Influence of adhesion layers on optical losses
in THz quantum cascade lasers
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Abstract: For a GaAs/AlGaAs terahertz (THz) quantum cascade laser (QCL) with a double
metal waveguide (DMWG) based on Au and Cu metal plates and 7i and 7a adhesion layers, the
dumping parameters and THz mode loss spectra were calculated. It has been shown that to
minimize losses in high-temperature DMWG QCL designs, it is advisable to use 77 less than
5 nm thick or Ta less than 10 nm thick as adhesion layers for Au. The use of the proposed
waveguide with a thickness of 20 um will lead to the creation of a room temperature THz QCL.

1. Introduction

Currently, QCLs are most developed and widely used among THz compact semiconductor
sources needed for a fairly wide range of tasks [1, 2]. THz QCLs have made significant
progress, both in their power and operating temperatures [3, 4]. The double metal waveguide
(DMWG) design, in which the active region is placed between two metal layers, has proven to
be effective for THz QCLs [5]. The optical confinement factor in such waveguides is I'~1,
which is significantly higher than in plasmonic waveguides (I'~0.3), which operate effectively
even for mid-IR QCLs [6]. Typically, gold (4u), copper (Cu) and, more rarely, silver (4g) are
used as metal contacts [7-9]. Information on THz QCL losses over a wide range of temperatures
and frequencies is needed to develop more efficient QCL operating circuits and optimized THz
radiation waveguide design [8—12]. For example, the use of Cu as DMWG plates made it
possible to reduce losses and increase the maximum operating temperature of THz QCLs in
pulsed mode to ~210 K, which made it possible to use only Peltier elements for cooling [13].
However, noble metals cannot be applied directly to the surfaces of semiconductors due to poor
adhesion and the possibility of solid-state diffusion between the semiconductor and the noble
metal during high-temperature processes. Therefore, an intermediate metal is applied, which
functions as a firmly attached adhesive layer and a diffusion barrier. A typical adhesion layer
for Au is titanium (7%) and for Cu is tantalum (7a). However, the latest records for operating
temperature were set on QCLs with Au plates with an adhesive layer of Ta [3, 4]. This work
examines the influence of the thickness and material of adhesion layers on the mode loss spectra
of THz QCLs for the frequency range 2 - 6.5 THz at temperatures close to room temperature.
The effect of waveguide thickness on losses was also calculated. These results are important
for the development of room temperature QCLs and QCLs emitting at frequencies above 6
THz.

2. Resistivity and attenuation parameter of metal layers

The dielectric constant of a metal in the THz region of the spectrum is usually described in the
Drude model:
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The value of the plasma frequency o, is found as:
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where 7 is the concentration of free electrons, e is the charge of the electron, m is the
effective mass of the electron and g is the dielectric constant in vacuum. The calculated values
of iw, were 9.02 eV for 4u and 8.98 eV for Cu, which is in good agreement with the work [10].
Literature data on the damping frequency o, vary greatly [10, 14-18] and depend on the range
of frequencies studied and the temperature of the metal film deposition technology. The
damping frequency ®, is directly proportional to the resistivity p:
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Taking into account the dominant role of the phonon scattering mechanism, the temperature
dependence of resistivity can be described by the simplified formula with characteristic
temperature 7,. [10]:

p
P(T)=po+—7— ).

Calculation using formula (4) gives good agreement with experimental data [10]. Taking
into account the linear relationship between resistivity and damping frequency, from formula
(3) we obtain:
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The approximation parameters in formulas (4—5) were found based on minimizing the mean

square error and are presented in Table 1.

Table 1. Parameters for calculating the dielectric constant of Au, Cu, Ti, Ta

n, 102 cm? | fiw,, eV Po, pQ-cm Py, pQ-cm liwyy, meV liw,;, meV T, K
Au | 591 9.02 0.514 0.396 5.6 4.3 40.2
Cu | 8.45 10.80 0.377 0.568 59 8.9 98.9
Ti 5.54 8.74 22.984 20.558 241.7 216.2 103.51
Ta | 5.67 8.84 0.0548 3.270 0.56 33.6 65.19

Practically interesting (when using Peltier elements) temperature dependences of the
resistivity of metal layers of Au, Cu, Ti and Ta are presented in Fig. 1a. The resistivity of Ti
layers increases from 52.5 to 75 pOhmxcm when the temperature changes from 200 to 300 K,
which is almost six times greater than that of Ta layers (8.6—-13.4 pOhmxcm). As can be seen
from Fig. 1b, the attenuation energy increases with increasing temperature and for the range of
200-300 K is: 25.3-36 meV (4u), 19.9-28.8 meV (Cu), 563.3-766 meV (Ti), 87.5-138.9 meV
(Ta).

Using the plasma and the damping frequencies in Table 1, the dielectric constants of the Au,
Cu, Ti and Ta bulk materials can be calculated using Eq. (1) at 200 K. The results are shown in
Fig. 2, and reveal larger absolute values of both the real/imaginary parts of the dielectric
constant in the 2-6 THz frequency range are: -1.2x10°— -6.6x10%/-3.6x10°-6.7x10* (4u), -
2.5x105— -1.2x10%/5.9x10°-9.2x10* (Cu), -247.7— -247.3/1.7x10%-5.6x10° (Ti), -9.8x103— -
9.2x10%/1.0x10°-3.2x10* (Ta).
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Fig. 1. Temperature dependences of resistivity p (a) and attenuation value %i®, (b) for various
metals.
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Fig. 2. Calculated real (a) and imaginary (b) parts of dielectric constants of Au, Cu, Ti, Ta films,
n*(doping 5x10'¥c¢m) and active QCL (doping 8.4x10'cm) layers at 200 K.

The active region of the QCL is sandwiched between two n"-GaAs contact layers. The
complex dielectric function of semiconductor layers was constructed as a superposition of three
damped harmonic oscillators corresponding to the AC- and BC-like phonon modes for ternary
alloys A «B«C and to the free carriers, respectively. Hence [19, 201]:
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where €., VLo,» V10> YL0,> YTO,> Vps> Yps T€PTEsent, in order, the high frequency dielectric
constant, the LO-,TO- phonon frequencies and the corresponding phenomenological damping
parameters, semiconductor plasma frequency and the damping parameters of free carriers. The
temperature dependence of the damping parameter of semiconductor layers was calculated with
the help of the expression: y,(T) = e/mu(T), where u(T) is the electron mobility as a function
of temperature. The dependences of the mobility on temperature and impurity concentration
for QCL layers were found on the basis of experimental data using interpolation formulas
according to Ref. [21]. The values m = 0.067 free electron mass, pow=10960-5634 cm?/V-s,
Uni= 2284-1617 cm?/V-s common to both GaAs quantum wells and n'-layers GaAs at the
temperature range of 200-300 K.

The main contribution to losses of the semiconductor is given by the absorption in GaAs n*
contact layers and Aly5GaggsAs/GaAs active region. The high frequency dielectric function,



GaAs- and AlAs-like mode frequencies and dumping parameters for Al,Ga; . As are
approximately given by Ref. [20, 22-24]. The dielectric function spectra for the n*-GaAs
contact and Alj;5Gag gsAs/GaAs active layers are also shown in Fig. 2.

3. Results of numerical calculations

Calculations of losses (a) in metal and semiconductor layers were carried out for the
fundamental TM mode based on the numerical solution of the wave equation for the non-zero
component of the magnetic field vector /,, taking into account the relationship with the £, and
E. components of the electric field, similar to the works [10, 11]:
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where B is the longitudinal component of the mode wave vector and a = 2 Im(J3). At the
boundary of the layers, the continuity conditions for the tangential components of the magnetic
vectors /1, and electric fields E. are satisfied.

The configuration of the symmetrical waveguide (Fig. 3) was chosen taking into account
the parameters: metal plates Au (Cu), 5-50 nm thick adhesion layers 7i (7a), 10 um thick
GaAs/AlGaAs QCL active region. Au/Cu thickness is essentially infinite.

The results of calculating the spectra of the loss coefficient amet on metal plates of 4u and
Cu for different thicknesses of 7i and Ta adhesion layers are presented in Fig. 3. As can be seen
from Fig. 4, the values of the loss coefficient increase with increasing frequency and
temperature. Interestingly, the 7i/4Au waveguide has a weaker dependence of the loss coefficient
on the thickness of the adhesion layers compared to Ta/Au and Ta/Cu. Calculations show, at a
frequency of 4 THz for a temperature of 300 K for adhesion layers in the range of 5-30 nm, the
losses were: 10.9-12.1 cm™ (Ti/Au), 11.2-14.4 cm™! (Ta/Au), 7.9-11.2 cm™! (Ta/Cu). Despite
the fact that the losses in 77 are significantly greater than in 7a, with the small thickness of these
metals, the electric field of the mode is mainly concentrated in Au, so the losses in both plates
are almost the same.
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Fig. 3. Scheme of QCL waveguide



Thus, to minimize losses in high-temperature DMWG QCL designs, it is advisable to use
Tior Ta < 10 nm thick as adhesion layers for Au. Compared to the 7i/Au and Ta/Au waveguides,
the losses in Ta/Cu waveguide is reduced by 2.6-3.3 cm™! in the 3—4.7 THz range.

The total loss coefficient, including losses on the metal plates of the waveguide, resonator
mirrors, absorption by optical phonons and free charge carriers, was calculated for a waveguide
with both the usual thickness of 10 um and double thickness (20 pm), which is often used to
create high-power lasers [25, 26], including those operating in continuous mode, but for
cryogenic temperatures. The calculations considered the QCL active region with a cascade
thickness of ~55 nm. One cascade was a sequence of 4 GaAs quantum wells separated by
Al 15GaggsAs barrier layers with an average concentration of 8.4x105 c¢cm™ or a layer
concentration of 4.6x10'® cm2. The active region is enclosed between 50 nm thick n™-GaAs
contact layers with a dopant concentration 5x10'® cm.
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Fig. 4. Loss spectra in metal plates 7i/Au (a), Ta/Au (b) and Ta/Cu (c) for different thicknesses
of 77 and Ta adhesion layers (numbers in nm to the right of the curves) at temperatures of 200
K (solid curves) and 300 K (dashed curves).
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Fig. 5. Spectra of total losses in metal plates 7i (5 nm)/Au, Ta (5 nm)/Au and Ta (5 nm)/Cu for
active region thicknesses of 10 pm (a) and 20 pm (b) at temperatures of 200 K and 300 K.

Fig. 5a shows that the minimum total losses in a waveguide with a thickness of 10 um and
adhesion layers of 5 nm increase from 23.7 cm™! to 38.2 cm! for 7i/Au waveguide and from
21.2 em™ to 34.9 cm! for Ta/Cu waveguide with increasing temperature from 200 K to 300 K.
The minimum is located around 4.7 THz. The use of a waveguide with a thickness of 20 pm
(Fig. 5b) significantly reduces the minimum total losses to 18 cm! at temperature of 200 K and
to 30 cm™! at temperature of 300 K, which are practically independent of the selected
combination of metals.

4. Conclusion



The paper calculates losses in a double metal waveguide, which is used for high-temperature
terahertz QCLs. A comparison was made of losses depending on the composition of the metal
plates, the thickness of the metal adhesion layer and waveguide thickness. It has been shown
that minimal losses (around 30 cm!) at room temperature are achieved at a frequency of 4.7
THz in a 20 pm thick waveguide and using a 5 nm thick 77 or Ta adhesion layer. The importance
of this result is that the use of recently proposed active media designs for terahertz QCLs [27,
28] for such a waveguide will lead to the creation of a THz QCL operating at room temperature.
In addition, the results of the calculations show that the total losses of the considered waveguide
in the frequency range 6 - 6.5 THz are less than those at frequencies below 2.5 THz. Note that
QCLs in the range of 1-2.5 THz were created earlier [6], from which we can conclude that it is
fundamentally possible to create currently non-existent QCLs emitting at frequencies above 6
THz [29, 30].
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