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Simulation modulation of laser diode by coupling TCAD
with MATLAB
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Penang, Malaysia

ISE TCAD (Integrated System Engineering Technology Computer Aided Design) software simulation program has been
coupled with popular MATLAB program as a new idea to help analyses the small signal of pulse response for digital
modulation purposes. ISE TCAD software simulation program has been employed to build a laser structure and extract its
output to select the desired operating points from the output. While, MATLAB has been utilized to create the state-space
model which has been applied to Jacobian matrix of the rate equations of laser diode (LD). And the pulse response for

digital modulation has been studied through the state-space model itself.
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1. Introduction

LDs are important optical sources in optoelectronic
integrated circuits for high-speed long-distance optical-
fiber communication systems [l1]. The typical
characteristics of the LD modulation can be gained by
determining the LD response to small signal modulation,
which measures the amplitude of the modulated signal
relative to that of unpopulated signal [2]. For design of
such systems, it is essential to accurately predict the
dynamic behaviors of the laser transmitters under specific
operating conditions [3]. For this purpose, computer-aided
simulation techniques based on behavioral models of laser
diodes have been developed and validated for a variety of
applications [4,5]. In this paper, coupling ISE TCAD with
MATLAB has been made to help study the modulation
response. Fig. 1 is the block diagram of coupling TCAD
with MATLAB.
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Fig. 1. Block diagram of coupling TCAD with MATLAB.

2. Laser diode structure and parameters

The two-dimensional ISE TCAD simulation program
is utilized. Carrier drift-diffusion model and Newton
method are used. The ISE TCAD self-consistently solves
electronic and optical equations in a quantum well laser
[6]. The electronic equations are the Poisson and the
continuity equations of both free and bound electrons and
holes. A scalar Helmholtz equation is used to solve the
optical problem, and a photon rate equation is used to
calculate the photon spectrum of each mode [6]. The
electronic band structure of quantum well is calculated
using k.p theory of wurtzite semiconductors [7].
Spontaneous and stimulated optical recombinations are
calculated in the active region according to Fermi’s golden
rule. As a result, the coupling between the optical and
electronic equations leads to convergent problems of the
Newton method [7].

A schematic diagram of the violet InGaN laser diode
structure under study is shown in Fig. 2. In this simulation,
it is assumed that the InGaN laser diode is grown on the n-
type GaN layer whose thickness is 2 um. On the top of this
GaN layer is a 0.1- pm-thick n-type In,;sGa oo N

compliance layer and a 0.45- pm-thick n-type
Al ,,Ga ,,, N cladding layer, followed by a 0.1-pum-thick
n-type GaN guiding layer. The active region consists of
double 7 onGa o N undoped quantum wells where the

thickness of every well is 2.5 nm, and every well is
sandwiched between two S-nm-thick [n,,Ga 4N
barriers. A 0.02-um-thick p-type ternary 47 .Ga , N

blocking layer is grown on top of the active region,
followed by a 0.1-pum-thick p-type GaN guiding layer and
a 0.45-um-thick p-type A4/ ,Ga,,,N cladding layer.
Finally, a 0.1-um-thick p-type GaN cap layer is grown
over p-type cladding layer to complete the structure. The
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doping concentrations of n-type and p-type are equal to

5x10"%cm™ and 1x10"™ cm™ respectively. The active
region is 1 um in width and 750 pum in length. The
reflectivities of the two end facets are 50% for each one.
The L-I curve of this LD is shown in Fig. 3.
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Fig. 2. The schematic diagram of violet InGaN laser
diode under study.
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Fig. 3. The L-I curve of LD.

The refractive indices of A4/.Ga, N and In,Ga;, N
are given by Eq. 1 and Eq. 2 respectively as [8]:

n(4L,Ga;N) = 2.5067 - 0.43x (1)
n(In,Ga, N ) =2.5067 +0.91x ©)

The band gap energies of 4/,Ga, (N and InGa; N
are given by Eq. 3 and Eq. 4 respectively as [8]:

E, oy w=xE,, +1+0)E,;\~143x0-%)  ©)
E, y16a n=XE, gy t(1=0) B, —13x(1-X) (4

The laser parameters which have been used in ISE
TCAD simulation program are listed in the table 1 below
[9, 10,11]:

Table 1. The laser parameters which have been used in
ISE TCAD simulation program.

Paramete symbol (unit) GaN AIN InN
Lattice a (A% 3.189 | 3.112 | 3.545
constant ‘
Spin-orbit split A (A4%) 0.017 0.019 | 0.005
energy >0
Bandgap E (ev) 3.42 6.2 0.77
energy £
Elastic stiffness C, (GPa) 398 373 224
constant
Elastic stiffness C, (GPa) 106 108 92
constant
Electron m (m ) 0.2 0.4 0.11
effective mass e e
Heavy hole 1.595 3.53 1.44
effective mass My (M)
Light hole m, (m. ) 0.26 3.53 0.157
effective mass h ‘¢

It is noteworthy that some parameters are sensitive to
the technological processes such as the Shockley Read—
Hall (SRH) recombination lifetime of electrons and holes;
while other so that they can be neglected in nitride
materials such as Auger recombination (C) of GaN.
However, it is assumed that the values are 1 ns and

1x107* em®s™, for (SRH) and (C), respectively[12].
The L-I of this design is shown in Fig.3.

3. Laser diode rate equations
The LD dynamics are modeled by coupled rate
equations [13] which describe the relation between the

carrier density N(t) and the photon density S(t):

AN 1)
da  qV, °°

[NO-N,1-S0_N@© (5
1+e-S(t) p

n

a0 ., NO-NIS@ SO T8 o (6)

dt 1+&-5(1) T,
where I is the optical confinement factor which describes
how much of the mode is confined in the active region,

N, is the carrier density at transparency for which the net

gain is zero, T » is the photon lifetime, 7 is the carrier

lifetime, /(z) is the injection current, f§ is the spontaneous
emission factor, q is the electron charge, V, is the active

region volume which can be omitted if the equations are to
be interpreted in terms of carrier and photons numbers,

g, slope gain constant, a is the linewidth enhancement

factor and ¢ is the gain compression factor.

These rate equations represent a large-signal mode model
that describes the laser diode behavior in both the
spontaneous emission and stimulated emission region.
From the equations above, it is possible to derive a set of
steady state and small signal equations to help in further
understanding the static and dynamic behaviors of laser
diodes (InGaN multi quantum wells laser diode). To
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calculate some parameters MATLAB program has been
used (see Table 2).

Table 2. The LD parameters which have been used in the
rate equations.

parameter symbol value
optical r 0.00745
confinement
factor
active region %4 1.5x10 em?
volume @
spontaneous B 0 °°
emission factor
photon lifetime r 8.5x10 5
P
carrier lifetime r 2 x 10 "5
5
slope gain g 4.36 x10 "em s
constant °
carrier density at N, 1x10 % em 3
transparency
Quantum n 0.5
efficacy
gain compression I3 3.5%x10 "
factor

4. Steady state solution

Steady state solution occurs when Gain = Losses,
therefore in this case [14]:

dN (1) o, ds (1) ~0 %)
dt dt
Hence, the couple rate equations above will be:
I, WN-N)S N ®)
q-V, 1+¢e-S T

g (WN)S S

) LAY AP )
l+¢-S T T

where N and S are the values of the carrier and photon
densities at steady state.
From equation (8) we can obtain:

(N-N)-S _ I N (10)
l+¢-S gV, ©

a n

By substituting Eq. (10) into Eq. (9), we obtain:

rl- L NS B v (1)
q-V, T T

n P n

By rearranging Eq. (11), we will obtain the carrier
density as a function of the driven current and photon
density at steady state:

T, T, S
N qV, T, (12)
s -1

The output power of laser diode from one facet is
given in terms of the steady-state photon density as [15]:

v ihv $() (13)

t) = s
p(t) are,

From this equation, we can obtain the photon density
as a function of the laser output power:

g 2Pz, (14)
v, nhv

Fig. 4 stands for Eq. (14); while Fig. 5 stands for
Eq.(12).

14

=
N

I
o N

©

Photon density (cm2)

0 0.01 0.02 0.03 0.04
Power (w)

Fig. 4. The photon density as of the laser output power.
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Fig. 5. The Carrier density as a function of the driven
current.

5. State-space model

A state-space representation is a mathematical model
of a physical system as a set of input-output state variables
related to first-order differential equations. Moreover, this
form is better suited for a computer simulation than "
order input-output differential equations [16]. State space
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refers to the space whose axes are the state variables. The
state of the system can be represented as a vector within
that space. In order to enter a state-space model into
MATLAB, the variables must be given a numerical value.
In order to obtain values to simulate the small signal
response, the non-linear rate equations are linerarized by
taking the partial derivative of each time-dependent term
with respect to the photon and electron densities [17]. This
model allows the results of the large signal response to be
used in simulating the small signal response. The process
of selecting operating point is explained below[17]: the
researchers have chosen an arbitrary operating point close
to the threshold, therefore, the gain saturation term
1/(1+ &S(¢)) will approach 1 for values of &S(#){(1.

This term has a negligible effect on Eq.l and Eq.2.
Consequently, the partial derivatives of Eq. (5) and Eq. (6)
with respect to N(t) and S(t) are:

a[a’N(z‘))
Na )1 (15)
N (D) - g, S(1)
a(dN(t))
Noa ) . _ (16)
N g, [N()-N,]
a[dsdft)] -
Nodt ) o, r-g (17)
a5y - g Sr—
6(dS(t)j
¢:F~go-[N(t)—N0]—L (18)
T

o0S(1)

P

The state-space model of couple rate equations are:

N N
=Al |+Bf () (19)
S s
N
y=¢C + Df (1) 20)
N

The first row of A and the first row of B are the
dN(?)

coefficients of the first state equation for o
t

Likewise, the second row of 4 and the second row of B are
A . ds(1)
the coefficients of the second state equation for .

t
C and D are the coefficients of the output equation for y
where y is the desired output for the photon density.
Jacobin’s matrix in state-space model will be applied
to the following equations:

) &
. dt dt NI | T
Nl | ave as(e) av, @n
- + (0]
) @
dt dt S]Lo
L aVo) a0
v
y=[0 1] { 5| @2)
f 7Tlfgn.sa) -gINO-N,] |y L (23)
o { ]+ 4 10)
s Fgﬂ.S(t)+%ﬂ 1"~g0~[7\/(t)71\/o]*ri S o
y=[o 1] N 24)
S
Therefore,
1
—— 9 S -g |N(t)—-N,
&S0 & INO-N,] 25)
A=
l".go.S(t)+rﬂ F.ga.[N(t)—Nu]—i
m T

P

N
B = (26)
N
c=_ 1] 27
D =[0] (28)

By selecting four operating points from L-I curve (
Fig. 1) and using Eq. (12) and Eq. (14), we can obtain the
electron and photon densities as functions of LD bias
current (see Table 3).

Table 3. Electron and photon densities of four operating
point selected from L-I curve.

Pumping Electron density Photon density
current (mA) (cm 73) (cm 73)

17 1.5x10" 2.79 x 10"

19 2.185 x 10" 8.15 x 10"

21 2.352 x10 " 1.268 x 10"

23 2.5x10" 1.811 =10 "
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6. Response simulation result

The LD under study has been modulated with 1 mA
above the operating points whose details are described in
Table 3. The injected modulation signal starts at (zero ns)
and ends at (8 ns) with duration of (3 ns).

Fig. 6 shows the pulse response of LD at the bias
operating point 17 mA. It is obvious from this figure that
the pulse is very clean; whereas the relaxation oscillation,
preshoot and overshoot do not appear clearly in the pulse
response. The examination of the pulse response with the
other operating points at 19, 21 and 23 mA are presented
in Fig.7, Fig. 8 and Fig. 9, respectively.
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Fig. 6. Pulse response to 3 ns with 1 mA injected
modulation current above the bias operating point 17

Fig. 7. Pulse response to 3 ns with 1 mA injected
modulation current above the bias operating point 19
mA.
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Fig. 8. Pulse response to 3 ns with 1 mA injected
modulation current above the bias operating point 21
mA.
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Fig. 9. Pulse response to 3ns with 1 mA injected
modulation current above the bias operating point 23mA.

7. Conclusions

It was found that coupling TCAD with MATLAB is
suitable for studying the modulation response of LDs.
TCAD was used to build the a structure; while MATLAB
was used to build state-space model. A combination of
TCAD and MATLAB is recommended to study the
response modulation for digital modulation of multi
quantum wells InGaN LD. This method can also be used
for any type of laser diodes.
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