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cascade laser with single-lobe far-field pattern and

high outcoupling efficiency*
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A 7.8-pm surface emitting second-order distributed feedback quantum cascade laser (DFB QCL) structure with

metallized surface grating is studied. The modal property of this structure is described by utilizing coupled-mode theory

where the coupling coefficients are derived from exact Floquet—Bloch solutions of infinite periodic structure. Based on

this theory, the influence of waveguide structure and grating topography as well as device length on the laser performance

is numerically investigated. The optimized surface emitting second-order DFB QCL structure design exhibits a high

surface outcoupling efficiency of 22% and a low threshold gain of 10 cm—!. Using a 7 phase-shift in the centre of the

grating, a high-quality single-lobe far-field radiation pattern is obtained.
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1. Introduction

The quantum cascade laser (QCL) is a com-
pact and powerful semiconductor light source in
mid- and far-infrared wavelength ranges.[!2 For the
practical applications such as chemical sensing and
pollution monitoring,® the single-mode emission is
highly required, which can be easily realized by
first-order distributed feedback (DFB) edge-emitting
QClLs.

also widely fascinating since it would greatly facili-

On the other hand, the surface emission is

tate two-dimensional integration and on-wafer test-
ing. Nevertheless, the conventional vertical cavity

[4=7] are not feasible for trans-

surface-emitting lasers
verse magnetic (TM) polarized QCLs. To achieve sur-
face emission, second-order DFB gratings/®~'! or pho-
tonic crystal (PhC) resonators'? are usually incorpo-
rated into the QCLs. However, the fabrication of PhC
lattice is challenging since it requires a deep etching
technique with a high aspect ratio and a precise con-

trol of the air filling factor. Thus, the second-order

DFB grating etched just into the upper waveguide lay-
ers is preferable to realize QCLs with both single-mode
and surface emission.

Although surface-emitting DFB QCLs have been

experimentally realized by several groups,!3—11

re-
cently, there is still much room to improve the surface
outcoupling efficiency and far-field distribution by the
design of waveguide structure and grating topogra-
phy. In this paper, a numerical investigation of the
waveguide structure, the grating height as well as the
grating duty cycle, and the device length of a surface-
emitting DFB QCL is carried out by using a coupled-
mode theory. This theory is derived from rigorously
computed on-resonant Floquet—Bloch solutions of the
waveguide-grating problem and hence enables the ac-
curate simulating of second-order gratings with large
grating heights or strong index contrasts. An opti-
mal 7.8 pm surface emitting second-order DFB QCL
structure is proposed, which shows a high surface out-
coupling efficiency of 22% and a low threshold gain of

1

1 cm™". High-quality single-lobe far-field radiation
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pattern is also obtained by adding a m phase-shift in
the centre of the grating.

2. Theory

2.1. Floquet—Bloch solutions for the

infinite-length laser structure

The analysis of surface-emitting lasers expresses
the modes of a finite length laser as linear combina-
tions of the exact eigenmodes of an infinite length
laser. We consider only TM-polarized modes where
the magnetic field is in the y-axis direction as shown
in Fig. 1. Because of the periodic nature of the laser
structure in the z-axis direction, the magnetic field
can be written exactly as a Floquet—Bloch expansion

H(z,z)= Z H,, (z)e!Pm=, (1a)
m=0,£1,---
where
Bm = Bo + mK. (1b)

Here, fy is the complex-valued propagation constant
and K = 27/A denotes the grating vector. In this
expression, H_; describes the surface emission field.
The partial waves H,, (m = 0,=%1,...) satisfy the fol-
lowing complex eigenvalue equations!!?!

d*H,, 1
dz2 zp: He

-1
Z (ﬂp el ;ql Bq — kgépq) Hy,
mp ¢
(2)

where || f|| denotes the Toeplitz matrix generated by
the Fourier coefficients of f such that its (p, q) entry
is fp—q, Opq is the Kronecker symbol, —1 denotes the
matrix inverse, and kg is the free-space propagation
constant. Equations (2) are solved under the continu-

ity conditions!*

and the outgoing radiation bound-
ary conditions.['?] For the sake of simplicity, we trun-
cate the infinite set of Floquet—Bloch expansion par-
tial waves to the finite set including the orders from
m = —8 to 8, which results in estimated relative er-
rors of less than 103 for the real part of B and less

than 4% for the imaginary part of 3, respectively.

2.2. Coupled-mode theory for the finite-
length laser structure
To compute the threshold gain and the surface

outcoupling efficiency, a pair of coupled-wave equa-
tions is deduced for the second-order DFB QCLs and

written as
ds ) i\ o .
dz+<‘“‘G‘2)S”“R’
dR , i0 .
—dﬁ(—“‘G‘a)Rl“S @

Here, R and S represent the z-dependent amplitudes
of the forward wave and the backward wave, respec-
tively, G is the field gain coefficient at threshold, and §
denotes the normalized frequency. The expressions of
the self-coupling coefficient ¢ and the mutual coupling
coefficient x can be found in Ref. [14].

Once ¢, k and the device length L are given, the
field threshold gain coefficient G and associated pa-
rameter § as well as the amplitudes R(z) and S(z)
can be obtained by solving the above coupled-wave

equations. Finally, the actual threshold power gain
coefficient is given by![!6]
g = 2G. (4)

The surface emitting magnetic field is obtained to be
HEwRee) () = R(2) + S (2). (5)
The surface outcoupling efficiency is written as!'”)

ko taee | Jdz|R(2) + SG)P
K Lgo ™" [ax(R)I* +IS())

Nsurf = (6)
where n,. is the refractive index of the active layer,
Qgurt 18 the surface loss, I' is the active layer confine-
ment factor, and gy is the gain coefficient in the active
region.

3. Device optimization

3.1. Waveguide design

It is a key issue for surface-emitting DFB
QCLs!®~1 to improve the surface-emitting efficiency
with still maintaining an acceptable level of threshold
gain. To solve this problem it is necessary to design
a proper waveguide first. In this paper, we optimize
a waveguide structure on the basis of one similar to
that in Ref. [18] as shown in Fig. 1. To obtain a wide
gain spectrum, the active region is adopted to be iden-
tical to that in Ref. [19]. The effect of the thickness
of every waveguide layer on the device performance is
numerically investigated.
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Fig. 1. Schematic cross section of the second-order DFB

QCL structure, where the grating has periodicity A, duty
cycle o and grating height tg.

The complex refractive indexes of the layers con-
stituting the QCL are nactive_region = 3.335 + i*1 X
10~4 (Sl, 8 x 1016 cm_3), NInP_substrate = 9.066 +
ixl x 103 (Si, 3 x 1017 cm_3), NInP_high—doped —
2.257+1%0.0708 (Si, 7x10'8 cm_3), NInP_low—doped =
3.0886 + i*3 x 107* (Si, 1 x 107 cm™3), Nmgass =
3.4005 + i%2 x 107 (Si, 6 x 10 cm™3), and na,
7.78 +1%57. These values are obtained from a Drude—

[20]
w? i
p
e - (SR
w2n ( + w7‘>] ’ (™)

where n and k are the real and the imaginary parts

Lorentz model

(n—ik)® =es l

of the refractive index; 7 is the electron scatter-
ing time evaluated by the electron mobility p. and
the effective electron mass me as 7 = peme/e and
n=1+1/(w7)?% wp is the plasma frequency, given by
wf,: Ne? /MeExoe, where N is the concentration and
€co 18 the high-frequency lattice dielectric constant.
For the wavelength of 7.8 pm, the values of pem. and
€ at room temperature are obtained according to
Refs. [21]-[23], and listed in Table 1. The refractive
index of Au is cited from Ref. [24].
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Table 1. Values of pe, me and £o obtained at 7.8 pum
wavelength and room temperature.

material | doping/cm™3 pe/(cm?-V7=1ls™1) me/mo oo
InP 1x10'7 34487 0.0774  9.61
InP 3x10'7 28827 0.0778  9.61
InP 7x1018 12276 0.0839 9.61
InGaAs 6x1016 10286 0.0412 11.642
InGaAs 8x1016 8097 0.0415 11.642
InAlAs 8x1016 841 0.075 10.313

By varying the thickness of each waveguide layer,
we find that only the high-doped InP layer (contact
layer) has a significant influence on the surface out-
coupling efficiency 7surf and the threshold gain gip.
Now the thicknesses of the waveguide layers except the
top contact are fixed to be as follows: tactive_region =
2.296 pm, tp_low—doped = 2 pM, tnGaas = 0.25 pm
and tp, = 0.4 pum. The values of gyt and gy, , each as
a function of the contact layer thickness, are plotted in
Fig. 2(a). In the calculation, the grating height ¢, and
the duty cycle o are experientially fixed to be 1 ym
and 0.6, respectively. For efficient surface emission,
|<L| must be around 1-2, where the optical intensity
is more or less uniformly distributed throughout the
device according to the demonstration in Ref.[14]. Ad-
ditional simulation results reveal that the exact value
of |[kL|, in a range of 1-2, has little influence on the
Thus with-
out losing generality, |kL| = 1 is used here and also

optimal waveguide and grating design.

in the latter calculations. As shown in Fig. 2(a), nsurt
and gg, both increase monotonically with the decrease
of the thickness of contact layer. This can be ex-
plained by the simultaneous increase of surface loss
which represents a fraction of surface emission light
while the absorption loss and substrate loss experi-
ence little changes with the minishing of the contact

layer thickness as shown in Fig. 2(b).

] ' —-—Iwavegu‘ide loss (b)
~a-~absorption loss
124 --&--surface loss i
] --v-- substrate loss
0
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Fig. 2. (a) Surface outcoupling efficiency 7gu ¢ and threshold gain gy, versus the thickness of high-doped InP layer,
with |xL| = 1 used in calculation, and (b) loss coefficients versus the thickness of high-doped InP layer for an infinite
length device, with tg =1 um and o = 0.6 used in calculation.
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The strong interaction between the radiation
field and the surface plasmons pinned at the metal—
semiconductor grating interface induces a strong sur-
face loss and a high threshold gain gy, as well in a
thin-contact-layer-thickness condition. Therefore, a
compromise between 7.t and gy, must be taken into
consideration in the waveguide design. Given a high
outcoupling efficiency that is desired in this work, and
a contact layer that is indispensable for providing uni-
form current injection, a thickness of 0.1 pym for the
contact layer is chosen for the convenience of calcula-
tions in the rest of this paper. Note that the unopti-
mized grating parameters used in the calculation may
also be responsible for the relatively high threshold
gain g, shown in Fig. 2 as discussed below.

3.2. Grating design

The surface outcoupling efficiency 7, f and the
threshold gain ¢y, depend strongly on grating topog-
raphy. In this section, the grating height ¢, and due
cycle o are optimized in two steps. According to
the wavelength and the waveguide structure the grat-
ing period is set to be A = 2.41 um. Now, first,
the behaviours of g and 74y, each as a function
of tg, are investigated as shown in Fig. 3(a), where
o = 0.6 is used experientially and |xL| = 1. Waveg-
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uide loss coefficients versus grating height ¢, are plot-
ted in Fig. 3(b).
that the substrate loss has an important effect on

From these figures, we can find

Nsurf and gyn, and the absorption loss can be ap-
proximated to be a constant within a large range of
grating height. The maximum of 7,,f occurs around
ty = 0.8 pum, where a (\,/4)-effect (), denotes
the wavelength travelling in the material) takes place:
the air-semiconductor grating layer below the metal-
stripe grating acts as an antireflection layer for surface
radiation, and hence the surface emission loss is en-
hanced whereas unwanted radiation loss into the sub-
strate is suppressed effectively. For the shallower or
deeper grating, nsy,t decreases because the thickness
of air-semiconductor grating layer deviates from the
condition of resonance antireflection. The value of gip
keeps approximately constant at small ¢, and has a
minimum at ¢ty = 0.8 pm, while it increases rapidly
from ¢, = 1.0 pm since the radiation loss into the
substrate begins to increase abruptly. It is noteworthy
that the extreme points of losses and threshold gain
This difference
mainly results from the finite laser length necessary

appear at different grating heights.

for the calculation of the threshold gain, but not for
that of losses. Consequently, the optimal ¢, between
0.7-0.9 pm is obtained, and ¢, = 0.8 pm has been
used in the following analyses.

—a— waveguide loss | ('b)
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--4--surface loss A
40 { —¥-substrate loss Pd
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Fig. 3. (a) Surface outcoupling efficiency s, and threshold gain gy, versus grating height tg , with |<L| = 1 used in

calculation, and (b) waveguide loss coefficients versus grating height ¢z for infinite length device, with ¢ = 0.6 used in

calculation.

Second, the optimization for the duty cycle o are carried out with t; = 0.8 pm by investigating its relations

with Nsurf, gen and waveguide loss coefficients as shown in Fig. 4. For small duty cycles (o < 0.3), a low ngy,f is

caused by a small overlap of the optical mode with the grating since a small fraction of metal attracts a small

portion of optical field into the grating region. As o increases, the overlap and hence 7g,,¢ is enhanced untill the

value of gy, ¢ reaches a maximum of 19% at o = 0.7. For higher duty cycles (o > 0.8), nsu decreases because

the increasing overlap is jeopardized by the smaller perturbation of the refractive index. Therefore, to achieve a

high value of 7gy,¢, the optimal value of o should be in a range of 0.65-0.75 for the surface emitting second-order
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DFB QCL structure. Clearly, gy, is affected mainly by the surface loss since the substrate loss is small and the
absorption loss varies little. From Fig. 4(b), when o is less than 0.3, the small perturbation of refractive index
results in a small surface loss, and hence low gy, is achieved. As o rises up, surface loss goes up, thereby causing
the enhancement of gi;, which reaches a maximum value at ¢ = 0.55. When o continues to increase, gy, begins
to come down since total waveguide loss decreases prominently until it achieves a minimum value at o = 0.75.
For higher duty cycles (o > 0.8), g1 increases again because absorption loss begins to increase. Consequently,
for a lower gy, the optimal value of o should be in a range of 0.7-0.85. From the above analysis, to achieve both
high outcoupling efficiency and low threshold gain, ¢ should be in a range of 0.7-0.75. In our design of device
structure, optimal values of ¢, and o are set to be about 0.8 ym and 0.7, respectively.
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Fig. 4. (a) Surface outcoupling efficiency 7ngy s and threshold gain gy, versus duty cycle o, with |xL| = 1 used
in calculation, and (b) waveguide loss coeflicients versus duty cycle o for an infinite length device with o = 0.6

used in calculation.

3.3. Device-length design

For surface emitting second-order DFB QCL
structure, the device length L has a strongly influ-
ence on the grating coupling strength, thereby affect-
ing the device performance. Figure 5 shows values of
Nsurt and gin, each as a function of L, with the above
optimal results of waveguide and grating designs used
in calculation. As the device becomes undercoupling
(IkL] < 1), g increases rapidly with L decreasing
due to facet loss, and 7.t decreases since the optical
intensity is distributed mainly at the ends of the device
where only a small portion of power is perpendicularly
diffracted into the air. For overcoupling (|xL| < 1),
the value of gy, approaches to a constant determined
by absorption loss with the increase of L, and ngy,f
also comes down because the optical intensity is con-
centrated in the centre of the device resulting in a very
nonuniform power distribution. Whereas, 7gu¢ dis-
plays a very large value of 18%-22% with |xL| = 1—2
due to a very uniform power distribution in the de-
vice. Therefore, the preferable value of device length

is between 2.6-5.4 mm as indicated in the gray area
in Fig. 5, while the corresponding g}, still maintains a
relatively small value between 9 and 18 cm~!. In this
paper, a highest surface outcoupling efficiency of 22%
with a low threshold gain of 10 cm™! is obtained at
an optimal device length of 4.8 mm which is also tech-
nologically feasible in the practical device fabrication.
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Fig. 5. Surface outcoupling efficiency and threshold gain
versus device length L, with tg = 0.8 pm and o = 0.7 used
in calculation.
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3.4. Far-field performance

The far-field pattern of surface emission can be expressed as a Fourier transform of the near-field field,
given by the following expression/?®!
oo 2
‘ Wfarﬁeld(a)’2 — cos2h ‘/ @nearﬁeld(x)eikx sin(6) (8)

-0

For a surface emitting second-order DFB QCL without a grating phaseshift, the lowest threshold mode is
antisymmetric, hence the far-field radiation pattern is two-lobed with a null in the centre as depicted in Fig. 6(a).
To improve the far field pattern, a 7 phase shift is introduced by extending a metal tooth in the centre of the
grating by A/ 2[26] and the lasing-mode transforms from antisymmetric to symmetric. Consequently, a single-
lobed far field, which is highly desirable for practical applications, is obtained as seen in Fig. 6(b). Note that in
our calculations, the 7 phase shift is included by assuming a sign change for the z-dependent amplitudes, R(z)

and S(z).1?"]

1.0 T T T 1.0 T T T T
(a) (b)
» 0.8 1 > 0.8 1 1
2 061 é’ 0.6 1
= =
[} < i i
& 0.4 1 = 04
: -
= =
0.2 0.21 i
0 . y A/\I\N NAA ! . 0 T oo T o T
_3 ) 1 0 1 2 -3 —2 -1 0 1 2 3

4.

Far-field angle 0/(°)

Far-field angle 6/(°)

Fig. 6. Far-field patterns of the surface emission for a device without any phase shift (a) and with a 7 phase
shift (b), with tg = 0.8 um, 0 = 0.7 and L = 4.8 mm used in the calculation.

Conclusion

We analyse surface emitting second-order DFB QCLs at 7.8 pm based on a coupled-mode theory derived
from rigorously computed on-resonant Floquet—Bloch solutions of the waveguide-grating problem. By optimizing
the waveguide structure and the grating topography as well as the device length, an optimal surface emitting
second-order DFB QCL structure design is proposed, which shows a high surface outcoupling efficiency of 22%
and a low threshold gain of 10 cm™'. By adding a 7 phase-shift in the centre of the grating, a high-quality

single-lobe far-field radiation pattern is obtained.
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