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ABSTRACT — The conventional linear optical model, which was used to describe
the lasing behavior, neglects the effects of spontaneous emission and defines
the threshold condition intuitively. The defficiency of this model is unable
to explain the experimental results. Here, a nonlinear model which takes the
effect of spontanecus emission into account was solved by self-consistent me-
thod. It has been found that this model is able to illustrate several lasing
characteristics which cannot be explained by linear optical model.

I. Introduction

Several papers [1,2,3,4], describing the optical gain of semiconductor la-
ser in Fabry-Perot cavities, have been published in recent years. In these
papers, efforts are put on the electronic band structure [1,2,3,4] and tran-
sition probability [5,6] while the stimulated emission caused by spontaneous
emission before lasing is neglected (linear optical model). The primary in-
adequacy of such a treatment is that the relationship between the injection
current and the output power cannot be derived.

An alternate approachwillbe discussed in this paper. Stimulated emission
caused by spontaneous emission trapped in the cavity before lasingwill be in-
cluded in the power calculation. For simplicity, i:arabolic electronic energy
bands and constant transition probabilities are assumed.

Il. Theory

The rate equations for electrons in the active region and photon density
can be written as [8]

an N N
e Bmir s g o Tl
sp Tnon -rad 8t.%p
dN
t=EE"—1-—%E-EE+r3t'Np
sSp AESP * Te



222 Liwwu: Semiconductor Laser Theory

where

Nc=density of electrons in the conduction band.
G.n=electron generation rate due to the injection current.

rsp=spontaneoua emission lifetime.

T =non-radiative lifetime.

non-rad.
T =stimulated emission rate.

Np=photon density for a particular mode.

dn=effective solid angle for trapping spontaneous emission.

aEspzlinewidth of spontaneous emission.

| t_=photon lifetime in the cavity
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Also, the quantum efficiency n is defined as
Tsn
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These lumped parameters are related to the band and geometrical factors by
the following equations
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where

n=index of refraction
E=photon energy=fw
B=transition probability between conduction pand and valence banc
fc(E)=0ccupation probability of elecFrons in the conduction band
3 1
BB, /RT

1+e

fv(E)=0ccupation probability of electrons in the valence band

5 ;e
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1+e
j=injection current
d=diffusion length for electron

Bpy e EFpﬁquasi Fermi-level for electrons and holes

w=width of active layer

t=length of the diode

Ry R2=reflectivity of end faces of ‘cavity
a=absorption loss per unit length

Also, the output power density is given by

H1. Self-Consistent Calculation of the Rate Equations

Equations (1) and (2) are solved by self-consistent method which are des-
stemay,’ this is justified by
the extremely narrow linewidth of lasing mode. Various parameters are obtained
from reference 9. The algorithm, coded in Fortran IV, is outlined as follows

cribed in reference 2. Lot is approximated by r

(1) For a-given injection current, a r is estimated.
(2) A new Nc is obtained from Eg. 1.

is obtained and go back to Step 1.

st.max

(3) Forl this Nc' a new rgt-

This process is continued till
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IV. Numerical Example

Numerical calculations were performed for a GaAs injection laser (homojunc-

tion) at various temperatures., The result is compared with the existing data

gualitatively.

The input data is given as

Na=6x1018/c.c.

ol8

Ng=3x1 SO

- =8
Tgn=0.28x10

Tgy=dx1071°
d=1 um
w=10 um | (%) | a(cm A (eV)
ESED08 4.2 13 19.8x10 3
D4 77 15 30x10 >
m; =0.072 m, 195 16 80x10 >

. 300 30 0.123
m, =0.5 m,

m,=0.911x10" %" gm.

The computed numerical result is given as follows
1. Power v.s, Injection Current
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Figure. 1 Relationship between output power density and injec~
tion current density calculated by self-consist method with non-

linear optical model at 4.20k. Three regions are obgerved: a.
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three regions similar to the existing experimental data
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linear region. b.Superlinear region, ¢. linear region.

The computed result is plotted in Fig. 1 and Fig. 2whichclearly indicated
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Figure. 2 Logarithm plot of the output power v.s. injection
current. It clearly shows three distinct regions: a. linear
region. b. superlinear region. c. linear region.

a. linear region: output power dominated by spontaneous emission.

b. superlinear region: population inversion starts to pile up and the
spontaneous emission is amplified and the output power increases exponentially

c¢. 1linear region: the photon field is so large such that the . stimulated
emission dominate the whole situation. The population and hence the gain keep
almost constant (Fig. 3)
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Figure. 3 Gain-current relationship calculated by using of non-

linear optical model. The gain apprcaches assympotatically to
the total loss of the cavity.

2. Optical Gain v.s. Injection Current

The optical gain and r_,. is related by the equation 9=_1 , | Optical
st c “stim.
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gain v,s., injection current is plotted in Fig. 3 at three different tempera-
tures, two points are worth of notice:

a. the gain approach asympotatically to the loss of the cavity and never
exceeds the loss, i.e. g%u.

b. below threshold, gan at all temperatures butwith b depending on tem-
perature. This is in qualitative agreement with the experimental results pre-
sented on reference 11. Althougth, the value of bis different guantitively,
this is believed to be due to the assumption of the temperature independent of
the guantum efficiency n. Ifwith proper temperature dependent of the guantum
efficiency assumed, better agreement in b should be expected.

3. Threshold Current v.s. Injection
This is plotted in Fig. 4. The threshold current is obtained by extrapo-
lation of the upper region (Fig. 1), similar to the experimental process. The

result is similar to the typical result of linear optical model.
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Figure. 4 Threshold current v.s. injection current calculated

by using of nonlinear optical model.

4. Phenomena of Spontaneous Emission Spectra E
In Fig. 5, we find that the shorter wavelengths saturate slower than the
long wavelengths This is consistent with the experimental result presented

on reference 12.

V. Conclusion

If has been found that although the nonlinear optical model is relatively
simple, it is guite powerful. Several phenomena which cannot be explained by
the linear optical model seems quite obvious in this nonlinear optical model.
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Figure. 5 Spontaneous emission intensity v.s. injection current
density. The curves clearly show that the short wavelength light
saturates slower than the long wavelength light.
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