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Abstract

The symmetry classification and reduction of a non—stationary spherically symmetric
energy—transport model for semiconductors was investigated by Molati and Wafo Soh
(2005). In this work the exact solutions of the reduced model in the stationary case
are constructed.

1 Introduction

Semiconductors are solid-state materials which possess the properties of both insulators
and conductors. They have conductivities lying between those of insulators and conduc-
tors. Semiconductors can be elemental, compound and alloy. They have a number of
applications which dominate our every day life in electrical, electronic and information
engineering. Recently a technology of spherically shaped semiconductor integrated circuit
[1, 16] has been discovered and has some advantages over the commonly known semicon-
ductor devices. The main advantage is that of having a larger available surface area which
leads to a device being used for longer periods before it gets overheated.

The motion of charge carriers (negatively charged particles, electrons and positively
charged particles, holes) in semiconductors under the effect of an electric field and a
carrier concentration gradient is an important phenomenon. This introduces an important
parameter, mobility, which characterizes the motion of the charge carriers due to drift
(charged-particle motion under the influence of the electric field) and also the efficiency of
many devices. The numerical value of the mobility depends on a given doping (addition of
controlled amounts of specific impurity atoms with the aim of increasing the concentration
of the charge carriers) and temperature for the charge carriers [12, 15].

The energy-transport (ET) model is a macroscopic model derived from the Boltzmann
equation [2]. This model comprises a system of diffusion equations for the electron density
and temperature, together with the Poisson equation for electric potential.
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In the ET model for semiconductors, there are two groups of unknowns. The first group
is made of the electron density, the electron temperature and the electric potential. The
second group is formed by the energy production, the mobilities and the doping profile.
Traditionally, the latter is obtained experimentally. This work employs the symmetry
principle [3, 5, 6, 9, 10, 11] to obtain the elements of the second group of the unknowns, that
is, the forms of the energy production, the mobilities and the doping profile are obtained
for which the model is maximally symmetric. The stationary solutions are constructed
after obtaining the unknown parameters and the symmetries of the governing system of
ET model for semiconductors.

A symmetry analysis approach to the ET model was first performed on a non-stationary
one dimensional ET model in [13]. The complete symmetry classification was performed
and classes of exact solutions were obtained. The work done in [13] was extended in [§]
by considering the non—stationary spherically symmetric case and two dimensional case.
The complete symmetry classification and reduction was performed, but since the reduced
systems were still highly non—linear and difficult to solve analytically, the exact solutions
were not constructed.

The outline of this work is as follows. In Section 2 the model to be investigated is
presented. In Section 3 the symmetry classification of the model is performed. In Section
4 the exact solutions of the model are constructed.

2 ET model for semiconductors

On coupling the Poisson’s equation for the electric potential to the diffusion equations for
the electron density and temperature, we have the following equations [13, 14]

on
E+V~J—O,
6(7(;;/[/) +V.-8—~J-Vo—nCy =0, (2.1)

NV2¢ —n 4 c(x) =0,

where n is the electron density, J the electron momentum density, W the electron energy,
S the energy flux density, nCy the energy production, A\? the dielectric constant, ¢ the
electric potential, ¢(x) the doping profile that is a given function of the position & and
the nabla symbol

o 0 0
_ L2 ) 2.2
V <85617 81’27 761’”) ( )

The known quantities in (2.1) are

J = -V Tn) + pMnve, (2.3a)

S = —v(uPT?n) + 1P Tnve, (2.3b)

W = gT, (2.3c)
—3(T-T

Oy = 2L —T1) (2.3d)

w(T)
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where T is the electron temperature, T}, is the lattice temperature (taken as constant), ,u(i)
are the electron mobilities and 7y is the energy relaxation time. In general the mobilities
are temperature-dependent. The system (2.1) and (2.3a-2.3d) must be solved subject to
appropriate initial and boundary conditions.

Some special cases considered in the literature are:

e the Chen et al [4] model with

J = —no (Vn - %V(]ﬁ) , (2.4a)

S = —guo [V(nT) —nVg|, (2.4Db)

oy — 2L =T1) (2.4¢)
70

where g and 1y are positive constants,
e the Lyumkis et al [7] model in which

_ 2 nT3) — —- a

J=- {V( T3%) T%ng}, (2.52)
4u 3 1

S = —772 [V(nTz) —nT2V¢} , (2.5b)

Cw = 2 T-T (2.5¢)

ﬁ T()T%

3 Symmetry classification of the spherically symmetric ET
model for semiconductors
In this section we focus on the symmetry analysis of the spherically symmetric ET model

for semiconductors in the stationary case. By spherically symmetric we mean that the
spatial dependence of the model is through the radial coordinate

r= @2+ @2+ @2

where d is the spatial dimension. We arrive at the following spherically symmetric equa-
tions for r # 0

Jr—f—EJ:O,
T
k 3 (T—1Ty)
by p T 1
Sr—l—TS J¢r+2n D) 0, (3.1)

k
)‘2(¢rr + ;Qbr) -—n+ C(’I“) =0,
where k = d — 1 and the subscript denotes differentiation with respect to r:
J = = (s0Tn) +pDne,
T

S = - (,u(Q)TQn>r + M(Q)Tngzﬁr.
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The cases of interest are d = 1,2, 3; i.e. £k =0,1,2. In the case K = 0 one would expect to
recover the stationary solutions of the one-dimensional model obtained in [13]. But this is
yet to be proved. For instance, the three dimensional model in the stationary case cannot
be recovered by simply substituting £ = 2 in the model (3.1).

From now on we will use 7(7") to mean 7y (7). According to Lie’s algorithm, the vector
field

X = f(rnTgb) +n(rnT¢)£+n(rnT¢)8 +n(rnT¢)8

o
is a symmetry generator of (3.1) if and only if
xb <JT + kJ) =0,
r (3.1)
k 3 (T'—1Ty)
X2 (ST + 28— Jby + n) =0, 3.2
: 2" ) &2
x 2 <A2 [(bw + k@} +c(r) — n) =0,
r (3.1)
where
0 0 0 0 0 0
2] _ 19 20 30 2 3
X X +Cl anr + Cl aTT +Cl a¢7‘ + C2 anrr + CQ aTrr + CQ a¢7’7‘

is the second prolongation of X. The coefficients C} (1=1,2,3; j =1,2) are given by the
prolongation formulae

¢ = Dr(n') — up D (6), (3.3a)
¢ = Dr(Gh) — up D (6), (3.3b)
where
(u',u?,0®) = (n, T, ),
D, = £+nré+Tri+¢r 0

or on oT ¢

When expanded and separated, the determining equations (3.2) span many pages, hence
only the final step in the analysis of the determining equations is presented. The symme-
try analysis is performed for cases k = 0 and k # 0.

Case (i) k=0
&= %qr + ag, (3.4a)
' =ai(l-qn, (34b)
7’ =aT, (3.4c)
n* = a1, (3.4d)
,UJ(I)( T) = ()Tq 1’ (3.4e)
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(2)( ) M( )Tq 1 (3.4f)
T(T - TL)TT - TLT = 0, (34g)
(2a0 + a1qr)e, + 2a1(q — 1)e = 0. (3.4h)

In the above equations (3.4a)—(3.4h), ag, a1, u[()l), uéz) and q are the arbitrary constants.
The case k # 0 corresponds to ag = 0.

Equations (3.4g) and (3.4h) give the forms of the energy relaxation time 7(7") and the
doping profile ¢(r) respectively.
Since equation (3.4g) does not contain the constants ag and/or aq, its solution is the same
for both cases and is given by

(T) = 10(T — Tp)T 7, (3.5)

where 7( is an arbitrary constant.
When k£ = 0, equation (3.4h) prompts the consideration of the cases a;jq¢ = 0 and
a1q # 0. In the first case, Eq. (3.4h) simplifies to

ager — arc = 0; ag # 0. (3.6)

Solving Eq. (3.6) we obtain

c(r) =cop e, (3.7)
where o = 2% and co are the arbitrary constants. Thus,
ag
0 0 0
X =— — T— 3.8
87’+0m8 +a 8T+a¢8¢ (3.8)
In the second case, we obtain
( —
o(r) =22 +agqr) = ; q#0, (3.9)
where ¢y and a = N are the arbitrary constants. Hence,
ao
X = (2+ )a+(1 )8+Ta+¢ (3.10)
= aqr)— +a(l —gn— + « o : .
o Don " or " “Pog

Case (ii) k#0
Then ap = 0 and equations (3.4a)—(3.4h) hold with agp = 0. Equation (3.4h) reduces to

arqrey +2a1(q —1)e=0. (3.11)

Equation (3.11) prompts the consideration of the cases a3 = 0 and a; # 0. In the first
case there are no symmetries and the second case gives rise to the subcases: ¢ = 0 and
g # 0. In the first subcase there is no doping profile, that is ¢(r) = 0 and the second
subcase yields

2(1—q)

cfr)=cir v 5 q#0, (3.12)




154 M Molati

for arbitrary constant ¢;. Therefore,

(3.13)

Remark 1: For ¢ =0 and ¢ = % we obtain the forms of J and S for the Chen et al [4]
model and the Lyumkis et al [7] model respectively.

4 Exact solutions of the spherically symmetric ET model
for semiconductors in the stationary case
Case (a) k=0

@) pOT) = u' T, fO(T) = T, 7(T) = (T = TL)T ™, e(r) = co e

0 0 0
X = E—Fana +aT8—T+a¢a¢

The characteristic equations for the invariants of X are

dr dn _dT _ dg

_on _ ol ap 4.1
1 an ol «a¢ (41)

The invariant solutions for o # 0 assume the form
n =ngye*", (4.2a)
T="Tye"", (4.2Db)
¢ = ¢o e, (4.2¢)

where ng, Ty and ¢g are the arbitrary constants. Substituting the invariant solutions
(4.2a)—(4.2c) into the governing system (3.1) yields the reduced system which is solved for
the arbitrary constants. Thus, the exact solutions are

5 1
n = CO ear + |: (2) :| , (43&)
202(q + 2)py " 10
1
3 1
20%(q+2)pg ' 10
3
(b = (q + 1) @) ; (43C)
202(q+2)pg 10

provided ¢ # —1,—2,0. The case ¢ = —1 results in a reduced system which is inconsistent.

The reduced system is identically satisfied when ¢ = —2.
The case ¢ = 0 (corresponding to the Chen et al model) yields two sets of solutions:

n=c, T =¢=0

and
Co

n =20, T:¢=—7a2)\2-
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These solutions are discarded because we require non—zero solutions for the system under
consideration.
(i) ¢ #0, pO(T) = p) T, pO(T) = pPTIY, 7(T) = 79o(T — TL)T ™,

_ 2(1-q) 1 0 0 0
c(r)=c2+aqr) « , X = 5(2 + aqr)a +a(l - q)na— + ozTa—T + gb%

The characteristic equations for the invariants of X are

2dr 1 dn dT do¢
— o _ 22 2 (4.4)

24aqr a(l—¢)n oI ¢

Solving the above characteristic equations for ¢ # 1 and « # 0 yields
2(1—q)
n=no(2+aqr) « (4.5a)
T =To(2+ aqr)g, (4.5b)
— 2

¢ = ¢o(2+ agr)a, (4.5¢)

where Mg, T and ¢, are the arbitrary constants. The invariant solutions (4.5a)—(4.5¢c) are
substituted into the original system (3.1) to yield the reduced system which is solved for
the arbitrary constants. Therefore, a class of exact solutions with ¢ # 4 assumes the form

_ 2.2 3 q 2(1—=q)
n= |¢— 20\ (q — 2) @ (24+aqr) < (4.6a)
4()42#0 To(4 — q)
3 q 2
T= [ @ ] (24 aqr)q, (4.6b)
do?pg mo(4 — q)
3 . 2
o= { @ } (24 agr)q. (4.6¢)
4oy’ m0(4 — q)

The original system (3.1) is not satisfied when ¢ = 4. Hence, the case ¢ # 4 is discarded.
Case (b) k#0

() q#0, puO(T) =T, 1WOT) = WPT971, 7(T) = 70(T = Tp)T 7,

B 2(1=q) qgr 0 0 0
c(r)y=crr a ,X—TE—G—(l—q)na——l— +¢%

The characteristic equations for the invariants of X are

2dr 1 dn dT _ do )

qr  (l-gn T ¢
The invariant solutions for ¢ # 1 assume the form

2(1-q)
n=nyr 4 , (4.8a)
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T =T ra, (4.8b)
d) — ¢l T'%, (48C)

where nq, 17 and ¢, are the arbitrary constants. The substitution of the invariant solutions
(4.8a)—(4.8c) into the underlying system (3.1) yields the reduced system from which the
arbitrary constants are obtained. Therefore, the exact solutions are

2IN2[2 + (k — 1 2 0] 20-9
n = [014- [ +(2 )Q]( @) & >q}7”21‘1q , (4.9a)
q dps o4+ (k—1)q]
2 1
T = ( - 34 ) "ra, (4.9b)
djiy 1o[4 + (k — 1)q]
1
3¢% 7 2
(b — ( ®) q > ra, (490)
dpg mo[4 4 (k —1)q]

provided 4 + (k —1)q # 0.
(ii) The condition 4 + (k —1)q = 0 requires k # 1. Hence, with ¢ = 1

invariant solutions have the form

4
? in Eq. (4.7) the

n=mnp r_%, (4.10a)
— 1—k

T=Tirz, (4.10Db)
- 1-k

¢ — ¢1 rz, (410C)

where 71, T'1 and ¢, are the arbitrary constants. The substitution of the invariant solutions
(4.10a)—(4.10c) into the system under consideration, (3.1), yields the exact solutions

k+3 k-1
n= [01_1_ )‘2(1"‘2]1_ k)T (N((ng'lg(f;g)> ! ] -4 (4.11a)
1) 275
T— [ o mo(k Jg(i;’{)(_lzg%_k )} - (4.11b)
(1) 2\1 5
¢ = [ o Tolk Jg(:z)(_l;;%_k )] L (4.11c)

Remark 2: The case k = 1 corresponding to a two dimensional stationary model does not
satisfy the underlying model (3.1). Hence, the two dimensional stationary case treated
in [14] cannot be recovered by simply substituting £ = 1 in the stationary spherically
symmetric model (3.1). Now, with k£ # 1 the cases of interest are k = 0 and k = 2.

Remark 3: The graphs of the solutions (4.2a)—(4.2c) and (4.10a)—(4.10c) corresponding
to k = 0 and k = 2 respectively are presented below. These are the graphs of the electron
density n in em ™3, electron energy W in eV and electric potential ¢ in V/micron against
r (micron). After setting Ty = ¢pp = T1 = ¢; = 1 and o = —1 for ng = m; = 107 cm ™3,
the following graphs are obtained
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Figure 1: Plot of the solutions (4.2a)—(4.2c) and (4.10a)—(4.10c).

5 Conclusion

Four classes of exact solutions of a spherically symmetric ET model for semiconductors
in the stationary case have been constructed. The solutions provide benchmarks useful
for testing numerical codes for the stationary spherically symmetric ET models. The
graphical solutions of these exact solutions can be constructed provided a relevant data
for the model parameters is at hand.

Acknowledgments. I would like to thank the National University of Lesotho and Na-



158

M Molati

tional Manpower Development Secretariat for financial support. I also appreciate the con-
structive comments by the anonymous referees.

References

[1]

2]

[14]

[15]

[16]

(WO/1998/025090) Spherically Shaped Semiconductor  Integrated Circuit,
http://www.wipo.int/pctdb/en/wo.jsp?TA=W01998%2F25090& DISPLAY=DESC.

BEN ABDALLAH N and DEGOND P, On a hierarchy of macroscopic models for semiconductors,
J. Math. Phys. 37 (1996), 205-231.

BrLuMAN G W and KUMEI S, Symmetries and Differential Equations, Springer, New York,
1989.

CHEN D, KAN E C, Ravaiort U, SHU C-W and DuTTON R, An improved energy-transport
model including nonparabolicity and non-Maxwellian distribution effects, IEEE FElectron De-
vice Lett. 13 (1992), 26-28.

IBrACIMOV N H, CRC Handbook of Lie Group Analysis of Differential Equations, Vol. 1,
CRC Press, 1994.

IBrRAGIMOV N H, Elementary Lie Group Analysis and Ordinary Differential Equations, John
Wiley, Chichester, 1999.

Lyumkis E, POLSKY B, SHIR A and VISOCKY P, Transient semiconductor device simulation
including energy balance equation, COMPEL, Int. J. Comput. Math. Electron. Eng. 11 (1992)
311-325.

MoraTi M and WAFO SOH C, Similarity reduction of energy-transport models for semicon-
ductors, Mathematical and Computational Applications 10 (2005), 221-230.

OLVER P J, Applications of Lie Groups to Differential Equations, Springer, New York, 1986.

OvsJANNIKOV L V, Group Properties of Differential Equations, USSR Acad. of Sci., Novosi-
birsk, 1962.

OVSIANNIKOV L V, Group Analysis of Differential Equations, Academic, New York, 1982.
PIERRET R F, Semiconductor Fundamentals, Addison—Wesley, Massachusetts, 1988.

RoMANO V and VALENTI A, Symmetry analysis and exact invariant solutions for a class of
energy-transport models of semiconductors, J. Phys. A: Math. and Gen. 35 (2002), 1751—
1762.

RoOMANO V and VALENTI A, Exact invariant solutions for a class of energy-transport models
of semiconductors in the two dimensional stationary case, Commun. Nonlinear Sci. and Num.
Simul. 10 (2005), 499-514.

SzeE S M, Semiconductor Devices, Physics and Technology, John Wiley, New York, 1985.

TAKEDA N, MEMS applications of ball semiconductor technology, Stanford University, US—
Asia Technology Management Center, Spring 2001 Seminar Series.



