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Abstract:

An analysis of a surface emitting distributed-feedback quantum cascade laser (DFB QCL) based on a

surface-plasmon waveguide is presented. The second-order grating realized by the sole patterning of the top metal
provides strong feedback. The analysis is based on a coupled-mode theory derived from exact Floquet—Bloch solutions
of the infinite periodic structure. The surface outcoupling efficiency and threshold gain for the optimized device design
are 43% and 12 cm™ !, respectively, which represent great improvements on the conventional dielectric waveguide based

DFB QCL with typical values of 17.5% and 20 cm™!.
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1. Introduction

The quantum cascade laser (QCL)!!! has proved to be a
very promising light source for chemical sensing and pollu-
tion monitoring in the mid- and far-infrared wavelength re-
gions. For many of these applications, single-mode operation
and surface emission are simultaneously desirable, which can
typically be realized by incorporating second-order distributed
feedback (DFB) gratings>~5] or a photonic crystal (PhC) tech-
nique into QCLs. However, the fabrication of a PhC lattice re-
quires a deep etching technique with a high aspect ratio and pre-
cise control of the air filling factor(®), or careful design of the
side absorber(” 81, which are technologically challenging in the
device preparation. Hence, the easy-to-fabricate second-order
DFB QCLs, which are capable of both single-mode operation
and surface emission, have drawn much attention and been ex-
tensively investigated>=>-%1 over the last decade. In the mid-
infrared QCLs, most of the second-order DFB structures have
been based on the conventional dielectric waveguide, which is
superior in terms of low optical losses but inferior in terms of
material preparation for thick cladding layers and in deep grat-
ing etching processes. Consequently, there is a need to pro-
pose a new route for achieving high-efficiency surface emis-
sion DFB QCLs combined with simple fabrication techniques.

In this work, the surface-plasmon waveguide based
surface-emitting DFB QCL is analyzed, where a thin metal-
based contact layer is used instead of the thick cladding layers.
The second-order grating is solely defined on the top metal and
no etching into the semiconductors is required, thus simplify-
ing the grating etching processes. The metal grating combined
with the surface plasmon waveguide lead to strong feedback.
A simulation technique, including the Floquet—Bloch analysis
and the resulting coupled-mode theory, is used. The numerical
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results show that the surface-plasmon waveguide based DFB
QCL offers greater performance in terms of the surface out-
coupling efficiency and the threshold gain than the traditional
dielectric waveguide based structure.

2. Laser structure

Figure 1 shows a schematic cross section of the surface
emitting DFB QCL considered in this work. The surface-
plasmon waveguide structure is similar to that used previously
for a Fabry—Perot cavity QCL in Ref. [10]. The active re-
gion identical to that in Ref. [11] is sandwiched between top
thin contact-facilitating layers, consisting of 40-nm-thick In-
GaAs doped at 1 x10'7 cm™3 and 10-nm-thick InGaAs doped
at 1 x10'° cm™3, and a bottom 0.5-m-thick InGaAs spacer
layer doped at 6 x16 cm™3. The second-order silver grating is
formed on the top with a metal depth of 150 nm and period
A = do/2negr, where neg is the effective optical index of the
guided mode and Ay = 7.8 um is the approximate resonance
wavelength. The refractive indexes of the layers constituting
the QCL arena, = 3.35+571, Neontacthigh—doped = 1.392+4-0.11,
Ncontact_low—doped = 3393 +5x 1074i; Nactive region = 3.335+
1 x 1074, Nepacer = 3.401 + 2 x 107% and nip substrate =
3.066 + 1 x 107%i. Among these values, the refractive in-
dexes for the doped semiconductor layers are calculated using
a Drude-Lorentz modell’? while the value for silver is taken
from Ref. [13].

3. Theory

3.1. Floquet-Bloch solutions for the infinite-length laser
structure

The analysis of a surface emitting DFB QCL based on
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Fig. 1. Schematic cross section of the investigated laser structure. A
and o denote the grating period and the duty cycle, respectively.

second-order gratings begins with solving the Floquet-Bloch
eigenmodes of the infinite-length laser structure numerically.
Since the propagation wavevector 27 n¢gr/ Ao equals the Bragg
wavevector 27/ A satisfying the second-order Bragg condi-
tion, the mode in the infinite-length laser is in resonance with
the grating. Therefore, there are two standing wave solutions,
with two slightly different frequencies correspondingly, thus
forming a bandgap at resonance. Here, we consider only TM-
polarized modes where the magnetic field points in the y direc-
tion, as shown in Fig. 1. In the infinite-length device, the mag-
netic field can be written in terms of an exact Floquet-Bloch
expansion, given by

H(x,z) = Z

m=0, %1, -

Hy(x)e™E2, (1)

where K = 2m/A is the grating vector. In this expression,
Hy describes the surface emission field. The partial waves H,
are found to satisfy the following complex eigenvalue equa-
tions[14],

d*H,, 1
dx2 ; Hg

where || f| denotes the Toeplitz matrix generated by the
Fourier coefficients of f, such that its (p, q) entry is f,—g,
¢ is the dielectric function, §,, is the Kronecker symbol, —1
denotes the matrix inverse and k = 27/ is the free-space
wave vector at the wavelength A of the resonance. The above
eigenequation is solved under the continuity conditions and the
radiation boundary conditions, yielding two eigenmodes with
field patterns that are symmetric and anti-symmetric with re-
spect to the grating. The corresponding eigenvalues are k and
ks, respectively, corresponding to the two resonant band-edge
modes.

-1
> (PaK? lellpg — K285q) Hy  (2)
mp ¢

3.2. Coupled-mode theory for the finite-length laser struc-
ture

For the finite-length device, the magnetic field can be writ-
ten approximately as a linear combination of the two reso-
nant band-edge modes of the infinite-length grating!'®l. The
corresponding amplitudes, denoted by R and S, represent z-
dependent amplitudes of the forward and backward waves, re-
spectively. These amplitudes can be described by the classic
coupled-wave equations!!®!, which are given by
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Fig. 2. Eigenmode wavelength as a function of the grating duty cycle
o for the infinite-length device structure.

ds
— 4+ (—a +1i¢ +16)S = kR,
dz

dR
-4 e+t iR = ikS. ®)

Here, « is the field gain coefficient at threshold and § de-
notes the normalized frequency. The coupling coefficients ¢
and « are related to the eigenvalues of the infinite-length de-
vice byl

(ks + kas — 2k0) K (as + aas) .
‘= - ;
2kg 2
= (ks — kas) K (ots — aas)i
2ko 2 ’

where kg = 2m/A¢ is the approximate resonance wavevec-
tor, and « (o) are the waveguide losses for the symmetric
(anti-symmetric) eigenmode calculated for the infinite-length
structure. Once ¢, k and the device length L are given, the
threshold power gain coefficient gy, and surface outcoupling
efficiency ng,f can be obtained by solving the above coupled-
wave equations. The detailed algorithm can be found in our
previous workl!7].

4)

4. Results and discussion

4.1. Loss and coupling coefficients

To numerically investigate the influence of the device pa-
rameters, such as the grating duty cycle o and the device
length L on the device performance, it is necessary to ana-
lyze infinite-length device structure first. The period of the
second-order grating is A = 2.43 um with the effective in-
dex neg = 3.21. The behavior of the eigenmode of the infinite-
length structure at various duty cycles is shown in Fig. 2, where
the crossing of the curves indicates a switching of the sym-
metric and anti-symmetric eigenmodes. Figure 3 shows the
numerically calculated magnetic field for the symmetric and
anti-symmetric eigenmodes with duty cycle o = 0.5. In the
anti-symmetric eigenmode, both positive and negative lobes
appear between the teeth of the grating. This causes destruc-
tive interference outside the grating, and consequently the anti-
symmetric eigenmode does not radiatel!*!. For the symmetric
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Fig. 3. Magnetic field of (a) symmetric and (b) anti-symmetric modes
for the infinite-length structure with o = 0.5.
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Fig. 4. (a) Waveguide loss coefficients and (b) coupling coefficient
versus duty cycle 0.

eigenmode, only positive lobes appear. There is no interfer-
ence, and the radiating component is non-zero. Therefore, there
is higher loss in the symmetric eigenmode due to the introduc-
tion of the surface radiation loss.

Figure 4 depicts the behaviors of the losses and coupling
coefficients with varying duty cycles. From Fig. 4(a), when o
is less than 0.2, the waveguide losses of both symmetric and
anti-symmetric eigenmodes are extremely small. This is due to
a small overlap of the grating and the optical mode. As o rises,
the portion of propagation loss of surface plasmon mode grad-
ually increases, which contributes to the enhancement of the
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Fig. 5. (a) Surface outcoupling efficiency 7g,f and (b) threshold gain
gt versus duty cycle o for L =10.5, 1.0, 1.5, 2.0 and 3.0 mm.

waveguide loss of the anti-symmetric eigenmode. Meanwhile,
both the surface loss and the waveguide loss for the symmetric
eigenmode reach their peaks near o = 0.5. Therefore, it is nec-
essary to maximize the fraction of the symmetric eigenmode
to design the device with high surface outcoupling efficiency,
due to its large surface loss. Figure 4(b) shows the coupling
coefficient as a function of the grating duty cycle. Compared
with the dielectric-waveguide based grating with typical val-
ues in the range 4-7 cm~ 1, the coupling coefficients for the
surface plasmon-based structure are much larger, which can be
attributed to large mode overlap with the metal grating and the
strong complex index contrast.

4.2. Threshold gain and outcoupling efficiency

The threshold gain gy, and the surface outcoupling effi-
ciency ng,f depend strongly on the grating duty cycle o and
the device length L. Figures 5(a) and 5(b) show gy, and 1yt
as a function of o for different L. We found that the curves
for different device lengths have similar trends with varying o.
For small duty cycles (o0 < 0.3), ns,r displays small values.
This is caused by the small overlap of the optical mode with
the grating, i.e., a little fraction of metal attracts a small por-
tion of optical field into the grating region. As o increases, the
mode-grating overlapping and thus 7g,s enhances till the latter
reaches a maximum at ¢ = 0.55. For higher duty cycles (o >
0.7), nsurr decreases because the increasing overlap is jeopar-
dized by the fact that the perturbation of the refractive index is
getting smaller. On the other hand, gy, is very high for small
duty cycles because of the fact that the optical mode is not ef-
fectively confined to the active region by a little fraction of
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Table 1. Refractive indexes of metals along with loss and coupling coefficients, as well as the optimal surface outcoupling efficiency and
threshold gain. The surface emitting DFB QCL operates at a wavelength of 7.8 um. The refractive indexes of metals are cited from Ref. [13].

Metal n as (cm™3) oas (cm™3) agurf (em™3) K (cm™3) Nsurt (%0) g (cm™3)
Silver 335+ 57 62.14 1.93 56.20 35.95 42.74 12.32
Gold 7.78 4+ 571 62.40 2.03 48.60 36.73 33.83 15.17
Palladium 3.13 + 361 68.15 2.12 46.10 36.14 32.27 12.98
50 . . . . . 140 tion procedures were performed using gold and palladium in-
' stead of silver. The results are summarized in Table 1, where
S 0l ! /_@'"-.__ F120 the effect of these metals on the loss as well as the coupling
e ! W, o . .
= oS " L g coefficients, and therefore the device performance, are shown.
5 \ . 100 E : _
5 4] L bt From this table, we found that the waveguide loss and cou-
2 304 - [0 = . : o )
= /\ '--.___ & pling coefficients for devices utilizing these three kinds of met-
s ., L 60 E als have no significant differences, and thus their threshold
-T; / .\\ --..___ 10 8 gains do not differ much. However, as for surface loss, sil-
é 1o * " = ver has a larger value than the other two metals, and therefore
o "-.... 20 a larger surface outcoupling efficiency. Consequently, among
0 . * @.;“"".“ sececnss 0 the above three metals, silver is the optimal choice for the metal
0 1 2 3 4 5 surface-plasmon guiding layer for a surface emitting DFB QCL
L (mm)

Fig. 6. Surface outcoupling efficiency and threshold gain versus de-
vice length L, with o = 0.55 used in the calculation.

metal. In addition, gy, displays a high value at o = 0.6 induced
by a large surface loss. Consequently, to achieve a high value
of neur as well as a small gy, the optimal value of o ought to
be in the range of 0.5-0.6. Also, from Fig. 5(a), one can find
that nsy¢ for devices with different lengths reaches the maxi-
mum value at the same duty cycle o = 0.55. At this point, 7g¢
for a 1.5-mm-length device is equal to that for a 1.0-mm-length
device, higher than for devices with smaller or larger lengths.

In the following, the effect of device length L on device
performance is thoroughly examined. As shown in Fig. 6, at
short device lengths, the grating provides only little feedback,
which results in a higher threshold gain gy, caused by a higher
facet loss and lower surface outcoupling efficiency 7. At
large device lengths, gy, approaches a constant determined by
the absorption loss with increasing L, and 7, also decreases
because the optical intensity is mainly concentrated in the cen-
ter of the devicel'6], resulting in only a small portion of power
perpendicularly diffracted into the air. In contrast, at intermedi-
ate device lengths, ns,+ displays a large value of 40%—-43% due
to a uniform power distribution in the device. Consequently,
the optimized value of device length is in the range 1.0-1.5
mm, as indicated in the gray area in Fig. 6, while the corre-
sponding gy, still maintains a relatively small value between
11 and 22 cm™!. In this paper, the highest surface outcoupling
efficiency of 43% with a low threshold gain of 12 cm™! is ob-
tained with an optimal device length of 1.25 mm. These opti-
mal results show a dramatic improvement compared with typ-
ical results for a dielectric-waveguide based surface emitting
DFB QCL with a surface outcoupling efficiency of 17.5% and
a threshold gain of 20 cm™'[].

Although a silver-based surface-plasmon waveguide is
adopted in the above device design, other typical metals, such
as gold and palladium, are commonly used as the surface-
plasmon guiding layer in the mid-infrared wavelength region
as well. Therefore, for comparison, similar optimal computa-

near 7.8 pum.

5. Conclusion

We have analyzed a surface emitting DFB QCL based on
a surface-plasmon waveguide, utilizing a coupled-mode the-
ory derived from exact Floquet-Bloch solutions of infinitely
periodic structure. The distributed feedback is achieved via a
second-order grating in the sole patterning of the top metal.
Simulations show a strong dependence of device performance
on the grating duty cycle and the device length. An optimized
device design, with a surface outcoupling efficiency of 43%
and a threshold gain of 12 cm™!, is obtained, which is dramat-
ically superior to the conventional dielectric waveguide based
DFB QCL. These results indicate that the surface-plasmon
based surface-emitting DFB QCL is a good alternative to the
conventional dielectric-waveguide based structure.
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