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Terahertz frequency photonic-crystal quantum cascade lasers allow directional and controllable
surface emission while at the same time functioning efficiently well above liquid nitrogen
temperature. Through an in-depth understanding of the mechanism underlying surface emission,
we demonstrate optimized devices with significantly reduced absolute threshold currents. We are
able to reduce the device surface area by more than a factor of two, while maintaining angularly
narrow, single-lobed surface emission with a divergence of =10° X 10°. The devices emit at
~2.8-2.9 THz, with maximum operating temperatures in the range 80-150 K. © 2010 American

Institute of Physics. [doi:10.1063/1.3489941]

Terahertz (THz) frequency quantum cascade (QC)
lasers have become an extremely promising semiconductor
laser source for the 1.2-5 THz frequency range (A
=250-60 ,U,I’Il).l Target applications include astronomy,
biosensing/imaging and spectroscopy, inter alia. In this
context, research is being focused not only on increasing
the maximum ogeratmg temperature, Tmax, but also on
“beam-shaping””” since the extreme light confinement typi-
cal of THz resonators generally yields highly nondirectional
emission patterns.3 Possible solutions include the use of
horn-antennas * second and third-order distributed feedback
gratings % and photonic-crystal (PhC) structures. " The
single frequency surface emission characteristics of PhC de-
vices are particularly attractive, as they offer the prospect of
implementation in arrays of high brilliance sources for
Fourier-transform infrared spectroscopy.

We have shown in Ref. 7 that the operation of PhC THz
QC lasers is critically dependent on the absorbing boundary
conditions, which can be experimentally implemented at the
edges of the PhC resonators using the highly absorbing,
doped semiconductor top contact layers (absorbing edges).
Furthermore, the resonator in-plane quality factor (Q,), and
thus the performance of PhC THz QC lasers, can be en-
hanced by grading the hole-radius across the lattice. 10.11
Combining this technique with the introduction of a 7 phase-
shift in the PhC structure leads to single-lobed surface
emission.'>"* For example, the devices demonstrated in Ref.
10 had 14 and 18 PhC periods, were 454 um and 584 um
wide, respectively, and led to single-lobed surface emission
with a divergence of just =12° X 8°.

In this paper, we show that we can reduce further the
device surface area, by more than a factor of two, by imple-
menting an optimized PhC resonator design. We are able to
reduce the absolute threshold current, while maintaining
highly directional emission. Furthermore, we demonstrate
explicitly that the electromagnetic near-field in the central
part of the device is not associated with the surface emission
process, enabling this redundant region to be used for wire
bonding, leading to a further size reduction.
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The GaAs/AlGaAs QC laser structure (wafer L207) used
in this work has an emission frequency of =2.7 THz. For
details of the heterostructure growth and design, see Ref. 8.
The device area in PhC QC lasers scales in proportion to the
square of the number of PhC periods but the area required
for wire bonding remains constant, as does the absorbing
edge width. These constraints limit the extent to which the
miniaturization of devices is possible. We designed and
fabricated a series of small PhC THz QC lasers (12-, ten-,
and eight-period, with device sizes 390 um X390 um,
324 um X324 pm, and 260 wm X260 wm, respectively).
Three different bonding schemes [Figs. 1(a)-1(d)] were then
tested. One obvious solution for miniaturization is to employ
only one pad for wire bonding, as shown in Figs. 1(a) and
1(b). Figure 1(a), in fact, shows a 12-period PhC cavity,
similar—although smaller and with only one bonding
pad—to those developed in Ref. 10. However, a single bond-
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FIG. 1. (Color online) Images of typical devices (top view). The PhC period
is 32.4 um, the hole radius is graded to improve the in-plane Q-factor (Q),
and a 7 phase-shift is included. Areas assigned for wire-bonding are en-
closed within dashed lines. (a) 12-period PhC with one bonding pad placed
in the device corner, (b) ten-period PhC with one bonding pad placed on the
device side, (c) 12-period PhC with central bonding pad, and (d) ten-period
PhC with central bonding pad, and an actual wire-bond shown.
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FIG. 2. (Color online) (a) L-V-I characteristics at a heat-sink temperature of
78 K for 12-period and ten-period PhC devices, with central wire-bonding
[as shown in Figs. 1(c) and 1(d)]. Detection was achieved using a liquid-
helium cooled bolometer. Devices were operated with 300 or 500 ns long
pulses, at a repetition rate of 2055 kHz. Inset: laser emission spectra of the
two devices. (b) The data in (a) replotted in terms of the current densiry
(L-V-J) characteristics. (c) Summary of the J, dependence on heat-sink
temperature for several devices with different dimensions (12-, ten-period),
and different bonding schemes. J;, is normalized with respect to J,;, at 20 K
for each device. Results are also shown, for comparison, from PhC struc-
tures which do not have 7 phase shifts. Note: the L-1/L-J curves have been
normalized and expressed in arbitrary units, as the relative output powers
(which are in the milliwatts range) are significantly influenced by strong
water absorption lines in this frequency range.

ing pad reduces the device symmetry. Far-field emission pat-
terns measured from such devices are more angularly diver-
gent than for two-pad devices (see later in the text), and this
approach to size reduction also leads to strong secondary
lobes in the far-field emission profile. In Figs. 1(c) and 1(d),
a significant change was thus introduced into the design: the
bonding area is now located in a metalized, nonpatterned
central region (=65X 130 um?) of the PhC. This modifica-
tion simultaneously enables a reduction in overall surface
area, easier wire bonding and an improvement of resonator
symmetry.

Figure 2(a) shows typical light-voltage-current (L-V-I)
characteristics of PhC devices with central bonding and a 7
phase shift. 12-period (390 wm X390 um) and ten-period
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FIG. 3. (Color online) Far-field emission patterns of the PhC laser designs
shown in Fig. 1, obtained by scanning a Golay cell detector at fixed distance
from the sample, in steps of 2°. The top schematic diagrams define the
angles of scanning and the device type. (a), (c), and (e) correspond to a
12-period PhC devices, while (b), (d), and (f) to ten-period devices.

(324 pum X324 pm) devices lased reliably, with or without
a 7 phase-shift. Very small eight-period devices (260 wm
X260 um) did not, however, lase when bonded centrally. Tt
should be noted that the lowest measured /,;, is =1.35 A at
78 K, for the ten-period device. This is a significant improve-
ment on previous, larger device designsw which had 1,
=24 A (3.7 A), for 14 (18)-period devices. All lasers ex-
hibit single frequency emission [Fig. 2(a), inset], which con-
firms that the PhC resonator mode is correctly selected.

The absolute current threshold (7,;,) scales well with the
device surface area as demonstrated in Fig. 2(b) where the
data in Fig. 2(a) is replotted in terms of current density for
ten and 12 period PhCs. The V-J curves superpose almost
perfectly, suggesting that current dispersion problems are in-
significant. The L-J characteristics provide qualitative infor-
mation on the relative device Q, as J,, is inversely propor-
tional to the total Q-factor. Assuming that the material
Q-factor is the same for all structures, and the radiative
Q-factor is negligible, a higher J,;, corresponds to a lower Q.
In qualitative agreement with simulations, Fig. 2(b) shows
that the J,;, increases slightly when the size is reduced. This
demonstrates that the lowest size for a THz PhC QC laser is
limited by the Qj-factor, which decreases with reduction in
size.

Jy, is plotted as a function of heat-sink temperature in
Fig. 2(c) for several devices with different dimensions. To
simplify the comparison, all current densities are normalized
with respect to their value at 20 K. The figure shows that
Tax decreases with a reduction in the number of PhC peri-
ods, as well as with the introduction of a 7 phase-shift. How-
ever, all the devices operate well above 78 K.

Figure 3 presents the far-field patterns of the key PhC
device designs. These were acquired by scanning a Golay
cell on a sphere at constant radius from the laser surface. The
top row of the figure defines the scanning angles and gives a
graphical visualization of the device type—Figs. 3(a) and
3(b) thus correspond to the device designs illustrated in Fig.
1(a); Figs. 3(c) and 3(d) to the designs in Fig. 1(b); and Figs.
3(e) and 3(f) to the designs in Figs. 1(c) and 1(d). Impor-
tantly, the improved device architecture, with the central
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bonding pad [Figs. 3(e) and 3(f)], avoids degradation of the
far-field pattern with device size reduction. Almost ideal,
single-lobed angularly-narrow emission patterns are ob-
tained, in very good agreement with the numerical finite dif-
ference time domain (FDTD) far-field simulations of PhCs
which include a central 7r-shift, as described in Refs. 8 and
10. Remarkably, in this improved design the emission pattern
is affected only slightly by the device size. There is, there-
fore, no direct connection between the O, optimization/l,,
reduction and the far field quality. In contrast, it is clear that
the conventional ten-period and 12-period PhC devices ex-
hibit far-fields with abnormally strong lateral lobes [Figs.
3(a)-3(d)], possibly a result of the presence of only one
bonding pad.

The angular divergence of devices with a central bond-
ing pad is narrow, with an approximate full width at half
maximum of 10° X 10°. Directivity, D, can be used as figure
of merit,'"!* defined as D=10 log (27 pearc/ Tiorar),  Where
Ieax is the peak intensity (in watts per steradian) in the far-
field, and 1., is the total emission power (in Watts) into half
space. We obtain D~ 19-20 dB for both the 12-period and
the ten-period lasers with a central bonding pad. This value
is slightly higher than that reported in Ref. 10 (16 dB) for
larger devices but most importantly, it does not degrade with
reduction in the surface area.

The counterintuitive result that the central bonding pad
does not perturb the emission pattern can be explained by
analyzing the near-field emission of the device. These de-
vices operate on monopolar modes at the I'-point of the
PhC bandstructure. Monopolar Bloch modes of infinite PhC
structures do not couple with the continuum of radiative
modes, since the relative surface transverse fields are
antisymmetric.ls‘16 Surface emission is instead a conse-
quence of the finite size of the devices. The Bloch mode is
modulated by a spatially slowly-varying envelope function
encompassing the whole structure, whose symmetry proper-
ties affect the device far-field. Since the envelope function is
almost constant in the device center, this region does not
contribute to surface emission.

This can be quantitatively illustrated by taking, for ex-
ample, the y-component of the transverse, surface magnetic
field H, [Figs. 4(a) and 4(b)] and removing the components
outside the light cone, which do not contribute to surface
emission [Figs. 4(c) and 4(d)]. This operation yields only the
contribution of the slow components, which are responsible
for surface radiation. Calculations were undertaken using
two-dimensional FDTD simulations—as in Ref. 8—followed
by MATLAB postprocessing. The negligible contribution of
the central part of the PhC resonator [Fig. 4(c)] explains why
the device architecture presented in this paper works so effi-
ciently. Removing the central holes does not change the dis-
tribution of the slow-components [Fig. 4(d)], and thus the
central wire bonding can be applied without affecting the
far-field distribution.

In summary, we have demonstrated optimized surface-
emitting THz PhC QC lasers with both a reduced device
surface area, and a reduced threshold current. The resulting
emission patterns show a high directivity, which does not
decrease with reduced device dimensions.
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FIG. 4. (Color online) [(a) and (b)] Tangential y-component of the simulated
magnetic field (H,) in the PhC holes for a ten-period device with 7 phase-
shift: (a) with central holes; (b) where the central holes have been removed.
This field (and the corresponding H, component) is used to calculate the
far-field emission patterns shown in (c) and (d), where the tangential
y-component of the simulated magnetic field (H,) is shown after removal of
the components outside the light cone. The central region does not contrib-
ute to surface emission.
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