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SPICE Simulation for Analysis and Design
of Fast 1.55 m MQW Laser Diodes
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Abstract—A rate equation model for static and dynamic behav-
ior of 1.55�m InGaAsP multiquantum-well (MQW) semiconduc-
tor lasers has been developed. A three level scheme for the rate
equations has been chosen in order to model carrier transport
effects. The introduction of quasi-two-dimensional (quasi-2-D)
gateway states between unbound and confined states has been
used to calculate, for each well independently, carrier density
and gain, allowing to take nonuniform injection into account.
Starting from the formal identity between a rate equation and
a Kirchoff current balance equation at a capacitor node, the
model has been implemented on a SPICE circuit emulator.
SPICE has granted an easy handling of parasitics and opens the
possibility of integration with electrical components. The model’s
parameters have been directly derived from a complete set of
measurements on real devices. Thanks to this characterization
and the model accuracy, we have obtained good agreement
between simulations and experimental data. The model was
finally used to improve both static and dynamic properties of
MQW devices. Based on this optimization, compressive strained
InGaAsP/InP MQW Fabry–Perot lasers were realized, achieving
low threshold current, high efficiency, and more than 10 GHz of
direct modulation bandwidth.

Index Terms—Equivalent circuit, quantum-well lasers, semi-
conductor device measurement, semiconductor device modeling,
semiconductor lasers.

I. INTRODUCTION

T HE 1.55- m InGaAsP/InP semiconductor laser diodes
have been found to be key components in telecommu-

nication networks, thanks to their speed and emission power
[1]. With the advent of multiquantum-well (MQW) structures,
these characteristics have improved in terms of lower threshold
current, higher internal efficiency and faster dynamics [1]. In
the meantime, the development of lateral confinement structure
based on semi-insulating materials (InP-doped with Fe or
Co) [2]–[5] has allowed the strong reduction of parasitic
capacitance and leakage currents, usually the limiting factors
of the device performance.

However, the study of high-speed lasers has revealed small
signal intensity modulation bandwidth far below the limit of
the intrinsic material dynamics [6]. The origin of this behavior
has been traced to carrier transport processes [6]–[11], namely,
1) space transport, drift-diffusion from the cladding across
the optical confinement layer (OCL) [also called separate
confinement heterostructure (SCH)] toward the active region
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Fig. 1. Carrier transport processes in MQW layers.

and 2)state transport,relaxation of carriers at the bottom of
the quantum well, net result of the competing phenomena of
capture and escape (Fig. 1).

Starting from these considerations we have developed a
model satisfying the requirements of fast computing and high
accuracy. Rate equations have been chosen to avoid spatial
derivatives and reduce the computational effort; always for
sake of simplicity the ambipolar representation [7] of carrier
population has been chosen. On the other side, we wanted
a model able to deal with MQW structures preserving the
discrete nature of QW’s [10] and to distinguish between space
and state transport [8]; so a three level representation of carrier
energy states has been used [8], [12], which allows to treat each
well independently from all the others. This is a strong point
respect other equivalent circuit models of MQW structures
[13], [14], where QW’s are considered altogether, without any
distinction between them.

A SPICE simulator was used [13] to solve the equations
because it allows integration with electrical components (laser
driver, package parasitic, etc.).

As far as we know, this is the first time that all the above
elements have been included in a SPICE simulation program,
supported by the accurate evaluation of the model parameters
derived from device characterizations.

Based on the results obtained from the model, 1.55m
InGaAsP strained MQW semi-insulating buried heterostruc-
ture (SI-BH) Fabry–Perot lasers have been realized. The active
region was made of two 1.27m InGaAsP OCL layers (1000
Å), p doped (5 1017 cm 3) on the p side, five InGaAsP
1% compressive strained wells (90̊A), and four 1.27 m
InGaAsP unstrained barriers (96̊A). Active region as well
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Fig. 2. Levels’ scheme for rate equations. The quasi-2-D states act as
gateways and allow to distinguish between state and space transport and to
treat each well independently.

as Fe-doped SI blocking layers have been grown by MOCVD
technique [3]. The devices have shown more than 10 GHz of
modulation bandwidth, 7–12 mA of threshold current and 10
mW of optical power.

II. DESCRIPTION OF THEMODEL

We have represented the rate equations by means of a
three level scheme, in order to model carrier transport effects,
as shown in Fig. 2. Quasi-two-dimensional (quasi-2-D) states
collect carriers in the well region with an energy higher than
confined ones, hence their behavior is halfway between 2-D
and three-dimensional (3-D) carriers. They act as gateway
states between QW confined states and the bulk region of
OCL; as it can be seen from Fig. 2, there are different quasi-
2-D and 2-D states from well to well, therefore we can
have a description of carrier distribution in every QW layer,
recovering partially the information on spatial carrier profile
lost with rate equations. Nonetheless quasi-2-D states can take
into account space transport across OCL and barriers and state
transport toward 2-D confined states, describing properly all
transport processes.

The ambipolar model has been chosen [7]: under the condi-
tion of charge neutrality throughout the structure, the distinc-
tion between electrons and holes is eliminated, dealing simply
with “carriers.” From a dynamic point of view, the ambipolar
representation assumes that electrons are so faster than holes
that they can reconfigure their distribution on a time scale
much shorter than all the other processes. Even if in [9] it is
reported that charge neutrality is not strictly respected in QW
structures, we preferred to gather in terms of simplicity and
computational speed, despite of a major accuracy.

A. Rate Equations and Gain Expression

From the model levels scheme reported in Fig. 2 we can
deduce the rate equations. Carrier densities in different regions
are distinguished by with subscripts , , and indicating,
respectively, OCL, quasi-two-dimensional (2-D), and confined
2-D regions. A lowercase stands for photon density.

The recombination of carriers in each of the regions listed
above is expressed as [15], [16]

(1)

where , , are the well known recombination coefficients.

For the p-side OCL region, where we assume carriers are
injected, we have the following expression:

(2)

where is the OCL volume, is the injected current,
and the drift-diffusion current. We have described it by
means of an effective space transport time [7]
[ , ambipolar diffusivity] in the
following way:

(3)

where is the well volume and the carrier density in
the first well from p-side.

For the equation on the n-side we have included the quasi-
2-D state of the last well (the first from n-side) in the OCL
state. The result is

(4)

where is the total number of wells. has the
following expression:

(5)

The rate equations for the quasi-2-D states are given below

(6)

being and the carrier capture and escape times, and carrier
densities in the th quasi-2-D and 2-D state, respectively.

for represents the diffusion across the barrier
between two adjacent wells and has the expression

(7)

where is the diffusion time across the barrier
( is the thickness of the barrier layer).

For the current is the diffusion current of (3), for
( total number of wells) does not

exist because it has been included in , giving the current
of (4).

The equation for the confined states is given by

(8)

where is the group velocity and is material gain which
depends on the well carrier density and on the photon density.

Optical power is supposed to cause saturation by means of
a gain suppression factor that reduces gain at high photon
densities according to [7]–[9]

(9)
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Since is the carrier density in theth well, we can
consider a different gain for each well depending upon its
own carrier population.

For the expression of the carrier density dependent gain, we
have chosen a logarithmic formula based on phenomenological
considerations [17], [18]

(10)

and are parameters extracted from characterization
of real devices.

The photon density in the field mode is the result of the
sum of the stimulated emissions from each well. Every single
contribution is weighted by the optical confinement factor ,
whose value is calculated for each well. It is also necessary to
consider the coupling factor of spontaneous emission into
the field mode [7]–[9]. We have made simulation using both
different values of for different wells and the same mean
value for all the wells; valuable differences have been noted
only in structures with a high number of wells, wherecan
varies significantly from one to another. The photon lifetime
in the cavity is directly calculated from the measurement
of the mirror reflection coefficient and of the internal loss

, according to the formula [1], [17]

(11)

where is the cavity length. The result of such considerations
is

(12)
where is the spontaneous emission rate which is approx-
imated with the coefficient of carrier lifetime (1) giving

.

B. Leakage Effects and Handling of Parasitics

We have modeled two types of leakage effects, an electrical
one, due to parasitic effects, and a heterojunction leakage.

The last one is a degradation of capture and escape ratio
at high injection; the process is described in Fig. 3: since at
higher current densities the mean energy of carriers is higher,
the process of capture into the wells is less effective. This in-
terpretation is supported by [8], where a dependence of capture
and escape times on carrier temperature and concentration is
reported.

To model this process, we have supposed that the ratio of
capture time to escape time depends upon the current density
according to the empirical formula

(13)

Electrical leakage is easily accounted for by means of a
nonlinear resistance; the chip parasitic behavior, including a
parallel capacitor, is completely described by the equivalent
circuit in Fig. 6. The active region injected current is the
current flowing through the contact resistance.

Fig. 3. Scheme of heterojunction leakage process: degradation of capture,
escape time ratio. At higher injections the mean energy of carriers is higher
(gray line) and so the capture process is less effective.

III. SPICE SIMULATION

Since, as reported in [13], [14], carriers density fluxes
summing in a rate equation can be easily seen as a balance
of currents at a capacitor node, the system of equations in
Section II-A can be solved by means of a circuit simulator.
So we have considered the idea of using SPICE to implement
the model mainly for two reasons:

1) the possibility of integration with electrical components;
2) the fact that SPICE could avoid us to face the problems

of writing the codes.

Hereafter, we report how the rate equations has been im-
plemented on SPICE and the trick we had to use to make the
simulator work properly (i.e., avoiding convergence problems
and facing double solution equations).

A. Adapting Rate Equations to SPICE

Through a proper scaling, voltages are related to car-
rier densities, and currents to fluxes of particles or rates of
exchange (i.e., capture, escape, or emission). This method
avoids divergence in numerical simulations, while conserving
a physical meaning of the variables.

Starting from (2), multiplying each equation by gives
us

(14)

where is the recombination current in the
first OCL region.

Now, if we make the formal substitutions

(15)

we obtain the following equation for a capacitor node which
can be described by the equivalent circuit of Fig. 4:

(16)

In a similar way all the rate equations of Section II-A can
be translated into equivalent circuits solvable by SPICE. The
result for the entire active region is reported in the system of
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Fig. 4. Equivalent circuit of the optical confinement layer (OCL).

Fig. 5. Total equivalent circuit of quantum well active region.Iinj is the
input injected current, while the output is the photon densitySout. Letters
indicate the origin of dependent current generators:D stands for drift-diffusion
[see (7)],R for recombination (13),C for capture,E for escape (19) andSE
for stimulated and spontaneous emission (21) and (22).LT indicates photon
lifetime equivalent resistance [see (23)].

equations below (equivalent circuit of Fig. 5)

(17)

(18)

where as in (15) is the recombination current,
and ; is the diffusion current across the

barrier and has the expression reported in (7).
Capture and escape currents are given by

(19)

where is the capture to escape time ratio.
The photon density was scaled by the photon energy.

The equation for the field mode becomes then

(20)
where

(21)

is the stimulated recombination current

(22)

Fig. 6. Parasitic elements of the laser chip are taken into account through a
parallel capacitor and a parallel leakage resistance.

the spontaneous emission current and finally

(23)

(24)

are the photon lifetime equivalent resistance, accounting for
internal and mirror losses, and the field mode equivalent
capacitance.

B. Simulation of Static and Small-Signal Behavior

To simulate the static characteristic of a laser we had to
face the problem of the double dc solution of (12): SPICE
dc analysis was unable to resolve between the two. We have
avoided the problem by running the simulation in transient
mode giving as stimulus a linear ramp of current without a
valuable penalty of calculation speed.

A similar problem has occurred calculating the bias point
for the ac analysis; the way-out was to save the bias point
while running the transient analysis and then to load it in the
ac mode.

As an example of the model’s simulation possibilities, Fig. 7
reports the Power–Current characteristic for different well
numbers; in particular the simulation intends to show how
heterojunction leakage affects different structures. In Fig. 8 it
is described the nonuniform injection of carriers in a four QW
structure, showing that wells next to p-side are more “filled”
than the far ones, in agreement with [9]–[11], [19].

C. Large Signal Analysis and Photon Assisted Transport

The assumption of a discrete nature for quantum wells
through the implementation of quasi-2-D states for each well
and the large signal analysis mode of SPICE have allowed to
model the photon assisted transport, a phenomenon related
to nonuniform injection and reported for the first time by
Eisenstein and Tessler [9], [11]. We can obtain similar results,
compensating the minor accuracy with a considerable reduc-
tion of complexity and calculation speed (running the large
signal analysis takes only a couple of minutes).

This process is typical of structures with a high number
of wells: in case of step stimulus, the first wells fill faster,
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Fig. 7. CalculatedPI characteristic obtained by varying the number of
wells (from four to eight, for a device length of 200�m) in presence of
heterojunction leakage.

Fig. 8. Carrier injection nonuniformity in a four-QW laser at different bias
points.

bringing the laser to threshold, the rapidly generated photons
are then absorbed by the last well, causing a change in the
slope of carrier concentration; this is simulated in Fig. 9 for
a 15-well structure.

IV. COMPARISON WITH MEASUREMENTS

A. Extracting Model Parameters from
Real Devices Characterization

The model presented till now grants reliability in terms of
calculation speed and convergence problems, but in order to
be reliable in its results, it needs a proper choice of the values
of its parameters.

There are three categories of information needed:

• structural parameters: geometric dimensions, doping, etc.;
• chip parasitic values: parallel capacitance, series resis-

tance;
• material characteristics: , , recombination coeffi-

cients, internal loss, gain versus carrier density relation,
carrier mobility.

Fig. 9. Turn on transient in a 15 quantum well laser: in the circle the sudden
rise of carrier concentration due to photon assisted transport can be easily seen.

Apart from the first category, all the other information
can be obtained only by means of accurate characterization
measurements. In order to compare the results of simulations
and measurement, we must consider also static and dynamic
behavior characterization.

In order to accomplish this task, we can rely on four types
of measurements:

1) static PVI measurements, which give us optical power
versus injection current characteristic, injection current
versus junction voltage and differential series resistance;

2) dynamic characterization, involving small signal inten-
sity modulation response and electrical reflection pa-
rameters (Smith Chart and parasitic capacitance) [20],
[21];

3) gain measurement according to Hakki Paoli method,
that estimates the internal losses and the material gain
[22]–[24];

4) carrier lifetime measurement (carried out in a new way
by means of optical modulation [25]) that gives us
recombination rate versus carrier density (and so, ,

coefficients through numeric interpolation) and carrier
density as a function of injection current.

Combining data from 3) and 4) we can obtain gain as a
function of carrier density and thereby extract the parameters

and of (10). Since we have considered only five wells
lasers, we have simply chosen the mean value to extract the
single well gain; we are considering the possibility to grow
single well structures to perform a more accurate evaluation
of the parameters. By the way, we could verify that logarithmic
gain fits well measurement as Fig. 10 clearly shows.

B. Comparison Between Simulations and Experiments

Measurement and parameters extraction as well as com-
parison between data and simulations have been made on
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TABLE I

Fig. 10. Gain versus carrier density characteristic of a MQW laser device
extracted from Hakki–Paoli and carrier lifetime measurement: measure data
(asterisks) are well fitted by a logarithmic relation (continuous line). Mea-
surement refers to the structures described in Section IV-B, Process A. Since
it is a five-well structure, the values reported above give the mean value for
the single well.

1.55 m InGaAsP strained MQW Semi-Insulating Buried
Heterostructure (SI-BH) Fabry–Perot lasers. The active region
was made of two 1.27 m InGaAsP OCL layers (1000̊A),
p-doped (5 1017 cm 3) on the p-side, five InGaAsP 1%
compressive strained wells (90̊A), and four 1.27 m InGaAsP
unstrained barriers (96̊A). We have first fabricated a process
with a 1.8- m wide active stripe (Process A) and, after its
analysis by means of the simulator, a second process with a
2.3- m wide active stripe (Process B). The related values of
the model parameters are summarized in Table I.

The accuracy of the parameter measurements and the proper
modeling of the phenomena involved, have given simulation
results in good agreement with experimental data, for both
static and dynamic characteristics.

In Figs. 11 and 13 the static characteristic of the
different lasers is reported, showing a correct simulation even
at high injection rate. Figs. 12 and 14 illustrate the small
signal intensity modulation response: the agreement between
calculations and experiments is extremely good.
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Fig. 11. Static characteristic for a 400-�m long device at 20�C (Process
A). Asterisks stands for data and continuous line for simulation.

Fig. 12. Small signal intensity modulation response for a 400-�m long de-
vice at 20�C (Process A) at two different bias currents (� data,—simulation).
The notch at 7 GHz is due to wire bonding parasitic inductance and it is not
included in the model.

Fig. 13. Measurement (o) and simulation (-) of Power–Current characteristic
in a wider stripe, 400�m long device at 20�C (Process B). Wider stripes
reduce current density and so make heterojunction leakage less effective.

C. Improvement of Device Performance

In our intention this simulator should perform two tasks:

1) to analyze the device behavior, defining the main limi-
tations in both static and dynamic characteristics;

Fig. 14. Measurement (o) and simulation (-) of the improved bandwidth of
a wider stripe, 400�m long device (Process B). The measure, made at 100
mA 20 �C, shows a bandwidth of 11 GHz.

2) to foresee the effects of changes in the laser structure in
order to improve its performance.

Actually this has been obtained on Process A in the case
of saturation at high injection. We have supposed this
behavior be mainly due to heterojunction leakage effects [1],
that is related to the high current densities, as stated in
Section II-B. Simulations have revealed that a wider active
stripe could reduce this drawback.

Our assumptions have been validated by the analysis of
Process B, obtained from the same material, but with larger
active region. In these devices we have achieved an improve-
ment of the – curve linearity, and a wider small signal
bandwidth (Figs. 13 and 14).

V. CONCLUSIONS

A three level rate equation model has been implemented
on a SPICE simulator. By means of a gateway quasi-2-D
state placed in the well region, the model can treat each well
independently and hence evaluate spatial diffusion, nonuni-
form current injection into different wells and consequently
to calculate, for each quantum well, carrier population and
carrier dependent gain.

The equations have been implemented on a SPICE circuit
emulator, since a rate equation is formally analogue to a cur-
rent balance at a capacitor node. SPICE grants easy handling
of parasitic contributions and integration with electrical circuit
components.

Since the accuracy of the results depends strongly on the
model’s parameters, a set of measurements has been performed
to extract their values for real devices. Simulations have hence
shown good agreement with measured static and dynamic
characteristics.

The model has been used to inspect the behavior of devices
and to find out possibilities of performance improvement.

Using the model, new devices have been made, showing
lower threshold current, higher quantum efficiency and wider
small signal bandwidth.
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