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Featured Application: VCSELs are widely employed in Fiber to the Home links, computer
networks and optical interconnects because of their low power consumption, small footprint,
high reliability, easy packaging, single longitudinal mode emission, high modulation speed,
low cost and circular output beam. Short- and medium-range optical communication links
demand for continuous increase of VCSEL modulation speed. VCSEL direct modulation speed is
however limited by the relaxation oscillation frequency and new approaches as, e.g., integrating
VCSEL with an electro-absorption modulator (EAM) are required. Hereby, we demonstrate
that an integrated EAM-VCSEL is capable of producing a resonantly enhanced, flat modulation
response with ultrahigh bandwidth of 100Gbs for applications in optical communication links.

Abstract: We consider an integrated electro-absorption modulator within a coupled-cavity VCSEL
structure (EAM-VCSEL). We derive expressions for the modulation transfer function (MTF) of the
EAM-VCSEL for small-signal modulation of either VCSEL injection current or EAM losses. For current
modulation, the cut-off frequency remains limited by relaxation oscillation frequency. For EAM
loss modulation, the MTF curve is much flatter and its shape around the relaxation oscillation
frequency displays either a well-pronounced maximum, both a maximum and a minimum or a
sharp minimum only depending on the bias point of the EAM losses. Such features have been found
experimentally in Marigo-Lombart et al., ]. Physiscs: Photonics, 1, 2019, but remained unexplained
hitherto. Furthermore, the cut-off frequency remains beyond 100 GHz for moderate and week
coupling between the VCSEL and EAM cavities. Such ultrahigh bandwidth modulation is due to the
fact that the changes of EAM impact much less the optical power distribution along the EAM-VCSEL
and, consequently, the confinement factor and photon density in the VCSEL cavity. The three cases
of strong, intermediate and weak coupling are also considered when carrying out the large-signal
modulation response of the EAM-VCSEL and a clear open-eye diagram is demonstrated at 100 Gbs
for an optimal EAM cavity length.

Keywords: = VCSELs; optical modulation; electro-absorption; electro-optic modulators;
intensity modulation
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1. Introduction

Vertical-cavity surface-emitting lasers (VCSELs) [1,2] are nowadays substituting the traditional
edge emitting semiconductor lasers (EEL) in many applications, such as Fiber to the Home links,
computer networks, optical interconnects, optical sensing, laser printing, etc. The reason lies
in their significant advantages, such as low power consumption, small footprint, high reliability,
easy packaging, single longitudinal mode emission, high modulation speed, low cost, circular output
beam and easy fabrication in two-dimensional arrays. The last couple of years brought a huge
deployment of VCSEL for proximity and 3D sensing and autofocus functions in smart phones with
overall VCSEL revenue of ~1.78 billion USD in 2018 and a trend to reach 3.8 billion USD by 2023 [3].
Short and medium range optical communication links, the very first wide deployment of VCSELs,
demand for continuous increase of VCSEL modulation speed [4]. Consequently, many efforts have
been paid to boost the VCSEL direct modulation speed [5-10] with continuously increasing the
modulation speed up to 71 Gb/s [11]. Further increase of the VCSEL modulation speed would require
abandoning the direct modulation approach and, eventually, integrating VCSEL with an electro-optic
modulator [12,13]. Recently, an impressive small-signal modulation cut-off frequency of about 30 GHz
for such an integrated VCSEL with electro-absorption modulator (EAM), i.e., EAM-VCSEL has been
reported [14]. Separating the functions of the VCSEL as a light source and the EAM as a modulator
allows for optimizing each of the two parts of the integrated device with respect to its functions.
Electrical optimization of the integrated EAM has been reported in [15,16] for a lumped element and
traveling electrode design, respectively. Comparison of optimized and experimental characteristics of
a stand alone EAM and integrated EAM-VCSEL has been reported in [13,14], respectively.

In an EAM-VCSEL, the EAM layer is very thin compared to the EAM section in an edge emitter
laser. To obtain enough extinction ratio a resonant structure is needed where the light passes the
EAM layer several times. A problem is that a resonant modulator normally gives strong and time
varying back reflections that will perturb the carrier density in the VCSEL and hence lead to spurious
VCSEL modulation. In this paper we show that it is possible to modulate a resonant EAM without
disturbing the amplitude lasing condition of the VCSEL. By careful design, utilizing detuned loading
and the chirp factor of the EAM material, one can obtain VCSEL-EAMs with a resonantly enhanced,
flat modulation response with ultrahigh bandwidth. We carry out a thorough analysis of the small-
and large-signal modulation response of such an integrated EAM-VCSEL based on the coupled-cavity
approach as reported in the recent experimental studies [13,14]. The paper is organized as follows.
In Section 2, we provide the single-mode rate equations for the EAM-VCSEL and their stead-state
solutions. On the base of these equations, we first derive in Section 3 expressions for the modulation
transfer function (MTF) of EAM-VCSEL for small-signal modulation of either the EAM losses or
the VCSEL injection current. We then present a number of MTF characteristics of coupled-cavity
EAM-VCSEL for three typical cases of strong, intermediate and small coupling strength. These three
cases are also considered in Section 6 where we carry out the large-signal modulation response of
EAM-VCSEL. Finally, in Section 7 we conclude.

2. Single-Mode Rate Equations for EAM-VCSELs

A coupled-cavity VCSEL possesses at least two longitudinal modes that experience a generic
mode anticrossing effect as the two cavities are tuned in resonance to each other [17-22]. When the
two cavities are strongly detuned, the standing wave patterns of these two modes are profoundly
different—each of them being mostly concentrated in a separate cavity [18,19,21,22]. In such a
case, only the mode that is situated mostly in the VCSEL cavity providing the gain suffices to be
considered as the second one is strongly depressed. Considering such strongly detuned cavities,
the single-(composed) mode rate equations for EAM-VCSELSs are

di’lph
dt

= (Tugg — vgtttot)1py (1)
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for the photon density 7, and
dn_nl n

P Vg8Mph 2

for the carrier density n. Here v; is light group velocity, I' is the variable confinement factor in the
VCSEL QW region and g = a(n —ng)(1 — enyy) = go(1 — enyy) = go — apn,y, with go = a(n —np)
and a, = go€; € being the gain compression coefficient. a.; is the total effective cavity loss resulting
from both internal losses and radiation losses; it depends on the internal photon distribution in the
device and is obtained from the mode solver.

The stationary solution of the above equations is obtained as follows: from Equation (2)

1l m

qVv Te
n—ng= ’ (3)

Tle +vga(l — enph)nph

which replaced in the stationary expression of Equation (1)

Ta(n —no)(1—enpy) —arr =0 4)
leads to quadratic equation for the photon density
I n 1
I’a(;—v — ?S)(l — €MNpy) — Aot L’e +vga(l — enph)nph} =0. (5)
Denoting B = Ug};tot (‘;7—‘11 — ’;—?) , we can rewrite this equation as
B(1—enyy,) — ! + (1 —eny)n,,| =0 6)
ph AT, ph)ph| —

with solutions

nppV/e=b— b —c (7)

: __ Be+1 _p_ _1
with b = NG andc = B TeiTs

3. Small-Signal Modulation Response of EAM-VCSELs

3.1. MTF of EAM-VCSEL Photon Density

We consider small modulation Axp4p; of the losses in the quantum well region of the EAM,
which leads to small-signal modulation of the photon and carrier densities Any,;, and An, the total
losses Aato¢ and the confinement factor in the VCSEL QW region AT, i.e,,

dAn I
dtp = Tog(n,nAg + §An ;) + vggn AT
_Ug‘xtotAnph - z’g”phA‘)‘toiE/ (8)
dAn An
A Og (M Ag + AN yy). )
Here, Antor = 714l Aappp, AT = 72— Aappp and Ag = aln — ayAny, ie.,
dAn h
dtp = Tog(anypAn — apnyAnyy, + goAn,y,) +

Vg8M AT — Vgkpor Ay, — Vg Adksor, (10)
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dAn An
el vg(anpAn — apnpp Anyy + goAn ) (11)
TAn

Taking into account that I'gg = a4t from Equation (1) and considering A, and consequently
Anyy and An proportional to e!“t, with w being the modulation frequency, the left-hand side of the
equation for An,,;, (An) becomes proportional to icwAn,,(iwAn) or in matrix form

iw + Tvgapnyy, —Tvgany, ph
Ug“tat . 1
T — Uglplyp, 1w+ Trn + vganyy, An

Azxt t— AT
= Vgl (Aato 0 gAT) (12)
Solving for An,,, we obtain
Ugnph(AtXtot —gATl), Togan,yy,
0, —iw — L —v.an h
By = L (13)
iw + Tvgapnyy, —Tvgany,
St peapn iw+ = +vean
T g4p"tphs TAn g% ph
From here the modulation transfer function (MTF) H(w) = AiZZhM is expressed as
Ny (iw + == + vgan,y)
ph( T 8% ph
H w) = — L X
Eam () —w? + W +iyw
d ar
Kpot 0eg ) (14)
dagam dapam
with
Tveayn,, vean,,
TAn Tph
1
Y = —— +vgany, +Lvgapny,. (16)
TAn

3.2. MTF of EAM-VCSEL Output Photon Density Rate

Output photon density rate is given by n‘;f;f = Uglypiypp, 1-€., An"’#f =0y (ﬂémirAnph + nphAocmir)

out docyir

oh = Ug (“mirAnph + 1y

or An AxE A M) resulting in

dagam
%4 _ . d”‘mir
Hout(w) - Ug o‘merEAM +nph d“EAM . (17)
In the following we plot
_ ) d‘xmir
Hout(w) = amirHeam + Mph Ao an’ (18)

which is equivalent to Equation (17) up to the multiplication constant v,.
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3.3. MTF of EAM-VCSEL for the Case of VCSEL Injection Current Modulation

Considering modulation of the current we have

;cg + Togapnyy, —Tvgan,, Anyy,
st — Vgliphpy, iw + % + vgan,y, An
Ul 0
— 19
qv | Al (19
Solving for An,,, we obtain
‘ ’70, —I;Uganph
Al Qw4 =— + veanyy,
vet 7 8*p
Anyy = — “ : (20)
iw +Togapnyy, —Tvgany,
Ugltot . 1
T — Uglphyy, 1w+ T + Vganyy
The modulation transfer function is expressed as
ATvean,y,
Hi(w) = ——2 (21)
—w* + wp +iyw
i i

4. EAM-VCSEL: Structure and Eigenmodes

Details of the EAM-VCSEL structure designed to operate at a wavelength of 850 nm are listed in
Table 1. We based our choice of the structure on the recently reported experimental GaAs/AlGaAs
EAM-VCSEL [13] with enhanced modulation bandwidth [14]. In order to make the comparison with
more elaborated numerical approach [23], some details as grading layers in the DBRs and the cavity
cladding layers are replaced by average refractive index uniform layers and EAM and VCSEL quantum
well (QW) and barrier regions are lumped in single uniform layers. We calculate the EAM-VCSEL
eigenmodes following the transfer matrix method and imposing the condition that there is no in-coming
field to the whole multilayer structure as outlined in [21,24]. However, when considering EAM-VCSEL
it is important to take into account the refractive index changes with carrier density in the QW region
of the VCSEL cavity and the one of the EAM QW region with ag 45, i.e., the linewidth enhancement
factors ocl‘gCL and ochM [23]. The refractive index change Anij-; in the QW regions of the VCSEL when
changing carrier density by An is

dnis A
Mnffe, = —Can = — T afChan. (22)
We consider that nf;-; starts changing as soon as 1 # 19. The eigenmode and steady-state carrier
density calculations are done repeatedly updating QW refractive index accordingly to Equation (22)
until Anfée, <1x107°.
The change of the real part of the refractive index of the EAM QW region is given by

A
Ang = E”‘IEIAMA“EAM- (23)
Here, the EAM cavity thickness dpsp = 0.2125 4 2 X tpap is taking three values in order to
treat the representative cases of strong (dpap = 0.4972 um), moderate (dpap = 0.5 pm) and weak

(dpam = 0.5023 um) coupling between the EAM and the VCSEL cavities.
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Table 1. Electro-absorption modulator vertical-cavity surface-emitting laser (EAM-VCSEL) structure.

Section Repetition Thickness (nm) Refr. Index Loss (cm™1)
Top 1 50 3.642 25
1 69.1 3.031 10
Top DBR 6 61.3 3.499 10
6 69.1 3.031 10
EAM clad. 1 tEAM 3.4939 0

EAM QW 1 212.5 3.4939 modulated
EAM clad. 1 tEAM 3.4939 0
1 69.1 3.031 23
Middle DBR 10 61.3 3.499 23
10 69.1 3.031 23

Contact 1 201 3.499 57.5

Middle DBR 12 69.1 3.031 23
12 61.3 3.499 23
AlO, 1 30 2.9975 23
1 55 3.031 23
1 90 3.263 0
1 22 3.379 0
VCSEL cavity 1 255 3.642 0
1 22 3.379 0
1 90 3.263 0
1 69.1 3.031 10
Bottom DBR 35 61.3 3.499 10
35 69.1 3.031 10
Substrate 1 S 3.642 0

We illustrate the importance of considering the linewidth enhancement factors in Figure 1 where
we present the optical power distributions along the EAM-VCSEL obtained in a similar way as
in [21,24] for strong coupling between the VCSEL and the EAM cavity and agpap = 1000cm ™.
The blue curves correspond to the case when the refractive indices of both VCSEL and EAM QW
regions are constant, i.e., ucK,CL = afAM — (0. When only the VCSEL active region antiguiding
effect is taken into account, i.e., altt =2, aEAM = 0 (green curve), the coupling between the two
cavities improves. It also further improves when both linewidth enhancement factors are accounted
for—red curve for ocl‘gCL =2, aEAM =1.

In order to self-consistently calculate the impact of antiguiding effect in the VCSEL active
region, we consider typical VCSEL parameters for the steady-state solution of EAM-VCSEL rate
in Equations (10) and (11), as listed in Table 2.

In Figure 2, we present the optical power distributions along the EAM-VCSEL for the composed
cavity mode situated primary in the VCSEL cavity for these three cases and a};“t = 2, aEAM = 1.
The coupling between the EAM and VCSEL cavities is determined by their relative optical thicknesses
as demonstrated in [21,24]. It is the strongest at the designed wavelength when both cavities optical
thicknesses are integer numbers of 7. Increasing dr a1, the EAM cavity is tuned out of resonance
with the VCSEL cavity, the optical field distribution becoming more asymmetric and concentrated

into the VCSEL cavity—c.f. the blue, green and red curves in Figure 2b. The result is an increased
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(decreased) confinement factor in the VCSEL (EAM) QWs similarly to [21]. Increasing the EAM
absorption plays a similar role as increasing the detuning between the cavities (c.f. the similar optical
power distribution for the detuned case without absorption in Figure 2b and the resonance case with
large ag 4p1 = 5000 cm~lin Figure 2c).

T T T T T T

[E(2)|?

L | 1

0 1 2 3 4 5 6 7
z (um)

Figure 1. (color online) Optical power distributions along the EAM-VCSEL for dr 41 = 0.471 pm and
apapm = 1000cm—L. Blue, green and red curves are for ucK,CL = DcIE_IAM =0; txleL =2, aEIAM = 0and

affl =2, afAM =1, respectively.
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Figure 2. (color online) Optical power distributions along the EAM-VCSEL for the composed
cavity mode situated primary in the VCSEL cavity and for strong—drap = 0.4972 um (blue),
moderate—dr4pr = 0.5 pm (green) and weak—dr 451 = 0.502 um (red) coupling between the EAM
and the VCSEL cavities. The top black line in (a) indicates the refractive index profile of the structure.
The middle (b) and the bottom (c) panels are for absorption in the EAM QW regions of ap 451 = 0 cm ™!
and a4 = 5000 cm ™!, respectively.

The relevant quantities for the small-signal response Equation (14) are the derivatives da;or /dap am
and dI'/dag opr. Repeating the eigenmode calculations when varying the absorption coefficient ar 4
in the EAM QW layer, we obtain the dependence of the total absorption ay; of the EAM-VCSEL and
the VCSEL cavity confinement factor I' on the EAM absorption ar 45 as shown in Figure 3. As can be
seen from this figure, for the strongly and moderately coupled cases (blue and green curves) ato¢ and I
and their derivatives are strongly nonlinear with af 4. Therefore, we draw the conclusion that the
weak coupling case is best suited for loss modulation of the EAM-VCSEL as the device total absorption
and VCSEL confinement factor are much less dependent on ar 4.
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Table 2. EAM-VCSEL parameters.

Parameter Notation Value Units
Differential gain a 4x1078 um?
Transparency carrier density 1o 2.5 x 10° pm—3
Carrier lifetime Te 1 ns
Differential carrier lifetime TAn /1.5 ns
Light group velocity Vg 75x10* um/ns
VCSEL oxide aperture radius 0 2.7 pum
Gain compression coefficient € 2x107° pm?3
Carrier injection efficiency 1 1
Injection current I 2.5 mA

(a) ‘_(fl’_”___..____._.
- 0.035
g 0015 \
= —
8 0.01 0.03
0.005 0.025
0.5 1
%103 05 !

( -(d)

= -,
= "

& o 3
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o -10 ©

0 05 1 0 05 :
pam’) “mr1)
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Figure 3. (color online) Dependence of (a) total absorption & of the EAM-VCSEL, (b) its derivative
dutor /dag ap, (€) VCSEL cavity confinement factor I' and (d) its derivative dI'/dap ) on the EAM
absorption ag 4. Color coding for the three representative cases of different coupling strength between
the EAM and VCSEL cavities are the same as for Figure 2.

5. Results on Small-Signal Modulation Response of EAM-VCSELs

Figure 4 presents the EAM-VCSEL small-signal modulation response for the case of strong
coupling between the EAM and the VCSEL cavities. Figure 4a represents the VCSEL current modulation
case, i.e., H;(v) from Equation (21) and Figure 5b represents the loss modulation case, i.e., Hyy¢(v) from
Equation (18). Different colors correspond to different bias points for the EAM losses as denoted in the
figure caption. From Figure 4a we see that the modulation cut-off frequency for current modulation
strongly improves as the bias absorption of the EAM is increased: from 13.5 GHz for ag4p = 500 cm~!
(black curve) to 24 GHz for ag 45 = 8500cm ™! (red curve). This is due to the fact that as ap 4 is
increased, the optical power distribution along the EAM-VCSEL is modified: it is decreased (increased)
in the EAM (VCSEL) cavity. Consequently, the confinement factor in the VCSEL cavity and photon
density are increased. However, one remains limited by the relaxation oscillation frequency. For the
case of small-signal modulation of EAM losses shown in Figure 4b, the relaxation frequency peak
is still well pronounced, however its amplitude strongly decreases with a4 and the modulation
curve is flatter compared to the current modulation case. Consequently, the cut-off frequency is
considerably increased, up to about 45 GHz for ar 4p1 = 500 cm ™! (black curves) and beyond 100 GHz
for apop > 1900 cm ! (all other curves). This, together with the conclusions drawn when comparing
the optical power distribution for strong and moderate coupling with and without absorption in the
EAM, leads to the expectation that such a high cut-off frequency should be easily achieved for the
cases of moderate and weak coupling.
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H
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Figure 4. (color online) Small-signal modulation response of EAM-VCSEL for the case of strong
coupling (dgap = 04972 um) and when modulating (a) injection current, i.e., H;(v) from Equation (21)
and (b) EAM losses a4y, i-e., Hout (V) from Equation (18). Different colors correspond to different bias
points for the EAM losses ar 4pr: 8500 cm ™~ (red), 6700 cm 1 (magenta), 5100 cem~! (green), 3500 cm~!
(blue), 1900 cm ™! (cyan), 500 cm~1 (black). The dotted straight lines denote the 3 dB limit for the
modulation curves with the same color.

T T T T
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/! ' ' ' (b)
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Figure 5. (color online) Same as Figure 4 but for the case of moderate coupling between EAM and
VCSEL cavities (dg4p; = 0.5 um). (a) and (b) correspond to modulation of injection current, i.e., H;(v)
from Equation (21) and EAM losses agap1, i.e., Hout (v) from Equation (18), respectively.

Figure 5 presents the EAM-VCSEL small-signal modulation response for the case of moderate
coupling between the EAM and the VCSEL cavities. Figure 5a represents the VCSEL current
modulation case and Figure 5b—the losses modulation case. Different colors correspond to different
bias points for the EAM losses in the same way as for Figure 4. From Figure 5a we see that the
modulation cut-off frequency for current modulation is much less influenced as compared to the case
of strong coupling (increasing from about 25 GHz to 28 GHz) as the bias absorption of the EAM is
increased. This is due to the fact that the changes of ar 4, now impact much less the optical power
distribution along the EAM-VCSEL and, consequently, the confinement factor in the VCSEL cavity
and photon density. For VCSEL current modulation, the cut-off frequency remains limited by the
relaxation oscillation frequency. For the case of small-signal modulation of EAM losses shown in
Figure 5b, the cut-off frequency remains beyond 100 GHz for all the cases of different ag 45 considered,
except for the magenta curve for ar4p1 = 6700 cm~ 1. The modulation curve is quite flat with features
only around the relaxation oscillation frequency. Moreover, the shape of these features considerably
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depends on the bias ar 4)1; while it has a well pronounced maximum, for small ag 4 (black and cyan
curves), it flattens, transits a region of both maximum and minimum («xg45; = 3500 cm ™1, blue curve)
and then remains a sharp minimum only (green, magenta and red curves)). Such profound change
of the shape of the modulation curve has been indeed found experimentally in [14] but remained
unexplained. Our results therefore, not only provide an explanation for the change of the shape of
the modulation curve but give the insight that the high frequency cut-off of about 30 GHz for the
EAM-VCSEL structure investigated in [14] is due to electrical parasitics limitation.

Finally, Figure 6 presents the EAM-VCSEL small-signal modulation response for the case of weak
coupling between the EAM and the VCSEL cavities. The tendencies observed for the previous two cases
remain the same. From Figure 6a we see that the modulation cut-off frequency for current modulation
is now hardly influenced by the bias EAM absorption and modulation curves for loss modulation
becomes quite flat and displays only a minimum at the relaxation oscillation frequency which becomes
very shallow with increased EAM absorption. The quite flat response of the modulation curves for
different biased ar 4 indicates to the possibility to realize a large-signal modulation response beyond
100 GHz, which we investigate in the next section.

(dB)

out
o

H

0 20 40 60 80 100
v (GHz)
Figure 6. (color online) Same as Figure 4 but for the case of weak coupling between EAM and VCSEL
cavities (dpap = 0.502 pm). (a) and (b) correspond to modulation of injection current, i.e., H;(v) from
Equation (21) and EAM losses ag a1, i-e., Hout (v) from Equation (18), respectively.

It is worthy to note that in our way of calculations we consider that the optical field reaches its
steady-state distribution on a time scale that is much shorter than the rest of the time scales (carrier
dynamics and electro-optical modulation). This consideration is justified as the coupled-cavity VCSEL
is very short (um length scale) and, therefore, the roundtrip time is also very short (fs time scale).
Furthermore, there is no significant change of the optical field distribution during modulation and
therefore, not many roundtrips are necessary for reaching optical field steady state.

6. Large-Signal Modulation Response of EAM-VCSEL

Large-signal modulation response of EAM-VCSEL is investigated by integrating numerically the
single mode rate equation for the normalized electric field, i.e., |E|? = n ph

dE 1 .
o= E(1 + chCL)vg(I“a(n —ng) (1 — €|E|2) — at0t> E, (24)
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together with the Equation (2) for the carrier density n, and supplemented by a third equation for the
electrical response of the EAM modulator as an RC circuit, namely

d
dapam _ XTEM — XEAM

dt TRC (25)

We consider for the time-constant Tgc = 0.001(1) ns which provides an electrical cut-off frequency
of 300 GHz. Here, a%4  is the modulation signal applied to the EAM and is taken as a random sequence
of not-return-to zero bits of length 10'2. In order not to recalculate the optical field distribution at each
step of integration, we approximate the dependencies of the total absorption & of the EAM-VCSEL
and the VCSEL cavity confinement factor I' on the EAM absorption a4 (c.f. Figure 3) by a third
order polynomial. Figure 7 presents the time traces of the output power (a) and ag 4 (b) for digital,
non-return-to-zero modulation at 100 Gb/s of an EAM-VCSEL with dg 431 = 0.5025 um displaying that
the output power manages to well follow the modulation signal of ag 4. Therefore, a well opened
eye diagram is observed for this EAM cavity length—see Figure 8a. However, the eye becomes closed
for shorter and longer EAM cavities—see Figure 8b,c. Carrier dynamics in the EAM section play
an important role for the ultra-high-speed operation of EAM-VCSEL. Considering the very small
length of the EAM cavity, a 1 ps carrier sweep rate of order of 10® m/s would suffice. The reverse
bias of the EAM section will also contribute to significantly increasing the sweep rate of optically
generated carriers [25].

@
g2
E
g 1
[e]
o
O L L L L L
81 81.2 81.4 81.6 81.8
1P
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0 ‘ ‘ ‘ ‘ ‘
81 81.2 81.4 81.6 81.8
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Figure 7. (color online) Time traces for digital, non-return-to-zero modulation of EAM VCSEL at
100 Gb/s. (a) Output power; (b) apanm-

(@) (b)
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Figure 8. Eye diagrams of EAM-VCSEL output power for digital, non-return-to-zero modulation at
100 Gb/s. (a) dpap = 0.5025 um; (b) dpap; = 0.501 um; (¢) dpapr = 0.504 um.

7. Conclusions

We consider an integrated electro-absorption modulator within a coupled-cavity VCSEL structure
(EAM-VCSEL) and demonstrate that it is possible to modulate the output light power at frequencies
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as high as 100 GHz by modulating the EAM voltage. Such an ultrahigh bandwidth modulation can
be achieved by a careful design, utilizing detuned loading and the chirp factor of the EAM material
in order not to disturb the amplitude lasing condition of the VCSEL. We derive expressions for the
modulation transfer function (MTF) of the EAM-VCSEL for small-signal modulation of either the EAM
losses or the VCSEL injection current. We present a number of MTF characteristics for three typical
cases of strong, intermediate and small coupling strength. These three cases are also considered when
carrying out the large-signal modulation response of the EAM-VCSEL and a clear open-eye diagram is
demonstrated at 100 Gbs for an optimal EAM cavity length.

On the base of our analysis, we conclude that it is not only the coupling strength between the
VCSEL and EAM cavities that is important but also the refractive index induced effect in the EAM
cavity. Therefore, an optimal EAM cavity length exists when modulating the EAM absorption in
order to obtain best modulation. Ideally, for an optimized EAM-VCSEL design, the photon density in
active section will not vary as the EAM losses are modulated. The field inside the active layer will
then be purely frequency modulated. In addition, the field from the bottom of the VCSEL will exhibit
flat frequency modulation without any residual amplitude modulation. Only the field from the top
will exhibit amplitude modulation due to the EAM loss modulation and the frequency-to-amplitude
nodulation conversion caused by the detuned loading during output coupling, i.e., the wavelength
dependence of the EAM output mirror transmittivity.
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