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Abstract—We investigate the below and above threshold fre-
quency response of InGaAsN lasers with different nitrogen con-
tent. This is accomplished through detailed analysis of the small
signal modulation response of the laser diodes using a compre-
hensive model based on rate equations and that incorporates the
effect of parasitics. For below threshold conditions the model is
instrumental in separating the contributions from the parasitics
(more severe at low bias) and carrier recombination (predomi-
nant at higher bias) to the measured carrier lifetime. It is found
that the addition of nitrogen reduces the recombination lifetime,
mainly as a result of a four-fold increase in monomolecular recom-
bination which predominates even near threshold. For bias above
threshold the analysis compares electrical versus optical modula-
tion frequency responses and concludes that resonance frequency
and damping extracted from the electrical modulation responses
are significantly influenced by the device parasitics. Instead, it is
shown that optical modulation traces allow extraction of a relax-
ation frequency that is shaped only by the stimulated processes in
the laser active region. Even in this case, the damping is found to
be affected by the parasitics. When compared with nitrogen free
lasers, a reduction in the resonance frequency is observed, while the
damping is not altered. The former arises from a factor of ∼2.5
decrease in the combined effect of the differential gain and car-
rier transport parameters. The latter reflects the more significant
contribution of the parasitics to the damping.

Index Terms—Dilute nitride quantum-well (QW) lasers,
frequency response: modeling and experiment.

I. INTRODUCTION

ANALYSIS OF below and above threshold frequency re-
sponses has been instrumental to unravel intrinsic proper-

ties that shape the output characteristics of laser diodes. Below
threshold, these investigations allow one to obtain the carrier
recombination rate, and from its behavior with bias assess the
dominant recombination processes taking place in the laser ac-
tive region [1]. These investigations in InP based laser diodes
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have elucidated the important role of Auger recombination in
the output characteristics of these devices [2], [3]. Above thresh-
old, frequency response measurements assess the modulation
bandwidth of the devices, while at the same time allowing in-
vestigation of the device and material’s processes that shape the
high frequency behavior [4]–[10].

The recent demonstration of 1.3-µm laser diodes based on
the incorporation of nitrogen in InGaAs, with emission wave-
lengths in the important telecom range (1.3–1.5 µm) [11]–[18],
opens new grounds for investigating the impact of the material’s
physics and device structure on the dynamic behavior of the
lasers. Specially since the mechanism by which the long wave-
length emission is realized involves the repulsive interaction of
the host InGaAs conduction band states and nitrogen impurity-
like states [19], [20]. Most of the experimental work on the
dynamic response of dilute nitride laser diodes reported so far
has benchmarked the laser bandwidth [21]–[23]. The results of
these experiments are very encouraging as they show the dilute
nitride lasers have potential to realize modulation bandwidths
comparable to their InP counterparts [22], [24]. There are not,
to our knowledge, experimental studies that investigate in depth
the physical mechanisms that affect the carrier dynamics in the
dilute nitride lasers. These investigations, until now restricted to
theoretical work, have provided insight that monomolecular re-
combination significantly increases with nitrogen incorporation
in the strained InGaAs wells, thereby reducing the carrier life-
time [25]. Model calculations also reveal a significant reduction
in the peak gain and differential gain with increased nitrogen
content in the laser active region [26]–[28]. Both of these
parameters affect the above threshold high frequency response.
Testing of the theoretical predictions against experiments is
not trivial, particularly in broad area (BA) and ridge waveguide
(RWG) InGaAsN diodes where the external circuitry and
device parasitics contribute to the modulation response.

Herein, we describe a comprehensive analysis of the below
and above threshold modulation response of InGaAsN lasers
diodes. The analysis encompasses a simulation based on rate
equations that contemplate the effect of parasitics comple-
mented by the experiments of the below and above threshold
modulation responses. The experiments are carried out in two
identical structures which only differ in the nitrogen content in
the well. Their results are analyzed with the model to assess
the impact of nitrogen incorporation on the intrinsic carrier
dynamics behavior. The model is essential to reveal the impact
of monomolecular recombination in shaping the dynamics
of carrier recombination even at biases near threshold. In the
above threshold analysis, we use the simulation to illustrate
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how important parasitic effects are in affecting the modulation
response and show that carrying out these experiments with
optical modulation removes some but not all of the parasitics.
The latter is the configuration used in this work to obtain
the modulation response of the InGaAsN RWG lasers. With
the help of the model we extract the resonance frequency
and the damping and obtain relevant parameters such as the
effective differential gain parameters. It is found that the
RWG single quantum well InGaAsN lasers reach modulation
bandwidths f−3 dB ≈ 6 GHz at 2.5 mW emitted power. These
are the highest f−3 dB per facet output power levels reported
for uncoated single quantum well RWG devices. Analysis of
the modulation responses reveal that the resonance frequency
and damping and not the transport pole control the bandwidth
which is reduced with increased nitrogen content in the well.

This paper is structured as follows: Section II describes in
detail the model used to analyze the frequency responses of
the dilute nitride lasers. The model is based on rate equations
and incorporates parasitics arising from the device structure and
circuitry, which on the BA and RWG lasers investigated are
very important. Section III provides details of the devices, their
geometry and growth characteristics, and of the experimental
tools used to obtain the below and above threshold frequency
response of the dilute nitride lasers. Section IV presents the
experimental results and discusses their interpretation via the
use of the model described in Section II.

II. ANALYSIS OF THE FREQUENCY RESPONSE

In this section we describe a comprehensive model that sim-
ulates the small signal modulation response (FR) of InGaAsN
(N = 0; 0.005) laser diodes intended to separate intrinsic from
parasitic effects. The results of the model are used to fit the fre-
quency response behavior measured experimentally below and
above threshold. Analysis of the below threshold frequency re-
sponse is used to extract the differential carrier lifetime and from
it identify the carrier recombination mechanisms [2], [3]. Above
threshold, the FR provides the laser resonance frequency, damp-
ing, and carrier transport parameters [7], [10], [18], [29]–[31]
that determine the ultimate device bandwidth.

In most cases, FR measurements have been conducted on de-
vices whose electrical parasitics have been minimized through
careful design of the laser structure or the experiment, as in the
case of optical modulation [4]–[6], [9]. For quantum well lasers
the FR is simulated in this case by a 3-rate equation model
involving the carrier populations in the well, barrier/separate
confinement and photon populations. This model has been suc-
cessfully used by Pikal et al. [3], to obtain the intrinsic well
differential lifetime and from it analyze the mechanisms that
affect T0 on 1.3-µm InAsP buried heterostructure lasers, and by
others to investigate limiting mechanisms in the above threshold
frequency response [5], [9], [18], [32].

The 3-rate equation model is however, not sufficient to an-
alyze the FR of the InGaAsN (N = 0; 0.005) RWG and BA
lasers investigated in this work, due to the significant contribu-
tion of electrical parasitics. The parasitics add additional poles

Fig. 1. Small signal circuit of the laser diode and electrical parasitics with its
driving circuitry.

and zeroes that mask the processes that occur within the laser
diode active region.

The most complete rate equation system that best describes
our InGaAsN devices is represented by the schematic circuit
of Fig. 1. At the left, the RF probe is given by its Thévenin
open circuit voltage vp and complex inductive impedance
rp + j2πfLp. Lp and rp are the total inductance and resis-
tance seen by the test laser device towards the RF probe. The
laser diode has a parasitic capacitance Cp between its contacts
and a cladding series resistance rclad. The capacitance Cj repre-
sents the diode junction whose dependence with the diode bias
voltage is described in Section II-A.

The box labeled “active area” represents the 3-rate equa-
tion model involving the small signal perturbations ns, nw and
np to the barrier/separate confinement (SCH), quantum well
(QW) and photon reservoirs, respectively, characterized by cor-
responding steady-state carrier densities Ns,Nw , and Np [33].

The circuitry shown in Fig. 1 is described by a set of rate
equations given by (1)–(5), valid for above and below threshold
operation. The first two equations account for the electrical
circuitry and parasitics by introducing the variables vd and iRF.
Equations (3)–(5) describe the intrinsic processes in the laser
active region in terms of ns, nw , and np

Lp

•
iRF = vp − rpiRF − vd (1)

CP
•
vd = iRF − vd

rclad
+

v

rclad
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•
np =

(
β
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τw
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)
+ [Γ · P (nw + Ap · np)] . (5)

In (3)–(5), τs, τw , and τp are the differential lifetime of the car-
riers in the SCH and well, and the photon lifetime, respectively.
The current into the laser active region i in Fig. 1 is given in
(3) by the parenthesis term. The factor Q is used to simplify
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notation as Q = ηinj/qVs where Vs is the volume of the SCH,
and ηinj is the current injection efficiency which is assumed con-
stant and equal to its threshold value [34]. Γq ,Γ, and β are the
ratio of the well and SCH volumes, the optical mode confine-
ment factor and the spontaneous emission factor, whose values
for the studied laser structures are found to be 0.02, 0.018 [14]
and ∼8.7 · 10−5 [33], respectively.

The bracketed terms in (4) and (5) that include Ap and P , are
described in Section II-B for above threshold biases as these van-
ish below threshold. On the contrary, the term between paren-
theses in (5) is zero above threshold, as described in the next
subsection. The time constants τcap and τesc represent the pro-
cesses of carrier capture into and escape out of the well. These
time constants have not been measured for InGaAsN, but can
be estimated. τesc at threshold, calculated from the thermionic
electron/hole escape in the InGaAs and InGaAsN was found to
be 50 ps and 5 ps, respectively [34]. As it will be shown in
Section IV, an upper bound for τcap obtained from the measure-
ments is found to be 8 ps for both InGaAs and InGaAsN lasers.
We introduce the parameter R to represent the well effective
carrier capture given by R = τcap/τesc. R plays a fundamental
role in the interpretation of the carrier lifetime [3] and in the
above threshold frequency response.

Equation (3) couples the electrical circuitry with the carrier
densities by including the small signal voltage v(t). We relate
v(t) and ns(t) by a frequency independent transmission net-
work, with parameter T = ns/v, similar to a transformer of
ratio T : 1. T is such that the ratio v/i calculated at f → 0 (DC)
from the steady-state solution of (3), (5) equals the p-n junction
differential resistance rd at all bias currents. T is fundamental in
defining the coupling between the intrinsic active area dynamics
and parasitics and external circuitry. Its values are estimated to
be much larger above threshold than below threshold, which
indicates a weaker impact of parasitics for the former, as it will
be shown in Section II-B. A similar concept for the coupling
introduced here was previously utilized to study the electrical
impedance of InGaAs–GaAs QW lasers [32].

The frequency domain representation of (1)–(5) is written in
(6) after replacing v by ns/T . For subthreshold operation, the
elements [4, 5] and [5, 5] in (6), shown at the bottom of the
page, are replaced by zero and jω + 1/τp , respectively.

TABLE I
InGaAs AND InGaAsN LASERS PARAMETERS

Analytical solutions of the set of equations given in (6) for bi-
ases below and above threshold were obtained. These solutions,
tailored to the specific case of InGaAsN lasers, are described in
the following sections.

A. Subthreshold Frequency Response

The exact solution of (6) for below threshold biases (Ith), i.e.,
obtained for P = 0, yields a five-pole response with only one
dominant pole τ , as shown in

Hsp(f)

=
dPsp/dvp |f→0

(1 + j2πfτ)

· 1
(1 + j2πfτ1)(1 + j2πfτ2)(1 + j2πfτ3)(1 + j2πfτp)

.

(7)

In (7) dPsp/dvp |f→0 represents the incremental ratio of laser
spontaneous emission to the modulation voltage. The poles τ1

and τ2 are mainly influenced by parasitics and external circuitry
while τ3 also depends on the laser intrinsic parameters. The
numerical solution of (6) for InGaAsN lasers with parameters
summarized in Table I, yields the reciprocal of τ1, τ2, τ3, and
τp > 2 GHz, >3 GHz, >3 GHz, and ∼50 GHz in a bias range
within a decade below Ith. At such high frequency these poles
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Fig. 2. Voltage dependent diode junction capacitance Cj , for a typical BA
InGaAs laser diode.

Fig. 3. Model simulation of the below threshold dominant pole τ versus J
for three different cases. Ideal case-without parasitics (τ = τw , Cp + Cj =
0, rp � rd ). For Cp + Cj = 0, rp = 50Ω. For Cp + Cj = 100 pF, rp ≥ rd .
(Other values are from Table I). τw is calculated from equation (13), using values
of A = 3 · 108s−1, B = 10−13 cm−3 s−1, and C = 9 · 10−29 cm−6 s−1.

pose negligible effects in the 1 GHz range of the measure-
ments detailed in Section III-B. Similar values are found in
InGaAs lasers.

The dominant pole τ extracted from the analytical solution of
(6) is the one that mainly contains the information on the well
differential lifetime τw . We find that in the limit rp/rd → ∞, τ
can be expressed as τ ≈ τw + rd(Cp + Cj ). In most cases, as
it occurs in the InGaAsN lasers, Cp < Cj and is not bias de-
pendent. Instead, Cj , behaves with bias similarly to the models
developed by [35], [36]. Fig. 2 shows the behavior of Cj ver-
sus bias voltage in the BA InGaAs laser diodes, extracted from
device impedance measurements near the built-in junction volt-
age [37]. Cj reaches its maximum at Vj = 0.7 V, decaying at
both sides and becoming constant as the lasers reach threshold.
Similar traces of Cj versus Vj are found in the BA InGaAsN
laser diodes.

It is instructive to analyze the behavior of τ for different cases
of rp and Cp + Cj . This is shown in Fig. 3. When rp = 50 Ω and
Cp + Cj = 0, the solution of (6) predicts a reduction in τ with

bias, as observed by Olshansky et al. [1]. When compensating
the bias dependent diode impedance by setting rp >> rd and
having also Cp + Cj = 0, Fig. 3 shows that τ saturates at low
biases. In contrast with these results, τ continues to increase as
the bias decreases if Cp + Cj �= 0. This is the situation encoun-
tered in the lifetime of InGaAs and InGaAsN lasers discussed
in Section IV.

The expression for T obtained from the steady state solution
ns/i of (3) through (5) and by knowing that T−1 · ns/i = rd is
shown in

T =
Q

rd

(
1
τs

+
R

τw + τesc

)−1

. (8)

For the parameters given in Table I, T is estimated to be
∼1018–1019 cm−3· V−1 for BA InGaAs and InGaAsN lasers
at 0.1 · Jth − Jth. We assume in this case that R is fixed at
its threshold value of 8/50 and 8/5 for InGaAs and InGaAsN
respectively.

B. Frequency Response Above Threshold

The model in (6) is solved by considering P , given in (9), to
be a function of the emitted power per facet P0, mirror losses
αm , photon energy in vacuum hν and the gain parameter a =
dg/dNw [33]. Ap is negative and proportional to the ratio of ap

and a, where ap = dg/dNp , as shown in

P =
2aP0Γ

αm hvVs
(9)

Ap = Γap/a. (10)

The expression of the transfer function Hst(f) above thresh-
old contains five poles

Hst(f) =
1

(1 + j2πfτ1)(1 + j2πfτ2)

·
dP0/dvp |f→0

(1 + j2πfτc)(f2
r − f2 + jfγ)

. (11)

The two principal poles, f = α + jβ and f = α − jβ, arise
from the stimulated process in the laser active area and are cus-
tomarily expressed by the relaxation frequency fr =

√
α2 + β2

and damping γ = 2α. In the parasitic-free case, the third pole
1/2πτc represents the combined effects of the well quantum
capture and carrier diffusion along the SCH [38], however this
is not the case when parasitics are important. In fact, our model
shows that fr , γ, and τc depend on Lp,Cp , Cj , rs , and rp . The
two other poles 1/2πτ1 and 1/2πτ2 arise mainly from the ex-
ternal circuit and parasitics. Because they typically fall in the
1–10 GHz range, these poles can be erroneously interpreted as
1/2πτc . In the typical above threshold FR of InGaAsN lasers
we find that the effects of fr , γ, τ1, τ2, and τc are mixed together
in the range of frequencies below 10 GHz. Electrical modula-
tion traces predicted by the model with the laser parameters of
Table I are shown in Fig. 4.

The analytical expression of T above threshold is obtained
from (3) and (5) as described for the below threshold case.
However, its expression above threshold is more complex. T
depends on P0, a, R, ap , rd , and ηinj. By assuming fixed values
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Fig. 4. Calculated frequency responses of InGaAs above threshold for optical
(black solid line) and electrical (gray solid line) modulation at P0 = 2.2 mW
and P0 = 5.6 mW. The parasitics significantly affect the electrical modula-
tion responses while only increase the damping in the optical modulation re-
sponses (black dotted line). Inset: γ − P0 with and without the contributions of
parasitics.

of τcap and τesc from Table I and, adopting Ap ∼ −0.8 for
InGaAs QW lasers as in [33], we find typical values of T in the
order of ∼1019 − 1020 cm−3V −1 in the range P0 = 1 − 7 mW
for the InGaAs and InGaAsN RWG-lasers. The larger value of T
compared with that below threshold indicates a weaker coupling
of the parasitics and the laser active region above threshold.

C. Optical Modulation

We consider here the case of above frequency response mea-
surements obtained by modulating the carriers in the laser active
region via the use of a tunable optical source. In practice, op-
tical modulation is a way to minimize the effects of electrical
parasitics [18]. Within the model, this is equivalent to adding an
optical perturbation So in (6) and turning off vp . The frequency
response obtained from the model (6) is shown in (12), where
the factor Hzp includes two new zeroes τz1 and τz2 and the two
poles τ1 and τ2 from (11). Interestingly, it is found that for the
typical parameters of InGaAs and InGaAsN lasers, τz1 and τz2

nearly cancel out with τ1 and τ2, thereby yielding Hzp → 1 and
a response that only depends on fr , γ, and τc

Hopt(f) = Hzp ·
dP0/dSo |f→0

(1 + j2πfτc)(f2
r − f2 + jfγ)

. (12)

The simulated optical frequency responses obtained using the
full model with and without parasitics are plotted in Fig. 4 and
are also compared with FR calculated from electrical modula-
tion. Notice that the parasitics affect γ but not fr . The former
increasing with parasitics as is plotted in the inset of Fig. 4.
This contrast with the electrical modulation frequency responses
where γ and fr are masked by the additional poles arising from
the parasitics, as predicted by (11). These results conclusively
show that parasitics must be taken into account when perform-
ing the fit of FR to obtain meaningful gain compression factor
ε and differential gain parameters a, ap [33].

Based on the findings of the model, we focus the analysis on
the behavior of fr versus P0 obtained from the optical FR of
InGaAsN, as it directly reflects the laser intrinsic dynamics, as
discussed in Section IV-B.

III. DESCRIPTION OF EXPERIMENTS

A. Laser Diode Characteristics

The FR measurements were carried out in identical laser
diodes that only differ in the presence of nitrogen in the QW. The
devices, were grown by MOCVD and feature a In0.4Ga0.6As
or In0.4Ga0.6As0.995N0.005 single quantum well of Lz = 60 Å
which is surrounded by two tensile strain GaAs0.85P 0.15 bar-
riers with 100 Å GaAs spacers in between. This structure is
embedded into a 3000 Å GaAs separate confinement region
(SCH) surrounded by the p+ and n+ AlGaAs claddings which
form the laser diode [14]. The respective peak emissions of the
In0.4Ga0.6 As and In0.4Ga0.6 As 0.995N0.005 single quantum
wells are 1.21 and 1.29 µm at 20 ◦C.

The InGaAs and InGaAsN devices used for frequency
response above threshold are RWG devices, with a 2.5-µm
strip width1 and 500-µm length. Similar BA InGaAs (In-
GaAsN) lasers with 100-µm-width stripe by 750-µm (1
mm) length and Jth = 125 A/cm2 (256 A/cm2) were used
to obtain the frequency response below threshold. Typical
threshold currents are 6 and 96 mA for the InGaAs RWG
and BA structures, and 13 and 256 mA for the dilute nitride
counterparts, respectively.

B. Below Threshold FR Measurements

In these experiments the BA lasers are driven by an RF probe
of very high output impedance rp >> rd [39] that is connected
to the output port of an Agilent 8753 network analyzer (VNA).
We identified two measurement regimes depending upon the
current, and modified the setup accordingly. At low currents,
where Joule heating is not significant, the VNA combined the
frequency swept sine wave with the DC bias current. The laser
output was measured by an avalanche photodiode (APD) whose
output signal was connected to an amplifier and then returned to
the VNA input port. In the high current regime, for bias currents
exceeding 30 A/cm2, the frequency response was measured un-
der pulse conditions in order to reduce the active area Joule
heating, thus assuring that all measurements were performed at
a constant active area temperature (T = 20 ◦C). The frequency
of the sine wave for both setups was swept from 0.1 MHz to
up to 1 GHz, at an amplitude level that produced a modulation
index of 5% or less in the laser current.

C. Above Threshold FR Measurements

In these experiments, we used both electrical and optical mod-
ulation. The electrical modulation technique, the same as dis-
cussed above, yielded FR traces that were very strongly affected
by additional poles, as predicted by the model of Section II-B.

1The stripe width was obtained from the near field pattern of the RWG lasers
above threshold.
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Fig. 5. (a) Below threshold frequency responses of InGaAs and InGaAsN laser
diodes at J = 0.4 A/cm2 and J = 70 A/cm2. The solid lines are a fit with (7).
(b) Variation of the dominant pole τ with bias up to threshold. The shaded area
separates the regions where the lifetime is dominated by parasitics (left) and by
the carrier recombination lifetime (right).

For the optical modulation we used a method developed in our
lab [18] whereby a small signal perturbation is produced by
short optical pulses impinging through one of the facets into
the laser active area. The laser response was collected by a de-
tector and measured with a spectrum analyzer, as previously
described [18]. A Ti-Sapphire laser (λ = 795 nm) was utilized
as the optical excitation source. After being stretched to 0.5 ps
and attenuated to 20 mW, the Ti-Sapphire pulses were focused
on the back facet of the laser diode by a lens attached to an
X–Y –Z positioner. Small signal conditions were ensured by
reducing the intensity of the optical signal to a level where the
laser diode output and the peak wavelength shifted less than 5%
and 1 Å, respectively.

The RWG test lasers were dc biased. They were mounted
on a baseplate whose temperature was adjusted to maintain
constant the active area temperature, which was set to 21 ◦C.
The condition of constant active area temperature was achieved
by reducing the baseplate temperature, at a rate of 3.06 ◦C/mA,
to ensure the emission wavelength remained at 1.29 µm. The
frequency span of the measurements was determined by setting
the spectrum analyzer to a 70-MHz–10-GHz sweep range, with
an intermediate frequency of 30 kHz.

TABLE II
RECOMBINATION COEFFICIENTS FOR InGaAs AND InGaAsN RETRIEVED

FROM THE FIT OF τw (J)

IV. RESULTS AND DISCUSSION

A. Subthreshold Frequency Responses

Fig. 5(a) shows the frequency response traces obtained in
InGaAs and InGaAsN laser structures at bias current densities of
0.4 A/cm2 and 70 A/cm2. These traces are representative of the
behavior observed at all biases. The single dominant pole 1/2πτ
was extracted by minimum squares fit of the experimental traces
with (7).

Fig. 5(b) plots τ versus the bias current density J for both
lasers. Two different features are observed: 1) τ is smaller in
the InGaAsN than in InGaAs lasers, and 2) after looking like it
may saturate at around 10 A/cm2, the lifetime then continues to
increase as the bias is reduced further. The former observation is
very important as it suggests that the carrier recombination rate
is increased in the dilute nitride lasers, while the latter indicates
that τ is affected by the device parasitics below 7–10 A/cm2.
Below this current range, rd · Cj is much larger than τw and
masks τw in the InGaAs and InGaAsN laser diodes. A similar
behavior is evidenced from impedance measurements.

To obtain the dependence of τw on carrier density and ex-
tract from it the recombination parameters, A, B and C we
simultaneously fitted τ and current J(Nw ) using (13) and (14),
respectively:

1
τw

=
dR(Nw )

dNw
= A + 2BNw + 3CN2

w (13)

I = 1/Q
[
Γq

(
ANw + BN2

w + CN3
w

)
+

(
AsNs + BsN

2
s + CsN

3
s

)]
. (14)

The values of the bias independent ηinj and hence Q and R
are given in Table I for InGaAs and InGaAsN. The fit allowed
extraction of A with an uncertainty of 5–10%, and of C with a
40%–60% error. The fit was not sensitive to B, mainly because
after removing the region dominated by the parasitics there was
only a decade left in current to extract B from τ(J). The values
of A,B, and C retrieved from the fit are summarized in Table II.
Notice the almost four time increase in A with a 0.5% addition
of nitrogen in the well.

A plot of τ versus Nw in Fig. 6 distinctively shows the
contribution of A, evidenced by the plateau of τw (Nw ) in
InGaAs for Nw = (2 − 4) × 1017 cm−3 and in InGaAsN for
Nw = (1 − 5) · 1017 cm−3. Beyond these ranges and up to
threshold the reduction of τw is due to the contribution of the
term 1/CN2.

The significant contribution of A to the differential lifetime
reflects on the diode’s current density which is found to be
dominated by the A·Nw term in (14) even at threshold in
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Fig. 6. τw versus Nw for InGaAs and InGaAsN lasers extracted from the
behavior τ − J of Fig. 5(b). The solid lines correspond to the fit with (13) and
A, B, and C given in Table II.

Fig. 7. Frequency responses of RWG InGaAs and InGaAsN lasers, for P0 =
0.76 mW and P0 = 2.3 mW, obtained with electrical (dotted lines) and optical
(solid lines) modulation.

InGaAsN lasers [37]. Similarly, A·Nw also plays an important
role in the recombination current of InGaAs. This may be a
result of higher defect incorporation in the InGaAs active layer,
which is grown at low temperature (530 ◦C). These results
are in very good agreement with recent theoretical predictions
that assess the impact of nitrogen on carrier recombination on
InGaAsN lasers [25].

B. Frequency Response Above Threshold

The frequency responses above threshold measured on In-
GaAs and InGaAsN RWG lasers for optical modulation are
shown in Fig. 7 for P0 = 0.76 mW and P0 = 2.3 mW. The
traces at P0 = 2.3 mW are compared with those obtained by
electrical modulation, under the same experimental conditions.
Notice in the electrical modulation traces the presence of an
extra pole associated with a time constant of 170 ps (30 ps) for
the InGaAs (InGaAsN) lasers that has nothing to do with the
transport pole τc in (12), as it does not appear in the optical
modulation traces, but rather it corresponds to either τ1 or τ2

in (11). Interestingly, the absence of these poles in the optical
modulation traces in a 10 GHz bandwidth, as observed from
Fig. 7, indicates that the influence of the transport pole 1/2 πτc

Fig. 8. Square of the resonance frequency, f2
r , and damping γ , versus emitted

power P0 for RWG InGaAs and InGaAsN lasers.

is less than 1 dB in the 10 GHz thus τc < 8 ps. We conclude
that, τc does not impose a limit in the bandwidth of the RWG
InGaAs and InGaAsN lasers.

The modulation traces of Fig. 7 also show that at opti-
cal powers corresponding to moderate biases above thresh-
old, the single-well InGaAsN lasers reach f3 dB ≈ 6 GHz
(P0 = 2.5 mW). These results suggest that by adding a second
well, thereby enhancing a = dg/dNw , the 1.3-µm InGaAsN
RWG lasers can extend their bandwidth beyond the OC-48 tele-
com standard [21], [22], [24].

The modulation bandwidth of the InGaAsN is mainly con-
trolled by fr and γ. Fig. 8 shows the f2

r and γ versus P0 behav-
ior retrieved from the fit of optical modulation traces. There is a
sublinear dependence of f2

r with P0 (P0 = 0 − 3 mW). Notice
also the smaller f2

r − P0 slope in the InGaAsN with respect
to InGaAs lasers. The reduction of ∼2 in the f2

r − P0 slope
near threshold in InGaAsN compared to InGaAs coincides with
values obtained from recent relative intensity noise measure-
ments (RIN) in similar structures [23]. Taking into account, as
shown in Section II-B, that fr is not affected by the parasitics,
we fitted f2

r versus P0 using the solution of the model repre-
sented by (6) and leaving a and R as variables. The results of
the fit, shown by the traces in Figs. 7 and 8, required the effec-
tive differential gain a/(1 + R) to vary as shown in Fig. 9. At
threshold, the fit yielded values of a/(1 + R) = 1.7 ·
10−15 cm−2 and 0.85 · 10−15 cm−2 in the RWG InGaAs and In-
GaAsN lasers respectively. The sublinear behavior of f2

r − P0

may arise from partial heating in the active area at the higher
values of P0, or due to quasi-Fermi levels depining [40] that
impacts on both R and a.

The analysis of the variation of γ versus Po is not as di-
rect as that of fr as γ significantly depends on parasitics, as
demonstrated in Section II-B and shown in the inset of Fig. 4.
We conclude from the data of Fig. 8 that the insensitivity of γ
versus P0 to the change in the nitrogen content is due to the
contribution of parasitics. In spite of this, one can use the data
of Fig. 8 to obtain an upper bound for ap , from the slope of the
γ - P0 trace, considering that the corresponding parasitic-free
γ − P0 slope would be smaller as predicted by the model. In
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Fig. 9. Plot of the effective differential gain dg/dNw /(1 + τcap/τesc) ob-
tained from the fit of f2

r − P0 with the solution of the model for InGaAs and
InGaAsN RWG lasers. The near threshold values of the effective differential
gain are found as 1.7 · 10−15 cm−2 and 0.85 · 10−15 cm−2, respectively.

this case, and for the values of a/(1 + R) of Fig. 9, we find
|ap | < 10−13 cm2 in both laser structures.

V. CONCLUSION

We have developed a complete model of the frequency re-
sponse of dilute nitride lasers based on a rate equation analysis
that incorporates electrical and device parasitics. The solution
of the model is used to analyze the below and above threshold
frequency responses of InGaAsN lasers with different nitrogen
content in the well. The model provides insight on the signifi-
cant contribution of the parasitics to the carrier lifetime obtained
from the below threshold responses at different biases, and to the
frequency bandwidth of the lasers. The below threshold analysis
revealed the increased contribution of monomolecular recombi-
nation in shaping the carrier recombination of InGaAsN lasers
even at biases near threshold. From the above threshold analy-
sis we have determined the single-well InGaAsN lasers reach
−3 dB bandwidths of ∼6 GHz at moderate powers. Further-
more, we showed that the bandwidth is mainly controlled by the
resonance frequency and damping, the latter being significantly
influenced by parasitics. Using the model we explained the re-
duction in the bandwidth with nitrogen content in the well is
likely to arise mainly from the combined effect of a reduction
in the differential gain or an increase in the effective capture
R = τcap/τesc. The apparent insensitivity of the damping to ni-
trogen was ascertained to the more significant contribution of
the parasitics.
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