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Abstract: In this paper, the authors propose an integrated design of an in-plane optically-pumped edge-emitting
ridge-waveguide semiconductor laser, without any bulk components. The optical pump radiation is transferred to the active
region of the laser through coupling from the adjacent transparent waveguide. The laser device is based on In,Ga,As,P,.,/InP
heterojunction, with a pump at 1310 nm wavelength and lasing around 1550 nm. The proposed scheme enables
optical-to-optical signal control, in place of the current controlled signal in an electrically-biased semiconductor laser. Since
the structure doesn’t require any p-n junctions, a high-quality active material with minimum doping can be employed. In order
to simulate the steady-state characteristics of an optically-pumped semiconductor laser, the well-established Connelly’s model
for semiconductor optical amplifiers (SOAs) is suitably modified. The validity of the model for semiconductor lasers is
established by showing that the evolution of simulated longitudinal modes conforms with the prediction of laser theory. For
the chosen device parameters, under optimum operating conditions, the threshold pump power is found to be ~ 70 mW along
with a high pump power conversion efficiency (i.e output laser power/input pump power) of 61%. The proposed all-optically
pumped semiconductor laser could be in the form of a 2-port fiber pig-tailed integrated optical device, without the need for

any bias current.
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1. Introduction

Conventionally, semiconductor lasers are p-n junction
based heterostructure devices which are electrically pumped
to achieve the lasing operation. Recently, there have been
several reports on the study of optical pumping in
semiconductor lasers and amplifiers. Research in optical
pumping of VCSELs has made considerable progress, and
very high output powers have been reported [1-5]. Several
schemes have also been reported on optical pumping of
edge-emitting semiconductor lasers [6-10]. Almost all the
schemes employ optical pumping by irradiation through the
sides or from the top of the active region along its length.
Due to a very small thickness of the active layer (<1 pm),
only a fraction of the pump power is absorbed in generating
carriers, which results in a low pump-power conversion
efficiency of the device. To increase the absorbed pump

power, high reflectivity mirrors are employed at the sides to
reflect the unutilized pump power back into the active
region [6, 7]. However, this substantially increases the
device complexity. Toikkanen et al [8] employed a
waveguide structure with a relatively large width of the
active region, to allow for uniform optical illumination
through a cylindrical lens; however, this leads to multiple
transverse modes of the laser, which is not desirable in
many applications. Moreover, due to the requirement of
bulk components in the arrangement for light illumination,
the scheme of optical pumping through external
illumination is not compatible with photonic integrated
circuit (PIC) [11].

In our earlier communication, an improved optical
pumping scheme for an SOA based on the coupled ridge
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waveguide structure was proposed [12]. The pumping
scheme enabled a single transverse-mode operation and low
polarization dependence of the device. However, in
implementing the proposed optical pumping scheme in
SOA, it would face a fabrication challenge of inputting two
separate fiber pigtails (for the input signal and the input
pump) at the input end of the SOA. It would require
fanning-in of the fiber pigtails, which would increase the
length and the complexity of the device. In this paper, the
authors  propose an integrated design of an
optically-pumped edge-emitting semiconductor laser, in
which the coupled-waveguide optical pumping scheme is
simpler to implement. In the proposed device, due to
efficient ultilization of pump power, a higher pump-power
conversion efficiency is obtained. Since the laser structure
doesn’t require any p-n  junctions, high-purity
semiconductor materials with minimum dopants/impurity
can be employed to minimize the defects and the intrinsic
losses. In Section 2, the design of the proposed device is
presented. The numerical model for the simulation is
outlined in Section 3, and the simulation results on the
performance characteristics of the proposed device are
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presented in Section 4.

2. Scheme of the Optically-Pumped
Edge-Emitting Semiconductor Laser

Figure 1 shows a schematic of the proposed device. A
ridge-waveguide directional coupler comprising of the pump
waveguide and the active waveguide is considered. The pump
radiation is injected into the input facet of the
pump-waveguide through a fiber pigtail. The pump couples to
the active waveguide, all along its length, through evanescent
field interaction. The coupled pump power is absorbed in the
active waveguide, and thus the carriers are generated
throughout the active waveguide. When the carrier density is
above the threshold, then lasing action takes place in the active
waveguide, and the laser output is obtained through a separate
fiber pigtail at the output facet. Unlike the case of
optically-pumped SOA [12], the fiber pigtail can be simply
connected to the input end without requiring any fanning-in.
Thus, the proposed device will be a standalone 2-port
integrated optical laser.

Figure 1. Schematic of the proposed optically-pumped edge-emitting semiconductor laser in which pumping takes place through evanescent wave coupling in the

ridge-waveguide coupler.

The proposed device is based on lattice-matched
In; 4 Ga,As P, ,/InP material system (x = 0.46y) [12]. The
pump is at a wavelength of 1310 nm. The lasing wavelength is
around 1550 nm. The pump waveguide is transparent to the
pump. The waveguide parameters are chosen such that both
pump waveguide and active waveguide supports only the
fundamental transverse mode. The coupled-waveguide

structure is designed to ensure that the pump power is
uniformly available in the length of the active waveguide (see
Section 4). Figure 2 shows the materials and the dimensions of
the waveguides in the design of the proposed device. The
length of the device is chosen to be 500 um. The list of
waveguide parameters used in the proposed device are given
in Table 1.
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Figure 2. The transverse cross section of the coupled-waveguide structure showing the materials and the dimension involved. The separation between the

waveguides is linearly decreased from 1 um at z=0 to 0.5 um at z= 500 um.
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Figure 3. Plot of wavelength corresponding to the peak longitudinal mode at

the laser output with y composition.

Table 1. List of the waveguide parameters used in the design of the proposed
device.

Parameter Value

Length (L) 500 pm
Active waveguide’s width (wa) 1 pm

Active waveguide’s thickness (ta) 0.8 um

Pump waveguide’s width (wp) 1 pm

Pump waveguide’s thickness (tp) 0.8 pm
Epilayer thickness 4 pm
Inter-waveguide separation 1 pm (at z=0)

(linearly decreasing) 0.5 um (atz=1L)

The material composition of the core of the active
waveguide has to be chosen such that the peak longitudinal

ANi(zt) _ F_P{/lp ap(NiAp) Po(z, t)} _R _21;,3)55

dt tw hc

where P, represents the pump power; Pfsp and Prgp
represent the power of the forward and backward propagating
ASE, respectively; K; is the filter factor, which represents the

mode in the laser output of the simulated device is at a
wavelength of 1550 nm; this corresponds to y = 0.853 (see
Figure 3). At this composition of In;,Ga,AsP;, the
absorption coefficient at 1310 nm is = 5.4x10° m™'. Thus, the
composition of In; yGa,As,P;., with y = 0.853 for the core of
the active waveguide is very favourable for the laser operation.
The plot in Figure 3 has been obtained by using the numerical
model outlined later in Section 3.

3. Numerical Modelling of the Laser

The Connelly’s model [13] of SOA is modified to simulate
the output characteristics of the proposed optically-pumped
semiconductor laser. The process starts from the
spontancously generated noise in the active waveguide to the
build-up of amplified spontaneous emission (ASE) at the
longitudinal modes and finally to lasing at the peak
longitudinal mode(s) due to the reflection from the ends. The
spontaneous emissions and the stimulated emissions take
place because of the recombination of the carriers. The
carriers are generated due to the absorption of pump
throughout the length of the active waveguide. The active
waveguide has been divided into a suitable number of
sections of length Az. The carrier density N in the /™ section
at time ¢ is evaluated through the following carrier density
rate equation [13]:

m— A'gm(Ni'/l') -
x {20t g o (V@) +Ese (V)] (1)
fraction of spontaneously emitted photons that gets coupled
into the guided mode; R is the total recombination rate, which
is the sum of radiative and non-radiative recombination rates;
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Ip and Ig are the optical confinement factors for the pump
and ASE, respectively.

In (1) the term representing the carrier generation due to the
current in [13] is replaced with the term representing the
carrier generation due to the absorption of the optical pump (cf.

the first term on the RHS of (1)).
The material gain (or absorption) coefficient gm (or am) in
the In; ,GaAs P, ., active region is given by [13]:

3
E _ Eg(N)

gm(N: )=

3
w2 n2nit

The ASE build-up is significant at the resonance frequency
of the laser cavity. The resonant frequencies are given by:

% = withv, = 20 4 A, + Ko A0y (3)

j=0..N,—1

where Egq is the bandgap energy of the active material, Av,
is the frequency offset to match v, to resonance, Av,, is the
free spectral range, N,,, and K,, are integers which depend
on the gain bandwidth and required accuracy for the numerical
simulation.

The evolution of the ASE in the active waveguide is given
by the traveling wave equation [13]:

TAED = (Pgm(N,A) = DPase(@)  (4)

The pump power (Pp) in each section of the active
waveguide comprises the propagating pump power from the
previous section plus the power coupled from the pump
waveguide into that section. To estimate the pump power in
any particular section of the active waveguide (PA" (2)),
the corresponding traveling wave equation for the pump is
used [14]:

dPﬁW(z

= TN, A) )PP @) ()

The pump power coupled from the pump waveguide
(PE™ (i)) into that section is then added, to obtain the net pump
power in the particular section of the active waveguide [14]:

Pp(z +42) = P (2) + PE" (D) (6)

where PSY (i) refers to pump power added to the i segment
and is determined by using the OptiBPM software. The active
waveguide has cleaved-end facets, and therefore the end-facet
reflectivity is taken as 32% each.

4. Results and Discussion

This section presents the simulation results on the
performance characteristics of an InGaAsP/InP based
edge-emitting semiconductor laser, which is pumped by an
optical source at 1310 nm wavelength. In our analysis, the
optically pumped semiconductor laser is considered as a
polarization independent device. This is because the optical
confinement factor for the TE and TM modes are almost
identical because of the near-symmetric cross section of the
active-waveguide (1 pm x 0.8 pm).

Figure 4 shows the evolution of forward-propagating lasing
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A h

mode power, the backward-propagating lasing mode power
and the pump power in the active waveguide along the length
of the optically-pumped laser at the steady-state for an input
pump power of 100 mW. Due to the initial coupling of pump
power from the pump waveguide to the active waveguide,
there is sharp rise in the pump power fromz=0to z~= 70 pm.
In the latter portion, the pump power is almost uniformly
available throughout the active waveguide. Accordingly, the
longitudinal carrier density profile is also mostly uniform
along the active waveguide (see the inset figure). The power
profile of the forward- and backward-propagating lasing mode
follows the longitudinal distribution of the carrier density.
Higher the carrier density, higher will be the rate of stimulated
emissions; therefore, the power in the lasing mode also
increases as it propagates along the length of the active
waveguide. The near symmetric nature of forward- and
backward-propagating lasing mode is consistent with the
prediction of laser theory [11, 15].
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Figure 4. The steady-state power profiles of the forward-propagating lasing
mode (Ply), the backward-propagating lasing mode (Pp,) and the pump
power (P&Y) along the active waveguide of the optically-pumped for an input
pump power of 100 mW. The inset figure shows the carrier density distribution
along the active waveguide.

Figure 5 shows the distribution of power among the
different longitudinal modes at the laser output. Just below the
threshold (Figure 5(a)), the laser output is very small, and the
power is distributed almost equally over the various cavity
modes. Just above the threshold (Figure 5(b)), the output
power increases, and the power distribution among the modes
follows the gain profile. As the pump power is increased
further (Figure 5(c) and 5(d)), the output power increases
further and major fraction of the power gets distributed into
few longitudinal modes centered around the peak gain
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coefficient (A = 1550 nm, mode no. 10). This evolution and
distribution of laser power among the longitudinal modes with

increasing pump power is consistent with that observed in the
case of a conventional electrically biased laser.
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Figure 5. The evolution and distribution of laser output power among the longitudinal modes of the laser when the input pump power is (a) Ppump = 68 mW (just
below threshold), (b) Ppump =72 mW (just above the threshold), (c) Ppump =100 mW (well above the threshold) and (d) Ppump =200 mW (far above the

threshold).
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Figure 6. Variation of output power with the input pump power for three
different cases of pump power absorption.

Figure 6 shows the variation of the output power of the laser
with the input pump power for three different magnitudes of
pump power absorption (30%, 50%, and 70%);
correspondingly, the pump power conversion efficiencies are
estimated to be 15%, 38%, and 61%; the corresponding
threshold pump powers are 170 mW, 100 mW, and 70 mW,
respectively. In our design, 70% of pump power is absorbed
(a =-5.65%105 m-1). As the absorbed pump power increases,
the pump conversion efficiency approaches the ‘quantum

defect” (1 —(1310/1550) = 15.5%). Also, as expected,
threshold pump power decreases with higher pump power
absorption.

In our simulations, it is found that the length of the device is
one of the important parameters to the device performance. By
taking a smaller device length (say 300 pm), the pump power
transfer efficiency is very less because the length over which
the coupling takes place is short. Moreover, there would be a
large number of lasing longitudinal modes. On the other hand,
by taking a longer device length (say 700 um), the threshold
pump power becomes very large, although there would be
lesser number of lasing longitudinal modes. Therefore,
keeping in view of the optimum threshold pump power and the
number of lasing modes, a device length of 500 um is chosen.

Optical pumping with a high pump-power conversion
efficiency could be realized due to the optimum pump power
injection into the active waveguide by employing the
coupled-waveguide configuration. Also, the use of such
configuration for pumping makes the device compact, and
could be integrated into PICs. Further, use of high radiance
LEDs as the pump source could be explored as a cost-effective
alternative.

We may mention that ridge waveguides and coupled ridge
waveguide structures are routinely fabricated in integrated
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optics; however, in the proposed design, the two coupled ridge
waveguides have their core layers made up of slightly different
compositions of the alloy In;  Ga,As,P,, and it would require
selective lithographic procedure (including growth and etching)
for the core layers of the ridge. This would necessitate two or
three additional steps in the fabrication. All other layers
comprise of the same material and thickness for both the
waveguides. It may also be noted that the proposed device does
not require the fabrication step of metallization. The next step
would be to fabricate the proposed device.

5. Conclusion

A novel device configuration to realize an efficient
optically-pumped edge-emitting semiconductor laser through
transverse waveguide-coupling of the optical pump is proposed.
By an optimum choice of materials and design of the
coupled-waveguide structure, the proposed laser can have a
single transverse-mode operation with low polarization
dependence. Optical pumping provides the desirable
optical-to-optical laser output control, and could have potential
applications in all-optical signal processing. For typical values
of the various device parameters, our numerical results show
that a high pump power conversion efficiency (61%) with a
threshold pump power of 70 mW could be achieved. A practical
standalone laser may be realized in the form of a 2-port fiber
pigtailed device, with one fiber supplying the pump beam and
the other bringing the laser output.
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