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Objective

The purpose of this paper is to design and caleuls different parameters of brGaAs

laser using an specific exam

Laser Parameters

ple.

Given the following parameters:

a) Lasing efficiency f1) =
b) Output powerR,) = 10
c) g, =7°C/Watt

d) Laser stripe dimensions = 2B5fhlong,4 7nm wide,0.3/7m deep

10%
mw

e) Chip size is250/nmx 257 m

Calculate:

1) /. ,and/

2) Output beam dimensions &t,, and/ .,

3) The D/ due to tempe

rature

4) Mode (longitudinal) structure fror@5°C to its operating temperature

Solution

Figure 1 shows a diagram of the semiconductor khsgruses amGaAsgain layer.

+ electrode

p-dopedmaterial (InP, GaAs)

InGaAs

037 m

n-dopedmateris

al (InP, GaAs) and s

ubstrate

- electrode

«— dmMmm—

25/1$m

A

Figure 1. Front view of thednGaAsLaser
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The length of the bar is 256m . It is assumed that the front of the bar is padhnd

that this surface results in a mirror with a refileic coefficient of 0.3, while the rear of
the laser bar has a mirror with a high reflectioeféicient (it will be assumed to be 0.95).

Minimum and Maximum Wavelength Emission

In,Ga,_,As has a wide range laser emission spectrum thatddgstlepends on the
Indium concentrations. The laser light wavelength also depends on tlessinduced by
the p-doped and n-doped layers embeddingriB@Asstripe. “Standard’in Ga,_ ,As

has x=0.53 [5] which is the concentration requuedtressethGaAs[1]. For x=0.53 the
InGaAsstripe lases at 1.68m [5].

To calculate the wavelength of the emitted ligagardless of the embedding layers, the
following empirical equations are used:

. - 1 +0. 2 — 0
E, = 1.508- 147x 03752( T=77K [1] (117 and 118)
143- 153x+ 045x T =300°K

Which give us the bandgap energy for a given Indoamcentratiorx. For other
temperatures extrapolation is used. In this projbet equation for 300K will be used.

Recalling that the energy of the emitted photonisviswe have:

E, =hv whereh is the Planck’s constant (2.0)
= 2.0)
v=— .
h
c_hc
[ =—=— 3.0
= (3.0)

Assuming a minimum Indium concentration x=0.05 andaximum Indium
concentration = 0.95, we can compute the maximugnnainimum laser wavelengths for
InGaAs These are:

;o= h915m and ;=N 3oam

min max
Eg,xzoos E x=095

All other wavelengths in the range have been pladiied are shown in Figure 2. The
MATLAB script used to calculate and plot the wavejths,InGaAsCurvecan be found
on Appendix A.
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Figure 2. Wavelength emission efGaAsvs. Indium concentration

These results are in agreement with experimensaltseshown on Figure 1.9 of
reference [3] and Figure 2 of reference [4], whiah be found on Appendix B.

Now, the standard bandgap of the InGaAs stripeadified when buried between
two other layers. Heterostructures with Ga,_, Asquantum wells betweenP

barriers have the interesting property of beingegistrained or unstrained [1]. The
structure is unstrained for» 053or under tensile or compressive strain for smaller
or larger Indium concentration, respectively.

The bandgap dhP is:

E, =142667- 0.000326436 [1] (119)

ThelnP barriers have the effect of shifting the heavyesaind light-holes valence
bands innGaAs To calculate exactly the total bandgap shift tredefore, the
resulting wavelength, the following equations asedi Please see Appendix B for
Tables 6-1 and 6-2 that contain several paramasa&d in these Equations.

The lattice mismatch parameter:



& =(a - a,)/a, [1] (97)
Values fora, in Table [1] 6-2

Hydrostatic potential:

&k, =2ag(C,- C,)/C, [1] (104)
Values forC; in Table [1] 6-2

Shear-deformation potential:

ks =ae(C,+2C,)/C, [1] (105)
Valence band shift due to heavy-holes:

h?k? 1
E.=—-0E, - =¢E 1] (107
™ om Ho 5 %s [1] (107)

Valence band shift due to light-holes:

21,2
E, =X, + 1, (4] (108)
2m, 2

The bandgaps ddaAsandinAscan be found in Table [1] 6-1. To obtain the rasgl
bandgap ofnGaAs the following weighted formula is used:

E =xE

g g,InAs + (1' X) Eg,GaAs

Since sometimes the valence band of the light-hislbgher than the valence band
of the heavy-holes and vice versa, the minimum bapdetween the conduction
band and the higher valence band will be used topce the energy of the emitted
photons and therefore their wavelength. To autonageprocess and plot an
equivalent curve of wavelength versus Indium cotre¢ion, a MATLAB script,
InPInGaAsCurvewas written. The code can be found on Appendix A.

Figure 3 shows the new wavelengths emitted bin@&aAsstripe similar to the one
illustrated in Figure 1.
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Figure 3. Wavelength emission ¢fP-InGaAs-InPvs. Indium concentration

It can be seen that the minimum wavelength is giigdmaller than before
(/i = 0.8347m), but the maximum wavelength is doubled,(, = 658/m) when the

InGaAsstructure is under compressive stress. The ragutress is due to difference in
lattice structure and size betwda®aAsandInP or any other material used for the
barriers.

Laser beam size

The spatial distribution of emission from a semuabactor structure is elliptical in nature,
with a preponderance of angular divergence aloagytbwth axis [2]. Figure [2] 13-31
in Appendix B shows schematically how the emiti@sel beam diverges along the
vertical and horizontal axes.

To calculate the angles of beam divergence in biodttions, parallel and perpendicular
to the gain layer, the following equations will biged. Refer to Figure 4 showing the
angles of divergence and the resulting beam spo¢l{gose) at certain distance
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Figure 4. Laser beam spot front view

The corresponding angles are calculated approxiynaye

q =éradians (4.0)
/ :
=—radians (5.0
W

and the resulting ellipse main and minor aaigndb, at distance, are calculated as
follows:



a=2rsin % (6.0)

b=2rsin g (7.0)

The laser beam is considered to be “collimatedtaua distance equal 2 times the
Rayleigh range which is:

2
zZ = p‘;"o (8.0)

where w, is the waist of the beam, which in this case isstinaller geometrical sizd,
the thickness of thmmGaAsstripe.

Table 1 presents the results for the minimum anximmam wavelengths previously
calculated.

/ q f 27, Spot size at Z, Spot size at 10cm| Spot size at 1m
a b a b a b

0.915m | 175 13 | 062m | 1.23m | 0.14m | 20cm 2.3cm 2m 0.23m

3.24m >180° 46°| 0.17m | N/A N/A N/A N/A N/A N/A

Table 1 Laser beam size and angles of divergencelfer0.3//m

It can be seen that due to the fact thatiti@aAsstripe thickness is 3 times smaller than
the minimum wavelength, the emitted light is higtlgpersed. The angles of divergence
are too big under these circumstances. To overd¢bim@roblem, a thickdnGaAsis
required. To see an example, let's assume thdhitleness is equal to the width, which
is larger than the maximum wavelength, thatl#} m. Table 2 shows the results.

/ q f 2Z. Spot size at Z, | Spot size at 10cm| Spot size at 1m
a b a b a b

0.915m | 13 13 110m | 25m | 25 m 2.3cm 2.3cm| 0.23m 0.23m

3.24m 46° 46° | 31m 7m 7m | 7.88cm| 7.88cm 0.78m 0.78m

Table 2 Laser beam size and angles of divergenceal ferdnm

In the case the beam spot has a circle shape) heaeen that larger wavelengths
diverge faster than smaller wavelengths.



Linewidth (D/) Calculation

The laser emission linewidtBr, is obtained with:

hn

200°P,, i+ 52) 2] (13.6.17)

Dn =

where b, is a ‘linewidth broadening factor’ with typical i@ of 5 at room temperature
(300K). P, is the output power ang, is the photon lifetime, calculated as,

out

[ = ! 2] (4.23a)

(RR) c

wherea ;, are parasitic losses (10¢rwill be assumed), is the length of thenGaAs

stripe (250m), R; andR; are the reflection coefficients of the 2 mirroasgumed 0.95
and 0.3), and ¢’ is the speed of light in the semdzictor.

o
1]
S|o

wheren is the index of refractionn(»  3fér InGaA9

replacing all these values in Equation [2] (4.2B&)obtain,

n 34

g 1
.- - In(095%03) ¢ 100m*- — T In(0.289 3*10° "
oL 2(0.025cm) s

t.=323ps (9.0)

We now need to calculate the linewidth for diffdresavelengths therefore, expressing
Equation [2] (13.G.17) as a function of

Zp[rz‘fp i+ 5?) (10.0)

out

For /., =0915mm and/ ,, = 324/mm we obtain the following linewidths:

D1, _y915m = 862MHz DA, ypum = 244MHZ



The equivalent wavelength shift is

2
D/ =Dnl- . Dn|- Lo [6] (Page 231)
n, C
therefore,
D/ /,=0015m = 0.0024hm D/ /,=324;m = 0:00851M

Temperature Effect on Linewidth

So far we haven't been concerned with the effetteraperature on linewidth. From
Equation [2] (4.23a) we can see that the phot@tiife depends on the length of the
laser stripd.. Temperature produces dilation of the semicondwsttacture and therefore
changes its length and the photon lifetime. Froengibecifications we have,

q, =7°IW
since the efficiency of the laser is 10%,

P =fP®P =—0ut=""_"""=100mW (101)

the amount of power that is dissipated as heabdGaAsstructure is the difference
between the output power and the input power,

P..=P

out

- P =90mW (10.2)

eat =
the change in temperature is calculated as follows

DT =g,P,.., = 7°CX90mW = 063°C = 27363°K (10.3)

eat
We can calculate the new length,using the thermal expansion coefficient of InGaAs
and then use it in Equation 9.0. Another approadb calculate the change in linewidth
using the equations shown in Figure 5 (correspomdésgure 6.47 of reference [6]).
From this figure we can see that

Dhn € 275kT (11.0)

To see the effect of temperature on linewidthslessume that the InGaAs stripe is
emitting at/ = 168mm, the standard wavelength.
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Figure 5. Effect of temperature on linewidth

The corresponding bandgap energy for this waveteisgt

Dhn @275KT = 275(1.38*10%°)27363* 1.6*10 *° = 0.0648eV
The new bandgap energy is

E = E, +Dhn =0.738%V + 0.064&V = 0.8033%V

the wavelength of photons emitted with this enesgy

-34
/ :h_C _6.626"10 x3x10° — 154/m
E 0.803¢V

the change in wavelength is then

D/ =168mm- 154/nm= 014nm=140nm

Longitudinal Modes Calculation

The number of allowed modes in tl&aAsmicro cavity are calculated with the
following equation:

N_ =Int 2/£ NA +1 [2](9.6)

0



wherelnt is the integer part functioh, is the length of the strip€,,is the main
wavelength antNA is the numerical aperture defined as:

NA=/n?- n? [2] (9.7)

from these equations we obtain the requiremerttefdr asingle mode waveguide

L 1
- <A [2] (9.8)

As an example, amGaAswaveguide (, = 3.9) sandwiched between two layers of
AlGaAs (n, = 3.0) results in a numerical aperture of

NA=+/39%- 30° = 249
and for a wavelength of 1.6681 and length of 250mn we have

250rmm

N, =Int 2
168mm

249 +1=742

Now, the temperature due to losses increases tigéhlef the micro cavityl,. The
thermal expansion coefficients IofAs andGaAsare respectively,

TC,u = 45210°m/°C TCyune = 573*10°m/°C

Since the concentration of indium for 1.68 wavelength is 0.53, using a weighted
average we obtain the thermal expansion coeffi@émn ,..Ga,,, Asas follows:

TC = (053 * 452*10°m/°C+ (047 * 573*10°m/°C = 508*10°m/°C

N 0s3Gaga7AS
since the temperature obtained in equation (10a3) @v63 C we obtain the new length,
DL = 063°C* 508/mm/°C = 3.2/mm

which is approximately 1% of the original lengtrsity this new length we have

N, =Int 2% 249 +1=751 that is, 9 modes more than before.

/1m



CONCLUSIONS

Several parameters for &mGaAslaser were calculated. The wavelength of the enhitt
light can be tuned in a wide range by changingctiecentration of indium or by

changing the material of the barriers. The thickregthe InGaAs stripe has a big impact
on the angles of divergence of the emitted lasanbdt was found that temperature has a
direct effect on the linewidth of the laser as veallon the allowed modes.
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APPENDIX A. MATLAB SCRIPTS

96************************************************** *kkkkhkkkhkkkhkk
% SCRIPT: InGaAsCurve
96************************************************** *kkkkhkkkhkkkhkk

% This Script Plots the wavelength vs. indium coricgion of
% an InGaAs stripe.
96************************************************** *kkkkkkkkkkkk
x=0.05:0.01:0.95;
N=length(x);
y=zeros(N);
for i=1:1:N

y()=InGaAs(x(i))/(10"-6);
end
plot(x,y);
title("'Wavelength of InGaAs Laser vs. Indium conication - X');
xlabel('Indium concentration - x ');
ylabel("Wavelength in micrometers’);

grid on;

96************************************************** *kkkkkkkk
% SCRIPT: InPInGaAsCurve

96 kkkkkkkkkkhkkkhkkkhkhkkhkkkhkhkkhkhkhkkkhhkhkhhkkhkhkhkhhkkhkhhkkkhkikk *kkkkkkkk

% This script plots the wavelength vs. Indium coricaion
% of an InP-InGaAs-InP laser.
96 kkkkkkkkkkkkkkkkkkhhkkkhkhhkkkkhhhkkhkhhkkkhkhhhkhkhkkhkkkhkhixk *kkkkkkkk
x=0.05:0.01:0.95;
N=length(x);
y=zeros(N,1);
fori=1:1:N
[Ehh,EIh,Eg]=BandEv(x(i));
if (Ehh > EIh) % determine highest valence band
y(i,1)=Lambda(Eg-Ehh)/10"-6;
else
y(i,1)=Lambda(Eg-Elh)/10"-6;
end
end
plot(x,y);
title("'Wavelength of InP-InGaAs-InP Laser vs. Indigoncentration - x');
xlabel('Indium concentration - x *);
ylabel("Wavelength in micrometers');
grid on;
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§6-7 BANDSTRUCTURE CALCULATION 203
6-7. Bandstructure Calculation

In this section, we describe the steps for calculating a bandstructure.
Table 6-1 lists the relevant bulk material parameters for some compounds
of interest to semiconductor lasersand additional parameters needed for
strained structures are given in Table 6-2.

Ty Y2 Mz me(my) € €00 Eg(‘-’V)

GaAs 685 2.1 29 0.0665 13.71 10.9 1.423
InAs 19.67 8.37 9.29 0.027 15.15 12.25 0.35
InP 6.35 2.08 276 0.064 12.61 9.61 1.35
GaP 42 098 1.66 0.15 11.1 9.07 2.74
AP 347 0.06 1.15 0.22 9.8 7.54 3.58

Table 6-1. Material parameters for common semiconductor
laser compounds. Listed are the Luttinger parameters 7;,
the effective electron mass m,, the low- and high-fre-
quency dielectric constants, and the room-temperature
bandgap energies, respectively.

a(A) Cizs €5 Cu alel) afeV)
GaAs 5.6533 11.88 5.38 594 -7.1 -1.7
AlAs 5.660 1.25 0.53 0.54 -564 -1.5
InAs 6.0583 833 453 39 -59 -1.8
InP 5.8687 10.22  5.76 4.6 -6.35 -2.0
GaP 5.451 14.1 6.2 7.0 -93 -1.5
AlP 5.451 13.2 6.3 6.2 -554 -16

Table 6-2. Strain-related material parameters. Listed are
the lattice constant a, the elastic stiffness constants C,-]-, and
the hydrostatic and deformation potentials a;, and a,,
respectively.

In these tables, the electron effective mass m, is given with respect to
the free electron mass, the energies are in eV, the bandgaps are for 300K,
and the elastic stiffness constants C,-J,- are in units of 101dymn/cm?. The
values for the parameters are usually determined by fits to experimental
data and some discrepancies exist among the different sources, especially in
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