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We present a generalization to high-field transport of the carrier thermal conductivity and Lorenz
number in nondegenerate semiconductors. The theory is based on the correlation-function formalism.
In its range of validity, it provides exact values and predicts an anisotropic behavior of the above
parameters with respect to the direction of the applied field. Calculations for the cas®i et 300 K
evidence a dramatic decrease, more than 2 orders of magnitude, of the longitudinal values at the highest
fields of 100 kV/cm. [S0031-9007(96)00785-5]
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Small-signal kinetic coefficients are of fundamental and The present approach applies an extension of Kubo
applied importance for the study and characterization oformalism [11-13] to far from equilibrium conditions.
electronic transport in semiconductor materials and deAccordingly, with respect to the standard definition of
vices. Under linear response in the applied field, Onsagehermal conductivity near thermodynamic equilibrium, the
phenomenological relations and Kubo formalism providecorrelation functions of microscopic fluxes are calculated
a rigorous theoretical framework [1]. However, at in- with respect to stationary values at the given bias point
creasing fields above the onset of hot-carrier conditionsand the thermodynamic temperatufg is replaced by
no general relations are available and we rely on mor¢he noise-temperature spectrum associated with velocity
or less attainable solutions of the kinetic equation [2].fluctuations at the given fielf and angular frequency,

To this extent, differential conductivity and diffusivity T,(E, ), making use of the exact Price relationship [14].
have been already thoroughly investigated and rigorou¥he thermal conductivity along the direction of the field,
generalizations to hot-carrier conditions have been devek(E, w), and the corresponding Lorenz numbe(E, w),
oped theoretically and verified experimentally [3,4]. Ongeneralized to hot-carrier conditions are thus given by
the contrary, for the case of thermoelectric coefficients n
only approximate approaches, mostly based on heated K(E, @) = m

) LN : Z(E,
Maxwellian energy distributions [5,6], are available. To y I (E. ) (E. @) — In(E. )y (E. )

fill such a lack of knowledge, and point out the physi- , (1)
cal weakness of existing approaches, this Letter presents a In(E, o)

generalization of the thermal conductivity associated with e2n

charge transport to conditions far from linear response. 7»(E, w) = mln(ﬂ w), 2)

This generalization should be of basic interest in the field
of physical kinetics, as well as of practical interest in the te )

modeling of submicron semiconductor devices. Indeed,/vu(E, @) = j; Coult) exp—iwr)dr,

in ultrashort structures even small values of the applied

voltage are responsible for local electric fields well above v, =12, (3a)
the limit of validity for a linear response analysis over  C,,(1) = 6,,(0)8,,(t), (3b)
thermal-equilibrium conditions. To this purpose a gen-

eralization of the Wiedemann-Franz law and the Lorenz (g o) = K(E, o) ) (4)
number under high electric fields is of fundamental impor- 04(E, 0)T,(E, »)

tance if not a crucial step for any microscopic modelingHeren is the carrier concentratioX the Boltzmann con-
[7-10]. stant, ¢ the electron chargej; = v(k), j» = v(k)e(k)
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value. In (3b) we assume ergodicity so that the over-
bar denotes time average. Properties of the above scheme
are as follows: (i) Under thermal-equilibrium conditions
(i.e., E = 0) T,(w) = Tp, thus Onsager relations are ful-
filled, and standard linear-response formalism is recovered
[1]. (i) The frequency dispersion of thermal conductivity
contains in general several time scales, e.g., those related
to momentum and energy relaxation. (iii) Under nonlin-
ear response in the applied field, the constraipt> 0,

—0.2 . . L . which implies electrical stability of the system, must be
satisfied and thermal conductivity and Lorenz number
become anisotropic with respect to the field direction.
Values along the transverse direction of the field can be
obtained from Egs. (1)—(4) by calculating the correspon-
dent correlation functions [15], and replacing the differen-
tial with the chord conductivity.

The correlation functions and conductivities entering
the definition ofx and L are calculated using a Monte
Carlo simulator [16]. We have considered the case of
extrinsic n-Si, doping concentration0!” cm™3, at T, =
300 K with the field applied along th€l11) crystallo-
graphic direction, being this a physical system of rele-
vant interest for applied purposes. Figures 1(a)—1(d)
report the four longitudinal correlation functiors, , (1)
at increasing values of the electric field. Curves are nor-
malized to their initial value to make better use of the
time scales. In general, at increasing fields curves exhibit
a faster decay and the presence of a negative part, a be-
J havior associated with the shortening and coupling of both
momentum and energy relaxation times due to hot-carrier
effects. Even at vanishing fields, and thus for continu-
ity at thermal equilibrium(C,,(z) decays faster than other
functions because its decay rate is practically the sum of
momentum and energy rates. An analogous but less pro-
nounced behavior is exhibited by the two cross-correlation
functions. An important result is that, even at thermal
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FIG. 1. Longitudinal correlation functions normalized to their i /
initial value for extrinsicn-Si with doping concentratiom = /_/-

10" cm™3 at 300 K and increasing electric-field strengths bl

respectively of 5, 10, 20, 50, and0 kV/cm in passing from lz(eV Cm s )/
the longest (continuous curve) to the shortest (finest dotted ]
curve) time decay. Values refer to the direction of the electric 1012 N 4
field along the(111) crystallographic axes. £
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[v(k) and v(k)e(k) being the carrier velocity and en- 10 10 1o* 10° 10°
ergy flux as functions of wave vectdr along the field E (V/cm)
direction], o4(E, w) the differential electrical conductiv- F|G. 2. Vvariance of the correlation functions
ity, and 8 j,.(¢) the fluctuation ofj,(¢) around its average function of electric-field strength.

of Fig. 1 as a
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FIG. 4. Equivalent noise-temperature dataniSi at 300 K as

a function of electric-field strength. Full triangles refer to the
longitudinal and open triangles to the transverse direction with
respect to the electric field.

increase of all variances which exhibit asymptotic be-

haviors steeper for higher moments. Similar behaviors,
apart from the absence of the negative part, are found
for the transverse correlation functions. Figure 3 reports
the low frequency(w = 0) spectral densities, ,(E,0)

of the respective correlation functions as a function of

the electric field. The different behaviors exhibited by

different spectral densities are the result of the competi-
tive effect between shortening time scales and increasing
variances of the corresponding correlation functions at in-
creasing fields. Accordingly;(E, 0), which corresponds

to the longitudinal diffusivity, decreases due to the pre-

vailance of shortening time scale, whilg(E, 0) increases

2
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FIG. 3. Spectral densities of the correlation functions of : 10 3 \'\ 3
Figs. 1 and 2 atv = 0 as a function of electric-field strength. © F v 3
“.’O 107! . \ 3
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equilibrium, the simple relaxation time approach based = K'/n ¥
on a single time scale is not valid. We remark that the C ]
couples of correlation functionS;(¢), C12(¢) and Cax(2), 1073 2- -------'3- -------'4 ------'5 . .
C,1(r) have similar features, being characterized by the 10 10 10 10 10

initial fluctuation of the same variable: velocity for the E (V/cm)

former, energy for the latter. For the sake of complete-
ness, the variance§;;(0), C»,(0), and C,(0) = C»;(0)

FIG. 5. Thermal conductivity per unit concentration mASi
at 300 K as a function of electric-field strength. Full triangles

are reported in Fig. 2 as a function of the electric field.refer to the longitudinal and open triangles to the transverse
Here hot-carrier effects are responsible for a systematidirection with respect to the electric field.
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1 L B B B ence of hot carriers strongly modifies the linear-response
: value and, for the longitudinal case, a dramatic decrease
---- L= (k/e)2(5/2 +r) ] for more than 2 orders of magnitude is predicted at the
] highest fields considered.
In conclusion, the carrier thermal conductivity and
i Ny ] Lorenz number in semiconductors has been generalized
107t L \ 4 to the case of high-field transport. Calculations applied
: ] to n-Si at 300 K show a strong anisotropic behavior, with
the longitudinal value exhibiting a dramatic decrease for
more than 2 orders of magnitude with respect to its linear-
response value at the highest fields considered.
Authors gratefully thank Drs. R. Brunetti, C. Jacoboni,
2 3 A 5 6 and M. Rudan for fruitful discussions and for having pro-
10 10 10 10 10 vided the Monte Carlo code @FSi. Dr. Yu.G. Gurevich
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the subject.
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FIG. 6. Lorenz number im-Si at 300 K as a function of
electric-field strength. Full triangles refer to the longitudinal
and open triangles to the transverse direction with respect to the
electric field. Dashed line refers to the linear-response value
obtained using an energy-dependent relaxation-time approach ) ) . .
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