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We report on microwave impedance measurements of metal-metal ridge-waveguide terahertz
quantum cascade lasers. Experimental data, recorded at 4 K in the 100 MHz—55 GHz range, are well
reproduced by distributed-parameter transmission-line simulations, showing that the modulation
cutoff is limited by the propagation losses that increase for higher microwave frequencies, yielding
a 3 dB modulation bandwidth of ~70 GHz for a 1 mm-long ridge. By using a shunt-stub matching
we demonstrate amplitude modulation of a 2.3 THz QCL up to 24 GHz. © 2010 American Institute

of Physics. [doi:10.1063/1.3284518]

The modulation of terahertz (THz) radiation has recently
attracted a great deal of attention.'™ In this context THz
quantum cascade lasers (QCLs) are promising devices,
thanks to their short nonradiative- and stimulated-lifetimes in
the picosecond range, potentlallg/ giving access to extremely
large modulation bandwidths.

Recently, using a lumped-element approach, we have re-
ported the amplitude modulation up to 13 GHZ of a 3 mm-
long, metal-metal waveguide 2.8 THz QCL.* In order to fur-
ther extend the radio frequency (RF)-modulation capabilities
of THz QCLs, a more accurate approach to better quantify
the amount of microwave power injected in the devices must
now be considered. THz meta-metal waveguides (MMWs)
are good candidates for high frequency RF-modulation.*” In
fact, as shown in Figs. 1(b) and 1(c) their topology is very
similar to that of microwave thin-film, microstrip transmis-
sion lines, where an insulating, semi-infinite dielectric, is
sandw1ched between a ground plane and a top metallic
strlpe Still there are two important differences: the first
arises from the fact that in a THz QCL MMW the dielectric
consists of a doped GaAs/Al,Ga;_,As heterostructure, and
the second from the fact that the latter is etched away on both
sides of the top contact to form a ridge [see Fig. 1(b)]. Both
these features are essential for the operation of these electri-
cally pumped semiconductor lasers in order to (i) guarantee a
sufficiently high vertical conductivity, and to (ii) avoid lat-
eral spreading of the current. At the same time they have an
important impact of the microwave attenuation and propaga-
tion, thus determining the modulation properties of THz
QCLs. In this work, we have addressed this issue by mea-
suring the transmission and reflection coefficients in the mi-
crowave range (S-parameters) of MMW THz QCLs emitting
at 2.3 THz.

The devices used in this work are based on the
GaAs/Aly,GaygAs active region presented in Ref. 9, and
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have an emission frequency of 2.3 THz. The active region is
sandwiched between 80 and 600 nm-thick top and bottom
GaAs contact layers, n-doped at levels of 5% 10'® and 2
X 10" cm™. The average doping level of the active region
is 3X 10" cm™. MMWs were fabricated following the tech-
nique used in Ref. 10 (see Fig. 1 for dimensions). 16 um
thick and 61 um wide ridges were cleaved into laser bars up
to 4 mm-long and In-soldered onto copper holders screwed
on the cold head of a continuous-flow He cryostat. For all the
measurements in this work, the QCLs were operated in con-
tinuous wave at a heat sink temperature of 4 K.

In Fig. 2 we report representative experimental (1
—|S11%) plots in the 0.1-55 GHz range for a 2.65 mm-long
(top panel) and a 1 mm-long ridge (bottom panel). Measure-
ments were performed at 4 K with the help of a vectorial
network analyzer (Agilent PNA E8361A) coupled to a 50 ()
coplanar probe that was positioned at one end of the ridge
with the other end left open-ended [see the schematic in Fig.
1(a)]. The analyzer was calibrated, thanks to alumina copla-
nar standards placed close to the samples. The lasers were
first operated at current densities of 140 and 120 A/cm?,

Top metal contact
Network | _
analyser 2.65(1.06)mm
(a) /

Ground plane’

1.0 ; l 2.3THz . 53um 20GHz
| 1 53
O.SH

¥
0.0

(b) [t ©

FIG. 1. (Color online) (a) Schematic of the experimental setup where a
50 ) coplanar probe connected to a network analyzer is positioned over the
THz QCL contacts. The QCL is 2.65 (1.06) mm-long and is driven at 4 K.
[(b) and (c)] computed two-dimensional mode intensity profiles |E,(x,y)[*
along the section of the waveguide at 2.3 THz (b) and 20 GHz (c). E. is the
z-component of the electric field, and the xy-plane is the plane of the laser
facet. The light orange horizontal lines represent the top metal contact and
the ground plane.

© 2010 American Institute of Physics
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FIG. 2. (Color online) Measured (black solid line) and simulated (red
dashed line) (1—|S;|?) plots in the 0.1-55 GHz range for a 2.65 mm-long
(top panel) and a 1.06 mm-long (bottom panel) ridge, driven at current
densities of 140 and 120 A/cm? respectively. Inset: Voltage/current charac-
teristic of the 2.65 mm-long ridge at 4 K. The vertical dashed line indicates
the laser threshold (270 mA — 160 A/cm?).

respectively, i.e., just below the threshold for lasing, of
160 A/cm?. Pronounced oscillations corresponding to the
QCL cavity Fabry—Perot (FP) resonances are clearly visible,
up to the fourth order for the 2.65 mm ridge and up to the
first order for the 1 mm-long one. These oscillations are a
consequence of the fact that the QCL is mismatched at each
end, its characteristic impedance being different from 50 ().
The decrease in the oscillation amplitude with increasing fre-
quency indicates the presence of attenuation. To estimate the
value of this attenuation we have fitted the experimental
curves using a transmission line model, where the shunt
conductance per unit length, G=3 X 1072 S/mm, is obtained
by dividing the experimental differential conductance of
the devices at the operating point by the device length. For
the series resistance per unit length we assumed a
\’f—dependencg, where f is the microwave frequency.8 This
leads to a \s‘f-dependence of the attenuation coefficient,
which is consistent with the low frequency limit of free-
carrier absorption derived from the Drude conductivity.“
The dashed lines in Fig. 2 represent the obtained curves,
from which we extract the following distributed parameters:
L=1.6X10""" H/mm, C=1.3%X10""2 F/mm, and R=4.5
X 10‘5\6‘ Q/mm."

In Fig. 3, we report the microwave attenuation (left axis)
and the effective index (right axis) derived from the distrib-
uted parameters. As shown by the dashed lines the attenua-
tion is the sum of the following two contributions: (i) a vir-
tually frequency independent component due to the shunt
conductance (dotted-dashed line) and (ii) a \f-dependent
contribution stemming from the series resistance (dotted
line). We note that at 50 GHz the latter is approximately 15
times higher than the surface resistance of Au at 4 K com-
puted by taking into account the anomalous skin effect.”
This shows that in our structure the attenuation is dominated
by absorption in the contact layers and in the lightly doped
QCL active region rather than in the metal contacts. In this
respect, we note that the discrepancies in the oscillations
amplitudes of Fig. 2 between the data and the fit, could be
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FIG. 3. (Color online) Microwave attenuation (black curve, left axis) and
effective index (red curve, right axis) derived from the distributed param-
eters. As shown by the dashed lines the attenuation is given by the sum of
two contributions: (i) a virtually frequency independent_component due to
the shunt conductance (dashed-dotted line) and (i) a f-dependent contri-
bution stemming from the series resistance (dotted line).

the result of deviations from the v/j—f dependence of the clas-
sical Drude conductivity due to low temperature localization
into the donor states of the heavily doped contact layers. By
defining the 3 dB modulation cutoff as the frequency at
which the modulating voltage integrated over the total device
length has dropped by a factor 1/+2, from Fig. 3 we obtain 3
dB bandwidths of ~4 and 70 GHz for the 2.65 and 1.06
mm-long ridges, respectively. The latter is approximately
equal to the intrinsic 3 dB cutoff of the QCL active region,
that we estimated using a two-level rate equation model with
an emitted power in the 0.5-1 mW range.4’6

We have taken advantage from the knowledge of the
impedance of the QCL to realize high-frequency, narrow-
band matchings at ~19 and 24 GHz, i.e., close to the high
frequency limit of our microwave circuit. These were ob-
tained by mounting the lasers at the end of a 50
microstrip-line in parallel to a shunt open-stub.8 In Fig. 4, we
report the results of the 19 GHz matching, yielding intense
modulation sidebands in the emission spectra of a single-
mode, 4 mm-long, 2.3 THz QCL modulated between 18 and
21.5 GHz, using 13 dBm of microwave power from an RF
generator (see the caption of Fig. 4 for experimental details).
The inset shows the spectra resulting from the 24 GHz
matching applied to a 1.5 mm-long, single mode lase. Side-
bands are clearly visible between 24 and 24.7 GHz, the high-
est modulation frequencies reported to date for a QCL. In
this case 20 dBm of microwave power were needed since we
are close the high-frequency end of our microwave apparatus
(cables and connectors).

In Fig. 5, two (1-[S,,|?) plots for the 2.65 mm device of
Fig. 2 (top panel) are reported below and above the laser
threshold. Above threshold we observe the presence of pro-
nounced sharp peaks in correspondence to the maxima of the
microwave FP resonances.”> To investigate their origin we
have recorded several THz emission spectra of the QCL
above threshold with a Fourier transform spectrometer, as
well as RF spectra of the bias voltage across the device with
the help of a microwave spectrum analyzer. Both spectra (not
shown) confirmed that the peaks of Fig. 5 result from the
beating of the longitudinal THz FP modes of the QCL.]6 To
a first approximation these are separated by multiples of the
cavity THz round-trip frequency, fry =(2na L) (cm™),
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FIG. 4. (Color online) Spectra in Log,, scale from a 4 mm-long, 2.3 THz,
MMW QCL, amplitude modulated at frequencies between 18 and 21.5 GHz,
with an RF power of 13 dBm. Without modulation the QCL is single mode.
The THz spectra were up-converted at 1.55 um and measured with a high
resolution optical spectrum analyzer using the technique described in Refs. 4
and 14. Inset: Spectra in linear scale of a 1.5 mm-long, 2.3 THz, MMW
QCL, amplitude modulated at frequencies between 24.0 and 24.7 GHz, with

an RF power of 20 dBm. Spectra were collected with a Fourier transform

spectrometer with a resolution of 0.25 cm™.

where ngHZ is the THz group effective index and L the cavity

length. The fact that fgr” is coincident with the maxima of
the microwave FP oscillations positioned at multiples of
o =(2nS L) (cm™"), where nJH” is the effective index of
the gigahertz (GHz) mode, is not trivial. We believe that this
is the result of two effects. On the one hand, a self seeding
effect is present that pulls the roundtrip frequency of the
QCL in proximity of the microwave FP resonance peaks

even without external RF power.'” On the other hand ngt

Ensflfh, i.e., the microwave is propagating at a speed that is
close to that of the THz envelope. To investigate this hypoth-
esis, in the Inset of Fig. 5 (blue line) we report the computed
group effective index at 2.3 THz as a function of ridge width
using a home-made finite difference code developed by us.
The refractive index of the doped GaAs layers was computed
using the Drude conductivity, with e,=13.3 and a scattering

time in the range 0.1-1 ps.1 The red line in the inset reports

0.75

o
n

0.50

14s, [’

——n " at2.3THz
—n,, > at 20GHz

Refractive Index
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)

»
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0.25

20 40 60 80 100120140
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FIG. 5. (Color online) Measured (1-|S;,|?) plots in the 0.1-55 GHz range
for the 2.65 mm-long device at current densities of 250 mA (below thresh-
old) and 330 mA (above threshold), respectively. Inset: Computed group
effective index at 2.3 THz (nEH‘, blue line) and effective index at 20 GHz

(nS¥, red line) as a function of the ridge width.
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instead the microwave effective index computed using a
commercial code (COMSOL Multiphysics®) at f=20 GHz.
Here the choice of ¢, for doped GaAs is much more critical
as the literature provides very sparse experimental values.'®
Moreover, the latter is heavily dependent on the choice of the
scattering time since f is much smaller than the plasma fre-
quency. We have therefore adopted the phenomenological
approach of introducing an effective bulk permittivity of 25,

giving the experimental value of nSf?Z derived from the po-

sitions of the FP resonance maxima of Fig. 5 (nS*~4.3, see

also Fig. 3)." As shown in the Inset of Fig. 5 the ng and

ng}flf'lz curves have opposite slopes and intersect for a ridge

width of ~50 um, corresponding to ng “=nSH*=4.1, which
is 5% off with respect the experimental value of néﬂz’=V4.3.
We believe that this discrepancy is within the precision of
our modeling and experimental data; what must be retained

here, is that the condition ng “=nSi” is effectively deter-

mined by the width of the ridge. Although not directly rel-

evant for the modulation bandwidth of THz QCLs, this THz-

GHz “phase matching” could be exgloited for the realization
. 0

of THz traveling-wave modulators.
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