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Abstract—We demonstrate the reduction of the facet reflectivity
of quantum-cascade lasers (QCLs) by using subwavelength gratings. The gratings were fabricated on  = 4:9- and 9:8-m QCLs
using focused ion beam milling. Reflectivities as low as 1%–3% for
the 4.9-m QCL and as low as 4%–8% for the 9.8-m QCL are
reported.
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I. INTRODUCTION
UANTUM-CASCADE lasers (QCLs) and other semiconductor lasers usually use cleaved end-facets for feedback.
The facet reflectivity for most III–V semiconductors is
around 30%. Reduction of this reflectivity is necessary to increase the performance of lasers used as distributed feedback
lasers [1], in external cavity mode [2], [3], and as superluminescent light-emitting diodes [4]. Currently, antireflection (AR)
coatings of single or multilayer are deposited on the facet(s) to
reduce the reflectivity. In the midinfrared region, where most
QCLs emit, the AR coatings are thicker and adhesion to the facet
can be a problem due to built-in stress. Also, during operation,
QCLs may undergo thermal cycling which in turn can result in
the eventual delamination of the coating from the facet.
Here, we demonstrate an alternative to AR coatings, namely
subwavelength gratings, fabricated directly on the laser facet.
Since the gratings are monolithic with the laser, we avoid the
problems mentioned above. The subwavelength grating parameters were calculated using thin-film theory (TFT) and effective medium theory (EMT) [5]–[8] and were fabricated with a
focused beam of Ga ions. The lasers were characterized before and after milling by measuring the light–current–voltage
( – – ) and spectral characteristics. The measured residual reflectivity of the AR facets was determined from the measured
change in threshold current density and slope efficiency.
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II. THEORY
In subwavelength gratings, only the zeroth-order reflected
and transmitted waves are allowed to propagate since the wavelength of the incident radiation is long compared to the grating
. As such, the subwaveperiod of the structure, i.e.,
length grating structure acts as a homogeneous medium with
a single effective index of refraction determined by the filling
factor, i.e., the ratio of the grating ridge width to the grating period. The effective index is also dependent on the polarization
of the incident electric field with respect to the orientation of the
grating [6]. From the first-order EMT, the effective permittivity
is defined as [7], [8]

where
and
are the effective permittivities of the grating
structure for the electric field parallel (vertical gratings) and perpendicular (horizontal gratings) to the grooves, respectively, is
the filling factor, and are indexes of the grooves and ridges
of the gratings, respectively. The equation for higher order EMT
permittivity is given in [8].
In TFT, the reflectivity of a film is determined by the Fresnel
coefficients at the interface of the film and its surrounding media
and is given as [5], [6]
(2)
where
is the transmitted angle of the incident wave in the
and
are the reflection coefficients at the incident
film,
and transmitted interfaces, respectively. At normal incidence,
the condition of zero reflectivity results in an index of refraction
and thickness
(3a)
(3b)
in (3a) into (1a)
Combining EMT and TFT by inserting
or (1b), the filling factor that will result in an AR structure with
grating depth , is determined. For our QCLs,
and

1041-1135/$25.00 © 2007 IEEE

222

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 19, NO. 4, FEBRUARY 15, 2007

Fig. 1. Scanning electron microscope (SEM) image of a QCL facet milled with
horizontal gratings. The inset shows a cross section of the gratings along the
length of the laser ridge (the z direction).

; hence,
is 1.79 and is 0.76 (0.24) for horizontal
(vertical) gratings.
The reflectivity of the facet can be determined from the
or the slope efficiency of the
threshold current density
output light

Fig. 2. L–I –V measurements showing the threshold shift and change in slope
efficiency before and after milling the gratings. (a)  = 4:9 m. The inset shows
= 0:05 cm for
= 5
the reflectivity versus threshold current ratio, L
and 15 cm . (b)  = 9:8 m. The inset shows the reflectivity versus slope
= 0:15 cm for
= 14 and 22 cm .
efficiency ratio, L

(4a)
(4b)
is the length of the laser ridge,
the waveguide
where
loss, the confinement factor, the gain coefficient,
and
are the power reflectivities of the front and back facets, and
is proportional to the internal efficiency of the laser [9].
III. EXPERIMENT
The gratings were fabricated into the front facet of the QCLs
using an FEI strata DB-235 focused ion beam (FIB) system with
Ga liquid metal ion source. The ion beam is accelerated at an
energy of 30 KeV, focused onto the surface of the facet and raster
scanned in the areas to be milled. The high filling factor of the
horizontal gratings, as compared to vertical gratings, results in
less material to be milled which shortens processing time and
reduces the facet exposure to the ion beam. An example of a
milled 9.8- m QCL facet is shown in Fig. 1.
The lasers were characterized in pulsed mode at 79-KHz repetition rate and 100-ns pulsewidth for spectral measurements
using a Nicolet Fourier transform infrared spectrometer and the
– – measurements were taken at 5-KHz repetition rate and
50-ns pulsewidth. All measurements were performed at a temperature of 80 K. QCLs with emission wavelengths of 4.9 and
9.8 m were tested with a filling factor of 0.76, grating depths
, where
from 0.1 to 2.5 m, and a grating period of
and for the 4.9- and 9.8- m lasers, respectively, and is chosen
but large enough to be fabricated. In order to
such that
measure the effect of the grating on the facet reflectivity, these
lasers were characterized before and after milling.

In Fig. 2(a), the – – characteristics for the 4.9- m QCL
measured with a cold InSb detector are shown. The inset depicts
the calculated reflectivity versus threshold current ratio and the
measured ratios. A similar plot was used for the 9.8- m QCL.
m measured with a
In Fig. 2(b), the – – curves for
room-temperature HgCdTe detector are shown. The inset shows
the calculated reflectivity versus the slope efficiency ratio for
m and the measured ratios. The slope efficiency for
m was not fully characterized because of the fast
saturation of the cold detector used. Both – – plots show
an increase in the threshold current due to the gratings. In addition, Fig. 2(a) shows the spontaneous and amplified spontaneous
emission which also increases; Fig. 2(b) shows in addition an
increase in the slope efficiency. The reflectivity of the milled
facet was determined by 1) taking the ratio of the threshold curand after
rent density from the – – data before
milling for different grating depths, and 2) projecting these ratios onto the simulated reflectivities given by (4) and shown
in the insets. The same process is repeated with the slope efficiency.
In Fig. 3, the reflectivity versus the milled grating depth for
the 9.8- m QCL is shown. The inset presents the ratios obtained
from the – – plot for both 4.9- and 9.8- m QCLs at different
grating depths.
The far-field profile of the beam in the lateral direction (i.e.,
along the -axis, see Fig. 1) and the transverse direction (along
the -axis), before and after milling the gratings, were also measured. In the lateral direction, a narrower profile of 10%, after
milling the gratings, was observed. In the transverse direction,
little change in the profile was observed.
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sisted etching is a method for reducing the effect of redeposition but this seriously reduces the resolution of the features that
can be milled. A possible remedy to this is using electron beam
lithography combined with dry chemical etching techniques to
achieve better grating profile. Second, the emitted beam has a
rather wide diverging angle which causes deviation from the
normal incidence assumed in theory and needs to be corrected
for.
We have shown that, using FIB for a first proof of principle,
the reflectivity of QCL facets can be reduced to a few percent
by etching subwavelength gratings into them.
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