/, /d is shown by the dotted
line in Fig. 3.2 As expected the VCA gap agrees well
with E; SL for thin barriers /.

In GaAs/Ga1 <Al As and HgTe/CdTe, E;" increases
with increasing barrier thickness /p at fixed l 4 and satu-
rates at the isolated quantum-well value. For InAs/GaSb
the confinement energy of the electron increases as [ be-
comes larger, but the hole confinement energy decreases.
Hence E;" may increase or decrease with increasing /p
depending on whether the electron or hole energy shift
dominates.

Figure 3 shows that m , indicated by the short-dashed
line, decreases somewhat with increasing [/, in
GaAs/Ga,_, Al As and HgTe/CdTe for fixed /5. This
corresponds to the expected bulklike behavior for which
EgSL~m”. In HgTe/CdTe m; becomes zero for
sufficiently large /, as indicated by the long-dashed line
in Fig. 3(c). As !, is increased further, m actually be-
comes nonzero once more. A detailed account of the be-
havior of m and EJ* for HgTe/CdTe in this layer width
regime is given in Ref. 3. The VCA masses, shown by a
dotted line, agree well with m for thin barriers /5. As
shown i in Fig. 3(b), m in InAs/GaSb exhibits a peak at
1,=25 A for GaSb widths greater than 40 A. The corre-
sponding electron energy level coincides with the max-
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imum imaginary wave vector in the bulk GaSb gap [see
the cross labeling “Max Im(k)” in Fig. 1]. The decay
length of the electron wave function in GaSb is therefore
a minimum, and the electron is maximally confined to the
InAs layer. As a result the in-plane SL mass m resem-
bles the bulk InAs electron mass m 5, (E,(0)) at a finite
energy E(0) corresponding to the electron confinement
energy above the InAs conduction-band edge. However
the / , —O0 limit of m, is given by the bulk GaSb electron
mass m §,s,(0), which is smaller than m7{,, (E,(0)) due
to the large conduction-band nonparabolicity in bulk
InAs. This effect gives rise to a peak in m .

Turning now to the case where /, is fixed and [; is
varying, we see that the behavior of m in all three SL
systems is again similar to that of E, SL as described above.

Figure 3(a) shows that m, in GaAs/Ga1 <AlAs in-
creases with /, at fixed I;. The electron energy is
lowered and as a result the effective barrier height is in-
creased, and the tunneling probability is decreased. As
indicated in Figs. 3(b) and 3(c) m, in InAs/GaSb and
HgTe/CdTe exhibits a peak which occurs at the value of
1, for which the electron decay length in layer B is a
minimum. The corresponding tunneling probability
through layer B is therefore a minimum. %’

Finally for fixed [, m, increases with increasing bar-
rier thickness /3 in all the materials due to a decrease in
tunneling probability.

B. f-sum rule

The behavior of m, and m of SL band C1 at K=0
can also be understood in terms of the f-sum rule, Eq. (8),

JOHNSON, EHRENREICH, HUI, AND YOUNG 41

with f{.; given by Eq. (9). Type-I SL’s have already been
discussed in Ref. 1. We focus here on the somewhat
more complicated type-II case, InAs/GaSb, for which
the electron and hole envelope functions are confined in
separate layers. Figure 4 shows the variation of E;(0),
2/m)|Pf ¢y 1% and f£ ¢ (@=L,||) for L =C2, C1, HHI,
and LH1 (where HH denotes heavy hole and LH denotes
light hole) as a function of well and barrier widths for
InAs/GaSb. Three typical sets of layer widths (60 A/40
A, 40 A/40 A and 40 A/60 A) are considered to illus-
trate the behavior. The (40 A InAs)/(40 A GaSb) SL is
used as a reference. The f-sum rule contributions to C1
from bands other than those given above are also listed,
as are the values of m, and m obtained from Eq. (8). As
shown by sketches for the (40 A InAs)/(40 A GaSb) SL,
the F,(L,0;z)’s are concentrated in InAs (layer A4) for the
electron states (C1,C2) and in GaSb (layer B) for the
hole states (HH1, LH1). The 'y (VB) edge of GaSb is
taken to be the zero of energy.

We first focus on C2 and C1. The C1->C2 properties
of InAs/GaSb are representative of those of type-I and
type-III SL’s. As indicated by the upward arrow in the
C2 column, increasing /, (the electron well width) from
40 to 60 A at fixed ! 5 =40 A causes E,(0) to decrease
from 0.67 to 0.42 eV, and E (0) to decrease from
0.16 to 0.052 eV due to a reduction in the electron

confinement energy. Hence the energy difference
AEc) ¢1(0)=E;,(0)—E(0) decreases. The energy
(2/m)|P&, ¢y 1P=(2/m)|{C2,0lp,|C1,0)? decreases

from 4.9 to 4.5 eV as [, increases since (2/m)|P¢, ¢, |?
vanishes in the bulk limit of pure 4 material. However,

L ce2 Cl HH I LHI
-~y - ~4p~- +fg =
Fr.—f ' '
FLoa| B B /RS
F, /1: , ¥ A LR
Te 8 -
InAs InAs GaSb
4 2y
EL(0) |60:40 0.42 0.052 -0.040
(ev) |40:40 0.67 0.16 -0.040
40:60 0.64 0.18 -0.020
2 |pl |2 .
F|F|’__c|| 60:40 4.5 o
(ev) |40:40 4.9 Other Bands m/m
40:60 7.1 1770
1 60:40 -12 30 14 0.031
fL.CI 40:40 - 9.6 (0] 27 9.8 0.036
40:60 -1I5 22 ] 0.057
2 pilm 60:40 0.10 0.88 0.35
m DL 40:40 0.15 1.6 0.71
(eV) 40:60 0.19 o 0.35 Other Bands m/mg
" 60:40 - 0.28 9.6 1.5 24 0.029
flel |40140 - o0.29 8.4 2.2 18 0.034
40:60 - 0.42 5.3 1.2 19 0.040

FIG. 4. Energies E,(0), (2/m)| PP, [2=(2/m)|{L,0 puplCl, 0)! , and oscillator strengths fi', for I, InAs/I, GaSb superlat-
tice. Results are given for three sets of layer widths: 60 A/40 A,40 A/40 A, and 40 A/60 A. The upward and downward arrows in-
dicate increasing InAs (/) and GaSb (I;) width, respectively. Dominant envelope functions are shown for the important K =0 su-
perlattice states L =C2, C1, HH1, and LH1 in the (40 A InAs)/(40 A GaSb) superlattice. The total contribution from other superlat-
tice bands is also listed. Superlattice masses are calculated using the f-sum rule Eq. (8).
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fézya increases in magnitude (from —9.6 to —12) be-
cause of the dominating variation of the energy denomi-
nator.

Along the same lines, as indicated by the downward ar-
row in the C2 column, increasing {’B (the electron barrier)
from 40 to 60 A at fixed 1 4=40 A causes AE, ¢,(0) to
decrease. This change is small because the electron ener-
gies are insensitive to Ip for sufficiently thick barriers.
The energy (2/m)| P&, ¢ |* increases from 4.9 to 7.1 as I
increases because the deviation from bulk A behavior be-
comes larger. Alternatively, the increase in
(2/m)|P¢y 1 |* can be viewed as resulting from the in-
creased effectiveness of the barriers in supplying crystal
momentum. The net result is an increase in the magni-
tude of f¢&, ¢ from —9.6 to —15. The quantities

(2/m)|Ply ¢, |? and f 5.1 are negligible since the paral-
lel direction is essentially bulklike. We note in passing
that a (40 A GaAs)/(40 A Ga,_ Al As) SL has a smaller
energy (2/m)|P¢&, ¢ |2 (=1.5 eV) associated with the
C1-C2 matrix element' than (40 A InAs)/(40 A GaSb) be-
cause InAs, where the C1— C2 transition occurs, is far
more nonparabolic than its GaAs counterpart.

There are several differences between the intersubband
C1—C2 and valence-conduction-band VB— C1 proper-
ties (where VB=HHI1,LH]1) of InAs/GaSb. In contrast
to the electron energies E;(0) and E,(0), the hole energy
Eyg(0) is more sensitive to /5 than /, for large Iz, since
the hole is located in the B layer. Furthermore, the ener-
gies (2/m)|Pyf ¢, 1*=(2/m)|{VB,0lp,,|C1,0)|> are
small compared to the bulk VB— CB value of 15 eV since
the electron and hole are in adjacent layers. (Recall that
(2/m)|P&, ¢ |? is smaller because of its intraband charac-
ter.) The oscillator strength fi}'c, can however still be
appreciable since AE, yg(0)= EC](O)—EVB(O) is also
small. The quantity f HHI,C1 vanishes because of the

selection rules mentioned in Sec. II.

Unlike (2/m |PC2 c11? which increases as [, increases,
the energies (2/m) IPLg c1|? decrease as cither [, or I is
made larger. Spe01ﬁcal]y, for fixed / , =40 A, increasing
lg from 40 to 60 A causes both the electron and hole bar-
riers to become more effective since the electron barrier
thickness and the effective hole barrier height increase.
As a result the electron-hole overlap is reduced. The de-
crease in (2/m)|Pyyc,|* as I, is increased for fixed
I =40 A can be understood using a similar argument. In
this case the hole barrier thickness and the effective elec-
tron barrier height increase.

In contrast to type-I SL’s (Ref. 1) the values of m
shown in Fig. 4 are small and comparable to the VCA
mass [see Fig. 3(b)] despite the fact that f¢, ¢, is large.
Furthermore the contributions to the f-sum rule from
HH1 and LH1 are small. The contributions from the ex-
cited hole states are therefore important as indicated in
the column “Other Bands.” For type-II SL, excited hole
states near the top of the (I'g) hole well can leak into lay-
er A thereby increasing the electron-hole overlap which
leads to an appreciable contribution to the f-sum rule.

C. Finite K properties

The results for the SL energies and matrix elements at

K =0 can be used to obtain the band structure E; (K) for

K0 by diagonalizing the SL K-p matrix in Eq. (7). The
SL matrix elements P, (K)=(L,K|p|L’,K) for finite
K are then calculated using the relationship P;;.(K)
= Sy e (Kep o (K)YXMO|p|M’0), which follows
from Eq. (6). The resulting SL properties are illus-
trated in Fig. 5 which shows E;(K) and
(2/m)| P (K)[*=(2/m)|{L,K|p,|L",K}|* for (190 A
GaAs)/(200 A Gag 75Al) 55As), (37 A InAs/37 A GaSb),
and (58 A HgTe/42 A Hg, 15Cdy gsTe) along the K and
K| directions. Both E; (K) and (2/m)|P},.(K)|? are in-
dependent of the direction of K within the present mod-
el.

The valence-band structure calculated by Chang and
Schulman?® utilizing an elaborate tight-binding approach,
which has been widely used, is shown by the dashed line
for the GaAs/Ga,_, Al As SL. The agreement with the
present results is good for both the band structure and
matrix elements even though only eight |L,0)’s were ex-
plicitly included in the SL K-p matrix of Eq. (7), all other
|L,0)’s lying in the energy range from —2 to 2 eV being
treated perturbatively. Sixteen |L,0)’s were explicitly in-
cluded in Eq. (7) in the cases of the InAs/GaSb and
HgTe/Hg,_,Cd,Te SL’s in order to facilitate the calcu-
lation of optical properties, to be discussed in Sec. IV,
over a wider energy range.

The C1 energy band for K, =0, given by E((K,), is
reasonably parabolic in the K direction for each of the
three SL’s. However, the topmost valence bands show
large nonparabolicity beyond 7 /d as a result of hybridi-
zation. The relative ordering of the LH1 and HH2 bands
for each SL depends on the particular choice of SL layer
widths. At K=0 HH1 and LH]1 are repelled strongly by
Cl in the K direction. The repulsion between LH1 and
HH2 is also appreciable since the bands are close in ener-
gy. LH1 therefore bends upward in the parallel direction
for the InAs/GaSb SL due to the ordering of the
LH1 and HH2 bands but bends down for the
GaAs/Ga,;_, Al As and HgTe/Hg, ,Cd,Te SL’s. At
finite K‘ in the three SL’s, the HH1 band contains a
|C1,0) component to first order in the K- -p interaction,
and hence indirectly acquires a |[LH1,0) component to
second order in the K-p interaction. This leads to an an-
ticrossing of HH1 and HH2 in the GaAs/Ga,_ Al As
SL and the HgTe/Hg, ,Cd,Te SL at finite K. In the
InAs/GaSb SL the anticrossing involves LH1 and HH1.
The HH3 band is flat in the parallel direction for the
GaAs/Ga,;_, Al As SL since HH3 is not included in the
more limited set used for this SL.

The energies (2/m)|P},.(K)|?
=(2/m)|{L,K|p,|L",K}|* shown in Fig. 5 are relevant
to the calculation of fundamental optical absorption dis-
cussed in Sec. IV, where the incident light propagates
along the z(1) axis and the polarization vector lies in the
xy(|) plane. At K, =0 the energies (2/m)|P};.(K i)
depend sensitively on K, due to the significant hybrldxza-
tion of the SL valence bands. In the GaAs/Ga,_,Al, As
SL the crossing of LH1 and HH3 causes
(2/m)|PL; 1y (K |)[* to drop abruptly to zero at the
LH1-HH3 crossing point. For larger K the now upper-
most HH3 band does not interact with C1. The values of
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(2/m)|P},.(K)|? for the HgTe/Hg,_,Cd, Te SL are seen
to be smaller than those of the GaAs/Ga,_ Al As SL.
The state |C1,0) in the HgTe/Hg,_,Cd, Te SL has an
appreciable F r, component since the bulk HgTe

conduction-band edge has I'y symmetry, thereby reduc-
ing the matrix element between C1 and the SL valence
bands. By contrast the InAs/GaSb matrix elements are
small because the electron and hole are separated, as dis-
cussed in Sec. III B. In the HgTe/Hg,_,Cd, Te SL the
value of (2/m)|Pl; yu,(K)|? is nearly equal to that of
(2/m)|PLy i (K)|? because the envelope functions cor-
responding to C2 and HH2 both resemble first excited
states in the same well.

The perpendicular band structure for K; =0, given by
E,(K,), shows essentially no dispersion for the
GaAs/Ga,;_,Al As SL since the Ga,_ Al As layer is
thick. The K, =0 energy (2/m)|P};.(K )|* shows a
weak dependence on K, for GaAs/Ga,_, Al ,As and
HgTe/Hg,_,Cd,Te, in contrast to the InAs/GaSb SL.
The stronger dependence in InAs/GaSb is associated
with the electron and hole lying in different wells and has
been discussed previously by Voisin et al.?’ In the
InAs/GaSb SL, the mterchange of (2/m)|PLy 1y (K))I?
and (2/m)|P}; yup (K12 at finite K| is associated with
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the crossing of the LH1 and HH2 bands.

The preceding results all pertain to the valence-band
offsets A listed in Table V. One of the remarkable prop-
erties of the HgTe/CdTe electronic structure is that a
semiconductor —semimetal— semiconductor transition
occurs as the valence-band offset A (cf. Fig. 2) is in-
creased from A=0. This behavior underlies our recently
proposed resolution of the valence-band offset controver-
sy in HgTe/CdTe SL’s.3 Explicitly it was shown in Ref.
3 that a large offset value (A=350 meV) is indeed con-
sistent with the magneto-optical data of Berroir et al.?
obtained from an unintentionally doped (100 A
HgTe)/(36 CdTe) SL sample. The experimental data had
previously been interpreted as being uniquely associated
with a small offset A =40 meV. .

Figure 6 shows the band structure for the (100 A
HgTe)/(36 A CdTe) SL for A=40, 230, and 350 meV.
For small A (~40 meV) C1 lies above HH1 and the SL is
semiconducting. As A is increased C1 drops in energy
until it touches HH1 for A=230 mev, and the SL be-
comes semimetallic. For A >295 meV the SL is semicon-
ducting once again as a result of the uncrossing of the C1
and HH1 bands. The band gap in this region is still
direct but it occurs at the SL Brillouin-zone face
K, =m/d, as shown for A=350 meV.

I90A GoAs/200A Gay Al As

37RInAs/37A GaSb

58A HgTe /42A Hg,_, Cd,Te

Ky Ky Ky Ky Ky Ky
- —_— -— —_— -— —_—
asf ~——_ 1+ cz
cl o4l :
E_(K) | 1aob L] e
L= T A A Y=
(eV) 0 T 02 N o
Sy HH2 o T A |
I~ L HHI
-00l {LH LHI ° HHz =
-o. 3 —LHI
T HH2 vy
— 1
—w/d O w/d | -w/d ) w/d -7/d ) wrd
HHI —=CI
12} -
2 iP"-(K)‘ Z . HHI==C| ok HHI = C|
(eV) 8-

HH2+C2

| LHI=CI 2
LHI—=CI
0 ot
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FIG. 5. Band structures E;(K) and energies (2/m)|P} . (K)[?=(2/m)|{L,K|p;|IL",K)|> for (190 A GaAs)/200 A
Gay, 75Aly 25As), (37 A InAs)/(37 A GaSb), and (58 A HgTe)/(42 A Hgy,15Cdy ssTe) superlattices shown as functions of K and K.
The origin of energy is defined as the valence-band (I'g) edge of GaAs, GaSb, and HgTe, respectively. The label L' — L indicates the
transition corresponding to (2/m)|P};.(K)|%. The superlattice growth axis is along the L direction. The tight-binding results of
Chang and Schulman (Ref. 26) are shown (dashed line) for comparison.
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FIG. 6. The band structures for a (100 A HgTe)/(36 A CdTe)
superlattice as a function of band offset A. As A increases, the
system changes from semiconducting (SC) to semimetallic (SM)
and back to semiconducting due to the crossing and uncrossing
of the C1 and HH1 bands.

Figure 7 shows the nearly cylindrical constant energy
surfaces of HH1 along K, and K, for the (100 A
HgTe)/(36 A CdTe) SL with A=350 meV. Energies are
measured from the bottom of the HH1 band (0 meV).
The bulges are a consequence of the K, dependence of
the in-plane band structure. Assuming reasonable values
of the intrinsic electron concentration (n,>2X 10'¢
cm™?) the calculated cyclotron mass is consistent with
the zero field experimental value of 0.015+0.003. Re-
cently, unintentional doping concentrations of
n.~5x10"” cm~® have been measured in other
HgTe/CdTe samples.?’ Using n, =5X 10'5 cm 3, the cal-
culated cyclotron mass becomes consistent with the ex-
perimental value for a band offset of A=370 meV, or
possibly even a somewhat larger value. !

KL (units of Mg )

——» Ky tunits ot 7%)

FIG. 7. Constant energy surfaces along K| and K, of HH1
for a (100 A HgTe)/(36 A CdTe) superlattice with A=350 meV.
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IV. OPTICAL PROPERTIES

The results of Sec. III C permit evaluation of the imagi-
nary part of the dielectric function at frequency o given
by

S I(LK[e-p|lL'K)[?

222f

ez(w)”"

E (K)—E;(K)
#

X[f(EL(k))—f(E (K))]
=2n(w)k(w) (15)

X8 |w—

where L(L’) is the SL band index of the initial (final)
state, K is the SL wave vector and f(E) is the Fermi-
Dirac distribution. The unit vector € defines the polar-
ization of incoming light. The quantities n (») and «(w)
are the real and imaginary parts of the refractive index.

The two optical processes of interest are fundamental
absorption involving transitions between SL valence and
conduction bands (Sec. IV A), and intersubband absorp-
tion involving transitions between the lowest two SL con-
duction bands C1 and C2 (Sec. IV B). Fundamental ab-
sorption in SL’s is appreciable regardless of the polariza-
tion of the incident light, although for the cases of in-
terest in Sec. IV A the polarization vector € lies in the
plane of the layers. Intersubband absorption is only ap-
preciable if the polarization vector € is perpendicular to
the plane of the layers, and if there are carriers in C1.

The imaginary part of the dielectric function
€(w)=2n(w)k(w) can be written as
6(0)=eXw)+8e5 N w)+8€5PVB(w) (16)

where BefZ'CI(w) is associated with C1— C2 absorption,
858 VB(w) is associated with fundamental absorption be-
tween SL valence (VB) and conduction (CB) bands within
~0.5 eV of the onset, and €3(w) is the contribution asso-
ciated with other occupied states. The real part of the
dielectric function €,(w)=n*w)—«*w) is given by

)+8eS2 (w) + 65 VB(w) (17)

where the individual contributions 8e{*“N(w),
8B VB(w), and €)w) are obtained from 8e5% ! (w),
8e5PVB(w), and €)(w), respectively, using a Kramers-
Kronig relation. The real part of the refractive index
n(w) is related to €,(w) and €,(w) by

€(0)=w

&) 5 2 12
n(w)= 3 —— +1[e}0)+eXw)] (18)
The absorption coefficient is defined as
alw)=we)w)/n(w) . (19)

For light polarized perpendicular to the layers the
C1—C2 contribution to €,(w), given by 8¢5 () in
Eq. (16), is appreciable over a narrow energy range and at
energies far below the onset of VB— CB transitions for
the cases of interest. The corresponding contribution to

€,(w), given by 8¢F>!(w) in Eq. (17), is a strong function
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of o in this frequency range and is equal to the principal
part of 2/m)[rdew'e'8e5* ') /(0?—w?). The fre-
quency dependence of the refractive index n (o) [Eq. (18)]
must therefore be taken into account in calculating the
intersubband absorption a(w) [Eq. (19)].

By contrast, the contribution €)(w) in Eq. (16) has a
broad structure regardless of the polarization of incident
light and only becomes appreciable at high energies (>2
eV). The corresponding contribution to €,(w), given by
€)(w) in Eq. (17), is therefore reasonably independent of
frequency w over the energy range of interest 0 < #w <0.5
eV. In addition €)(w) dominates 8¢ Y®(w). For funda-
mental absorption with light polarized within the layer
plane 8¢5 (w) and 8e¢?C(w) are negligible; hence the
refractive index n(w) can be taken to be constant near
the fundamental absorption edge. We have estimated the
actual variation in n (w) to be less than 10% using a two-
band SL model.

A. Fundamental absorption

Figure 8 compares the experimental absorption curve
(dashed line) for a (37 A InAs)/(37 A GaSb) SL at T=4
K (Ref. 8) with the present theoretical results (solid line).
The agreement is seen to be satisfactory. The absorption
coefficient a(E) is an order of magnitude smaller than
that of a direct-gap bulk material because the electron
and hole in the SL are concentrated in separate layers re-
sulting in reduced overlap. The structure in a(E) mainly
arises from the transitions HH1—-C1 and LH1—-Cl1
whose onsets are indicated by arrows. The corresponding
partial contributions are indicated by long-dashed lines.
The tail of the experimental absorption curve, which is

T T T T
——— expt. (Chang et al)
——— theory (total)

E
(%]
"
e
:;:' HHI = ClI
s T~
LHI==Cl 3
T T —
/ —
1 l 1 1
0.3 0.4 0.5 0.6

Photon Energy E(eV)

FIG. 8. Comparison of experimental coefficients (short-
dashed line) of Chang er al. (Ref. 8) and theoretical (solid line)
fundamental absorption coefficients a(E) as functions of photon
energy E for (37 A InAs)/(37 A GaSb) at T=4 K. Dominant
partial contributions are shown (long-dashed line). Inset: ex-
perimental vs theoretical tail of a(E) including a +4-A layer
width fluctuation in the theory, at constant superlattice period.
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not reproduced by the theory, is possibly due to disorder
in the SL layer widths. The inset in Fig. 8 shows the
modified theoretical absorption curve allowing for a ran-
domly distributed +4-A fluctuation (corresponding to
about a monolayer) in the individual layer widths, but
keeping the SL period constant at 74 A.

Figure 9 shows a similar comparison between the ex-
perimental’ and theoretical absorption curves for a (58 A
HgTe)/(42 A Hg,_,Cd, Te) SL at room temperature.
The experimental results of Lansari et al.” (dashed line)
are demonstrably reproducible in the sense that two
separate samples grown under the same conditions yield
an identical a(E) curve.” The experimental data show no
evidence of a theoretically inexplicable tail, possibly indi-
cating that the corresponding disorder in the InAs/GaSb
sample is absent in the HgTe/Hg, _,Cd, Te samples. The
theoretical curve for A=350 meV (solid line) is in re-
markable agreement with the experimental data. Al-
though a(E) is not very sensitive to A the agreement be-
tween experiment and theory is better for A=350 meV
than for A=40 meV (dashed-dotted line). The partial
contributions for A=350 meV, shown by long-dashed
lines, are again dominated by the HH1—-C1l and
LH1—C1 transitions at energies near the fundamental
SL gap. The HH2— C2 contribution near E ~0.5 eV be-
comes comparable in magnitude to that of HH1—Cl1
since the corresponding matrix elements are nearly equal
(Sec. IIIC). The HH3—C3 contribution is large for
E~0.8 eV. Calculation of a(E) for E>0.55 eV is
difficult since many SL bands contribute, and E; (K) is
required for large K| values. The HH3—C3 contribu-
tion, shown by the dotted lines, was therefore included

T T T T
2~ ——— expt.(Schetzina etal) secsexy
theory (total) }
A =350meV H
= | -—-— A =40 meV .,_,_,(.{..E i
'E >
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=
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w
° HH3-+=C3
B HH‘—'C\ / :-o...!
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o 0.2 0.4 0.6 0.8
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FIG. 9. Comparison of experimental coefficients (short-
dashed line) of Lansari et al. (Ref. 7) and theoretical (solid line)
fundamental absorption coefficients a(E) as a function of pho-
ton energy E for (58 A HgTe)/(42 A Hg,.5Cd, ssTe) at T=300
K. A is taken as 350 meV. Dominant partial contributions are
shown (long-dashed line). Theoretical curve above E=0.55 eV
is approximate (shown dotted). The theoretical absorption
curve using A=40 meV is indicated by a dashed-dotted line.
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approximately in Fig. 9 using a two-dimensional density
of states and a K-independent SL matrix element. The
observed structure in all cases, even the last, coincides
with theoretically expected transitions.

The fundamental absorption in the
GaAs/Ga;_,Al,As SL was not considered due to the
importance of excitons which are not included in the
present theory.

B. Intersubband absorption

In contrast to fundamental absorption, the C1—C2
absorption is only appreciable if the C1 band contains
carriers, and the incident light is polarized perpendicular
to the layers. The dependence of the C1—C2 absorption
on the light polarization follows from the anisotropy of
the C1— C2 oscillator strength féz,a discussed in Sec.
IIIB (cf. Fig. 4). Several practical applications of the
strong C1— C2 absorption have recently been suggested.

a. Carrier-activated light modulators. High-speed
carrier-activated light modulation is possible in thick-
barrier SL’s (Ref. 2) where the C1—C2 absorption is
large (~10* cm ') and narrow (~ 10 meV) as a result of
the large C1—C2 oscillator strength f¢, ¢, and the fact
that the C1 and C2 bands are essentially parallel in all
directions. The properties of a(E) and n (E) will be illus-
trated here by considering an (80 A GaAs)/(160 A
Ga,_,Al, As)SL.

b. Infrared detectors. Levine et al.'? have proposed an
infrared detector consisting of GaAs/Ga,_, Al, As quan-
tum wells with sufficiently thin well layers such that C2
J

4m%e?
8e5 > Nw)= | m2y?

My
mhd

0 otherwise

where (m, /m#d) is the C1— C2 joint density of states
with m, ,/m =(m/m¢c, ,—m/mc, )”". The in-plane
masses mc, | and mc, | differ slightly because of nonpara-
bolic band effects in the bulk. The low-energy cutoff
for 8e5>“!(w) is EF>“ (K ,—Kp) where ES*C(K))
=Ecy(K|)—E¢|(K;) and K is the Fermi wave vector
along the parallel direction. It follows that the absorp-
tion width ES>1(0)—ES> K =Kp) is mnc,#d /m,
where n.; is the concentration of electrons in C1 and
nc,=0.

Since C1 and C2 are essentially parallel, m,  is large,
and therefore 8e5%¢!(w) is large and narrow. Figure 10
shows the corresponding a(E) (dashed line) and n(E)
(solid line) for (80 A GaAs)/(160 A Gag,Aly;As) at
T=300 K with nc;=5X10' cm™3. The 5-meV width is
comparable to a laser linewidth. The sharp structure in
a(E) is accompanied by a large variation in the refractive
index n (E). The sensitivity of n (E) to the photon energy
E has potential application in high-speed light modula-
tion.? The slight smearing on the low-energy side of
a(E) is due to the finite temperature Fermi distribution.
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lies in the continuum. The C1— C2 absorption of Ref.
12 is smaller and broader than for the case of Ref. 2
where both C1 and C2 are below the top of the well. As
shown here, a thin-barrier SL also gives rise to a broad
a(E) having a magnitude comparable to that of Ref. 12
(~10° cm™!). This is because the oscillator strength
f&a.cy is small in the thin-barrier SL (Sec. III B) and the
C1 and C2 bands have finite dispersions along the perpen-
dicular direction. The specific thin layer SL system
chosen here, (40 A In,Ga,;_,As)/(20 A In Al _,As)
which corresponds to the bulk materials suggested by
Levine et al.,'® exhibits a larger high-energy cutoff for
a(E) than a GaAs/Ga,_,Al, As SL of comparable layer
widths. In the GaAs/Ga;_,Al As SL, the Ga,;_,Al, As
X-point minimum imposes a lower  wave-
length limit of ~5 um,'® whereas in In Ga,_, As/
In,Al,_,As the limit is ~2 um.

1. Thick-barrier limit

Equation (15) can be used to obtain a simple analytic
form for 6e{*“w) for wide-gap SL’s such as
GaAs/Ga;_, Al As in the thick-barrier limit. The C1
and C2 bands are dispersionless along the perpendicular
direction. The in-plane dispersions of C1 and C2 are par-
abolic to a good approximation, with masses mc;  and
mc,, respectively. In addition the matrix element
I{C1,K|p,|C2,K)|? is essentially independent of K be-
cause the two bands are nearly parallel.

At T=0K the expression for 8¢5 (w) reduces to

[{C1,0|p,|C2,0}|* if E>€Y(0)>#iw>ES>“ (K =K)

(20)
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FIG. 10. Calculated refractive index n(E) (solid line; left-
hand scale) and absorption coefficient a(E) (dashed line; right
hand scale) vs photon energy E for (80 A GaAs)/(160 A
Gag ;,Aly 3As) at T=300 K, for Cl electron concentration
nci=5X10" cm 3. The incident light is polarized perpendicu-
lar to the layers.
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FIG. 11. C1 and C2 band structure for (40 A Ing 53Gag 47As)/(20 A Ing 5,Alj 43As), together with C1 constant energy surfaces and
C1—C2 constant energy surfaces. The chemical potential Er(T=60 K)=0.065 eV corresponds to a C1 electron concentration of
nc;=1.4X10'"® cm 3. The shaded region of K space corresponds to K points at which the probability of occupation of C1 is greater

1
than 5.

The results plotted in Fig. 10 obey the sum rule

2n me?
J ot Moo~ ———=

m}

SIE

o}, 21

where n, is the electron density, mS is the bulk electron

mass (m>~0.07m), and the plasma frequency

=d4mn.e?/mpk, to a good approximation. This will not
be the case for the thin-barrier SL to be discussed later.
The magnitude of the absorption curve in the thick-
barrier SL, which is larger than that for the interband
bulk absorption, is a consequence of its narrow energy
range. Substituting the general expression for 6e5%!(w)
in a thick-barrier SL [Eq. (20)] into Eq. (21) yields
|féa,c1l=m /m}. This approximate result for |f &, ¢, | is
verified for the (80 A GaAs)/(160 A Ga,_,Al As) SL in
Fig. 10 where | ¢, ¢, | =13.5 compared to m /m} =15.

Physically, the magnitude of a(E) in Fig. 10 can be un-
derstood using a bulk free carrier absorption model for
the C1— C2 transition. Explicitly, the barrier (B) atoms
are imagined to be homogeneously distributed
throughout the SL sample giving rise to scattering of the
electrons. The impurity concentration of B atoms re-
quired for a bulk free carrier absorption of magnitude
~10* cm ™! roughly corresponds to the concentration of
barrier atoms within the spatial extent of the C1 envelope
function in the barrier (~30 A).

2. Thin-barrier limit

Figure 11 shows the Cl and C2 band structure for (40
A Ing 53Gag 47As)/(20 A Ing 5,Alj 43As) together with the
C1 constant energy surfaces, and the C1—C2 constant
energy surfaces. The nonzero dispersion of C1 and C2
along the perpendicular direction gives reduced nesting
between the Cl1 and C2 bands compared to the thick-
barrier case. The energy difference E.,(K)—E(K)is a
maximum at K=0 which represents a high-energy cutoff
of 0.47 eV (2.6 um) for the C1—C2 transition. The

K =0 oscillator strength f¢&, ¢; is —4.0 and therefore
smaller than the thick-barrier GaAs/Ga,_ Al As value
of —13.5. We consider the situation with carriers in C1
at temperature T, and a Fermi level at energy Ep(T)
above the C1 edge. The shaded portions in Fig. 11 corre-
spond to the region in K space where the C1 band is oc-
cupied for an electron concentration nco;=1.4X10'®
cm™3 at T=60 K [ER(T)=0.065 eV]. The C2 band is
empty, hence C1— C2 transitions will occur at wave vec-
tors K within this shaded region. As seen from the
C1—C2 constant energy surfaces in Fig. 11, the number
of C1—C2 transitions occurring at a given incident pho-
ton energy E is a weak function of E over the range

]' T ‘ L [ T
g IngGa|_,As/InyAl|_yAs a4
F__—/—\W—: 'E
. - (8]
w S
‘; /8 =
3 FAR T F
-7 - K]
Y \
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/ \
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2 1/ ) 1 L | L 1 o]
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Energy E (eV)

FIG. 12. Calculated refractive index n(E) (solid line; left-
hand scale) and absorption coefficient a(E) (dashed line; right-
hand scale) vs photon energy E for (40 A Ing 53Gag 47As8)/(20 A
Ing 5,Aly 43As) at T=60 K, for Cl electron concentration
nc;=1.4X10' cm 3. The incident light is polarized perpendic-
ular to the layers.
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0.25 < E<0.45 eV, therefore the absorption curve will be
reasonably flat. Figure 12 shows the corresponding a(E)
(dashed line) and n(E) (solid line) for (40 A
In,Ga,; ,As)/(20 A In,Al,_,As). The broad structure
in a(E) yields a weaker variation in n (E) than for the
thick-barrier SL. The small peak in a(E) near 0.45 eV is
reminiscent of a one-dimensional joint density of states
and is associated with the near parallelism of C1 and C2
in the two in-plane (K ) directions.

In the thin-barrier limit considered in Fig. 12 the €,-
sum rule of Eq. (21) is only approximately half exhausted
by the C1—C2 transition as a result of the finite band
dispersion along the perpendicular direction. This effect
causes nonzero free carrier absorption within C1 and also
gives greater relative weight to transitions to higher mini-
bands. The e€,-sum rule therefore provides an upper
bound to the C1—C2 absorption strength in the thin-
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barrier SL. The important consequence of the sum rule is
that a narrow, large C1— C2 absorption in thick-barrier
SL’s becomes not only broader, but also considerably
smaller for thin-barrier SL’s than would be the case if the
C1— C2 transition still exhausted the sum rule.
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