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Original scientific paper An attempt is made to study the thermoelectric power of the carriers in n-channel inversion layers on ternary chalcopyrite semiconductors in the presence of a classi­cally large magnetic field under both weak and strong electric field limits, taking n-channel inversion layers on CdGeAs 2 as an example. It is found, on the basisof newly derived 2 D  E - ks dispersion relations of the conduction electrons forboth the limits by considering ·the various types of anisotropies in the energy band., that the same powers increase with decreasing surface electric fields for both the limits and the theoretical expressions are in qualitative agreement with the experi­mental results. In addition., the corresponding well-known forms for the isotropic two-band Kane model are also obtained from the expressions derived. 
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1. IntroductionIt is well-known that the thermoelectric power., in the presence of a classically large magnetic field (hereafter referred to as TPM)., of the electrons in semicon­ductors is a very important parameter and has also been investigated in the litera­ture under different physical conditions 1 - 4>. It may also be noted in this contextthat the TPM is independent of scattering mechanism and in the case of spherical energy surfaces., the shape of the conduction band can be investigated from itsexperimental determination3>. Nevertheless, the TPM in n-channel inversion layers on ternary chalcopyrite semiconductors has yet to be investigated for the more interesting case which occurs from the consideration of the various types of aniso­tropies in the energy spectrum since, in recent years, the inversion layers on semi­conductors having non-parabolic and non-standard energy bands are being increa­singly studied for their various device oriented applications5 • 6> and also since the inversion layers on ternary chalcopyrite semiconductors have been experimentally realized 7>. Besides, the above class of materials are being increasingly used as nonlinear optical materials 8> and light-emitting diodes 9>. It would therefore be of much interest to study the TPM in the n-channel inversion layers on ternary chalcopyrite semiconductors having non-parabolic and non-standard energy bands. Rowe and Shay 1 0> have demonstrated that the quasi­cubic model 1 1> can be used to explain the observed splitting and the symmetry... properties of the conduction and valence bands at the zone centre in k-space of the ternary chalcopyrite semiconductors. The s-like conduction band is singly degenerate and the p-Iike valence band is triply degenerate. Introducing the aniso-... tropic crystal potential to the Hamiltonian, Kildal 1 2  - 1 3> proposed an E - k dis-persion relation for the carriers in the bulk specimen in the same semiconductor, according to which the conduction band corresponds to a simple ellipsoid of re-... volution at the zone center in k-space together with the assumptions of isotropic inter-band momentum matrix element and isotropic spin-orbit splitting, respectively. In what follows., in Sec. 1., we shall generalize the Kildal model by incorporating the anisotropies in the momentum-matrix element and isotropic spin-orbit splitting parameters, respectively., since the anisotropies in the two above mentioned band parameters are significant physical features for the above class of materials 1 4>. We shall formulate the TP M' s in n-channel inversion layers on ternary chalcopy­rite semiconductors for both weak and strong electric field limits, by deducing the appropriate 2 D  electron energy spectrums. In Sec. 1.2 we shall obtain the corresponding results for three-band Kane model and that of two-band Kane model., respectively., from our generalized expressions under certain limiting con­ditions. We shall take n-channel inversion layers on CdGeAs 2 as an example forthe purpose of numerical computations. 
2. Theoretical background2 . 1 .  Formulation of band structure and the subsequent derivation of the 2D-TPlv1.'s in 

n-channel inversion layers on ternary chalcopyrite semiconductors
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--The form of k . p matrix for ternary chalcopyrite semiconductors can be written, following Kildat 1 2 >, as
where 

- Eu pl l  k: pl l  k: - (" + Ll3') H1 = 
V2 A.1 0 3 

0 0 

[H' H = Ht
0 

v2 L'.1 .1 3 
2 - 3 L111

0

H,] H1 (1) 

o - 0 0 x, _ x, + 

0 0 0 0 0 H 2 = 
0 -x,_ 0 0 0 

0 _ , - X, + 0 0 0 E9 is the band gap, P1 1  and P .1 are the momentum-matrix elements parallel and perpendicular to the c-axis, respectively, L1 1 1  and L1 J. are the spin-orbit splitting parameters parallel and perpendicular to the direction of crystal axis, respectively, IJ is the crystal-field splitting parameter, x,.1 = (k, ± i k,) Vi and i = V- 1 .Thus neglecting the contribution of the higher bands and the free-electron term the diagonalization of the above matrix leads to the dispersion relation of the conduction electrons in bulk specimens of ternary chalcopyrite semiconductors as 
[p;/2 M.1 V ( e)] + [p!/2 M1 1] = <p ( e) (2) 

where Ps = Ii ks, Ii = h/2 1t, h is the Planck' s constant, k; = k! + k!, M .1.1 1  =
= mt11 (E9 + 2 L1 1 1  • .1/3 ). (E9 + L1 .1,1 1)- 1, mi and m� are the transverse and longitudinal effective electron masses, respectively, at the edge of the conduction band, Pz = Ii k:,

V ( •) = ( • + E,) ( • + E, + ; LI 1 1) [ ( • + E,) ( • + E, + ; LI 1 1) + 

+ + + E, + LI)') +  ! (LI� - Lli) ) ,
<p ( e) = U ( e)/V ( e), 

U ( s) = {• (I + a. s) [<• + E0) ( • + E, + Ll 1 1) + IJ ( • + E, + ; LI , ,) + 

+ � (LI � -Lli)] }  [c• + E,) (• + E. + � L1 1 1) + 

+ IJ ( • + E, + Ll3') + {CLlf, - Ll.1) ]
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and 
Thus, using Eq. ( 2 ) and following the method as given in Refs. 5 and 14 the modi­fied 2 D  electron energy spectra in n-channel inversion layers on the above class of materials can, respectively, be expressed, both under weak and strong electric field limits, as 
and X (E) = a (E) p; (M.1 )- 1 + Sn [Ii e Fs Y (E)]213 (3 a )  

q, (E).= [p!/2M.1_ V (E)J + [ ! SJ/2 fi e F, V ru (E)/Vw. M1 1 ] (3b) 

where E is the electron energy as measured from the edge of the conduction band at the surface, Fs is the surface electric field applied perpendicular to the surfaceand parallel to the c-axis, n ( = 0, 1 , 2, . . .  ) is the electric subband index and Sn are the zeros of Airy functions15> [Ai (- Sn ) = O] . Besides, the tunctions
X (E), Y (E), <p (E) and ro (E) are defined in Appendix A. Using Eqs. (3 a, b ), the density-of states functions for both the limits can., respectively, be expressed as (4a )  and (4b) 
where H is the Heaviside step function and the symbols g (E), Ew, I (E) and Es are defined in Appendix A. Thus combining (4a, b )  with the Fermi-Dirac occupa­tion probability factor f O ( s ), the expressions for the surface electron concentration per unit area under weak and strong electric field limits can, respectively, be written as 

nmu Nsw = (M1./2 n li2
) l: [p (Epw) + q (Epw)] ( Sa) 
n=O and 

nma" Nss = (M1./n li2) l: [r (Bps ) + .9 (EFs )] (Sb) 
n=O where E P is the Fermi energy under low-electric-field limit as measured from the edge of the conduction band at the surface and E Ps is the corresponding energy under high-electric-field limit. Besides, the function p (E pw), q (E pro), r (E Fs) and 9' (E Fs) are defined in the Appendix A.  Incidentally, the TPM of the 2 D  electrons in inversion layers on semiconduc­tors can be expressed 4> as 

S = (eT )- 1 [{ nf" j E A 0 (E) ofo (E) dE} X { "f" j A 0 (E) ofo (E) dE}- 1 
- BF]n=O E' aE ti=O E' BE ( 6)
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where A O (E) is the area of the 2 D  ks space and E' can be determined from theequation A0 (E') = 0. Thus combining Eqs. (3 a), (3 b) and (6 )  the expressions forthe TPM under weak and strong electric field limits can, respectively, be expressed as 

and 

where 

S., = _!_ r :� [P (EF.,) + Q (EF.,)] ,- EF leT l nmax w 

n;O 
[p (EFo,) + q (Epw)]

to 

(7a) 

(7b) 
P (E pa,) = E pa, P (E pw), Q (E pw) = L Vt [P (E pco)], R (E Fs) = E Fs r (E Fs) and

t=l 

to S (EFs) = L Vt [R (Bps)] .  
t=l  2 .2 .  Special cases a) Under the substitutions '5 = 0 ,  Ll 1 1  = LI.L = LI (the isotropic spin-orbitsplitting parameter) and mn = ml = m: (the isotropic effective electron massat the edge of the conduction band) and '5 = 0, Eqs. ( 2 ), (3 a) and (3 b) assume theforms 

(8) 

(9a) and 
where the symbols 11' (E) and L (E) are defined in Appendix B. It must be mentio­ned that Eq. (8) is the standard dispersion relation of the conduction electrons in bulk specimens of Kane-type semiconductors and is known as three-band Kane model 1 6>. It is thus expected that, under these substitutions, the results derived in this paper should convert into simpler forms for inversion layers on semiconduc­tors whose energy band structures are defined by three band Kane model. Under the substitutions, as mentioned above, the basic forms . of equations ( 4a-7b) will not be changed. The different meaning of the various symbols in equations ( 4a-7b) as appropriate for inversion layers on semiconductors whose energy band structures are defined by three-band Kane model are written in the Appendix B. 
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b) Under the substitutions L1 � oo and Sn � [3n (4n + 3)/8] 2'3 (for large
values of n) 1 s, in the above equations, the expressions for the dispersion relation,
the electron concentration and TP M in n-channel inversion layers on Kane-type
semiconductors whose energy band structures are defined by two-band Kane
model can, respectively, be expressed, for both the limits, as 

e ( I  + (X e) = (/i2 k2f2m:) (10) 

E ( I  + 0t E) = (/i2 k:J2m:) + [ � Ii e F, " (n + ! ) (I + 20t E) (2m;)- l i2] 

2
13 

(I la) 

E (I + " E) = (li2 lr,/2m:) + [ 2d e F, ( n + ! ) (2m; E,)- 1' 2 ] 

[ 1°' CP c,.,,.,) + ;i (,.,, .. )1 lSm = (k  s/e) n=O - 1/m 
J"f

;i: 
[@ ('f/10,) + (} ('Y/10)] 

n=O 

( l lb) 

(I2a) 

(12b) 

( I3a) 

(13b) 

where the notations are defined in Ref. 4. It may be noted in this context that Eq.
( l la, b) were derived for the first time by Antcliffe et al. s> . Besides Eqs. (12a to
13b) were derived for the first time by Ghatak and Mondal4> .  

3. Results atul, discussion 

Using equations (Sa and 7a) together with the parameters19• 20> m1 1 = 0.030 m0, 

mj_ = 0.039 m0, Ll 1 1  = 0.34 eV, Ll.1 = 0.36 eV, " =  -0.21 eV, En = 0.51 eV and 
Bsc = 14.3 e0 as appropriate for CdGeAs2 we have plotted the TPM under the 
weak-electric field limit at 4.2 K for n-channel inversion layers on CdGeAs2 as a
function of the surface electric field at the electric quantum limit, as shown in
curve a of Fig. I, in which the dotted curve also exhibits the same dependence by
using the experimental values of the thermoelectric power of the electrons in n-
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12 

Fig. 1. Plot'!'of the normalized TPM in the electric quantum limit as a function of the surfac 
electric field under low electric field limit in n-channel inversion layers on n-CdGeAs2 by using 
(a) the proposed dispersion relation.at 4.2 K, (b) the same relation at 20 K, (c) the isotropic three 
band ·Kane model at 4.2 K, (d) the same model at 20 K, (e) the isotropic two band Kane model
at 4.2 K, (f) the same model at 20 K and (g) in the absence of crystal field splitting parameter at 

4.2 K. The dotted plot exhibits the experimental datas. 

IZ 

4
'-2 ____ ...._6 __ __._..,..l8------,S.�"4 ----,-'-6Z ____ -186_._ 

r,, (Jo"v/mJ._ 

Fig. 2. Plot of the normalized TMP in the electric quantum limit as a function of the surface 
electric field under high electric field limit in n-channel inversion layers on n-CdGeAs2 by using 
(a) the proposed dispersion relation at 4.2 K, (b) the same relation at 20 K, (c) the isotropic three 
band Kane;model at 4,2 K, (d) the same model at 20 K, (e) the isotropic two-band Kane model 
at 4.2 K, (f)_the:same model at 20 K, (g) in the absence of crystalline field spliting parameter at 4.2 K. 

The dotted plot exhibits the experimental datas. 

FIZIKA 20 (1988) 2, 195-206 201 



GHATAK ET AL. : ON THE THERMOELECTRIC POWER . . . 

channel inversion layers on CdGeAs 2 under the weak-electric field limit in thepresence of a classically large magnetic field as given elsewhere 1 1>. Using the appropriate equations the plots corresponding to the 3-band Kane model and the 2-band Kane model of n-channel inversion layers of n-CsGeAs 2, with an effectiveelectron mass (m: = 0 .02 m0) which of the order of the mass at the edge of theconduction band of n-CdGeAs2
1 3> and taking 4 = 0 .35 eV (for the purpose ofnumerical computations in the 3 -band Kane model), are also shown in Fig. I, inwhich the curve g corresponds to � = 0 .  The plots b, d and f in Fig. 1 exhibit thecorresponding dependences at 20 K. Using the same parameters as used in obtai-ning the Fig. 1 and using ( Sb) and (7b) we have plotted the TP M under the strong­electric-field limit at 4.2 K, as shown by curve a of Fig. 2, in which the dashed also exhibits the same dependence by using the experimental values of the thermo­electric power of the electrons in n-channel inversion layers on CdGeAs 2 underthe strong-electric-field limit in the presence of a classically large magnetic-field at the electric quantum limit. Besides the plots for the various simplified limiting cases have further been considered in Fig. 2 .It appears from both the figures that the TPM's decrease with increasing sur­face electric field, and are in good qualitative agreement with the experimental datas. It is also seen that the tetragonal crystal field affects TPM of the electrons quite significantly in n-channel inversion layers of ternary chalcopyrite semicon­ductors for relatively large values of the surface electric field. Furthermore, for a fixed value of the surface electric field, TPM of the electrons, is larger as com­pared to that in the absence of crystalline field effects in the whole range of fields considered for both the limits. Though TPM also increases nonlinearly with sur­face field for both the limits in various other limiting cases, the rates of increase are different from that in the proposed band model. It is worth remarking to note that if the direction of application of the surface electric field applied perpendicular to the · surface is taken as one of the transverse directions and not as a longitudinal one, as assumed in the present, the TP M' s would different be analytically for both the limits. Nevertheless, the arbitrary choice of the direction normal to the surface would not result in a change of the basic qualitative feature of TPM in n-channel inversion layers on ternary chalco­pyrite semiconductors. Since most of the carriers occupy the lowest electric sub­band at low temperatures for which the effects of electric quantization become more pronounced, it is sufficiently accurate for such temperatures to consider the occu­pation of the lowest electric subband 1 8 >. We note that though the many-body effects, the hot-electron effects, the formation of band tails, arbitrary orientation of the direction of electric quantization, the effects of surface states and the occu­pancy of the electrons in the electric subbands above the lowest one have been neglected in the theoretical formulation this simplified triangular-potential well approximation exhibits the basic qualitative features of TPM in n-channel inver­sion layers on semiconductors and the agreement between the theory and the experimental results becomes rather significant for both the limits in spite of the above simplifications. The general features of the effects of surface electric field on the TP M in n-channel inversion layers as discussed here would also be valid for most of theinversion layers on small-gap semiconductors since these semiconductors havenon-parabolic energy bands obeying Kane's dispersion relation whereas the pre-
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sent analysis is based on generalized Kane's theory. Finally it may be remarked 
that the basic purpose of the present paper is not solely to investigate the TPM's 
in n-channel inversion layers on ternary chalcopyrite semiconductors but also to 
formulate for the first time the generalized 2D electron dispersion relations by 
including the various types of anisotropies in the energy spectrum for both the 
limits since the various transport phenomena and the derivation of the expressions 
for many important physical parameters of 2D semiconductors devices are based 
on the carrier dispersion relation in such materials. 

Appendix A
The functions X (E), Y (E), rp (E), w (E), g (E), Ew, I (E), Es, p (EFw), q (Epw),r (E Fs) and f/ (E Fs), are defined as follows: X (E) = 2 U (E)  a (E)a (E)  = M1 1  [V (E)J- 1 

Y (E) = 2 a (E) [e (E)] 

ro (E) = [<E + E,) ( E + E, + � Ll 1 1  )r
1 

[<E + E, + Ll 1 1) +

g (E) = {a- 1 (E) [X1 (E) - � Y1 (E) Y- 11 3 (E) Sn (Ii e Fs) 2! 3] -

- a 1 (E) a- 2 (E) [X (E) - Sn {Ii e Fs Y (E)}2
' 3 ]}

X (ECI)) - Sn [Ii e Fs y (Ew)] 2' 3 = 0

I (E) = [V (E) {rp 1 (E) - � Ii e Fs S!l2 w 1 (E) [2 M,, E0 co (E)] - 1 1 2} + 

(Al ) 
(A2) 

(A3) 

(A4) 

(AS) 
(A6) 

+ V 1 (E) {qi (E) - 1 Ii e Fs S31 2 [ro (E)/2 E0 M1 1] 1 1 2}] (A7) 

P (EFw) = ({a- l (E) {X (E) - Sn [Ii e Fs Y (E)]21 3}})I E=EFs (A9) 
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r (Ep,) = { v  (E) [.,, (E) - ! Ii • F, si12 ( 2�. <;J.J'']} I s-s.. 
(Al l)

to 
/7 (EFs) = :E J7, [r (EpJ] (AI2) 

t-=1 

e (E) = LT (E) { ( l  + 2ot E) [E (I + ot E)J- 1 + (E + E, + L'.1 1 1) - 1 -

- T (E) Uo (E)J- 1 � ( E + E, + ; L1 1 1)
- '

}
, 

1: (E) = 10 (E) {C (E) [I + A (E)J- 1 
- H (E) [I + G (E)J- 1 

}, 

lo (E) = [ I + A (E)] [I + G (E)J - 1, 

A (E) = [" ( E + E, + ; LI,,) + ; (LI:, - Lli)] x [(E + E.) (E + E, + Ll 1 1)], 

G (E) = [<E + E,)( E + E, + ; LI,,) r [ ! (LI� -Lli) H ( E + E, + ! LI ,,)] .

C (E) = A (E) {1l [" ( E + E, + ; LI, ,) +  ; (LI:, - Lli)J- 1 -

- (2E + 2E9 + L'.1 1 1) [(E + E9) (E + E9 + L1 1 1J- 1
}, 

H (E) = G (E) { " [ " ( E + E, + �') + ! (LI/, - Llir -

k a is Boltzmann constant, T is the temperature, t is the set of real positive integers, 
C (2t) is the zeta function of order 2t, d/dE [J (E)] :=: f 1 (E) where f (E) is any
differentiable function of energy. 

204 FIZIKA 20 (1988) 2, 195-206 



GHATAK ET AL, : ON THE THERMOELECTRIC POWER . . .

Appendix B

The function <p (E), L (E), g (E), '}' (Em), I (E), '}' (Es), p (E Fw), q (E Fw), r (E Fs) 
and !? (EFs), for the 3-band Kane model are defined as follows 

,p (E) = L (E) {(! + 2ix E) + E (I + ix E) [ (E + E, + Ll)- 1 -

- (E + Ea + ; LI )- • }] 

L (E) = y (E) [E ( 1 + «. E)] - 1 

(B I) 

(B2) 

g (E) = [M.L /2m:] {y 1 (E) - � Sn tp- 11 3 (E) 'Pi (E) [Ii e Fs ( 2m;)- 1' 2] 2' 3 (B3)

y (Ew) - S,. [Ii e Fs tp (Em) (2mo)- 1' 2] 21 3 = 0 (B4) 
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Originalni znanstveni rad 

Razmatran je termoelektricni napon nosilaca naboja u n-kanalnim inverznim sloje­
vima na ternarnim kalkopiritnim poluvodicima u prisustvu klasicno jakog magnet­
skog polja. To je ucinjeno za limes jakog i slabog elektricnog polja, uzevsi kao 
primjer n-kanalne inverzne slojeve na CdGeAs2• Na osnovu nedavno izvedene 
2D E - ks disperzione relacije za vodijive elektrone a uzevsi u obzir razlicite tipove 
anizotropije u energetskoj vrpci, nadeno je da napon raste s padom povrsinskog 
elektricnog polja u oba limesa. Takoder, teorijski izrazi su u kvalitativnom slaganju 
s eksperimentalnim rezultatima. 
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