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Abstract— Theoretical analysis of antiphase-type complex-
coupled, surface-emitting distributed feedback (CC-SE-DFB)
diode lasers with absorptive gratings is presented and discussed.
Two different designs are studied: one utilizing a semiconductor-
based second-order loss and index grating placed at the
metal–semiconductor (p-side) interface, and the other employing
a combination of metallic and semiconductor materials for
the second-order loss and index grating. For certain design
parameters, these two types of absorptive-grating structure are
shown to select lasing in the symmetric mode (i.e., orthonormal
emission in a single-lobe beam pattern). By comparison to
metal-grating surface-emitting devices, the threshold gains for
these structures are lower by factor of 3 to 4. For 500-�m-long
gratings, the symmetric-mode is favored to lase with threshold
gain values as low as 18 cm�1 and differential quantum
efficiency as high as 34%.

Index Terms—Absorptive grating, metal grating, second-order
complex-coupled distributed-feedback laser, single-lobe beam,
surface emitter, 2-D surface emitter.

I. INTRODUCTION

COMPLEX-COUPLED, distributed-feedback (CC-DFB)
edge-emitting lasers have recently received consider-

able theoretical and experimental attention as potential light
sources in advanced optical-communication systems [1]–[9].
We have previously reported on the theoretical analysis of
both in-phase [10] (i.e., excess gain preferentially placed in
the high-index grating regions), second-order, surface-emitting
(SE)-CC-DFB as well as antiphase-type [11] (i.e., excess
gain preferentially placed in the low-index regions) SE-CC-
DFB lasers. For antiphase SE-CC-DFB’s, we analyzed a
relatively simple configuration: a metallic second-order grating
placed atop a diode-laser structure [11]. Such structures are
of the thin-upper-cladding type [12], [13] and can simply be
fabricated by e-beam evaporation and a lift-off process; can
operate in a single-lobed, orthonormal beam with a rather
uniform near-field intensity pattern, and external differential
quantum efficiency values in excess of 30%. To guarantee
symmetric-mode lasing, the metal-grating SE-DFB device
must be designed such that the nearest antisymmetric mode
experiences more metal absorption losses than the total loss
of the symmetric lasing mode due to the radiation outcoupling
and metal absorption. Since for an efficient surface-emitting
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device, high-radiation outcoupling is desirable, relatively large
metal absorption losses are unavoidable. As a result of light
absorption in the metal grating together with the radiation loss
representing the diode surface-emitting output, the (symmetric)
lasing mode of metal-grating, SE-DFB lasers has relatively
high gain-threshold, , values [11] (e.g., 70–80 cm). In
order to significantly reduce , it is necessary to make
structures for which light absorption in the grating is much
less than that for metal-grating devices.

Here, we present the first theoretical treatment of efficient
SE-CC-DFB lasers with absorptive gratings. Two different
structures are designed and analyzed. We show that anti-
phase SE-CC-DFB lasers can lase in the symmetric mode (i.e.,
single-lobed, orthonormal far-field radiation pattern) with a
dramatic decrease in gain threshold by comparison to metal-
grating devices: from 70–80 cm to 18–20 cm ; while
maintaining relatively high values for the external differential
quantum efficiency : 30%–35%.

II. A BSORPTIVE-GRATING SE-CC-DFB STRUCTURES

The longitudinal cross-sections of the two studied SE-CC-
DFB structures are schematically shown in Figs. 1 and 2. Both
designs utilize a multi-quantum-well active region (at
0.98 m). The first structure employs a second-order, rect-
angular, semiconductor-based grating for both feedback and
outcoupling mechanisms. The semiconductor-based grating is
made of GaAs regions periodically embedded in a p-InGaP
cladding layer, and in direct contact with Au, the electrical-
contact metal. These GaAs regions incorporate absorbing
InGaAs quantum wells that provide the necessary modal
gain modulation for favoring the symmetric mode over the
antisymmetric one. The grating is in close proximity (0.1

m) of a multiquantum-well (MQW) active-region structure,
designed to provide enough gain such that the gain threshold is
relatively low ( 20 cm . The local modal gain profile (Fig. 1)
is a gain/loss grating. All calculations were done as previously
by using the method developed by Noll and Macomber [14].

Results of calculations on typical devices, and, for com-
parison, of the calculations on metal-grating devices [11] are
displayed in Table I. For a four-quantum-well (4-QW) sepa-
rate confinement heterostructure (SCH) (70-Å In Ga As
wells, 200-̊A InGaAsP ( 1.6 eV) barriers, 1000Å
InGaAsP waveguiding layers) device with a grating-tooth
height of 0.10 m, an effective-index step of 1.4
10 and a 30% duty cycle (ratio of low-index-region/grating
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Fig. 1. Schematic diagram of semiconductor-based second-order, sur-
face-emitting antiphase CC-DFB laser structure with absorptive grating.
Light generated in the active region is reflected mainly by the low-index Au
regions and absorbed primarily in the high-index GaAs–InGaAs regions. Also
shown is the calculated net local modal gain profile along the grating.

Fig. 2. Schematic diagram of composite semiconductor/metal-grating-based
CC-SE-DFB laser with absorptive grating. Also shown is the calculated net
local modal gain profile along the grating.

period) the threshold gain for the lasing mode (i.e., the
symmetric one) is four timessmallerthan for the metal-grating
case [11]. The intermodal discrimination, effective-index step,
and are similar to those for metal-grating devices. The
reason stays the same is because for metal-grating devices
the radiation loss is 3 times higher than for semiconductor-
grating devices. This is mainly due to the fact that the
difference in thereal part of the dielectric constantof the two
grating regions (e.g., Au and Zr) in the metal grating devices
is considerably larger than that in the semiconductor-grating
devices. For a different case: 3-QW active-region, 1.7

10 , and a 0.10-m grating-tooth height; is as high

TABLE I
COMPARISON BETWEEN KEY PARAMETERS OF OPTIMIZED

SEMICONDUCTOR-BASED AND METAL-BASED [11] SECOND-ORDERCC-SE-DFB
LASERS WITH ABSORPTIVEGRATINGS. THE TOP ROW CORRESPONDS TO THE

DEVICE SHOWN IN FIG. 1, WHILE THE MIDDLE ROW CORRESPONDS TO A

3-QW ACTIVE-REGION DEVICE . �gth IS THE DIFFERENCE IN GAIN

THRESHOLD BETWEEN THEANTISYMMETRIC AND SYMMETRIC MODES

as 39% (i.e., 30% higher than in the metal-grating case),
and the threshold gain is 3.5 times smaller than for the metal-
grating device (for all cases an internal loss coefficient,, of
3 cm is assumed).

Previously, we have shown [10], [11] that a SE-CC-DFB
laser can oscillate in a symmetric mode when the modal-gain
difference between the symmetric and antisymmetric modes
due to optical-field (longitudinal) overlap with the gain/loss
grating [1], [2] overcomes the modal-gain difference based on
radiation losses.

The importance of the presence of lossy material in the
high-index regions of the semiconductor-based grating for
favoring symmetric-mode lasing can be highlighted by com-
paring two different devices, both having the cross-section
shown in Fig. 1 and the same length (e.g., 500m), one with
lossy and the other with lossless semiconductor grating. As
expected, we find that for the lossless semiconductor grating
the antisymmetric mode is favored to lase ( 7 cm )
while for the lossy grating the symmetric mode is favored to
lase ( 18 cm ).

While the semiconductor-based grating design demonstrates
that anti-phase type, SE-CC-DFB laser can fundamentally
favor symmetric mode operation with a dramatic decrease
in the gain threshold of the lasing mode (see Table I), the
designed structure (Fig. 1) involves an apparently difficult
grating to fabricate. As an alternative, we considered another
design, depicted in Fig. 2. Here, a composite second-order
metallic and semiconductor grating is employed for feedback
and outcoupling. The grating, which can be fabricated by
standard techniques (i.e., etch and regrowth for the semi-
conductor grating and liftoff for the metal grating), consists
of a periodic variation of a combination of 200-Å-thick Zr

atop 0.20- m-thick GaAs (
3.51), and Au ( ) atop both 0.05-m-thick
GaAs and 0.15-m-thick InGaP ( 3.17), giving an
effective-index step of 2 10 . Zr was chosen over
other metals (e.g., Ni, Ti, Al) since it combines a relatively
high real part of the refractive index with relatively low
optical absorption (at 0.98 m) [11]. Strong radiation
outcoupling can thus occur with relatively small penalty in
absorption loss. Although Au has higher optical absorption
coefficient than Zr, due to the its extremely low index, light
hardly samples Au, while deeply penetrating in the high-index
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Fig. 3. Gain thresholds of the symmetric (surface-emitting) and antisymmet-
ric modes as well as the external differential quantum efficiency,�D , versus
grating length for the device of Fig. 2.

Zr regions. Thus an antiphase grating (i.e., high modal gain
in the low effective-index regions) is created. The calculated
modulation of the local modal gain, shown at the bottom of
Fig. 2, is a gain/loss grating.

It should be noted that two transverse modes are supported
in the “high-index” regions of this device, an even and an
odd mode, just as in antiguided array devices [15]. Over-
lap integrals between these two modes and the fundamental
transverse mode in the low-index region show that over 86%
of the energy couples to the desired mode: the even one,
which corresponds to the high effective index. Therefore, we
considered in our analysis only the even mode.

Inclusion of the odd mode in the analysis would reduce
the feedback between the fundamental mode of the low-
index region as well as alter the Bragg wavelength for the
structure (i.e., change the resonance condition) [15]. The
reduced feedback will, of course, result in a higher gain
threshold. Furthermore, the change in the Bragg wavelength
can be considered as a detuning of the grating, hence it will
increase the radiation loss coefficient [16]. The net effect on
the external differential quantum efficiency would then be
negligible.

For the device shown in Fig. 2, we plot in Fig. 3 the gain
threshold of the symmetric and antisymmetric modes along
with the external differential quantum efficiency, , of the
symmetric mode as a function of grating length. While the
symmetric mode is clearly favored to lase over the entire range
of grating lengths, there is also a tradeoff between and
intermodal discrimination. For longer lengths the efficiency
is best but the intermodal discrimination may not be enough
to prevent multimode operation at high drive levels above
threshold. Therefore, it is necessary to use a shorter length
device. For example, for 450 m the is 25% and the
intermodal discrimination is 5.5 cm. The gain threshold of
the symmetric mode in this case is 26 cm. When comparing
this structure to the metal-grating DFB structure (Table I)
we see that, while the values are comparable, the gain
threshold of the lasing mode for the semiconductor–metal-

grating device is nearly a factor of 3 lower, which results in
a more overall efficient device.

III. CONCLUSION

We show, for the first time, that efficient, single-lobe
surface-emitting devices can be made by using second-order
CC-DFB structures with absorptive gratings. The key is to
design a semiconductor-based complex-coupled grating that
will both favor oscillation in the symmetric mode as well as
provide low gain threshold. Thus, one can achieve relatively
low gain thresholds (20 cm ) with moderately high
external differential quantum efficiency (30%–35%). Ridge-
guide devices should radiate in a single spatial mode up to
50–100-mW CW, definitely higher than vertical-cavity surface
emitters ( 1-mW CW single mode). Two-dimensional (2-D)
surface-emitting devices, combining the CC-DFB grating with
a resonant antiguided phase-locked array [15], are likely to
provide watts of stable, coherent power.
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