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PHYSICAL MODEL

Conduction model

The general set of eguations used to describe steady
state conduction in semiconductors consists of Poisson equation

and continuity equations:

R —

(1) div(e-grad ¢} = q-(n - p ~ C)
1 —
(2) -2 divJ, =-U
q
1 —
(3) —div J, = - U
q

where C is the net fixed charge density. U is the recombination

generation term due to deep centers, Auger or band to band

capture emission processes.

The currents in the homogeneous materials are described
by the drift diffusion model:

—_— — —_

—
() J, = ~q-n-p,-grad ©, ; J, = -q-n-py,-grad @,

and ¥y are the electron and hole electrochemical
distribution function. In
to

where ¢,
potentials wused in the Fermi-Dirac
lasers the Maxwell-Boltzmann statistics are unsuitable
describe carrier densities because of the very high level of
carriers injection. So the carrier densities are described by
the Fermi-Dirac statistics in the parabolic band assumption:

o+ X - g,
(5) n=NC.9%(q L-T ] ) p=NV.%/§

g - X - Egr g9,
kT

where X is the electron affinity and E, the band gar energy of
the local semiconductor. The %, Fermi integral can be described

with appropriate approximations. Viallet (1985) showed how this

set of equations can be solved with respect to @, ¢,, ¢, as

main unknowns.
At abrupt heterojunction interfaces, the possible

conduction mechanisms are thermionic emission and tunnel

effect. For low doped semiconductors, the thermionic emission
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governs the conduction at room temperature. Let us consider two
semiconductor a and b such 85 X; > Xp- The electron thermionic

emission current at the interface is

Yo~ 9 ¢%a]

” o [ -

If Xp* Ega< Xp Eg,y the hole thermionic current is

q- ¢%b* q- ¢%a}
(n Ip= Q- Vpspy- |1 exp[—

)

with n,and p, described by (5)-
For a Maxwellian distribution on the b side of the

interface, the thermal velocities are given by (Crowell and

Sze, 1966)
. AL-72 k- Ap-T?
(8) v, = k-T _ s vy k-T _ %
2:m-m 4N JZ-m;-ﬂ @

where m, , is the effective Dass and 4, p the effective

Rlchardson constant for electrons, holes.

As previously discussed by Mottet and Viallet (1988),
the effective barrier heights of band discontinuities depend on
the interface thickness taken into account in numerical

Simulation.
occurs in heavily doped

The tunnel emission
ons at

semiconductors which induce very high electric field regi
the interface. This effect which allows the carriers to
directly cross thin barriers, can be appoximated as the barrier
lowering at the interface, In the present Case, this effect :3
not effectively described, but roughly taken into account by
ensuring the barrier height lowering by controlling the

Iinterface thickness.

Generation-recombination models

The total gEHeration-recombination term ‘U takes into
ed up to the threshold

account the three main phenomenad involv
current: the deep center thermal carrier recombination Ur, the
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spontaneous interband photon emission Ug,, the Auger recombi-
nation U,. Since Fermi-Dirac statistics are used to describe
carrier concentrations, all these recombination terms must also
be described within the same statistics as proposed by Viallet
and Mottet (1985).

s Deep center recombination:

This term describes the carriers generation-recombina-
tion due to carrier enmissions and captures on centers with
energy levels in the band gap of the semiconductor. For a
center of energy E,, the expression wused is similar to the
commonly used Shockley Read Hall term established for Maxwell-
Boltzmann statistics, apart from the expressions of n, and p,
which change for the Fermi-Dirac statistics.

1

Er+ q-,
]

n, = n-exp{
np - n, P,
(9 Ur = ~ with
Tn'(p + pl) + Tp'(n + nl)

- ET_ q.gop
= prexp|————
py= P p{ T }

Summation over all the centers should be performed. In

fact the knowledge of the whole deep center spectrum of each
layer of the device is not available. It is assumed that the
whole thermal recombination can be described by considering, in
each layer, one dominant deep level center with energy level E,

and carriers extrinsic lifetimes 7,, 7,. This main recombi-

nation term which is responsible for the current of conven-
tional non radiative diodes cannot be neglected in electrolumi-
nescent and laser diodes. Numerical or analytical models of the
device current often suppose one main equivalent deep center at
the middle of the gap to describe all the thermal recombination
We suppose that one of the deep centers can be
but there ig no reason for its energy to lie at

transitions.

predominant,

mid gap.
Moreover, the numerical computations show that the low

current voltage characteristic slope of the laser depends on

the value of the energy E- of the deep center in the gap of the

active layer. The energy E, is one of the input parameters of

the numerical model as wcll as 7, and 7,.
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n
= Interband spontaneous optical emission:
. The interband spontaneous optical emission can be
described by
q.gon_ qlwp

e e

10 = .
(10) Ugp = By (n-p - ny-p,) with ny Py = n-p-exp [ T

where n,: . . . - B .
o 'Po expression involves Fermi-Dirac statistics even at

thermodynamical equilibrium.

The total spontaneous radiant power of the struct
the volume of the active

ure is

obtained by integrating U,, OVer
layer.

s Auger recombination:

When both electron and hole densities attain high
values such as those obtained in the active layer of 2 1.3 pm
recombination processes are
n =~ p in the active
cesses may

operating laser, the  Auger
mi . . : itd
dominant. Under high injection condition,
e
layer, so that a mean value for hole and electron PTo
pe used to express Auger recombination.

PR}

q Pn~ 1P
1 - ] 7 P
(11) Uq= Cq-{n + p)-(np - "o'po); Ny “Po= NP ExP [ T ]

LASER STRUCTURE

ed concern 1.3 pm buried

The results presently describ
tion of the

e
hetérostructure laser, Figure 1 shows the cross sec

de .
podeled laser. The active layer @ 1S G‘a.ZSIn‘”As_S?P.,‘3
(C = 10'5¢em3). The lateral

of the N* InP
to reduce

residual N type undoped compound
dimensions of the structyre and the thickness
subStrate are smaller than in actual devices
computationnal effort, since it does not modify the behaviour
of the effective part of the device.

Most of the physical parameters,
pasSes and forbidden bandgap energies, are those published in
the litterature, as a fynction of temperature (Tsang, 1985) .

Among these laws, more atgention was taken concerning the band
onstant B, and the Auger coeffi-
ription of

such as effective

to band spontaneous emisgion €
Cen .
cient C, which are critjcal parameters for the dese
ous emission

the quaternary layer behayiour. The 1.3 pm spontane
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in GaInAsP is By = 107'%-(1/300)' 5 em3-s~!. This value has

been checked by diode measurements performed at 77 K.

contact

 ——
InGads P* 10'9%cm3 5 wm
InP P 8.10'7¢m3 1 pam

] InGadAsP ] L2 MM
InP N 8.10'7cm 3 1 m
InP N* 10'8em 3 b =

| |

contact

Fig. 1. Cross section of the buried heterostructure laser

At this temperature, thermal and Auger recombinations decrease
and may be neglected with regard to the band to band
spontanecus emission current. Some discrepancy on the Auger
coefflicient appears in the litterature. Among the possible
values, C4 = 3.6 10°27-gxp[~1280/T] em®-s™! in the quaternary
layer has been choosen (Cq =75 1029 emb-s! at room

temperature).

NUMERICAL MODELS

The first model deals with one dimensionnal simulation
of the cross section of figure 1 through the guaternary layer,
since the active layer drives predominantly the current flowing
into the device. Finite difference method have been used to
solve the set of equations as a function of ¢, @,, ¥ {Mottet
and Viallet, 1988; Viallet and Mottet, 1985).

The band diagram of the .9 V forward biased laser is
showned in figure 2. Such a bias corresponds to high carrier
injection level before the lasing threshold current.
Fermi-Dirac statistics must be used owing to the high carrier
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densities in the quaternary. The electron Fermi level has
already crossed the conduction band, although the laser is not
yet under nominal bias. Therefore the forward I(V)
characteristic may not be described by a standard diode

exponential behaviour. At the InGads/InP interface, barrier
lowering must be controlled to assure hole conduction which
should have been described by a tunnel effect in these highly
doped materials. For an abrupt heterojunction, the thermionic
enission alone would have lead to an abnormal drop of the Fermi
level and to a limitation of the conduction. The computed I{(V)
characteristic is compared to experimental measurements
(Fig. 3.) of a Thomson-CSF BH laser diode performed with MOCVD
epitaxial growth. This simulation result has been obtained by
fitting the carrier lifetimes in the quaternary layer to
T,= Tps 2-10"%s. Serial resistance effect, due to the ohmic

18
-2
19
~ -3
182
O .
o 50°C H 20-c
-4
e
c 18
v
<
[
) -5 &
o 18 4ff
+
+F
+
5| & jf
F
19 “‘;F /
Iy
¢
; 5 2 1
@ © 3 6 g 1

Voltage ( V )

Fig. 4. Experimental and modeled characteristics at 20 and 50°C
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igzzizzs, a:zs been added to fit the very high current range
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Fig. 5. Laser structure mesh.
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predictible are the lateral current flows at the interfaces of
the quaternary layer. The negative {low at the interface with
InP N corresponds to the normal current focalization, but the
positive flow at the InP P interface indicates a delocalization
of the current although the P contact is just above and has the
width of the quaternary layer. In fact the current spreads into
the resistive P InP material, before being collected by the
P InGads layer, which drives it at the P contact. The
collection effect of InGaAs layer corresponds to the negative
current flowing in this material. As a consequence, larger y
projection of the current can be seen at the right edges of the
guaternary layer and of the P contact (fig. 7.b). The total
current intensity is very much larger at the edge than inside
the quaternary, which may lead to hot points.

CONCLUSION

In this paper, physical models of the conduction
mechanisms and generation-recombination processes involved in
1.3 wum laser diode are discussed. The numerical simulations
performed, using this temperature dependant model, allow to
obtain the electrical characteristic of the laser and provide
for a valuable understanding of the two dimensionnal behaviour

of the structure.
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