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Mode loss spectra in THz quantum-cascade lasers
with gold- and silver-based double metal waveguides

D.V. Ushakov, A.A. Afonenko, A.A. Dubinov, V.I. Gavrilenko,
I.S. Vasil’evskii, N.V. Shchavruk, D.S. Ponomarev, R.A. Khabibullin

Abstract. Spectra of the waveguide loss coefficient for THz radia-
tion of a quantum-cascade laser with a gold- and silver-based dou-
ble metal waveguide (DMW) are calculated based on the measure-
ments of resistivity of the metals for different temperatures. It is
shown that, taking into account the absorption of THz radiation by
free carriers and optical phonons, the spectrum of total mode losses
has a broad minimum in the range of 3—6 THz, which shifts to
higher frequencies with increasing temperature. The minimum
losses in the Au-based waveguide increase from 8 to 27 cm™! as
temperature increases from 100 to 300 K. The use of an Ag-based
DMW makes it possible to decrease the losses by 2—4 cm™! com-
pared to the Au-based DMW.

Keywords: double metal waveguide, loss coefficient, quantum-cas-
cade lasers, terahertz region.

1. Introduction

Most efficient operation in the THz region is demonstrated
by quantum-cascade lasers (QCLs) with a double metal wave-
guide (DMW) having an active region sandwiched between
two metal layers [1]. The optical confinement factor in these
waveguides is I' ~ 1, which is considerably higher than in
plasmon waveguides (I" ~ 0.3), which efficiently operate in
mid-IR QCLs. However, QCLs with DMWs are difficult to
fabricate [2] and require preliminary theoretical and experi-
mental investigations of the behaviour of the dielectric con-
stant and loss coefficient of both metals and semiconductors
in the THz spectral region [3].
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To develop more efficient working schemes of QCLs and
a more elaborate design of THz waveguides, one needs infor-
mation about losses in THz QCLs in wide temperature and
frequency ranges [4]. For example, the use of Cu claddings for
a DMW allowed one to decrease the losses and increase the
maximum working temperature of pulsed THz QCLs approxi-
mately to 200 K [5]. In addition, it was shown that losses in
these QCLs play an important role in the intrinsic frequency
tuning [6].

The aim of the present work is to study the spectra of
mode losses in THz QCLs with gold- and silver-based DM Ws.
Of special interest are THz lasers with a DMW based on sil-
ver, because this metal has higher electric and thermal con-
ductivities than gold and copper, which should lead to lower
losses in Ag-based waveguides. In addition, the use of Ag as
one of the waveguide claddings was successfully demon-
strated for IR [7] and THz [3] QCLs.

2. Dielectric constant of DMW claddings

The dielectric constant of metals in the THz spectral region is
usually described according to the Drude model as
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is the plasma frequency, n is the free-electron concentration, e
is the electron charge, m is the effective electron mass, ¢ is the
vacuum dielectric constant, and y4 is the damping parameter.
The values of hw, were calculated to be 9.02 eV for Au and
8.98 eV for Ag, which well agree with the data of [8]. The
available data on the parameter y4 widely vary in the litera-
ture [§—11] and depend on the considered frequency range
and the metal film deposition temperature. This parameter is
directly proportional to resistivity p, i.e.,

yq = neplm. (3)

Thus, to determine vy, it is necessary to experimentally mea-
sure the resistivity of metal claddings as a function of tem-
perature [9, 10]. For this purpose, we resistively deposited
Ti/Au (30/1000 nm) and Ti/Ag (30/1000 nm) layers on a
semi-insulating GaAs substrate in a vacuum chamber with
technological regimes used for fabricating THz QCLs [2, 12].
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The obtained samples were cleaved along crystallographic
axes into square pieces with dimensions ~1 x 1 cm, and
then their resistivity (p = 1/0) was measured by the Van der
Pauw method within the temperature range from 4.2 to
300 K.

Figure 1 presents the experimental dependence of resistiv-
ity p on temperature 7 for Au and Ag films. The resistivity of
Agat T=300 K (2.18 uQ cm) is 1.5-fold lower than the resis-
tivity of Au (3.25 pQ cm). The measured p for the Au and Ag
films are higher than the values obtained for bulk samples of
these metals, which is related to a larger contribution from
surface scattering [13].
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Figure 1. Temperature dependences of resistivity p for Au and Ag films
[points present experimental data, solid curves belong to calculation by
Griineisen formula (4), and dashed curves correspond to calculations
based on simplified formula (5)]. The inset shows the temperature de-
pendences of damping energy fyy for Au and Ag films.

The obtained temperature dependences of resistivity allow
one to determine the Debye temperature 7p using the
Griineisen formula [9]

x’dx

PA(T) =po+ £ f(e e (4)
where pyand p,; are the residual and characteristic resis-
tivity and 7' = Tp/T is the reduced temperature. One can see
from Fig. 1 that the experimental data well coincide with the
theoretical curves at 7Tp = 160.0 K for Au and 220.6 K for
Ag. The found Tp well agree with the literature data for
bulk metals, which are 178 and 221 K for Au and Ag, respec-
tively [14].

Taking into account the dominant role of the phonon
scattering mechanism, the temperature dependence of the
resistivity can be described by the simplified formula

PT) =pot i (5)

where T, is the characteristic temperature. Calculation by
formula (5) also yields good agreement with the experimental
data (see Fig. 1). Taking into account the linear relation
between the resistivity and the damping energy, we find from
formula (3)

Yai i (6)
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where 4o and yy4; are the residual and characteristic damping
parameters, respectively.

The approximation parameters in formulas (5) and (6)
were found based on root-mean-square error minimisation
and are presented in Table 1. Calculations by formula (6) (see
the inset in Fig. 1) show that damping energy hyy for Au is
14.3 meV at 7= 100 K and 25 meV at 7= 200 K and almost
linearly increases with increasing temperature with a factor
fiyai/Ti, = 0.107 meV K~!'. The damping energy for Ag is
hyq = 7.5 meVat T=100 K and 15.7 meV at 7= 200 K and
increases with temperature with fiyq /Ty, = 0.080 meV K-'.

3. DMW cladding loss coefficient

The results of calculations of the loss coefficient at the Au and
Ag layers () based on formulae (1), (5), and (6) are pre-
sented in Fig. 2. One can see that the loss coefficient increases
with increasing frequency and temperature. In particular, at a
frequency of 3 THz and temperatures of 50, 100, 150, 200,
250, and 300 K, the coefficient a,,, for Au DMW layers is
equal t0 3.3,4.9,6.3,7.6, 8.7, and 9.8 cm™!, respectively, while
this coefficient for Ag layers at the same frequencies and tem-
peraturesis 1.4,2.7,4.1,5.3, 6.4, and 7.4 cm™!. Figure 2 shows
that the losses at Ag layers at 250 K are close to the losses at
Au layers at 150 K for the entire considered frequency region.
Thus, the use of silver for DMW wafers allows one to decrease
the ¢, by more than 2 cm™" and increase the maximum ope-

Figure 2. Dependences of loss coefficient at claddings of Au- (solid
curves) and Ag-based (dashed curves) DMWs on frequency v at tem-
peratures from 50 to 300 K.

Table 1. Parameters used to calculate the dielectric constant and resistivity of Au and Ag films.

Metal nfem3 N Y poluQ cm p1/uQ cm fiyqo/meV fiya1/meV T../K
Au 5.9% 1022 9.02 0.51 0.40 5.6 4.3 40.2
Ag 5.85 % 10?2 8.98 0.14 0.48 1.5 5.2 62.3
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rating temperature of THz QCLs compared to the laser based
on a DMW with gold claddings.

4. Total loss coefficient in a THz QCLs
with a DMW

The total loss coefficient, which includes losses at the DMW
claddings, at cavity mirrors, and due to absorption by optical
phonons and free charge carriers, was calculated for a wave-
guide 10 um thick. In calculations, we considered the QCL
active region containing 228 cascades based on the resonance-
phonon design [15, 16]. One cascade consists of a sequence of
three GaAs quantum wells separated by Alj ;5GajgsAs bar-
rier layers [17, 18]. The QCL active region is sandwiched
between two n* GaAs contact layers 50 nm thick with a dop-
ant concentration of 5 x 10" cm™.

The waveguide characteristics were calculated for the TM
mode with the use of the numerical solution of the waveguide
equation for the nonzero magnetic field component H, taking
into account the relation with the E, and E. electric field com-
ponents:

oH, 2
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At the interfaces of layers, the conditions of continuity of tan-
gential components E, and E. are fulfilled.

The expression for the semiconductor dielectric constant,
which contains the phonon component and a term corre-
sponding to the absorption of light by free carriers, can be
presented in the form [19]
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For numerical calculations, the values of the background (g,),
low-frequency (g),y), and high-frequency (e,,) dielectric con-
stant components, optical phonon damping parameters (y©),
and absorption by free carriers (y§A) are taken from [19, 20].
The temperature dependence of the damping energy of semi-
conductor layers was calculated by the formula

Ye (T = m, 9)

where m, is the effective electron mass in the conduction
band of semiconductor layers and u(7) is the temperature-
dependent electron mobility. The dependence of the mobi-
lity on temperature and impurity concentration for GaAs/
Al,Ga,_,As layers was determined based on the experimental
data using interpolation formulas from [21].

In addition to waveguide mode losses, we took into
account the losses due to reflection from mirrors. Due to the
long QCL wavelength (~100 um) compared to the waveguide
thickness (~10 um), coupling out of radiation is hindered,
and the reflection coefficient is close to unity. The losses for a
cavity 1 mm long and reflection coefficient R = 0.9 were 1 cm™.

Numerical calculations (Fig. 3) show that the loss coeffi-
cient @ nonmonotonically changes with frequency. In the low-
frequency range (v < 3 THz), the losses increase due to

absorption of light by free carriers, while the increase in losses
in the region with v > 6 THz is caused by the resonance
absorption by TO phonons fiwro = 33.5 meV. As is seen
from Fig. 3 that the loss coefficient @ increases with increasing
temperature. In addition, an increase in temperature leads to
a sharp increase of ¢ in the high- and low-frequency regions.
The spectrum of total losses has a broad minimum in the
range of 3—6 THz.

afem™

Figure 3. THz spectra of the loss coefficient in QCLs with DMWs
based on Au (solid curves) and Ag (dashed curves) at different tempera-
tures. The inset shows the loss coefficient components for a QCL with
an Ag-based DMW at 7'= 100 K related to the absorption of light by
free carriers ( /), by optical phonons (2) and in metal claddings (3), as
well as the total loss coefficient (4).

Table 2 lists minimum « and corresponding frequencies
for THz QCLs with Au- and Ag-based DMWs for different
temperatures. An increase in temperature from 50 to 300 K
leads to an increase in minimum losses from 4.8 to 27.0 cm™
for Au layers and from 2.7 to 23.4 cm™! for Ag layers. At the
same time, the contribution of the DMW absorption changes
from 73% to 48% in the case of Au layers and from 52% to
39% for Ag layers. The presented data indicate that the use of
Ag-based DMWs allows one to decrease losses by 2.1, 2.4,
3.0, and 3.6 cm™! at 7= 50, 100, 200, and 300 K, respectively,
in comparison with the Au-based DMW.

Table 2. Positions of minimum « in the THz spectrum of QCLs with
Au- and Ag-based DMWs at different temperatures.

Au Ag
T/K v/THz afem™ T/K v/THz afem™!
50 3.8 4.8 50 4.0 2.7
100 4.3 8.2 100 4.5 5.8
200 5.0 16.6 200 5.1 13.6
300 5.3 27.0 300 54 234

It should be noted that, as temperature increases from 50
to 300 K, the minimum « shifts to higher frequencies, namely,
from 3.8 to 5.3 THz for Au-based DMWs and from 4.0 to
5.4 THz for Ag-based DMWs. Thus, the use of silver for
DMW claddings makes it possible to increase the efficiency
and improve the temperature characteristics of THz QCLs
emitting at frequencies exceeding 4 THz.
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