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Figure 1: Vertical Cavity Self-Emitting Laser Diode (Mena et al. Model). The terminals labeled open should
be connected to opens or very large resistors in a circuit. The reference terminals should be specified as local
reference terminals, see the command .REF, e.g. use .REF n¢ in the netlist.

fREEDA Form: VCSEL:(instance name) 1y N2 My, Ny pef 7t Npef Mo Mopef Mp Npref ™ Mref (parameter list)

n1 is the electrical anode terminal
ng s the electrical cathode terminal
n, is the carrier density terminal
Nyref 18 the carrier reference terminal
ng is the thermal terminal
Niref 18 the thermal reference terminal
n, is the photon density terminal
Nopef 18 the photon density reference terminal
np, is the optical power terminal
Npref is the optical reference terminal
n; is the wavelength terminal
Npef 18 the wavelength reference terminal

parameter list

see table for parameter list

Note that n,, n,, n,, n; must be connected to open circuits in the circuit as zero” current” is the solution
of an internal equation. The n; must also be connected to open as the thermal resistance, 745, is included in
the model. If 4, is open (or a very large value) then this terminal can be connected to a thermal circuit.

The quantities available by printing the voltage at the terminals are as follows (with n
Nprefs and n)of identified as local reference terminals using the .REF command).

nref> Moref> "tref>



“yoltage” at terminal n; is electrical voltage

“yoltage” at terminal ny is electrical voltage

“voltage” at terminal n, is the carrier density

“yoltage” at terminal n; is the temperature in centigrade
“voltage” at terminal n, is the photon density

“voltage” at terminal n, is the optical power

“yoltage” at terminal n; is the optical wavelength

Parameter Table

Table 1: Parameters for the VCSEL Laser Diode Model

Parameters | Description Values Units
7 Injection Efficiency 1 -

1) Spontaneous Emission Coupling Coefficient le-6 -

Tn Carrier Recombination Lifetime 5e-9 S

k Output coupling efficiency 2.6e-8 W

) Gain Coefficient 1.6e4 51
no Carrier Transparency number 1.94e7 -

Tp Photon Lifetime 2.28e-12 s

ap 1st temperature coefficient of the offset current | 1.246e-3 A

ag 2nd temperature coefficient of the offset current | -2.545e-5 | A/K
ax 3rd temperature coefficient of the offset current | 2.908e-7 A/K?
ao 4th temperature coefficient of the offset current | -2.531e-10 | A/K3
ai 5th temperature coefficient of the offset current | 1.022e-12 | A/K*
P Refractive index change 2.4e-9 -

n Refractive Index 3.5 -

Ao Wavelength 863e-9 m

R Thermal Impedance 2.6e3 °C/W
Tth Thermal time constant le-6 S

Ty Ambient Temperature 20 °C
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Figure 2: VCSEL Structure laser. After [24].

Vertical-Cavity Surface-Emitting Lasers (VCSEL’s) posses a single-longitudinal-mode of operation and a cir-
cular output beam. Also their planar structure, where the optical cavity is formed along the device’s growth
direction as shown in Fig. 2, results in many important advantages such as compatibility with on-wafer prob-
ing, and one and two-dimensional (1-D and 2-D) integration of VCSEL arrays. The laser diode analyzed here
is an 863 nm bottom-emitting VCSEL with a 16 mm diameter, as described in [22]. The laser diode model
is based on the simple thermal VCSEL model developed by Mena et.al. [23]. It is a semi-empirical model
based on the standard laser rate equations and a thermally dependent empirical offset current. The following
sections describes in details the governing equations of the model and its implementation in fREEDA. The
work is described in References [1] and [2].

Analysis

One of the most recognized limitation of a VCSEL’s performance is its thermal behavior. Due to the
large electrical resistance introduced by the Distributed Bragg Reflector (DBR’s) [23] and their poor heat
dissipation characteristics, typical VCSEL’s undergo relatively severe heating and consequently can exhibit
strong thermally dependent behavior. That is why the effects of self heating on the output characteristics
of VCSEL’s are very significant. For example, thermal lensing can yield considerable differences between cw
(continuous wave) and pulsed operation, as well as altering the emission profile of the laser’s optical modes.
However, the most important effect is exhibited in the device’s static LI (light versus current) characteristics.
First, as with edge-emitters, VCSEL’s exhibit temperature-dependent threshold current. Also, because the
active-region temperature increases severely with the injection current, cw operation is limited by a sharp
roll-over in the output power [25].

Clearly, for any VCSEL model to be effective for the design of optoelectronic applications, the model
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should capture thermal effects, in particular the temperature-dependent threshold current and output power
roll-over. Also, the model must be able to simulate both static and dynamic modulation of the laser. To meet
the above criteria, the model should be based on temperature dependent rate equations. The strong thermal
dependence of VCSEL'’s can be attributed to a number of mechanisms [23] such as Auger recombination and
optical losses, however, the most important effects during static, or cw, operation are due to the temperature-
dependent gain and carrier leakage out of the active region. For simplicity, the model in [23] ignores the
temperature-dependence of the gain and the carrier leakage is taken into account by introducing a thermally
dependent empirical offset current into the model equations.

The above threshold static LI characteristics of the VCSEL can be modeled using P, = n(T)(I —
Ii,(N,T)), where P, is the optical output power, n(T") is the temperature dependent differential slope
efficiency, I is the injection current, and I, (N, T') is the threshold current as a function of the carrier number
N and the active region temperature 7. Assuming that the temperature dependence of the differential slope
efficiency is minimal, and neglecting the effect of spatial hole burning [23], the output power expression
becomes:

P, = (I = In(T)) (1)

where I, (T') can be expressed as a constant value Iy, plus an empirical thermal offset current Iog(7T'), that
is Itp(T) = Lino + Iog(T). The temperature-dependent offset current could be a function of any form, but
for simplicity, it is taken as a polynomial function of temperature

IOH(T) = ag + alT + a2T2 + a3T3 + a4T4 —|— e (2)

where the coefficient ay — a4 can be determined during parameter extraction. It is important to note that
because Eqn. 2 is not exclusively an increasing function of temperature, it should be able to capture the
general temperature dependence of the VCSEL’s LI curves.

Now that we have described a method to consider the thermal effect on the leakage current, we need
an expression of the temperature characteristics of the VCSEL. While it is possible to adopt a numerical
representation of a VCSEL’s temperature profile as a function of the heat dissipation the device, a better
method and more suitable for circuit level simulations is to describe the active region temperature via a
thermal rate equation as follows [23]:

T:To'f'(Iv_Po)Rth_TthC;_f (3)
where T, is the ambient temperature, V' is the terminal voltage of the laser, Ry, is the VCSEL’s thermal
impedance which relates temperature change to the heat power dissipation, and 74, is the thermal time con-
stant which accounts to the nonzero response time of the device temperature (observed to be on the order
of 1 us [23]). Eqn. 3 also captures the thermal dynamics which is important in the transient characteristics
of a VCSEL.

Rate Equations

As discussed before, the model should be able to simulate both static (DC) and dynamic (transient) mod-
ulation of the VCSEL. To do this, the model should be based on the laser rate equations. Fortunately, the
simple above-threshold LI curves described by P, = n(I — I,) can be described by the standard laser rate
equations [26]. Thus, by introducing the empirical offset current Iog(7T) into these equations, the model
should be able to simulate the LI curves of the VCSEL at different temperature as well as the dynamic
behavior such as small-signal and transient modulation.

After the addition of the offset current, the laser rate equations become:
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where S is the photon number, NV is the carrier number, N, is the carrier transparency number, 7; is the in-
jection efficiency, 7, is the carrier recombination lifetime, G, is the gain coefficient, 7, is the photon lifetime,
and ( is the spontaneous emission coupling coefficient. As we can see, the introduction of the offset current
into the rate equations is quite simple, however, it is an extremely effective means of describing the thermal
dependence of the VCSEL’s continuous wave LI characteristics. In addition, since the model is based on the
rate equations, it should be able to simulate the non-dc behavior of the VCSEL. Finally, the optical output
power is described using P, = kS, where k is a scaling factor accounting for the output coupling efficiency
of the laser.

Current/Voltage characteristics

The current-voltage relationship of the VCSEL can be expressed in great detail based on its diode-like
characteristics, however, the voltage across the device in this model has been selected to be an arbitrary
empirical function of current and temperature as follows:

V = f(1,T). (6)

Then, the complete electrical characteristics of the VCSEL can be accounted for by introducing capacitors
and other parasitics components in parallel with this voltage (in which case Eqn. 3 should be modified such
that it depends on the total device current and not just I). The advantage of this approach is that since
different VCSELSs have different IV characteristics, the specific form of Eqn. 6 can be determined on a device-
by-device basis. For example, the IV relationship could be modeled as V' = IR, + VprIn(1 + I /1) where
R, is a series resistance, I is the diode’s saturation current, and Vr is the diode’s thermal voltage which is
usually temperature dependent. In other cases, a polynomial function of current and temperature [23] such
as

V= (bo+ 01T + boT? +--).(co + 1l + cal® +-++) (7

can be used, where b, and ¢, are constant parameters to be extracted. It is important to note that if
experimental IV data is used to determine all the other parameters of the model first, then the exact form
of Eqn. 6 can be determined at the very end of parameter extraction of a specific device. This approach
actually has may advantages. First, it allows the voltage’s current and temperature dependence to be
accurately modeled. Second, it permits the optical and electrical characteristics to to be decoupled from one
another, therefore simplifying the extraction of the model’s parameters. For the VCSEL in consideration,
the author provides only the IV characteristics at room temperature. That is why the IV data was fitted
simply to a polynomial function of current as follows:

V = 1.721 + 275 —2.439 x 10*I%> +1.338 x 10°I3
—4.154 x 1071* +6.683 x 108I° —4.296 x 10°I° . (8)

Implementation

The large-signal model of the VCSEL follows from the rate equations, Eqn. 4 and Eqn. 5, from the tempera-

ture dependent offset current I,g(T"), from the thermal rate equation, Eqn. 3, and from the current/voltage

characteristics of the diode described in Sec. . However, the implementation of the above equations as

they are will lead to convergence problems and this is why variable transformation was used and the rate

equations were normalized. First, S is transformed into a new variable X, via S = X /k, and N into X,

via N = z,X,,, where k is the output coupling efficiency and z, is an arbitrary constants in the order of
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107. This will ensure that the state variables (X5 and X, as discussed in the next section) will not take on
very large values. Second, the rate equations were normalized so that every term in those equations is well
behaved. That is, Eqn. 3 is divided by Ry, Eqn. 4 is multiplied by ¢/n; and Eqn. 5 is multiplied by 7,k.
The resulting equations are as follows:

T T, T dT
Z e qv-p)- 9
Ry R ( ) Ry, dt ©)

qzn dX, qznX, q Go(znX, — Ny)X,
= -1 T)) — — 10
dX, krpBznX,  1p,Go(znX, — N,)X,

S — _X, D pUo n o s 11
[ s T - + 7 :X, (11)

Also, the model was modified to include the output wavelength A which can be calculated from the carrier
density N with the following equation [27]:

A= N1 = E(N =N, (12)

where A, is the intrinsic band gap wavelength, p is the total variation of the refractive index due to the
differences in injected current levels, and n is the refractive index of the medium.

To implement the model, we start by identifying the state variables, then by writing the model equations
as a function of those state variables and their derivatives. Since the terminal voltage V is expressed in
Eqn. 8 as a function of the current I (which could be the input terminal current or not depending on wether
a parasitic capacitor Cj is included or not), I is chosen as the first state variable. Then, if C} is not included,
V' can be directly written as a function of I. On the other hand, if Cj is included, then the total input
current is expressed as Iy, = I + I where Io; = C1dV/dt and can be expressed as:

Ioi = Ci(er + 2¢21 + 3e3I? + ey TP + 5esT*)- (13)

Second, the three rate equations, Eqn. 9, 10, and 11, need to be satisfied. This is done by first augmenting
the model with three ports (three terminals with their respective local reference terminals), second by letting
the above equations be equal to the current at each of the respective port, and finally forcing that current
to zero by connecting an open circuit to that port. It is very much in the same way Eqn. 77 was satisfied as
described in Sec. ?77.

Finally, the voltage at the designated optical output power is described by P, = (v, + ) where the
current is meaningless. The same should also be done for implementing Eqn. 12.

Simulations and Results

The purpose of the following sections is to present some of the results of the VCSEL model implemented in
fREEDA.

In Sec. , a DC analysis is performed on the implemented VCSEL model. Graphs of the IV and LI curves
at different ambient temperature are shown and compared to the measurments. Also, plots of the carrier
number, output wavelength, and active region temperature versus the input current are presented.

Sec. presents the results of the transient analysis. The model is driven by an input current pulse of finite
rise and fall time. All the transient simulations are carried out at 20 °C ambient temperature. Graphs of the
carrier number and active region temperature versus time are presented. Also, plots of the optical output
power and wavelength chirp are shown.

In Sec. a Harmonic Balance simulation is performed on the implemented VCSEL model. First, the
frequency response of the VCSEL for an input rf power of -8 dBm is presented. Second, plots of the large
signal wavelength chirp for different bias current is presented. Finally, the power ratio of the second harmonic
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Figure 3: DC Analysis comparison of the IV curve of the VCSEL model and the measurement. Measurements
from [23].

to the fundamental Psy /Py and of the intermodulation distortion to the fundamental Prar3/ Py as a function
of bias current and temperature are shown.
The fREEDA netlists which was used to generate the plots in the Reference [2].

DC Analysis

The input terminal current is varied from 0 mA to 37 mA and the simulation is run at 3 different ambient
temperature, 20 °C, 60 °C, and 100 °C. Fig. 3 shows the IV curve of the VCSEL (only one curve is show
since the IV characteristics of the diode is modeled as an independent function of temperature).

Plots in Fig. 4 shows a family of curves of the carrier number in the active region as a function of the input
current at different ambient temperature. From this graph, we can clearly deduce two things. First, and as
expected, the carrier number will not increase anymore once threshold is reached. Second, carrier leakage
starts at a much lower input current at high ambient temperature. Also, as seen in Fig. 5, the wavelength
is constant above threshold. This is due to the fact that the output wavelength is mainly a function of the
carrier number. Finally, Fig. 6 shows the plots of the active region temperature versus the input current for
different ambient temperature. It is clear from these plots how severely the VCSEL can be heated.

The optical output power as a function of the input current is shown in Fig. 7. From these plots, we
can deduce a lot of things. First, there is a threshold current shift at different ambient temperatures. In
addition, there is a significant reduction in the slope efficiency and the maximum output power. Finally, the
effect of carrier leakage is obvious and manifest itself clearly in the optical output roll over and the complete
turn-off of the laser.

As we can see in the I'V and LI plots, there is an excellent agreement between the simulations in fREEDA
and the measurements.
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Figure 4: DC Analysis plots of the carrier number at different ambient temperature.
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Figure 5: DC Analysis plots of the output wavelength at different ambient temperature.
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Figure 6: DC Analysis plots of the active region temperature increase at different ambient temperature.
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Figure 7: DC Analysis comparison of the LI curves at different ambient temperature with the measurement.
Measurements from [23].
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Figure 8: Transient analysis plot of the carrier number at 20 °C.
Transient Analysis

While DC simulations are very important to identify key factors such as threshold current, maximum output
power and temperature effects in the VCSEL, transient analysis is also a crucial part in the design of OEICs.
This is the main reason why the model was based on the laser rate equations.

The VCSEL is driven by a current pulse that has a peak value of 15 mA, a period of 5 nano-seconds, and
a rise and fall time of 0.1 ns. The ambient temperature is set to 20 °C during the simulations. The plots
in Fig. 8 show the carrier number versus time while Fig. 9 shows the plots of wavelength chirp which is a
critical factor in the design of Wavelength Division Multiplexed (WDM) Systems. Fig. 10 shows how fast is
the increase in the active region temperature and plots in Fig. 11 shows the optical output power. In the
last figure, the optical output power shows the well known laser turn-on delay and ringing effects.

Harmonic Balance

VCSEL diodes are promising light sources for low-cost, high-performance optical microwave links in mi-
crocellular networks and high speed phased-array radar antenna [29]. Lately, analog fiber-optic link based
on directly modulated VCSELs was also proposed to get rid of the digital data transmission limitations
in hazardous highly radioactive environment with large temperature variation from 50 to 200 °C such as
thermonuclear reactors [30]. It is therefore of great importance to characterize the VCSEL’s behavior for
analog applications at microwave frequencies.

In this section, Harmonic Balance was used to study the VCSEL’s characteristics of importance to
microwave modulation such as the modulation response, the large signal wavelength chirp, and most impor-
tantly the VCSEL’s linearity as a function of bias current and ambient temperature. First, the laser was
connected to the parasitic network shown in Fig. 12 and the VCSEL’s harmonic response was characterized.
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Figure 9: Transient analysis plot of the wavelength chirp at 20 °C.
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Figure 10: Transient analysis plot of the increase in the active region temperature at 20 °C.
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Figure 11: Transient analysis plot of the output optical power at 20 °C.
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Figure 12: Parasitic network used in HB simulation. After [28].
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Figure 13: Frequency response of the first three harmonics for a constant input signal power of -8 dBm at
12 mA bias current.

The laser was driven by a single tone rf-input power of -8 dBm and the amplitude of the first three harmonic
peaks were monitored as the signal frequency was varied. Fig. 13 shows the modulation response of the
VCSEL at a bias current of 12 mA while Fig. 14 and 15 are the plots at a bias current of 14 mA and 16 mA
respectively. As we can see, the first-order relaxation resonance frequency appears to be around 4 GHz and
shifts towards 5 GHz at higher bias current. Also, the laser appears extremely nonlinear at this high input
power specifically around the resonant frequency.

Fig. 16 shows the large signal wavelength chirp as the input frequency was varied at different bias current.
The plots shows that the wavelength chirp increases with increasing bias current and it peaks at the resonant
frequency.

Second, the VCSEL was driven by a single tone RF-input signal of —20 dBm at 1 GHz. Fig. 17 shows
plots of the power ratio of the second harmonic to the fundamental Ps¢/P; as a function of bias current at
different ambient temperature. The results shows that there is an increase in linearity with bias current up
to the power rollover point where linearity starts to decrease again. It is also interesting to see this linearity
level given the nonlinear LI curves of the laser (Fig. 7) and that the VCSEL is mostly linear around the
maximum output power bias point. However, the VCSEL’s linearity decreases considerably with increasing
ambient temperature and this could be explained by the fact that at higher ambient temperature, the same
input RF power will drive the VCSEL more into the off region leading to more harmonic distortion.

Finally, the VCSEL was driven by two signals of equal input power of -20 dBm at 1.0 GHz and 1.01
GHz. Fig. 18 shows the power ratio of the third-order intermodulation product to the carrier Prass/ Py as
a function of the bias current at different ambient temperature. Again, the results shows that the VCSEL’s
nonlinear behavior is similar to the results described in the previous figure.
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Figure 14: Frequency response of the first three harmonics for a constant input signal power of -8 dBm at
14 mA bias current.
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Figure 15: Frequency response of the first three harmonics for a constant input signal power of -8 dBm at
16 mA bias current.
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Figure 17: Power ratio of second harmonic to fundamental as a function of bias current for different tem-
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