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Abstract

A charge carrier transport model is developed which allows in a phenomenologically more

constant way to take into account the eflecis of electron-hole scattering on the mobilities
of the charge carriers in a semiconductor. Also a mathematical model of charge carrier
generation due to the photon reabsorption process in a direct gap semiconductor is given
and some photon transport aspects are discussed.
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Introduction

The influence of electron-hole scattering on the electrical characteristics of
a diode structure was first considered by Frercuer (1857). He suggested to
apply Mathiessen’s rule also in the case of electron-hole scattering. Since
then this way is commonly used for the total mobility calculations. The role
of recombination radiation recycling process in GaAs diodes and thyristors
was first discussed by Avrerov et al (1977, 1978, 1979). It was shown that the
recombination radiation emitted mostly from the n-base and pT-emitter had
a considerable strong effect on the electrical parameters of devices. More
general treatment of the photon recycling effects was given by Avrerov et al
(1976) and Veumre and FREDIN (1979), by using numerical methods to solve
corresponding boundary value problems.

The aim of this paper is to summarize some results in numerical mod-
elling of semiconductor bipolar devices obtained at Tallinn Polytechnic In-
stitute.
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Semiconductor Equations and Recombination-Generation Laws
The initial set of semiconductor equations contains the Poissons’ equa-

tion and the continuity equations for electrons and holes which in one-
dimensional approximation read as follows:

0% ¢ q i - \
S = —=(p-ntN),  N=Nj-Ni (@)
93y _ op ,
Ojn B on

The total recombination rate R is a sum of Shockley-Read-Hall, Auger and
radiative recombination rates

R = Rsgu + Ra + RR,

where

Rspgy = (pn-— n?)/ (po(n+n1)+ Te(p+p1)],
Ra = (pn=ni)(7pp +1nn),
Rr = B(pn-n?).
Apart from the generation caused by an external excitation into the total

generation rate G may be included the generation rate due to the impact
ionization of carriers

1. .
Gr= g(‘Jp[ cap+|dal - an ),
and the generation rate due to the photon recycling process. In (VELMRE et

al (1981)) it was shown that in case of self-absorption in the base region with
the thickness w the generation rate can be determined as follows:

Gn = / Re(«)F(u) du + / Rr(e)F(x) du, (4)
Flu) = —% / B(e)ole)a(e)Ei(—a(e)u) de,
0

where
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u = |z — 2’| and B(e) is the internal photoeffect coefficient,

o(¢) is the normalised spontaneous emission spectrum in the base region,
a(e) is the photon absorption coefficient,

¢ = hv is the photon energy and

Ei(—z) is the exponential integral function.

A more detailed consideration of the effect of photon recycling on the carrier
transport will be given later.
Transport Models in Case of Electron-Hole Scattering

The carrier transport in semiconductors is usually described by two current
equations in the form as follows:

_ dp | -

J» = q(uppE — Dy ) (5)

i q(p,nnEJanQE} (6)
Oz

The conventional way to take into account the electron-hole scattering
is to modify the carrier mobilities in Eqgs. (5-6) using the formula introduced
by FLETCHER (1957):

Fap = Hnogo + Hup (7)
where p,, is the mobility related to the electron-hole scattering and the
subscript 0 denotes the mobility components indepsndent of electron-hole
scattering. In a number of papers (e.g. Dykman and ToMcHUK (1964); GRrIB-
~nikov and MeuNikov (1968)) it has been pointed out that in the case of
electron-hole scattering Einstein’s relation between the mobility and diffu-
sion coefficient will be injured. So the insertion of Eq. (7) into Einstein’s
relation will result in a dependence of ambipolar diffusion coefficient on car-
rier density, which contradicts to many theoretical and experimental resuits
for not extremely high carrier densities.

Another way to take into account the influence of electron-hole scatter-
ing on the carrier transport was proposed by Avax’iants et al (1963). From
their carrier motion equations one can derive the current equations as fol-
lows:

) dp on
Jo = q(upmpE - PTHp25 - — PTHy3 5 ), (8)
i , _ on d
In = g ( Hn1 nk + @T.LLTQE‘:; + @T}unS'&Lp? )a (9)
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where

n
Hp1 = Hp2 — —Hp3,
P 12 pP

Iz = -2
nl Hn2 n Hn3-

These equations are derived from a phenomenological plasma-like model for
electrons and holes. However, the same equations can be obtained starting
from the Boltzmann equation variation principle solution (Mever (1980)).

It is easy to convert the equations Eq. (8) and Eq. (9) into a form more
convenient for numerical calculations:

Jo = Bppipo — Bpnino, (10)
jn = ,BnnjnO - ‘Bnpij-, (11)
where
Hp2 Hp3
Bpp = —, Bpn = —,
7 Hpo 7 Hno
Hn2 ) Hn3
flgrm = —= 3 /Bnp = E s
Hno /-LpO
and
. , A dp
Jp0 = Q(HpoPE - Dp()é- )s
. on
Jno = (#nOnE + Dnoa )

For practical calculations it is necessary to determine the coefficients
Bi; in Eq. (10) and Eq. (11). The theoretical evaluation of coefficients is
cumbersome and the results scarcely give the needed accuracy. Therefore,
a search for an appropriate experimental method could be more reasonable.

Below we discuss a way utilizing the zero-order approximation to the
solution of Boltzmann equation. Referring to Mever (1980) we can obtain:

8 = e o
8O = puldrk /e,

pn

JEASO R (1+nu; )I‘:h)/ﬂ/l,
0 _ (0) yeh

B9 = npg It M

Moo= 1+ (gl ol 1ot
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Now the further specification of the electron-hole scattering function I°* is

needed. One can use for evaluating I°* the conductivity measurements on
a lightly doped semiconductor under high excitation condition, so that

n=p=7> Ns+ Np.

In this case

Texp = ¢ (fn + fip Jexp
On the other hand, the theoretical conductivity may be written as
Otheor = q7  fn1 + Hp1 )

(0)

Now, assuming that cexp = 0}y, We obtain
_ 1 Uno + Hpo
ICh(n) — |: P _ 1] -
S+ 1) [Con s )or

_ 1 1 _ 1 ]
n (.un + Hp )exp (/Jn() + Hp0 ) '

Fig. 1 shows I°" against 7, obtained from different conductivity measure-
ments on lightly doped silicon at 7' = 290K. In numerical calculations for
silicon in the case of T' = 300K we have used the approximative formula

Jo-2t LHT9LX 10717
1+8.51 x 10187’

Ih(7) = 9.88 x (12)

where 7 is given in cm™3.

The temperature dependence I°* ~ T73/2 is predicted theoretically.
In case n # p (emitter regions of a diode structure, for instance) we have
used @ = (p+n)/2 in Eq. (12) but now the formula could be treated only as
a qualitatively accurate one. For estimation of the function I°* for highly
doped silicon an additional experimental and theoretical research is needed.

The discretization scheme of the set of equations Egs. (1-3), Eq. (8),
Eq. (9) and the numerical algorithm have been described in detail previ-
ously VeLmre et al (1985). This algorithm was realized in the computer
program DYNAMIT-1 developed at the Electronics Department of Tallinn
Polytechnic Institute for 1D modelling of multijunction bipolar structures
on isothermal steady state and transient conditions.



145 E. VELMRE

4
5]
ol °
s 1T
a b
> IRVNCIFS
= 8 =™
&9 i [o) ﬁ%
=
- Sl
5" e N
- o}
o o‘%u
T Oo?w%n%
2+ %qé“
1 i Lol : : [T
10 107 1018

f=p,cm3
Fig. 1. Function Ik characterizing the electron-hole scattering versus carrier density in
silicon at T" = 290K.
o KRAUSSE, 1972;
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Photon Recycling and Relevant Effects in
Direct-Gap Semiconductors

As it was mentioned above the reabsorption of the band-to-band recombina-
tion radiation may strongly affect the device parameters at high excitation
levels, so that this physical phenomenon has to be included in mathematical
models of device structures based on direct-gap semiconductors. The gen-
eration rate in-the integral form Eq. (4) was used in numerical models and
computer programs, which work at Tallinn Polytechnic Institute. There are
different computer programs for isothermal and nonisothermal analysis of
direct-gap material structures in 1D approximation. Details of numerical
modelling and calculation results can be found in references (VeLvme and
FREDIN (1979), VELMrE et al (1981), VELMRE and Fremm (1983A), VELMRE and
FREDIN (1983B)).

In more transparent explanation of the influence of photon recycling
on the carrier transport let us consider analytically the diffusion equation
under the assumption that no electron-hole scattering and impact ionization
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generation take place. In one-dimensional case

2

T2 = Rspis + Ba+ Bn - G, (13)
where D = D, for low injection level and D = D, (the ambipolar diffusion
coefficient) for high injection level. If we suppose now that Gy in Eq. (13)
is given by expression Eq. (4), then the diffusion equation Eq. (13) turns
into an integro-differential equation. As an approximation from the above-
mentioned integro-differential equation a non-linear differential equation of
second order can be derived as utilizing the Taylor series expansion for the
radiative recombination rate:

dRyp 1 d’Rg L

GR:@0(2:,’(1))—}—@1(17,%‘)7;—f-‘é@z(m,w) 7oz (14)

Then, keeping just the first three terms of the Taylor expansion and inserting
Eq. (14) into Eq. (13) we obtain:

1 d doy{(z,w
a%{[D+ 1®;(z,w)B(2p+ N )} E%} + [@ﬂz,w)—%—i—a?—l]
B(2p+ ) = Rsnn + Ra +[1— Bo(2,w)] R
(15)
The term added to the diffusion coefficient D in Eq. (15) can be interpreted
as a photon diffusion coefficient

1
Dy, = 5 Dy (z,w)B(2p+ N).

The second term on the left-hand side of Eq. (15) contains & factor which
can be considered as an equivalent drift velocity of carriers caused by the
photon transport mechanism:

. 1d®;(z, i
Vph = [@l(x,w)—-i—%;y—lJB(Qp—}—N)?:

¥ @ (z,w)B(2p+N).

The right-hand side of Eq. (15) is a sum of non-radiative recombination
rates Rgry and Ra and a term [1 — @ ( z,w )] Rr which can be treated as
a virtual non-radiative recombination channel related to the fly-out losses
of photons. Taking some simplifying assumptions the functions @ can be
derived analytically.

To illustrate the role of different photon transport mechanisms the hole
density distribution in a lightly-doped n-type GaAs layer with thickness
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w = 10 pm and w/v/D, Tspu = 2 was calculated. The boundary conditions
p=patz =0and p= 0 at z = w were chosen, so that the internal
quantum efficiency at @ = 0 was

7:(0) = Rr(0)/ [Rr(0) + Rsur(0) + Ra(0)] = 0.99

We can see in Fig. 2 that taking into account only the fly-out losses and
neglecting the photon transport at all (@1, ®2 = 0) we get the lowest
carrier density distribution curve 1 which corresponds to the shortest ef-
fective diffusion length of carriers and the worst carrier transmission rate
through the layer. In case of ®;, ®2, ®3, # 0 (curve 2) the photon trans-
port significantly improves the carrier transmission. Nevertheless, at the
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Fig. 2. Hole density distributions in a lightly doped n-GaAs layer with w = 10um

left boundary, where the recombination radiation is the strongest, there is
still dominating the fly-out mechanism diminishing the effective diffusion
length of carriers. Curve 3 in Fig. 2 displays the carrier distribution in case
Rg = 0. This is a well-known distribution of carriers in the base of non-drift
bipolar transistor.
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