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Modulation Resonance Enhancement
In SCH Quantum-Well Lasers
with an External Bragg Reflector
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Abstract—The modulation response of a semiconductor laser In 1982, Sullivanet al. [10] proposed fiber grating external
can be enhanced by coupling it to an external cavity with cavity lasers as a means of improving the performance of
frequency-selective feedback. This creates a comb oftransmlssmnsomary Fabry—Perot laser diodes. A detailed experimental

bands where the modulation response is high, at the cavity round- . foati f thei | ied out by H
trip frequency and its harmonics. In a previous publication, 'MvVestigation of their proposal was carried out by Hammer

we related the bandwidths of these bands to the material and €t al. [11]. They demonstrated that fiber grating external
structural parameters of a bulk laser. We showed that a nonzero cavity lasers could maintain single-mode operation over a
linewidth enhancement factor together with a nonzero interme- wide range of injection currents and temperatures. However,

diate facet reflectivity lead to deep nulls close to the peaks of due to a reduction of the small-signal bandwidth as a result
these transmission bands. This suggests that quantum-well (QW) . - L -
lasers, which have a low linewidth enhancement factor, may give of the increase in photon Ilfetlme due to the _external cavity,
a better performance than bulk lasers. To test this hypothesis, we these lasers were not considered useful as directly modulated

have extended our analysis to model QW lasers coupled to a fiber transmitters. Therefore, until recently, fiber grating external
grating. Carrier transport, carrier heating, intraband carrier cavity lasers found use only in mode locking [12] and CW
fluctuations, and nonparabo!lc band structures are_con5|dered. tunable source applications. However, resonantly enhanced
We show that electron carrier transport and amplitude-phase S -

coupling in the separate-confinment-heterostructure (SCH) layer mpdglatlon is useful for narrow-band mllllmete'r-wav.e'trar?s—
contribute to the nulls in the modulation response. Therefore, the MISSION systems [3], [4], [7]. These schemes find difficulties
apparent advantage of having a reduced linewidth enhancement in practice due to the resonance enhancement of noise and the

factor that we found in our previous analysis cannot be fully appearance of nulls close to the resonance peak [9], [13]. In
realized by using QW lasers. a previous publication [9], we modeled a resonantly enhanced
Index Terms—External cavity, fiber Bragg grating, modeling ~ external-cavity laser and analyzed the noise and the appearance
modulation, resonance enhancement, SCH quantum-well lasers. of nulls close to resonance peaks. However, our analysis was
limited to bulk lasers [14].
I. INTRODUCTION In this paper, a detailed aqalysis of a ﬁb_er-grating reflector
strong-feedback external-cavity laser [15] with a quantum-well
) o X e "(‘bW) active layer [16]-[18] is presented. Although there have
cables for conveying millimeter waves in applicationgeep, many studies on bulk lasers with strong feedback from
sych as .antenna feeds, phase array radars [1], [2], and Sgbﬁﬁréxternal cavity [9], [13], [L9]-[22], this paper presents the
rier multiplexed systems [3]-[5]. The development of opticg| getajled study on a QW laser coupled to an external
fiber links with low loss, low cost, low dispersion, and.,iw with strong feedback. The carrier transport [23], [24]
high dynamic range has much to do with this success [3],5 heen included and predicts a reduction in relaxation
In addition, the immunity to electromagnetic interference %sonance frequency [25] and an increase in the parasitic-
optical fiber links reduces crosstalk and thus allows systefs, .q-off in the modulation response [25]. In addition to
with higher component densities [2], [4], [5]. However, n0iSg;;ijar effects observed in bulk lasers with externally coupled
nonlinearities [6], and bandwidth constraints [7], [8] of theasynators [9], we show that there is a reduction in the
optical source a:fect signal t(qjuallty.IFortunateIg, thehmOdué%'andwidth of the resonance peaks due to the electron carrier
tion response of a semiconductor laser can be enhancedy <ot time and amplitude-phase coupling in the separate-
coupling an external cavity [7], [9] with strong feedback. Thig,tinement-heterostructure (SCH) layer. In [9], we showed
creates resonantly enhanced transmission windows close totﬂ}ﬁ a low linewidth enhancement factor leads to an improved
cavity round-trip frequency and its harmonics [3], [4], [7], [g]modulation response due to the suppression of nulls appearing
close to resonance peaks and hence widening the transmission
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Fig. 1. Fiber grating external cavity laser. (AR: antireflection coating; HR: cladding ~r—he E claading
high reflective coating). v
InP INGAASP InGaAs INGaASP InP
structural parameters may degrade the performance in these SCH Qw  SCH
devices hy: HH,
. . . . energy LA, AEV
1) decreasing transmission window bandwidth due to nulls P HH,
close to the cavity resonance-peaks; ?J v b
2) decreasing the modulation efficiency due to the usual wop Towp sc'hl_.l—
parasitic-like role-off of multiple-quantum-well (MQW) Lo/2 L, L2 ’
structures with a SCH region (due to carrier transport

effects) Fig. 2. Band diagram of the QW active layer. The QW is formed by sand-
’ . . wiching a In _.Ga.As between In_, Ga.As, P, _, layers lattice matched
We also show that carrier escape times from the QW InP cladding layers.

decrease the modulation efficiency at high frequencies. A
signal flow graph for the_QW active Iaye_:rwith_strong eXtem%ermonic emission rate from the QW, we do not use the
feedback is drawn and is compared with a signal flow grap,pinolar approximation and so treat the electrons and holes
of a bulk laser with a similar architecture [9]. We use thesgnarately [29]. At these frequencies, the intraband dynamics
signal ﬂ'ow graphs t_o explain the physics behind the observ[%xb] also become important [31], [32]. Therefore, we use non-
small signal behavior. _ Fermian distributions and carrier temperature fluctuations in
This paper is organized as follows. In Section Il, we preseg,r model [33]. This enables us to include both spectral hole
the detailed theoretical modeling of fiber-grating extemaming and carrier heating effects [32]. The gain is modeled
cavity lasers with a QW active gain medium, including inpy goving the Luttinger—Kohn Hamiltonian [34], taking strain
traband relaxations, carrier transport, carrier heating, and N@fk, account using the Pikus—Bir Hamiltonian [35]. In the
parabolic band effects. In Section Ill, we use this model 19;cyations of subband energy dispersion, we limit ourselves
analyze the modulation efficiency, and compare our resuffshe 44 Pikus—Bir Hamiltonian [35] for the valence band
with those for bulk lasers of similar architecture. In Sectiognq the parabolic band approximation for the conduction band
IV, we discuss the mechanism behind these results. Sectlorr3\é]_ The density matrix formalism [37], [38] is used to

will summarize the results and concludes this paper. calculate gain, and differential-gain-related parameters such as
refractive index fluctuations and the linewidth enhancement
II. ANALYTICAL MODEL factor [39], [40].

Fig. 1 shows the device under consideration. It consists ofThe Iinear_ and _nonlinear effects fes!““”g from car-
a Fabry—Perot (FP) laser diode with high-reflectivity (HR) and€'—Photon interaction are modeled using an extended
antireflection (AR) coated facets. The light from the AR-coate§ultiple reflection, strong feedback model given by Peiril.

facet is coupled to the fiber Bragg grating reflector. The outp[ﬁl] Following the treatment of Rong-Qirgg al. [42], multiple

power is taken through the grating. The grating reflectivity geflections were handled compactly using an assumption of

kept reasonably low (i.e., Bragg grating coupling strength) stationarity (i.e., inde_p_endent _of tim_e ref_erence) of the field
to ensure a reasonably high output power [26]. components. The validity of this stationarity argument can be

Fig. 2 shows the schematic diagram of the model usgastified by noting that our analysis is restricted to periodic and

in a QW active layer. The quantum confinement has begHaady—state conditions. However, the treatment of Rong-Qing

achieved by sandwiching anln,Ga,As layer between two et al.'[42] failed to recognize the importancg of delaye'd laser
In;_,Ga,As,P,_, barrier layers lattice matched to InP [27],amplltude and phase cc_)mp_onents afte_r muItlpIe reflectlon_s_and
[28]. As the experimental studies on external cavity |asepgese were replacec_i with flrsf[-order differentials. By retaml_ng
with strong frequency-selective feedback suggest that thif\® delayed laser field amplitudes and phases after multiple
flections, we extend our analysis to comparatively longer

operate predominantly in transverse electrical (TE) modg"€¢ ) X .
[11], [15], [20], the GaAs mole fraction in in.Ga,As cavities and also retain the delay-induced interference effects,

is assumed to be less than 0.48 to introduce compressW)éiCh we_have shqwn [9] to be cr_itical in predicting peaks
strain into the QW region [27]. This enables the QW tfjmd nulls in the noise and modulation spectra.

have a high TE gain compared with the TM gain. The well )
width was adjusted in our model to allow the maximum gaift- Carmer—
to be within the 1.55m telecommunications window. As Experimental studies with strong-feedback external-cavity
we concentrate mainly on frequencies greater than carriasers have shown that they could maintain strong stable

Photon Interaction Model
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TABLE |
EXTERNAL CAvITY LASER PARAMETERS
Parameter Description Value Units
¢ speed of light in vacuum 3010° m-s~!
q electron charge 1.602¢10~1? C
h Planck’s constant 6.626x10731  JK~!
k Boltzmann’s constant 1.381x10723  JK~!
L solitary laser diode length 300.0 um

D solitary laser diode depth 0.2 pm
L. external cavity length i1 m

Ly fiber Bragg grating length 8.0 mm

Ap Bragg grating period 516.33 nm

kLp coupling strength of grating 1.0
ngo effective index of the fiber 1.5

e effective index 3.4
ng group index 3.4
C feedback coupling efficiency 1.0
Vy group velocity in laser medium  8.824x 10 m-s—!

oy linewidth enhancement factor t

) phase variation constant in the
X SCH region 20.%

ar, scattering loss 3000.0 m—t

ap grating power-loss coefficient 0.0 m—1t
r field confinement factor 1.67x10° L,

Ry reflectivity of HR coated facet 0.9025
Ry intermediate facet reflectivity 1.0x10~*
r2 grating interface reflectivity 0.0
p spontaneous emission coupling _

b factor 1.0x107"

Ly injection current t mA
T external cavity round-trip time i1 s
TL solitary laser round-trip time i1 S
— angular frequency (without
w feedback) t rad/s
w angular frequency (with feedback) i rad/s

Shockley—Read—Hall coefficient 10
Tspp (holes) 5.0x10~ S
Shockley—Read—Hall coefficient
Tepn y (eloctrons) 5.0 10710 s
bimolecular recombination 17 P
B coefficient 8.0x10~ m®.-s
Auger recombination coefficient 41 9 —1
Cp (holes) 7.5x10 m’.s
Auger recombination coefficient 41 9 —1
Chr (electrons) 7.5x10 m’.s
Thuwp carrier transport time (holes) 50.0, ¢ ps
Thwn carrier transport time (electrons) 1.0, % ps

Twbp well-barrier escape time (holes) 1.0,} ns

well-barrier escape time

Twbn (electrons) 50.0.1 ps

carrier phonon collision time

Thy (holes) 1.0 ps
; carrier phonon collision time 1.0 s
he (electrons) : P
The hole dephasing time 0.1 ps
The electrons dephasing time 0.1 ps

1 These quantities are varied in calculations and given in text and in figure

captions.

i These quantities are calculated using details given in text.
1, 1 In this instance, it depends on the context.

single-mode operation, even under high-power operation [12],
[43], [44]. The reason for strong, stable single-mode operation
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even for lasers with an external mirror having a bandwidth of a
few external cavity modes. They showed that intermodulation
between adjacent modes transfers power between the modes,
leading to a central, dominant mode. Recently we showed that
experimental observations of a strong feedback external-cavity
laser can be reproduced in detail using a single-mode model
with intrinsic nonlinearities of the lasing process [9]. However,
we believe that the actual mechanism responsible for this
experimentally observed strong single-mode operation needs
to be further studied in detail before any conclusion can be
reached. Considering these reasons, we limit our study to the
single-mode case, as it is sufficient to account for significant
experimental observations [9], [44].

By design, the active layer volume is at least one order of
magnitude smaller than the SCH volume [46]. Therefore, a
significant proportion of the optical mode is confined outside
the active layer and guided by the SCH. Hence, the optical
phase of the guided lasing mode is affected by the index
changes in both active and SCH layers. As the index variations
in active and SCH layers depend on the respective carrier
concentrations, we can write the effective index variatiQs
seen by the lasing mode with respect to QW electron density
N, as [47]

Onegy ONy
IdN, ON,

aneff w
INy,

8neﬂ

=r
ONy

+(1-0) 1)
where the variables used are defined in Table I. If we consider
the phase change associated with the refractive index variation,
and trace multiple passes of optical field through the active
region and external cavity, then the following equations char-
acterize the temporal evolution of the intensityand phase

@
% =[I'G - ar + (R Ry)/r]]
+ 2{Re[ln(f)]/7L}] + TBBN, Py (2)
Cfl_‘f =(w — ws) + 0.5 ysp[G — ar, +In(Ry |Regr|)/72]

(3)

wherel'G = I'G(w;, Ny, Py, I, T., T}) is the modal gain

of the active layer. The definitions of the other parameters are
given in Table I. These equations are different to the equations
used by Parlet al. [41] and Premaratnet al. [9] due to the
inclusion of phase dynamics using (1) and the nonlinear gain
introduced later. In (2) and (3), the external cavity effects were
included by incorporating a lumped parameferConsidering
multipass reflections in the external cavitfy,can be written

as [41], [42]

+ (1 -D)xAN, + Im[ln(f)] /7

( \/_ r Bragg)

. exp{—anT +J[ (t —n7) — @]} (4)

is easily justified for external mirrors having bandwidths
narrower than the external-cavity mode spacing. Howeveavhere rg..4 iS the field reflection coefficient of the Bragg
Doerr et al. [45] have recently shown that these results holgrating. Assuming the effective index variation along the fiber
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grating from an unperturbed indexz with amplitude index significantly change the valence band profile [53]. Further-

perturbationAng is [48] more, it has been shown in literature that by appropriately
controlling the lattice mismatch, isotropic (hydrostatic) and

np(z) =npo + Anp cos <2_7r z 4+ QgB> (5) anisotropic (shear) strain, the polarization dependence of the

B gain (i.e., TE, TM sensitivity) could be enhanced or suppressed

and writing the coupled mode equations [49] for forward an[élG] [53]. Therefore, an adequate representation of the lattice
backward traveling wave envelops" and E— as mismatch introduced strain effects is a must for a realistic

gain model.

d5+ _ (a_B +j6) Bt — et B (6) Us'ing the mu!tibahd effective mass theory with an envelppe

z 2 function approximation, we can calculate the heavy and light

df_z_ _ (C%B +j6)E— + e B @) F;{; band structure by solving the following set of equations

we can calculate the field reflectivity of Bragg grating.., = o _ "
(E*/E™)z—o as (8) [48], shown at the bottom of the page, Z [Howr + V()00 10 (Rijs 2) =Em (ki )9 (B, 2),
where § = (wnpo/c — w/Ag) is the detuning of the las- * ,

ing frequency from Bragg conditionds = 7/Ap, v5 = v, v" €41, 2,3, 4} (9)
(ap/2 + j6)? + k2, andrd is the reflectivity of the grating

to fiber coupling interface as shown in Fig. 1. Noting thal’
"Bragg IS @ COMplex quantity, it can be written in polar form t$1 subband energy for the valence ba¥idz) is the potential

"Bragg = = |7Bragg| exP(J{TBragg). The magnitude|rpragg| profile in the valence band ang, (k, z) are the envelope
gives the lasing frequency-dependent reflectivity while tHENCtions. The elements of thex4 Pikus—Bir Hamiltonian
phase /rp;. induces a lasing frequency-dependent deldy®]: Hv. is calculated using the - p method [36], [52], [54]
[i.e., delay= 0/0w(/raragg )] tO the reflected field. This leads

wherek) = (kz, k,) is the in-plane wave vectoEm(k”) is

to the change of effective cavity length with lasing frequency P+@Q =5 R 0

and hence a change in the cavity's modulation resonance p , — -5t P-Q 0 R (10)
frequency. This effective length variation of the external cavity o R* 0 P-qQ 5

and the SCH and QW carrier-density-dependent variation of 0 Rt st P+Q

the solitary laser effective cavity length have been taken into

account in the present analysis for accurate interpretation8ere the parameter$, @, 12, ands are given using Luttinger
results. parameters [36], [52] as

Though a simple logarithmic gain model [50] with gain
. . ) - 2 2
suppression is sufficient to explain most characteristics of the P= h B2+ 52— 0 ) _9 <011 - 012)

composite lasing system, a detailed nonlinear gain model is 2mo Y022 Cu
desirable as it includes carrier heating, lattice strain, energy [ a(z)

band nonparabolic effects, and intraband relaxation effects. = a0 (11.1)
Even more, some of the parameters used in our model have h-2 i 52 Cii 420

not been measured experimentally. Therefore, a detailed gain Q = —— o[ k2 + ki + 2—2> - b<M>
model is desired for calculating these parameters from the 2mo i 0z Cu

known values of fundamental parameters. Conventionally, . a(z) (11.2)
many of the stimulated emission related effects were modeled L ao |

assuming a parabolic profile for the conduction and valence 2 5 5 ]

bands [51]. This parabolic band assumption has enabled the &= 2me 2V3[v2 (kS — k) — 2jy3kaky]

researchers to develop a gain model having a logarithmic 52

carrier density dependency [55]. It is interesting to note that Rt = p 2V3[y2(k2 — k2) + 2jvskaky] (11.3)
due to its simplicity, the logarithmic gain model fails to m 9

account for carrier temperature fluctuations and electron-hole ¢ — _Jh_ 2V3v3(ke — 5ky) 9

interactions in the semiconductor lattice [32]. Furthermore, 2 2 0z

recent studies have shown that a simple parabolic assumption R ) 7]

for valence bands is not adequate due to the interband coupling §7=- Tome 2V3a(ks + ky) 9z (11.4)

among heavy hole, light hole, and spin split-off bands [36],
[52]. Recent advances in the epitaxial growth technologiesThe definitions and values of the parameters used in the
have shown that intentionally introduced strain or stress cowdtiove expressions are given in Table Il. Due to weak interac-

ro exp[—j(28pLp + 9p)|[vs cosh(ypLp) — (ap/2 + j6) sinh(ypLp)] — jx sinh(ypLp)
vB cosh(ypLp) + {(ap/2+ j6) + jrro exp|—j(26pLp + ¥p)]} sinh(ypLp)

(8)

TBragg —
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TABLE 1

QW MaTeRIAL Inj_,Ga-As 400
Parameter | Description Value Units o
x GaAs mole fraction 041 § 200
L, quantum well width 7.0 nm c
V., volume of the QW region =(LDL_) | 4.2x10™" m’ 8 0 1 ]
a(x) In, ,Ga,As lattice constant 6.0584-0.4051x A’ 5
E, band gap energy 0.324+07x+0.4x" eV 3
A spin-orbit-split-off energy 0.38-0.04x eV = -200
7 1* Luttinger parameter 20.4-13.55x
[ A 2" Luttinger parameter 8.3-6.2x
3" Luttinger parameter 9.1-6.2x -40 .
e o EELP m ; 25 1.50 1.75
. stiffness constant (8.329+3.551x) x10"" | dyn/cm’ Wavel h
C, stiffness constant (4.526+0.854x) x10"! | dyn/em?® avelength (um)
Z hyd?“iim?c deformation p_":cm‘al 'T'gfol’l‘ ez Fig. 3. Modal gain spectrum for active layer considered in this paper for
strain deformation potentia -1.840.1x e carrier densities of 1.010%* m—3, 2.0x10** m~3, and 3.0¢10?* m—3.

tion between conduction and valence band levels, we used a

parabolic band approximation to calculate the corresponding 6

conduction band energy levels. This restriction can easily be g

modified by using &8 Pikus—Bir Hamiltonian [35]. However, Ng log curve fit ~_model
no significant improvement in qualitative or numerical descrip- 24

tion is introduced due to this. Thex4t Pikus—Bir Hamiltonian £ 3l

[35] gives a much improved gain model compared with the %

conventional logarithmic gain model (see [36] and [54] for T2

details). This is due to the fact that the logarithmic gain model =

can be derived by ignoring light hole bands and assuming

a parabolic profile for the energy bands [55]. Therefore, 0

logarithmic gain models fail to take strain effects explicitly 0 1 Ccr;?er DenSSiTyﬂOi’m“] 5 6

[55] and also have a restricted parameter space due to the

increased use of fitted parameters. As we treat electrons &i@d4-| Peak gain (fmogakl]) against alctive Igw(r \tf?/a{rie)r.deTsity-. For %?mpari-

H . . f , a least-square fit of the commonly uggdn(.V/! "0, IS also given. {v:

holes separately and incorporate carrier heating effects I@ﬁ&rier density)go = 2.8492<10? cm ' and N = 0.78945¢10°* m—3.

our analysis, this detailed model gives the required parameter

space for the calculation of intermediate quantities used in the

small-signal analysis. where F. and F, are the quasi-Fermi levels of electrons
Using the above calculated energy bands for conduction a#ied holes [36], [54], [55]. The carrier temperature effects are

valence bands, and using density matrix theory, we can writdroduced to the gain model through these Fermi functions.
the following expression for the nonlinear TE gain [32]:  As these relations are inherently nonlinear, carrier temperature

o N P T T fluctuations lead to the introduction of carrier heating related
(w, Nu, Pu, Te, Th) gain suppression terms into the QW gain. Fig. 3 shows the

_ s Z /|Nm al? gain spectra calculated using (12) for GaAs mole fraction
neceomiw ’ x = 0.41. The gain spectra used in the model are calculated
[, (ke) = F2 (k)] (7/70) Kyl by fitting polynomial fractions around these curves close to

operating points. These calculations were made using a MAT-
LAB package equipped with the SPLINE Toolbox software.
Fig. 4 shows the peak gain against the active region carrier
(12) density. For comparison, the often usgdIn(/N/N,) model
where |, »|? [51], [52] is the momentum element of theis also plotted there. A mean square curve-fitting algorithm
polarization vector for the transition from theth conduction was used to findgy and No. This figure shows that the
band to thenth valence band and&<’ is the corresponding logarithmic gain model gives a fairly accurate representation
transition energy associated with the above two levels. Thé the more detailed model. However, the major drawback
Fermi functions [32] of electron and hole occupation probabi®f this logarithmic model results due to its inability to give
ities is given for electron temperatufe and hole temperature an explicit parametric dependency g§ and Ny with the

(Eev — hw)?2 +~2 + ’Y|//Lnl,n|2u)(7-€——i_27_h) I 27 Ly,
gong

T, as more fundamental device parameters. Formulations similar to
1 (12) were used to calculate the refractive index change in the
(k) = B (k) = I (13.1) active region, the linewidth enhancement factor, the nonlinear
14 exp { mk tT c} gain coefficients for spectral hole burning, and carrier heating
1 Bte effects. Fig. 5 shows that the linewidth enhancement factor
k) = OO —F (13.2) is dependent on the carrier density. However, the linewidth
1+ exp {M} enhancement remains low even for high carrier densities,
kpTh compared with that in bulk lasers.
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_ TABLE 11l

o SCH MateriAL Iny—,Ga;AsyPi—, LATTICE

§ MATCHED TO InP: 2 = 0.1894y/(0.4184 — 0.013y)

€ L, SCH region width 70.0 nm

% Vv, volumne of the SCH region=( LDL, ) | 4.2x10" m’

o E, band gap energy 0.96 eV

5 7 1* Luttinger parameter 4.95+15.45y-0.9x-12.65xy

= Vs 2" Luttinger parameter 1.65+6.65y-1.16x-5.04xy

E 7a 3" Luttinger parameter 2.35+6.75y-1.1x-5.1xy

kol a, InP lattice constant 5.8688 A°

&

£

— O A X .

1 2 3 4 5 6 aP, Vi, By Py al Ny Py
Cariier Density (10%m — 1 - - -
Ty ( ) dt Vio Towp  Tuwbp TopnLaw + ToppNw

Fig. 5. Linewidth enhancement factor against active layer carrier density. — BN,P, — CyN2P, — CpN, P2 (17)
B. Carrier Injection Model where N, and P, are the electron hole concentrations in

The presence and the time scales of carrier transport 4A@ SCH region andV,, and P, are the electron and hole
carrier capture/emission have been shown to significanfigncentrations in the QW region/y and Jp denote the
influence the direct modulation response of the QW lasegtectron and hole injection rates to the SCH layer. The other
[46], [47] by reducing the relaxation resonance frequency af@rameters are given in Table III.
increasing the parasitic-like role-off in the modulation response
of solitary QW lasers [46], [47]. Additionally, these processeS. Carrier Temperature Dynamic Model

reduce the effective differential gain and increase the effectiveMany interesting and complicated processes occur in QW

linewidth enhancement factor [46]. However, all these studiggsers under high-speed direct current modulation. These in-
were for solitary lasers without any feedback effects. Thergrge spectral hole burning, interband scattering, carrier-carrier
fore, the question remains whether the carrier transport 8ihttering, carrier heating, and carrier recombination due to
related effects are important in resonantly _enhanced QW Iasqféps, defects, and other processes [31], [32]. These processes
We assume that the QW and SCH carriers can be separaigd more or less affected by the carrier capture and carrier

into fOL_Jr discrete levels, representing electron and hole CAfansport in the QW heterostructure and lead to the appearance
centrations separately [29]. These electrons and holes diffyge,onjinearities in gain and related quantities. Therefore, it
and drift toward each other due to carrier gradients apd.omes very important to study these, as they could have a
mutual interactions. In the case of a graded index (GRIN}qtqnd effect on wave-guiding and oscillation characteristics
SCH QW laser [56], the built-in electric field in the GRIN¢ resonantly enhanced QW lasers.

layer aids this process. The separate treatment of electron\¢ high modulation frequencies, the carrier distributiorkin
and hole concentrations in QW and SCH layers allows s {86 changes due to the intraband fluctuations [31]. Restoring
exclude the ambipolar approximation from the model [29ces nuliify these distribution variations by carrier—carrier
This leads to much improved description of the device afg carrier—phonon scattering [32] and lead to spectral hole
high frequencies due to the consideration of finite dielectrig, ning and carrier heating in QW structures. The finite intra-
relaxation times [29]. This can be explained by noting thfanq scattering time and associated rate of establishing quasi-

for modulation frequencies higher than/ (2w 7.s,) (Which o quilibrium in the Fermi distributions leads to spectral hole

normally exceed the dielectric relaxation time), violation OE)urning. The carrier heating is due to the combination of in-
charge neutrality results due to the trapping of electrons j

j€ction heating, recombination heating, free carrier absorption

the QW [29]. Therefore, it becomes essential to treat electrofsating, and carrier relaxation associated with phonon emis-

and holes separately for accurate prediction of the millimetely o [32]. We use a density matrix approach [31], [37] to de-

wave modulation performance. This has been demonstrated Ry carrier temperature equations including the above effects.
Suzukiet al. [29] for solitary QW lasers by comparing with By modeling the laser medium as an ensemble of a homoge-
experimental results. Modifying the rate-equation model giverﬂeously broadened two-level system, we write the following
in [29] byinc!uding the nonlinear gain quel developed earligly; of density matrix equations for electrom. ¢) and hole
and introducing Shockley—Read—Hall, bimolecular, and Aug%v’k) occupation probabilities in conduction and valence

recombination processes, we get the following set of equatiols s and diagonal density matrix element 5, for the state

with carrier capture, escape, and transport effects: k [31]:

dN, N Vi Ny .

=t =Jy — ’ + — (14) apc,k(t) _ pc,k(t) - f (kv L, Te)
dt Thwn % Twbn It - = T

dP P, Vi, P, . c
—b:JP——b+_— (15) pc,k(t)_f (kv tv TL) pc,k(t)_f (k)
dt Towp % Twbp - T - T

Ny _ Vo Ny _ Nu _ o N, P, ; e ’

dt N Vw Thwn Twbn TspnPw + Tsppr - ﬁ [szcv, k(t) — Mk Puc, k(t)]E(zv t) + AC, k

— BN,P, —CyN2P, — CpN, P2 (16) (18)
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ap'u,k(t) _ p'v,k(t) - fyv(kv t, Te) dUb — aUu dTh aUu @ (25)
ot e dt oL, dt = oP, dt
_ pb,k(t) — f’U(kv tv TL) _ Pu,k(t) — fb(k)

ituti i e dU, dNy dP,,
and substituting expressions fdf=, e 4w and ¢fw

. from (16), (17), (22), and (23), we can derive the following
- %[szcv,k(t) — ppoe k(D]E(z, ) + Ay, & equations for the carrier temperature fluctuations in electrons

Thv Ts

and holes:
(19) .
apcv,k(t) . 1 dTe _ a[]<:
o —JWr — . Pev, k(1) dt ~ \ 0T,
i ou, Vi N, N
J c c b b w
n prlpe®) + oo (D) — 1B D (20) ' [(AEinj - an> <V_w Thun wan>
ve, k = :U ¢ 21 ¢ hd
ook =pen “ + (g0 - Bz VOT + (g7 - ABL)
where {f*(k, t, T3): « € {c, v}, B € {e, h, L}} are the “}V P b
instantaneous Fermi functions for the conduction and va- f—w"w BN, P,+CnN2P
P N wi w NVt w
lence bands at designated carrier temperatftBs 5 € Topntw+ TspplVew

{e, h, L}}, f¢(k) and fv(k) are the Fermi distributions at

L . NP2 ) + wsVy0§eal N
thermal equilibrium for the conduction and valence bands, or “’) e Veea

T.r, and 7., are the carrier—phonon interaction times for U (T.) = U(T1)
conduction and valence bands, ; andA,_ ; are the injection ——Thc (26)
rates into the conduction and valence bands, apds the 5 1
dipole moment of the transitions between the conduction anﬁ@ = <&)
valence bands & state. Supposé&. and U, are the energy T},
densities for electrons and holes in conduction and valence Nape U\ (Ve B D
bands. Then, using (16)-(21), we can derive the following "W 0P, S\ Vi Towp  Twbp
equations for evolution of energy densiti€s(7") and U, (T) au, . U, .
at temperatures” = 7. and T' = T}, respectively, for + <8Pw - AEstim>VgGI+ <8Pw - AErec)
electrons and holes: NP
JU < 5 wow ~ + BN,P, +CxN2P,
d—tc = AEICIIJ JN’LU - A‘Esctim‘/gc;(‘[ + th‘/ga;caINw Tspndw + Toppttuw
Uc(Te) — UC(TL) +CPNU)P3)> + hws‘/ga;ca-lpw
The _
. Nwa _ Uv (Th) UL(TL) ] (27)
- A‘Erec + BNywPy Thy
7_spn-Pw + 7_spp-sz
) ) This completes the derivation of the system of equations
+CONN, Py +CPNwa> (22) governing the time evolution of the QW laser with Bragg
aU grating external cavity. We use above equations in next section
# =AELIpw — AEG ;0 VoGl + hws Vi L Py to find the small-signal modulation performance of this system.
; -U, . NP, . .
_ UlTh) = UnlT2) _ AE'r”eC< D. Small-Signal Modulation Response
Thv 7_spn-Pw + 7_spp Nw ) .
To calculate the small-signal modulation response, we carry
+BN,P, +CnxN2P, +CprP3,> (23) out a perturbation analysis around a steady-state oscillation
mode. Steady-state solutions can be found by solving (2),
where AES, and AEY, are the average injection heating3), (14)~(17), (26), and (27) self-consistently, considering

energies for electrons and holeAES,  and AEY, —are the gain and the round-trip phase conditions. The Appendix
the average stimulated recombination heating energies Q'BYGS the resulting transfer matrix after Fourier transforming
electrons and holes andE¢,. and AE?, are the average the perturbation expanded system.
energies associated with nonstimulated recombination heatind he interrelationship between different small-signal quanti-
for electrons and holes/y,, and.Jp,, denote the net injection ties are visually depicted in Fig. 6(a). It shows that the external
rates into the active medium. The other parameters are giviYity induces both self- and cross-coupling between intensity
in Table |. Considering the dependencelf7’) and U, (7") fluctuationsAl and phase fluctuationgy¢. The intensity and
on corresponding carrier temperatures and carrier distributigitase fluctuations are also coupled indirectly through QW
in conduction and valence bands, we can write the followirRjectron and hole density fluctuationsV,, andAP,, and SCH
functional relationships: electron and hole fluctuationg\ v, and AP;, respectively.
The direct links betweeAN,,, AP,,, andA¢ show the direct
dU. _ 0U. dT. = 9U. dN, (24 influence of the QW carrier fluctuations on the optical field

dt — 9T. dt = ON, dt phase through the linewidth enhancement factor. The direct
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Fig. 7. Intensity modulation response for the fiber grating external cavity
laser with 4-GHz external-cavity resonance frequency for two carrier transport
times 1 and 100 ps. Cavity-resonance-peak loci for 1- and 100-ps carrier trans-
(a) . .

port times are drawn as and b, respectively. Note the resonance enhanced
response close to multiples of the external-cavity resonance frequency and
nulls appearing close to them.

0

g 10t

3

C

(b) 8
Fig. 6. Signal flow graphs for strong feedback external cavity laser with (a) & 20t
QW active layer and (b) bulk active layer. 2
-30 .

. . . 27 28 29 30
link between SCH electron density fluctuatiodsV, and A, Modulation Frequency (GHz)

shows that the phase of the lasing field is also directly affectg_d . .

. . . . .. Fig. 8. IM response against the modulation frequency as the SCH phase
by the SCH carrier fluctuations due to its significant contribygypiing constant for threg (10! radm—2.s=1) values. It shows the
tion to the waveguiding. However, the electron—electron amétrease of null depth ag increases.
hole—hole distributions in the SCH and QW are also coupled
through. feedpack paths. Th'erefore, eIecFron anq hole densc'&(/ity lasers with QW active layers. Therefore, we omit this
fluctuations in the SCH region have an indirect influence on o .

information in this paper and refer the reader to [9] for details.

the phase of the optical field. As the intensity fluctuation ¥ trat vsi th th h .
Al is coupled directly with electron and hole fluctuations ere, we concentrate our analysis on the seventh harmonic

using feedforward and feedback paths, the fluctuations in #fsonance frequency (i.e~30 GHz) of a 4-GHz external-
SCH and QW are reflected it\] fluctuations. However, C§V|ty laser .Wlth a Bragg reflector..Flg. 7 shows the inen-
due to the different coupling paths, they experience differefity modulation (IM) response of this laser electron-carrier-
delays and, hence, different characteristic times. The nonlind@nsport times of 1 and 100 ps. It shows that the resonance
interaction of these carrier-phase-intensity fluctuations lea@gaks appear at 4-GHz intervals, and their amplitudes decrease
to the modification of the high-speed modulation response @ishigh frequencies due to carrier transport effects. This can
shown in Section Il (see Figs. 7-12). Fig. 6(b) shows tHee clearly seen by comparing the resonance peakalacidb
signal flow diagram for the bulk laser with strong externdbr the 1- and 100-ps carrier transport times, respectively. The
feedback for comparison [9]. nulls close to the resonance peaks result from the amplitude-
phase coupling caused by the interplay between the laser cavity
Il RESONANTLY ENHANCED RESPONSE and the external cavity [9]. Careful inspection of (3) shows
' that in the QW the amplitude-phase coupling results from two
We use the data given in Table | for our simulations. Thearameters:
photqn and carrier denglty rate equatlons_were solved self-i) the linewidth enhancement factor,.:
consistently until a solution is reached to find a steady-state’ . gspr
. . i) the parametery representing refractive index modula-
operating point. In [9], we showed that the resonant enhance-’ .~ " .
ment in bulk active layer lasers depends on the bias level, tion in the SCH region.
linewidth enhancement factor, intermediate facet reflectivity, Fig- 8 shows the IM response close to seventh harmonic
external feedback level, external cavity length, and nonlineésonance peak ag varies. It shows that largey leads to
gain coefficient associated with spectral hole burning. It c&leeper nulls close to the external-cavity resonance frequency.
be shown using the theory presented here that the abdwe understand this, we consider (1) and write following
qualitative relationships still hold for strong feedback externakpression for single-pass phase change rate through active
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Fig. 9. IM response against the modulation frequency for two hole transpéig. 11. IM response against the modulation frequency for three electron
times 7, (ps). This shows the response around fundamental resonatk@sport times.,,, (picoseconds). This shows that the null depth is highly
frequency for a 4 GHz cavity. Observe that only the damping rate is affectednsitive to the electron transport time.

significantly. The null depth has minimal sensitivity 1g,,,.
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2 = -20r
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-25 i
27 28 29 30
25 . . Modulation Frequency (GHz)
27 28 29 30
Modulation Frequency (GHz) Fig. 12. IM response against the modulation frequency for two electron

cape timesr,;, (picoseconds). This shows that electron escape time

. . ) S
Fig. 10. IM response against the modulation frequency as for two thﬁmences the modulation response level but has no significant effect on the
transport times,,,.,, (ps). This shows the response around seventh harmomnjg| characteristics.

resonance frequency for a 4 GHz cavity. Observe that damping rate and null
depth have insignificant Sensitivity .. Figs. 9 and 10 show the variation of IM response against the

modulation frequency close to the fundamental and seventh

region (excluding external cavity effects) as [47], [57]: harmonic resonance peak for two carrier transport times of
holes ¢;..;). Comparison shows that the hole transport time
dy _ 27 | dnefy iy Drettn only reduces the modulation efficiency. Further, this effect is
. = r AN, +(1-T) AN, . ) :
dt ifllréng;;II?yS; Aneg | ANy ANy very weak and diminishes as the harmonic number increases.
In contrast, the electron transport time has a very significant
_1 _
= 5Ly, AG + (1 = T)xz AN, (28) effect on the modulation response. Fig. 11 shows the IM

response around the seventh harmonic, when the electron

where AG is the gain perturbation andy = : . .
(21¢/Anegt) (dnegs /dN). The other parameter definitionstransport timer,,, is varied. It shows that depth of the null
close to harmonic of the external-cavity resonance frequency

are given in Table I. This observation suggests thaehaves > - )
similarly to the linewidth enhancement factor in bulk laser$> highly sensitive to the electron transport timg,,,. The

Therefore, the advantage of using QW lasers for a reducdifference in _effect of the _electron _and hole transport tim_es
linewidth enhancement factor is nullified by this factor. 1F" be explained by th? hlgh_eﬁgctlve mass of hples relative
can also be shown that carrier transport effects lead to tife€l€Ctrons; the holes’ contribution to the amplitude phase
modification of this phase change and hence the amountG-Pling is diminished under high-speed modulation as they
chirping [47]. Considering solitary QW lasers, Nagaragn react slowly to dynamic fluctuations due to their inertia. The

al. [47] showed that the SCH differential refractive index'$a/Mer transport times can be reduced by properly designing
(9nem /ON,) influence on chirping is modified by a facto the SCH regions [56]. Fig. 12 shows that the electron escape

of carrier transport to carrier escape times in the QW afti€ 7wen from the QW has no significant influence on the

the maximum injection into the active region. However, the[fu!l depth. However, it shows the modulation response level
result is expected to be modified here due to strong frequenty/Sightly decreased for increasing,,,. A similar analysis on
selective feedback due to the external cavity. Detailed studfid® escape time from the QW shows that it has no significant
by Yamadaet al. [58] showed that amplitude-phase couplin&ﬁed on null depth or modulation response level.

can be decreased by using potential-controlled or modulation-

doped MQW structures [59], [60]. In these structures, the IV. DiscussION

barriers were heavily doped with p-type impurities. This To understand the influence of carrier transport related
technique could be used in our lasers. small-signal response modification, we can analyze the re-
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action of the composite system for a small perturbation nesponse is mostly sensitive to these two factors than to any
carrier density in the SCH or QW regions. Without loss afther parameters used in the model.

generality, we consider a small fluctuation in SCH electron

de_nsity_ANb. The §igna| flow graph ip F!g. 6(a)_shows that V. CONCLUSION

this carrier fluctuation leads to the activation of eighteen feed- . i ) .

back loops. The equilibrium state of the fluctuations in these_A deta"e‘?‘ modgl for fiber grating external-ca_wty lasers
feedback loops represent the appearance of resonance peilig QW active regions has been developed. Carrier transport,

nulls, modulation efficiency changes, and the broadening %qrri'er heating, intraband carrier fluctuations, and nonparabolic
resor’1ance peaks ' band structure effects were considered. We showed that incor-

It is interesting to compare these carrier fluctuatioﬂOration of a QW active layer leads to unique dependencies

initiated feedback effects with the corresponding respong re_sonant enhancement effects not seen in_bulk "'J!Sers_- In a
of a bulk laser. Using Fig. 6(b), we deduce that in Rrevious study [9], we showed that the reduction of linewidth

bulk laser, only three feedback loops are initiated dueenhancement factor in bulk lasers leads to the suppression of

to any carrier fluctuation, namelfAN — Al — AN}, gullsdc:_ose th;he rr]esonancet fpe?ks. As QV\/ldIahsers have tre(;
[AN 5 AT — Ap — AT — AN}, and {AN — Ap — uced linewidth enhancement factors, we could have expecte

AT — AN}. Careful inspection of these three loops shov\%1 em to _have wide-bandwidth resonance peak_s du_e to the
. : . . suppression of the nulls close to them. However, in this paper,
that strong amplitude-phase couplind] < A¢: the middle : . .
- o N L e have shown that a reduction of linewidth enhancement
loop in Fig. 6(a) and (b)] is vital to maintain any significan . : : .
o ) ; ctor is not enough to achieve this, because amplitude-phase
contribution to the small-signal response. We showed in [ . . . )
X ) : .-Goupling also occurs due to carrier fluctuations in the SCH
that the linewidth enhancement factor and the intermediate-. o o
o ; . ins Gggion modulating its refractive index. We also showed that the
facet reflectivity have a direct influence on the loop gains g : . o .

: . Small-signal response is affected more significantly by carrier
these feedback loops. However, inspection of the feedb ?gns ort times than carrier capture times
loops associated with the QW active layer shows that, In P P '
the absence of bidirectional amplitude-phase coupling results
from linewidth enhancement factor and external cavity [see APPENDIX
Fig. 6(a)], there exist twelve feedback loops with significant To calculate the noise and small-signal response, we take
gain due to carrier transport. Therefore, spectral anomalig@ Fourier transform of the perturbation expanded equations
(i.e., nulls and resonance peaks: see Figs. 7-12) are sfild obtain the following form:
possible depending on the interaction levels of the different
feedback loops and associated relaxation times. Another (D=(Q) = Oy (A1)
important observation of the feedback loops of the quantum
well laser is that any amplitude-phase coupling due the for modulation response and
SCH layer has to be through two main signal flow branches
AN, < AN, and AN, — Ag. The gains of these two II(Z(Q) = On (A2)
branches are mostly controlled by the electron carrier transport
time 7., and the SCH layer related linewidth enhancemenfiar the noise response. If the variation of intensity, phase, SCH

type factory. In our simulations, we saw that the small-signatarrier densities, QW carrier densities, and carrier tempera-
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tures from the steady state afelc’S¥, Apei*, AN,e ™,

APl AN,/ AP,/ AT.e5 % and ATy e/t at
modulation angular frequenc§, then we can write the fol-

(20]

lowing expressions for the coefficients f&(2), 11(2) as
follows:

(11]

2(Q) = [AL, Ap, AN, AP, ANy, AP, AT,, AT;,]F

and if I(Q) = {Illn: m, n € [1, 8], m, n{ integerg and

(A3) 12]

assuming gainZ can be written to first order a& = G5 +
% Alemt—i——a‘?\i ANweJQt—i—{?TCi APweJQt—i—% AT.ei2t 4

. o 1
% AT}, e/ where derivatives are understood to be evaluatét’

at steady-state values (to simplify the notation). Then, the
coefficients can be written as shown on the two previous pagéé!

If the modulation current fluctuation from steady state igs;
given asAl;,;e/* then we can writeéd,, as

On = (AL /qVser)[0, 0, 1, 1, 0, 0, 0, 07, (A4)

[16]

Similarly, considering Langevian noise sources for amplitude

and phase, we can write the following expression@gy:

where (F;F})

[17]

O = [F1, F,, 0,0, 0,0, 0, 0] (AS) 18]

R(2L, + 1), (F,F:) = R/2I, and

.. [19
(FrF}) = (IfF,) = 0. R denotes the spontaneous emission !
rate into the cavity. Solving these matrices for required

arguments, we can calculate the noise and modulation respoﬁgb

for this system.

[21]
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