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ABSTRACT OF DISSERTATION 

Carrier dynamics and gain in 1.3^m InGaAsN/GaAsP/GaAs laser diodes

This dissertation investigates the impact of nitrogen incorporation on the intrinsic 

processes that affects the threshold current and frequency response o f 1.3pm 

InGaAsN/GaAsP/GaAs single quantum well (SQW) lasers. This study is accomplished 

through the analysis of the below threshold carrier lifetime and material gain and the 

frequency response above threshold in two identical laser structures that only differ in the 

incorporation of nitrogen. The above and below threshold frequency responses results are 

analyzed with a complete rate equation model o f the laser diode that contains intrinsic 

material processes as well as external parasitics associated with the diode device.

The below threshold analysis coupled with the gain results provide the framework to 

understand the behavior of the threshold current in the 10-80°C temperature range in the 

nitrogen-containing structures in relation to that o f the nitrogen free counterparts. This 

study was instrumental to find a three times increase in the monomolecular 

recombination and Cw parameter, and a -30%  decrease in the effective threshold 

differential gain in dilute nitride materials due to nitrogen incorporation. It was found that 

their combined effects could account for the majority of the increase in the threshold 

current and the decrease in the effective temperature T0 in dilute nitride lasers.

The study above threshold was motivated by the need to understand the potential of 

the dilute nitride laser for direct high speed modulation. In these studies the frequency 

response of the laser diode is obtained using selective femtosecond optical injection. As 

an innovation to the setup, we implemented this technique with pulse bias in order to
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prevent device damage and to reach 80°C in the active area. We show that single 

quantum well InGaAsN lasers reach -3dB bandwidths of 8.5GHz at 10°C, and their 

bandwidth reduces by 40% at 80°C. We analyze the modulation responses to extract the 

resonance frequency and damping. We utilize the rate equation model that incorporates 

carrier transport and electrical parasitics to show for the first time that the damping is 

affected by parasitics even under optical modulation. Further, the model permits to study 

the threshold effective differential gain of the devices. Within the uncertainties of the 

analysis, it is found that the effective differential gain shows a decrease with nitrogen 

incorporation similar to that observed from the analysis below threshold and furthermore, 

an identical temperature behavior. The results of this work are exploited to provide 

guidelines into the design of optimized laser structures with temperature insensitive 

threshold currents and bandwidths exceeding 10GHz, outperforming the existing 1.3 pm 

InP-based technology.

Ovidio H. Anton
Department of Electrical and Computer Engineering 
Colorado State University 
Fort Collins, CO 80523 
Summer 2006
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Chapter 1 

Basics in the understanding of quantum well 1.3 pm laser diodes

This chapter describes the physics o f gain and carrier dynamics that define 

temperature and speed performance of mid-infrared quantum well telecom lasers. This is 

accomplished by studying the laser active area with the typical carrier-photon reservoir 

model. By solving the corresponding rate equations for this model, the characteristic 

temperature To and the laser frequency bandwidth are calculated as a function of the 

physical laser parameters.
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1. Introduction

1.3 um laser diodes are the subject of constant research and development as they are 

key components of optical fiber communication links, such as metropolitan area networks 

(MAN). The performance metric that is expected from a laser diode-based transmitter for 

communications comprises: high speed and high temperature operation. Distributed 

feedback (DFB) AlInGaAs/InP quantum well lasers are used nowadays for this type of 

applications [1], but the high cost and availability of the packaged devices are the factor 

that limit their scope of use. Vertical integration is another attractive alternative that 

makes possible optical interconnects. Unfortunately InP-based technology cannot 

produce efficient distributed Bragg reflectors (DBR) for vertical cavity surface emitting 

lasers (VCSELs) and wafer bonding to GaAs has to be used, dramatically increasing the 

cost [2].

The optimum solution for a 1.3 pm transmitter is to implement it with a single diode 

laser that can be directly grown on substrate technology that permits reliable and cheap 

vertical integration and supports high speed electronics. Gallium arsenide, GaAs, is the 

only material that is suitable for this purpose. Volume production of 1.3pm GaAs-based 

laser diodes would produce a dramatic impact in telecomm by enabling the full 

deployment of more than 10’s Gb/s fiber optic links down to the final user and lowering 

the cost for optical interconnects [3],

Devices that nearly meet speed and temperature specifications are made o f InGaAs 

quantum well (QW) structures. Bandwidths o f 30-40GHz have been demonstrated in 

InGaAs QW lasers [4-7]. In addition, temperature insensitive InGaAs QW lasers have 

been demonstrated [5, 8]. This technology has enabled VCSEL fabrication and
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integration with GaAs high speed mature technology [3, 9]. In spite of these desirable 

features, the emission wavelength of InGaAs/GaAs-QW lasers is restricted to reach as 

long as A=1200nm. This ultimate wavelength is obtained by adding 35 % Indium to the 

GaAs, which produces a maximum compressive strain in a typical 60-80A dislocation- 

free film grown on GaAs [10, 11]. The attractive performance characteristics o f InGaAs 

motivated researchers to look for non-conventional ways to increase the emission 

wavelength to 1.3pm.

Suggested in 1992 to red-shift the emission of GaAs [12], the dilution of nitrogen in 

InGaAs made possible to realize emission in InGaAs quantum well beyond 1200nm and 

produce the first InGaAsN laser (referred to as ‘dilute nitride’) by Kondow in 1996 

[13, 14]. Since its invention there has been a great deal of research on the understanding 

of the physics of dilute nitride materials [15-20] and their improvements as devices 

[21-28],

Other avenues have also been explored to realize emission wavelengths on InGaAs in 

the 1.3-1.5pm range. For example, the dilution of antimony produced a red-shift in the 

GaAs emission when used in combination with diluted nitrides for A,—>1.5 pm [29], 

Emission in the 1.3pm region can also be achieved through the growth of InAs clusters 

on InGaAs or GaAs [30]. This growth process has given rise to the development of zero 

dimensional confinement quantum dots (QD) laser structures. Laser devices have already 

been fabricated out of this material [31-34], In spite of much effort devoted to realize 

GaAs-based laser materials, their devices have not yet reached the performance 

characteristics of the InGaAs QW lasers.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.1. InGaAsN compounds for quantum well mid-infrared lasers

The methodology to select the emission wavelength in III-V semiconductors consists 

of choosing binary or ternary materials which when mixed provide the desired bandgap 

wavelength and lattice constant to facilitate growth of epilayers on a suitable substrate. 

This is accomplished by using the III-V compounds roadmap o f Figure 1.1 in which 

different III-V compounds are evaluated in terms of their bandgap energy versus their 

lattice constant. The most common substrates utilized in high speed lasers and electronics 

are gallium arsenide (GaAs) and indium phosphide (InP). However, GaAs is the most 

mature and cheaper technology for optoelectonics applications. For example, GaAs 

technology enables the development of inexpensive, fast and reliable 850nm VCSEL 

based optical interconnects [3].

The open circle in Figure 1.1 demarks the maximum possible wavelength reached by 

InGaAs grown on GaAs under maximum compressively strain. For comparison, the 

dotted circle identifies the InP-based material for k=1.3pm lasers. The filled circle 

indicates InGaAsN grown on GaAs substrates.

Contrary to what was expected, alloying of gallium nitride, GaN, with a bandgap of 

~3.4eV and GaAs produced a red instead of a blue-shift in the photo luminescence (PL) 

[12], The same effect was observed in InGaAsN compounds. This phenomenon has been 

explained by a repulsion of the InGaAs conduction band states with a resonant nitrogen 

level that induces a reduction of about lOOmeV per percent of nitrogen incorporation, 

when below 3% [15]. This repulsion produces in turn a significant increase in the 

electron effective mass, m*e [35, 36].
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Figure 1.1.- III-V semiconductor compound roadmap.

Besides the electronic changes, the addition of nitrogen reduces the lattice constant in 

InGaAsN material, thereby compensating the effect of Indium and thus relaxing the 

compressive strain characteristic o f the InGaAs alloy. However, there is no complete 

freedom in the addition o f nitrogen to a III-V compound. The strategy to get the best 

InGaAs material resides in using the highest amount of In and least (~1%) nitrogen, this 

differs from early work were the nitrogen content was 2-3% [13, 23, 37, 38]. This 

approach maximizes elastic strain, thus quantum well lasers made out of these materials 

contain generally one quantum well or at most three if suitable strain compensating layers 

are used.

5
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1.2. The physics of laser diodes

This section provides the formalism to understand the static and dynamic behavior of 

laser diodes. Furthermore, it provides the framework to the models that were developed 

in this dissertation and that are used to analyze the results of the carrier lifetime, gain and 

above threshold behavior o f the 1.3 pm InGaAsN laser diodes

1.2.1. Behavior below threshold

The behavior of an ideal quantum well laser diode below threshold is customarily 

explained using a reservoir model schematically shown for a single quantum well (SQW) 

heterostructure in Figure 1.2. The optical mode is laterally contained by the separate 

confinement heterostructure (SCH) region and longitudinally by the two-mirror Fabry- 

Perot cavity. Optical gain, G, is produced in the cavity by the stimulated processes taking 

place in the SQW as depicted in the figure. The confined optical mode experiences 

optical mirror and waveguide losses, am and a,, and optical modal gain G [39],

G = r - g

Based on Figure 1.2, the laser diode can be envisioned as a reservoir where carriers 

are injected and converted through the process of spontaneous and stimulated 

recombination into photons, thereby filling up a photon reservoir. In this model the 

carrier and photon densities as well as the current density injected into the laser are 

represented by fluxes into and out of the carrier and photon reservoirs [40, 41].
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Figure 1.2.- Reservoir model of a single quantum well heterostructure laser. The 
injection efficiency, the carrier capture, escape and recombination 

mechanisms define the threshold current.

In Figure 1.2, three reservoirs are defined: the carrier density reservoir in the bulk 

separate confinement hetero structure (SCH) Ns, that in the quantum well (QW) Nw and 

the photon density in the optical mode Np. In this ideal laser the interaction between 

carriers and photons is expressed by the rate equations given in (1.1).

dN s  
dt 

dN„

/J L
qV

N.

N. N.  N„

'  c a p -d c '  s - d c

N..

- r

dt t  rcap q

dN.

dt
■N,.

' q w -d c

N .
' e sc -d c

■ + Tv g/V

- v eg N ( ( 1. 1)

'  q w -d c
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In relation to Figure 1.2, q-Rw and q-Rs are the recombination currents per unit volume 

in the SCH and QW, which are expressed in equations (1.1) in terms of the carrier 

lifetimes tw_* and zs-dc, as N Jxw.dc and Nslzs.dc, respectively. The carrier capture/escape 

processes that connect the QW and SCH reservoirs are depicted by their time constants 

Tcap-dc and tesc-dc, respectively. The -dc subscript denotes large-signal parameters. The 

stimulated process couples Np and Nw through the material peak gain g, as shown in 

(1.10) second and third rows. rp is the photon lifetime. V, q, /"and Fq are the active area 

volume, electron charge, optical mode confinement factor and the ratio o f QW and SCH 

volumes respectively.

As shown in Figure 1.2, the bias current I  is injected into the active area with a 

current injection efficiency rj. rj accounts for the current leakage in the heterobarrier and 

in the laser structure external to the active area, and thus expresses the ratio o f the laser 

active region current Is+Iw to the total device current I  [42]. These currents are given by 

q( \ -Fq)V-Rs and qFqF-Rw, where (1 ~rq)W and FqV  are the volumes in the SCH and QW, 

respectively. /  can contribute to a significant part of Iti, in 1.3pm lasers [43], and we 

considered it in detail in Chapter 2. For the following conceptual analysis, though, we 

assume Is=Rs=0.

Rw is customarily expressed in terms of the QW carrier lifetime rw.dc [44] as:

K (  A U  = —  = A N w + B N l + C N l (1-2)
^ w -d c

The recombination parameters Aw, Bw and Cw in an ideal QW laser are associated with 

monomolecular, bimolecular and Auger recombination as done in bulk laser diode 

materials [44]. Rs is expressed in similar fashion, though we leave its analysis for Chapter

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2. Tw.dc is habitually measured by photoluminescence measurements in laser materials at 

different optical injection intensities [39, 45]. In laser diodes, however, it is customarily 

to measure the turn-on time and the small signal frequency response. The latter, as the 

main tool in this thesis, permits to very accurately determine the laser time constants and 

recombination parameters at different laser biases [46]. Frequency response 

measurements allow to obtain the differential carrier lifetime rw, which plays a 

fundamental role in relating Nw to Rw and to the bias current, as explained below. t w is 

defined as follows,

The study of rw can be performed from the model shown in equation (1.1) by 

introducing a small signal perturbation i to the current I. Following, the small signal 

representation of equations (1.1) is achieved through a first-order Taylor series 

expansion, described in detail in Chapter 2. The small signal variables ns, nw and np are 

perturbations to Ns, Nw and Np and arise as a result of the current modulation i(t). 

Equations (1.4) through (1.6) describe the small signal model in terms o f the small signal 

parameters.

1 dR (1.3)

z dN
XV 'w

n s = (1.4)

n n. n
»«■ = w XV

r t p
(1.5)

( 1.6)
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The small signal lifetimes are indicated as t w , ts , r cap and Tesc, whose relationship with 

their respective -d c  subscript parameters will be provided in Chapter 2. The differential 

carrier lifetime rw is the variable that permits to obtain the Arw -  I  relationship from the 

experimental small signal frequency response. Therefore, the knowledge of t w allows the 

study of dominant carrier recombination processes intrinsic to the well (1.4-1.6) [46].

The small signal frequency response shown in (1.7) is obtained from the Fourier 

transform of (1.4) through (1.6). Its poles, 1/r, 1/r/ and \ / t p  are given by the eigenvalues 

of the small signal model. The pole 1/r is directly related to l/rw through the ratio 

Raccap!tesc■ In a typical quantum well laser diode, r  is one to two order of magnitude 

larger than i/ and tp thus yielding a frequency response Hsp(f) with a single dominant 

pole 1/r. A s an example, when setting Rac=0, the model solution retrieves t/ and t p  that 

are much smaller than r, and at the same time r = t w . Therefore, the fit o f the 

experimental frequency response traces permits to obtain r  that retrieves tw.

The model simulations for r  in (1.7) are performed assuming Aw, Bw and Cw in 1.3pm 

laser parameters given in Table 1.1 for T = \0°C.

In a similar fashion, and by assuming IS=RS=0, we obtain the device current I  as:

(1 + j2n fT )(\ + jlrrfTx )(1 + j2 n fz p ) (1.7)

(1.8)

10
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The results of the simulation at T=10°C retrieve the time constant t  versus device 

current /  at room temperature are shown in Figure 1.3. Therefore, a good approximation 

for the laser’s 3dB bandwidth is given by l/2m . Notice how x decreases with bias, which 

indicates larger recombination rates at higher carrier densities. On the other hand and 

ruled by the monomolecular recombination, x reaches a top value in the limit /—>0, which 

corresponds to MAW as shown in Figure 1.3.

InGaAsN 
T = 10°C

wc

c
CO-t—'
w
c
oo
CD
E
i-

0 .6 -

0 .4 -

0 .2 -

0.0
1000400 600 8002000

Device current, /, mA

Figure 1.3.- Calculated time constant r versus device current /  at room temperature. 
The laser 3dB bandwidth at each bias current is given by Jmb ~1/2jix(/).

By introducing the parameter changes with temperature, we were able to repeat the 

previous calculations but as a function o f the temperature, as described next.
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1.2.1.1. The threshold condition

The threshold condition occurs when the optical gain produced by the stimulated 

recombination o f the carriers in the SQW [47] equals the total losses as shown in 

expression (1.9).

In this expression Gth is the modal peak gain at threshold, L and R are the laser length 

and mirror reflectivity, respectively. Gth is extracted from (1.9) and is related to N th by the 

following analysis.

The modal gain, G(NW,X), is related to material’s gain g(Nw,X) by (1.10) through the 

optical confinement factor F, given by the overlap of the QW dimension to the transverse 

optical field distribution [39].

In the modeling o f laser diodes, equation (1.10) is represented in terms of peak 

values, symbolized here by capital letters. It is customarily to represent, and most 

experiments confirm this in quantum well lasers, the modal peak gain in terms of a 

logarithmic dependence with Nw. The functional dependence o f the peak modal gain G on 

Nw is generally expressed as in (1.11) in which A> and Go are the transparency carrier 

density and the gain parameter respectively [39, 47], Observe that in (1.11) G(Ntr)=0.

(1.9)

G ( A, N J  = r-g(A,Nw) (1.10)

12
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G (N w) = G0- In

Figure 1.4 shows how I, Nw and G are related at three different temperatures. From 

this relationship and assuming that the total losses do not change with temperature, the 

threshold current is obtained at different temperatures. For simplicity we assumed Rs=0 

and //=0.77. Nevertheless, Chapter 2 assumes all the exact values of rj and Rs the latter 

temperature and carrier density dependent [48].

The quantum well recombination parameters are shown on Table 1.1. The parameter 

Aw is adopted from our experimental work in identical laser structures [49], whereas Bw is 

obtained from the theoretical calculations performed by Tomic et al. in InGaAsN QW 

lasers [50]. Both Aw and Bw were assumed temperature invariant, which is accurate 

assumption, as observed in 1.3pm lasers by Pikal from 10-60°C [51]. The Cw parameter 

was adopted from InGaAs multiple quantum well lasers at room temperature [39], which 

followed an exponential dependence with a characteristic temperature Tc -  40K, in 

similar fashion to experimental findings in 1.3pm QW lasers [51]. Observe the dramatic 

increase on Cw in -6  times from TWO to 80°C, which will impact on the threshold 

current and To. The rest of the laser diode parameters are shown on Table 1.2.

The threshold current analysis assumes that the total losses are temperature 

insensitive, hence imposing a threshold gain Gth that is common for the three traces in 

Figure 1.4 at 7W 0, 40 and 80°C. The temperature changes in the gain are reflected by a 

reduction in Go and an increase in Ntr in Table 1.1 which were calculated by Tomic and 

O’Reilly in 1.3pm InGaAsN QW lasers [52], In this case, equation (1.11) yields N th that 

increases from -2.2-1018 cm'3 (10°C) to 3.2-1018 cm'3 (80°C), as shown in Figure 1.3 (a),

13
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which impact on I th in a fashion shown in Fig. 1.3 (b). The Nw - I  relationship was 

obtained from (1.8).

T

Aw

ioV 1

Bw

io- 'W V 1

c w

10-30c m V

Go

cm'1

N tr

1018cm'3
10°C 7.7 1.2 3.88 61.1 1.42
40°C 7.7 1.2 8.21 64.1 1.66
80°C 7.7 1.2 22.3 62.8 1.99

Table 1.1. -  Simulation parameters used in the differential carrier simulations.
Parameters are adopted in 1.3pm lasers from refs. [39, 50, 51, 53].

Notice that the simulated traces in Figure 1.4 indicate that increase in a supra- 

linear fashion with temperature. After simulations performed in the continuous 

temperature range we found a near exponential behavior o f /  - Nw that is typical of laser 

diodes [54], Figure 1.5 shows the calculated To versus T  obtained from the simulation of 

the results from Figure 1.4.

This behavior is commonly described by the empirical expression in (1.12), where To 

is the characteristic temperature o f the laser diode.

I * = w n  (1-12)

The traces in Figure 1.5 are fitted with the exponential empirical formula given in

(1.12) [55] from which the characteristic temperature To is obtained as the inverse o f the 

ln(Ith) /  T  slope. We obtain 7V-400K which is mid-high value in of 1.3pm QW lasers 

[51].

14
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Figure 1.4.- Typical temperature dependent I  - Nw and Nw -G relationships. Notice how 
the threshold current increases by the combined changes in the gain and material’s 
recombination parameters in (a) and (b) respectively.

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



However, a desirable laser would feature To —►<» and would be depicted by a 

horizontal line Ith -  T  in Figure 1.5, namely a temperature independent device 

performance. This particular case would require to have each parameter, i.e. A w, Bw, C w, 

Go, N tr and rj insensitive to temperature. Or else, to have their effects to cancel each other.

300 -i

^  250 ■

200  -

T3
O

-C
CO
<1>

T = 1 0 0 K

100
10 20 30 40 50 60 70 80

Temperature, T, °C

Figure 1.5.- Calculated threshold current Ith versus T  following the parameters of Table 
1.1 and simulations in Figure 1.5. A horizontal trace would represent a 

T-insensitive case in which To —>oo.

As it is of interest in laser diodes to find among the described laser parameter the one 

that has the larger effect into To, the theoretical study that follows the above introduction 

is carried out in Chapter 2. In fact, Chapter 2 carries out this analysis in full detail to 

study the separate impact of A w, BW,C W, Go, Ntr, Rdc or Is on To, which provides the tools 

necessary for the experimental differential carrier lifetime analysis in Chapter 4.
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1.2.2. The high speed behavior of laser diodes above threshold

A performance parameter that is critical for direct modulation communication lasers 

is the modulation speed. The high speed potential of communication lasers is generally 

assessed from the analysis of above threshold frequency response. [56-62],

Similarly to the sub-threshold analysis, the frequency response for an ideal laser 

above threshold can be obtained from the solution of the rate equation model as shown by

(1.13). Differently than in the subthreshold analysis, the gain clamps at threshold in an 

ideal laser to its value gth, and the stimulated emission term is not negligible.

A W = 2 L i(()_ 3 _ _ A + ^ r
d t  q V  Tcap r sch r esc q

1 w _ i W . Via^ ^ ) . V A W f j I , , (() ( 1 , 3 )
U l cap q T qw 1  T p  T  esc

drip ̂  = r vgaNpo K  (0  + r vgapN po np (0p'
dt

In (1.13) the bias point is defined by Npo that is the optical mode photon density, 

proportional to the laser emitted power Po. The Np0 - Po relationship is shown in (1.14) 

where hv is the emission photon energy.

N p o  — , -̂ 0 (1-14)
vgVamhv

In this model, the first derivative of the threshold gain gth necessary for the first order 

Taylor expansion is written in terms of the differential gain parameters a and ap as in 

(1.15).

17
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dg = a -Nw + ap-NP0 A J)

The differential gain parameters a and ap are described by equations (1.16) and

(1.17), respectively, a and ap are both affected by the gain compression factor s that is 

extensively associated in the literature with carrier heating, and spectral and spatial hole 

burning, and is responsible for the differential gain reduction at biases well above 

threshold [47, 59, 63, 64], s was previously derived from the equations o f energy transfer 

in semiconductor lasers operating above threshold [65] and is zero in an ideal laser. As it 

is shown below, s produces an increase in the damping factor described below.

a =
8 g /d N K 

1 + s - N
(1.16)

PO

g'g»,
p l + s - N

(1.17)
PO

In order to obtain the laser frequency response, the three rate equation model is 

transformed into the frequency domain, with jco as the imaginary frequency, as shown by

(1.18) and the laser frequency response is obtained as the transfer np(co) versus i(co) 

solving by Cramer’s rule [66].

1 1
 + -----+ jo)
T Tcap sch

t rcap q

f  1 1 • ^+ -----+ v a N po + JCO
T Tqw esc J

T T  + y *a’ N "

-T w a  A + jco

nschi®)
n^ico) 
np(co)

I k .
qV

i (o )

0
0

(1.18)
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The transfer function above threshold for a 3-rate equation system is shown by 

expression (1.19), where co=2irf.

(1 + 7 tc X / 2 -  f 2 + j f y )
(1.19)

Equation (1.19) represents the frequency response in an ideal QW laser diode as a 

damped resonant behavior of frequency f r and damping y, followed by a real pole 1 /2 7 i t c 

that arises from the transport processes in the SCH [39, 67]. This resonant behavior arises 

from the stimulated photon-carrier process above threshold, which does not occur below 

threshold.

Further analysis of (1.18) relates f r, y and xc to the laser parameters and bias point. It is 

found from the analytical solution o f the model that when xcap-^0  rc—>0 in expression

(1.19). This condition is experimentally equivalent of having \l2m :^» fr, as was 

experimentally found in InAsP/InGaAsP/InP multiple quantum well (MQW) lasers [39] 

and is also verified in the lasers studied in this dissertation [68].

As first mentioned by Olshansky et al. [69], the laser’s frequency bandwidth in (1.19) 

can be expressed as f 3dB-k =2n/K when f r—*<x>.f3dB-k is the A-limited bandwidth where K  

is defined in (1.20).

Smaller K  values are desired for large bandwidth fsdB-k■ K  increases with s and Rac, 

and can be approximated as in (1.21) for the limit xcup « l / / , [ 3 9 ] .

(1.20)

19
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Ya . .
1+ — (i + J Oa

= An r , i+r- g,hs{\ + s N P 0) 

d g / d N ^  + R j
(1.21)

In order to study the laser bandwidth it is necessary to know the dependence of the 

resonance and damping with bias. As observed in (1.20), it is desirable to have/- as large 

as possible. The solution of eigenvalues in (1.19) permits to obtain f 2 in the realistic limit 

leap K< as shown in (1.22).

f 2 „  vi a -N Po = vg'd g /d N w N P0
^ 2T p ( l  +  T c a p / T eJ  4 7 T 2T p ( l  +  T c a p / T esc)  l  +  s N po

■y
Expression (1.22) shows that and therefore the laser bandwidth are affected by 

dg/dNw and (\+Rac)- In fact the combined effect of these material parameters can not be 

separated. For this reason it is convenient to define an effective differential gain aeff  as 

shown in (1.23).

a ~ a -  dg /  dNw (1-23)
£// 1 + T ca p  1 ^  CSC (1 + 7 cap 1 *  esc X1 + £ N  P O  )

The effect of the compression factor s is observed in the sublinear dependence off r2 

with Npo in (1.22). The slope of f r2 - Npo depends exclusively on the effective differential 

gain parameter a^defined  as in (1.23) when s-Npo^-Q.

The damping factor, y is found to linearly depend on Npo. The slope y - Npo is 

determined by ae/f and s, as shown in (1.22). Therefore in an ideal laser, the experimental 

determination of y -N p0 allows to obtain e by measuring aejj.
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The analysis just presented shows that in very limiting situations it is possible to 

extract parameters such as differential gain dg/dNw and ap from the measured frequency 

response. As it will be shown in Chapter 2, the situation is further complicated by the 

contributions of parasitics to the frequency responses.

Figure 1.6 shows the simulated frequency response traces (solid lines) at different 

photon densities Po=0.5 mW, 2 mW and 6 mW for a Fabry Perot edge emitting laser with 

typical parameters given on Table 1.2. Two cases were analyzed: Rac=0 (solid line) and 

Rac=0.5 (dotted line). The former depicts perfect carrier capture in the QW, whereas the 

latter is typical of a real single quantum well InGaAsN laser diode. Rac= 0.5 causes a 

reduction o f -30%  in the bandwidth.

Description Name Value

Stripe width Ls 100pm
Laser length L 500pm

QW width Lw 60A

Active area volume V 3-10'8 cm'3

Electrical confinement factor r q 0.02

Spontaneous emission factor f i 8.7-1 O'5
Optical confinement factor r 0.018

Compression factor £ 10‘17 cm3

Photon lifetime TP 4.6ps

SCH lifetime
Ts

5ns

Table 1.2. -  Typical parameters given for a Fabry-Perot cavity edge-emitting laser.
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Figure 1.6.- Frequency response traces obtained with (1.20) at biases Po=0.5 mW, 2 mW 
and 6 mW with the rest o f the parameters shown on Table 1.2 . Rac=0 corresponds to the 

solid line traces while Rac=0.5 is shown by the dotted line traces.

The resonance frequency and damping extracted from the traces of Figure 1.6 are 

plotted in Figure 1.7 versus the single facet output power Po. The sublinear dependence

■y
off r and y with Po is observed in the 40mW range, where e-Npo reaches values of -0.15 

at the maximum power. The case of X-limited bandwidth is depicted in Figure 1.8. At 

large biases (jPo=80 mW) although f r -12  GHz, due to a large A-factor, / ^  reaches only 

7.5 GHz. Instead, when K  reduces to one half f^ B  doubles to 15 GHz.

Typical experimental cases have engineered lasers with QW-SCH doping or by 

changing the QW number to achieve reduced K  [59, 67], The values used in the 

simulations were Rac =0.5 and e from Table 1.2.
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Figure 1.7.- Resonance frequency squared f r2 and damping y versus Po from the 
calculations from (1.21-1.22) with parameters o f Table 1.2.
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Figure 1.8.- Frequency response traces simulated at Po=6 mW and Pg=80 mW. Dashed 
traces lines are computed by reducing K  by one half. Notice the increase of

fsdB from 7.5 to 15GHz.
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The importance of dg/dNw, Rac and e on affecting the bandwidth of the laser diode 

was discussed so far. Temperature also affects these parameters, and consequently the 

laser resonance, damping and 3dB frequencies are thus temperature sensitive. Chapter 2 

carries out the temperature analysis of the laser bandwidth based on all the concepts 

previously defined.

1.3. Motivation: State of the art in the research of InGaAsN lasers

Long wavelength InGaAsN materials are relatively new and their behavior has been 

mainly predicted by theoretical modeling. Although there is extensive experimental work 

already performed in InGaAsN devices and aimed at improving their output 

characteristics, there is a lack of basic studies capable of unveiling the fundamental 

processes that occur at the device and at the material level due to the nitrogen 

incorporation. As an example, it is not yet known what are the physical processes that 

lead to the reduction of the characteristic temperature To. Consequently, there is not yet 

a defined guideline that would steer device and material engineering to improve To for 

example.

Dilute nitride lasers have evolved from basic heterostructures with relative high 

amount of nitrogen emitting near 1.2pm under tens of kA/cm pulsed operation [14] to a 

very low nitrogen composition tensile barriers structures with much lower current 

densities (J,/, < 3 00A/cm2) [24],

InGaAsN materials grown as QW structures with emission wavelength at 1.3pm have 

been predicted to posses many advantages over similar InP structures, such as superior 

differential gain a=dg/dNw [50], higher To [70][18-20] and higher frequency response
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[9, 71]. The large conduction band discontinuity (AEC>QA€V) between QW and SCH 

provides an unprecedented electron confinement [17-20, 72].

Figure 1.9 shows two typical InGaAs and InGaAsN structures in which the changes 

due to nitrogen in the conduction and valence bands have been highlighted. Notice that 

the predicted higher electron confinement is contrasted by the smaller hole confinement 

as nitrogen is added to the InGaAs material. This effect increases hole escape and lowers 

To by reducing rjinj, as experimentally demonstrated by Tansu et al. [73]. Hole thermionic 

escape directly impacts in the ratio Rdc as previously discussed [74]. As it will be shown 

in the next chapters, this has serious implications in the below and above threshold 

frequency response of InGaAsN laser diodes.

63-A In0 4iGa0 5-,As - GaAs 63-A In04JGa0 5,A s0 wisN(MK)62 - GaAs

276 meV 

76 meV

I
4 meV A

306 meV

953 meV

j i

282 meV -  -
451 meV

75 meV - -

hh

hh 53 meV • 

hh 115 meV*’

165 meV hh 12 meV 

hh 47 meV-
i 874 meV

i 99 meV

Figure 1.9.- Typical identical InGaAs host (a) and InGaAsN dilute nitride (b) structures, 
where the wavelength shift occurs from X = 1190nm to X = 1295nm, respectively [73].
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Nitrogen incorporation is predicted to affect carrier recombination in the material. 

Specifically, an increase in the monomolecular recombination is predicted. The work 

described in this dissertation and described in Chapter 4 is the first to univocally 

identified this effect in device structures.

These results are supported by Photoluminescence (PL) measurements directly 

performed in the material [75].

Other work modeled and studied Auger recombination in 1.3pm InGaAsN lasers [50, 

52, 54, 76], which is found to contribute to -55%  of the threshold current in 1.3pm 

InGaAsN QW lasers.

Gain measurements were also performed on 1.3pm InGaAsN lasers [77-79]. Most of 

these studies have found a more than 2 times reduction in dg/dl due to the incorporation 

of nitrogen. However, until now there are no reports that show the effect o f nitrogen 

incorporation in the differential gain dg/dNw. This is because the I-Nw relationship is not 

known in InGaAsN lasers. Contrarily to theoretical predictions [17, 20, 52, 80], recent 

experimental evidence suggests that the incorporation o f nitrogen may not alter 

significantly the gain to radiative current relationship in dilute nitride lasers, which 

suggest that dg/dNw may not be significantly affected.

Chapter 4 of this dissertation is devoted to the analysis o f gain and differential gain in 

the nitrogen containing laser structures. This analysis relies on a comprehensive laser 

model that includes electrical parasitics presented in Chapter 2.

The incorporation of the effects of carrier transport and current injection efficiency 

results to be key in the temperature study of the threshold current. Contrary to previous 

speculations about what causes To in InGaAsN lasers, the thorough analysis of Chapter 4
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permits to formulate the issue o f To in terms o f device and material separately in 

InGaAsN lasers. This in turn allows to individualize the main contributor to the reduction 

in To in InGaAsN lasers.

This work has also investigated the high frequency modulation response of InGaAsN 

laser diodes. Although 1.3 pm InGaAsN lasers were expected to surpass the 20Gb/s 

operation [71], they have occasionally reached lOGb/s at T=20°C [81, 82], The reasons 

that prevent these devices from operating at higher speeds and temperatures are still 

unclear. Theory predicts modulation bandwidths [71] in InGaAsN QW lasers larger than 

in InP-based lasers. Experiments such as frequency response and relative intensity noise 

(RIN) measurements were performed in 1.3 pm InGaAsN QW lasers and show a 

reduction in the effective differential gain of more than 50% due to the incorporation of 

nitrogen [83, 84]. These findings were linked to the interaction of nitrogen with the host 

InGaAs material [85], However, carrier transport also plays a role as shown by equation 

(1.22). Chapters 4 and 5 will show that neglecting Rdc=icap-dJtesc-dc and Rac=^cap^esc is not 

appropriate in InGaAsN lasers as it could lead to a misinterpretation of the physics of the 

material. Further, the incorporation of carrier transport is key to decouple the material 

from the device behavior with temperature. This analysis carried out in Chapter 5 will 

elucidate for the first time in InGaAsN lasers what is the effect of nitrogen in the 

temperature dependence of the device bandwidth.

1.4. Objective and scope of this dissertation

The experiments and modeling that are described in this dissertation have been 

motivated by the following questions:
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1.- What causes the reduction in To when nitrogen is added in InGaAsN lasers?

2.- Is this a material issue, such as reduction in differential gain and transparency 

carrier density?

3.- Is this a device issue, such as carrier leakage?

4.- Why does the frequency bandwidth reduces when nitrogen is added in InGaAsN 

lasers?

5.- Is it an issue of low material’s differential gain at threshold, or could carrier 

transport play an dominant role?

None of these fundamental questions have been answered with a solid analysis o f 

experimental data yet. The work presented in this dissertation aims at answering all these 

questions. Furthermore, it attempts to re-engineer 1.3pm and longer wavelength 

InGaAsN materials and their laser structures.

The core of the study presented here relies on using identical single quantum well 

(SQW) Ino.4oGao,6oAsi-xNx laser devices that differ in the nitrogen incorporation (x=0, 

x=0.005) in the quantum well.

The entire work is divided into below and above threshold experiments and their 

analysis. This chapter has provided so far the general notions on what rules on the 

temperature behavior of threshold and frequency bandwidth in SCH-QW lasers. In more 

detail, a general rate equation model that considers the device electrical parasitics, along 

with the carrier transport equations is fully developed on Chapter 2. This model provides 

the full support for the below and above threshold analyses.
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Details of the experiments that are used to investigate the below and above threshold 

laser diode response will be described in Chapter 3. The results of the experiments 

provide the impedance, frequency response and amplified spontaneous emission (ASE) 

below threshold, while retrieving the optical frequency response above threshold. These 

measurements were carried out at baseplate temperatures ranging from 10°C to 80°C.

Chapters 4 and 5 provide the analysis of the results obtained below and above 

threshold, respectively, that fully separate the device from the material parameters, as a 

function of the temperature and nitrogen incorporation. The analysis of results and 

conclusion in Chapter 4 will provide the answers to questions 1-3, whereas Chapter 5 will 

answer to questions 4-6. Chapter 6 presents the conclusions o f this dissertation and 

suggested future work.
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CHAPTER 2 

Modeling of the carrier dynamics in InGaAsN and InGaAs lasers 

below and above threshold

This chapter is devoted to the development of a rate equation analysis to model the 

laser dynamics to small signal perturbations. The model couples for the first time the full 

effects of electrical parasitics of the p-n  laser diode, the circuitry external to the device 

and the typical carrier equations in its active area.

The numerical solutions to this model allow to obtain expressions of the electrical 

response, the impedance as well as the optical response below and above threshold. This 

analysis is the tool to fit the experimental data described in Chapters 4 and 5 in terms of 

physical parameters, and separate them from the device behavior.

The results and analysis presented on this chapter are based on “Frequency response 

of strain-compensated InGaAsN/GaAsP/GaAs SQW lasers”, O. Anton, D. Patel, C.S. 

Menoni, J. Y. Yeh, T. Van Roy, L. J. Mawst, J. Pikal and N. Tansu, that is published in 

IEEE Journal of Selected Topic on Quantum Electronics 11, 1079-1088, (2005). The 

manuscript was written by O. Anton and edited by C.S. Menoni.
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2.1. Introduction: Model of the laser carrier-gain dynamics

The study o f the dynamic behavior of laser diodes has evolved since its invention. 

Since the early days, the resonant behavior observed on heterostructure laser diodes when 

its bias current is switched from zero to somewhere above threshold was explained by the 

interaction between two reservoirs: the carrier density, responsible for the laser gain, and 

the density of photons in the fundamental lasing mode [1,2]. With the advent of broader 

bandwidth laser diodes necessary for telecomm applications, electrical parasitics were 

included into the model to describe the behavior o f packaged devices. This analysis was 

based on admittance and S-parameters [3-5]. The developed models were used to analyze 

either double heterostructure or multiple well lasers. The latter were intended to reach 

higher speeds but suffered from carrier transport effects [6-8]. By being able to explain 

some discrepancies between theory and experiments, the effect of carrier transport was 

formally incorporated in heterostructure quantum well lasers [7, 9, 10]. In this way state 

filling and transport between bulk and quantum well states in the sub-micron width 

(typically -3000A) separate confinement heterostructure (SCH) that optically confines 

the mode were incorporated. Although not a first principle approach, like those described 

by [11, 12], the rate equation analysis provides a simple and direct way to analyze the 

laser’s frequency response and impedance in bandwidths of up to tens of gigahertz [7, 13- 

21 ].

Below threshold, the concept of carrier transfer between bulk and QW states has been 

incorporated in the differential carrier lifetime analysis to obtain the carrier density in the 

QW and study the recombination processes in 1.3pm multiple quantum well lasers [22], 

Further, the analysis of new InGaAsN laser structures with considerable amount of
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parasitics was taken into account by a more complex rate equation model [23], to isolate 

the monomolecular recombination.

Based on these introductory examples, this chapter presents a novel rate equation 

analysis o f the small signal laser behavior that includes the laser diode electrical 

parasitics and external circuitry.

The analysis below threshold retrieves the quantum well differential carrier lifetime 

tw versus device bias introduced on Section 1.2.1 as shown on Section 2.2. This is 

fundamental in the calculation of the carrier density Nw versus bias I  relationship from 

experimental results obtained in Section 4.

Above threshold, Section 2.4 describes the model introduced in Section 1.2.2 that 

allows obtaining important parasitics-free device parameters and material parameters 

versus temperature, based on the results from the optical frequency response 

measurements obtained on Chapter 5.

The MATLAB algorithms implemented to carry out the simulations are given in 

Appendix 1 through 5.

2.1.1. Rate equations and device electrical parasitics

A typical quantum well semiconductor laser comprises a heterostructure active 

region sandwiched in between two p+ and n+ claddings o f a diode’s p-n junction. The 

active region is formed by an undoped separate confinement heterostructure (SCH) that 

serves as host to one or more quantum wells, which are surrounded by (quantum) 

barriers. In this thesis, a single quantum well (SQW) configuration described in detail on 

Section 3.1 is utilized to build the laser diodes.
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Figure 2.1 sketches the laser diode cross sectional area in which a top narrow metal 

stripe serves as the //-contact, whereas a metal deposition on the whole substrate creates 

the //-contact. In this analysis and the experiments in following chapters, we will deal 

with laser diodes with two top stripe widths: narrow and wide. Their characteristics 

parameters are shown in Table 2.1. The central region, located right below the /(-contact 

is named active area. In this region is where all the device current is intended to flow and 

generate through stimulated emission the laser optical mode out of the plane. The two 

regions at the stripe sides are not contributing to the device operation and thereby are 

called passive regions. Notice that the distributed resistances and capacitances in the 

passive regions are inexistent in buried heterostructure lasers characterized in previous 

works [17, 22], As they significantly alter the device operation, the parasitics effects of 

the passive area are considered in the next analysis.

p-contact
passive regionpassive region

active C

x //-contact (metal)
-500pm

Figure 2.1.- Schematic o f a stripe laser diode as those used in this work, 
which includes the parasitic capacitances and resistances in the stripe 
laser diodes. Cp-i+Cp-2+...+Cp-2n and Cj are the capacitances parasitic 

capacitances in the passive and active area, respectively.
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Figure 2.1 shows how the passive region acts as the dielectric of a diode junction 

distributed capacitor formed in between the p+ and n+ claddings, Cp. j .. ,Cp.2n- As a 

practical approach, this distributed parasitic capacitance in the passive region is lumped 

into an equivalent bias dependent capacitor Cp=FCp.i as shown in Figure 2.2. There is 

also a capacitance that arises in the diode junction active region, which is identified as Cj.

In a similar way, the p + and n distributed cladding resistances rsi+ and rsf  are 

combined in the cladding resistor rs.

J QA/W
RF

Laser diodeRF probe

Figure 2.2.- Small signal circuit of the laser diode and electrical parasitics with its 
driving circuitry. The driving circuitry is represented by vp-Lp-rp . The parasitics 

Cj-Cp-rs feed the intrinsic active area through the %-Q network.

The laser driving circuitry is shown on the left side of Figure 2.2, captioned as RF  

probe. Although there are different types o f driving circuitries that depend on the device 

stripe dimensions and bias current (subthreshold or above threshold), the RF probe can 

be accurately summarized as a Thevenin equivalent circuit depicted by vp-Lp-rp in Figure 

2.2. The open circuit voltage is represented as vp and the probe impedance given by
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rp+j2irfLp. Typical values o f Lp and rp are shown on Table 2.1.

Description Name Wide stripe Narrow stripe

Stripe width Ls 100pm 3.5pm

Laser length L 500pm 500pm

QW width Lw 60A 60A

SCH width Lsch 3000A 3000A

Active area volume V 3-10'8 cm'3 10'11 cm'3

QW-to-SCH Volume ratio r q 0.02 0.02

Spontaneous emission factor f i 8.7-1 O'5 8.7-10"5
Optical confinement factor r 0.018 0.018

Optical compression factor £ 1.5-10'17cm3 1.5-10'17cm3

Photon lifetime Tp 4.6ps 4.6ps

SCH lifetime A 5 ns 5ns

Current injection efficiency n 0.85-0.88 0.85-0.88

Parasitic inductance Lp ~lnH -In H

Parasitic capacitance Cp+Cj ~100pF ~40pF

Cladding resistance rs -0 .3 0 i o

Table 2.1.- Typical parameters in wide and narrow stripe InGaAsN (InGaAs) lasers
and driving circuitry.

Cj and Cp represent the capacitances o f the diode junction at the active and passive 

areas, respectively, which are bias dependent. According to Figure 2.2, Q  and Cp are 

separated by rs, which scales with the /^-contact stripe dimension. As rs is one order of 

magnitude smaller than the capacitive reactance of either Cj or Cp in ~1 GHz frequency 

range, Cj and Cp can be lumped as a single capacitor. This is discussed more in detail 

later on Section 2.3.

As shown in Figure 2.2, the network Cj-Cp-rs feeds the laser current I  through the
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transfer box Q-%. Equation (2.1) and (2.2) represent the parasitic circuit Cj-Cp-rs and 

Vp-Lp-rp from K irchoff s method. Vd and Irf are the laser device voltage and current, 

respectively.

The parameter Q is defined as Q=q/qV, where rj is the current injection efficiency 

and q and V are the electron charge and the active area volume, respectively, defined in 

Table 2.1. The physical processes that rule on % and other parameters o f the circuit of 

Figure 2.2 and Figure 2.3 considerably change when switching from below to above 

threshold operation. For this reason, both below and above threshold analyses are 

separately described in Sections 2.2 and 2.4, respectively.

As described in Chapter 1, the laser active region is consisting of a bulk reservoir 

(SCH) and a two dimensional quantum well (QW) as shown in Figure 2.3. The typical 

rate equations that relate the QW and SCH reservoirs [24] are written in equations (2.3) 

through (2.5) in terms of the carrier densities Nw and Nsch and photon density Np.

The bracketed term in equation (2.3) is equivalent to the input current in the parasitic- 

free model of Chapter 1, which is equivalent to I  Q shown on Figure 2.2.

In the rate equations for the active area, Nw and Ns are connected by the thermionic 

carrier capture and escape represented by rcap-dc and resc-dC, respectively, shown in Figure

2.2 and equations (2.3) and (2.4). In addition, it is shown that the carrier recombination 

processes, represented by the recombination rates Rw=NwAw.dc and Rs=N/Ts.dc, are taking 

place in the QW and SCH regions, respectively. The time constants and rs.dc are the 

carrier lifetimes in the QW and SCH, respectively. zw c play an important role place in 

this study as then relate the recombination current and carrier density in the QW material, 

as is shown next in the small signal model.
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Figure 2.3.- Schematics of the carrier dynamics in the intrinsic laser diode. The injected 
current rj ■I  is formed by the recombination paths Rw and Rs. rcap_dc and xesc dc define the 

carrier dynamics in between QW and SCH.

Observe that in the term (l-r\)-l in Figure 2.2 represents the heterobarrier leakage 

current, which adversely affect the laser performance [25].

Although the device input current in Figure 2.2 is denoted by Irf, the device bias is 

represented for clarity by /, as they are identical under DC conditions. For simplicity, we 

represent rj/qV of Equation 1.2 as Q in (2.3).

The spontaneous emission factor f i  relates Rw and Np in (2.5), whereas the material 

peak gain g  links AT and Np via the factor r v ggNp in (2.4) and (2.5). F  and v? are the 

optical mode confinement and group velocity in the optical mode. Typical values for vg, 

H and f i  in InGaAsN/GaAs are given in Table 2.1.
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Lp I ^ = V p - r p I RF- V d (2 .1)

VA Vr  v = I - -A  + —P V d  1 RF  ^r r
S  S

(2.2)

N s = Q
V -  V

 C V
v r ^cap _ dc

(2.3)

-dc

N  N

q cap _ d c  esc _  dc

(2.4)

r b  n p
N P = — ^ N W ^  + r v g^ (2.5)

^  qw -dc ^  P

2.1.2. Small signal model

In this dissertation, the study o f the laser dynamics is conducted based on frequency 

response and impedance measurements below and above threshold. These types of 

measurements are performed by applying small signal perturbations to a variable chosen 

as the model input, such as Vp, and measuring the fluctuations on an output variable, such 

as I r f  or N p . A  typical perturbation is a sinusoidal modulation d 0’1, superimposed to the 

input variable Vp. A Dirac-delta perturbation is used for optical excitation described in 

Section 2.4.

In order to provide the tools for the analysis of these data, the expressions for 

impedance and frequency response must be obtained from the set of equations previously 

described. This is done next by moving a step further and rewriting the previous model in 

terms of small signal variables and their parameters.
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The small signal analysis is conducted by superimposing perturbations zAAXb v jt) ,  

ns(t), nw(t) and np(t) to the steady state values I r f -  Vd, Ns, Nw and Np, respectively. As the 

perturbations are small in comparison to the steady state variables, the dynamic behavior

as iRFit)+lRF, Vd(t)+Vd, ns(t)+Ns, nw(t)+Nw, np(t)+Np, respectively.

To clarify the small signal analysis consider a function f(x)  where its first order 

Taylor expansion around xr, is ffx/j) - df/dx \x q - ( x - x q ) . f(x() is the steady state or DC  bias 

point, such as /, whereas (x-xo) is called the small signal perturbation, such as z.

The model of small signal variables can be separated from that o f the steady state 

values and is called small signal model. As the laser’s gain dynamics are different below 

and above threshold, the carrier-photon interaction in the quantum well, nw-np, has to be 

represented by different expressions. Below threshold, the modal gain changes with the 

carrier density in the well as described in Chapter 1. Carrier recombination is the 

dominant processes in the quantum well and the reservoir Nw only sees a leak path to Np 

through RW=NW /rw.dc. Equations (2.6)-(2.8) and (2.9a) (2.10a) show the standard 

representation o f the laser carrier-photon dynamics in the laser active region under small 

signal perturbations around a bias point below threshold. This is obtained from the first 

term in the Taylor expansion of (2.3) through (2.5), as in Refs. [24, 26] This model is 

entirely written in terms o f the small signal variables and their AC parameters.

of the model is described by a first order Taylor expansion o f the model given in terms of

(2 .6)

(2.7)
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r,
n,

esc

'w (2.8)

n n . (2.9a)'w
T esc r  t p

(2.10a)

Expressions (2.6) and (2.7) are identical to (2.1) and (2.2) as the parameters involved 

are linear passive elements. Nevertheless, Cp and Cj are bias dependent, as discussed later 

on in Section 2.3. The large signal parameters that used the dc subscript: zŝ c- tw-dc, 

tcap-dc and Tesc-dc are now represented by their small signal or A C  equivalents r,. zw, zcap and 

Tesc, which are bias dependent. The rest of parameters q, r , r q, zp are the same in both DC  

and AC  models and are bias independent, rj is considered bias independent, however the 

total injected carrier into the QW depends not only on the carrier recombination 

parameters but also on the balance o f carrier densities between QW and SCH imposed by 

Rdc, as described in section 2.5.

The interest of the sub-threshold rate equation model is to obtain the quantum well 

carrier density Nw versus bias I  relationship. This is done through integration of the 

differential carrier lifetime zw in (2.11) as it was described on equation (1.4). Section 2.2 

is devoted to the differential carrier lifetime analysis.

(2 .11)
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Chapter 1 already discussed the importance o f  the capture and escape processes in 

either the D C  steady state model or the A C  small signal regime. These time constants 

have not been measured for InGaAsN, but have been calculated. Based on calculations of 

the band offsets o f InGaAsN/GaAs that show the hole confinement reduces when 

nitrogen is added, xcap and xesc were calculated for holes for InGaAsN/GaAs and 

InGaAs/GaAs [27]. These calculated values, obtained for steady state conditions, and are 

symbolized as xcap-dc and resc-dc- xesc.dc, depend on the quantum well carrier density N w and 

T. xCap-dc was calculated by Yeh et al. [28] and found to be constant and equal to 

xCaP-dc ~5.3ps, in InGaAsN and InGaAs lasers. From steady state conditions, (equations

2.3 and 2.4) it is found that Tcap-dc / xesc-dc represent the balance provided between N w and 

N s provided xw »  xesc [22], In fact it is this ratio Rdc — xcap-dc /  xesc-dc that affects the laser 

response, more than the individual values o f xcap-dc and xesc-dc- As it represents the balance 

in between N s and N w [22], the calculated ratio Rdc=Xcap-dJxesc-dc-

In the small signal analysis o f Equations (2.6) through (2.10) the different time 

constants however, represent dynamic instead o f static values. It is therefore appropriate 

to define a dynamic A C  ratio, denoted by R ac  = xcap /  xesc. Tsai et al. [29] developed an 

analysis based on the interaction between bulk and quantum confined states in QW lasers 

that allows to calculate the dynamic constants from the static ones that can be measured 

with other methods. For the InGaAsN and InGaAs laser structures studied in this work, 

R a c  I  R d c  ~ 1.5.

Differently than the sub-threshold analysis, the small signal model above threshold is 

shown in equations (2.9b)-(2.10b) but still conserving (2.6)-(2.8).
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n n n (2.9b)w

esc r-r
p

n P = T vgaNP0-nw + T vgaN P0-np (2.10b)

The strong photon-carrier interaction is manifested in (2.9b)-(2.10b) by the 

differential gain dg at threshold, expanded in partial derivatives of Nw and Np in terms of 

the parameters a and ap. The gain is nearly clamped to gth at threshold as described in 

(1.4). The expression o f the differential gain dg at threshold in (1.14) is shown again in 

equation (2.12).

As discussed in Chapter 1, the compression term in (1.15) and (1.16) is only valid for 

the above threshold analysis, for high photon densities.

Experimental evidence supports the introduction of a compression term that is only 

valid at high photon densities Npo. In this case the differential gain parameter a does not 

represent a material’s parameter any longer. Modifications to (2.12) to account for gain 

compression are shown in equations (1.16) and (1.17).

2.1.3. Q-x coupling

As mentioned before, the key element that relates the electrical circuit with the 

intrinsic laser dynamics is the transfer factor which is similar to an electrical

dg = a -Nw + ap-NP0 (2.12)
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transformer o f ratio y : l . The parameter % is frequency independent. Based on the model 

of Figure 2.2, the parameter % can be visualized as the variation o f carrier density in the 

SCH with laser diode voltage [30-32], x=dN/dV. In terms of small signal variables, the 

ns-v relationship can be written as y=ns/v [13], where % is obtained as dN /dV  at each bias 

point [13]. In this work, y is such that the ratio v/i calculated at f —*0 (DC) from equations 

(2.8)-(2.10) equals the p-n  junction differential resistance rd, which is known from V-I 

(voltage versus current) diode measurements. An expression for % given in (2.13), is 

obtained by inserting the solution o f n j i  by solving (2.8) - (2.10) for >oo and equating 

y 1 ■ n / i  = rd. The parameter M, which accounts for a, ap and Np0, is obtained in 

Appendix 3 to keep (2.13) simple. Although there is no analytical expression for M, the 

numerical solution o f the model (Appendix 3) yielded M<10 above threshold and zero 

below threshold in narrow-stripe lasers.

The temperature dependence o f % below and above threshold is found to be mainly 

linked to the variations of the dynamic resistance rd. By utilizing the values given on 

Table 2.1, y is found to be <10n c m 3V I for l< lth and ~1019—1020cm V  for I>Ith. The 

latter was calculated for the narrow-stripe devices used above threshold.

Simulations shown later on, indicate that the values of % produce a parasitics masking 

effect on the intrinsic dynamics processes at very low bias currents. Conversely, the 

values of % obtained above threshold produce a decoupling between the active area and

(?T + r esc}(l + M )

T /  Tcap esc

(2.13)
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the electrical parasitics. Similar concepts and findings are discussed elsewhere in the 

study of electrical impedance in InGaAs/GaAs QW lasers at different biases [33],

2.1.4. Frequency domain

The last section developed the small signal model in the time domain. In order to 

provide solutions in the frequency domain and obtain expressions for the electrical 

impedance and frequency response o f the laser diode, the model is rewritten in the 

frequency domain.

The frequency domain solutions o f the model in (2.6) through (2.10) depend on 

whether the laser operating condition is below or above threshold. Below threshold the 

spontaneous emission is the main recombination mechanism in the quantum well. The 

current /  imposes the laser bias point. Above threshold, the gain is nearly clamped to its 

threshold value gth in a real laser diode [34], and the stimulated process rules over the 

laser operation. Npo, proportional to the emitted power above threshold, dictates the bias 

point.

Next, the impedance and electrical frequency responses below threshold are obtained, 

followed by the calculation of above threshold frequency response by electrical and 

optical modulation.

2.2. Subthreshold frequency response

In the frequency domain, a new representation of (2.6) through (2.10) in the form of 

a 5x5 matrix after replacing v by nJx  >•'' given in (2.14). By using Fourier analysis, the 

derivatives are replaced by jm, or imaginary unit times the angular frequency co=2rf.
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To obtain the frequency response and impedance o f the laser diodes, equation (2.14) 

is solved by Cramer’s rule [35]. Details on the algorithms are described on Appendix 2.

ja+rp/Lp l/LP 

- 1 / C ,  j o  + \/(C/ s )

- Qo

0

0

r.Q + CjQIz) 

0 

0

JCO +

0 0

-U(H2iC/ s ) 0

Q / r s + z ( \ / T cap+ l l T 5) - T ^

T CO

~ W qTcap)

0

TescO- + CjQ/Z) 

jo) + { l / T „ + l / r eJ  - l / r ( l / r j

j c o  + l/r

lRF V
T/ 0
ns + 0
n w 0

. V 0

P J (2.14)

Solution of (2.14) allows to obtain the desired small signal Za or Sy parameters, which 

represent the laser impedance or frequency response, respectively, and which are 

described in detail in the following sections.

The small-signal electrical modulation frequency response o f the laser diode is 

defined as the transfer function H(f)=np(f)h(f), at a given bias point. As shown in the 

experiments in Section 3.2, v(j) is customarily the output voltage o f a sinusoidal signal 

generator. The frequency response o f the laser diode is obtained from the frequency 

domain expression o f the rate equation model in (2.6) through (2.10) by Cramer’s rule 

[35], The terms that depend on stimulated power Npo vanish in equation (2.14), below 

threshold.

Expression (2.15) shows the frequency response for electrical modulation, which 

contains five poles that are the eigenvalues of the model. Due to the model complexity, 

the values of the poles are found numerically at every bias point.
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d P / dv i
H  , . ( / )  = — ---------------  (2-15)

(1 + j l n f r )  (1 + j2rrfxl )(1 + j2 n fT 2 )(1 + j2rcfxz )(1 + j l j r f r  )

In (2.15) dPsp / dvp\ Q represents the incremental ratio o f laser spontaneous emission

to the modulation voltage. The poles xj and x2 are mainly influenced by parasitics and 

external circuitry whereas x2 strongly depends on xcap and xesc and weakly on rw. The 

numerical solution (appendix 2) of equation (2.14) for InGaAsN lasers utilizing the 

parameters of Table 2.1 yields the reciprocal of xj, x2, x2 and xp >2GHz, >3GHz, >3GHz 

and ~50GHz in a bias range within a decade below Similar values are found in 

InGaAs lasers. For this calculation, the volume o f the active area is scaled in length from 

that given by Table 2.1. At such high frequency these poles pose negligible effects on the 

measurements detailed in Section 3.2, performed in the 1GHz range.

The remaining dominant pole x extracted from the analytical solution of equation 

(2.14) is the one that contains the information on the well differential lifetime xw. This is 

shown in the next example, where it is assumed xw=500 and lOOOps, rd=SQ and IQ, for 

1= 150mA and 7.5mA, respectively. In this case, constant values o f rcap=5ps and 

xex = \2ps are assumed, whereas xs is shown on Table 2.1. Figure 2.4 shows the calculated 

frequency response traces, which are compared with similar ones calculated with the 

electrical parasitics removed (dotted) and with typical measured traces in InGaAsN BA 

lasers (dot symbols). The more dramatic effect of electrical parasitics at biases below 5- 

10 A/cm2, is evidenced by the increase o f x.

In order to further study the effect of parasitics on x, model simulations were run 

under different conditions, as shown next.

£
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r  = 500p s ,  rd=3n
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Frequency, MHz
Figure 2.4.- Frequency response traces calculated at bias 7.5 and 150mA in InGaAsN 

broad area lasers with and without parasitics effects. The increase 
in t  caused by parasitics is more dramatic at low biases.

Figure 2.5 shows how the dominant pole x changes its behavior with bias depending 

on the external circuitry and diode junction electrical parasitics. Three cases are 

observed: Ideal (Cp+Cj =0, rp= 1 0 0 0 Q »  rd), low bias parasitics dominated 

('Cp+ Cj= 100pFrp= 1 0 0 0 Q » r d ) and low probe impedance (rp=50Q).

In the first case used as reference, r  represents zw o f InGaAsN BA lasers. The second 

case, which was observed in Figure 2.4 in InGaAsN devices at 7.5mA, indicates a strong 

coupling between Cp-Q  and x due to low values o f %. And finally, as an interesting 

example, the third case shows the circuitry effects o f driving the laser directly with a 50G 

line (rp~rci) first reported by Olsahnsky et al. and misinterpreted as a reduction o f tw at 

low biases [36]. To circumvent this effect, Pikal et al. implemented a new laser probe 

design in which rp» r d [37].
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Figure 2.5 (d) shows a comparison o f r  in BA laser with similar length RWG lasers. 

In both lasers, the differential carrier lifetime is the same, shown as the “ideal” behavior 

in (a). The simulation in RWG lasers comprised the parameters o f Table 2.1, where rd 

was scaled down with the stripe width. However, Cp + Q  shown in Figure 2.1, was 

assumed 50pF to account for the size of the passive areas. Notice how the time constant r 

in RWG lasers is affected by parasitics in all of the current range due to an extra 

contribution o f r*  making thereby the frequency response in RWG laser unreliable for 

the lifetime analysis. In the previous examples the model analysis assumed i?ac=0.05. 

This corresponds to a condition in which the effective capture is very efficient. In 

agreement with a much simpler analysis [38], r  is equivalent to rw when parasitics are not 

present and Tcap/re5C=0 that is, an ideal parasitic-free laser diode where all the carriers 

recombine into the quantum well. In the InGaAsN laser however, a more realistic value 

o f Rac is 0.5-1.0.

In order to analyze the impact of Rac, traces of r  versus /  are simulated using (2.14) 

and Rac= 1 and Rac=0, for which parasitics were turned off for simplicity. These traces 

shown in Figure 2.6 correspond to the same zw o f the simulation in Figure 2.5(a). As can 

be seen from Figure 2.6 rw and the carrier density are overestimated when Rac is 

underestimated.

This also shows that the analysis o f r  to extract A, B and C recombination parameters 

is very sensitive to Rac, as it impacts more dramatically the higher order Bw and Cw terms. 

In turn, the well carrier density Nw is overestimated, as addressed later on in the effective 

lifetime analysis section.
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Figure 2.5.- Model simulation of the below threshold dominant pole x versus I. For wide- 
stripe lasers t(I) is calculated for different parasitic conditions: (a) Ideal -without 
parasitics (Cp+Q  =0, rp»  rj); (b) for Cp+Cj =0, rp=50Q  and (c) for Cp+Cj=100pF, 
rp» r d  . tw(I) corresponds to the solid trace. Case (d) compares x in narrow and wide- 
stripe lasers, where rd ~50KXl-50fl (1-500 mA) respectively and rp —> oo .
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Figure 2.6.- Model simulation o f x versus I  in InGaAsN wide-stripe lasers described by 
Table I for Rac=0 (dashed) and R a c =  1 (solid). Parasitics are turned off.

As important as the variations o f R ac  to is the accurate modeling o f the parasitic 

capacitance Cj - Cp. Determination of device parameters such as Cj + Cp can be 

independently obtained from the impedance analysis shown next.

2.3. Small signal laser diode impedance

As mentioned in Section 2.2, the solution o f (2.14) can also retrieve an expression for 

the small-signal impedance response Z(f). The impedance of a device is typically 

extracted from the bilinear transformation o f the Su  parameter [39], which is measured at 

the laser contacts. A fit of the experimental impedance with the solution of this model in 

turn allows the extraction of the parasitic capacitances in the laser devices. These values
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are then fed in to the model to calculate the frequency response.

In reference to Figure 2.2, the laser impedance can be obtained from the transfer 

function vu(f)/iRF(f) when disconnecting the RF1 probe rp-Lp-vp. The calculation o f 

impedance reduces to that o f a 3x3 matrix, thus yielding (2.14) three eigenvalues shown 

as the three poles in expression (2.16). In addition, a zero o f value { 2 j n z/ 1 is obtained, 

similarly to that predicted by Esquivias et al. [33] in InGaAs multiple quantum well 

lasers. The expression for Z(f)=Vd(f)/iRF(f) obtained from (2.14) is shown in (2.16).

z  f f \  =  r  __________________1 +  j l 7 r f r z ___________________

e J  ^  (1 +  j l n f v p )  • (1 +  j l n f r A ) - ( \  +  j 2 7 r f T B )  1 6 )

In the model simulation, the diode’s dynamic resistance rd is obtained from I-V  

measurements, with typical value rd ~ 60mV I I  in 500pm length InGaAs wide-stripe 

lasers [23]. The values of Cp and Cj are bias dependent as they arise from thep-n  junction 

at the passive and active areas, respectively. The total parasitic capacitance Cp + Cj versus 

bias I  is known and shown in Figure 2.7 (circles) for typical 500pm length InGaAs BA 

lasers [40]. Simulations indicated that the model is sensitive to Cp + Cj but instead 

insensitive to how it is distributed between Cp and Cj. This is explained by the relative 

small cladding resistance rs, which makes them behave as if they were a unique capacitor 

Cp + Cj. The trace in Figure 2.7 represents the forward bias junction capacitance that 

corresponds to the forward bias model described by Liou et al. for a p-I-n  diode [41].

Notice, in Figure 2.7, the asymptotic capacitance value o f Cp+Cj C'i = 1 OOpF (refer 

formula in Figure 2.7) is the same as obtained from impedance measurements when 

reverse-biasing the diode to ~1-2V [23]. This capacitance corresponds to that o f a
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capacitor formed by the 3000A passive area (c'GaAS~ 12-s0) and plate dimensions 500pm x 

500pm, where Ls= 100pm.

Bias, Vn , mA
0.65 0.70 0.75 0.80 0.85 0.90

A V0.5 -

°4-

U  0 .3 -
+

^  0.2 -

Parameter Value
75pF

485pF
0.68V

0.093VAV
0.0

0.1 1

Bias, I, mA

Figure 2.7.- Typical behavior C, +CP versus bias current and voltage in 
wide-stripe InGaAs lasers at very low bias currents and T=20°C.

The solid lines represent the fit.

A simulation o f Z(f) based on the model in (2.14) and using the parameters o f Table 

2.1 for InGaAsN BA lasers is shown on Figure 2.8. It is found that the effects o f tb and 

tp  are significant above 3GHz and 50GHz, respectively, whereas the effect of rzis found 

to be above 1GHz as evidenced by the decrease in slope of \Z\-f above 1GHz. Since the 

impedance measurements are carried out in a frequency range o f 1GHz (Section 3.2.1), 

the pole (27rrz)"1 is dominant, as shown in Figure 2.8. The experimental impedance 

analysis o f poles and zero to obtain Tcap / z esc parameters was performed by Esquivias et 

al. in InGaAs QW lasers [33],
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Figure 2.8.- Calculated impedance Z(f) in InGaAsN wide-stripe laser with parameters 

o f Table I at 7= 100mA dominated by pole (2mA)'1.

Figure 2.9 shows the calculated traces of xA(I) compared with those measured in real 

devices, shown by the squares. Similarly to the traces of Figure 2.5, the increase in xA at 

low biases is due to the effect o f parasitic values Cp-Cj, rd and rs. For comparison, we 

performed a parasitic-free simulation that retrieved a trace identified in Figure 2.9 as "xA 

ideal”, which saturates at low currents in a similar manner as in the parasitic-free 

frequency response time constant x in Figure 2.5 (a).

Based on the model it is found from the simulations that when 7—>0 the values of xA 

are fully representative o f the electrical parasitics as shown by Figure 2.2. On the other 

hand, xA is more influenced by intrinsic device parameters and shows a behavior similar 

to r  in Figure 2.5 (a) at biases above 2-4mA, in the InGaAsN and InGaAs lasers 

investigated.
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Figure 2.9.- Calculated ta versus /  in InGaAsN wide-stripe laser with parameters of 
Table I. Notice the increase in ta at low biases due to the effect o f the device parasitics, 

becoming similar to the asymptotic expression (2.17).

The parasitic circuit formed by Cp + Cj and tv behaves as a simple R-C circuit of time 

constant given in (2.17). This was experimentally corroborated in our previous work in 

InGaAsN lasers below J=10A/cm2 [40], which is equivalent to 7=5mA in 500pm x 

100pm wide-stripe devices.

Further, based on the solution o f the full model, we find the approximation for r  in the 

same laser devices is,

(2.17)
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T  =  T eff + r d ( C p + C j )
(2 .18)

where xejj  is the effective differential lifetime. xe/j is described later on in the effective 

lifetime analysis section, represents the combined differential lifetime o f Ns and Nw.

These simulations anticipate that the parasitics effects are less pronounced at currents 

higher than ~4-5mA where Cp + Cj adopts an asymptotic value. This condition ensures a 

more accurate analysis o f the frequency response measurements as done in Section 4.2.1.

2.4. Analysis above threshold

Above threshold, the laser stimulated emission involves strong interactions between 

Nw and Np that are accounted for by equations (2.9b) and (2.10b). As described on 

Section 2.1.3, the % parameter in (2.13) considerably increases above threshold, implying 

a very weak coupling (negligible cross-talk) between the active area and the parasitics 

shown in Figure 2.2. This is observed in more detail in terms o f the poles in the 

frequency response expression.

The frequency domain representation of the model above threshold is shown in 

(2.19). These equations are based on equations (2.6) through (2.8) and (2.9b)-(2.10b).

'jco + rpH p 1 !Lp 0 0 0

- 1 / C ,  y® + l / ( C / , )  ~ y ( H nCprs) 0 0

0 — -g  ja + Q I ^ X ( M r cap+V r s) ___ - i;___  q
r,(X + C jQ l z )  X  + C,Q r ^  + C jQIz )

0 0 - i « r qTcap)  j m + ( V T , . + V T „ + p )  - i / r ( i / t p + a pp)

0 0 0 - T P  j<n — ApP

lRF _V/
Vj 0

‘ ns + 0
nn 0
n■? 0L ‘ J "
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For simplicity, equation (2.19) has been rewritten in terms o f P  and Ap given in (2.20) 

and (2.21), respectively, where P is proportional to the single facet emitted power Pq and 

Ap is proportional to e [24]. The parameters hv and am are the laser emission photon 

energy and the mirror losses, respectively.

2F Ar 2 aT

W M '  P0~ ^ M V °  (2 -2°)

A = Y ^  = T- Sg,hP a dg I dN  M (2.21)

Similarly to Section 2.2, the solution o f (2.19) by Cramer’s rule retrieves the five 

poles of the transfer function Hst(j) above threshold given by (2.22).

i dPn/ d v \
H  ( f )  = ------------------------------------------------------— ----------

S,KJJ + j l n f z x){\ + j l n f z 2) (1 + j 2TtfTc) { f ? - f 2+j f y )  (2.22)

In (2.22) the two principal poles, and f=a-jfi, arise from the strong carrier-

photon interaction by the stimulated process in the laser active area and are customarily

expressed by the relaxation frequency f r = yfa2 + f i 2 and damping y=2a. In the parasitic-

free case, the third pole l/27rrc represents the combined effects o f the quantum well 

capture and carrier diffusion along the SCH [8]. However, parasitics are coupled to the 

active area through the Q-% box in Figure 2.2. In fact, our model shows that the values of 

f r, y and xc are influenced by x, Lp, Cp, Cj, rs and rp.

For the values of % mentioned in Section 2.1.3 and obtained above threshold from

(2.13), for narrow stripe lasers, the coupling between the active area and parasitics is
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weak. Therefore, the two poles 1/2jitj  and 1/2m 2 in this case arise solely from the 

external circuitry and parasitics.

The electrical modulation response calculated by the model with the laser parameters 

of Table 2.1 is shown on Figure 2.10, at Pq=2.2 and 5.6mW. Notice that the damped 

resonant behavior is masked by the response of a parasitic pole (271T2)"1. The transport 

pole (2Tnc j ] is found to be ~30GHz, thereby representing a negligible effect to the 

measured traces.

The poles 1/2tct/ and 1 /27ir? typically observed in the electrical modulation traces fall 

in the l-10GHz range. It is this characteristic that has led to the erroneous interpretation 

of them as the transport pole l/27irc [42, 43],

The simulations shown are not affected by the detection noise, as it occurs in real 

measurements. When thermal noise is added, the laser frequency response gets buried 

into the noise floor making it impossible to fit with (2.22).

40*

ID

Cl

- 20 -

"40* Electrical frequency response 

0.1 0.5 1 3 5 10
Frequency, GHz

Figure 2.10.- Electrical modulation frequency response above threshold in narrow- 
stripe SQW InGaAs lasers, at emitted powers Po=2.2mW and 5.6mW.
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2.4.1. Optical modulation response

It is possible to circumvent most, although not all of the effects o f parasitics in the 

above threshold frequency response o f a laser diode via the use of tunable optical source 

that modulates carriers in the laser’s QW or SCH [17-21]. In the model (2.19), this

situation corresponds to one in which the input is directly coupled to n s as an optical 

perturbation S(co), thus setting vp=0. This is schematically shown in Figure 2.11 (a).

1 . 5

(a)
QW SCH

(b)

’Sli/

/]
hv

/W vw

Laser emission

Figure 2.11.- (a) Schematic o f the SCFI (5) and QW (<5W) optical injection 
(b) Equivalent circuit, where 5(t) is depicted by a current source.
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This situation is modeled by adding the excitation source to the circuit of Figure 2.2, 

as shown on Figure 2.11 (b).

We focus the analysis to the modulation conditions provided by a short optical pulse 

from a tunable femtosecond laser as described in our previous work [17].

The time and frequency representations o f the pulse excitation signal are shown in 

Figure 2.12 (a) and (b), respectively. The tunable pulses feature 81MHz repetition rate 

and FWHM~0.15ps. Their 81MHz-spaced frequency comb spectrum extends beyond 

2000GHz [17],

3
<D
£toc
4)
C
CLa.
CO
f2
§Q.o

(a)

FWHM ~0.15psl

CD ! TJ
re (n c  oQ. ain
£
Q .Q.re
COI -1:

i-
oQ.
O

Frequency [GHz]Time [ps]

Figure 2.12.- Sub-picosecond pulse excitation from either optical parametric 
oscillator or Ti-Sapphire laser: (a) Time domain, (b) Frequency domain.
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Figure 2.13.- Frequency response spectra: (a) Input Gaussian pulse, (b) Laser output
response.
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Figure 2.13 (a) shows the typical time response o f the laser above threshold, 

characterized by a damped resonant behavior. Subplot (b) shows the Fourier spectrum of 

(a), whose envelope, is shaped by the laser frequency response, calculated next.

For optical excitation the frequency response obtained by solving (2.19) is shown in 

(2.23), where the factor H:p includes two new zeroes xz\ and r^  and the two poles t/ and t? 

as in (2.22) (Appendix 5). Interestingly, it is found that for the typical parameters o f 

InGaAs and InGaAsN lasers, xzi and xZ2 nearly cancel out with xi and X2, thereby yielding 

Hzp-̂ >1 and a response that only depends on f r, y and xc.

dP0 / dS  n
" „ - « * ( / )  = H ,  ■ 7 T  J ~f 2 <2-23)

When the excitation wavelength is selected to produce photoabsorption in the 

quantum well, shown as Sw in Figure 2.11 (a), nw is modified and the solution to the 

model like in (2.23) simplifies as given by (2.24).

d P J d S ,
. _ _ L _  (2, 4)

The simulated optical frequency responses obtained using (2.23) and (2.24) are plotted 

on Figure 2.14. They are also compared with FR calculated from electrical modulation. 

Notice that there is a difference between the traces generated by (2.23) and (2.24) given 

by a single pole, whose 3dB value is f c =  ( 2 txxc) ' x. Depending on the value o f % above 

threshold, xc could be influenced by the device parasitics. In InGaAsN and InGaAs lasers, 

xc weakly depends on parasitics and its pole f c is ~30GHz. This value was corroborated
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experimentally in 1.3 pm InGaAsN lasers by the analysis of their optical modulation 

frequency response measurements [23].

Optical

Electrical
-40«

0.4  0.60.81 2 4  6  8 1 0  1 5 2 0 4 0

Frequency, GHz
Figure 2.14.- Calculated frequency responses of InGaAsN and InGaAs SQW narrow- 
stripe lasers, for Po=2.2mW and Po=5.6mW, obtained with electrical (dotted lines) 

and optical (solid lines) modulation.

Similarly, the parameters y and f r in (2.23) and (2.24) which are the same as in the 

electrical modulation response in (2.22) can be affected by parasitics. This is shown in 

Figure 2.15 in which the QW-optical modulation frequency response is calculated (dotted 

lines) and compared with similar parasitic-free case (solid lines) in where rp=oc and 

Cj=Cp=0. For optical excitation, the parasitic-free case corresponds to a situation in 

which the active area is completely decoupled from the diode circuit by The

parasitic effects in f r are unnoticeable while they increase y.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The effect o f parasitics is highlighted in Figure 2.16 where y is plotted versus Po for 

InGaAs lasers. The increase of y is o f several times at threshold, and decays 

asymptotically to -15%  at higher biases. The same behavior of y versus Po is observed in 

InGaAs lasers by Sharfin et al. [44].

4 0 Optical modulation

Q_

- 20 -

-  - Parasitics-free 

— NO-Parasitics-40

0.1 0 .5  1 3  5  10

Frequency, GHz

Figure 2.15.- Calculated frequency responses of InGaAs SQW narrow-stripe lasers 
above threshold for QW optical modulation at Po=2.2mW and Pg=5.6mW. The parasitics 
significantly increase y but not f r, as shown by the parasitic-free lines (dashed).

These findings provide the analysis tools for extracting y and the W-factor from the 

experiments as described in Chapter 5.

The simulation also allowed to obtain the relationship o f f r2 versus Po, which is 

parasitic-insensitive and thus coincides with the solution of the standard 3-rate equation 

analysis [24]. The asymptotic expression off r2 - Po in the limit when xcap, xesc «  \/fr and 

assuming the coupling factor x=1019—10^ c m ^ V 1 as given on Section 2.1.3 for bias 

above threshold is shown in (2.25). The parameter aejj is the effective differential gain
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and comprises the mixed effects of the threshold differential gain dg/dNw, s and 

Rac=i cap/tesc- ° ef f ' s obtained by solving the model in (2.19) and relating the slopes of 

fr -P o  in the limit Tcap—>0.

2.5-i
w ith  parasitics

n  2 . 0 -  

O
1.5-

D)

i .  1 .0 -
E
co
Q 0.5-

Parasitics-free

0.0
0 102 4 6 8

Emitted power, PQt mW
Figure 2.16.- Calculated y versus Po in InGaAs SQW narrow- stripe lasers above 

threshold for QW optical modulation, y increases more notoriously due to
parasitics at low biases.

f r  = An r

(2.25)

The bias is represented by the quiescent photon density Npo which is given by Po as:

* ,0  =
2T

vgV amhv
(2.26)

Equation (2.27) shows that the effect of Rac and e-Npo are inseparable unless Tcap/reSc is 

known [17] or when Npo «  1/e (low emitted powers).
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aeff
dg / dN w

o + j u (i + sO
(2.27)

The damping obtained from the model is shown in (2.28) by replacing Ap by the 

model parameters.

r  =
VS aeff

2 n
i + r g , A 1 + £ N p 0)

' e f f

N  po + ■ k 1+ v ) (2.28)

Equation (2.28) is equivalent to the parasitic-free damping expression in (1.23) with 

the addition of the factor (1 + U). U, which is obtained in Appendix 4 by numerical 

simulations, strongly depends on the parasitics Cp +Q, rj, rj and the coupling factor %, and 

weakly on Rac, Npo, dg/dNw, s  and t w. A s Cp +Cj and rj are constant above threshold, U  is 

related to r^, which depends on bias current as ~l/7. In this case, smaller values of U are 

obtained in laser diodes that operate at higher currents, which in turn make them less 

sensitive to parasitics. In a parasitics free laser in which Cp +Cj =0, the value of U 

vanishes and (2.28) and (1.25) are equivalent. The cases t]=0 and are equivalent 

and would lead to U= 0 or parasitic free y by completely decoupling the active area from 

the external laser parasitics. However, the latter are impossible to realize in a real laser 

diode.

The numerically calculated values of U  were 2.5 at Po=0 and decayed asymptotically 

to 0.15 at high powers, as represented by the relationship between the traces in Figure 

2.16. A similar effect of parasitics on y was observed experimentally on InGaAs QW 

lasers [44].
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In similar way, parasitics affect the values o f the Al-factor. Equation (2.29) shows K  

that dictates the slope y - f r2, which is now influenced by parasitics (!+£/)•

a
(1 + U) = 4 x 2 t , 1 + T g * s (l + s N po) 

d g / d N w(\ + R j -
(1 + U)  (2.29)

As the expression o f damping y and K-factor are utilized to obtain the compression 

factor e from the fit of experimental frequency response, it is important to have an 

accurate knowledge of Cp +Cj, r<j, rjinj  and %. The solutions o f the model as well as 

equations (2.25) and (2.27) are the tools utilized for the data analysis in Chapter 5.

2.5. Temperature analysis

The description of the dynamics below and above threshold presented in the 

preceding section was carried out at constant temperature. However, the experiments 

described in Chapter 3 that retrieve the data for Chapters 4 and 5 cover a temperature 

range from T=10-80°C. Therefore, in order to provide the tools for the analysis in 

Chapters 4 and 5, we theoretically investigated the temperature dependence o f many of 

the parameters that affect the quiescent conditions as well as the dynamic response of the 

laser diode.

In order to evaluate To, section 2.5.1 performs a complete simulation o f the DC 

conditions of the laser diode that retrieve Ith -  T  relationship in InGaAsN and InGaAs 

devices. This analysis relies on both experimentally known laser parameters, such as the 

carrier monomolecular recombination, as well as the calculated carrier thermionic escape 

and Rdc-
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Section 2.5.2 develops the AC small signal model above threshold, in order to 

provide the theoretical analysis tools for Chapter 5. The impact o f AC  capture and escape 

times that determine Rac, along with the differential gain were investigated to find their 

connection with the temperature dependence o f the laser bandwidth.

Interestingly, the AC small signal analysis, the effect of temperature on rj and % did 

not produce significant changes on how parasitics coupled to the intrinsic parameters. 

Notice that the DC analysis below threshold is inherently parasitics insensitive.

2.5.1. Temperature analysis below threshold

This section targets the study of the threshold current and characteristic temperature 

To of a single quantum well Ino.4Gao.6Asi.xNx laser for x=0 and x=0.005. Following up 

with the analysis in Section 1.2.1, simulations were carried out in Section 2.5.1.1 to 

investigate the sensitivity of Ith and To to the laser’s device and material parameters 

through Ith ~ T  simulations. More in depth than in Chapter 1, this section includes the 

effects of the QW thermionic emission, iQc as well as the recombination in the SCH, Rs.

To finalize the study below threshold, we present in Section 2.5.1.2 the effective 

lifetime analysis, which provides the essential tool for the analysis in Chapter 4 when Rdc 

is not experimentally known. The estimation errors in the recombination coefficients that 

accrue from this analysis are estimated.

2.5.1.1. Device current versus temperature

The analysis described next finds the Nw -  I  relationship and To in In o  4G a o .6A s i . xN x 

laser diodes (x=0 and x=0.005) at different temperatures. More in depth than in Chapter
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1, this analysis comprises the detailed analysis of all the constituents of the active area 

current: t cap-dc • resc-dc■> BW,CW, As, Bs and Cs.

Equation (2.30) shows the complete expression o f the device bias current I  given by 

the recombination processes in the QW and SCH.

i  = +b-n » +c . N l)+Q-r„){A.N . +B.Nl + c ,v ,J)] (2.30)

Equation (2.30) is the complete form of expression (1.9), which incorporates on its 

second term the effects o f carrier build up and recombination in the SCH, Rs. Typical 

values o f jj are shown in Table 2.1 and we adopt 0.85 and 0.88 for InGaAsNand InGaAs 

lasers, respectively [45], Since it represents the heterobarrier leakage current [46], it is 

not surprising the similarity in rj in InGaAsN and InGaAs lasers as they have identical 

SCH cladding regions. These values o f r| are found similar than those in near infrared 

laser diodes [46].

The carrier density Ns in the SCH is unknown, however it keeps a relationship with 

Nw as it was demonstrated from the solution of the steady state rate equations by Pikal et 

al. [22], In steady state regime and using equation (2.4) below threshold, Ns can be 

expressed in terms of Nw as in (2.31).

T  -t  ,q c a p -d c
T T

\  w —dc esc—dc J
(2.31)

Typical values of resc.dc calculated in the studied Ino.4Gao.6Asi.xNx laser structures fall 

in the range 10-100ps [27] for T= 10-100°C range, which yields Rdc = tesc-dc I ?w-dc < 0.1 

and therefore equation (2.31) could be simplified as
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Equation (2.32) shows that the ratio of SCH to QW carrier density is imposed by r q 

and Rdc, where Rdc depends on Nw and T. For the typical values r q=0.02 and Rdc < 2 

shown later on, equation (2.32) yields Ns of less than 10% of Nw.

In this analysis we have adopted xesc-dc from the carrier thermionic emission study 

described by Tansu et al. in InGaAsN and InGaAs SQW lasers, which feature active 

SQW structures identical to those studied in this thesis [27], Figure 2.17 shows the 

Rdc=tcap-dc /  tesc-dc based on the carrier thermionic escape in InGaAsN (a) and InGaAs (b) 

SQW lasers, rcap-dc was found to be constant at around 5.3ps and dominated by the 

ambipolar SCH diffusion time in both InGaAsN and InGaAs lasers for temperatures from 

250-400K [45]. The escape time xerSc-dc is given by the quantum well thermionic emission 

rates for holes and electrons (.N J x e.ee and N J x e.hh), which contribute to the total escape 

time as 1/resc-dc=  1 !xe-ee +  1 he-m- Electron thermionic emission was found to be negligible 

in InGaAsN structures due to the large typical electron confinement AEC > 0.4eV (see 

Figure 1.9), thus yielding Rdc= ĉap-dc /  Am in Figure 2.17 (a). Instead, the electron heavy 

hole thermionic escape is found to be more pronounced than in InGaAs at higher carrier 

densities and temperatures due to the reduction in AEV which results from the addition of 

nitrogen [45, 47-50]. This effect is observed when comparing Figure 2.17 (a) and (b). On 

the other hand, the rapid growth of Rdc in Figure 2.17 (b) above 3-4-1018 cm"3 arises from 

the dominance of thermionic electron escape in InGaAs structures.

Consistently with Figure 2.3, larger values of xesc-dc and Rdc give rise to a carrier 

density build up in the SCH and therefore Rs ^  0. Therefore, in order to compute /  in
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(2.30), we utilized the SCH recombination parameters for GaAs to be A s= \08 1/s and 

=1.2-1 O'10cm3/s for all the simulated temperatures [24, 45]. The effect of the term 

Cs-N3s was negligible in the analysis, as Cs~3.5TO'30 cm6/s [24] and the carrier 

concentration in the SCH is not large. Therefore, the term C-Nss was discarded in the 

calculation of Rs.

The simulation results for I  - N w are shown in Figure 2.18 in InGaAs (a) and 

InGaAsN (b) SQW lasers at 7=10, 40and 80°C. Based on the threshold gain go, -  30cm'1 

from Chapter 1, we calculated the threshold points (Ntk, I th) for each case. Notice that Ith 

in (a) is 2-3 times larger and also more temperature sensitive than in (b), which contrasts 

with what is experimentally observed in InGaAs(N) lasers [49, 51, 52], Notice that the 

increase of I th is due to a mixed contribution of the gain decrease with temperature and 

the change in the I-Nw traces in Figure 2.18 as well, rather than the separated effect of 

reduction in the injection efficiency due to current leakage [49, 52] or non-radiative 

recombination [53-55]. In order to clarify what are the potential effects of each one of the 

different current paths that contribute to the laser threshold current, we use our model to 

study Ith as a function o f temperature.

As a first measure to study the effect of the different current paths into the device 

current, we broke up expression (2.30) into its different terms assuming I=Ith(T). We 

regrouped those terms into the different recombination in the well and the total 

recombination path in the SCH.

Figure 2.19 shows the relative percent contribution of the different recombination 

paths in (2.30) in InGaAsN (a) and InGaAs (b) SQW lasers at threshold. The radiative
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and non radiative recombination paths in the QW are represented by BWNW2 and 

AWNW-CWNW3, respectively, whereas Is represents the total recombination path in the SCH.

2.0  - |

InGaAsN
80°C

10°C
0 . 5 -

dominant 
hole escape

o.o-
2 .0  -I

(b )R, InGaAs

dominant 
electron escape

dominant 
hole escape

0 . 5 -

0.0
0.0 1.0 2.0 3.0 4 .0 5.0

k i a -3N , 10 cmw ’

Figure 2.17. -  Steady state ratio R d c= tc a P -d J ie s c -d c  versus Nw in InGaAsN (a) and InGaAs 
(b) SQW lasers in the range 7=10-80°C from ref [45]. Rdc in (a) is larger than (b) due to 
larger hole thermionic escape. In (b) the thermionic electron escape becomes dominant

above 3-4-1018 cm"3.
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Figure 2.18. -  Simulated device bias current /  versus carrier density Nw in InGaAsN 

(a) and InGaAs (b) SQW lasers at T=10, 40 and 80°C. It is indicated in each trace the 
threshold point obtained from the gain relation gth = 30cm"1 from Chapter 1.

It is also plotted in dotted line the total non radiative recombination path in the QW, 

AWN W+ CWNW3, which increases considerably from subplot (b) to (a) due to the increase on

A-w

It can be observed in Figure 2.19 (a) that I a + I c  represents 60-70% of I th over the full 

temperature range in InGaAsN lasers, which is mainly influenced by the monomolecular
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recombination Ia (40-60% /,/,). This is consistent with previous experimental findings in 

1.3pm InGaAsN lasers, in which a 3-4 times increase in the monomolecular 

recombination is associated with the nitrogen incorporation [40, 56, 57]. The significant 

growth of Cw and the third order dependence with Nw makes C w -Nw3 to contribute to 30% 

of Ith at T=  100°C. On the other hand, subplot (b) shows that I th is dominated by the term 

BWNW2 in InGaAs lasers, where the monomolecular recombination takes a second place 

up to r~90°C. Above 90°C, Cw - N j  becomes important (-30%  Ith) due to the same 

reasons given in (a).

Figure 2.19 shows in both cases that the SCH recombination path Is barely contributes 

to Ith over the full temperature range. In fact, subplot (a) shows that Is adds up to 10% of 

Ith, more significant than the 2-5% found in InGaAs (b). This is attributed to the larger Rdc 

(Figure 2.17) and consequent carrier build up and recombination in the SCH in (a). Still, 

Is is much smaller than the total current I th, as was previously speculated from equation

(2.32).

From the analysis of the traces in Figure 2.19 we infer that the monomolecular 

recombination rules over I th in InGaAsN lasers. It is nor clear though, what would be the 

direct impact in To of each one of the recombination paths. In order to answer this, we 

further investigate Ith and To in InGaAsN lasers by removing, one at a time, each one of 

the parameters of the model.

By repeating the simulation done above in InGaAsN devices, the following analysis 

obtains the traces of Ith — T  by suppressing one of the effects of either A w, Bw ,C W or xesc-dc- 

To explore all the possibilities, we simulated also the cases in which the gain parameter 

or the transparency carrier density are temperature insensitive.

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(a) InGaAsN1 0 0 -

8 0 -

6 0 -

4 0 -

2 0 -

0
>

CD 1 0 0 - r clr qV A wNw 

= q rqV B w-N2w 

:=qrqVCwN3w 
=q(1-rq)V-(As-Nss+Bs N2s ) 
+̂lc [Total QW non-radiative]

(b) InGaAs0

8 0 -

o 6 0 -

4 0 -

2 0 -

4 0 60 80 1000 20

Temperature, T, °C
Figure 2.19. -  Different recombination paths, percent, that contribute to Ith (100%) 

versus T  in InGaAsN (a) and InGaAs (b) SQW lasers. The dotted line represents the 
current for the total non-radiative recombination path AWNW+ CWNW3 in the QW.

Is represents the SCH recombination current.

Figure 2.20 shows Ith -  T  calculated from (2.30) and (2.32), in which the semi- 

logarithmic plot permits to directly visualize To as the inverse o f the slope. The black 

trace (solid) represents the threshold current in the InGaAsN, followed by the same
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calculation by equating either Aw, Bw, or Cw to zero, as represented by the red, green and 

blue (solid) traces, respectively.
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Figure 2.20. -Analysis of the sensitivity of la, -T  behavior to the suppression of either 

Aw-N, Bw-N 2, Cw-N 3and Rs (or Rdc :::0) in InGaAsN SQW lasers.

Then we iterated for 7V=0, which is equivalent to /Q -0  or AS=BS=0, as shown by the 

solid trace in cyan. Finally, we assumed for completeness two cases in which either Ntr 

or go were temperature insensitive and fixed to the values in references [48, 55] 3600cm'1 

and 2-1018cmA respectively. As a comparison, we plotted I,h -  T  in InGaAs lasers 

(dashed).

We observe in Figure 2.20 that fixing Go has no impact in either I,}, or T0. In similar 

way, the suppression of Is causes little improvement in I,h and To. It is more notorious,

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



though, the suppression o f C WN W3 leads to direct increase on To, as found elsewhere [54, 

58],

It is observed also that the suppression o f BWN W reduces Ith in -30%  but keeps To 

unchanged. On the other hand, and confirming our suspicion, the suppression of 1a 

considerably reduces Ith, which becomes comparable to that of InGaAs lasers at low 

temperatures. In this case however, the trace is even steeper (lower To), meaning that the 

monomolecular recombination does not explain the reduction in To. Interestingly, we find 

that by fixing N tr to 2-1018cm"3 (compare to N,r in Figure 1.4a) produces an increment in 

both Th and To.

In conclusion, this analysis tells us that in theory the reduction on To could be a 

combination of N tr and Cw due to the nitrogen incorporation in InGaAsN lasers. To 

summarize our findings Table 2.2 shows Ith at T = 20°C and To obtained from the fit o f 

each trace in Figure 2.20 with equation (1.12). These values allow us to more accurately 

identify the potential parameters that may reduce To in InGaAsN SQW lasers, confirming 

Cw as the main candidate of lower To, followed in importance by N tr. B w plays a less 

significant role and its effect mainly reduces Ith, whereas the effect go is negligible in both 

Ith and To- Finally, we found that the effect of neglecting N s (Rdc=0) produces changes of 

-5%  in both Ith and To.

Although the case where N s =0 does not considerably impact on Ith and To, it has 

fundamental importance for the data analysis in Chapter 4. For that reason we dedicate 

the following section to the study of the of the effective recombination parameters in the 

data analysis when assuming Rdc=0.

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Parameter changed Ith, mA (20°C) To (K)

Normal case 164 97

II 61 61

ll 115 94

P II 164 132

Rdc=0 or As= Bs=0 152 103

= 2-10Iscm 3 242 257

go = 3600 cm'1 164 101

Table 2.2.- Parameter sensitivity o f I#, (20°C) and To in InGaAsN lasers.

2.5.1.2 Effective differential carrier lifetime analysis

The effective differential lifetime analysis is widely used in the literature and only 

assumes a single carrier density in the active area, N ejf  [59], In practical cases, the 

fundamental reason that justifies the effective carrier lifetime analysis is the difficulty to 

measure the capture to escape ratio iQc [22], which is unknown in most o f the practical 

cases. Therefore, the effective carrier lifetime analysis becomes the only tool to provide 

an estimation of the effective carrier density in the quantum well [59].

The effective lifetime analysis model results from a simplification to the active area 

model of equations (2.3) and (2.4) when assuming Rdc=0 and thus Ns=0. Under this 

assumption Nw no longer represents the carrier density in the QW so we rename it as the 

effective carrier density Ne/f. As it accounts for the carrier density in the active area all, 

Ne/f is an overestimation to Nw, unless Rdc—>0 in where Ne/f = Nw.

The effective rate equations model is now simplified and then the device current in
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(2.30) simplifies to

77

(2.33)

e ff1'1 eff ^ e f f 1 v e #  ~r ^ e f f 1 '* eff \I  = S^ W N ' f  + B « K + c * N « \

In a similar way, we obtain an expression o f the differential lifetime Te/f instead of that 

in (2.11) as

1 , —   , t 2

T eff

-  A eff + 2B effN eff + 3C effN eff (2.34)

We analyzed theresults form the previous section by simultaneously fitting I  in (2.30) 

and r in (2.15), with equations (2.33) and (2.34). The fit retrieved A eg , Beff, Ceg  and Neff. 

We found that Neff overestimated Nw from Figure 2.18 in up to 20%, which is due to the 

small effect of Is on Ith found above. In order to check the validity o f the effective 

analysis, we compared A e/f, Beff, C^-with Au , Bw and Cw in InGaAsN and InGaAs lasers.

Table 2.3 shows the results of the effective analysis performed to the InGaAsN (a) 

and InGaAs (a) lasers simulated above.

Again, the limit >0 yields the effective carrier parameters Aeff, Beff, and Ceg  

identical to Aw, Bw, and Cw used in the simulation (Table 1.1). Notice that Aejf. Be/f, and 

Ceff in InGaAs lasers are still like Aw, Bw, and Cw due to the low values in R ^. However, 

the fit in InGaAsN lasers retrieve Aejj, Beff, and Cefj that show a distorted representation of 

the physical of the real recombination processes, due to the considerable thermionic 

escape and carrier build up in the SCH.
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(a) InGaAsN

T A eff
1 0 V 1

Beff
10-10cm -V

^eff
l( r30c m V

10°C 7.3 2.26 5.8
40°C 7.5 2.3 1.7
80°C 7.9 2.5 12

T Aw Bw c w

10°C 7.7 1.5 3.9
40°C 7.7 1.5 8.2
80°C 7.7 1.5 22.3

(b) InGaAs

T A eff
1 0 V 1

Beff
lO ^cm -V 1

Ceff

10-30c m V
10°C 2 1.6 3.7
40°C 2.1 1.6 9.1
80°C 2.2 1.5 26.6

T
Aw Bw Cw

10°C 2.2 1.5 3.9
40°C 2.2 1.5 8.2
80°C 2.2 1.5 22

Table 2.3.- Effective carrier lifetime analysis to the modeled InGaAsN (a) and 
InGaAs (b) lasers. If iQc=0 then Ns =0 and Aejj, Beg, and Ceff become 

Aw, Bw, and Cw identical those used in the simulation (Table 1.1)

With exception o f the recombination parameters, the presented analysis was accurate 

enough to obtain the carrier density in the QW, which is used in Chapter 4 for the 

experimental lifetime and gain analysis.
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2.5.2. Frequency response versus temperature above threshold

The analysis above threshold is oriented to study the impact of temperature on the 

device bandwidth. As shown in Section 2.4.1, both f r and y are are influenced by Rac, 

which follows the temperature dependence in Figure 2.17 as Rac = \.5-Rdc in this work 

([29], Figure 2.21). In addition, model calculations predict a change in the material’s 

differential gain at threshold decreases with temperature as shown in Figure 2.22. This in 

turn would affect f r - T .

For the simulation, we assumed the differential gain at threshold dg/dNw obtained 

from ref. [60] in InGaAsN SQW lasers, as shown in Figure 2.22. By using the model in 

(2.19) with the parameters of Table 2.1, the slope off r versus Po is calculated as shown 

in Figure 2.24 in InGaAsN SQW lasers.

Oy?0)
0 . 6 -

0.4-OCO
oc

0 . 2 -

0.0
10 20 30 40 50 60 70 80

Temperature, 7", °C

Figure 2.21. -  Rac at threshold versus T  in InGaAsN (solid) and InGaAs (dash) SQW 
lasers in the range r=10-80°C. Rac is obtained as 1.5 times the values of Figure 2.17 

at Nth assumed to rise 3-4-1018cm° at r=10-80°C.
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Figure 2.22. -  Differential gain at threshold, dg/dNw versus temperature T  from ref.

[60] in InGaAsN SQW lasers.

Using expressions (2.25) to (2.28) we analyze next the sensitivity to temperature off r 

and y. For the simulation, we used the parameters in Table 2.1.

In the first set of simulations, we studied how the f 2 - Po behavior changes due to the 

sole effect of either dg/dNw and Rac at threshold, and the compression factor s.

In the absence of gain compression (s -0 ) f 2 - Po behavior is linear, as shown in 

Figure 2.23 (all the traces), assuming Rac=0. The solid trace depicts the case in which 

dg/dNw is temperature insensitive. On the other hand, the dotted lines show f r2 obtained 

by assuming dg/dNw shown in Figure 2.21, which caused a reduction of up to 20% in the 

s lo p e // - P0 at 7 = 80°C.
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Figure 2.23. -  f r2 versus Po in InGaAsN SQW lasers at TWO, 40 and 80°C. The dotted 
lines indicated the effect o f the reduction on dg/dNw.,. at threshold with T.

The next simulation studied the effect of carrier transport in the behavior o f f 2 - Po- 

The solid traces in Figure 2.24 were obtained in the absence of carrier transport, that is 

Rac=0. It is found a decrease in the slope off r when the threshold value of Rac of Figure

2.21 is incorporated to the simulation, which was evidenced by a reduction on 35-50% in 

f r2 at Po = 5mW.

The next simulation considers the impact of the compression factor s  on f r - Po- 

Figure 2.25 shows the simulation of f 2 considering the variation of dg/dNw with 

temperature and assuming Rac=0. The solid traces were obtained by assuming g=10"l7cm3 

as given in Table 2.1, which were identical to those in which e=0. In order to observe

• 2  • • • 1 8 3changes in f r - Po due to e, we further repeated the simulation with aW 0‘ cm (dotted

2
lines) and could observe as change in less than 5% on f r at Pq = 5mW.
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Figure 2.24. -  f r versus Po in InGaAsN SQW lasers in the range T= 10, 40 and 80°C, 
when the threshold value Rac varies with T. The dotted lines show a dramatic

N
X
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50 -i 

4 0 -  

3 0 -  

2 0 -  

1 0 -  

0
0

reduction on f r due to carrier transport.

■10°C 
■ 40°C 
80°C

Solid line: s  = 10~17cm~3/W  
D otted line: s  = 10~18cm~s/W

Emitted power, P0, mW

Figure 2.25. -  f r versus Po in InGaAsN SQW lasers at T= 10, 40 and 80°C with two 
different values of compression factor e . f 2 is not sensitive to e.
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Comparison of the results in last three cases show that the slope of f r2 - Po, which is 

imposed by the effective differential gain at threshold aeff (2.27), is insensitive to e and 

was moderately affected by the predicted changes on dg/dNw [60], However, the slope f r 

- Po was dramatically reduced due to the changes on Rac with temperature. These findings 

are experimentally confirmed in Chapter 5.

The second set o f simulations is carried out to analyze the effect of dg/dNw, Rac and s 

in the y - Po behavior. This investigation was performed by obtaining y -  Po for changes 

on the dg/dNw(l+Rac) and on e separately. As found in Section 2.4, the damping y 

depends on the electrical parasitics for this reason we performed the study of damping 

versus dg/dNw(l+Rac) or e by comparing back to back simulations with and without

1Q 90 3 1parasitics. These situations are described by a coupling factor % to be 10 -10 cm' V" 

and co, respectively. The purpose o f this comparison is to show how our model will be 

utilized in Chapter 5 to correct the value of y to its equivalent parasitic-free value 

appropriate for the study of carrier dynamics.

Figure 2.26 (a) shows y - Po for the case in which s =0 and dg/dNw(\+Rac) is 

temperature invariant (solid line) or changes with temperature as previously shown in 

Figure 2.21 and Figure 2.22. Interestingly, the changes in the slope y - Po in the parasitic 

free case (a) are similar to those in f r - Po for the combined effects of dg/dNw and Rac at 

threshold. This behavior is different when s is not zero, as shown next. Figure 2.26 (b) 

shows y - Po when including parasitics (% * 00), showing the increase in y  similar to 

Figure 2.16 and observed in the experimental data. Before commenting further, let us 

find y when s changes.
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Figure 2.26. -  Damping y versus Po in InGaAsN SQW lasers at P=10, 40 and 80°C 
with s=0 and temperature dependent dg/dNw and Rac at threshold.

Figure 2.27 shows the damping simulation with s=10‘17cm3 and 5-10"17cm3.The 

threshold value o f dg/dNw( 1 +Rac) was constant and obtained from Figure 2.21 and Figure

2.22 at P=10°C. The traces in (a) show to be sensitive to s, as y increases -100%  when s 

increases in five times, which is much more notorious than in f r2.

In conclusion, y is found to be sensitive to dg/dNw(l+Rac) at threshold and to s, which 

permits to find s as the former can be obtained from the slope/-2 - Po.

The simulations performed above provide the guidelines to the data analysis 

performed later in Chapter 5 above threshold. Figure 2.23 through Figure 2.25 provide 

the study of threshold differential gain and carrier transport, provided that the effect of s 

is found to be negligible, which id experimentally confirmed in Chapter 5. On the other 

hand, Figure 2.27 and Figure 2.28 show the potential of our developed model to connect 

obtain the parasitic free damping (a) from the experimental data (b) by numerical
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calculations in reverse order. This is done in Chapter 5 to obtain s from the damping 

factor.

-10°C
-4 0 ° C

80°C

3 .0 - 3 . 0 -

2 .5 - 2 . 5 -

2.0 - 2 .0 -

1 .5 - 1.5-

Solid line: s -  110'J7cnrPW\ 
Dotted line: e ~ 51frr cnr3 W \

1.0 - % = 10 - 1 0  cm FX  00 (Parasitics free)

0 1 2 3 5 6 0 2 3 4 5 64 1
Emitted power, P0, mW Emitted power, PQ, mW

Figure 2.27. -  Damping y versus Po in InGaAsN SQW lasers at 7=10, 40 and 80°C 
with s=10'17cm and 5-10"17cm3 and dg/dNw and Rac fixed to their threshold

values at T=10°C.
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Figure 2.28. -  Bandwidth fsdB versus emitted power Po in InGaAsN SQW lasers at 
T=40°C. Same parameters were used for the simulation. Upper line shows.
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As a complimentary calculation, we found the bandwidth f u s  by combining the 

temperature dependent y and fr  on equation (2.25). The values of / mb are shown at 

exaggerated biases in Figure 2.28 to make evident the asymptotic limit known as K- 

limited bandwidth fsdB-k [61].

The K analysis is used on Chapter 5 to put fuB-k in InGaAsN in prospective to 

commercial devices.

2.6. Summary and conclusions of the model simulations

This chapter developed the simulation tools that permit to analyze the experimental 

impedance and frequency responses from which the carrier dynamics in SQW InGaAs(N) 

laser diodes is studied. Specific tools were developed separately for the analysis below 

and above threshold, that permitted to study the threshold current and the laser bandwidth 

versus temperature, respectively.

Below threshold, we developed a rate equation model that accounts for the diode 

electrical parasitics, the carrier recombination parameters A w, Bw and Cw in the QW as 

well as the carrier transport and recombination in SCFI. The model retrieved the laser 

diode differential carrier lifetime and the time constants that dictate the frequency 

response below threshold.

We then used our model to answer the questions of this thesis work, which were 

formulated at the end of Chapter 1 as 1 through 3. Using the model results and typical 

calculated gain in InGaAsN material, we performed a temperature analysis of the 

threshold current and obtained To. We then studied the sensitivity of To to all the different 

parameters and found that nitrogen induced larger A e/f produces an increase on Ith but
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does not significantly changes To. Instead, we found that the increase of Cw and N tr due to 

nitrogen incorporation causes a reduction in To in dilute nitride lasers. This analysis took 

place assuming all parameters were known. Instead, Rdc is now experimentally known 

and we had to develop an alternative analysis.

We developed also the analysis in which Rdc is not experimentally known, as it is the 

case o f Chapter 4. We developed an effective differential carrier lifetime analysis, in 

which we assumed a carrier density Ne/f that replaced Nw. The effective analysis 

produced an overestimation in the QW carrier density as Rdc increased, which in theory 

could be up to -20% . It was found that the effective recombination parameters Bejf and 

C\eff resulting from this analysis do not represent physical mechanisms. Instead, the 

effective analysis could relate A e/j~Aw, Ntr-eff and dg/dNeff to To and Ith, becoming 

instrumental for the correct interpretation of the experimental data in Chapter 4.

The developed rate equation model above threshold provided the tools to study the 

optical modulation frequency response considering the effect of electrical parasitics. In 

this way, the damping in real laser diodes was simulated with this model, which 

incorporated electrical parasitics. Based on the intrinsic material parameters, such as 

threshold differential gain and compression factor calculated in dilute nitrides, we were 

able to simulate the laser frequency response under electrical and optical modulation. 

From those simulations we found electrical measurements to be unsuited for the analysis, 

as they were highly shaped by electrical parasitics. Instead, we found that optical 

excitation measurements recommendable for the experimental analysis, as done in 

Chapter 5.

The simulation of optical modulation response above threshold was used to answer
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questions 4-6 formulated at the end o f Chapter 1. From the above threshold analysis we 

found three major contributors to the laser bandwidth: differential gain, transport factor 

and gain compression factor. By having these calculated parameters, we simulated the 

frequency response for InGaAsN and InGaAs SQW lasers. The analysis indicated that, 

for typical measurement conditions like those in Chapter 5, the compression factor did 

not alter nor limit the laser frequency response. Therefore, the reduction in the 

differential gain and enlargement on the carrier transport were responsible for causing the 

reduction in bandwidth due to nitrogen incorporation. Moreover, the model solution 

indicated that both effects were inseparable, unless Rac is known. Following, Rac and 

dg/dNw were combined into the effective differential gain aeff. We found ae/f to reduce fsdb 

in InGaAsN lasers due to nitrogen incorporation and to shape its temperature behavior.
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CHAPTER 3

Experimental Details

This dissertation chapter describes the experiments carried out in InGaAsN and 

InGaAs laser aimed at the investigation o f the effect of nitrogen incorporation and 

temperature on gain, carrier density and modulation response. This chapter is divided into 

the description o f the experiments performed below and above threshold. The former 

consists of the electrical frequency response and impedance measurements that provide 

the data to carry out the carrier lifetime analysis. In addition, amplified spontaneous 

emission measurements provided the basis for material gain analysis. Above threshold, 

the frequency response are obtained via femtosecond optical modulation under laser 

pulsed bias. Details of the laser diodes, as well as the pulse bias and light detection 

conditions are also provided.
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3.1. Description of the laser samples

This section describes in detail the laser diodes used in the work described in this 

dissertation. Two single quantum well (SQW) laser structures with only 0 and 0.5% 

nitrogen incorporation in the well were investigated in a temperature range o f 10-80°C.

The laser structures were grown by metal-organic chemical vapor deposition 

(MOCVD) at University of Wisconsin-Madison by the group o f Professor Luke Mawst 

[1-16]. These are denominated InGaAsN and InGaAs lasers, depending upon their 

nitrogen content of 0 and 0.5%, respectively. Nitrogen is utilized to red-shift the bandgap 

in the InGaAs alloy, therefore producing a shift from A .-121 Onm to L~1290nm. The 

Indium composition was 40% in both InGaAsN and InGaAs quantum wells. The laser 

structures are schematically shown on Figure 3.1. They consist of a single 

Ino,4Gao6Asi.xNx quantum well 60A thick surrounded by GaAsP tensile-strain barriers 

with 100A-GaAs spacers. The 60A quantum well is grown under compressive strain, 

which relaxes from -2.8%  down to -2.7%  when grown with 0.5% nitrogen 

incorporation. This structure is embedded in a 3000A -  GaAs separate confinement 

region (SCH), which comprises the intrinsic region of a p+-n+ diode delimited by highly 

doped AlGaAs claddings [4]. An schematic o f the band structure of this sample is shown 

in Figure 3.1. The black region in Figure 3.1 represents a 30A GaAso.66Po.33 buffer layer, 

whose purpose is to optimize the cladding-SCH interface quality [4].
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Figure 3.1.- Band diagram of the of the InGaAsN (a) and InGaAs (b) single quantum 
well (SQW) laser structures studied in this work. The nitrogen 

percentages in the quantum well are 0.5 and 0, respectively.

The laser structures were grown using Sato’s approach [17] which requires the 

nitrogen to indium ratio to be kept to a minimum therefore reducing the amount of 

nitrogen required to shift the bandgap from k~1.2pm to a,~1 .29um. This approach is 

intended to minimize some of the detrimental effects caused by high-nitrogen 

incorporation [12, 18]. This required the In content (In>35%) SQW InGaAs laser 

structures were grown prior to the nitrogen addition [11], At this In content the QW has a 

-2.8%  strain.

InGaAs SQW laser structures were optimized to realize emission at A,=1.17-1.21pm, 

and their and very high characteristic temperature To (-200K). This was accomplished by 

carefully selecting the cladding material composition and growth procedure [4].
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Once grown with nitrogen incorporation, a dramatic reduction in To was observed that 

was attributed to am abrupt reduction on the hole confinement [7]. To overcome this, 

tensile strain barriers surrounding the quantum wells were added as shown in Figure 3.1, 

effectively improving the overall device performance in terms of To [7], However, the 

effect on frequency bandwidth of this SCH design has not yet been investigated. The 

InGaAsN and InGaAs band diagrams show a large conduction band discontinuity as well 

as an improved hole confinement provided by the GaAsP barriers.

The InGaAsN and InGaAs structures just described were fabricated into devices by 

depositing an alloy layer on the n+ and p+ claddings, as shown on Figure 3.2. By using 

appropriate etching masks, a top alloy layer is etched down to a stripe, which can feature 

a width of 3-4pm or 100pm, as shown by (a) and (b), respectively. Two types o f devices 

were fabricated, according to their stripe width. The devices are identified as narrow- 

stripe laser (a) and wide-stripe laser (b). After the stripe sides are covered with silicon 

oxide (SiCh), a top gold contact is deposited as is shown on Figures 3.2 (a) and (b).

Note the different ratios of passive to active widths of 1/100 and 1/5, shown on (a) 

and (b), respectively. As discussed on Chapter 2, this results in the narrow-stripe laser 

having larger parasitics values rcj and similar Cp+Cj, which in the carrier lifetime studies 

mask the behavior of t- I .  Conversely, the small lateral dimensions of the narrow-stripe 

devices ensure a good optical mode confinement, which makes them suitable for 

subthreshold gain and above threshold modulation measurements.
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Figure 3.3.- Laser device geometry in (a) narrow-stripe and (b) wide-stripe . Note the 
different passive/active area ratios, 1/100 and 1/5, respectively as discussed on Chapter 2

and Figure 2.1.

Description Name Value

Wide (narrow) stripe width L s 100pm (3.5-4pm)

Laser length L 490-570pm
QW width L-w 60A

SCH width L sch 3000A

Wide (narrow) stripe SCH volume V s 60 (2.4) 10'12cm'3

Spontaneous emission factor f i 8.7-10'5

Internal losses a.i 6-15 cm'1
Mirror losses (Xm ~22 cm"1

Optical confinement factor r 0.018

QW to SCH volume ratio r q 0.02

Parasitic inductance L P ~lnH

Parasitic capacitance (/>5mA) Cp+Cj ~100pF

Current injection efficiency or f]inj 0.58-0.79 (see Chapter 2)

Wide (narrow) stripe cladding resistance rs <0.20 (<1G)

Table 3.1.- Typical parameters in wide and narrow-stripe InGaAsN and InGaAs
lasers and driving circuitry.
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Despite their different widths, the narrow-stripe and wide-stripe lasers have the same 

length. In similar way, all the laser devices are as-cleaved, namely their facet mirror 

reflectivity is that imposed by the semiconductor air interface, o f the order o f 0.32. Other 

relevant parameters o f the laser devices are shown in Table 3.1.

3.2. Experimental conditions

3.2.1 Active area temperature

The different experiments were carried out under different pulse or DC bias 

conditions which are summarized in Table 3.2. In order to accurately know the active 

area temperature in each particular experiment, we experimentally determined the Joule 

heating on each particular case. Therefore, a study based on laser spectral emission was 

performed on narrow and wide-stripe lasers.

By using the Advantest 8584 optical spectrum analyzer, the spectral emission of one 

of the laser modes was tracked above threshold, for different injection conditions and 

baseplate temperature settings, using different pulsewidths, from 100ns (Joule heating) up 

to DC bias (complete heating). In this procedure, the laser amplified spontaneous 

emission (ASE) was measured above threshold. The red shift in the wavelength of one of 

the oscillation peaks qualitatively indicates the active area change in temperature. The 

experiment was conducted in two steps: (i) measure X versus T  with 100ns pulses and 

<1% duty cycle, and (ii) measure X versus I  at different pulse widths. Part (i) was 

accomplished in narrow and in wide-stripe lasers with stripe dimensions 3.5x500 and 

100x500 pm2 respectively and parameters as given in Table 3.1. When biasing both types
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of lasers with <500ns pulses and 1% duty cycle, we measured X versus T  and found a 

thermal slope of -0.88A/K in InGaAsN and InGaAs lasers. This intrinsic parameter was 

similar to that in InP based lasers [19]. By increasing the pulsewidth to that o f the 

experimental conditions in Table 3.2 we obtained the wavelength fluctuation in each 

case. Then the ratio of 7JT and /./I slopes obtained from (i) and (ii), respectively, retrieved 

thermal conductance values of ~0.025-0.037°C/mA and 0.022°C/mA in narrow and 

wide-stripe lasers, respectively, under operating conditions of Table 3.2.

Based on these findings, the experimental conditions of the lifetime and impedance 

measurements in Table 3.2 raised the active area temperature from 0 to up to 4.4°C in 

both cases. This heating is small compared with the difference in the baseplate 

temperature ranges o f 10, 20, 40, 60 and 80°C, and also is comparable with the accuracy 

of the thermo-electric cooler (TEC) at the baseplate (~1.5°C). Therefore, we assumed a 

compromise and have added 2°C average to the baseplate and assumed an uncertainty of 

±2°C for the active area temperature, as shown in Table 3.2.

The amplified spontaneous emission measurements (ASE) were performed on 

narrow-stripe lasers. A pulsewidth o f 2ps, shown on Table 3.2, was only utilized at very 

low currents, under 2mA, in order to obtain reasonable signal-to-noise ratios. Instead 

pulses as narrow as ~400ns and duty cycle <2% were used for the measurements up to 

the threshold current. Under these circumstances, the heating in the active area was 

negligible, thus we assumed the same temperatures as in the baseplate.

The measurements above threshold were performed with bias currents that reached 

60mA in InGaAsN narrow stripe lasers. The wavelength shift results measured at lOps
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pulsewidth and 2% duty cycle led to a maximum heating of approximately 1.2°C, wich is 

still within the uncertainty of the TEC.

Measurement Stripe/Device P u l s e  w i d t h
Baseplate temperature

1 0 ° C 2 0 ° C 4 0 ° C 6 0 ° C 8 0 ° C

Lifetime

Impedance

wide

wide

InGaAsN
/InGaAs 120ps 1 2 2 2 4 2 6 2 8 2

ASE narrow InGaAsN
/InGaAs 0.4-2ps 1 0 2 0 4 0 6 0 8 0

Frequency
response narrow

InGaAsN

/InGaAs

10ps 1 0 2 0 4 0 6 0 8 0

Table 3.2 - True active area temperature in the narrow-stripe and wide-stripe lasers. The 
active area temperature is shown in the yellow background.

Typical threshold currents for InGaAsN and InGaAs laser over the range of 

temperature of the experiments are summarized in Tables 3.3 and 3.4.

W i d e - s t r i p e  S Q W  l a s e r s

T h r e s h o l d  c u r r e n t ,  Ith, m A  

I n G a A s N  I n G a A s

1 0  2 1 1  7 3

2 0  2 4 6  8 0

4 0  3 3 3  9 3

6 0  4 5 1  1 1 9

8 0 _________________6 1 1 __________________1 5 9 _

T0 65K 90K

Table 3.3.- Threshold current Ith in InGaAsN and InGaAs wide-stripe lasers, where
L=580 and 530pm, respectively.
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Narrow-stripe SQW lasers

T, ° C
T h r e s h o l d  c u r r e n t ,  Ith, m A  

I n G a A s N  I n G a A s

dPo/dl, W / A  ( p e r  f a c e t )  

I n G a A s N  I n G a A s

1 0 1 0 . 4 8 . 2 0 . 1 9 7 0 . 1 8 0

2 0 1 1 . 7 9 . 4 0 . 1 9 3 0 . 1 7 7

4 0 1 4 . 6 1 0 . 8 0 . 1 4 3 0 . 1 7 1

6 0 1 9 . 3 1 3 . 2 0 . 1 1 2 0 . 1 6 6

8 0 2 9 . 6 1 7 . 0 0 . 0 7 2 0 . 1 6 0

To 66K 102K

Table 3.4.- Threshold current Ith and differential slope dPo/dl in InGaAsN 
and InGaAs SQW lasers, where L=570 and 520pm, respectively.

3.3. Experiments below threshold

This section describes the subthreshold impedance and frequency response 

measurements in InGaAsN and InGaAs SQW wide-stripe lasers. Details about their 

experimental setups are described in 3.3.1 and 3.3.2. In addition to impedance 

measurements, the typical current-voltage measurements are described in 3.3.1.

Section 3.3.3 described the experiments on amplified spontaneous emission (ASE) 

measurements, which were performed on narrow-stripe lasers.

3.3.1. Subthreshold impedance measurements

Figure 3.3 shows the setup for electrical impedance measurements performed on 

wide-stripe lasers. The test laser is placed in a custom designed probe, in between a 

flexible arm and a baseplate which contacts its anode and cathode, respectively. The 

space in between the probe arm and baseplate is adjustable in the order of 0-0.5mm by a
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stage (not shown). The baseplate temperature is set within a temperature range 7=10- 

80°C in five steps at 10, 20, 40, 60 and 80°C. It is controlled to ±1°C accuracy by a 

thermoelectric cooler (TEC) and an electronic sensor shown in the figure connected to an 

ILX controller.

As shown in Figure 3.3 (b), the probe is soldered to a 5012 microstrip line built with a 

low-loss dielectric material, which is terminated in a SMA connector on the left. As 

shown in Figure 3.3 (a), a 30cm transmission line connects this assembly with PORT 1 of 

a Agilent 8753 vector network analyzer (VNA). The network analyzer is set to measure 

the Su  parameter from 1MHz to 1GHz in a log-scale, versus bias currents up to 20% 

below threshold. The laser is DC biased through the internal bias tee provided by the 

network analyzer. The electrical diode impedance is obtained from the S u  parameter by 

bilinear transformation [20].

(a) SMA connector

\
PORT-1 fOQ

Network analyzer ----------------------- ►
S ll

V y
Bias PORT-1

(b)
Microstrip line

DC bias current Dielectric

Temp, sensor
Mounting base

Laser
diode

TEC

Figure 3.3.- (a) Setup for electrical impedance measurements on wide-stripe lasers, (b) 
Detail of the probe arm touching the test laser.
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SMA
connector

Laser
Baseplate

Figure 3.4.- (c) Photograph of the baseplate for electrical impedance measurements.

Prior to the measurement of Su, the network analyzer is calibrated by a standard 

procedure in three steps. These steps consist of performing measurements of an open and 

short circuit, which are obtained by keeping the probe to 100pm above and touching the 

baseplate, respectively. The last step consists in measuring a 50Q low-parasitics resistor 

with gold contacts at its top and bottom, which is placed at the end o f the probe instead of 

the test laser.

Figure 3.5 shows typical impedance traces in terms of real and imaginary parts, as 

directly obtained from the network analyzer. Although each pair o f traces seems to 

represent a complex process, most of them are simply fitted by a single pole expression 

similar to that of a parallel R-C circuit.
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In addition to the impedance experiment, the current-voltage (I- V) measurements were 

obtained using the same setup. A HP 4145A semiconductor parameters analyzer was 

connected to the SMA probe connector of Figure 3.3 (b). Fast current ramps o f 7=0- 

100mA were run while measuring the diode voltage. The setup was previously calibrated 

by running a short circuit measurement as the one described above.

A typical I-V  trace for InGaAs wide-stripe laser is shown in Figure 3.6. The fit of 

I-V  measurements using equation (3.1) provides accurate values of the dynamic 

resistance r ^ d V /d l  and the cladding resistance rs.

i  = L -

In (3.1), Is is the saturation current, n is the typical ideality factor for a p-n  junction 

and kB the Boltzmann constant, where kg /q is ~0.086mV/K [21],

These parameters are added to the electrical diode impedance traces for the study of 

electrical parasitics described on Section 2.3. The parasitics are obtained in Section 4.2.1 

by utilizing the algorithms implemented in Matlab, as shown on Appendix 2.

iy-irs}c 
- k RT- n

(3.1)
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Figure 3.5.- Typical raw impedance data from SI 1 measurements versus frequency in 
wide-stripe InGaAs SQW lasers at (a) 7 -1 0°C and (b) 7=80°C.
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Figure 3.6.- Typical i-V traces in InCiaAs wide-stripe SQW lasers at room temperature, 
obtained with HP 4145A semiconductor parameter analyzer.

3.3.2. Subthreshold frequency response

Frequency response measurements were taken in wide-stripe lasers at currents below 

200mA and in a temperature range similar to that of the impedance experiments. Current 

pulses were utilized to bias the laser diode, in order to avoid excessive heating that could 

deteriorate the device.

Similar to impedance measurements, the frequency response was measured using the 

network analyzer in a frequency range up to 1GHz. However in this case S n  is measured.

The wide-stripe test laser was mounted on a baseplate similar than that of impedance 

measurements for these experiments. Some changes were implemented in the probe arm
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that contacts the laser anode. Inserted in the microstrip line was a high frequency 500Q 

series resistor. Figure 3.7 (a) shows the 50F1 resistor connected to a 5nF capacitor that 

normalizes the impedance at the SMA input connector to ~50f>. The SMA connector was 

connected to a bias tee and then to Port-1 o f the Agilent 8753 network analyzer, as is 

shown in Figure 3.7 (b).

Above /= 20mA, the frequency response was measured under pulsed bias. Bias pulses 

o f 120ps with 10% duty cycle were coupled through the external bias tee and launched 

into the test laser. This was done to avoid laser deterioration. The real active area 

temperatures at which measurements were performed are shown on Table 3.1. The 

network analyzer was set to a logarithmic frequency sweep from 10MHz to 1GHz and its 

bandwidth was set to IF= 10Hz to minimize the thermal noise at the VNA’s input stage. 

The network analyzer was triggered by the bias pulses in order to sample only when the 

test laser is turned on. Below 1=20mA, the frequency response was measured with DC 

bias, similarly to impedance, in a frequency range of 1MHz to 1GHz.

Although the duty cycle of the bias pulses avoided laser damage, the pulse length 

allowed the laser active area to reach its thermal steady state, that is, the active area’s 

temperature is similar to that as under DC bias, as described in the impedance 

measurements.
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The bias tee consisted o f a modified Picosencond-Labs 5550, in which the DC port 

bandwidth was increased by reducing the value o f its first inductor. The resulting bias tee 

design accommodates the lOOKHz bandwidth to permit the bias pulses to reach the laser. 

At the same time, the bias tee combined the bias with the laser 1 M Hz-1 GHz RF 

modulation.

The test laser spontaneous emission was collimated with a large numerical aperture 

lens of 3mm focal length. The beam was refocused by a second lens into a 100pm 

diameter New Focus 1611 InGaAs photodetector, which was connected to the Port-2 of 

the 8753 network analyzer.

The frequency response of the laser diode was obtained form the S21 parameter versus 

frequency measured by the VNA after being calibrated. The calibration procedure 

consisted of coupling a custom designed SMA adaptor plugged into to the probe that 

replaced the test laser, and then performing a loop S21 measurement with cables and bias 

tee included. Although the photodetector was not included in the calibration loop, its 

frequency response is known to be flat within ldB  in the measurement range. Typical 

frequency response traces for InGaAsN and InGaAs lasers are shown in Figure 3.8.

As simple single pole fit of the data was performed to least squares obtain the time 

constant t. The software tools developed to analyze the measured FR traces is briefly 

outlined in Appendix 2.
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Figure 3.8.- Typical frequency response traces in InGaAsN and InGaAs wide-stripe 
lasers below threshold at (a) r=10°C  and (b) 7=80°C

Combined with the impedance measurements of Section 3.3.1, the frequency 

response experiments below threshold provide the necessary information to conduct the 

differential carrier lifetime analysis in InGaAsN and InGaAs wide-stripe lasers in Section 

4.2.

3.3.3. Amplified spontaneous emission

ASE measurements were performed in InGaAsN and InGaAs narrow-stripe devices 

under pulses bias current. The test lasers were mounted on a clip baseplate connected as
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shown in Figure 3.9. The baseplate was controlled in temperature with the same setup as 

that in Sections 3.3.1 and 3.3.2. Temperature values were set identically as previously.

Current pulses o f <2ps and 2% duty cycle biased the test lasers, whose peak current 

amplitude was monitored by a current probe as shown in Figure 3.9. The amplified 

spontaneous emission at the laser facet was collected by a 0.55 numerical aperture lens, 

coupled into a single-mode SF-28 fiber and measured by using an Optical Spectrum 

Analyzer (OSA) as shown in Figure 3.9. The OSA was set to a resolution o f O.Olnm, 

span o f lOOnm and centered at k=l300nm (/.= 1200nm) for the InGaAsN (InGaAs) 

narrow-stripe lasers.

Figure 3.10 shows typical raw traces obtained from the optical spectrum analyzer. 

There is a shift of ~75meV in the emission maximum due to the addition of nitrogen into 

the quantum well as seen in (a)-(c)-(e). As the temperature is increased there is a red shift 

and broadening in the ASE, as in the sequence (b)-(d)-(f) for InGaAsN. The inset in (a) 

shows the oscillation period ~5A of the Fabry -Perot laser cavity that is given by (3.2), 

where L is the cavity length, n the effective index o f refraction (n~4.2 [22]), and k  the 

laser emission wavelength.

, 3 zl2
a a  = ^ E  (3-2)

The ASE traces were analyzed to obtain modal gain by utilizing the Hakki and Paoli 

technique [23], as done in Section 4.4 by utilizing the Matlab-implemented algorithm 

described on Appendix 6. The analysis of these results provides a complete set o f traces
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of gain versus wavelength k, obtained at different bias currents and temperatures, which 

are further studied in Section 4.4.2.
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Figure 3.9.- Setup of Amplified Spontaneous Emission measurements in narrow-
stripe lasers.
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3.4. Experiments above threshold

This section is devoted to describe the frequency response measurements performed 

above threshold in 1.3pm InGaAsN and 1.2pm InGaAs SQW narrow-stripe lasers versus 

bias and temperature. Frequency responses were obtained using optical and electrical 

injection. However the latter were not useful to obtain the relevant resonance frequency 

and damping parameters due to the influence of parasitics. These traces are however 

useful to validate the model described in Chapter 2.

I start by discussing in Section 3.4.1 the optical injection measurements, which use a 

technique developed in our group.

3.4.1. Optical frequency response

The frequency response o f narrow-stripe laser devices was obtained above threshold 

by optical injection. Previously developed for the characterization of 1.3pm 

InAsP/InGaAsP/InP MQW laser diodes [24], This approach uses short optical pulses of 

tunable wavelength to photogenerate carriers and perturb the carrier population in 

different regions of the laser active area. By utilizing a spectrum analyzer connected to a 

photodetector, this technique measures the laser impulse response in the frequency 

domain and then extracts the frequency response from its envelope.

In this scheme, a small signal perturbation is produced by sub-picosecond optical 

pulses impinging into the laser active area, as it is sketched on Figure 2.12. The pulses 

are generated at a repetition rate of ~81MHz by either an Optical Parametric Oscillator 

(OPO) or Ti:sapp laser, covering wavelength ranges of /.=! 040-1350nm and
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A.~780-820nm, respectively. Further details on the pulse generation and shaping are 

described in previous works [24-26]. The pulse time and frequency domain 

representations of the input signal to the device are shown on Figure 2.13.

The pulses are impinged into one o f the laser’s facets by the setup shown on Figure 

3.11, in where the excitation beam creates electron-hole pairs by reaching one of the 

bandgaps of the laser structure (Figure 2.13 (a)). The geometry was necessary because 

the narrow-stripe lasers have absorbing GaAs layers that prevent accessing the active 

area through the device’s side as done in InAsP [24].

The modulation into the facet was achieved by utilizing Z--800nm (hv~ \.55eV) from 

the Ti:Sapp for SCH injection or /~1 1 OOnm (hv~ 1.23eV) from the OPO for injection into 

the quantum well. The optical pulses were focused on the back facet o f the laser diode by 

a lens o f 19mm focal length attached to a X-Y-Z positioner.

This scheme produced a local modulation in the active area, where the modulation 

index and therefore signal at the laser output was reduced in comparison with that of the 

side-injection scheme [24], Nevertheless, the signal level provided in the experiments by 

the transimpedance photodetector is large enough to ensure measurement of frequency 

response up to 12GHz.
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Figure 3.11.- Setup geometry of optical modulation frequency response in narrow- 
stripe laser diodes. The OPO or Ti:Sapphire is impinged on one facet whereas the laser

emission is measured from the other.

In theory, the model described in Section 2.1.2 describes the laser’s small signal 

perturbations. At the experimental level, the small signal modulation conditions are set by 

adjusting the intensity of the optical pulses to a level where the laser diode output and the 

peak wavelength shifts in less than 5% and 0.8A, respectively, as shown by Figure 3.13.

Figure 3.12 shows the schematics of the frequency response measurements with 

optical modulation. After impinging into the laser back facet, the laser output beam was 

collimated by a first lens of 2.9mm focal length and 0.55 numerical aperture (N.A.) held 

by a XYZ stage. The beam traveled through a low pass optical filter (LPF) that rejects 

wavelengths shorter than 1150nm, followed by an optical isolator that prevents any 

optical feedback. At the end, the beam was focused into a New Focus 1567 photodetector 

by a 10mm focal-length lens positioned by a XYZ stage.

Baseplate 50n  resistor

Collimation
lens

Injection
beam

Focusing lens
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Figure 3.2.- Schematics o f the optical modulation frequency response setup, (a) After 
passing through an optical isolator and LPF, the laser output is impinged into a 

photodetector/spectrum analyzer.

The electrical output o f the photodetector is shown in Figure 3.14 (a), where its shape 

is identical to that of the bias pulses. The superimposed arrows correspond to the laser 

impulse response shown in detail on Figure 2.13 (a).

The photodetector output, with typical signal levels of -85dBm to -30dBm, was 

connected to a HP8563 spectrum analyzer. The spectrum analyzer span is set to 70MHz- 

12GHz under gated operation [27]. To gain insight into the gated detection scheme, 

Figure 3.14 (b) and (c) show the detected signal inside the spectrum analyzer. The 

spectrum analyzer analyzes the incoming signal one frequency at a time, downconverting 

it to an intermediate frequency fip  shown in Figure 3.14 (b).
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The signal is smoothed by the response o f the IF bandwidth, which acts as a low pass 

filter. Therefore, the IF bandwidth has to be large enough to provide a flat envelope in (c) 

during the gating process (shaded), but at the same time it must be small enough to 

minimize the noise floor [27]. The trade off indicated that, for typical 10ps bias pulses, 

the IF bandwidth must be set to lOOKFIz.

Figure 3.15 shows typical raw traces obtained at 7=10°C and 80°C in InGaAs SQW 

narrow-stripe lasers from the spectrum analyzer under optical OPO injection.

Crosstalk signal was not observed when injecting with the Ti:Sapp laser, as the 

1150nm low-pass filter (LPF) strongly attenuates the beam (7,=800nm).

The complete system is calibrated by impinging the attenuated injection beam into the 

photodetector and measuring its frequency response. This was done by adding two 

mirrors and a 100 times attenuator to deflect the OPO beam to the photodetector’s fiber. 

The calibration frequency response shown on Figure 3.16 served as the calibration 

reference for each one of the measured traces.

The test narrow-stripe lasers were mounted on a baseplate controlled by a 

thermoelectric cooler (TEC). The baseplate was set to five different temperatures: 7M 0, 

20, 40, 60 and 80°C to ±1°C, in similar fashion to the experiments described above. 

Detailed values of the device threshold current Ith and slope efficiency dPo/dl are shown 

on Table 3.4 for the set of narrow-stripe devices characterized above threshold. Pulsed 

bias was used to perform these measurements under identical conditions than in 

frequency response measurements as described in Table 3.2.
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3.4.2 Electrical frequency response

In the optical modulation measurements described on Figure 3.11, the circuitry 

bonded to the laser diode was used only to provide the bias pulses. However, this 

circuitry was carefully designed to couple electrical modulation to the laser diode as well. 

Figure 3.17 shows details about the microstrip line that is connected to the laser diode 

through a 50f l  resistor. This low inductance resistor provides the impedance match to the 

laser diode on the right side to the transmission line within a bandwidth o f approximately 

10GHz. The parasitics inductance of the wire bond is in the order of Lp=InH.
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Figure 3.17.- Detailed schematics of the laser probe on Figure 3.11. A microstrip line 
couples the bias and modulation into the laser diode through an 

impedance matching resistor.

Similarly to Section 3.4.1, this transmission line supplies the bias pulses and the RF 

modulation to the laser which are identical to that used in the optical experiments. Figure 

3.18 shows the details of the experiment to measure the frequency response by electrical 

modulation. The laser probe is connected to a 40GHz Agilent 8722 VNA, with a 

geometry that resembles the schematics in Figure 3.7.

In this case, a 30cm cable connects the probe to PORT-1 at the VNA. The VNA has 

an internal bias tee that permitted the lOus bias pulses to reach the test laser at the same 

time that the RF modulation was provided.
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Figure 3.18.- Electrical frequency response setup. The bias is launched into the bias port 
of the VNA. The VNA works in triggered mode.

The laser beam is collimated and refocused into a SMF-28 single mode fiber, after 

passing through an optical isolator. The fiber is connected to a New Focus 1411 Schottky 

InGaAs photodetector with 25GHz bandwidth. The VNA is set to measure S21 after 

connecting the photodetector to its PORT-2 in a logarithmic sweep from 70MHz to 

12GHz. The frequency response was obtained from the S21 traces versus bias and 

temperature, under identical experimental conditions as in Section 3.4.1. Typical 

electrical modulation S21 traces are shown in Figure 3.19 . The influence o f the parasitics 

in these traces shadow the resonant behavior.
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CHAPTER 4 

Analysis below threshold

This chapter is devoted to the study of the impact of nitrogen incorporation and 

temperature on the differential lifetime and gain of 1.3pm InGaAsN laser diodes. These 

studies provide insight on key material properties that influence the laser threshold 

current. Furthermore, because these studies are carried out at different temperatures, they 

allow to explore the influence o f the mechanisms controlling To, the characteristic 

parameter that measures the temperature sensitivity of the laser threshold current.
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4.1. Introduction

Understanding the output behavior of semiconductor lasers relies in part in knowing 

the carrier density at different injection conditions. As shown in Chapter 2, the carrier 

density and gain parameters can be extracted within the reservoir model, if the device 

parasitics and transport parameters of the materials conforming the active region are 

known.

In this chapter we use the model of Chapter 2 to analyze the results of modulation 

response measurements below threshold from which the effective differential carrier 

lifetime is obtained. The results o f these experiments coupled with those of gain 

measurements allow to obtain for the first time the material’s gain parameters. In turn, 

these results allow to draw conclusions on the impact of nitrogen on the gain and 

effective differential gain at the threshold current I*, which are compared with those from 

above threshold study in Chapter 5. Further conclusions are drawn on the high 

temperature behavior of the gain parameters and threshold current of the dilute nitride 

lasers. This analysis is relevant to unveil the changes in the device parameters produced 

by the nitrogen incorporation in dilute nitrides and in turn to assess how well these 

devices compare to 1.3pm InP-based laser diodes.

The experimental study of Ith - T  allowes us to find the answers to what are the 

detrimental effects of nitrogen incorporation in dilute nitride lasers. Section 4.4.3 

connects the changes in the differential gain dg/dNeff ,  monomolecular recombination Ae/f 

and other parameters with the reduction on the temperature performance in dilute nitride 

lasers. Section 4.4.4 compares dg/dNeff with that obtained in Chapter 5, which shows 

similar trends with temperature and nitrogen incorporation. We found also a link between

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the reduction of dg/dNeff  and that of To. In a similar way the increase of A e/f  increases l th 

in dilute nitride lasers. The analysis also pointed to Ceff  as an important player in reducing 

To in dilute nitrides. The effective analysis (/?j6=0), as shown in Chapter 2, is justified as 

as the contribution due to carrier recombination in the separate confinement region of the 

structure is at most 10% at the highest temperature.

4.2. Analysis of differential carrier lifetime in InGaAsN wide-stripe QW 
lasers

This section describes the analysis of the measured time constant r  extracted from the 

fit of the modulation responses below threshold at different biases and temperatures. 

There are complications in this analysis that arise from the fact that the measured r  is 

masked by parasitic effects at very low bias. Thus, we first describe how with the help of 

impedance measurements it is possible to limit the bias range to extract a reff  from the 

data that is truly representative o f the differential lifetime. The xeff -  I  behavior is then 

analyzed to extract the carrier density Ne/f. This analysis as shown in chapter 2, is justified 

as for the characteristic transport parameters calculated following the analysis o f Ref. [1], 

the contribution of the SCH carrier density to the total current is less than 10% at the 

highest temperature.

4.2.1. Study of electrical parasitics in wide-stripe InGaAsN lasers

The electrical parasitics of wide-stripe InGaAs(N) lasers were evaluated from 

impedance measurements as described in 3.2.1, from which rd'(Cp +CJ), where r(/ is the 

diode differential resistance and Cp+Cj the total diode capacitance, was obtained. 

Complimentary I-V  measurements described in Section 3.2.1 yielded the diode
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differential resistance rd=dV/dI. Figure 4.1 shows typical impedance traces at T - 22°C in 

InGaAsN and InGaAs wide-stripe laser diodes at 7=6mA and 7=30mA, obtained with the 

technique described in section 3.2.1. These traces are fitted with expression (2.16), which 

is repeated here for completion, from which a single dominant pole is obtained.

7  /  - f \  __________________1 +  j l n f T z__________________

d (1 + j ln fx py  (1 + j l n f r A)  • (1 +  j l r r f t B) ( 4 J )  a n d  (2-16)

As was predicted by the analysis in Section 2.2, the fit of the experimental traces with 

(4.1) indicated, within ±10% errors bars, the absence of poles other than ta in the 1GHz 

frequency range of the measurements. The extracted ta  versus bias 7 for InGaAsN and 

InGaAs wide-stripe lasers is plotted in Figure 4.2 in a range 7<0.1-7^. Although 

measurements at higher biases were performed, the magnitude o f ra reaches a plateau at 

about 5mA, which according to Section 2.3 indicates the transition between parasitics 

dominated and intrinsic behavior in the laser diode.

Figure 4.3 shows rA versus bias 7obtained from I -V measurements. I -V measurements 

also provide the cladding resistance rs (Table 2.1), which is given by the typical diode I-V  

equation in (4.2) [2],

I  = I A  exp {V - I - r s )q
k aT-n

-  1 (4-2)

The parameters in (4.2) were explained in Section 3.2.1. The solid and dashed lines in 

Figure 4.3 are the fit to the experimental data with (4.2), showing rA for InGaAsN and 

InGaAs, respectively.
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Figure 4.1.- Electrical impedance traces at 1=6mA and 7=30mA in InGaAsN and 
InGaAs 500pm x 100pm wide-stripe laser diodes at T= 22°C.
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Figure 4.2.- Impedance time constant ta versus bias /  at T= 22°C. InGaAsN (InGaAs) 
laser traces are shown in solid (dashed) lines. The current range is 5% (12%) of Ith for

InGaAsN (InGaAs).
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Similar values of r j versus I  were obtained from the low frequency impedance traces 

(/—>0) by following (2.18). It is interesting to note that for the particular wide-stripe 

devices investigated the InGaAs lasers show a higher rA at all biases.

InGaAsa

g
li
n InGaAsN 'v □

0.10.01

Bias, /, mA

Figure 4.3.- r j versus bias I  obtained from I-V  measurements at T = 22°C. InGaAsN 
(InGaAs) wide-stripe laser traces are shown in solid (dashed) lines.

As predicted by the impedance analysis of Section 2.3, the value of the frequency 

response time constant t  in a parasitic free laser saturates when the bias reduces to zero, 

as was shown in Figure 2.9 (ideal case). In a similar way, the impedance time constant ta 

should saturate too. However, the experimental traces of Figure 4.2 show that zA 

monotonically increases as /  goes to zero. This is an indication of the significant presence 

of parasitic effects.

Based on the model in Section 2.3, the behavior of ta observed from experiments 

can be accounted for the effects of Cp+Cj.  This in turn allows to extract Cp+Cj  from the
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fit of ta and r j versus /  o f Figure 4.2 and Figure 4.3 respectively in the low-bias 

approximation (2.19).

0 = rA c p +Cj )  (2l 9)

The values of Cp+C j  are shown at very low biases in Figure 4.4 in InGaAsN and 

InGaAs wide-stripe lasers at T = 22°C. The behavior of Cp+Cj  is similar to that modeled in 

Chapter 2 in InGaAs wide-stripe lasers, based on the study by Liou et al. [3]. However, 

this is not the case in InGaAsN lasers within the bias range of the measurements, where 

(Cp+Cj) was practically independent of bias.

The single pole response of impedance measurements is also commonly used to 

extract the carrier lifetime. However, based on the discussion just presented, this is only 

valid if parasitic effects are negligible. Thus the analysis served to separate the bias 

regime where ta is only due to parasitics. The behavior of (Cp+Cj)  is relevant for 

extracting the carrier lifetime. From the behavior of (CP+CJ) of Figure 4.4, we conclude 

that beyond 5-10A/cm2, where (Cp+Cj)  asymptotically decays to ~105pF (±20%) at 

T = 22°C ,  corresponds to a parasitic free behavior. It is important to point out that the 

parasitic dominated lifetime is limited to the range below 10% the threshold current.

The temperature dependence o f (CP+CJ) was obtained from reverse-bias impedance 

measurements. In fact, when reverse-biasing the diode to -1-2V  [4], the impedance 

measurements in InGaAsN and InGaAs wide-stripe lasers at 12, 42, 62 and 82°C 

indicated (CP+CJ) equals to 1 lOpF ±20%.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



We thus make Cp + Q  =110pF at biases above 1= 5mA and at all temperatures in 

InGaAsN and InGaAs wide-stripe SQW laser diodes, in the following carrier lifetime 

analysis.

0 .5 -

InG aA s0 .4 -
h

C P  0 3 - 

0 .2 -
InG aA sN

T TT i  t

0.0 -4
0.1 0.2 0.4 0.6 0.8 1 2 4 6

B ias, / ,  m A
Figure 4.4.- Typical behavior Cp+Cj versus bias current and voltage in a wide-stripe 

SQW InGaAs lasers at very low bias currents and T= 22°C.

4.2.2. Frequency response analysis

This section describes the analysis o f the below threshold frequency responses of the 

InGaAs(N) lasers. The experimental traces are fitted with the solution of the model 

described in Section 2.1.4, in which the parasitic parameters have been determined as 

described in the previous section. The analysis retrieves an effective differential carrier 

lifetime and thus permits extracting an effective Neff in the laser active region versus I  and 

T.
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Figure 4.5 shows the frequency response traces obtained in InGaAsN and InGaAs 

SQW wide-stripe lasers at 7=7 and 35mA and room temperature. The frequency response 

traces in InGaAsN feature always smaller time constant than similar ones in InGaAs 

lasers.

Figure 4 .6  compares the frequency response traces obtained in InGaAsN and InGaAs 

at T=\2 and 82°C and at the same bias 7=30mA. The traces grouped by type of laser are 

vertically shifted for visual aid, as they are similar and overlap. These traces show a 

single dominant pole 1/2tit, which is temperature insensitive.

7=3 5mA InGaAsN

r̂Tj rfTtWXq-|T-m  .... nil

7= 7mA

-1 5 -

InGaAs

-2 5 -

-30
100 10001 10

Frequency, MHz

Figure 4.5.- Frequency response measurements in InGaAsN and InGaAs SQW wide- 
stripe lasers at 7=7 and 35mA and T=22°C.

The frequency response time constant r  extracted in wide-stripe lasers is plotted in 

Figure 4.7 versus bias for temperatures of 12°C, 42°C and 82°C.
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A similar analysis to the one just described was applied to extract the dominant pole 

in the frequency response of narrow-stripe InGaAsN and InGaAs lasers in the current 

range from 5 mA to However, as explained in 4.2.1, the range of currents in which r  

could accurately be extracted is narrower due to the significant role o f parasitics. Figure

4.7 shows r in InGaAsN (a) and InGaAs (b) narrow-stripe lasers. Notice how the 

electrical parasitics produce an increase o f a factor of 2 in t compared to wide-stripe 

lasers. Based on the large passive to active area size ratio, this huge effect of parasitics 

affecting r  in narrow-stripe lasers was predicted in Section 2.2. Due to the dominance of 

parasitics, the lifetime obtained from narrow-stripe devices was considered unsuited for 

the analysis of carrier lifetime.

CO InGaAsN

InGaAs

cr
0 N
LL -80-

i i i r i i 11 T-'-'-rri---
1001 10 1000

Frequency, MHz
Figure 4.6.- Frequency response measurements in InGaAsN and InGaAs SQW 

wide-stripe lasers at 7=30mA and 7=12 and 82°C. For clarity, the traces at 
T= 82°C have been displaced vertically by ~2dB.
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We have therefore concentrated in the rest of this section in the analysis of behavior 

of r  versus /  above 1= 5mA in wide-stripe InGaAsN and InGaAs lasers.

10

InGaAsN
Wide stripe lasers

Narrow stripe lasers

10

InGaAs

Narrow stripe lasersWide stripe lasers

T =  12, 42, 82°C

10 15 20  50 100 150 200 500  1000

B ias Current density, J,  A /cm 2

Figure 4.7.- r  versus /  obtained from the fit o f the frequency response measurements of 
InGaAsN (A) and InGaAs (b) SQW wide-stripe lasers at r=12°C, 42°C and 82°C. 
Similar results obtained in narrow-stripe lasers are also plotted to 
highlight the influence of parasitics.
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4.3. Effective differential carrier lifetime analysis

The effective differential carrier lifetime analysis described in Chapter 2 is carried out 

in this section to obtain the effective carrier density Ne/f in InGaAsN and InGaAs wide- 

stripe SQW laser diodes versus temperature. Nej j represents the total carrier density in the 

laser active area: i.e. quantum well and SCH.

The effective differential carrier lifetime Tejf was obtained from r(I,T) (Figure 4.7) and 

from the impedance data in 4.2.1, by using the analysis from Section 2.2. These had an 

estimated accuracy of ±10% at all the measured temperatures. These errors arise from 

corrections in parasitics and from the fit of r  from the frequency response traces. Figure

4.8 shows Xeff(I,T) obtained at 7=42, 42 and 82°C. The traces show that reff is smaller in 

InGaAsN than in InGaAs lasers in most of the bias current range, except near threshold.

InGaAs Wide-stripe lasers

■ ■ ■

InGaAsN 7 T=l2> 42> 82°c

200

Bias current density, J, A /cm 2

Figure 4.8.- reff versus /  and T  obtained from model analysis [4] o f the 
frequency response measurements in InGaAsN and InGaAs 

SQW wide-stripe lasers at T= 12, 42 and 82°C.
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The ~3 times decrease in reff in InGaAsN points to a 3 times stronger monomolecular 

recombination than in identical InGaAs lasers [5],

Further, these values of re/f  are smaller than those measured in InP-based 1.3pm 

devices [6],

The next step in the analysis consisted o f obtaining the effective carrier density, Neff 

from the experimental ref f at different biases.

4.3.1. Effective carrier density in the quantum well

Based on the differential carrier lifetime analysis of Section 2.5.1.2 we obtained the 

Nef f -  J  relationship at each measured temperature T, where J  is the current density in 

A/cm . We utilized J  instead of / to  relate to the gain analysis performed in narrow-stripe 

lasers. N e/f  was obtained by simultaneously fitting rL,//- and /  (Figure 4.8) with equations 

(2.33) and (2.34).

Figure 4.9 shows J (  Nejj) at different temperatures in the InGaAsN (a) and InGaAs (b) 

wide-stripe lasers with uncertainties of ±20%. Also shown in the figure are the 

experimental threshold points given on Tables 3.3 and 3.4 for wide and narrow-stripe 

lasers, respectively. Having similar lengths and identical structures, it would be 

expected that narrow and wide-stripe devices have the same threshold point. This is 

observed in InGaAsN lasers (in (a), squares and triangles) but not in InGaAs which had 

larger total losses than in typical narrow stripe lasers [7], We corrected I th in Figure 4.9 

(b) in InGaAs lasers (circles: uncorrected, triangles: corrected) accordingly with the 

typical losses [7] by using the gain-current traces shown later in Section 4.4 and this 

analysis shows a closer agreement between the narrow and wide stripe lasers.
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18 3Figure 4.9 reveals a Nefj- threshold value (Nejj.th) varying from 2.5-4.5-10 cm' in 

InGaAsN and from 2.5-4-1018cm'3 in InGaAs lasers, however achieved in a more than 

twice the current in the former. This was conceptually and quantitatively pictured by the 

analysis in Section 2.5, which also requires the values of gain. We repeat a similar 

analysis than Section 2.5 later on in Section 4.5.

(a) N eff - InGaAsN1200 -

1 0 0 0 -

Threshold:
□ wide-stripe 
A  narrow-stripe

CM 8 0 0 -  

ô
 6 0 0 -  

<
- 3  400 -

200 -

(/)
c
CD

~o
(b) N eff - InGaAs6 0 0 -

2 0 0 -

5.00.0 1.0 2.0 3.0 4.0
k i j  / \ 1 8  -3N „ ,1 0  cm

eff

Figure 4.9.- Experimental effective carrier density Ne/f versus J  and T, obtained in 
InGaAsN and InGaAs wide-stripe SQW lasers at 7’-l2-82°C . The threshold points for 

the narrow and wide stripe lasers are marked as triangles and squares respectively.
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In addition to N e/f, the effective analysis retrieved the effective expansion parameters 

A ef f , B e/f, Ccff  which are shown in Figure 4.10 for InGaAsN and InGaAs lasers versus 

temperature. This analysis assumes the injection efficiency, q, constant and equal to its 

threshold value of 0.85 and 0.8 for InGaAsN and InGaAs respectively [1],

InGaAsN

□

InGaAs

■□
1 1 1 1 1 ~'"nr-1.

□ B
1 i 1 i 1 i 1 i

3 0 - 3 0  -

O  2 0 - 20 -

10 -

3 0 - , 30 n
C/3

E
o  2 0 - 2 0 -
o

10 -a=a
o -a-s
O

0  1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0

Temperature, T, °C Temperature, T, °C

Figure 4.10.- Experimental effective expansion parameters Aejj, Bejf  and Cefj in InGaAsN 
and InGaAs versus temperature (in solid). Also shown are (open square symbols) are Aw, 
Bw and Cw (filled square symbols) obtained from the fit of experimental lifetime (in open 
dots and dotted lines) assuming the calculated bias and temperature dependent Rdc from 
Section 2.5.1.
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We utilize these coefficients to assess the role of nitrogen incorporation on InGaAsN 

and draw a comparison with other 1.3 pm lasers.

The variation of A efj, Beff and Cejj with temperature is shown in Figure 4.10. As 

previously demonstrated [5], the A ejf terms is ~ x 3  larger in the nitrogen containing 

quantum well than in InGaAs, and in both is found to be temperature independent. The 

values o f Beff are comparable to those previously reported in different laser structures 

[2, 8 , 17]. The uncertainty in the higher order terms is ~ 50%. Within this uncertainty, 

one can conclude that Ct;// is larger by about a factor of 2 in InGaAsN that in InGaAs.

We compared A ejj\ Bejj- and Cef  with Aw, Bw and Cw obtained from the fit o f experimental 

lifetime assuming the calculated Rdc from Section 2.5.1. This was implemented by the 

simultaneous fit o f ieg -  /  (Figure 4.8) with equations (1.4), (2.30) and (2.32) as well as R- 

dc, As and Bs calculated in Section 2.5. This analysis is carried out to show that A eff is not 

affected, hence it is representative of the material. Instead, as was shown in InAsP lasers 

the values of Beff  and Ceff provide a higher and lower limit respectively to the material’s 

parameters. This correction is more significant in the nitrides.

It is important to point out that Ceff  in the host 1.2pm InGaAs material is an order of 

magnitude larger than in 980nm Ino.85Gao.25As/GaAs [8 ],

Our analysis confidently shows that the addition of nitrogen increases by ~3 times 

A ^ . Further, as the values of Aejf  obtained in Figure 4.10 are weakly dependent on 

temperature and on Rdc (Aw~Ae/j), we can assume that A e/f is connected with defect 

recombination, as we previously reported [5]. This effect is therefore 3 times larger in the 

InGaAsN than in InGaAs material. Experimental evidence shows a similar increase in 

monomolecular recombination due to the nitrogen presence in InGaAsN lasers [9, 10].
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We utilized the effective expansion parameters A eff, Bejf and Ce/f  to obtain the 

recombination currents h-eff, h-eff and Ic-eff, in similar fashion as done in Figure 2.19. 

Interestingly, we found that the contribution o f h-eff to the total current was -75%  and 

-40-50% in InGaAsN and InGaAs, respectively.. The effective analysis indicated that Ia 

is about 3 times larger in InGaAsN than in InGaAs when compared with the rest of the 

recombination paths, which pointed to the monomolecular recombination as the 

mechanism responsible for the increase o f Ith in InGaAsN lasers.

Summarizing, the Nej f~  I  relationship was found for the first time in SQW 1.3 pm 

InGaAsN laser diodes in a temperature range from 12 to 82°C. From these results Nth-eff 

was obtained. Although these findings allowed us to estimate similar N th-eff in InGaAsN 

and InGaAs lasers, they do not suffice to explain the Ith -  T  behavior and the origin of To 

in InGaAsN lasers. Aiming to answer this question, we complement the analysis with the 

experimental gain study in narrow stripe lasers, shown next.

4.4. Gain analysis

This section is dedicated to the analysis o f the amplified spontaneous emission data 

obtained in InGaAsN and InGaAs narrow-stripe SQW lasers below threshold and in the 

temperature range o f 12-82°C. As explained before, it was necessary to use narrow-stripe 

laser diodes to avoid filamentation seen in wide-stripe lasers, which would distort the 

gain spectra.

From the analysis of the gain spectra and using the N e/f- J  relationship obtained in the 

previous section and shown in Figure 4.9, the transparency and differential gain 

parameters were obtained. This analysis relies on the assumption that the injection 

efficiency is the same in narrow and wide stripe lasers.
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4.4.1. Gain spectra: bias and temperature behavior

We measured the amplified spontaneous emission (ASE) spectra in narrow-stripe 

lasers as described in Chapter 3. Figure 4.11 shows ASE spectra in InGaAsN (a) and 

InGaAs (b) narrow-stripe lasers versus bias and at different temperatures from 7= 12 to 

82°C.
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Figure 4.11.- Amplified spontaneous emission traces obtained in InGaAsN (a) and 
InGaAs (b) narrow-stripe SQW lasers at 7=12 and 82°C.

The net modal gain in the laser cavity is obtained from the ASE traces by the Hakki- 

Paoli technique [11] implemented by the software shown in Appendix 6, represented by 

the RHS in (4.3).

G W  = j  In
4 r  +1

+  a„, +  a, (4.3)
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In (4.3) GO.) is the material gain and rG(X) is the modal gain. The parameter r is the 

wavelength-dependent local ratio o f maximum/minimum amplitude in the ASE spectra 

traces. am is the distributed mirror loss, which for the as-cleaved 500pm edge emitting 

laser of facet reflectivity Rm=0.32 is 22cm"1, as shown on Table 3.1. The internal losses 

are represented by at. aj+am are obtained from the flat asymptotic value that the net modal 

gain in (4.3) adopts in its RHS.

Using a numerical algorithm written in MatlabR (Appendix 6) the oscillation maxima 

and minima were identified every ~5A, which is the mode spacing to obtain the gain 

spectra.

Figure 4.12 shows the net modal gain G - (aOT+a,) versus wavelength X in InGaAsN 

(a, c and e) and InGaAs (b, d and f) narrow-stripe lasers, and T - \2 ,  42 and 82°C. The 

peak of the spectra is red-shifted from InGaAs to InGaAsN by ~75meV due to the 

addition of nitrogen. Internal losses, a, of 4 cm"1 and 15 cm '1 were obtained from the 

longer wavelength asymptote of the total losses and using am= 22 cm"1 to within ±40% in 

InGaAsN and InGaAs SQW narrow-stripe lasers, respectively. The dilute nitride lasers 

spectra showed similar spectral range and bias shift as in other works performed at room 

temperature and shown on Table 3.1 [7, 12], The total losses measured on InGaAs lasers 

were larger than typical values of -6-10 cm"1 found on similar devices [7], due to what 

we believe is a reduction in the facet reflectivity arising from damage during sample 

preparation . The larger losses were consistent with a threshold current larger than typical 

values in similar lasers [7] shown on Table 3.1.

The data o f Figure 4.12 also show that the maximum of the modal gain, or peak 

modal gain Fg, increases more rapidly with bias in InGaAs than in InGaAsN lasers. The
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peak material gain g  is a fundamental physical parameter that determines the threshold 

bias point in the laser.
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Figure 4.12.- Net modal gain spectra obtained in InGaAsN (a)-(c)-(e) and InGaAs (b)- 
(d)-(f) narrow-stripe SQW lasers at different biases and r=12-82°C.
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All the data shown corresponds to TE polarization ASE signal, as we could measure 

no signal in the TM polarization. This means that the contribution of the first confined 

electron to light-hole transition to the gain is insignificant.

4.4.2. Material gain analysis

The gain spectra obtained at different bias and temperatures were analyzed by 

performing a parabolic fit near the maximum to obtain the peak gain g. Figures 4.13 (a) 

and (b) show the values o f g(I, T) for InGaAsN and InGaAs narrow-stripe SQW lasers, 

respectively. These traces were fitted by the logarithmic approximation shown in (4.4) 

(solid trace), from which the values Itr and goi were obtained (Table 4.1).

g  = g ai W U , r) (4.4)

Comparison of Figure 4.13 (a) and (b) reveals a notorious reduction of the peak gain 

slope with bias at threshold in InGaAsN with respect to that in InGaAs lasers. This 

reduction is more notorious with temperature.

An increase in /„• with the incorporation of nitrogen is also observed, which correlates 

with the ~2 times increase in threshold current. Similar experimental work shows a 

comparable increase in the device current span when 0.5% nitrogen is added into InGaAs 

lasers diodes [7]. I tr is the transparency current in (4.4). Its temperature behavior is shown 

in Figure 4.14.
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Figure 4.13.- Peak material gain traces, g(I, T) obtained in InGaAsN and InGaAs SQW 

narrow-stripe lasers at T= 12, 42 and 82°C.
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g o j  (T), 1000 cm1

oo

InGaAsN InGaAs

12 2.52 1.66

22 2.44 1.59

42 2.17 1.40

62 1.85 1.22

82 1.49 0.94

Table 4.1.- Peak material gain fit parameter gt versus T  in InGaAsN and InGaAs 
narrow-stripe lasers, according to equation (4.4). Itr is the transparency 

current in (4.4) shown in Figure 4.14.

<
E

1 4 -

1 2 -

C
0 10-

InGaAsN
o
>o
c
0
05
Q.
(/>
c
C5

H

InGaAs

10 20 30 40 50 60 70 80 90

Temperature, T, °C
Figure 4.14.- Transparency bias current l tr versus temperature in InGaAsN and InGaAs 
narrow-stripe SQW lasers from T=12°C to 82°C. Itr in InGaAsN is 1.4-2.4 times larger

than in InGaAs at r=12-82°C.

The device parameter dg/dl at threshold obtained from (4.4) is given by goi / l th and 

plotted in Figure 4.15 versus T. A reduction in about 2.4 times in dg/dl\th in InGaAsN
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lasers is observed in the range 7’=12-62°C, with values at room temperature similar to 

those reported on Ref. [7]. A larger decrease is however observed in InGaAs lasers.

<
E

i
E 
o

"O

Temperature, T, °C
Figure 4.15.- Device threshold differential gain dg/dl versus T  temperature in InGaAsN 
and InGaAs narrow-stripe SQW lasers from r=12°C  to 82°C. Notice the ~2.4 (12-62°C) 

and 5.3 (82°C) times reduction in InGaAsN lasers.

At first sight, Figure 4.15 shows that dg/dl\th in InGaAsN lasers is significantly 

smaller than in InGaAs but it is yet less temperature sensitive. This analysis is however 

flawed as it is masked by the device behavior.

In order to decouple the device from the material behavior, the gain data must be 

expressed in terms of the carrier density as done next.

[at threshold]4 0 0 -

3 5 0 -

3 0 0 -

InGaAs2 5 0 -

2 0 0 -

1 5 0 -

1 0 0 -

InGaAsN5 0 -

0 10 20 40 50 60 80 9030 70
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4.4.3. Effective differential gain and transparency carrier density

This section performs the analysis of the peak gain traces versus effective carrier 

density. The experimental data is analyzed in a similar way as done on the previous 

section but having the laser bias given by Ne/f  instead of I. This implies using values of 

A e/f, Beg-and Ce/f obtained in section 4.3.1 and considering that the injection efficiency, tj, 

is the same in narrow and wide stripe lasers and equal to its threshold value. This analysis 

provides the framework to investigate the impact of nitrogen incorporation and 

temperature on InGaAsN and InGaAs materials and compare these findings with those 

from above threshold Chapter 5.

The peak net material gain versus Ne/f is shown on Figure 4.16 for InGaAsN (a) and 

InGaAs (b) narrow-stripe SQW lasers, at the temperatures T=12 to 82°C.

Figure 4.16 shows a different behavior than in g(I). First, we see that the slope of 

g(Nefj), reveals dg/dNeff  to be almost constant with temperature for both InGaAs and 

InGaAsN lasers, and slightly larger in InGaAs than in InGaAsN at all temperatures. Ntr is 

within the uncertainly of the analysis similar in both InGaAsN and InGaAs lasers.

The traces o f Figure 4.16 were fitted with the logarithmic expression shown in (4.5), 

where N tr denotes the effective transparency carrier density and goN is a fit constant. Keep 

in mind that N tr and goN are effective parameters and are not equal to those in the exact 

analysis of Equation 1.12.
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Figure 4.16.- Peak material gain g(Neff), obtained in InGaAsN (a) and 
InGaAs (b) lasers at T=12°C to 82°C.

g = aN\n{NeffI N tr) (4.5)
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Tables 4.2 and 4.3 compile the parameters goN and N,r with and without nitrogen 

incorporation as a function of temperature. The temperature behavior of N tr is shown also 

in Figure 4.17 to highlight that within the error o f the measurements, shown by the 

shaded region in the figure, N tr is not affected by the increase in nitrogen content and 

furthermore, it is not a strongly dependent function of temperature.

gON(T),1000 cm1

T, °C InG aA sN InG aA s

12 3.1 5.3

22 3.1 5.3

42 2.9 4.8

62 2.8 4.4

82 2.7 3.8

Table 4.2.- Peak material gain fit parameters goN versus T in InGaAsN and InGaAs 
narrow-stripe lasers, according to equation . Ntr is the transparency carrier density 

shown on Figure 4.17 and Table 4.3.

Effective Ntr(T), 1018 cm'3(±20%)

4H O o InG aA sN InG aA s

12 2.3 2.7

22 2.4 3.1

42 2.6 3.4

62 3.0 3.6

82 3.9 3.9

Table 4.3.- Effective transparency carrier density versus T, as shown on Figure 4.17 
in InGaAsN and InGaAs narrow-stripe lasers.
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Figure 4.17.- Effective transparency carrier density N tr versus temperature obtained in 
InGaAsN and InGaAs. The shaded area represents the estimated error bars.

Theoretical work previously developed on 1.3 pm dilute nitrides lasers [13-15] 

predicted an increase in the transparency carrier density due to nitrogen incorporation, 

while at the same time predicted a reduction on the material differential gain at 

transparency and at threshold. We find however, that within the error bars N tr is similar in 

InGaAsN and InGaAs materials as shown in Figure 4.18. Nevertheless, the results are 

not conclusive as Nw is not known and furthermore, this analysis assumes that rj is the 

same for both wide and narrow stripe lasers and this may not be the case.

Figure 4.18 shows the effective differential gain dg/dNefj\th at threshold in InGaAsN 

and InGaAs SQW laser structures versus temperature. The error in both traces is around 

±25%. It is observed that dg/dNeff.th in InGaAsN devices is -25-35%  smaller than that in 

InGaAs in the full temperature range. We found dg/dNeff.th in InGaAs similar to
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~2-1 Ol5cm2 of 980 nm multiple quantum well InGaAs/GaAs lasers at room temperature

[16]. On the other hand, dg/dNeff.th in InGaAsN at 22°C is about 20% smaller than 

dg/dNw~ 10'15cm2 in 1.3pm InAsP/InGaAsP lasers [17], If Rdc in Section 2.5.1 were 

accurate, it could account for the previous difference.

dg/c//V 
(Threshold)

Eo e ff  b e lo w  th

O

InGaAs

InGaAsN_c(I)
0
! _sz
I -

0.0
40 50 60 70 80 900 10 20 30

Temperature, T, °C

Figure 4.18.- Effective differential gain, dg/dNeff, obtained at threshold in InGaAsN and 
InGaAs lasers from T=12°C to 82°C. Observe the reduction on dg/dNeff due to nitrogen 

incorporation that is smaller than that on dg/dl.

The previous comparison has though, an inherent disadvantage, as the effective 

differential gain at threshold still depends on the device total optical losses, as shown on 

equations (1.10) and (1.12). The margin of error in this analysis is significant as the total 

losses were found different in InGaAsN than in InGaAs devices (Figure 4.16). It is 

therefore speculative to draw any conclusions on the material intrinsic parameters.

It is possible to speculate somewhat on the intrinsic material behavior by looking at 

the effective differential gain at transparency dg/dNeff.tr plotted in Figure 4.19 versus
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temperature. The figure shows a reduction of -25%  in dg/dNeff.tr in InGaAsN compared 

to InGaAs.

d g /d NEo eff_th

(Transparency)
o

2 .0 -

C
03
03
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InGaAsN>*0  c  
<13 1 
03
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•“  0.0
0 10 20 30 40 50 60 70 80 90
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Figure 4.19.- Effective transparency differential gain dg/dNeff = goN /Ntr obtained in 
InGaAsN and InGaAs lasers from T=12°C to 82°C. A decrease o f -25-35% is 

observed due to nitrogen incorporation

In summary, our findings indicate a reduction of 25-35% in the effective differential 

gain at transparency in InGaAsN lasers due to the nitrogen incorporation. However, the 

analysis in Section 2.5 indicated that, by using the calculated values of Rdc from Figure 

2.17, dg/dNw could be 10-50% larger in InGaAsN than in InGaAs material. In similar 

way, we found that N tr could be 30-50% smaller in InGaAsN than in their nitrogen free 

counterparts. In any case, we found that these values are contradictory to those predicted 

[9, 13-15], suggesting that the calculated values of R jc in Figure 2.17 may be inaccurate. 

Therefore, we discarded this analysis and continue with effective analysis involving
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dg/dNeff and Ntr.eff. Future work could be performed whenever R(jc were experimentally 

known.

4.4.4. Below and above threshold differential gain comparison

The threshold condition determines a differential gain dg/dNWJh that is the same for 

the below and above threshold analyses, as is inferred for Chapters 1 and 2. The same 

assumption applies to the threshold effective differential gain dg/dNeff_th, which implies 

Rdc=0. We compared the results obtained from the below threshold analysis above with 

those obtained from the frequency response analysis in Chapter 5. Figure 4.20 shows the 

dg/dNeff jh traces from Figures 4.18 (solid lines and symbols) and from Chapter 5 (Figure 

5.10, dotted lines and open symbols). As the absolute values were not identical, we 

normalized the values o f dg/dNeff_th to those of InGaAs at T= 20°C to allow a direct 

comparison. From this comparison we observed, that within the experimental errors, (i) 

the reduction of dg/dN eff due to the incorporation of nitrogen and (ii) the temperature 

behavior of dg/dNe/f  in InGaAs and InGaAsN are similar. We consider these findings 

unprecedented for 1.3pm InGaAsN lasers, as the data is obtained from two very different 

experiments.

The differences in the absolute values of dg/dNeffjh from Figures 4.18 and 5.10 can be 

accounted for by assuming a bias current spreading of ~ lpm  at each side of the stripes in 

narrow and wide stripe lasers. This current spreading is described in ref. [18], and it 

larger impact would occur below threshold causing a -30-40% reduction in N ef  and 

consequently an increase in -30-40% in dg/dNeff_th. The change in the latter would make 

Figures 4.18 and 5.10 similar.
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Figure 4.20.- Effective differential gain, dg/dNeff.th relative to InGaAs at 20°C, for 
InGaAsN and InGaAs lasers from T=12°C to 82°C, compared with the values obtained 
from Figure 5.10. Notice the similarity in their slopes with temperature and reduction 
from InGaAs to InGaAsN.

The results of the analysis o f dg/dNeff-th are expected to yield larger values of 

dg/dNw.tk, depending on the values of Rdc calculated in Chapter 2. In other words, dg/dNw 

could substantially exceed 10'15cm2 found in InP compounds [17], allowing larger To s 

[19, 20] and broader bandwidths [21-23] in 1.3pm multiple quantum well InGaAsN 

lasers than in InP based lasers. However experimental work needs to be conducted to 

determine the exact values of Rdc and thus dg/dNw.

4.5. Analysis of the threshold current and T 0

In this section we try to answer the question of what are the mechanisms affecting To 

in 1.3pm InGaAsN lasers when nitrogen is incorporated. To find the answer we repeat 

the analysis of Section 2.5.1 with the experimental parameters found on previous
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sections. However, due to the unknown Rdc, the following study uses effective parameters 

which limits the scope o f the conclusions.

We utilized the effective experimental gain and expansion parameters obtained in the 

previous sections plus those in Tables 3.1 and 3.3 for wide stripe InGaAsN lasers. We 

then simulate the threshold current Ith in 1.3 pm InGaAsN wide-stripe lasers and extract 

from the fit I,h(22°C) and To.

Figure 4.21 shows the simulation of Ith versus T  for wide-stripe laser diodes. The red 

squares represent the measured threshold current in InGaAsN laser from Table 3.3. We 

added for comparison Ith measured in InGaAs lasers (open squares). To complete the 

analysis, we performed a fit to the traces with 1,0(22° C) and To, as it was previously done 

in section 2.5.1.1. 7^(22°C) and To are summarized on Table 4.4.

We simulated the possible cases in which we completely suppressed the effects of 

either A e/f, Beff, Ce[f or we changed goN or dg/NeffJr, one at a time. The trace in cyan (5) in 

Figure 4.21 shows the behavior of Ith when the gain parameter goN is fixed to goN (22°C), 

which showed no significant change on l th (T). Conversely, we tried enlarging dg/Neff.,r

(4) by 40%, which produced a great reduction in slope yielding To -125K, larger than in 

InGaAs. Still, dg/Nef f tr alone could not account for the increase of I,k in InGaAsN lasers.

Among the expansion coefficients, we found that the suppression of Beff yielded a 

smaller Ith but yet led to a lower To (2). On the other hand, the suppression of ̂ 4^brought 

an important decrease in Ith (1) than in the previous case. This finding tells us about the 

nitrogen enhanced monomolecular recombination in InGaAsN lasers, which is consistent 

with our previous findings on Section 4.3.
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Figure 4.21.- Analysis o f the sensitivity of Ith -T  behavior to the suppression of the 
effects of either Ae/f, Beff, Ceff or to fixed N tr or gov ■ The red squares show the measured 
Ith in InGaAsN (Table 3.3). For comparison open squares show the measured Ith in 
InGaAs.

Parameter changed Ith, mA (22°C) To (K)

Measured 246 66

A eff=0 134 45

Bef r o 184 51

Ce/ r o 195 160

dg/dNeff-trX 1.4 225 125

go fixed 3100 cm '1(22°C) 251 72

d-eff!2, dg/dNzff-tr X 1.4 138 95

Table 4.4.- Parameter sensitivity of l th (22°C) and To in InGaAsN lasers. The last case 
retrieves To similar to those in InGaAs lasers.
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The suppression of Ceff Nseff (3), however, produced the largest simultaneous 

beneficial impact on Ith and To along the full temperature range. This finding implies that 

Ceff is responsible for the increase of I th and decrease of To in InGaAsN material (Figure 

4.9).

Summarizing our findings, we can only be certain about changes on the 

monomolecular recombination parameter and the effective differential gain at threshold. 

The former is accurately represented by A eff and found to increase Ith but not to reduce To 

in InGaAsN lasers. The latter was represented by dg/dNeff.th and its decrease was found to 

produce a reduction on To in InGaAsN lasers. Moreover, the effective differential gain is 

more representative as underestimates dg/dNw in an approximate 20%, as mentioned in 

Section 2.5.1.2.

In order to verify that To in InGaAsN could approach that in InGaAs lasers, we 

simulated the joint effects of a 3-time reduction on Aeff  and 40% increase on dg/Neff.tr at 

transparency. Interestingly, the simulation yielded a (gray-dashed) trace with To ~95K 

and To close to those InGaAs. We found that by further assuming Cw o f Figure 4.10 fixed 

at 22°C we obtain identical behavior than that in InGaAs lasers. By performing a further 

simulation assuming laser dimensions and mirror reflectivity as in ref. [24], we found that 

InGaAsN lasers can outperform high performance 1.3 pm AlInGaAs/InP QW lasers, as we 

obtained larger Jo’s.

From these simulations we conclude that it would be possible to improve the 

temperature performance of InGaAsN lasers by (i) increasing dg/Neff, (ii) reducing Aejj 

and (iii) fixing Cw to room temperature. Point (i) can be engineered by improving the 

barrier height [1, 25], p-dopping the quantum well [26] or growing multiple quantum
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wells as suggested by refs. [8, 27]. Point (ii) would require improving material quality 

and reducing dislocation density by changing the growing ramping temperature, the 

nitrogen sources [28] or even annealing temperature [29], Although (iii) seems simple, C- 

eff lumps the combined effect o f Bw, Cw, and RdC■ Still Cejj behavior could arise from an 

increase on Cw as shown in Figure 4.10, similar to what previously found in 1.3pm InAsP 

lasers [6].

4.6. Chapter summary

This chapter analyzed the results of the frequency response and amplified 

spontaneous emission measurements (ASE) below threshold in InGaAsN (k=1.3pm) and 

InGaAs (k=1.2pm) SQW lasers diodes as a function of temperature. Separately, the peak 

material gain was obtained from the analysis of ASE spectra versus temperature and bias 

current.

When combining the results of both, lifetime and gain analysis, the effective material 

parameters gain versus carrier density were obtained in InGaAsN and InGaAs at different 

temperatures. Analysis of these results retrieved the threshold effective differential gain 

and transparency carrier density versus temperature and for different nitrogen content. It 

was observed a -25-35%  reduction in the effective differential gain at threshold in 

InGaAsN compared to InGaAs lasers, which could be accounted in part by the 

experimentally unknown R̂ c- Interestingly, we compared these findings with those from 

Chapter 5, which indicate a similar impact o f temperature and nitrogen incorporation on 

the threshold differential gain. This is the first time that such comparison is done in the 

study of 1.3 pm InGaAsN, revealing the impact of nitrogen incorporation in dg/dNeff.
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From the effective recombination analysis we found a ~3 times increase in the 

monomolecular recombination due to nitrogen incorporation as well as a 2x increase on 

C eff. Further, by using calculations on thermionic escape we found a 3x increase on Cw 

which can account for the reduction on To in 1.3pm InGaAsN lasers.

As a further study utilizing the experimental parameters obtained in 1.3 pm dilute 

nitride materials, we simulated an improved laser diode. A 60% reduction on 

monomolecular recombination and a 40% enhancement on the effective differential gain 

yielded To ~95K, similar to that in InGaAs lasers. We found that by further adding a 

reduction on Cw we reproduced identical InGaAs threshold behavior, which indicated 

that Ceff enlarges due to nitrogen incorporation and plays a central role in the reduction of

To-

Still, further studies need to measure Rcic to find dg/dNw and confirm if InGaAsN 

1.3 pm lasers could realize improved behavior over InP for high temperature and high 

speed 1.3 pm laser diode applications.

The changes mentioned above could be accomplished with the engineering of the 

laser structure by careful changes in the structure design, i.e. multiple quantum wells, 

well doping, tuning of the growing temperatures and sources, as well as in the annealing 

conditions.
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CHAPTER 5

Above threshold behavior of InGaAs(N) laser diodes

This chapter is dedicated to the study of the impact of nitrogen on the frequency 

response o f 1.3 pm InGaAsN laser diodes above threshold. A comprehensive analysis of 

the results provides an insight into the material properties that determine the ultimate 

bandwidth that the laser devices can reach. Furthermore, the threshold effective 

differential gain and power compression factor, which rule over the laser bandwidth, are 

obtained and compared versus nitrogen incorporation and temperature.
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5.1. Introduction

A goal driving the research in 1.3 pm dilute nitride lasers is to produce high speed 

devices that would replace the existent AlInGaAs/InP distributed feedback (DFB) 

transceivers with cheap VCSELs in high speed applications such as metropolitan area 

networks (MAN) and optical interconnects [1].

Two requirements are demanded in a high speed transceiver: gigabit data rate and 

broad temperature range of operation. These features are expected to be accomplished by 

a single laser diode, differently than in typical very long haul transceivers at 1.55pm in 

which the laser is mounted on thermoelectric cooler (TEC) and its beam is switched by 

an external modulator.

In order to explore the potential o f dilute nitride lasers in fulfilling the requirements 

of 1.3 pm telecom requirements, the speed performance versus temperature has to be 

characterized. More in depth, the physical mechanisms occurring in the laser structure 

and material which determine the speed in dilute nitride lasers must be identified in order 

to understand what is the ultimate bandwidth o f  the device. Several studies of direct 

modulation speed have been performed on 1.3 pm QW InGaAsN lasers based on temporal 

eye diagrams [2, 3] and small signal frequency response measurements [4], Contrarily to 

what was measured on 0.98-lpm  InGaAs QW lasers [5, 6], it was found that the nitrogen 

containing 1.3 pm devices have a reduced bandwidth. RIN measurements performed on 

identical single quantum well InGaAs and InGaAsN lasers similar to the ones used in this 

dissertation at room temperature, which indicated a reduction o f -1 .6  times in the 

bandwidth versus emitted power due only to nitrogen incorporation in the quantum well

[7].

176

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To explain the observed behavior, extensive theoretical work has modeled gain and 

carrier dynamics in the mid-infrared dilute nitride laser structures. Most o f these works 

have predicted a reduction in the material gain with the incorporation of nitrogen to the 

InGaAs(N) material [8-12]. Using the results from gain simulations in which the 

differential gain dg/dNw was obtained in combination with a rate equation analysis 

(Section 1.2.2), the laser frequency response was calculated and yielded bandwidths of 

about 37GHz at 27°C and 18GHz at 100°C [13]. These encouraging results predict that in 

theory the InGaAsN lasers would outperform AlInGaAs/InP technology. There are 

presently no experimental work that confirms these calculations. It is likely that the large 

bandwidth obtained in these calculations may be due to the result o f only considering 

electron thermionic escape as the process ruling over the carrier dynamics in the active 

area. Nevertheless, recent theoretical and experimental studies have suggested hole 

thermionic escape may dominate the carrier dynamics in 1.3 pm InGaAsN [14], therefore 

limiting the frequency response by enhancing carrier transport effects [15, 16].

This chapter is devoted to the analysis of frequency responses above threshold 

obtained by selective optical injection for the first time in 1.3 pm InGaAsN and 1.2 pm 

InGaAs SQW narrow-stripe lasers, and described in section 5.1. The frequency response 

was obtained in a temperature range r=10-80°C, and analyzed utilizing the model 

developed in Sections 2.4.1 and 2.5.2. The model analysis revealed changes in the 

material and device parameters with the incorporation of nitrogen.
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5.2. Results of optical modulation frequency response

The frequency response was measured in InGaAsN and InGaAs SQW narrow-stripe 

lasers by the experimental techniques described in Chapter 3. The selective optical 

modulation produced optical injection in the test laser QW and SCH when selecting the 

wavelength of the short pulse to source to ^=1070nm and A,=800nm, respectively.

The frequency response traces were obtained above threshold in the range below Po ~ 

6mW per facet and at baseplate temperatures r=10, 20, 40, 60 and 80°C. Notice that 

Joule heating produced a maximum 2°C heating in the active area, that was considered as 

the error bars in Section 3.2.

The traces were obtained from the amplitude modulated frequency comb shown on 

Figure 3.14 by the algorithm described on Appendix 5.

Figure 5.1 compares the frequency response traces o f narrow-stripe InGaAs and 

InGaAsN lasers with the two different excitations: OPO (X =1070nm) and Ti:Sapp laser 

(A=800nm). The traces are identical within the measurement uncertainty. The frequency 

response traces with Ti:Sapp and OPO excitations were simulated in Section 2.4 and 

described by equations (2.23) and (2.24), and described as SCH and QW-injection, 

respectively.

H opt. sch{ f )  = H :p ■ (2.23)
(1 + 7'2^/Vc) ( / r2 -  f 2 + j fy )

H opl_w( f )  = H :p-
dP0 / d S o\f ^

( f r - f 2 + jfr )
(2.24)

178

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-30 -i

(a) InGaAsN-35-

-40-

t g  - 4 5 -

a -50-

S  -55-

Ti:sapp (800nm) 
OPO (1070nm)-65-

-70
0.2 0.4 0.6 0.8 1 2 6 8 104

Frequency, GHz

-35-|

(b) InGaAs-40-

-45 -

g  -50-  

clT
g  -55- 
O
a
O -60-  

&
-65-

* Ti:sapp (800nm) 
° OPO (1070nm)-70-

-75
0.2 0.4 0.6 0.8 1 2 6 8 104

Frequency, GHz

Figure 5.1.- Frequency responses of narrow-stripe InGaAsN (a) and InGaAs (b) lasers at 
Po=0.76mW with two different excitations: OPO (X =1070nm) and Ti:Sapp laser 

(F=800nm). Notice that the traces are identical.

The frequency response traces with SCH excitation were fitted by (2.24) by the 

software shown in Appendix 7, whereas those from OPO excitation were fitted with
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(2.25). The fit yielded the same values o f f r and y for the same laser and bias point and 

different excitation wavelength. The fit with (2.23) also retrieved values o f rc in the order 

of 8ps ± 5ps. This value in both InGaAsN and InGaAs lasers is comparable to that used 

in the simulations of Section 2.4. This big uncertainty in rc is due to insufficient 

measurement bandwidth. In fact, the sole effect of assuming rc = 6.6ps in equation (2.23) 

would produce a difference of ldB at/=12G H z (measurement bandwidth) with respect to 

(2.24).

Figure 5.2 shows optical frequency response traces at Po=0.76mW and Po=2.3mW 

obtained in InGaAsN and InGaAs devices with QW modulation produced by the OPO 

injection (k  =1070nm) at T~ 10 and 80°C. These results show that the 3dB bandwidths 

obtained in InGaAs are larger than those in InGaAsN SQW narrow-stripe lasers at all 

temperatures. In addition, it is observed that the frequency bandwidth in InGaAsN 

reduces more rapidly with temperature than in InGaAs lasers. The figure also compares 

the optical frequency response traces with those obtained with electrical modulation. 

Their differences are striking due to their significant role of the electrical parasitics in 

latter. These results highlight the strength of the optical modulation method we have 

developed.

180

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-20  i
InGaAs

-25 -

-30

-35 -

m -40: 
^  -45 -

InGaAsN
-70 -

-75 -

-80 -

-85
0.2 0.4 0.6 0.8 1 2 6 8 104

Frequency, GHz

InGaAs-50 -

CG<D
P 4  -90 -

InGaAsN

- 1 0 0  -

6 0.8 10.2 0.4 0 2 4 6 8 10

Frequency, GHz

Figure 5.2.- Frequency responses of narrow-stripe InGaAs and InGaAsN lasers, for 
Po=0.76mW and F>o=2.3mW, obtained with optical (solid lines) modulation at 

r=10°C (a) and 80°C (b). They are compared with electrical modulation
response (dotted lines).
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5.3. Analysis of the device parameters

By fitting the experimental data using (2.25), the temperature and emitted power

7 7dependence off r and y were obtained. Shown in Figure 5.3 and Figure 5.4 is f r - Po for 

InGaAsN and InGaAs lasers, respectively. From their comparison it is observed that 

InGaAsN lasers feature: (i) Smaller values of f r2 at the same emitted power, and (ii) a

7 7more notorious reduction in the f r -Po slope with temperature. In numbers, the slope f r -  

Po reduces from 6.5 to 2.4 GHz2/mW and from 10.6 to 5.6 GHz2/mW in InGaAsN and 

InGaAs lasers, respectively, in the temperature range of 7=10-80°C.

45 -|

4 0 -

35 -
7^=10°C 

20°C 
40°C 
60°C 
80°C

30 -CN

2 5 -

20 -

10  -

InGaAsN
o 1 2 3 4 5 6

Emitted power, P 0 , mW

Figure 5.3.- Relaxation frequency squared,/-2, versus emitted power Po in InGaAsN 
SQW narrow-stripe lasers at r=10-80°C. Notice the reduction in slope f r2IPo as T

increases.
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Figure 5.4.- Relaxation frequency squared,/-2, versus emitted power Po in InGaAs SQW 
narrow-stripe lasers at 7=10-80°C. Notice the reduction in slope f r2IPo as T  increases.

To analyze the damping y we correct for the contributions from electrical parasitics 

by using equation (2.28) of Section 2.4.1. The effect of the parasitics is however different 

in InGaAs than in InGaAsN lasers. In the former, the bias currents are about one half than 

those in InGaAsN lasers, suggesting rc/ is twice as large which in turn, according to 

equation 2.13 reduces %. A smaller value of % produces a larger coupling o f parasitics into 

the active area in InGaAs lasers compared with InGaAsN.

The corrected parasitic-free values of y versus Po at 7=10, 40 and 80°C are shown on 

Figure 5.5 and Figure 5.6 in InGaAsN and InGaAs narrow-stripe lasers, respectively. 

Reductions in the damping of ~5% and -20%  at an emitted power Po = 4mW and 

between 7=10 and 80°C are measured in InGaAsN and InGaAs lasers, respectively.
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Figure 5.5.- Damping frequency y versus emitted power Po in InGaAsN SQW narrow- 

stripe lasers at T= 10, 40 and 80°C. The slope f r2IPo slightly increases with T.

5 - i

4 -

00 £  
c  £
a, s  2-

InGaAs

0 2 3 5 61 4

Emitted power, P 0, mW

Figure 5.6.- Damping frequency y versus emitted power Po in InGaAs SQW narrow- 
stripe lasers at 7=10, 40 and 80°C. The slope f r2/Po slightly increases with T.
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The data of Figure 5.3-Figure 5.6 are combined to plot y versus f 2 from which the 

X-factor defined as 2n-dy/df2 is obtained. As explained in Section 2.5, this parameter 

represents a bandwidth limit, defined mainly by gain compression. Figure 5.7 and Figure 

5.8 show y versus f 2 in InGaAsN and InGaAs SQW lasers, respectively. The values 

obtained in InGaAsN and InGaAs lasers are comparable to those measured in X~980nm 

InGaAs/GaAs [17] and A,= 1.3pm [18] and 1.55pm InGaAsP/InP [19] single and multiple 

quantum well lasers.

6
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4
/—\

3

2

InGaAsN

o
o 5 10 15 20 25 30 35 40

f r2, GHz2

Figure 5.7.- Parasitic -  free damping y versus f 2 in InGaAsN SQW narrow-stripe lasers 
at T=10, 40 and 80°C. The slope represents the ^-factor that increases with T.
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Figure 5.8.- Parasitic-free damping y versus / /  in InGaAs SQW narrow-stripe lasers in
identical conditions as in Figure 5.7.

Figure 5.9 shows K  versus T  in InGaAsN and InGaAs lasers. The error bars of ±20% 

arise mainly from the uncertainty in the corrected y. Although K  is ~0.5ns in InGaAs 

lasers in the full temperature range, it increases from similar a value at r=10°C to 1.5ns 

at 80°C in InGaAsN. According to the expression in section 2.4, the ^-limited bandwidth 

is 12GHz in InGaAs while it reduces from 12GHz down to 4GFIz in InGaAsN lasers in 

the full temperature range T=20-80°C. In spite o f the A±limited bandwidth reduction, 

4GHz at r=80°C represents an unprecedented speed ever obtained in an as-cleaved 

single quantum well 1.3 pm InGaAsN laser.

These results are very encouraging when compared with bandwidths obtained in 

multiple quantum well 1.3pm InGaAsN optimized devices [2, 4, 20], which suggest that
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by adding a second quantum well will enable our lasers to achieve bandwidths much 

larger than 10GHz [21,22],

The analysis of the results just described allows to parameterize the laser in terms of 

the characteristic parameters of the frequency response. This behavior in turn has 

embedded material and device physics as discussed next.

InGaAsN1.5

1.0

0.5

InGaAs
0.0

10 20 30 40 50 60 70 80

Tem perature, T, °C

Figure 5. 9.- K-factor, In-dyldfr2 in InGaAsN (solid) and InGaAs (dotted) SQW narrow- 
stripe lasers versus T from 10 to 80°C. The slope K-Pq is -35%  smaller in InGaAs lasers.

5.4. Study of the device and material carrier dynamics

Further insight into the physics of the devices is based on the analysis of the if-factor 

and f r - P o  versus temperature in InGaAsN and InGaAs SQW narrow-stripe lasers. This 

analysis allowed to obtain the compression factor e and the effective differential gain aejf 

in the search for the parameter that is limiting f3dB in InGaAsN lasers.
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Further studies on the contributions of the material differential gain dg/dNw at 

threshold were speculated by using the calculated values of transport factor Rac in Section 

2.5.2.

The analysis off r2-Po  versus T  shown in Figure 5.3 and Figure 5.4 allowed to obtain 

the effective differential gain parameter ^  versus temperature for InGaAsN and InGaAs 

laser diodes, as discussed in Section 2.4.1. We then obtained aeff  from the slope f r2-Po  

.by using equation 2.25. Figure 5.10 shows aeff  versus T obtained for InGaAsN and 

InGaAs SQW narrow-stripe lasers by using (2.26) and the laser parameters on Table 2.1 

and the Po -  I  characteristics of Table 3.4. We found ae/f at T  =20°C to be close to that 

predicted in InGaAs SQW structures [22, 23], however lower values than dg/dNw 

predicted in InGaAsN structures [24], Besides the experimental errors, the reduction on 

the latter can be attributed to transport effects (Rac).

The results of Figure 5.10 show a reduction of 60% in the effective differential gain at 

threshold of the nitrogen-free laser structures over the temperature range r=10 to 80°C. 

A similar trend with temperature is observed in InGaAsN lasers, although the values are 

20 to 50% lower than in InGaAs lasers. Previous RIN experiments have also reported 

~2x reduction in the effective differential gain due to a similar incorporation o f nitrogen

[7], This analysis was however restricted to room temperature only.
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Figure 5.10.- Effective differential gain at threshold, aeg ,  obtained in InGaAsN (solid) 
and InGaAs (dotted) SQW narrow-stripe lasers versus active area temperature T  from 

20 to 80°C. A reduction of -35%  in a^yis observed in InGaAsN lasers at T=80°C.

The gain compression factor e was obtained from the K  factor and the effective 

differential gain aeff versus temperature. Equation (5.1) shows the direct relationship 

between the device dependent ^-factor and aeff, and the intrinsic parameter s. The latter 

was obtained by fitting with equation (5.1), obtained from (2.28), K  obtained from the 

slope of the traces in Figure 5.9. Notice that the parasitics factor (1+U) in (2.28) does not 

appear in (5.1) as K  is based on y in Figure 5.5 and Figure 5.6, which was already 

corrected for parasitics.

K  = 4 n 2r p \ + Y ^ s
a

e ff

(5.1)
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The factor r-g th is the threshold modal gain given by the total losses (a,+am) obtained 

from gain measurements results presented on Section 4.3.1. Npq is proportional to the 

emitted power Pq as described in (1.13). Other parameters in equation (5.1) are given in 

Tables 2.1 and 4.1 (gth).
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Figure 5.11.- Gain compression factor s obtained in InGaAsN (solid) and 
InGaAs (dotted) SQW narrow-stripe lasers versus T .

Figure 5.11 shows the gain compression factor e in InGaAsN and InGaAs lasers is

not changing significantly with temperature within the analysis uncertainty (-1.2-1 O’17

■2

cm ). We found e similar to measured values for 980nm InGaAs multiple quantum well 

lasers [25], This results allowed us to verify that the assumption previously adopted, 

e-Npo < 0.01. According to equations (2.25-2.27), a negligible s-Npo could also be verified

from the linear behavior of f r versus Pn in Figure 5.3 and Figure 5.4. This finding
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indicated that s is not a limiting factor to Jmb, thus it pointed to aeff to completely rule 

over fsdB in InGaAsN and InGaAs lasers, as we studied next.

5.5. Mechanism causing the bandwidth reduction with temperature

The purpose of the study of the above threshold frequency response measurements is 

to investigate the effect o f the incorporation of nitrogen in the QW into the temperature 

sensitivity of the laser 3dB bandwidth. In order to accomplish this objective, we use the 

tools developed in Section 2.5.2, in which we assume total losses of 30cm"1 that 

correspond to a typical as-cleaved 500pm laser and a,—8cm"1, in similar fashion to the 

study of To in section 4.5 Chapter 4 and summarized Table 5.1.

Parameter (T=10-80°C) Value, InGaAsN

tti 8cm"1

Ar 7.1 TO9 cm/s

e 1.2-1 O'17 cm3

Tp 4.66ps

Table 5.1 -N arrow-stripe diode laser parameters for the analysis of bandwidth 
versus temperature and nitrogen incorporation above threshold in narrow-stripe

InGaAsN and InGaAs lasers.

Our findings from the previous section are summarized in Table 5.2 for InGaAsN and 

compared with those in InGaAs materials. We repeat the simulations performed in 

Section 2.5.2 to obtain f 3dB versus temperature for ?o=3mW and aejj for InGaAsN, 

InGaAs equal to 1.66-10~15cm2 [24], as it would be expected for a temperature insensitive 

material.
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Figure 5.12 shows the simulated / mb versus T  by assuming dilute nitride material, 

nitrogen free material and ideal case, whose traces are identified in ascending order. As 

expected, it is possible to obtain a temperature insensitive bandwidth by having 

temperature constant aeff. However, observe that higher bandwidths will require more 

emitted power, for which the compression factor could become evident, as mentioned in 

the simulation Figure 2.27. However, this was not our case as we as e-Npo < 0.01 in all the 

temperature range. Therefore, we conclude that a ef f i s  the only limiting factor to f ] ciB-

T
InGaAsN InGaAs

ax f  2[10 cm ]
8

[1017cm3] [lO^Cm2] [1017cm3]

10 1.22 0.69 1.66 1.17
20 1.17 0.88 1.57 1.25
40 0.87 1.22 1.25 1.14
60 0.68 1.43 1.10 1.19
80 0.41 1.01 0.77 1.19

Table 5.2 -  Summary of the experimental parameters obtained from the analysis of 
the frequency response measurements above threshold in 

narrow-stripe InGaAsN and InGaAs lasers.
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Figure 5.12.- Frequency bandwidth fsdB versus T  simulated in narrow-stripe 
InGaAsN, InGaAs and ideal lasers.

In conclusion, we have identified aeff  as responsible for the temperature reduction o f 

f 3dB in InGaAsN lasers. In addition, and less notorious, InGaAs lasers suffer from the 

same temperature effect on aejf.

We further speculated on whether the reduction of aeff could arise from dg/dNw.th or 

from transport effects, we used the simulation in Figure 2.26 and the values of Rac in 

Figure 2.21 to calculate dg/dNw.th■ Figure 5.13 shows dg/dNw.th versus temperature in 

InGaAsN and InGaAs laser structures.
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Figure 5.13.- Calculated differential gain at threshold, dg/dNw , obtained in InGaAsN 
(solid) and InGaAs (dotted) SQW narrow-stripe lasers versus T  from 20 to 80°C.

A similar trend is observed in InGaAsN and InGaAs materials.

The results of Figure 5.11 reveal a similar trend in dg/dNw at threshold with 

temperature in both laser materials. These results were compared with theoretical 

predictions by Tomic and O ’Reilly [26] in single quantum well InGaAsN structures that 

show a similar behavior. These calculations are encouraging as they suggest that nitrogen 

incorporation may not alter significantly the material differential gain, allowing larger 

bandwidths in InGaAsN than in their counterparts 1.3 pm AlInGaAs/InP at high 

temperature, as suggested by Figure 5.13. Experimental works have already reported 

significant improvements in high-frequency engineered lasers [4, 20, 27]. Further
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experimental work to determine RdC is required to verify more accurately the values of

dg/dNw\,h.

5.6. Chapter summary

The objective o f this chapter was to investigate, based on the analysis of the 

frequency response above threshold, the effect of nitrogen and temperature in the 

modulation response of 1.3pm InGaAsN QW lasers.

The solution of the rate equations model of Chapter 2 was utilized to analyze the 

optical modulation frequency responses on identical InGaAsN (A,=1.3pm) and InGaAs 

(A,=l .2pm) RGW lasers versus temperature. It was found that the frequency bandwidth of 

these lasers in a temperature range of T - 10-80°C was limited by the effective differential 

gain at threshold, aeff, whereas the gain compression factor was rather insensitive to the 

addition of nitrogen in InGaAsN lasers. Further, the latter did not produce significant 

effect on the frequency bandwidth of either InGaAsN or InGaAs lasers. The tools 

developed in Chapter 2 were instrumental to arrive to this conclusion, which otherwise 

would have yielded a gain compression factor that changed due to the laser electrical 

parasitic effects.

We found that the incorporation of nitrogen into the InGaAsN QW laser produced a 

reduction of 20 to 35% in threshold effective differential gain, between T— 10 and 80°C, 

respectively. Considering a -20%  experimental error in the analysis, these results 

resembled those obtained from the previous chapter below threshold. Similarly to 

Chapter 4, we could not neglect that the capture to escape ratio may play a significant 

role in causing the bandwidth reduction due to nitrogen incorporation and temperature.
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We took a step further and, based on the calculated Rac assuming to be influenced 

mainly by thermionic escape, speculated on the material differential gain dg/dNw at 

threshold. This analysis yielded similar values in both InGaAsN and InGaAs lasers at 

r=20-80°C, which outperforms the speed performance of existing 1.3pm InP-based 

lasers and justifies the measurement of the experimental capture to escape ratio. Thus, 

optimizing the heterostructure of InGaAsN QW lasers for minimizing the transport effect 

is crucial.

In conclusion, 1.3pm dilute nitride materials hold the potential high speed and high 

temperature operation. Steps to accomplish this goal are develop method for direct 

characterization of carrier transport followed by its reduction by engineering improved 

laser structures
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CHAPTER 6 

Conclusions and future work

This work investigated the impact o f nitrogen incorporation and temperature into the 

material parameters that affect the threshold current and frequency response o f 1.3 pm 

InGaAsN laser diodes. This task was accomplished by (a) a temperature study of the 

dependence of the laser material parameters through a complete model of the laser diode 

that contained intrinsic carrier dynamics as well as external parasitics associated with the 

diode device and (b) comprehensive measurements of the above and below threshold 

frequency responses and gain. The model was key to separate the role of parasitics and 

to obtain the effective carrier density below threshold. When combined with the gain 

measurements, the analysis of the transparency carrier density and differential gain was 

carried out. The impact of nitrogen incorporation in the laser active region was 

determined by comparing two identical structures with different nitrogen content, 0 and 

0.5%.

The subthreshold lifetime experiments carried out in wide-stripe lasers and their 

analysis provided the information to obtain the relationship between the device current to 

carrier density. Innovative experimental setups were designed to overcome the 

difficulties imposed by the Joule heating at high bias and parasitics effects o f the devices. 

The frequency response measurements were performed in broad area lasers that 

demanded pulsed bias operation to avoid device destruction. We thus built special biasing 

circuitry that combined the bias current and the RF modulation in the laser contacts. In 

addition we carried out impedance measurements on the devices. The analysis of the
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frequency responses and impedance responses was carried out with the support of the rate 

equation model. The simulation provided the platform to separate the effect o f electrical 

parasitics, important at biases below 0.1 Ith, from intrinsic device processes. In addition, 

the model was used to extract the effective differential carrier lifetime. We carried out an 

effective analysis that retrieves the total carrier density in the laser active areas as the 

transport parameters are not known. Using the standard polynomial expansion in terms of 

Aeff, Beff and Cef  parameters and assuming the injection efficiency constant and equal to 

its threshold value, the effective carrier density in the laser active region versus bias 

current was obtained. By utilizing calculated thermionic escape we further analyzed 

experimental results and obtained Aw, Bw and Cw parameters in the well. The results 

showed that in spite o f the threshold current being three time larger in InGaAsN than in 

InGaAs lasers, the threshold effective carrier density is similar in InGaAsN in the full 

temperature range 10-80°C. The results also revealed that the A e/f  coefficient is equivalent 

to monomolecular recombination A w and is a factor o f 3 larger in InGaAsN compared to 

InGaAs lasers in the whole temperature range. Beff  and Ceff were obtained with a much 

higher uncertainty, over 40%. Even within this confidence range, the Ceff parameter is a 

factor of 2 larger in InGaAsN than in InGaAs lasers in the 40-80°C, leading to Cw 3 times 

larger at 80°C. Within this framework, we found that the threshold current density in 

InGaAsN lasers is mainly affected by the A w whereas Cw is mainly responsible for its 

high increased slope with temperature in the 10-80 °C range.

Separately, the analysis of amplified spontaneous emission measurements on narrow- 

stripe lasers allowed to evaluate the device-dependent gain versus current behavior in the 

10-80 °C. This analysis revealed that dg/dl at threshold is lower and Itr is larger than in
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InGaAs lasers. However, this analysis is structure dependent. To decouple the influence 

of the device contacts, and cladding layers we combined the effective carrier lifetime 

analysis and assuming the same injection efficiency of the wide stripe lasers, calculated 

the carrier density in the narrow stripe lasers. It was found that the net peak gain versus 

effective carrier density behavior is less temperature sensitive than that of the threshold 

current. The incorporation of nitrogen reduced the effective differential gain at threshold 

dg/dNef f th by 25-35% when comparing InGaAsN and InGaAs. Moreover, within the 

accuracy of our analysis, the results showed that the effective transparency carrier density 

is not significantly affected by the 0.5% nitrogen incorporation.

Motivated by our findings from the experimental analysis below threshold, we 

studied the factors contributing to the characteristic temperature To in dilute nitride lasers. 

We modeled a 1.3 pm single quantum well InGaAsN laser with all the parameters 

experimentally obtained. However, we intentionally modified some coefficients in order 

to investigate which ones change by the addition of nitrogen and thus affect negatively to 

the device performance. In our simulations, we assumed a 40% enhancement on the 

effective differential gain and a 60% reduction in the monomolecular recombination. 

Interestingly, this study retrieved To ~95K similar to 100K measured in InGaAs lasers. 

Further reduction on Cw retrieved To even larger than that in InGaAs lasers. We further 

compared these results with To obtained from 1.3pm AlInGaAs/InP quantum well lasers, 

which showed that InGaAsN can be less temperature sensitive than their InP-based 

counterparts, if further reduction on Cw were achieved. The most significant contribution 

of the subthreshold analysis in this dissertation to the field consists in showing that the 

incorporation of nitrogen reduces the effective differential gain and increases
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monomolecular recombination. These results can account for the majority o f the 

reduction of To in 1,3 pm dilute nitride lasers. Separate determination o f capture into and 

escape out of the well are needed to fully assess the material’s behavior with and without 

nitrogen, as shown by the model developed in Chapter 2.

The study above threshold was implemented by measuring the frequency response of 

the laser diode by our previously developed technique of selective femtosecond optical 

injection. As an innovation to the setup, we obtained frequency responses under pulsed 

bias regime in order to avoid device damage at high currents. This scheme permitted to 

reach active area temperatures of 80°C in InGaAsN and InGaAs narrow-stripe lasers. The 

model analysis, that included parasitics, showed that the damping was indeed affected by 

parasitics even under optical modulation. This effect, which had been ignored until now, 

had a significant impact in our experimental results, which was more notorious in InGaAs 

lasers. After correcting for parasitics, the analysis of the damping permitted to find 

unprecedented bandwidths of 4GHz at 80°C for InGaAsN with a single quantum well. 

The fit of the experimental data by our model retrieved values o f the gain compression 

factor and effective differential gain at threshold in both InGaAsN and InGaAs materials. 

We found that the gain compression factor was rather insensitive to the addition of 

nitrogen in InGaAsN lasers. Further, the incorporation of electrical parasitics in our 

model was instrumental in showing that the compression factor did not produce a 

significant effect on the frequency bandwidth o f either InGaAsN or InGaAs lasers. 

Conversely, the analysis indicated the threshold effective differential gain dg/dNeff.,h 

reduced in -20-35% due to the addition o f nitrogen. We found dg/dNeff.th to follow a 

similar trend with the increase in nitrogen content and temperature very similar to that
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determined in InGaAsN and InGaAs in the temperature range from 10°C to 80°C from 

the below threshold analysis. Again, by recalling our model analysis we investigated the 

laser frequency response and found that the bandwidth reduction in InGaAsN lasers is 

due to the reduction on the threshold effective differential gain. Further, bandwidths 

above 10GHz could be obtained at room temperature in 1.3 pm InGaAsN lasers by 

increasing dg/dNef f th. There are two pathways for accomplishing this. If dg/dNeff-th is 

dominated by the material differential gain, then adding one or two additional wells to the 

structure would accomplish this goal. If instead dg/dNeff.th is transport dominated 

through Rdc-, it would be necessary to engineer the quantum well and separate 

confinement regions to increase the effective carrier capture into the well. In this case 

knowledge of is instrumental. From the previous studies performed above and below 

threshold, we conclude that InGaAsN material has the potential to outperform 

AlInGaAs/InP in bandwidth and threshold current insensitivity. The improvements 

required for InGaAsN to achieve this goal are only left to improving the effective 

differential gain through the optimization of the laser heterostructure, which provides the 

motivation for continuing the research in producing better SCH’s for mid-infrared dilute 

nitride laser diodes. It is important to note that transport effects play a significantly more 

important role in an InGaAsN QW, in comparison to that in an InGaAs QW. Thus, 

optimizing the heterostructure of InGaAsN Q W lasers for minimizing the transport effect 

is crucial.

This dissertation provided the complete model for the future studies on dilute nitrides. 

This work must involve experimental measurements to determine the capture to escape 

times ratio as a function of temperature and carrier density in dilute nitride laser
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structures. By feeding these quantities in to the thesis model, the results will permit to 

separate material differential gain from the carrier transport and retrieve the carrier 

density N w. In this way, this analysis will allow to monitor the changes in new lasers 

heterostructures and provide the feedback to the laser growth engineering team.

We foresee that improved InGaAsN laser structures will incorporate multiple 

quantum wells and higher bandgap barriers, as they are being developed during this thesis 

writing. In addition, we believe that a more refined control over the quantum well growth 

temperature and temperature ramping, device burn-in conditions and device annealing 

temperature are key in the process of optimizing the laser output behavior.
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Appendix 1 -  Carrier lifetime analysis

This appendix section presents the numerical approach utilized to obtain the effective 

carrier density in the laser quantum well from the data t(I) of Chapter 4. The analysis 

obtains first r^ fro m  the experimental data. Figure A -l shows r^ th a t  is obtained from x 

and parasitics rci and Cp+ C j by using equation (2.18).

Frequency

Experimental
Data

---------- > r(7 )

Rate equation model

response

Impedance ----------->
Parasitics 

rd(I) , C p + Cj (I)

----------->  r e l ( P

Figure A -l.- The effective differential carrier lifetime x ^ is  obtained from x and 
parasitics rd and Cp+ C j by using equation (2.18).

Following this, the trace ref f - 1  is simultaneously fitted by equations (2.33) and (2.34) 

to obtain A ej j , B eff and C ejj. Figure A-2 shows the minimum squares fit method in which 

N eff  is obtained as an intermediate step. A ej f ,  Beff and C ejf  are within certain logical range. 

Once the minimum square error reaches its minimum, A ef f , B eff , C eff  and N e/f  are obtained.
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yes Is Error2 < target?

Error

= A  + 2-B-N  + 3-C-N2 (2.33)

1 =

END

Figure A-2.- Flowchart summarizing the numerical method utilized to obtain Neg - 1  
relationship and from the experimental traces of xef f - I

The algorithm was then modified to obtain Aw , Bw . Cw and N w based on the 

calculated ratio Rjc. Based on Rcic and equation (2.32), N s « EqRdcN w, Ns was obtained in

parallel to N inside the loop Figure A -l. Equation (2.30) replaced (2.34) to calculate the 

device current with the incorporation of Rs,

I = ^ r ’ i'A~N '’ + B ' N ~ + C ~N - ) + (' ~ r A a . n , + b N  +C,W,3)] (2.30)
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Appendix 2 -  Frequency response and impedance below threshold

This appendix shows the matrix expressions that are solved to obtain the zero/pole 

transfer function that represents the electrical impedance, and the five pole transfer that 

defines the frequency response in Chapter 2.

By applying Crame’s rule, the full model in (2.14) is solved to find the expression of 

electrical impedance versus frequency shown in (A-3).

Q

0 jd)  +

-1 f(H21C r )

Q / r i +  z ( i . / r + l / T s)
0

T + C& T ^  + CjQ/ z )

0 ja>+[l/Tv+l/T„) - l / r ( l / r f

0 0 jts+l/r

ja + l/ iC /,)

-Q
rXl+CjQIz)

0

0

J<3) +  -

-V(H2lc / s ) 0

Qtr, + Zil / f ^ + l / r , )  - T ,

T +CjQ 

0

0

(A -l)

r ^  + C. Q/ z )  

joy+  (l/rp + l/r<M) - 1/rJ/r,

In similar way, the frequency response was obtained as in (A-l). In both expressions, 

the poles and zeroes are obtained by factorizing the determinants.
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j a  + r J L p l/L„

- 1 /C ,  j 0J + V ( C r )

- Q
r.Q+CjQ/z)

0

0

j m  +

0

- i W / , )

Q l r s + x ( \ / T cap + l l T s )

T + C jQ

- W qTcap)

0

0

0

- r

^( l+CjQ/x)

j m  + { \ /T w + l / r esc) - l / ^ l / r ,

~ P ! t w jeo + l / r

(A-2)
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Appendix 3 -  Coupling factor /  (above threshold)

This appendix shows the matrix expressions that are solved to find the factor % versus 

the model parameters and bias defined by Po and I  above threshold. % represents the 

coupling between the laser active region and the p-n  junction and device contacts. 

Remember that Cp+Cj and r j depend on /  while the intrinsic laser dynamics depend on 

Po- Depending on whether the laser is InGaAsN or InGaAs, the different Po - I  

relationship dictates that the parasitics affect more the InGaAs lasers, due to larger r /  s, 

as experimentally demonstrated in Chapter 5. The coupling factor % above threshold is 

numerically obtained from (A-3), which has been obtained from the 3x3 matrix of the 

parasitic-free model in Chapter 1 and from the full model above threshold in (2.18).

x  = Q

j a + { \ / T w +1 / r esc +P)  - l / r ( l / T p + A pp)  

- T P  j c o - A P
j(o =0

jco + H x ^ + M r ,

0

0

- r
o

ja>+ ( l / r w +1 / r esc + P) 

- T P

■i/r(i/ t p + a pp  

j ® - A pP
(A-3)

j(0 -  0

The factor M in Chapter 2 was obtained from the ratio of (A-3) with the analytical 

expression of % below threshold shown in (A-4) (Expression 2.13 with M=  0).

Q l 7 cap / T  esc

( c ,+ T ,sc}(1 + m ) (A-4)
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Appendix 4 -  Damping y versus parasitics: {/-factor

The U factor relates the real laser damping including parasitics with the damping 

from a parasitic-free laser. The eigenvalues of the determinant of the 5x5 matrix in 2.18 

are obtained as in (A -ll) , from which the two complex-conjugated poles f= o.-jfi and

intrinsic laser equivalent to (A -ll)  when x =co (total decoupling of intrinsic laser to 

parasitics ), which retrieves the parasitic-free y and fa  From the comparison of y - fr from 

(A -ll)  and (A-6) we obtained 1 + U = yi / jy, where jy is the real damping and j 2 the 

parasitic free damping. In similar way, it is also verified the insensitivity o ff r to electrical 

parasitics, as f a  = fa .

j a + rp l L p 1 ! L p 0 0 0

- 1 / C ,  jco + \l(Cprs) - 1  /(H2lCprJ  0 0

f=a-jfi give rise to f r = ^ a 2 + f i 2 and y=2a. The determinant provided by (A-6) is the

-Q . Q/r--------------- im l--------------------------
r.d + CjQ/z) % + CjQ% + CjQ r^d + CjQ/z)

- 1 / ( T S f a  jm  +  { \ l T w + \ l T e s c + P )  - l / r ( l / T, + ^ , / > ;

0 (A-5)

o o

o o o ja  ~ ApP

j a  +  ^ ' t c a p  + 1 / 7 .S

0

0 j a - A pP

0

(A-6)
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Appendix 5 -  Electrical and Optical modulation frequency responses

The frequency response by electrical modulation consists in a transfer function with 

five poles which are the eigenvalues in obtained expression (2.18), as shown by (A-7).

j t »  + rp I L p 1 ! L p 

- 1 /C ,  jco  + M (C / s )

-Q
r^ + CjQ/z) 

0 

0

jco+-

0

-1/(^2,C/P 

Q/rs + z (  1 / r  + l / r , )

0

0

-r
Z + CjQ + CjQI z)

jca  + ( l / T „  + \ / T etc + P )  - \ I t { [ I tp + ApP  

- T P  j o - A  P

(A-7)

The optical modulation frequency responses have the same poles from (A-7) but 

some are cancelled by zeros, which are provided by the eigenvalues of (A-8) or (A-9), 

depending whether the modulation occurs in the SCH or QW os the laser didoes, 

respectively.

a . . .  —

j t o  + rp ! Lp 1 / Lp o
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(A-9)
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Appendix 6 -  Optical gain

This section briefly describes the Matlab-based program that implements the Hakki- 

Paoli [ ] method to obtain the laser modal gain from the amplified spontaneous emission 

(ASE) spectrum. Figure A- 2 shows the program’s console, in where the ASE file in 

*.txt or *.spe format is opened by the two top-left buttons with the file extension on their 

captions.

; GAIN V3 0 m m m
D:\ WERWG_?^5£Y123GAf \4 0 t \  

12Q\,003-3ASPE

OPEN

“.SPE

“.TXT

datepoint?

I "sboo'

ftanspQsj

PLOT
m l

Length | 500 Opt Carsf |  1,000 <R> [ a 2 9  

DeSpikaf Threshold [T O  

MasMiniTHtl 44 L1 f l ?

r  SbvbTmc* SPW-I T H 2 p s T  L2 p § T

r  Open TXT | Open CSV |  Rot Cat File |
Dark Level

Figure A- 2. -  Gain calculation program implemented in Matlab to calculate gain from
ASE emission.

Laser length in microns, confinement r  and mirror reflectivity are inputs into the 

program in the three top-right edit boxes. By pressing the button ‘MaxMin’, the program 

finds the Maxima/Minima curves shown on Figure A- 3, which serve as comparison 

functions to obtain the maxima and minima points of the ASE curves, respectively, the 

program also features other functions such as spike filters shows by the ‘DeSpike’ button. 

The oscillation period, ~5A in the case of 500 pm length lasers, is automatically obtained 

by the program from spectral analysis of the ASE trace. The modal gain is obtain from
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the ratio r=maxima/minima as shown below, where L, am and a, are the laser length, 

mirror and internal losses respectively. L, am are inputs to the program, whereas a, is 

retrieved by the software.

3
cd

r>,

O
■ Htn
t«

O
C/2

o
Pi
cd

O
O h

T3
CD

t ̂4H

Maxima

1.14 1.16 1.18 1.2 1.22 1.24 1.26 1.28

Wavelength, \im x 10

Figure A- 3. -  (a) Gain calculation program implemented in Matlab to calculate gain 
from ASE emission, (b) Maxima/Minima auxiliary curves (red-green).
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Figure A- 4. -  (a) Maxima/Minima curves (red-green) and their ratio (blue) from which 
the gain is obtained, (b) Modal gain versus wavelength

The program also allows to save the obtained gain trace as *.txt file by checking into 

‘save file” box.
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Appendix 7 -  Fit o f the frequency response

This section describes the program utilized to obtain the frequency response from the 

envelope of the comb spectrum of the laser diode under optical pulse modulation. Figure 

A- 5 shows the program’s console, where the file is opened in ‘.txf format as it is 

acquired from the spectrum analyzer. The log-frequency axis is generated by entering 

‘F I ’ and ‘F2’ in the panel, which in this work were 70MHz and 12GHz, respectively. The 

fit parameters are amplitude ‘A ’ (dB), resonance frequency ‘FR2’ (GHz), damping Y2 

(GHz) and transport pole T2 (ps). The fit is performed by hitting the button ‘FIT’. The 

routine tries least squares fit within each variable’s range specified on the right side boxes 

(‘+/-’). The program allows to save the data (envelope) and fitted traces as ‘.txt.’ by 

hitting ‘save fit’ button.

.; FR optical m odulation - VER 5-e

,1  0: \  WIVRWG_7\1 23<M 3\40c\
35.txt

A | -49.5 W-[ 100 

FR2 |  A407 +Aj toNI 401 FI | 70E6 F2f T2E9

see  _ _ _ _
FIT range j 1 | 401 f  fixed 

7e+007Hz 1.2e+G1QH2

RT 1 Rot 1

Y2 | 2.707 +/-J TO

T2{psl| 6.1 + /[  .0,01

r  Cafibraten OoeftTXT 1 PtatCalFfe 1 W  bare SAVE FIT | RESET}
dA

Calibration Fite

Figure A- 5. -  Program implemented in Matlab to calculate the frequency response 
from the laser under pulse optical modulation.
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Figure A- 6 shows the ~81MHz frequency comb data, obtained by short-pulse optical 

modulation and fitted by the red trace, defined by resonance, damping and transport pole. 

Figure A- 7 shows the fitted data in log-frequency scale, where it can be seen a high- 

frequency asymptote of -40dB/dec is revealed.
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f \
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-65
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Frequency, GHz

Figure A- 6. -  Laser frequency comb spectrum (line-dot-blue), which contains the 
frequency reponse on its envelope and is fitted by a damped-resonance

response (solid-red).
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Figure A- 7. -  Semilog representation of the fitted function, 
with a few point at low frequencies:

-80, 160, 240, 320, 400MHz....
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