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Surface-emitting distributed feedback quantum-cascade lasers operating at A=7.8 pm are demonstrated.
The metal-covered second-order grating is shallow-etched into the surface of a thin InGaAs contact and
cladding layer. This forms a hybrid waveguide and used to achieve relatively low waveguide losses and
high coupling strengths. The devices exhibit stable single-mode operation from 90 to 130 K with a side
mode suppression ratio above 20 dB. A slope efficiency of 194 mW/A is obtained at 90 K, which is twice

higher than that of the Fabry-Perot counterpart.
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Since the first demonstration of quantum-cascade lasers
(QCLs) in 1994, the steady improvement allowed this
kind of lasers to become compact and powerful semi-
conductor light sources in mid- and far-infrared spectral
regions! 3!, For numerous practical applications, such as
chemical sensing and pollution monitoring, QCLs with
single-mode operation and surface emission with low
beam divergence are highly desirable because these facil-
itate high-sensitivity detection and two-dimensional (2D)
integration. Due to the polarization selection of inter-
subband transition, QCLs cannot be fabricated directly
into vertical-cavity surface-emitting structurel¥ as gen-
erally done in interband semiconductor lasers. Second-
order distributed feedback (DFB) gratings capable of
surface emission via their first-order Fourier diffraction
have been widely used in QCLs because of their well-
developed theories and experimental demonstrations. To
date, most of previously reported second-order gratings
have been etched into standard dielectric waveguides,
where the deep-etched grating with a high aspect ratio is
required to obtain sufficient refractive index contrast and
coupling coefficient® 1. On the other hand, gratings
solely patterned in the metal contact for surface plas-
mon waveguide QCLs will result in large values for both
refractive index contrast and coupling coefficient. How-
ever, high waveguide losses induced by the highly lossy
surface plasmon limit the device performance, affecting
the possibility for further improvements!*?.

We propose and demonstrate surface-emitting DFB
QCLs based on a hybrid waveguide design—an interme-
diate structure between standard dielectric waveguide
and surface-plasmon waveguide, where a thin InGaAs
contact and cladding layer is used instead of tradition-
ally thick InP cladding layers. By optimizing the duty
cycle of a shallow-etched second-order grating, this de-
sign can achieve relatively low waveguide losses and high
coupling strengths. The resulting devices exhibit stable
single-mode operation with a side mode suppression ratio
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(SMSR) above 20 dB.

The core of our waveguide design consists of a 2.45-um-
thick active region (Si, average doping ~4x10'6 cm=3)[13]
sandwiched between a top 0.5-um-thick Ing52Gag4gAs
layer (Si, 4x10'® ¢cm™3) and a bottom 0.4-pm-thick
Ing 520Gag.4gAs layer (Si, 4x10'® em™3). The cladding
layers are composed of a 0.4-pm-thick high-doped
Ing 52Gag.4gAs contact (Si, 2x10'® ¢cm=2) on top and
a low-doped InP substrate (Si, 3x10'" cm~3) at the bot-
tom. Based on this waveguide structure, a second-order
grating in 0.4-pym deep is etched into the top high-doped
InGaAs contact layer. Thus, the absorption losses in-
duced by this high-doped layer are minimized in the
grating trough. For a clear result, simulation was carried
out with the method presented in Ref. [14]. Figure 1(a)
shows the calculated coupling coefficient and waveg-
uide loss as a function of the grating duty cycle. For
small duty cycles, the coupling coefficient is small be-
cause of the weak perturbation of refractive index. The
waveguide loss is low because of small absorption loss.
For large duty cycles, the coupling coefficient becomes
large due to the high overlap between the optical field
and the grating caused by the rise of average refrac-
tive index in the grating region. On the other hand,
the waveguide loss increases due to the surface plasmon
pinning at the metal-semiconductor interface. Weigh-
ing the trade-off between the coupling coefficient and
waveguide loss, the duty cycle was determined to be 0.6,
where a relatively low waveguide loss of 18 ecm™! and a
relatively high coupling coefficient x of 48.3+13.81 were
achieved. Following this grating design, we calculated
transverse mode profiles of waveguide structures in the
grating trough and in the grating peak, shown in Fig.
1(b). The profile mismatch between these two modes is
significant, since the surface-plasmon waveguide in the
grating peak tends to bind the optical field, while the
air-confinement waveguide in the grating trough repels
it into the active region. This significant mismatch yields
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Fig. 1. (a) Calculated coupling strength and waveguide losses
versus duty cycle for a 400-nm-deep grating; (b) transverse
mode profiles of waveguide structures in the grating trough
and in the grating peak, and the gray area corresponds to the
second-order grating.

the above-calculated large coupling coefficient. Conse-
quently, the advantage of this device structure is the
achievement of relatively large coupling strength and low
waveguide losses combined with simplified device prepa-
ration process, since there is no need for InP capping
epitaxial growth or deep semiconductor etching.

After the material was grown by solid-source molecular-
beam epitaxy, the device fabrication started with the
definition of Ti/Au (10/250 nm) second-order Bragg
grating with a period of A=2.5 pym via contact lithog-
raphy and wet chemical etching. By adjusting the time
of exposure and development, the expected duty cycle of
0=0.6 was realized. Subsequently, the grating was etched
0.4-pm deep into the bottom high-doped Ing 52Gag 4gAs
by reactive ion etching. Subsequently, 70-pym-wide and
3.5-um-deep ridge waveguides were defined using con-
ventional photolithography and nonselective wet chemi-
cal etching. A 250-nm-thick SiOs layer was subsequently
deposited around the ridges for electrical insulation and
60-pm-wide windows were opened on the ridges for cur-
rent injection. The Ti/Au (20/500 nm) was deposited as
the top contact metal by electron beam evaporation and
standard lift-off processing, and a thick Au layer of 2—3
pm was electroplated on the top contact to effectively
spread the current. To allow for surface emission, the
top contact metal covered only the edges of the ridge,
leaving a 40-pm-wide surface emission window. Figures 2
(a) and (b) show the top and cross-sectional views of the
grating. Then, the wafer was lapped down to about 150
pm and polished for back AuGeNi/Au (200 nm total)
contact deposition. Finally, 1.5-mm-long laser bars were
cleaved from the wafer and indium soldered to copper

heat sinks with the episide up.

For device characterization, lasers were mounted on
a temperature-controlled cold finger in a nitrogen flow
cryostat. A repetition rate of 5 kHz and a pulse width of
2 ps were used for all temperatures. Figure 3 shows the
output power-current (L — I) characteristics for surface-
emitting DFB QCLs at temperatures between 90 and 130
K, measured using calibrated thermopiles. At 90 K, a rel-
atively low threshold current of 2.55 A (threshold current
density of 2.43 kA/cm?) and a maximum output power
of 166 mW are observed. The slope efficiency at this
temperature was deduced from experimental data, that
is, dP/dI=194 mW/A, which is twice higher than that
of the Fabry—Perot counterpart at 80 K. This confirmed
the strong coupling between the optical field and the
grating structure we designed. At 130 K, 50-mW optical
output power with a slope efficiency of 34 mW /A is still
obtained. However, the corresponding threshold current
only increased to 3.05 A (threshold current density of
2.90 kA/cm?). By fitting the temperature dependence
of threshold current density with an exponential func-
tion Jy, = Joexp(T'/Tp), a characteristic temperature of
To=217 K is obtained.

The lasing spectra were obtained with a Fourier trans-
form infrared (FTIR) spectrometer with a spectral res-
olution of 0.5 cm™'. Single-mode surface emission is
observed with SMSR above 20 dB for the entire working
temperature range, as shown in Fig. 4. The full-width
at half-maximum (FWHM) of the lasing spectra is about
0.5 cm™!, which is limited by the resolution of the FTIR
spectrometer in our measurement setup. The lasing spec-
tra obtained at different heat sink temperatures between
90 and 130 K reveal a linear temperature tuning of the
emission wavelength from 7.856 to 7.887 pym with a tun-
ing coefficient of approximately 0.78 nm/K.

The far-field distribution was measured with a lig-
uid nitrogen-cooled HgCdTe detector located 10 cm
away from the rotation stage without any focusing ele-
ment. Figure 5 depicts the measured beam divergence for
surface-emitting DFB QCLs in two orthogonal directions.
The far field along the waveguide shows an asymmetri-
cal double-lobe pattern with a separation of 1.5°. This

Fig. 2. Scanning electron microscopy (SEM) pictures of
surface-emitting DFB QCLs. (a) Top view of the grating;
(b) cross-sectional view of the device.
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Fig. 3. L-I characteristics of surface-emitting DFB QCLs for
different heat sink temperatures between 90 and 130 K; inset
illustrates threshold current density as a function of the heat
sink temperature.
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Fig. 4. Lasing spectra of the surface emitting DFB QCL for
different heat sink temperatures between 90 and 130 K; inset
shows the corresponding temperature dependence of the las-
ing wavelength where the solid line denotes a linear fit of the
experimental data.
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Fig. 5. Far field distributions of surface-emitting DFB QCLs
in the directions along and perpendicular to the waveguide;
heat sink temperature is 90 K.

double-lobe far field can be explained by the fact that
the near field has the phase difference of 180° at both
ends of the device, and thus the far field has a center
nodel’”. The asymmetry in the height of the two lobes
is attributed to the arbitrary position of the end mirrors
in relation to the grating. The far field perpendicular to
the waveguide has an FWHM of 17°.

In conclusion, we report 7.8-um surface-emitting DFB
QCLs based on a hybrid waveguide, where a metal-
covered second-order grating is shallow-etched into the

surface of the waveguide. By optimizing the duty cy-
cle of the grating, relatively low waveguide losses and
high coupling strengths are obtained. Based on a cou-
pling mechanism between surface-plasmon and air-guided
modes, the devices exhibit stable single-mode operation
with a side mode suppression ratio above 20 dB and a
high slope efficiency of 194 mW/A at 90 K. In addition,
a double-lobe far-field pattern with a separation of 1.5°
is observed in the direction along the waveguide. Further
work will focus on key issues, such as increasing working
temperature and decreasing further the far-field diver-
gence angle.
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