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Abstract:

In this paper, the effect of temperature of operaton the turn-on time delay, tof
semiconductor laser has been re-studied theofgtivde proposed a model to calculate the
temperature dependence (TD) @féccording to the TD of laser cavity parameters. An
accurate analytical expression @bt a function of temperature has been driverrin t TD
of threshold carrier density. The TD of threshotdrier density was calculated according to
the TD of cavity parameters and not by the wellvnaexponential Pankove relation via the
use of characteristics temperature and currenter’ good agreement between the values of
ty calculated by the proposed model and the numanmetihod through the shown simulation
results. We also re-drived approximated expressiming as a function of temperature

according to this model.
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I ntroduction:

Direct modulation (DM) of
semiconductor lasers is used in most
optical communication systems because its
implementation is simpler than external
modulation [1]. Because of physical
limitations, the output light under direct
modulation cannot respond to the input
signal instanteously. Instead, there can be
delay and oscillation when input has large
and rapid variations [1-3]. DM involves
changing the current input of the laser, i.e.
modulating it around the bias current, in
order to produce time independent output
in optical intensity [2]. When the laser
source is injected by biased current below
threshold, the optical gain of the
semiconductor laser active region is
insufficient for stimulated emission and
output optical power is very low. To start
lasing, the threshold carrier concentration
should be reached in the laser active
region. In direct digital modulation, when
the laser is turned on by increasing the

device current from its initial value,, Ito a
specified value, |, greater than threshold,
Iy, i.e. at rising edge of the input pulse,
stimulated emission is delayed hy and
the photon density, N will stay
essentially zero until the carrier density, N,
reaches its threshold value; N1, 3, 4].
Once N be greater thanyN i.e. N > N, ,

the optical gain becomes positive,
consequently, M increases rapidly and
quickly exceeds its steady state value. This
brings N down and even below steady state
value. The interaction between carrier and
photon densities forms an oscillation called
Relaxation oscillation. Finally the drop in
current i.e at the falling edge of input
pulse, brings N down, as a result, the laser
medium has negative optical gain, and the
output drops to zero. The above
explanation suggests analyzing the input
pulse response by dividing the pulse
modulation into three stages [1]:
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1- 0<t <t ; In this period N+~0 and
tq occurs until N reachesylN
2- t4<t< T, where T, is the pulse
duration. In this period ) and N
experience a relaxation oscillation.
3- And att > T, ; | drops back to the
low value.
In our theoretical analysis, as first part, we
are interested with the first stage i.g. t
analysis.
Many studies have been presented for
determining 4 by solving the carrier
density rate equation [1, 3, 4]. To our
knowledge, most of these studies were
based on either  numerical or
approximation formula due to the difficulty
of integrating the nonlinear rate equation
analytically. The nonlinearity exists by the
functional form of recombination rate
which can be written as a function of
carrier density N as [1]

r(N) = AN +BN? + CppeN°

where A, B and &ger are the nonradiative,
radiative and Auger recombination
coefficients respectively. In [4], r(N) is
assumed as r(Ny AN and also in [4], an
analytical expression has been obtained
for ty when r(N)= AN + BN? . The
nonlinear rate equation has been integrated
numerically [4] in order to study the effect
of Auger coefficient and the shown results
were at special case. In [3], the coefficients
A and B have been set to zero apavas
calculated according to that assumption. In
[1] r(N) was assumed as constant,
i.e. T(N) = ANpt+ BN’(h2 + Cauger Nth3-
However, as mentioned above, a full

analytical expression in terms of all main
parameters (i.e. N, A, B, lger lin, |1 and
dimensions of cavity) which can be applied
to most types of laser sources and at
different wavelengths operation appears
mathematically difficult to obtained. In
addition, most of the above analysis was
taken at fixed temperature degree i.e. room

temperature.
Also, the improvements in laser
manufacture allow today operating

uncooled direct modulated lasers (DMLs)
over abroad temperature range. Given that
a strong cost reduction in optical systems
can be achieved by eliminating costly laser
temperature control. Uncooled DMLs have
been considered as a key technology for
future optical networks systems [6].

It is well known that temperature variation
affects § where it increases with increasing
of temperature due to the temperature
dependence (TD) of threshold current and
other cavity parameters. The TD of
threshold current has been empirically
described by the well known exponential
Pankove relation via the use of two
parameters J and ), known as the
characteristics of both temperature and
current [5] but it is known that,Tis not
strictly constant with temperature [5]. In
this study, we derived an accurate
expression to determine the TD of t
according to the TD of laser cavity
parameters. We also present mathematical
software (MathCAD) in order to compute
tq theoretically for most laser parameters.

M athematical decription:

In the time period (0<tg}, the stimulated
emission rate can be neglected and the
carrier density rate equation of single mode

semiconductor laser can written as [1, 3-5]
dN |
K: qT_(AN +BN ? + C Auger Ns)
where q is the electron charge and V is the
volume of laser active region. Recalling

that t; is calculated as [1,4]

17

_ (Nin qv
d _.[N. 2 3
i 1=QV(AN +BN? + Cpp 00 N?)

W @3

The above equation can be rewritten as
ty = t(N)\N:Nth —t(N)|N:Ni

where t(N) is the solution of integration of
eqgn.3 in its unlimited form.
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To include the effect of temperature and
initial carrier density, eqn. 4 may be

rewritten as

ta = t(N’O-)|N=0Nth(T),0=l _t(N’G)|N=Ni(T)=0Nth(T),Os0sl"" (5)

whereos is an integer ( & o < 1) which
represents the ratio of TD of initial carrier
density, N(T), to Nn(T) where Ny(T) is
the TD of threshold carrier density which

after modification can be written
depending on [1, 5] as
Nin (T) = N (T) # = oo 6)

rVg %0 (T)Tph(T)

wherel” and y are the optical confinement
factor and group velocity respectively. In
eqn.6, N,(T), g,(T) and 1,{T)are the

TDs of carrier density at transparency, gain
parameter and photon lifetime for uncooled
Quantum well distributed feedback
(QWDFB) laser and they can be written

respectively as[6]

NO(T):TLONO(TO) ........ (7a)
Ty

9,(T) = T 9% T) (7b)

t(N)= N, I[N = N,| - 05In|(N+ 086N, )? +(N, 2| - L6atanfN +0.6N,,~N, )

where N=-4.951-1G and N = 2.277-18
are numbers related to the integration
result and atan2(x,y) is built in software
function returns the angle (in radians) from
the x-axis to a line containing the origin (0,
0) and the point (x, y) and both x and y
must be real, (see Appendix A). Replacing
each N byoNw(T) in eqn.9 to obtain
t(T,0) then substituting the latter in eqn.8

to obtain § . In spite of the resulting
expression is for special case of device
current and coefficients but it gives us very
accurate and direct mathematical
expression i.e. mathematical relationship
picture of § as function of I(T) and ,in
turn, T .

From the integration result which it is in
term of N, we note that the values of N
and N depend on | and laser parameters q
V, A, B and Guge. In the analysis, we
assumed the value of | corresponding to

and

Tph(T) = =

Vg |:aint(T )+i|n1}

nr,

ee (7€)

where L is the laser cavity length,and g
are the field reflectiveties of the laser
facets (rL.r2 = 032) and a,, (T )is the TD

of internal cavity loss which can be written
as [6]

Q) = 20y (T,)

(o]

Finally, t can be written as function of T
ando as

tq(T,0) :t(T,cr)\Gzl— t(T,o)\Ososl... (8)
After solving the integration in eqn.5
directly for fixed device current , | = 2
lin(To), A ,B and Gyger took the values as
indicated in table | , the result can be
written as

the fixed value of threshold current , I= u
lin(To). The value of (T,) also depends
only on the laser parameters at T
therefore, for the same device i.e. same
parameters, the values of And N will
change if u changes only. According to
that, we calculated the values of &hd N
by re-integrating the rate equation for
different values of |, i.e different values of
u, then by curve fitting method we
obtained an expressions for Wnd N in
term of u as (see appendix B for details)

N, (u) =[K,In(u) +K ,]0.984 ...... (10a)
-2.99

whereK, = 993
7.343

and

N, (u) =[K ,, In(u) +K ,,]0.997...... (10b)
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0.969
whereK, =

1.647

According to that, we can modify the

expressioregn.9 to be in term of u in
addition to N as

t(N, u) = N, (u)[In[N = N, (u)| - 05In|(N + 066N, (u))? + (N, (u))?| - 16 atanZN +0.6N, (U),~N, (u))|  --(11)

Where u (= Il(To,) again is the ratio of

device to threshold currents.

To obtain more flexible expression forms
of ty i.e. more analytic form, some of

approximations have been made and then

the integration in eqn.3 can be solved

2qVBN

analytically, consequently, t(N) can be
written as
1- When B=0 and Guger~0
_ -1 . [l-qgvaN | ... 12
t(N)~A—In[A7} (12)

2- when Guger = 0, then

+ gVA

tH(N) = 2 _tanh !
(a1qvB + (qv )2A2): (

3- when A= 0 and B= 0, then

— |V
41gVB  + (qV )2A 2 )

F

t(N) = é[— In(N - F)+%In (N >+ NF+ F2)+ /3 tan ’{%MEN +1H

whe

|
F? and F=
uer [qVCAuger j

Also 1y can be obtained as function of T
corresponding to the above eqns. by
substitute oNw(T) instead of N then

substitute the resulting expression at eqn.8.

A slight difference in simulation results is
expected due to the approximations but
these relationships give more simple and
analytical form to determing.tEqgn. 14 is
very important one because with that
accepted approximation [3], it provides an
analytical form to determine the effect of
Cauger ON & in the presence of flexible

choices of laser cavity parameters and at
reasonable range of temperature for many
types of laser sourcédote: we used M
rather |, in order to give more physical
form and that will be useful to

complete the analysis further to include the
next two stages (not indicated here).
However, one simply
substituteN , (T) = (14, (T) To(T) )/aV ,
where T(T) is the TD of carrier life time,
in order to calculateyin term of |n(T).

can

Results of Discussion:

In this section, the mathematical
calculations have been performed by using
MathCAD software and the related
programs of numerical calculation and the
calculations corresponding to our model
(i.e. egn. 11) are shown in appendix C and
D respectively. The values of laser
parameters at,] = 25C are provided in

table I, In fig.1, the accuracy ofqt
calculation result by the proposed model
(see eqgn. 11) was compared with the one
calculated by numerical method for
different values of u at T=5C (selected
arbitrary) . For instance, at u = 2 and-
0.5, yequals 0.833 and 0.823 nsec when it
is calculated by our model and numerical
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method respectively. While for u = 3; t
equals 0.466 and 0.452 nsec respectively
for the same value @f These results show
high accuracy of calculation by proposed
model. In fig. 2, a comparison between t
calculation by numerical method and
approximated expression forms at T =
25°C and u = 2 are shown. Due to
approximations, there are expected
differences amongytcurve values drawn.
For instance, at = 0.5, = 0.506, 0.552,
0.544 and 0.666 nsec corresponding to the
calculations by eqgns. 12, 13, 14 and
numerical method respectively. The TD of
ty for different values of | and , as T
changed through an accepted range from
25°C to 100°C [7,8], are depicted through
figs. 3 and 4 respectively. Fig.3 shows the
effect of T on§ for different values 06.

It is noted that ¢ increases with
increasing of T due to increasing of
threshold carrier density. For instanceist
about 0.77 nsec at T=2%and o =

0.4 while it increases to 1.924 nsec as T
rises to 100C for the same value af.
The effect of T is reduced for higher
values ofc because 4to zeroas — 1

, i.e. N—Ny, therefore, the time delay may
be eliminated if the laser source is turned-
on from a value closed to the threshold
current. Thus, all the shown curves meet at
zero value of gwheno setto 1, i.e. N=

Nih. Also from the results shown in fig. 3,
the effect of residual carrier density, which
is considered here as a variable value of
initial carrier density, can be observed. It is
significant in direct digital modulation of

17

semiconductor lasers especially at high
data rates where the initial carrier density
is varied depending on the time intervals
among the digital current pulses. Actually,
after the pervious pulse is turned-off, the
carrier density diminishes relatively slowly
according to the carrier lifetime. When the
next current pulse is applied, 4depends
on the residual carrier density which acts
as initial one to this pulse. Thus, if the time
interval is relatively short, residual carrier
density is significant and ts reduced.

The TD of ¢ for different values of | is
depicted at fig. 4. As | increases, t
decreases at specified values @f This
behavior of § can be readily concluded by
noting the mathematical expression ofit
should be mentioned that we assumed | in
all results corresponding t@(IT,), i.e. | is
temperature independent. This assumption
is made according to the normal operation
of laser source. In other words, the current
source supplies a fixed value of injection
current. Finally the effect of Auger
coefficient, Guger, IS Shown in fig.5 where
tq is calculated corresponding to eqgn. 14.
The general effect of AgeriS to increase

tqy as it increases, where it is known that
Cauwer increases  with  temperature,
therefore, a reasonable expectation that t
will increases further if the TD of f&ger IS
taken into account and that can be done by
considering Guger as Guged T) at eqn. 14.

In fig. 5, we represented a general effect of
increasing of Guger and not especially by
temperature effect.
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Parametr Description Value | Unit 2 (,J
d Active region| 0.04 o Numerical method
thickness
W Active region 1 um Proposed model (egn. 11)
width
L Cavity length 400 um o
A Nonradiative | 1.10° sec’ i
recombination <
coefficient B
B radiative 8.10" | msec 3
recombination )
coefficient g
Cauger Auger 107 mt/sec 5
recombination -
coefficient =
Oo Differential | 7.6.107° nt =
gain
r Confinement 0.08
factor
Olint Internal loss 15 cm’
Vg Group 7.5.10 | cmisec
velocity
N, Carrier 1.10°® cm®
density at
transparency o
Jo Gain constant| 7.6.10° | cnt . . .
Fig.L: Turn-ontimedeay vs. ¢ for different values of u at
T=50°C. The calculated curve by proposed mode iscompared
Table. I: Parameter values for QWDFB at room with those calculated by numerical method.
temper ature.
1.5 T
a
¢ | . £
kS d g
o i °
© ©
@
£ £
+ c
5 [ . ] Q
2 0.5 Ta: Numerical £
2 calculation =
b: A&B~0
C: CAugeFO
d B & CAuger:?
| | | |
0 0
0 0.5 1 25 40 55 70 85 100
(¢

Temperature (¢

Fig.2: A comparison among various expressions

. Fig.3: Thetemperature dependence of ty for
of tg with a at T;=25°C and 1=2 1 (T ).

Different valuesof ¢ at 1=21(T,).
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Turn-on time delay (nsec )

0
25 40 55 70 85 100

Temperature (§

Fig.4: Thetemperature dependence of tq
for different values of biascurrent, | at 6 =0.3.

Turn-on time delay (nsec)

1 2 3 4
1/ 1(To)

Fig.5: Effect of Auger coefficient on ty4 at 6 = 0.5 and

T,=25°C .

Conclusons

The presented study provides:
1-Very accurate expression form for turn-
on time delay of semiconductor lasers in
term of TD of threshold carrier density.
2- flexibility to study theoretically the
influence of device current, initial carrier
density and Auger effect on turn-on time
delay of uncooled QWDFB lasers at wide
range of temperature where the results
shows thatdincreases as both temperature
and Auger coefficient increases and it is
decreases as both device current initial
carrier density increased further .
3- Theoretical calculation of the TD of
threshold carrier density where it is
determined exactly according to the TD
laser cavity parameters and in turn,
threshold carrier density can be determined

while many studies depend on the well
know exponential form that describe the
TD of threshold current depending on
characteristic temperature and current.

4- A knowledge about the effect of residual
carrier density or nonconstant initial carrier
density (as functions of T) which has
significance at direct digital modulation of
semiconductor lasers.

5- A mathematical software program to
determine turn-on time delay of laser
sources at any values of laser parameters
and any degree of temperature within a
specified range.

6- Theoretical background to complete the
analysis further to include the temperature
effect on transient response and relaxation
phenomena.
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Appendix A
Some details about egn .9

In order to explain the evaluation
of egn.9, we assume the following
integral:

X2
F(X) = I G(X)dX (A1)

X1
where % and % are arbitrary positive real
numbers and G(X) is

G(X) =- 5 3 ...(A2)
i —K X +K,Xe+KgX
where K is constant and the dominator of
(A2) is a polynomial of 3 degree and i1,K
K, and K are coefficients with known
values.

After substitution the values of K and
coefficients in (A2) , the solution of (Al)
can be written as

t(N) = N, [In|N = N,[- 05I|(N + 066N, )* + (N,)*|- 1.6 atan2(N + 0.6N,,-N, )]

where N=-4.951-10° and N=

FOX) = (R4 + F200) (22
ex ox ..(A3)
— - H A2
= Fl(x)‘xzxf + J'zz(x)\xzXl
where F(X) and F,(X) are specified

functions related to the result of integration
process and j is the imaginary unit.
Assuming a specified values of and % ,
(A3) can be re-written as

F(X) = Fl(x)‘xzzl - Fl(x)‘OSXlSl
+ j(F2 (X)‘Xzzl -F (X)OSXlSl)

= Fl(x)‘ X2:1 - Fl(x)‘OSXlsl

where the imaginary part of (A4) are
cancelled through the subtraction process

because always$, (X)\XZ:1 =R (X)) Oyl

..(A4)

for the indicated values ofixand %. The
function F(X) then can be written after

arrangement some terms, i.e. the commons
terms are placed out, as

.(AB)

2.277-18 are numbers related to the
integration result.

Appendix B
Derivation of N1 (u) and N»(u)

We re-integrated the rate equation for
different values of |, i.e different values of

u N,

0 1
0 1 7.96
1 1.5 6.03
2 2 4.95
3 2.5 4.25
4 3 376| x-10%°
5 35 3.38
6 4 3.0
7 45 2.85
8 5 2.66

Tablell

u, then obtained the following data as
shown in the tables below :

u N>

0 1
0 1 1.72
1 1.5 2.03
2 2 2.28
3 2.5 249 140
4 3 2.67
5 35 2.83
6 4 2.98
7 4.5 3.11
8 5 3.24

Tablelll
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To obtain N(u) by MathCAD software
Let:

X, = data” ... (B1)
Y, = data’ ... (B2)
where X and Y, are the given data in
table Il for column O and 1 respectivel
simpler way to perform a customized log
fit is by using thdnfit function, which fits
data to the model function

y(x) =aln(x)+b ... (B3)
where a, b are arbitrary numbers.

Then define

K, = Infit (X,,Y,) ....(B4)

Following the same procedure, »(I) can
be written as

N, (u) = [K ,,In(u) +K,,]0.997 ....(B7)

oDoo
- Ny(u)

X,u

Fig.6. A comparison between the data and
theresulting function by curvefitting
method

According to the given data

-2993
K, =
7.343
and from the model function we write
N, (u) =K, In(u) + K, ....(B5)
then for more accurate results;(ly may

be written as the following after
multiplying by a correction factor 0.984

N, (u) =[K, In(u) + K ,]0.984 .... (B6)
Fig.6 depicted a comparison between the
given data and the resulting function from

the curve fitting method.
.9
where K, = 0969 and fig. 7 shows the
1.647
resulting function comparing of the data of
tablelll.

Xu

Fig.7. A comparison between the data and
theresulting function by curvefitting
method
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Appendix C
M athcad softwar e program to deter minety numerically

=]c « 3[1010
n - 35
[ < 0.08

A < 1ad

B. g10
Cauger— 101102°
q - 1.610 *°

w - 110

d .o 410°
L - 0.04
V « wild
To ~ 25

Noo 1(}8

go « 7.610 *°
oo — 15
T+ 273DN N 1

T To+273 0 T (ro+ 273}@0}@ 1
T e ()55
n To + 273 L) (0.32

n

Nth

rs

Ntho — Noo+

cldod

o (e (|

9
(910
Ntho

ulll wilLlI (qld) (3 N - qW&A + BIN + CaugeDl&)[N

dN

A+BI[{Ntho)+Caugel] NthC[:2

—

olNth

17
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Appendix D
Our model M athcad softwar e program

C 3]1(5[0
n- 35
r ~ 0.08
To « 25

Noo ~ 1(5[8

go « 7.610 °

oio ~ 15
- 10
N1 — —(-2.998h(u) + 7.3430.98410

N2  (0.968In(u)+ 1.64)10-0.997
T +273

1

n

00 +
To + 273 C[ﬁ[(To + 273}@0}D
T+273 (E)[H( T+273)@_0+( 1 )[[h( 1 )ﬂ
To + 273 0.04) 1 0.32

(NE,

T+ 273

n
1

To + 273

1

(To + 273
T+273 }@O}D(

(NE,

G (Go/ (e

(td1 - td) 10

n

tdl « NIOn( 1 N- N2) - O.EEN:I[[h[(N + 0.66]\132 + (1.[Naz} - 2[0.8N1GEtanZ N+ 0.68 N2-10N2)

tdx « NIOn(10 Nx- NZ) - O.ED\IZ[[[h[(Nx+ 0.66]\132 + (1.D\122i| - 2[0.8N1AEtanZ Nx+ 0.68 N2-1IN2)
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