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We propose a vertical cavity semiconductor emitting laser (VCSEL) using a coupled-cavity (CC) design to broaden the

bandwidths of gain and delay spectra. The structure is formed by constructing a passive cavity coupled with the active

cavity. By rendering the strength of the two resonant cavities, the increased gain bandwidth by 340% and the increased

delay bandwidth by 800% are achieved as compared with the signal-cavity (SC) VCSEL. The wideband spectra present

more square-like passband which is expected for slow light system. By using it, a 20 Gbit/s super Gaussian signal is delayed

by about 13 ps with high quality.
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Recently, there have been lots of interests in slow light based
on a variety of physical mechanisms, including electromag-
netically induced transparency!-?, stimulated Brillouin scat-
tering®4, waveguide dispersion®™ and vertical-cavity surface-
emitting lasers (VCSELSs)®7. In particular, tunable slow light
using VCSEL attracts much attention since it has the advan-
tages of low power consumption, narrow beam divergence
and low cost in production®®. Over the last couple of years,
many experiments have demonstrated that time delays for
sinusoidal signals in VCSELSs are dependent on the frequency
of modulation®™'%!. However, for pseudo-random binary seque-
nce, which is composed of a series of frequency components,
the VCSEL causes serious signal distortion due to its narrow
gain and delay bandwidth!'"'?. Therefore, flat gain and delay
spectra over all signal bandwidth are highly expected to avoid
signal distortion. In this way, it is necessary to find a new
method to broaden the bandwidth of the VCSEL in order to
satisfy the practical application.

In this paper, we propose a coupled-cavity (CC) struc-
ture for VCSELs aimed at providing delay and amplification
with desirable broader transmission bandwidths. The model
is performed using the Fabry-Perot (F-P) approach and trans-
fer matrix equation. The dependences of the gain and delay
spectra on the different CC designs are investigated. An evalu-
ation function is proposed as an easy exploration for opti-

mized design. By utilizing suitable structure, the slow light
for 20 Gbit/s super Gaussian pulse can be achieved with very
low distortion.

The structure of CC-VCSEL is depicted in Fig.1. It con-
sists of two resonant cavities and three distributed Bragg re-
flector (DBR) stacks. On the top, the two DBRs are com-
prised of M, and M, periods with each thickness of A /2. These
two DBRs and a A /2-thick low refractive index layer sand-
wiching between them!'¥ act as a passive cavity. The passive
cavity coupled with the active cavity forms the structure of
CC-VCSEL.
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Fig.1 Schematic diagram of CC-VCSEL

In a slow light system, the CC-VCSEL works as an F-P
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amplifier giving rise to the group delay due to the coherent
population oscillation (CPO) effect!®]. The output signal spec-
trum is related to the input spectrum through the equation of
E_ () =E (A)g(X) exp [iy(A)], where g(A)exp [iw(A)] is the
transfer function of the device. Utilizing inverse Fourier trans-
form for the output spectrum, the gain of the signal is then
obtained by G(A) = g(4)?, and the delay can be derived by 7=
- dy(A)/dw. According to our recent research!'?, the formu-
las of the gain and delay are given in the following:

(Rl/Z*RHZG )2+4Rl/le/2G sinZH
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where R, and R, are the reflectivities of the top and bottom
mirrors, G, is the single pass gain, and 6 =2mn L (1/A-1/A))

G(A) =

is the round-trip phase which reflects the detuning between
the signal wavelength A and the cavity resonant wavelength
A, For F-P amplifiers, G, is related to the material gain g, by
the expression of G= exp(&g,, L,~ a. L )", where £=1.75 is
the gain enhancement factor, L,= 0.13 wm is the total thick-
ness of all quantum wells, L, = 2.2 um is the effective cavity
length, a.= 15 cm™ is the average cavity loss coefficient, and
g,.depends on the carrier density by the formula of g (V) =
& In[(N; + N)/((N,. + N))], with the transparency carrier den-
sity of N =1.1 X 10" cm™', and fit parameters of g,=1580
cm!' and N=-0.63 X 10"¥cm?.

For our CC structure in Fig.1, the top mirror reflectivity
is provided by the designed passive cavity. By treating this
cavity as planar thin films, the reflectivity R, in Eqs.(1) and
(2) can be derived by using the transfer matrix equation!'!:

E, « 1[5 9 ]|E
= 0~ G5, s ar 3)
E. =0tilre e |LE,

where E|_is the input signal field, £ and E,  denote the trans-
mitted and reflected fields, t=2n._ /(n+n_)andr=(n_ -n)/
IR A as S A e | Joo gt

(nj-mfr 1) are the transmission and reflection coefficients of
the interface between the jth and the (j+1)th layers, and 5j=
(Zn/)L)njdj is the complex phase thickness of the jth layer with
the refractive index of n and the optical thickness of dj . Un-
der the condition of £, = 0, the passive cavity reflectivity can
be calculated by the equation of R,= (Eref/Em)z. Substituting
R,into Egs.(1) and (2), the gain and delay of CC-VCSEL can
be finally obtained.

By using the parameters in Ref.[16], calculations of pas-
sive cavity reflectivity for different values of the DBR peri-
ods M, and M, are shown in Fig.2. Since the VCSEL struc-
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ture requires high reflectivity to reach reasonable signal gain,
M in our design should be far less than M. In Fig.2, with in-
creasing M| and decreasing M,, the passive cavity reflectivity
at the resonant wavelength drops quickly. This performance
is caused by the phase matching for different frequencies. In
both cases, the passive cavity working as an F-P cavity pro-
vides the signal reflection. The reflectivity becomes lower at
the resonant wavelength when the cavity structure tends to be
symmetricall'”l. As the signal wavelength is far away from
the resonant wavelength, the reflectivity increases because
of the enhanced DBR periods.
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M=8.M=24
M,=9, M,=24
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Fig.2 Reflectance spectra of passive cavity with different
ratios of M, /M,

Utilizing the above passive cavity design to construct the
CC-VCSEL, Fig.3 shows a comparison of the gain and delay
spectra of these structures. When for a fixed M,, M| increases,
and for a fixed M|, M, decreases, and the coupled cavity
effect becomes more dominant. The peak values of the gain
and delay are reduced, and the spectra far from the resonance
wavelength are enlarged. The changes easily lead to broader
transmission bandwidth, and cause the sharp spectra profile
tending to be more square-like and finally forming a valley.
The spectrum variation is caused by the designed passive
cavity. When the CC-VCSEL is operated in the F-P ampli-
fier mode, the gain value is maximized at resonance wave-
length, and declines rapidly, as the wavelength detuning is
further increased. However, our design of the passive cavity
weakens this effect. The reflectivity reduction at the reso-
nance lowers the peak gain. Then, the increased reflectivity
with the enlarged wavelength detuning enhances both sides
of the gain profile. Considering the Kramas-Kronig (K-K)
relation’®, this gain variation depends on corresponding de-
lay spectrum changes. Thus, the wideband gain and delay
spectra can be obtained by using the CC design.
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Fig.3 Gain and delay spectra of CC-VCSELs with different
ratios of M, /M,

In order to compare the performance of the above CC-
VCSEL structures in slow light system, Tab.1 shows the char-
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acteristic parameters of their transfer functions, where &=
G,,(TB,,)/G, (TB,) is the rectangle factor, which represents
the quotient of the full bandwidth of 90% peak values di-
vided by 10% values in gain and delay spectra, and 56(7):
(G T )~ Ginl T, )1/ G(T,) is the ripple coefficient, which
means the ratio of the maximum and minimum difference in
90%-100% peak range with the value of G\(T,) at the reso-
nance wavelength. In Tab.1, our calculations indicate that
wider bandwidth and better rectangle factor for the transmis-
sion spectra profile can be achieved at the cost of lower gain
and delay values and larger ripple coefficient. Thus, in order
to obtain a preferable trade-off, we propose an evaluation
function as follows:

(p:VVIEé+W2(1_§G)2+VVSEYZ"+VV4(1_§T)2’ 4)

where W ---W, are the weight factors, which are evaluated
by 0.25 in Tab.1. The calculations of ¢ in Tab.1 show the
design of M, = 8 and M, = 24 could render the strength of the
coupled cavity comparably. By using this structure, Fig.4
shows the comparison of the gain and delay spectra of the
CC-VCSEL and the SC-VCSEL. The corresponding charac-
teristic parameters of the two structures are shown in Tab.2.
These calculations are performed for a fixed peak gain of 12 dB
and a group delay of 13 ps. The results reflect that by using
the CC structure, the gain bandwidth about 64.1 GHz is

Tab.1 Characteristic parameters of five different CC-VCSEL
structures

Go Go.9 ‘EG é(; T 0 TB 0.9 ST é’T ¢

(dB) (GHz) (%) (%) (ps) (GHz) (%) (%) (%)
M=7M=24 21.8 6.5 1.6 23 420 6.5 2.7 10.0 44.6
M=8.M,=24 119 64.1 161 42 129 95.0 17.1 10.0 484
M=9M=24 7.7 177.6 39.0 31.4 7.0 257.0 39.0 29.8 2525
M=8M,=23 77 1519 334 98 74 260.6 209 52.1 298

M=8,M=25 21.7 7.1 20 23 387 8.0 29 100 451
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Fig.4 Gain and delay spectra of CC-VCSEL and SC-VCSEL
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obtained, which is 340% broader than that of the SC-VCSEL.
Meanwhile, the rectangle factor is increased by 160% for
the gain spectrum. Similarly, the CC structure also provides
95 GHz delay bandwidth, which is 800% larger than that of
the SC structure, and the corresponding rectangle factor is
increased by 240% than its reference.

Tab.2 Characteristic parameters of CC-VCSEL and SC-
VCSEL

Component Gy, €. 14 G TB,, &, éT
(GHz) (%) (%) (GHz) (%) ()
CC-VCSEL 64.1 16.1 42 950 17.1 10.0

SC-VCSEL 18.7 103 42 11.9 7.2 10.0

Utilizing the above two devices into the slow light system,
Fig.5 shows the time-domain delay traces of the 20 Gbit/s su-
per Gaussian pulses in CC-VCSEL and SC-VCSEL, respe-
ctively. The result indicates that a better signal quality can be
obtained by using the CC structure. The dominant contribu-
tion for the low signal distortion comes from the broader gain
and delay bandwidth. More importantly, the square-like shape
with steeper sides ensures the flat gain and delay spectra over
all signal bandwidths. These advantages of CC design indi-
cate a very desirable characteristic for slow light system, and
promise the CC-VCSELSs to meet the practical need in the
future.
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Fig.5 Slow light of 20 Gbit/s super Gaussian signals in
CC-VCSEL and SC-VCSEL

In conclusion, we present a CC structure to broaden the
gain and delay bandwidth for VCSELs. By using the evalua-
tion function to choose desirable structure, a highly increased

Optoelectron. Lett. Vol.8 No.6

gain bandwidth as much as 340% is calculated, and a very
large delay bandwidth about 95 GHz can be obtained with
more square-like passband shape. Utilizing this design in slow
light system, it makes the 20 Gbit/s super Gaussian pulse
delayed by about 13 ps without any distortion.
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