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Abstract
We explore the potential of GaInNAs-based vertical cavity semiconductor
optical amplifiers (VCSOAs) operating at 1.3 µm. The obvious advantage
of structural compatibility of GaInNAs active regions to GaAs/AlAs DBRs
is accompanied by good predicted performance characteristics, comparable
to published results on other material systems. We examine the potential of
GaInNAs-VCSOAs to be operated as modulators both in transmission and
reflection, and optimization schemes are discussed.

1. Introduction

The vertical cavity geometry of emitters has been the subject of extensive research in
fabrication, characterization and modelling [1]. Recently, this has been extended to
semiconductor amplifying structures [2]. The appealing characteristics of vertical cavity
semiconductor optical amplifiers (VCSOAs) include [3] polarization insensitivity, superior
fibre coupling efficiency and cost-effectiveness compared to edge emitting semiconductor
optical amplifiers. Already the operation of InP-based VCSOAs at 1.3 µm [4] has been
demonstrated using AlAs/GaAs distributed Bragg reflectors (DBRs). The drawback of this
approach is that wafer fusion is needed, thus complicating the growth process.

A very promising alternative is the GaInNAs material system for active regions with
AlAs/GaAs DBRs on GaAs substrates. This has motivated Calvez and co-workers [5], who
have already demonstrated a GaInNAs-based VCSOA with a gain of 17.7 dB.

Our objective in this contribution is to study theoretically VCSOAs based on GaInNAs
for operation at 1.3 µm. In doing so we will examine the performance of these on the basis of
amplifier gain and we will extend our study to the prospects for the use of VCSOAs in schemes
other than amplification, namely as modulators.
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2. VCSOA modelling

A comprehensive review of VCSOA modelling is presented in [6]. Here we summarize the
basic mathematical framework for the sake of completeness. The modelling of VCSOAs has
been based on two different approaches, namely the Fabry–Perot (FP) and the rate-equation
(RE) methods. The two methods give the same unsaturated gain but fail to agree on the
saturation properties of the amplifier. Royo and co-workers [7] have recently addressed this
problem and proved that the two methods are equivalent provided that the definition of mirror
losses is modified in the RE method. The important results of Royo and co-workers explain the
discrepancies between the two methods for Fabry–Perot amplifiers presented in [8]. Here we
follow the longitudinal averaged FP (LAFP) approach of Adams and co-workers [9] including
the necessary changes to adapt to vertical geometry and the DBR structure.

After [9], the average signal photon density, Ssig, and the average spontaneous photon
density, Sspon, are given respectively by

Sspon =
[

(Gs − 1)[(1 − Rb)(1 + Rf Gs) + (1 − Rf)(1 + RbGs)]

gLc(1 − Rf RbG2
s )

− 2

]
Rsp Ng

gc
(1)

Ssig =
[

(Gs − 1)(1 − Rf)(1 + RbGs)

(1 − √
Rf RbGs)2 + 4

√
Rf RbGs sin2 �

]
Pin Ng

Eπ(W/2)2 Lcgc
(2)

where W is the aperture diameter, g is the modal gain, Gs is the single-pass gain, Ng the group
refractive index, Pin the power of the input signal, E the energy of the signal, Rsp the total
spontaneous emission rate, Rf the front mirror reflectivity and Rb the back mirror reflectivity.
The phase � describes the detuning of the signal wavelength λ from the cavity resonance λc

and is given by

� = 2πnc Lc

(
1

λ
− 1

λc

)
(3)

where nc is the cavity refractive index and Lc the effective cavity length. The field penetrates
significantly into the DBRs, altering the effective cavity length that the field propagates. The
penetration depth is given by [10]

Lp = λc

4nc

q

1 − p

(1 − α2 p2m−1)(1 − p2m)

1 − q2α2 p4m−2
(4)

where p is the low-to-high refractive index ratio of the two layers of the DBR, q the low-
to-high refractive index ratio of the first DBR interface and α that of the last DBR interface.
Accounting for the penetration depth the effective cavity length is Lc = L f + Lm + Lb, with L f

and Lb the penetration depths of the front and back mirrors, respectively, and Lm the distance
between the DBRs.

For the derivation of equations (1) and (2) it is assumed that the carrier density and
hence the material gain is constant along the length of the active region of the amplifier. This
approximation is poor for travelling-wave SOAs, but for VCSOAs, by virtue of the small length
of the active region, it is sufficiently accurate.

Special care must be taken in positioning the quantum wells in the active region so that
the gain regions have the maximum overlap with the standing wave pattern of the field. In this
case the gain is enhanced by [11]

ξ = 1 +
sin(2πnc Lstack/λc)

2πnc Lstack/λc
. (5)

In the above expression Lstack is the thickness of each multi-quantum-well (MQW) stack.
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The photon densities of 1 and 2 must satisfy the equation of charge conservation:
j

eLMQW
= Rsp +

ξT c

Ng
(gm(Er)Sspon(Er)β(Er) + gm(E)Ssig(E)) (6)

where j is the current density, Er the energy of the cavity resonance, LMQW the total width of
the quantum wells (QWs), e is the electron charge, β the spontaneous emission factor, � the
longitudinal confinement factor defined by the ratio (active length)/(cavity length), and gm the
material gain.

The gains in transmission and reflection are given by [9]:

GR = (
√

Rf − √
RbGs)

2 + 4
√

Rb Rf Gs sin2 �

(1 − √
Rb Rf Gs)2 + 4

√
Rb Rf Gs sin2 �

(7)

GT = (1 − Rf)(1 − Rb)Gs

(1 − √
Rb Rf Gs)2 + 4

√
Rb Rf Gs sin2 �

(8)

where Gs is the single-pass gain described by

Gs = exp[ξgmLMQW − αcav Lc] (9)

and αcav is the cavity loss. Examination of equations (7) and (8) provides some basic design
rules [6]; in order to avoid lasing the relation G2

s Rf Rb < 1 must be satisfied. This can
be achieved either by tailoring the current and consequently altering Gs, or by choosing
appropriate values for Rf and Rb. The amplifier gain drops below unity when G2

s < R−1
b

since the emission through the back mirror exceeds the single-pass gain. We will use these
conditions in section 3 when we calculate the minimum and maximum currents for a VCSOA.
The maximum amplification gain is achieved when � = 0 whereas the minimum occurs when
sin � = 1.

3. 1.3 µm VCSOA characteristics

The theoretical description of the VCSOA structures is based on the self-consistent solution of
equations (1)–(2) and (6)–(8). The material gain involved in the above equations is calculated
based on free carrier theory, following the methodology presented in previous work [12], and
involves the calculation of the bandstructure accounting for band mixing effects and the N-
induced coupling of the bands. The β factor is calculated following the approach of Masum
and co-workers [13]. A general description of the structure that we model is shown in figure 1
where the refractive index profile is shown. The figure serves the purpose of illustration and it
is not to scale.

The active region is bounded by two dielectric mirrors of reflectivities Rf and Rb. The
length of the cavity is 3λ/2nc (λ = 1.3 µm). Three stacks of Ga0.65In0.35N0.025As0.975/GaAs
QWs, each of 7 nm width, are positioned so that they have the maximum overlap with the
standing-wave pattern of the field of the cavity. There are eight QWs in each MQW stack and
the stacks are separated by Al0.35Ga0.65As spacer material.

The DBR consists of pairs of AlAs/GaAs. In the present analysis we model the DBR
stacks as hard mirrors [6], which enables the use of the FP equations presented above. The
reflectivities are calculated numerically using a transfer matrix formulation [14]. Figure 2
shows the reflectivity of the DBR for various numbers of layers. Details for the calculations
can be found in table 1. The usual trend of increasing peak reflectivity with number of layer
pairs is exhibited.

Figure 3 shows the VCSOA gain in transmission and reflection for the structure of eight
QWs per stack, outlined in table 1. The signal wavelength is λs = 1.3 µm and the structure is
electrically pumped.
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Figure 1. Description of a general VCSOA structure in terms of the real refractive index. EI, ER
and ET represent the incident, reflected and transmitted fields, respectively, and nsubstrate and nair
represent the refractive index of the substrate and air respectively.
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Figure 2. Reflectivity of AlAs/GaAs DBR for various numbers of pairs as indicated in the figure.

The minimum, Imin, and maximum current, Imax, are calculated numerically employing
the conditions presented in section 2. For Imax we calculate the current for which the product
G2

s Rf Rb is close to unity for the sake of numerical convenience, hence Imax in the following
must be interpreted as the current just below lasing condition. For the specific structure we
calculate Imax = 8.83 mA and Imin = 8.76 mA which corresponds to approximately 99.2%
of Imax. The very small range of currents is attributed to the high reflectivities of the VCSOA
structure and to the fact that there are 24 QWs in the structure and therefore the differential
gain is high.

The GaInNAs-VCSOA gain as predicted from our model has comparable values to the
experimentally determined values for the GaInNAs-VCSOA (17.7 dB) [5] and InP-based
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Figure 3. VCSOA gain in (a) reflection and (b) transmission of the structure of table 1 with eight
QWs per stack, for various currents. The maximum current is calculated to be Imax = 8.83 mA.

Table 1. Details of the structures used in the computations.

Active material Ga0.65In0.35N0.025As0.975/GaAs
αcav (cavity loss) 15 cm−1

Ng (effective refractive index) 4
A (monomolecular recombination coefficient) 2 × 108 s−1

C (Auger recombination coefficient) 4 × 10−29 cm6 s−1

Lc (cavity length) 0.5821 µm
L f (penetration depth of the front mirror) 0.5705 µm
Lb (penetration depth of the back mirror) 0.5674 µm
Lspacer (width of spacer material) for 4 QWs per MQW stack 0.053 µm
Lspacer (width of spacer material) for 8 QWs per MQW stack 0.015 µm
ξ (gain enhancement factor) for 4 QWs per MQW stack 1.688
ξ (gain enhancement factor) for 8 QWs per MQW stack 1.175
LMQW (total width of the QWs) for 4 QWs per MQW stack 84 nm
LMQW (total width of the QWs) for 8 QWs per MQW stack 168 nm
Lstack (thickness of each MQW stack) for 4 QWs 88 nm
Lstack (thickness of each MQW stack) for 8 QWs 164 nm
W (aperture diameter) 20 µm
αcav (cavity losses) 15 cm−1

nc (cavity refractive index) 3.34
Lw (width of QW) 7 nm
Rb (back mirror reflectivity) for 26 pairs 0.999
Rf (front mirror reflectivity) for 15 pairs 0.985
nAlGaAs (Al0.35Ga0.65As refractive index) 3.285
nGaAs (GaAs refractive index) 3.45
nAlAs (AlAs refractive index) 2.89

VCSOA (14 dB) [4]. It is noted that in our results we have not accounted for fibre coupling
losses. A more strict comparison is not possible as details of the structure in [5], such as
compositions of the quantum wells, are not given.
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Figure 4. Amplifier gain for reflection against wavelength for (a) various Pin and I = 8.80 mA
and (b) various Rf for Pin = −23 dB m and I = 8.80 mA.

The VCSOA reflected gain versus wavelength for different input powers and different
reflectivities is shown in figures 4(a) and 4(b) respectively. The characteristics of the structure
modelled here are summarized in table 1. The drive current for figure 4 is I = 8.80 mA.
High input powers saturate the VCSOA leading to the suppressed gain values of figure 4(a).
Lower reflectivities (figure 4(b)) favour high bandwidth at the expense of the peak gain value
in agreement with [6].

The bandwidth for different input powers (figure 4(a)) ranges from 0.19 nm (−23 dB m)
to 0.36 nm (−13 dB m) and for different reflectivities from 0.42 nm (Rf = 0.9736) to 0.19 nm
(Rf = 0.9855). Although the trend agrees with [6] the magnitude lies between the values
reported in the literature, namely 0.6 nm for InP-based VCSOAs [3] and 0.1 nm for GaInNAs-
based VCSOAs [5].

4. Optimization issues

We have already referred briefly to how the reflectivities can be used to tune the amplifier
bandwidth. An elaborate design and optimization study of VCSOAs has been performed
by Piprek and co-workers [6]; hence we will avoid duplicating their results. However,
their work focused on the cavity design rather than the active material itself and thus some
comments regarding the active material are due. The design of the active material has been
addressed in [15, 16] and the results outlined there can be extended to complete the design
issue of VCSOAs. It was found that high In content and low N content (high compressive
strain conditions) is the preferable growth-route for GaInNAs structures, as this enhances
optical properties related to laser performance, such as gain, differential gain, transparency
concentration etc. This design route is restrictive for edge emitting SOAs [17] because
compressively strained QWs couple more efficiently to TE polarized radiation. On the other
hand, because of the vertical geometry of VCSOAs, the inherent polarization insensitivity
permits the use of highly strained GaInNAs/GaAs active regions which provide high gain and
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Figure 5. Gain in reflection for various currents for the structure described in the text. The
calculated value of Imin is 1.10 mA.

have smaller requirements on drive currents. A more detailed optimization of the VCSOA
design is beyond the scope of this paper.

5. VCSOAs as modulators

Apart from their apparent use for in-line amplification VCSOAs offer an interesting solution
for modulation applications as, apart from the inherent gain dynamics, their geometry offers
good coupling to optical fibre. Hence, it is not surprising that, despite the fact that the field of
VCSOAs is relatively new, two groups have already demonstrated vertical cavity amplifying
modulators (VCAMs) [18, 19]. In order to distinguish between the amplifying and modulating
operation we will refer to these as VCAMs.

The VCAM can be realized either by operating the VCSOA in reflection or in transmission.
The requirements in both cases are (a) that the amplifier in the ON state provides gain of
approximately 5 dB and (b) the extinction ratio (ER), i.e. the ratio of the gain of the ON state
to the gain of the OFF state, should be at least 25 dB.

First, we examine modulation in reflection. Figure 5 shows the gain in reflection versus
wavelength for various currents. The structure contains four QWs per stack and the aperture
diameter is 10 µm. The reflectivities are Rf = 0.964 and Rb = 0.999. For currents such that
the VCSOA is in absorption a sharp negative resonance appears which is shifted to shorter
wavelengths as the current is increased. For currents increasing further the resonance becomes
positive. The negative resonance occurs only for operation in reflection and it can be understood
with the help of equation (7); for sufficiently low currents Gs approaches the value of (Rf/Rb)

1/2

and consequently the numerator of (4) tends to zero on resonance. It should be noted that this
feature has been observed experimentally [19]. The condition Gs = (Rf/Rb)

1/2 along with
single-pass gain for the wavelengths of figure 5 for the corresponding currents of that figure
are plotted in figure 6. The reflectivities Rf and Rb are taken to be constant over the range
of wavelengths of figure 6 which is justified by the plots of figure 2. At 94.8% of Imin the
condition Gs = (Rf/Rb)

1/2 occurs close to the resonant wavelength. At the other currents this
alignment does not occur hence the resonance is not so pronounced as shown in figure 5.
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Figure 7. VCAM gain in transmission and reflection for the ON state and amplifier gain in
transmission for the OFF state for the structure described in the text.

We note that the current can be used as a tuning parameter to enhance or suppress the
resonance, for any given wavelength. Hence the negative feature can be tailored to improve the
ER. By varying the current we can tune the single-pass gain to match the condition (Rf/Rb)

1/2

and thus achieve the suppression of the OFF state with a consequent improvement of the ER.
Application in reflection has the advantage that very high ER values can be obtained

following the methodology outlined above. An alternative scheme to perform the modulating
function is to operate the VCSOA in transmission. The characteristics of the VCAM in
transmission are shown in figure 7. In the same figure we plot the amplifier gain in reflection.
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It is desired that the amplifier gain in reflection be sufficiently suppressed so as to avoid the need
for optical isolators, with consequent potential cost savings [20]. Tailoring the reflectivities
of the structure we can ensure that the GR is minimal. Here we have chosen Rf = 0.985 and
Rb = 0.952; other than that the active region of the structure is the same as above. The drive
current for the ON state is 1.16 mA whereas for the OFF state it is 0.827 mA.

The ER here is less than the corresponding value for VCAM operation in reflection.
However, the advantage of this scheme is that the OFF state can be achieved with very low
currents as opposed to the higher currents for VCAM in reflection. The disadvantages of
VCAM operation in transmission are associated with practical device packaging aspects such
as the difficulty of accurate alignment of the input and output fibres, and the problem of
achieving good electrical contacts to a structure that must be transparent to the optical signal.

6. Conclusion

The potential of GaInNAs-VCSOAs has been highlighted by means of the comparable
performance characteristics with published results on other material systems. We examined in
detail the suggested operation of GaInNAs-VCSOAs in modulators. The drive current for the
OFF state can be used to greatly improve the ER when the VCAM is operated in reflection.
For operation in transmission the ER is expected to have lower values than when the VCAM is
operated in reflection, but the current for the OFF state does not need to be accurately specified.
The reflected gain of the ON state can be effectively suppressed by choosing carefully the
reflectivities and current of operation. In this way the VCAM structure is greatly simplified
with subsequent cost reduction. It should be noted that the methods presented here regarding
the manipulation of the VCAM are not restricted to GaInNAs-based VCAMs and are directly
applicable to VCAMs that utilize other gain materials. In conclusion, this work, combined with
our earlier work on the tailoring of the material properties of GaInNAs-based optoelectronic
devices [15, 17], provides the framework for the design of GaInNAs-based VCSOAs.
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