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Original scientific paper An attempt is made to study the Einstein relations for the diffusivity-mobility ratios of the carriers in n-channel inversion layers on ternary semiconductors under both weak and strong electric field limits, taking n-channel inversion layers on Hg1 -xCdx Te as an example. It is found, on the basis of the three band Kane mo­del which has been studied in the literature to be the most valid model for bulk specimens of ternary semiconductors that the ratios increase with increasing sur­face electric fields for both the limits. We have also suggested an experimental method of determining the Einstein relation in degenerate semiconductors having arbitrary dispersion laws. In addition, the corresponding well-known results for isotropic two-band Kane model are also obtained from the expressions derived. 
1.  Introduction 

The Einstein relation for the diffusivity-mobility ratio of the carriers in semi­conductors (hereafter referred to as DMR) is known to be a very useful one since this is more accurate than any of the individual relations for the diffusivity or the mobility are considered to be the two most widely used parameters of carrier tran­sport in semiconductors. Besides, since the performance of the semiconductor 
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devices at the device terminals and the speed of operation of the modern switching devices are significantly influenced by the degree of carrier degeneracy, the sim­plest way of analysing them would be to use the expression for the DMR which in turn enables us to express the above features of the devices made of degenerate semiconductors in terms of carrier concentration 1 , 2 >. Furthermore the connection of the Einstein relation with the velocity autocorrection function3>, the modifi­cation due to non-linear charge transport4> ! the relation of this ratio with the scree­ning of the carriers in semiconductors5 - 6> and the different modifications of the DMR in degenerate semiconductors under various physical conditions have exten­sively been investigated in the literature3 - 14>. Nevertheless, the DMR in n-chan­nel inversion layers on ternary semiconductors has yet to be investigated for the more interesting case which occurs from the consideration of the three band Kane model since, in recent years, the inversion layers on semiconductors having non­parabolic and non-standard energy bands are being increasingly studied for their various device oriented applications 1 5 - 1 7> and also since the inversion layers on ternary semiconductors have been experime.ntally realized 1 1>. Besides, the aboveclass of materials are being increasingly used as infrared detectors 1 5 > and differenttechnical applications. The conduction band in ternary semiconductors is strongly non-parabolic where E/Ea � 1 instead of being much less than unity as is often assumed in the literature 1 2> (E being the electron energy as measured from theedge of the conduction band and E9 being the band gap). It would, therefore, be of much interest to investigate the DMR in n-channel inversion layers of ternary semiconductors by using three band Kane model since it is the most valid model for above class of materials 1 8 >. In what follows, in Sec. 1 of theoretical background we shall formulate the diffusivity-mobility ratios in n-channel inversion layers on ternary semiconductors for both weak and strong electric field limits. In Sec. 2 we shall obtain the corres­ponding well-known results for two-band Kane model from our generalized ex­pressions under certain limiting conditions. Besides, we shall also suggest a method of determining the DMR in degenerate semiconductors for any arbitrary dispersion relation from the experimental data of the thermoelectric power of electrons in the presence of a classically large magnetic field in Sec. 3. We shall take n-channel inversion layers on Hg 1 _xCdxTe as an example for the purpose of numerical com­putations. It may be noted 1.hat the compound Hg 1 -xCdx Te is an important opto­electronic material because its band gap can be varied to over the entire spectral range from 0.8 µm to over 30 µm by adjusting the alloy composition 1 9>. Its use as an infrared detector . material has spurred a Hg 1 _xCdx Te technology for the production of high mobility single crystal with specially prepared surface layers2 0>. The same semiconductor is ideally suited for narrow-gap subband phy­sics2 0>. 
2. Theoretical background

2. 1 .  The derivation of the 2D-DMRs in n-channel inversion layers on ternary semi­
conductorsThe expressions of the surface electron concentration per un;t area under weak and strong electric field limits in n-channel inversion layers on ternary semi-
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conductors whose energy band structures are defined by three band Kane model can, respectively, be expressed 2 0 as 
nm11;,r Nsm = (m�/n li2) L [p (Ep"') + q (Epa,)] (la) 
n=O and 
nm11z Nss = (m�/n li2) L [r (Bps) + s (Ep5)] ( lb) 
n=O where BF is the Fermi energy under low electric field limit as measured from the edge of the conduction band at the surface t nd E Ps is the corresponding energyunder high electric field limit. Besides, the function p (E pa,), q (E pa,), r (E Ps) ands (E Ps) are defined in the Appendix 1.1. In�dentdly, the DMR of the electrons in inversion lFyers on semiconductors can be expressed 9>, in the electric quantum limit, as 

[ N ] - 1 D Nso d so µ = -e- d (EFo - Bo) 
(2) 

where e is the electron charge, Nso is the surface electron concentration at the electric quantum limit, EF o  is the Fermi energy at the electric quantum limit as measured from the edge of the conduction band at the surface and E O is the energy of the lowest electric sub band as measured from the edge of the conduction band at the surface. Thus, combining Eqs. ( la), ( lb) and (2), the expressions for the DMR•s under weak and strong electric field limits can, respectively, be expressed as 
(it= (N..,0/e) [P (E,.,0)r 1 

e) • = (N,,.o/e) [R (E,,oW'
(3a) 

(3b) 
where the subscript indicates the physical parameter at the electric quantum limit. Besides, the functions P (Epo,0) and R (EFso) are defined in Appendix I.I. 
2.2. Special cases [ 3n ] 21 3 Under the substitutions L1 -+ oo and Sn -+ 8 ( 4n + 3) (for large valuesof n)24> in the above equations, the expressions for the electron statistics and the DMR 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 

(4a) 
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( D) = k 8 T [ ( l + 4-ex E.,o) F o ( 11.,o) + 2cx k s T F 1 ( l1mo) l 
I-' " e ( 1 + ; cx E.,0) F_ , (11 .. 0) + 2oc' k8 T Po (11.,0) J

(D ) ks T [ (1 + 2r,. Eso) Fo (1/so) + 2r,. ks T F1 (1}5o) ] µ = -e- (1 + 2r,. Bso) F _ 1 (1}5o) + (1 + fJ) 2r,. ks T Fo (1}5o) 

E, ( I + ex E..) = [ 2 n/i e F, ( n + ! ) (2E, m�r 1 12] , ex· s ( I + ! e), 

(4b) 

(Sa) 

(5b) 

F1 (11) is the one-parameter Fermi-Dirac integral of order j as defined by Blake­more2 2> and the other notations are defined in Ref. 11. 
2.3. Suggested experimental procedure for determining DMR Following Ghatak et al. 2 0 the thermoelectric power of the 2D electrons in the presence of a classically large magnetic field can be expressed, in the electric quantum limit, as 

Gm (n2 k� T/3N,o) [ d (E��� Eo) ] . (6) 

Thus combining Eqs. (6) and (2) we get 
D - = n2 k: T/3e2 Goe,.µ (7) 

Since the classically large magnetic field does not change the density-of-states function therefore the DMR in the presence of a classically large magnetic field will be equal to the same ratio in the absence of that field 1 2>. Thus we can experi­mentally determine the DMR for any arbitrary dispersion relation by knowing G oc, '
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3. Results and discussion 

Using Eqs. (3a) and (6a) together with the parameters1 5• 2 3> 
E,, (x) = [ -0.303 + I .  73x + 5.6 x 1 0- 4 ( 1  - 2x) T + 0.25x4] eV m� (x) = [3 li2 E,, (x)/4P2 (x)], P (x) = [(li2/2m0) (18 + 3x)] 1 '

2
, LI = 0.9 eV, B�c = [20.262 - 14.812x + 5.279Sx2] P.0 as appropriate for n-Hg1 -ii:Cdx Te we have plotted the DMR under weak electric field limit at 4.2 K for n-channel inversion layers on Hg1 -xCcfx Te as a functionof the surface electric field taking x = 0.21  as shown in plot a of Fig. 1 in whichthe plots b and c exhibit the S8me depende�e in accordance with two band Kane model and that of parabolic energy bands. ·using the same parameters as used in obtaining the Fig. 1 and using Eqs. (3b) and (6b) we have plotted the DMR under strong electric field limit at 4.2 K as shown · in plot a of Fig. 2. in which the other 
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Fig. 1. Plot of the DMR as a function of the surface electric field under low electric field in n­
-channel inversion layers on Hg1 -:sCdsTe at 4.2 K by using (a) the three-band Kane model., 

(b) the isotropic two-band Kane model and (c) the parabolic energy bands.
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simplified cases have further been . .  demonstrated. In Fig. 3 we have plotted the DMR versus x for both the limits in accordance with three and two band Kane models, respectively 
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Fig. 2. Plot of the DMR as a function of the surface electric field under high electric field limit 
in n-channel inversion layers on Hg1 _ 1Cd1Te at 4.2 K by using (a) the three band Kane model, 

(b) the isotropic two-band Kane model and (c) the parabolic energy bands.

It appears from both the Figs 1 and 2 that the ·nMR·s increase with incre­asing surface electric field and the spin-orbit splitting parameter affects the DMR of the electrons quite significantly in n-channel inversion layers. of ternary semi­conductors for relatively large values of the surface electric field For a fixed value of the surface electric field, the DMR of the electrons in accordances with three band Kane model is smaller as compared to that in two band Kane model in the whole range of fields considered for both the limits. Though the DMR also in­creases non-linearly with surface fields for hoth thelimits in. . .two b�nd Kane model and also that of parabolic energy bands, the rates of increase are different fromthat in the three band Kane model.' The classical value of D MR is k 8 T/ e and isegual to 0.36 mV at 4.2 K. This is, therefore, not sho�n in bQth the figures as i� w'owd be senseless in such figures. From Fig. 3 iqtppear� that \pe DMR decreases with •. increasing alloy composition in a monotonous ·manner. for both the limits. 
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It is worth remarking that since most of the carriers occupy the lowest electric sub-band at low temperatures for which the effects of electric quantization be�ome more pronounced, it is sufficiently accurate for such temperatures to consider the 
!2SO .-----------------------. 1875 

Fig. 3. Plot of the DMR as a function of alloy composition in n-channel inversion layers on
Hg1 _ 1Cdx Te at 4.2 K by using (a) the three band. Kane model in the low electric field limit, (b) 
two band Kane -model ,41 the low electric field_ limit, ·� c) three _J,and K�e mo�el in the high elec-

tric field limit and (d) two-band · Kane model in the hlgh electric-"field limit. occupation of the lowest electric sub-band2 4>. We note that though the many-body effe.cts, the hot-electron effects, ·the '.formation of band tails, the effects of surfacestates and the occupancy of the electrons in the electric sub-band above the lowest one have been neglected in the theoretical formulation this simplified analysis exhibits the basic qualitative features o.f the DMR in n-channel inversion layers on semiconductors. Since the experimental data of·the thetmoelectric power in n-chan­nel inversion layers on ternary semiconductors in the presence of a classically large magnetic field is not available to the best of .our knowledge, we can not com­pare our theoretical res�ts with the proposed experiment. Since the above power decreases with increasing surface electric field, from Eq. (7) we can conclude that the DMR will increase with increasing surface field as it should. The experimen­tal result of G00 for inversion . layers on ternary semiconductors will: provide an experimental check on t.he above ratio and. also a techniqu(dor probing the band structure in degeherate materials·. In recent years, the mobility of the electrons in inversion layers on small gap semiconductors has been extensively investigated but the diffusion constant 
(a very important device parameter which cannot be easily experimentally deter-
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mined) of such 2D electron gases has yet to be investigated. Thus the theoretical results of our paper will be useful in determining the diffusion constant even for n-channel inversion layers on parabolic semiconductors. The general features of the effects of surface electric field on the DMR in n-channel inversion layer as discussed here would also be valid for most of the inversion layers on small-gap semiconductors since these semiconductors have non-parabolic energy bands are generally described by two-band Kane model whereas the present analysis is based on three band Kane model. Finally, it may be remarked that the basic pur­pose of the present paper is not solely to investigate the diffusivity-mobility ratios in n-channel inversion layers on ternary semiconductors but also to formulate the generalized carrier statistics by using the generalized three band Kane model for both the limits since the various transport phenomena and the derivation of the expressions of physical parameters of 2D semiconductor devices are based on the carrier statistics in such materials. 
Appendix 

1 . 1 . The functions P (E pa,), q (E pw), r (E Fs), s (E Ps), P (E po,o) and R (E Fso) aredefined as follows :

318 

' q (Epa,) = � V, [p (Epa,)] 
Zeal 

t 
s (Ep11) = � "v, [r (Ep11)] 

z-1 

m• P (EF<Do) = x h2 lP1 (EF<Do) + qi (Epo,o)]

{ I . la) 

( I . l b) 
( I . le) 

( 1 . ld) 

(I . le) 
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R (EF,o) = [r, (EF,o) + s, (EF,o)] [_:i,] 
[ 1 - ::2 {r. (EFso) + s, (Ep.o)} VL(Ep,o) ·

. 
[ 

3e.sc (E ) (2m * E \ 1/2 S- 3/2 _ Nsso L1 (EFso)
]

- l
]

- l
4 Ii. e2 ')'1 Fso o gJ o 2 J/L(EFso) 

d2t '1r = 2 (k8 T)2t (1 - 21 - 2t) C (2t) d E2r,
F 

(1 .  lf) 

k8 is Boltzmann constant, T is the temperature and ! U(E)] = /1 (E), where
f (E) is any differentiable function of energy.
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EINSTEINOVA RELACIJA U n-KANALNIM INVERZIONIM SLOJEVIMA NA TERNARNIM POLUVODICIMA 
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Originalni znanstveni rad 

Razmatrana je Einsteinova relacija za omjer difuzivnosti i pokretljivosti nosilaca naboja u n-kanalnim inverzionim slojevima na ternarnim poluvodicima u limesu jakih i slabih elektricnih polja. Kao primjer uzet je n-kanalni inverzioni sloj na Hg1 -xCdx Te. Nadeno je, na osnovi Kaneovog modela s tri vrpce da omjer di­fuzivnosti i pokretljivosti raste porastom povrsinskog elektricnog polja u oba limesa. 
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