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SUMMARY 

In this contribution, the electrical simulation of 

laser diodes is presented- It takes into account the specxixc 

problems related to heterojunctions. The physical model uses 

Fermi-Dirac statistics and thermionic emissxon at the 

interfaces. Particular attention is paid over the r e c o m ^ n a ™ 

generation mechanisms involved in the active layer, 

center, band to band and Auger recombination processes. 

INTRODUCTION 

Semiconductor lasers are critical components for today 

fiber optics 1.3 w, telecommunications. A large varxety oi 

structures, epitaxial growth techniques have been descrxbed xn 

order to master the complex electro-optical behavxour 

sensitive to technology characteristics and long 

reliability of such devices- m u s t 

Electrical numerical simulatxon of a lase 

describe the heterojunctioPS using Fermi-Dirac statxstx^ ^ 

thermionic emissions. The ^ ^ ^ L ^ J ^ e spontaneous 
directly governed by the competxtxon between the P 
v- A t-r, hand recombxnatxon ana way 

Photonxc emxssiondue to Pand to band r ^ ^ 
centers and Auger recomPinatxon ^oceSS

 a d a p t i v e mesh 

interfaces between the numerous epitaxial layers, ^ ^ ^ 

refinement needs to be used to correctly descrx e 

within a reasonable mesh si£e> 
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PHYSICAL MODEL 

Conduction model 

The general set of equations used to describe steady 
state conduction in semiconductors consists of Poisson equation 
and continuity equations: 

(1) div(€-grad <p) = q- (n - p - C) 

(2) div Tn = - U 
q 

(3) —div Tp = - v 
q 

where C is the net fixed charge density. V 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: 

(4) Jn = -q-n-Mn-grad <pn ; Jp = -q-n-^-grad <pp 

where <pn and <pp are the electron and hole electrochemical 

potentials used in the Fermi-Dirac distribution function. In 

lasers the Maxwell-Boltzmann statistics are unsuitable to 

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: 

<p + X - q-<Pn\ /-q-<P - X - Eg* q-<p. 
n = Nc-^\ 7—r ; ? = % - ^ k-T ' r v "J[ k-T 

where X is the electron affinity and Eg the band gap energy of 

the local semiconductor. The 9|/ Fermi integral can be described 

with appropriate approximations. Viallet (1985) showed how this 

set of equations can be solved with respect to <p, <pn, <pp 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 a t room temperature. Let us consider two 

semiconductor a and b such as Xa > XA- The e lec t ron thermionic 

emission current a t the i n t e r f a c e i s 

(6) J n = -<?-VnS-nfi 

/q-<Pnb- l^na} 
1 - exp k-T 

If Xa* Ega< xb+ E.b the hole thermionic current is 

(7) J p = *'vPb-Pb- 1 - exp F 
q-<Ppb* CfVpa 

k-T 

k-T 

2-m'n-n 

K-T2 

q-Nc 

; vP= 
\ 

A' • Tz 

k-T nP 

2-mp-n «-»v 

with n^and pb described by (5 ) -
For a Maxwellian d i s t r i b u t i o n on the b s ide of the 

i n t e r f a c e , the thermal v e l o c i t i e s are given by (Crowell and 
Sze , 1966) 

(8) 

where m'np i s the e f f e c t i v e mass and AnP the e 

Richardson constant for e l e c t r o n s , ho les . „„ 

As previously discussed by Mottet and Via l l e t (1988), 

t h e e f fec t ive b a r r i e r he igh t s of band d i s con t inu i t i e s depend on 

t h e i n t e r f ace th ickness taken in to account in numenca 

s imula t ion . , 
The tunnel emission occurs in heavily doped 

semiconductors which induce very high e l e c t r i c f i e ld regions a t 
t h e i n t e r f a c e . This e f f e c t which allows the e a r n e r s to 
d i r e c t l y cross th in b a r r i e r s , can be appoximated as the barrxe^ 
lowering a t the i n t e r f a c e . In the present case, thxs el e 
n o t e f f ec t ive ly descr ibed, but roughly taken in to account by 
ensu r ing the b a r r i e r he ight lowering by c o n t r o l ^ g 
i n t e r f a c e th ickness . 

Generation-recombination models 

The t o t a l generat ion-recombination term ^ ^ ^ ° 

account the three main phenomena involved up h 

,_ „ „i m r r i e r recombination Vr, tne 
c u r r e n t : the deep cen te r thermal c a r n e i 
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spontaneous interband photon emission V 

nation V 
sp, the Auger recombi-

A. 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). 

• Deep center recombination: 

This term describes the carriers generation-recombina

tion due to carrier emissions and captures on centers with 

energy levels in the band gap of the semiconductor. For a 

center of energy Er, the expression used 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. 

(9) U7 

n-p - 7i -p 

rn-(p + P l ) + rp-(n + Hj 
with < 

\Er+ <fV>n1 
Mj= n-exp 

p,= p-exp 

k-T 

- Er~ q-<p% 

k-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 ET 

and carriers extrinsic lifetimes rn, rp. 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 

transitions. We suppose that one of the deep centers can be 

predominant, but there is no reason for its energy to lie at 

mid gap. 

Moreover, the numerical computations show that the low 

current voltage characteristic slope of the laser depends on 

the value of the energy Er of the deep center in the gap of the 

active layer. The energy Er is one of the input parameters of 

the numerical model as well as r and r_. 
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• In terband spontaneous o p t i c a l emission: 

The interband spontaneous op t ica l emission can be 

desc r ibed by 

( 1 0 ) Usp = B0-(n-p - n0-pQ) w i t h n0T0 = n-p-exp k-T 

where n0 -pQ expression involves Fermi-Dirac s t a t i s t i c s even a t 

thermodynamical equ i l ib r ium. 
The t o t a l spontaneous radiant power of the s t ruc tu re i s 

ob ta ined by i n t e g r a t i n g Vsp over the volume of the act ive 

l a y e r . 

• Auger recombination: 
When both e l e c t r o n and hole dens i t i e s a t t a i n high 

v a l u e s such as those obtained in the ac t ive layer of a 1.3 ^ 
o p e r a t i n g l a s e r , the Auger recombination processes ^are 
dominant. Under high i n j e c t i o n condit ion, n ^ p m t e 
l a y e r , so t ha t a mean value for hole and electron processes may 
be used to express Auger recombination. 

<q-<Pn- q-<PP 

( 1 1 ) VA= CA-{n + p)-(n-p - n0-pQ); nQ-p0= n-p-exp 

LASER STRUCTURE 

The results presently described concern 1.3 V* buried 

neterostructure laser. Figure 1 shows the cross section of t 

modeled laser. The active layer Q is Ga_25In,75 *.57 .43 
A <r - lO^cm' 3). The lateral 

residual N type undoped compound (L - J.u c« 
, fllo t-hirkness of the A Inr 

dimensions of the structure and the thickest, reduCe 

substrate are smaller than in actual devices 

computationnal effort, since it does not modify the behaviour 

of the effective part of the device. r̂ i-ive 
»ost of « * phys±cal p . ™ . » * affect ^ 

masses and forbidden bandgap energies, /TcQnfr iq85). 
the litterature, as a function of temperature (Tsang J 0 

„r- -t-akpn concerning tne ucuiu 
Among these laws, more attention was taxe ^ ^ ^ coeffi-
to band spontaneous emission constant B an e ^ ^ of 

cient C^ which are critical parameters tort onn-eSion 
T h p H wo spontaneous emission 

the quaternary layer behaviour, m e i o r*" 
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in GalnAsP is BQ = 10"1°•(7/300)]•5 c^-s"1. This value has 

been checked by diode measurements performed at 77 K. 

contact 
< i 

InGaAs P* 1019cm"3 

InP P 8.101?cm"3 

InGaAsP 

InP N 8.1017cm"3 

InP AT 1018cm"3 k 
2 m pm 

• 5 A^ 

1 fm 

. 2 ,(47! 

1 /um 

3 m 

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 

spontaneous emission current. Some discrepancy on the Auger 

coefficient appears in the litterature. Among the possible 

values, CA = 3.6 10"21-exp[-1280/7] cm6-s"' in 

layer has 

temperature) 

been choosen ( CA = 5 10"
29 cmG-s-1 

the quaternary 

at room 

NUMERICAL MODELS 

The first model deals with one dimensionnal simulation 

of the cross section of figure 1 through the quaternary 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 <p, <pn, <pp (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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Fig. 2. Band diagram of the .9 V forward biased laser 
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Fig. 3. Experimental and computed i("/ *,„„,•<•„,<; 
and contritions o/ the three recombination mechanisms. 
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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 InGaAs/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 

emission 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 

rn= rp- 2-10"9s. Serial resistance effect, due to the ohmic 

10 
0 . 3 . 6 . 9 1 , 2 1 .5 

V o l t a g e ( V ) 

Fig. 4. Experimental and modeled characteristics at 20 and 50°C 
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contacts, has been added to fit the very high current range 

(Mottet and al. 1987) •
 In thiS figUI*e' ^ d i f f e r 6 n t 

recombination term contributions are plotted. 
Apart from the very low current range, the temperature 

dependant physical model and simulation results are in very 
4-„i Hai-fiQ at different 

good agreement with experimental aatas 

temperatures as it is showned in figure 1. 

The second model is a two dimensionnal model of the 

structure described in figure 1. Owing to symmetry P a r t i e s , 

only the righ handside of the structure is simulated, with 

adequate Neumann boundary conditions. The purpose 

simulation is to exibit the current behaviour at the corner 

edge of the quaternary layer, leading to a ^Realization 

effect. In order to minimi- the mesh size, an adaptive mesh 

method has been used. Since lasers are forward biased the 

electric fields are maximum at thermodynamic^ equilbriurn^ 

When biased, the Fermi levels exibit smooth variations quite 

similar, throughout the structure, to those presented in fig. 
F i-ho three potentials secona 

2. Therefore, the maximum of the tnre / ,..,.„„ For 
A • *.- ,f . , a t thermodynamical equilibrium, tor 
derivative are obtained a L Uleiul J

 m„^,mamical 
ti is optimize at thermodynamical 

these reasons, the mes*1 lb UF divided 
equilibrium. Over a initial regular mesh, segments are ̂ vided 
in two in relation with the computed refinement criteria^ This 

•„ • • t • ^ calculation of the error on earner 
criteria consists an the c a i L U i a , , . . „ nf th e 
A •-• - A K «.i» second order derivative of tne 
densitaes induces by the sec ^ scheffie used. 0nly 
electrostatic potential in the ^ ^ ^ ^ f . ^ mesh 

Poisson non linear equatio'1 '"-'-"̂  
is shown in figure 5- . « y forward bias 

The electrostatic potential map for .y 
. . . <- TK ^P map representations do not respe 

given in figure 6. The 3^ mclp ^ f the function 4.- n j- • u ,. ^respond to the value oi tne spatial dimensions but corpse ^ ^ ^ ^ ^ Q f 1&rge 

on the nodes matrix, thus ax ° , ln Oiof.,-ric field 
variations. This figure de.onstrates the 2D electr 
effect at the edges of the ^ f ^ J Z l ' intensity is very 

The total current _ b e h a v i o u r of the structure. 
sensitive to the two dime'l;=J->J . t-nt-ai density 

*--hP Droiections of tne couax 
Figures 7.a and _7.b are <** P j ^ ^ ^ ^ d i r e c t ions. For 
current vector, Jr - Jn • - V ^ y a l u e in the InP S 
the x projection (fig. 7 - a ; . . n o f the current flow-

material corresponds to tf16 foc** ̂  1
 predictible. Less 

into the quaternary lay e r w h l C 
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Fig. 5. Laser structure mesh. 

Fig. 6. Electrostatic potential map 
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a) projection over x 

b) projection over y 

Fig. 7. Map projections of the total current. 
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predictable are the lateral current flows at the interfaces of 

the quaternary layer. The negative flow at the interface with 

InP N corresponds to the normal current focalization, but the 

positive flow at the InP P interface indicates a defocalization 

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 InGaAs 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 

quaternary 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 M-m 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. 

REFERENCES 

Crowell C.R. and Sze S.M. (1966), Current transport in metal 

semiconductors barriers, Solid State Electron., 9, 1035-
Mottet S. and al. (1987), Analysis and modelling of 1.3 M-m 

laser diodes, Proceeding of Int. Symp. GaAs and Belated 
Compounds, Inst. Phys. Conf. Ser. No 91:chap. 7. PP- 621-62^ 

Mottet S. and Viallet J.E. (1988), Thermionic emission in 

heterojunctions, Proceeding of SISDEP III Conf, to be 

published. 

Tsang W.T. (1985), Semiconductors and Semimetals, Vol 22, part 

C, Academic Press, Orlando. 

Viallet J.E. and Mottet S. (1985), Heterojunctions under 

Fermi-Dirac statistics .-general set of equations and steady 

state numerical methods, in J.J.H. Miller (Ed.), Proceeding 

of NASECODE IV Conf., Boole Press, Dublin, pp. 530-535-


