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A simple theory is developed of the optical absorption coeffici@@AC) in nonparabolic
semiconductors on the basis of the three-band model of Kane, by considering the waveR/)ector (
dependence of the optical matrix element. It has been found that the OAC is proportional to
[(hw)?— Eg]l’2 (ho andE, are the energy of the incident radiation and the bandgap, respegtively
instead of[(hw)—Eg]l’Z, the conventional form. It has been demonstrated, by takiigAs,

n-InSb, Hg ,CdTe, and In_,GaAs, P, lattice matched to InP as examples, that the OAC
increases with increasing photon energy and the value of the same coefficient in the three band
model of Kane is greater than that in parabolic energy bands in all the cases. The well-known result
for wide gap materials having parabolic energy bands has also been obtained from our generalized
formulation under certain limiting condition. @004 American Institute of Physics.
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I. INTRODUCTION the ternary alloy Hg_,Cd,Te is a classic narrow gap com-
pound and is an important optoelectronics material. The band
gap of this ternary alloy can be varied to cover the spectral
gange from 0.8 to over 3Qum by adjusting the alloy
rbompositionl.2 Hg; _,CdTe finds extensive use in infrared

The optical absorption coefficiefAC) in semiconduc-
tor is related to various physical features of semiconductin
materials. This property was extensively investigated bot

. _6 . . _
theoretlgall)} and experlmenta!ﬁ/ negle(?tlng the wave detector materials and photovoltaic detector arrays in the
vector (k) dependence of the optical matrix elemédME). 8-12 um wave band$® The above uses have spurred a

In this article, we focus on the OAC because of the long- . : .
R o . Hg,_,Cd,Te technol for th duct f high mobil
standing interest in it in optoelectronics for the last three 91,CdiTe technology for the production of high mobility

. . : ingl Is with iall f h
decades. Incidentally, it appears from the literature that th(§Ing e. cry-sta.s wit spega y prepared surfaces and the s.ame
aterial is ideally suited for narrow sub-band physics

OAC in Il =V, ternary and quaternary compounds has ye{;1

. . . . L - ecause the relevant material constants are within eas
to be investigated in detail by considering tkelependence y

of the OME on the basis of the three-band model of K%me,?XperC';rni':'tall3 refﬁf‘ Morteﬁvzrt tlhi (qluat]?rgary tallqy
which is the most valid description of the dispersion relation N1-x8ASF -y [allice matched o I, IS0 TGS exIensive

of the conduction electrons of the said compoufidlkis will gpplications in the fabrication of photo detectdtdetero-

. 6 . ey . 7
make our analysis a generalized one since one can obtain tH&'ction Iasgerlé, light emitting diodes,” avalanche
corresponding well-known result for relatively wide-gap ma_pho_todlodesl, f'_e_ld effect transistors, detectors, .and other
terials under certain limiting conditions. devices. In addition, other types of integrated optical devices

For the purpose of the numerical computations, we shalpuch as switches, modulators, solar cells, and filters are made
take InAs and InSb as examples l6f —V semiconductors ~from the quaternary systems:*!
and Hg _,Cd,Te and In_,GaAsP, _, lattice matched to In what follows, in Sec. Il A, of theoretical background,
InP as examples of ternary and quaternary materials, respeare shall derive the OAC small-gap semiconductors in accor-
tively. Thelll -V compounds find extensive applications in dance with the three-band model of Kane. In Sec. IIB we
Bragg reflectors, distributed feedback lasepmssive filter  shall formulate the corresponding well-known result for iso-
devices, photo reflective material®, and integrated tropic parabolic energy bands. In Sec. Ill, we shall study the
optoelectronics? In this context, it is worth remarking that photon energy dependence of the OAC, taking the above
mentioned materials for the purpose of numerical computa-
¥Electronic mail: kamakhyaghatak@yahoo.co.in tions.
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Il. THEORETICAL BACKGROUND in which p is the momentum operator. Since the photon vec-
A. Formulation of the generalized OAC in accordance tor has no i_nteractior_1_in the same band for th_e study of in-
with the three-band model of Kane terband optical transition, we can therefore write
The OAC(a) can, in general, be written hs (Slp[S)=(X|p|X)=(Y[p|Y)=(Z|p|Z)=0 (6)
a=2h[wn80CA§]_1W(w), 1) and
(XIplY)=(Y[p|Z)=(Z|p[X)=0. (7)

wheref=h/2m, his the Planck constanty is the angular

frequency of the incident radiation, is the refractive of the It is worth remarking to note that

semiconducting materialg,, is the permittivity of the free m

space,C is the velocity of light in free spaceA, is the (S|p|X)=(S|p|Y)=(S|p|Z>:%P 8
amplitude of the incident light wave, al( w) is the inter-

band optical transition probability per unit time per unit vol- jn which P is the optical matrix element &t=0 and is given

ume which can, in turn, be expressed as by
W(w)= ZW(EA"> f 3<|a OME|?),, .8(E¢(K) Pz(th (E +A)/ {2m E +EA )2, 9
f (2m) EA ‘.93
—E,(K) —fiw), (2) Wherem, is the effective electron mass at the edge of the
wherem is the free electron masdy the differential volume CB.m this context, we can write that

element oﬂZ—space and is given bgv=4xk?-dk, & is the
polarization vector of the incident radiatiod, denotes the
Dirac delta function EC(IZ) is the IZ-dependent energy of the L, =—exp(—i¢l2)sin(6/2)T +expli p/2)cog 6/2) |,
conduction bandCB), E, (k) is the k-dependent energy of

the heavy hole valence ban@B) and E(k)—E, (k) |X")=cosf cos¢|X)+coshsing|Y)—sind|Z), (12
= £(K) represents the energy difference between the CB and , i
the VB, respectively. It appears that the determination of the [Y")==sing|X)+cosg|Y), (13
OAC requires an expression of the OME which can be de- |1Z')=sin# cosp|X)+sindsing|Y)+coso|Z), (14
rived as follows:

1" =exp(—i ¢/2)cog 012) 1 +exp(i ¢/2)sin(012) |, (10)

For the arbitrary direction of the wave-vector, the doubly  #, =1 cosf cos¢+j cosé sing—k siné, (15)
degenerate wave functiorwl(IZ,F) anduz(IZ,F) can, respec- . . .
tively, be written a&?%% fo=—lising+]jcose, (16)
A iy f2=1 sin@cos¢+] sindsing+k cose, 17
uy(k,r)=[(is)],Jax:+ + "by +IZ7], Jek+ h
3) Spin-vector EE (18
and in which 6 and ¢ are defined in spherical polar coordinates
Lo, where the primed and the unprimed axes are described
ug(lz,F)=[(is)T’]ak,— 1, b +[Z'1" e elsewheréj; rfl, fo, Aandr3 are t-he unit vectors in primed
V2 axes; and, j, andk are the unit vectors along, y, andz
(4)  axes respectively,
where 7 is the position vectora,.=B[Es— (v )*(Eq 0 1 0 —i 1 0
— 8")(Eg+8")1Y2 B=[6(E4+2A/3)(E, +A)/X]1’2 Egis ox= . oy=| and o,=| = .|
10 i 0 0 1
the dlrect band-gap of the semlconductbn,s the spin- orblt
splitting of the valence bangy=(6E2+9E,A+4A2), y,. Using Egs.(5)—(17) and after performing tedious opera-

E[g(E)IEg/Z(f(E)-F 5/)]1/2' 5,EESA/X1 i=\—1, sis the tor algebra, we can write that
s-type atomic orbital in both unprimed and primed coordi- =
nates,_l, indicates the spin dogvn ful/nzction in the primed OME= — (if 1— ) X{(bysax){1"|1")+ (by_ay.)
coordinatespy. =p .., p=(4A%3x)Y% X', Y’', andZ’ V2
are thep-type atomic orbitals in the primed coordinatés, R ,
N . s . . X + _+c_ .
indicates the spin-up function in the primed coordinates, (LD +IPTs(Ccs -+ G- ) (L 1T7)
Cre =t Vs t=[6(Eq+2/310)%/ x]"2, EK)=[E? (19
+Egh?k?/m, ]2 andm, is the reduced effective mass. Using Egs.(10)—(18), we can write

We can, therefore, write the expression for the OME as

OME=(u; (K,F)|plu(K,F)) (5) (LIT)=5[Fa+ifo], (20
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1 (|a.OME|?),,
(T'[17)=5"s (21) )
o " co2 9sinode
: J, 0], o
(LlL)==3Ts (22)
2w . R
=?|<’?1-F’CV(0)|2><[A(k)+B(k)]2 (28)

Using Eqs.(19)—(22), we get
in which |P,|2=1]a.P¢,(0)|? and P.,(0)

1 i - .
OME=§P‘r (if 1~ ) X[A(K) +B(K)] (23 =[u¥(0,).p.u,(0,")d>.
Therefore Eq(28) can be expressed as
in which .
(|a.OME?),,
N P Eg 2 2 2 2
AK)=B| t — | X{ | == | vis _2T 2 [P P
V2 Egto 3 18P (0™ | x| t+ =
E,— &' / 1/2
2 2 9 E,+46 1
_7k+')’k—( 7 ] (24) 9 _ Y _
Eqtd Yiers | BT E ST heor s
and Eg+ o' 1 1/2) 2
X By 017 hwto ] ' (29
% p g 2
B(ky=p8|t+ —| X
(K)=p V2 Eg+ o’ Vi Using Egs.(2) and(29), we get
E,— & 2 3/2
2 2 g9 eA, m
Ve Yo\ E 7 ] : (25 W(w)=|— W) -Ewgﬁ—Aﬁw((ﬁw)z—Eg)W}
9
Substituting '}/Ei:[f(l_())IEg/Z(g(lz)‘F 6')] into Egs. (24) 2 )
and(25) and performing further calculations we get X ?|a-Pcv(0)| fp(fiw,Eqg,A) (30
_ in which
N A R X (Eg— ")
2 v2 5
12 fﬁEA—'8 1+ Eg* o
o I plfiwBq,8) =" HE 1 Fwts
Eky+o Egtd EREL
1 E s |2 —(Bg=d") Egtd fw+d
X | — — (26)
f(k)"‘&’ (Eg_5/)2 [ Eg+ S’ 1 1/2) 2
(Eq— ') hw+d'
and 9
Using Eqs(1) and(30), we finally arrive at the expression of
. E,— &
BR)=2 [ t+ ﬂ)x 1+— 2| (27) MeOACas
2\ V2 E(K)+ &'

m\(em\®2
For the plane polarized light, with the direction of polar- Al(%) ( Eq ) ()™= BgX[fp(hw,Bg,A)],
ization A=k, we can write (31)

TABLE |. The values of the energy band constants fay InSb, (b) InAs, (c) Hg,_,Cd,Te, and (d)
In,_,GaAs,P;_, lattice matched to Inf%

(@  InSh:E4=0.235eV,A=0.803 eV,m,=0.0145m,, m,=0.43m, andn=3.5;

(b)  InAs: E4=0.418 eV,A=0.38 eV, m,=0.026m,, m,=0.45m, andn=3.96

(©  Hg_ XCdee Eq=[—0.302+1.9%+5. 35(1oy4(1 2x)T—0.810¢3+0.83%°%] eV,
A=(0.63+0.24—0.27%%) eV, m,=3#2Ey(x)[4p%(x)] %, x=0.2, p(x) =[ (4%/2m,) (18+ 3x)]*2,
m,=0.4m, andn=3.56

(d) In;_,GaAsP,_, latice matched to InP:E,=[1.337-0.73/+0.13°] eV, A=(0.114+0.26y
—0.2%?) eV, m,=(0.080-0.03%)m,,y=0.5,m,=0.724m, andn=23.26
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FIG. 1. The plota represents the dependence of the OACHdnAs as a
function of incident photon enerdyw (in electron voltg in accordance with

the three models of Kane while plbtexhibits the same dependence for the
corresponding isotropic parabolic bands.

FIG. 3. All cases of Fig. 1 have been plotted for,HgCd, Te.

. (zmr)3/2Eé/2

-S . 2_ 2.
@ 803‘0 (hw)? (hw)“—Eg;
2
Where VE e Eg(EgJ’_A) 2 . SO:(eZEg/(217T1n1C180 vmr lﬁz))' (32)
2,m,h%n,e,C,m, Egt SA) Finally, it may be noted that Eq32) is valid for semi-

conductors having parabolic energy bafAtls.
Equation (31) shows that the OAC is proportional to

\/(hw)z— Eg2 instead ofy(7w) —Eq4 as is well-known in the ;. RESULTS AND DISCUSSION

literature? _ _ S
Using Eq. (31) together with parameters as given in

Table |, we have plotted in Fig. 1, the OAC forlnAs as
function of Zw (in eV) where the curvga) represents the
three-band model of Kane and cur(a exhibits the same

B. Special case
In the limit, asA—0, Eq.(31) gets transformed as

(}

¢ — 10 F
IE 3
L 3
3 < 5
£ s 10}
C 5 a—
o 10 L
o = a
£ 3
8 a O 4 /- b
O 4 c 10
c 10} g
he) o
2 ]
s ° g

3

2 3 T 10
w 10 2
3] =
L Q
B (o)
O

2 102 1 i ! | 1 ]

10 ! L l ] L I 1.0 15 20 25 3.0 15 40 45

0.2 03 0.4 0.5 0.6 07 038 0.9
Photon Energy (eV)

Photon Einergy (eV)

FIG. 4. All cases of Fig. 1 have been plotted fof 1nGaAs,P, _, lattice

FIG. 2. All cases of Fig. 1 have been plotted feinSb. matched to InP.
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