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Abstract
We report the reduced waveguiding eﬃciency for the signals around 1560 nm as the injection current of an GaAs/
AlGaAs multiple quantum well laser diode (lasing wavelength at 840 nm) with a ridge-loading waveguide conﬁguration
increased. This reduction trend stopped when the injection current reached the threshold condition of the laser diode.
The decreased waveguide transmission and the more expanded mode proﬁle indicated the variation of the eﬀective
refractive index gradient in the lateral dimension with injection current. This variation was due to the refractive index
decrease with increasing carrier density even below band gap. A slab waveguide model was used to simulate the lateral
mode proﬁle variation with injection current. The refractive index diﬀerences between the guiding layer and claddings in
the slab waveguide model provided estimates of refractive index contrasts of the laser diode at a concerned wavelength
under various injection conditions.
Ó 2003 Elsevier Science B.V. All rights reserved.

1. Introduction
Waveguides are key structures for various optoelectronics devices. The conﬁnement factor and
attenuation constant of an optoelectronics waveguide can inﬂuence the operation eﬃciency of such
a device [1–3]. For instance, the waveguiding eﬃciency or conﬁnement factor of a semiconductor
laser or optical ampliﬁer is an important factor for
improving the gain constant. Waveguiding be-
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haviors of such an active device are strongly related to its active region carrier density, which
signiﬁcantly controls its refractive index variation.
It is usually believed that the refractive index decreases with increasing carrier density [4–7]. This
trend leads to the positive value of the linewidth
enhancement factor [8]. Because the refractive index decreases monotonically from a local maximum near the resonance wavelength as wavelength
increases, unless other resonance processes occur
[4]. It is natural to expect a lower material refractive index below the band gap when a larger current is injected onto the material.
In a ridge-loading laser diode, the injection of
current onto the top of the ridge is expected to
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diﬀuse into the regions outside the ridge-loading
area [9]. Based on the refractive index dependence
on carrier density described above, such a carrier
diﬀusion process may result in waveguide index
proﬁle variation and hence waveguiding property
changes. Such changes may occur for wavelengths
near and below band gap.
In this paper, we report the observation of decreasing waveguiding eﬃciency with increasing
injection current below band gap in a GaAs/
AlGaAs multiple quantum well laser of a ridgeloading waveguide conﬁguration. At 1560 nm in
wavelength, the waveguiding eﬃciency in the lateral dimension was reduced as the injection current
increased. The reduction of waveguiding eﬃciency
saturated when the threshold condition was
reached. The variation of waveguiding eﬃciency is
attributed to the lateral index proﬁle alteration at
carrier density change. A slab waveguide model is
assumed for estimating the refractive index gradient variation with injection current. This paper is
organized as follows: in Section 2, the speciﬁcations of the fabricated laser diode are described
and the experimental procedures are presented.
Then, the characteristics of mode proﬁles and
waveguiding attenuation of below-band-gap optical signals are reported in Section 3. Here, their
variations with injection current are interpreted. In
Section 4, the slab waveguide model is used for
estimating the refractive index distribution variations. Finally, conclusions are drawn in Section 5.

ﬁeld mode proﬁles of the laser waveguide was
monitored with an out-coupling objective (40)
and an IR camera. Fig. 1 shows the L–I curve of a
fabricated laser diode. As clearly seen that the
threshold injection current is about 75 mA.
As shown in Fig. 2, we end-ﬁre coupled a cw
laser at 1560 nm of very narrow linewidth, which
was from an external-cavity, tunable semiconductor, into the fabricated GaAs/AlGaAs laser diode.
The half-wave plate and polarizer before the laser
device were used for controlling input power and
polarization. The output light near 840 nm from
the laser diode was removed with a low-pass color
ﬁlter when the transmitted 1560 nm signal was to
be monitored. With this ﬁlter, no signal could be
detected if we turned oﬀ the 1560 nm laser. Also, an
aperture was used for clipping the stray light, which

2. Laser diode fabrication and experimental procedures

Fig. 1. L–I curve of the fabricated GaAs/AlGaAs quantum well
laser diode. The threshold current is about 75 mA.

The fabrication of the device is based on a
GaAs/AlGaAs quantum well structure. Between
the 1.5-lm p- and n-type Al0:4 Ga0:6 As cladding,
the ﬁve GaAs/Al0:25 Ga0:75 As quantum wells, with
6.5 nm well width and 20 nm barrier width, were
sandwiched by the 100 nm i-Al0:25 Ga0:75 As separate conﬁnement layer on each side. Laser diodes
were fabricated with ridge-loading waveguides of 4
lm in ridge width and 1-lm etching depth on the
1.5-lm thick p-type cladding layer. The device
length was 500 lm. Current was injected from the
top of the ridge of a fabricated laser diode. Near-

Fig. 2. Experimental setup of signal transmission measurements.
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did not transmit along the waveguide. The output
mode proﬁles were monitored with the IR camera.
3. Waveguiding characteristics of below-band-gap
signals
With the input power at 2.46 mW (the end-ﬁre
coupling eﬃciency is estimated to be lower than
1%), the four parts of Fig. 3 show the near-ﬁeld
mode patterns of 1560 nm signal transmission with
0 (a), 40 (b), 60 (c) and 100 (d) mA injection currents. From Fig. 3, one can see the increasing trend
of mode size as the injection current increases. This
trend can be better understood with the lateral line
scan results in Fig. 4 and the full-width-at-halfmaximum (FWHM) results in Fig. 5. In Figs. 4
and 5, parts (a) and (b) correspond to the results in
the lateral and vertical dimensions, respectively.
Note that because the near-ﬁeld mode intensity
proﬁles have been magniﬁed and imaged onto the
IR camera, it is diﬃcult to trace their accurate
scales. The scales with arbitrary unit (a.u.) are given in Figs. 3–5. From Figs. 4 and 5, one can
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clearly see that the mode size in the lateral dimension increases more signiﬁcantly with increasing injection current although that in the vertical
direction also shows an increasing trend.
Fig. 6 shows the variations of 1560-nm signal
transmission power of the (a) TE and (b) TM
polarization with injection current at various input
power levels. In either TE or TM case, output
power decreases with injection current. The output
power level saturates when the injection current is
larger than 75 mA (threshold condition). The
saturation trend indicates that the variations of
waveguiding behaviors are strongly related to
carrier density in the device because the carrier
density in the active region becomes clamped when
a laser reaches the threshold condition.
From Figs. 3–6, one can see the decreasing
guiding eﬃciency of the laser diode waveguide for
the signal at about half the band gap as the injection current increases. The lower transmission in
the situation of a higher injection current can be
due to the process of free carrier absorption of 1560
nm signal. However, the changed waveguide mode

Fig. 3. 3D intensity distributions of the near-ﬁeld mode patterns of the TE signal at 1560 nm with (a) 0, (b) 40, (c) 60 and (d) 100 mA
injection currents.
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(a)

(b)
Fig. 4. Line scan intensity distributions from the results in Fig.
3 in the (a) horizontal and (b) vertical directions.

Fig. 5. FWHM of the intensity distributions shown in Fig. 4:
(a) horizontal width and (b) vertical width.

proﬁle reveals that the refractive index distribution,
at least in the lateral dimension, is varied as the
injection current is increased. This phenomenon
can be attributed to the decreased eﬀective refractive index in the regions under the waveguide ridge
as carrier density increases (before the threshold
condition). Although the eﬀective refractive index
outside the ridge region may also be decreased due
to carrier diﬀusion, the gradient of lateral refractive
index distribution becomes shallower. In this situation, waveguide mode proﬁle spreads outward
and the conﬁnement factor is reduced. Therefore,
the more extended evanescent ﬁeld results in higher
waveguide loss due to the perturbations in the
waveguide cladding regions. Such a variation in
the refractive index distribution would saturate as
the carrier density is clamped at the threshold

condition. From such arguments, one can see that
current diﬀusion may aﬀect less the waveguide
mode variation. Although the density of diﬀused
carriers (and hence the refractive index in this region) may increase (decrease) with injection current
without clamping at threshold, it seems that
waveguide mode is not much inﬂuenced by this
part of refractive index variation. Here, actually an
interesting issue, which deserves further exploration, can be raised: How far in the lateral dimension does carrier density clamping occur at laser
threshold outside the ridge-loading regions? Since
the variations of wave propagation properties stop
at laser threshold, either carrier density clamping
occurs in the eﬀective waveguide cladding regions
or carrier diﬀusion does not aﬀect much the refractive index variation in the claddings.
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Fig. 7 shows the variation of loss constant increments with injection current in both TE and
TM modes. The loss constant increment means the
increased amount of attenuation coeﬃcient compared with the value at zero injection current. One
can see that the linear loss coeﬃcients increase by
19 cm1 in the TE mode and by 29 cm1 in the
TM mode when the threshold condition is reached.
The TM mode is more sensitive to current
injection.

(a)

(b)
Fig. 6. Output power variations with injection current for the
1560 nm signal in the (a) TE and (b) TM polarization at several
input power levels.

Fig. 7. Variations of the increments of linear loss coeﬃcients
with injection current for the TE and TM polarization.

4. Estimation of refractive index distribution variations
To demonstrate the waveguide mode proﬁle
variation with the refractive index distribution
change, we adopted a slab waveguide model based
on the eﬀective index method [10]. In this model,
we assumed that the regions below and outside the
waveguide ridge formed the guiding layer and
claddings of a symmetric slab waveguide. We then
calculated the waveguide mode intensity proﬁles
with the appropriately chosen refractive indices of
the guiding layer and claddings. Fig. 8 shows four
intensity proﬁles with the refractive index pairs
as ðnf ; nc Þ ¼ ð3:402; 3:3995Þ; ð3:4; 3:3986Þ; ð3:3985;
3:3978Þ and ð3:3978; 3:3974Þ, respectively, with
increasing proﬁle width. Here, nf and nc are the
refractive indices of the guiding layer and clad-

Fig. 8. Lateral intensity distributions based on the slab waveguide model. The four curves with increasing width correspond to the refractive index pairs as ðnf ; nc Þ ¼ ð3:402; 3:3995Þ;
ð3:4; 3:3986Þ; ð3:3985; 3:3978Þ and ð3:3978; 3:3974Þ, respectively.
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dings, respectively. The refractive index values
were appropriately chosen such that the FWHMs
of the intensity proﬁles were correspondingly the
same as those in Fig. 4(a). Also, single-mode
propagation was guaranteed, as observed in experiments. Both refractive indices in the guiding
layer and claddings decreased, with that in the
guiding layer decreasing faster, as the intensity
proﬁle width increased. This decreasing refractive
index trend and hence increasing proﬁle width
trend correspond to the increase of injection current in Fig. 4(a). However, because the variation of
the injection current density in the guiding layer
was expected larger than that in the claddings in
increasing injection current, the refractive index
decrease in the guiding layer was assumed larger.
From the refractive index values shown above, one
can see that the index diﬀerence between the
guiding layer and claddings varies from 0.0025 to
0.0004 as the proﬁle width varies from the case of
0–100 mA injection current. Although such index
diﬀerence values are not uniquely existent, they
should provide estimates of the index contrast
variations at the concerned wavelength under
various injection conditions. In other words, with
the measurements presented in this paper and a
suitable waveguide model, we can extract the information of index contrast variation with injection current at a certain wavelength below band
gap. If the optical signal wavelength can be closer
to the band gap and a material refractive index
model can be well adopted, it is feasible to obtain
the index contrast variation around the band gap
during current injection onto a laser diode.
5. Conclusions
In summary, we have reported the decreasing
waveguiding eﬃciency for the signal about one
half the band gap as the injection current of an
GaAs/AlGaAs multiple quantum well laser diode
with a ridge-loading waveguide conﬁguration was
increased. The laser operation wavelength was 840
nm. With the signal at 1560 nm, the decreased
waveguide transmission and the more expanded

mode proﬁle indicated that the eﬀective refractive
index distribution in the lateral dimension was
varied with injection current. The decreased material refractive indices in both regions under and
outside the waveguide ridge resulted in refractive
index distributions of weaker guiding. This trend
stopped when the laser threshold condition was
reached. A slab waveguide model was used to
simulate the lateral mode proﬁle variation with
injection current. The refractive index diﬀerences
between the guiding layer and claddings in the slab
waveguide model provided estimates of refractive
index contrasts of the laser diode at the concerned
wavelength under various injection conditions.
Such measurement and simulation procedures may
provide a means of estimating refractive index
contrast variation of a laser diode around the
lasing wavelength.
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