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Abstact-Minoity csrricrs continuit5r
equation has becn studied by Green's function in
rectangular coordinate system. The erect solution
of this difrerential equetion, both time end space
dependent has becn obtained by Green's function
approach. Calculation has becn done for the p-
region of a p-n junction under the low-levcl
injection and quasineutrality assumptions.
Stimuletion of carriers has been done by en
impulse of light. Green's function epproach givcs
an opportunity to envisagc each nonhomogencous
boundary end initial value contribution to the
device perforurance. The solution sbows a clcrr
picture of the impect of physical perameterc on
device performance. The method is more
convenient for compering different devices'
performance, particularly in case of light -
semiconductor interection.

I.INTRODUCTION

Conventional solution of one dimensional
continuity equation results in a combination of
hyperbolic functions, which are very much different
in behaviour [] In some cases, it is hard to interpret
the solution and extract the design parameters Even
in case of nonhomogeneous boundary conditions the
solution itself is more diffrcult to get [2]. Generally,
with some simplifying assumptions, approximate
solutions are used.

The Green's function approach gives exact
solution ofthe differential equation in integral form
Contribution of generation function, boundary and
initial values are separate. The main difficulty of the
method is construction of Green's function which
requires solution of homogeneous version of the
problem Once the Green's function of the problem
has been constructed, the solution of any kind of
generation function5 nonhomogeneous boundaries,
and initial value are the matter of some integral taken.
A drawback of the method is that the solution has a

serial form. The convergence ofseries is dependent on
boundary values. [n this particular problenl it rapidly
converges. Green's function solution of the
continuity equation gives more elegant presentation of
device properties. lt is easy to interpret, and to see the
impact ofphysical parameters on device performance.

One dimensional continuity equation has the same
mathematical form as that of heat conduction problem
except for the recombination term The hear
conduction problem has been well-studied in the
literature[3]. The solutions of various problems have
been tabulated for ready use. To utilise this
opportunity, the continuity equation has been
transformed to the heat conduction problem After
appropriate solution of the heat conduction problem
by Green's functioq an inverse transformation has
been invoked to get minority carrier population
throughout the dwice

In this paper, the Green's function approach to the
heat conduction problem has been reviewed, first.
The4 the continuity equation ofminority carriers has
been transformed to the heat conduction equation.
Following that, the
transformed problem

function of the
constructed. The

solution of transformed problem has been calculated
for specific boundary values Finally, the minority
carriers population throughout the device has been
calculated by using inverse transformation.

TI REVIEW OF TIEAT CONDUCTION PROBLEM

The heat conduction problem can be described as
finding out variation of temperature in a solid. The
solution ofthe differential equation under the various
boundary and initial values has been presented in one-
dimensional rectangular coordinate system[3].

A general nonhomogeneous heat mnduction
differential equation with accompanied boundary and
initial values is as follows:

Green's
has been
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W}ere r4 is temperature; t and a are constants of
differential equation; h, kz, ht, urd h2 are consturt for
convenient boundary donditions; ftQ, rtO are
nonhomogeneous boundary functions; F(u) is the
initial value finction; g(u,t) is the generation function.

The Green's function approach to the solution is as
follows:
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The Green's function, G(u,Av,r) , presents the
temperature at position z and time t in a solid in case
of a heat source of impulse has been situated at
position v and ttme t. AIso, boundary values are
homogeneous. V4u,t) is total temperature variation in
the solid at position z and time t under the original
generation functior\ initial and boundary values. The
frst term is the contribution from initial value of F(u);
the second term is the contribution from generation
function of g(u,t); last two tirms are contributions
from nonhomogeneous boundaries. Once the Green's
function of the problem has been constructed, the
solution for any arbitrary generation function, and any
arbitrary nonhomogeneous boundary value can be
calculated by integration. In order to avoid the
replicatioq the construction of the Green's function
has been done according to the specific boundary
conditions of particular continuity problem in the
following zubsections.

u. SOLUTION OF CONTTNUTTY EQUATTON

w D r r 0 t p x L w p x

@ a w  t  j t u

Fig I Schanatic presentation of a planerpn jmctior.

One can constnrct the following well-known
continuity equation for minoritycarriers. The problem
has been posed in the p-region of a p-n junction brilk
semiconductor device (Fig.l) with sritable boundary
conditions. The quasineutrality and lowlevel
injection have been aszumed[,2].

0 2 n  n . g t  I  a ,

A-8.  r ,= h;  
(3)

r = x o  n = t 6 Q ) = o  ,  t > o

x=w, n:  f r r ( t )=o ,  t>0
t = 0  ,  n = { " ( x ) = 0  ,

-2
Ln= I )n Tn

where, I, is diffi.rsion lengfr; D" is diffirsion
constants; r, is recombination time constant; n is
excess minority carricr concentrations (l/cm-3); g1 is
generation function.

One dimensional (lD) device structure is shown in
the Fig I The problem has been transported to the
new more convenient coordinate system by changing
the variable for,4'region.

, t = X - X p ,  X = X o + Z = 0

x = w p  - r , t = w p - x p =  L

dt=& 
(4)

x p < x < w p  + 0 < u < L

According to the new de,fined independent variable,
the differential equation reads

#-h.t=+,* (s)
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Except recombination ternr, the differential equation
has same mathematical form as that ofheat
conduction problem. In order to get rid of
recombination terr4 the following transformation
should be carried out[4]:

Yn(u't)= n(u't) ett'" (6)

The continuity equation has been transformed to the
heat conduction equation.

02 ry- 
"(ttr") 

1 a//_
r7)

a /  D , o t  D ^ a  *

u = 0 ,  y r = f o r ( t ) = 0  ,  t > 0

u = L ,  r / , = f , r ( t ) = 0  ,  / > 0

t = 0  ,  ( r = F r ( u ) = Q

The last differential equation with accompanied
boundary values constitute the problem which is
subject to Green's function solution. Both Eq.l and
Eq 7 have the same cast form So, the solution of tlre
both should be same mathematically. The main task,
here is to construct the related Green's function. For
that reason, the generation function should have the
following form.

s{u)= M6(u-ut) (8)

where, z, = x, - xo

In other words, M electron-hole pairs per cm-3 per
second have been injected at the position of u:uy.

First ofall, the homogenous problem should be
considered.

d2vn_ |  OV,  (o
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- 
4; 

(e)

u = O ,  V " = f " , ( t ) = O  ,  t > 0

u=L  ,  t t / "=  f " , ( t )=o  ,  t >0

t = o  ,  V " =  F " ( u ) = 0

For the solution, one can apply the technique of
separation of variables [3,5].

tyo(u,t)= T"(tlU"(u) (10)

By the end, one gets the following ordinary
differential equations with separation constant, fi,.

u = 0 ,  U " = O
u = L  ,  U , = O

The solution of time dependent ordinary differential
equation is straightforward.

T,(t)= s-o"Flt (14)

U^(0-,u)- SinB-u

Combining both solutions, one obtains,

( l s )

The second ordinary differential equation with
accompanied boundary conditions form special
Snrm-Liouville problem, which has the following
solution[5].

ff+ o,plr, = o

#. plu,=o

(r2)

(13)

w,@,t)=i.c^u,1p^,u)e-Dork (16)

1 l
c.= 

t (B)Jou"(P-,v)F,(v)dv 
(r7)

1 2
NG) -Z

! ^=mt  ,  m=1 ,2 ,3 ,
L

(18)

( le)

P^isznroof Sin(B-L)=O

B. and U(p^ ,u) are eigenvalue and eigenfirnction of
Special Snrm-Liotrille problem, respectively
Coefticients C^ can be determined by the orthogonal
prop€rty of the eigenfunctions N(P) is the
normalising factor of eigenfu nctions.

After appropriate substitutions :

 6

./,(u,t)= ! | "-o"F3'sin1p.u1L n l

L
x !,Sin(p^v)F^(vpv

(20)

has been introduced forI  d2IJ, _ 1 1 dr, __R2
u"-F= o,1 a =-u- v is a dummv variable

(ll) calculation ofintegral.
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In order to extract Groen's functiott, the solution
should be rearranged in its cast form[3].

r
v,fu,t)= I C,1u,4r,r\,^F,(rW Qr)

r0

v, @. t ) = 
![?2,- 

o. F k sio( I -u)si n( p,vy)

x Fn(v)dv
(22)

The term in square brackets is Gre€n's function of the
transformed problem al r =O For any r, t should be
replaced with (t-r) in above Green's function[3].

for t>r ,
2

G , (a , t l v , t )=  -
L

g  n  o 2 t ,  - '

x f s-" " P ̂ " 
-" 

Sin( B _u)Sin( B ̂ v)
rt 

{B)

for t<t, G(u,{v,r):O

This is the Green's function of the transformed
problem for any t> r . When Eq.l type solution is
considere4 since the boundary values (f1alrid f2) and
initial value (F(v,)) are zero, the only term that should
be considered is the goreration term.

.  
D-  .  L

v,fu,t) = + I dr I Gn@,tlv,r)
L t=O e0

ot l to

xig{v, r )dv
rJn

(24)
k:1

For an impulse type generation functiott,

^  f  .  i  2g -o.p js-">
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x Sin( p ̂ u)Sin( B -v)= M6 (v - u r)dv
I)n

(2s)

After carrying out the integration, one obtains the
foltowing solution of transformed problem

tt n(u,t) =, +2 ;4o,;-(dt 
t' - 

"-o'P! 1u  n 1 1 u o 1 ) n ) '  * l '

x Sin(P -u)Siz(.P.u1)
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Using inverse transformatiorL

n= 9"n g-tt'" (27)

After returning to the original coordinate system, atrd
srb stituting related parameterg
u = X - Y p  ,  u L =  x L - x p ,

^ E
l t ^=nZ  ,  m= \2 , r , .

ooe obtains:

2 e t- -!LP:f!-,.
n(x.t\-- MIL 

Uffi1A-" 
r' )

x Sinlp ̂ (x - x o)lfinl F ̂ @ t - x e)l
(28)

As a rezult of this calculation, this describes the
electron popnlation n the p-region of a p-n junction
in terms of time and space, under the injection of M
electron-hole pairs p€r cm'' per second. In case ofany
arbitrary generation function and nonhomog€neous
boundary conditions, it is only matter of some
integrals-taken. Any integration difficulties can be
overcome at least by numerical integration.

TABLEI
STMT.JLATTONDATA[6]

Electron population for a GaAs pn junction with
tabulated properties is given in the Fig.2.
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Fig.2 Both time (t) and space (r) dependent electr@ populatim (z)

in tbe pregicn of a Ga,4: Vn }o;.aion.

Itr.DISCUS$ON OF RESI.]LTS

The Fig.2 shows gradual development of electron
population throughout the device in time and spac€.
The time dependence dwelops very quickly and
saturafes a maximum value at the carrier injection
point. In space, since the electrons have same
boundary properties at the both ends, the population is
symmetrical in both sides of injection point. As can be
sen from Eq.27, coefficients of series determine the
electron population which are depend on the device
active regio4 recombination time constant and
diffilsion length Device designers should consider
these coefficients for particular applications.

The time dependent part is quickly dieing out in
case of (2" B- )': >> l,

where, Lop-= t"(;h= "(+\" .m:r,2,3,..
(2e)

If one is considering a fast device, he should satisfr
this condition pretty well. In other words, the device
should have very short diffusion length as well as
very short active device area.

The time inde,pendent coefficients of series have
the following fornq

( ',{ , f
M+l-=-?. , l  ( ro)

\L.l(L"p_)" +t )

In case of (L,p.)' <<1, one get$ the following
approximation,

In case of (L,P-)' >>I, one gets another
approximatio4

/ \ -
l 2 L l l l-M  *  l = l  ( 32 )
\n 'D " /m ' l

For present daice, L"p.=l9.2xm >> l, and
- /  r  )

coeffrcient is - 2.7106 I -= I .
\m" )

For L,> 3I this approximation can be easily applied
The sunr, approximately, is just a few first terms of
series. On the contra^ry, if this condition is not
satisfied, the sum will increase until the condition is
satisfied. Eventually, the zum will saturate after a few
terflrs. The convergence of series is strongly
boundary value dependent. Generally, the series
shows good behaviour.

IV. CONCLUSION

The e:<act solution of the continuity equation of
minority carriers has been obtained by Green's
function approach. The solution is a convergent series
of sinusoidal functions, which are well-tracked. The
impact ofphysical parameters on device performance
is cleor. One can easily interpret outcome of the
solution. Devicc designer can extract design data from
the coefficient of series for particular application. The
solution for any kind of generation functiorl
nonhomogeneous boundaries, and initial value is
straightforward.
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