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Thermal properties of THz quantum cascade lasers based on different

optical waveguide configurations
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We compare the thermal properties of THz quantum cascade lasers (QCLs) fabricated with
metal-metal optical waveguides based on Au/Au or In/Au wafer bonding. This information was
obtained from the analysis of microprobe band-to-band photoluminescence spectra measured on
devices operating in continuous wave (cw). The experimental normalized thermal resistances (R L*),
show that the use of Au/Au wafer bonding optimizes the heat dissipation. Comparison with
surface-plasmon based THz QCLs, demonstrates that the use of metal-metal wafer bonding can
allow cw operation at progressively higher temperatures. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2220546]

The recent demonstration of far infrared
GaAs/Aly 5GaggsAs quantum cascade lasers' (QCLs) has
increased significantly the interest in the THz frequency
range, and a variety of components and applications is fuel-
ing a rapid progress in this previously underdeveloped spec-
tral region. Increasing the maximum continuous wave (cw)
operating temperature of THz QCLs would be highly attrac-
tive for a wide range of technological applications. However,
one important limit for the thermal performance of THz
QCLs is the rather high value of the thermal resistance
(15-25 K/W), that is determined by the following factors:
(i) the large number of interfaces (1500-2000); (ii) the large
active region thickness (>12 um); (iii) the low thermal con-
ductivity of the Al ,5GagssAs alloys; (iv) the thermal cou-
pling between the active region and the heat sink via the
waveguide and mounting configurations.

The development of a low-loss waveguide was critical
for the realization of THz QCLs due to the dominant free
carrier absorption that grows significantly at longer wave-
lengths. To date, two types of optical waveguides have been
implemented, namely, the surface-plasmon (sp),l’2 and the
metal-metal (m-m) waveguides.” Both these schemes have
also been demonstrated in a buried waveguide geomc:ztry.4

In this letter we focus on THz QCLs based on m-m
waveguides and fabricated with different wafer bonding
techniques. Double metal waveguides possess potentially ex-
cellent optical properties, due to a mode confinement factor

YBlectronic mail: vitiello@fisica.uniba.it

Electronic mail: scamarcio@fisica.uniba.it

“Present address: Matériaux et Phénomenes Quantique Laboratory, Univer-
sité Paris 7, 75251 Paris Cedex 05, France.

0003-6951/2006/89(2)/021111/3/$23.00

89, 021111-1

I'~1, however, the fabrication of devices with adequate
thermal and mechanical properties is strictly related with the
wariness during the metal bonding. In particular, we shall
show how the careful choice of the metal sequence used for
the reactive bonding may lead to a considerable improve-
ment of the device thermal performance. Finally, we com-
pare our results with those obtained on sp based THz QCLs.

In this work we investigated a set of m-m waveguide
THz QCLs based on the same active region design, and fab-
ricated with Au/Au (sample A) or In/Au (sample B) wafer
bonding. The conduction and valence band structure of a
single period of the active region, calculated at the threshold
for lasing are shown in Fig. 1. The quantum design is based
on a bound-to-continuum scheme where a miniband is used
for the depopulation of the lower laser level via e-e scatter-
ing, while the upper state is designed to fall inside a minigap
leading to a diagonal laser transition at v=2.9 THz.

The 11.57 um GaAs/Alj 5Gay gsAs thick active region,
composed by 90 periods, was grown by molecular beam ep-
itaxy (MBE) between upper (80 nm thick) and lower
(700 nm thick) GaAs layers doped to n=5X 10" cm™ and
n=2x10'8 cm3, respectively. In both samples only a Ti/Au
(~20 nm/200 nm) layer was deposited on top of the wet
etched laser bars. A 1 mmX59 um double metal device
(sample A) was bonded to a n* GaAs substrate using a
500 nm thick Au bond layer at ~320 °C, while a 0.89 mm
X 53 um m-m device (sample B) was bonded to the same
substrate with a In/Au (1500 nm/500 nm) layer at 250 °C.
Devices were then indium bonded to copper holders and
mounted on the cold finger of a He flow microcryostat. The
cw current-voltage and light-current characteristics measured
as a function of the heat sink temperature are plotted in Figs.
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FIG. 1. Conduction (a) and valence (b) band structures of one period of the
active region calculated using a self-consistent Schrodinger-Poisson solver
at 30 mV per stage, with a 66% conduction band offset. Starting
from the injection barrier, the layer sequence of one period, in
nanometers is (from right to left): 3.8/14.0/0.6/9.0/0.6/15.8/1.5/
12.8/1.8/12.2/2.0/12.0/2.0/11.4/2.7/11.3/3.5/11.6. AlGaAs layers are
shown in bold, and the underlined GaAs wells are n doped at 1.6
X 10'¢ cm™3. The shaded area M, and M, represents the lowest energy and
the second minibands, respectively. The wave function square modulus of
the excited laser state is labeled as b. (c) and (d) Voltage and emitted power
as a function of current measured in cw at different heat sink temperatures,
for samples A (c) and B (d).

1(c) and 1(d) for samples A and B. The maximum collected
peak power was 300 uW at 4 K for sample A. The photolu-
minescence spectra were obtained by focusing the 647 nm
line of a Kr* laser onto the laser facet down to a spot of
~2.5 pum, using an optical power density ~200 W/ cm?2.°
Figures 2(a) and 2(b) show the PL spectra of samples A
and B collected under zero pumping current conditions. Each
spectrum shows a main band that corresponds to band-to-
band transitions between levels in the injector miniband M,
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FIG. 2. Representative photoluminescence spectra of samples A [(a) and (c)]
and B [(b) and (d)] measured at device off [(a) and (b)] and at P=0.6 W [(c)
and (d)], at Ty=45 K. The arrows labeled with M; mark the energies of the
transitions between levels in the conduction minibands (M j) and valence
subbands [see Figs. 1(a) and 1(b)]. The arrows marked with by and by
indicate the heavy-hole and light-hole exciton peaks.
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FIG. 3. (a) Peak energy E, of the PL band labeled with M, plotted as a
function of P for samples A (@) and B (V). The lines are guides for the eye.
(b) P, peak energy (E,) calibration curve of sample A obtained as described
in the text. The calibration curve of sample B is identical.

where the vast majority of electrons sits, and valence sub-
bands. In Figs. 2(c) and 2(d) we report the PL spectra col-
lected for samples A and B at an electrical power P=0.6 W.
Each spectrum redshifts with P due to the induced Joule
heating effect. While the PL band associated with the injector
miniband M is still present, additional structures appear on
its high energy tail. The two peaks labeled with at byy and
by in Figs. 2(c) and 2(d) are ascribed to the heavy-hole
(HH) and light-hole (LH) excitons arising from the excited
level b when populated by tunnel injection.7’8 The energy
splitting between by and by is 8.3 (9.3) meV for samples
A (B), i.e., ~1.3 (~2.3) meV higher than what expected in
the 14.0-15.8 nm wide GaAs quantum wells,” in which
level b mainly extends. The measured increase of the
HH-LH splitting is expected and ascribed to the residual
strain g, incorporated at the interfaces as a result of the ther-
mal strain (g,) associated with the In/Au and Au/Au wafer
bondings. From the measured byy and by i PL bands we get
the values g,~8.0X 10°° and g,~73X 1070, respectively,
for samples A and B."° Finally, the broad high energy band
labeled with M, in Figs. 2(c) and 2(d) is ascribed to transi-
tions involving conduction subbands confined in the active
region upper miniband (M,), progressively populated with
the applied electric field.

The redshift of the PL band M, of Fig. 2 as a function of
P can be used as a thermometric property to extract the de-
vice local lattice temperature (7). Figure 3(a) shows Ep
plotted a function of P for samples A and B. The difference
in the measured slopes is ascribed to the stronger electric-
field effect calculated for sample B that is ~3 times larger
than that measured for sample A. By probing the device at
zero-current while varying the heat sink temperature 7 we
have determined the PL peak position as a function of 7},
thereby obtaining the calibration curve in the active region of
the investigated devices. The calibration curve measured for
sample A is plotted in Fig. 3(b). We measured an identical
curve for sample B thus demonstrating the excellent repro-
ducibility of the MBE growth. The rather strong temperature
dependence of the PL peak energy at temperatures above
80 K (dE,/dT~0.25 meV/K) allows a temperature resolu-
tion ~0.5 K. The local temperature of the laser facet was
extracted by comparing the shift of the PL peak against the
measured calibration curve, taking into account the electric
field effect.

The measured 7, values are plotted in Figs. 4(a) and
4(b), respectively, for samples A and B together with the
electronic temperatures of the lower (Ti” ') and upper (Tleuz)
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FIG. 4. Mean lattice temperature 7, (H) and miniband electronic tempera-
tures 71 (@), T2 (V) measured in the active region of the investigated
device as a function of P, at Ty=45 K for samples A (a) and B (b). The lines
are linear fits to the data. The shaded areas mark the lasing region.

active region minibands. The latter values have been ex-
tracted by fitting calculated PL curves to the experimental
ones using a similar procedure discussed in Refs. 7 and 1.2
71 and TY! are coincident within ~3 K and increase lin-
carly with P with a slope R“W=423 K/W and R”
=51.3 K/W significantly larger than the respective thermal
resistances R\ =dT,/dP=21.9 K/W and R\"'=25.5 K/W.
We performed a similar study on a THz QCL based on the
same gain medium quantum design of samples A and B and
processed with a sp waveguide5 (sample C) and measured
the values R\”'=17.3 K/W and R'”'=23.2 K/W.

To compare the thermal properties of the investigated
QCLs we have calculated the normalized thermal resistance
R;=R, X S/d, where S and d are the device area and the
active region thickness. The results are reported in Table I.
The comparison among samples A—C shows that, in the case
of sample C, despite the lower thermal resistance mainly due
to the significantly larger ridge area typically employed in
the fabrication of sp THz QCLs, the Rz value is ~4 and 3.4
times larger than that measured for samples A and B. Our
results indicate that although the maximum cw operating
temperatures of the investigated bound-to-continuum THz
QCLs are identical,” the use of m-m waveguides is advanta-
geous to improve the device thermal management. This be-
comes much more relevant at operating temperatures 7T
>100 K where the Au thermal conductivity is significantly
higher than GaAs. Furthermore, the comparison between
samples A and B show that the use of Au/Au interfaces
decreases the device R, value leading to a better heat dissi-

TABLE I. Comparison between the thermal resistances R; and the param-
eter RZ:RL X S/d of a set of investigated THz QCLs, classified on the base
of the emission frequency (v) and waveguide configuration.

v R, R,"=R; X S/d
Sample (THz) Waveguide (K/W) (KX cm/W)
A 2.9 m-mAu/Au 21.9 9.4
B 2.9 m-m In/Au 255 11.0
C 2.9 sp 17.3 37.4
D* 3.2 m-m In/Au 18.6 12.7
E* 2.8 m-mCu/Cu 253 7.4
F° 25 sp 20.1 36.9
G° 2 sp 15.6 27.8

“Reference 11.
"Reference 7.
“Reference 13.
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pation during cw operation. This can be explained by the
higher conductivity of Au with respect to In and also consid-
ering that the quality of the In/Au bonding is highly limited
from the more difficult adhesion of the metal on the substrate
with respect to the Au/Au wafer bonding. In the latter case,
we used a Ti layer evaporated prior to the gold acting as a
wetting layer and assuring that the gold layer adheres very
well to the substrate. These findings are confirmed also by
previous experimental reports on THz QCLs."" We show in
Table I the R, values measured on resonant-phonon THz
QCLs processed with In/Au (sample D) and Cu/Cu (sample
E) m-m Waveguides.ll In particular, sample E shows the
lowest value thanks to the higher Cu thermal conductivity. In
Table I are also reported the R, and R, values obtained for a
bound-to-continuum THz QCL processed with sp waveguide
and based on a different active region scheme’ (sample F)
and for a GaAs/ Al ;GageAs THz QCL (sample G)."* The R,
value measured for sample F is similar to that of sample C,
thus confirming the advantage to wuse double metal
waveguides to improve the device thermal management. For
sample G we obtained a R, value ~1.2/1.3 times lower than
that of samples C and F. This reduction can be explained
considering that a lower Al mole fraction allows the use of
thicker barriers, thus reducing interface roughness scattering
and increasing the active region thermal conductivity.14
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