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Abstract: Terahertz-frequency quantum cascade lasers (THz QCLs) based on ridge waveguides
incorporating silver waveguide layers have been investigated theoretically and experimentally,
and compared with traditional gold-based devices. The threshold gain associated with silver-,
gold- and copper-based devices, and the effects of titanium adhesion layers and top contact
layers, in both surface-plasmon and double-metal waveguide geometries, have been analysed.
Our simulations show that silver-based waveguides yield lower losses for THz QCLs across
all practical operating temperatures and frequencies. Experimentally, QCLs with silver-based
surface-plasmon waveguides were found to exhibit higher operating temperatures and higher
output powers compared to those with identical but gold-based waveguides. Specifically, for a
three-well resonant phonon active region with a scaled oscillator strength of 0.43 and doping
density of 6.83 × 1015 cm−3, an increase of 5 K in the maximum operating temperature and 40%
increase in the output power were demonstrated. These effects were found to be dependent on the
active region design, and greater improvements were observed for QCLs with a larger radiative
diagonality. Our results indicate that silver-based waveguide structures could potentially enable
THz QCLs to operate at high temperatures.
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1. Introduction

Surface plasmons are electromagnetic waves bound at the interface of two materials where the
real part of the dielectric constant of each material has the opposite sign [1, 2]. The feasibility
of exploiting surface plasmon confinement in an optical waveguide has been demonstrated in
the quantum cascade laser (QCL), in which a thin metal layer or a highly doped semiconductor
layer is introduced adjacent to the device active region [3, 4]. This approach allows a reduction
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in the waveguide cladding thickness, which is particularly advantageous for terahertz (THz)
frequency QCLs since the growth of suitably thick dielectric waveguides is impractical. Indeed,
the first THz QCL employed a semi-insulating-substrate-surface-plasmon (SP) waveguide to
achieve low waveguide loss, although at the same time this waveguide also resulted in a poor
optical mode confinement [5]. To increase the confinement factor, the double metal (DM)
waveguide was introduced, with metal layers immediately above and below the active region,
and a significant increase in operating temperature was observed [6]. Low loss waveguides are
relevant to the performance of THz QCLs at high operating temperatures, and this is desirable for
their practical use in applications including local oscillators for astronomic instrumentation [7, 8]
THz imaging [9]. In order to reduce the waveguide loss further, different waveguide metals have
been investigated. Copper (Cu) has advantages over gold (Au) owing to its higher electrical and
thermal conductivities [10–13], and the current record lasing temperature for a THz QCL was
achieved by using Cu in a DM waveguide configuration [14]. Compared with Au and Cu, silver
(Ag) has higher electrical and thermal conductivities at room temperature [15–17], and can form
lower Schottky barrier and better interface on n-type GaAs [18, 19], which could be beneficial to
lower-loss waveguides.
In this work, using one-dimensional transfer matrix simulations, we investigate the effects of

waveguide metals, adhesion layers and top contact layers, and show that Ag-based waveguides
yield lower losses for THz QCLs across all practical operating temperatures and frequencies than
their Au- and Cu-based counterparts, both in SP and DM waveguide geometries. Experimentally,
we investigate THz QCLs with Ag-based SP waveguides, and demonstrate higher operating
temperatures and greater output powers when compared to identical devices fabricated with
Au-based SP waveguides.

2. Dielectric constants of Ag, Au and Cu films

The optical constants ofAg,Au andCu films are key parameters governingwaveguide performance.
However, most published values of these constants are either based on bulk materials or do not
apply to the THz frequency range [20–26]. Here, the dielectric constants are calculated based
on the measured resistivity of Ag, Au and Cu films fabricated using the same process for QCL
waveguide layers. The Drude model has been shown to provide a good approximation for the
optical response of Ag, Au and Cu in the THz frequency range [22, 24], in which the dielectric
function is given by

ε(ω) = ε1(ω) + iε2(ω) = 1 −
ωp

2

ω(ω + iωd)
, (1)

where ωp is the plasma frequency,

ωp =

√
ne2

mε0
, (2)

ωd is the damping frequency,

ωd =
1
τ
, (3)

n is the electron density, e is the electron charge, m is the effective mass, ε0 is the vacuum
dielectric constant, and τ is effective relaxation time. The dc conductivity is given by

σ0 =
ne2τ

m
=

ne2

mωd
. (4)
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Fig. 1. Calculated dielectric constants of Ag, Au and Cu films at 100 K. The inset shows the
temperature evolution of the measured resistivity (ρ) of the Ag, Au and Cu films.

Assuming that the electron density and the plasma frequency are not affected by sample preparation
methods and maintain the same values as those of bulk materials, the damping frequency can
therefore be calculated from the conductivity using Eq. (2) and Eq. (4).

Metal films of Ti/Ag (10/200 nm), Ti/Au (10/150 nm) and Ti/Cu (10/200 nm) with dimensions
of 2000 × 100 µm2 were deposited on quartz substrates by electron-beam evaporation, and their
resistivities (ρ = 1/σ0) measured using a four-probe method. As shown in the inset to Fig. 1,
the resistivity of the Ag film was found to be 1.91×10−8 Ωm at room temperature, which is
lower than the respective values of 3.25×10−8 Ωm and 2.33×10−8 Ωm obtained for the Au and
Cu films. Compared with bulk materials, the films have higher resistivity owing to structural
scattering phenomena such as surface scattering and grain boundary scattering [16, 27–30].
As the temperature is reduced, the resistivity of both films decreases, and a regression to the
Bloch-Grüneisen formula [30] yields a Debye temperature of 202 K, 163 K and 297 K for the
Ag, Au and Cu films, respectively, which are close to those for corresponding bulk materials:
221 K, 178 K, and 310 K [31]. Using the plasma frequencies 1.369 × 1016 Hz, 1.371 × 1016 Hz
and 1.123 × 1016 Hz [22], and the damping frequencies 1.55 × 1013 Hz, 3.03 × 1013 Hz and
1.42 × 1013 Hz, the dielectric constants of the Ag, Au and Cu films at 100 K can be calculated
using Eq. (1). The results are shown in Fig. 1, and reveal larger absolute values of both the real
and imaginary parts of the dielectric constant compared to those of Ag, Au and Cu bulk materials.
Notably, there are small peaks in resistivity at 45 K and 90 K for Ag, at 145 K for Au, and at
100 K for Cu; these features may be related to impurities [32] but have negligible influence on
the waveguide simulations.

3. Waveguide analysis

Waveguide analysis was performed using a one-dimensional transfer matrix solver for THz QCL
devices with both SP [5] and DM [6] ridge waveguides. The waveguide structure consists of a
10-µm-thick active region sandwiched between top and bottom waveguide layers. To provide a
numerical comparison we assume a 3.1 THz three-well resonant-phonon active region [14], this
design is labelled A2 in the experimental section 4, below. The top waveguide layers are same
for both SP and DM geometries, and comprise a 50-nm-thick n-GaAs layer with a Si doping
concentration of 5× 1018cm−3 and a 150-nm-thick waveguide metal layer. The bottom waveguide
layers are: a 700-nm-thick n-GaAs layer with a Si doping concentration of 2 × 1018cm−3, a
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20-µm-thick semi-insulating GaAs layer, and a 150-nm-thick waveguide metal layer for the SP
waveguide; and a 50-nm-thick n-GaAs layer with a Si doping concentration of 5 × 1018cm−3,
and a 1-µm-thick waveguide metal layer for the DM waveguide. The calculation of the dielectric
constants for GaAs-based QCL materials have been described elsewhere [33]. To compare the
Ag, Au and Cu-based waveguides, the threshold gain for each QCL device was calculated as

gth =
αm + αw
Γ

, (5)

where αm is the mirror loss, αw is the waveguide loss and Γ is the confinement factor. For a
given waveguide configuration (SP or DM), αm and Γ are similar for the Ag, Au and Cu-based
devices, and so the difference between threshold gain is mainly due to the difference in αw . The
optical peak gain of the 3.1 THz three-well resonant-phonon active region [14] was calculated
using a Monte Carlo method [34]; the calculated peak gain and threshold gain at 3.1 THz are
plotted in Fig. 2 as a function of temperature. It can be seen that Ag-based waveguides are
less lossy than Au and Cu waveguides, and therefore result in lower threshold gain. The results
of waveguide loss at 100 K are summarised in Table 1. For the SP waveguide, the waveguide
losses are αw = 13.52 cm−1, 14.39 cm−1 and 13.66 cm−1 for Ag, Au and Cu-based waveguides,
respectively. Considering the corresponding confinement factors of 0.3518, 0.3516 and 0.3518,
Ag waveguides yield improvements in threshold gain of 2.51 cm−1 and 0.40 cm−1 compared with
Au and Cu waveguides respectively. For the DM waveguide, the difference of waveguide loss is
larger; but owing to the confinement factor of nearly 1.0, Ag waveguides yield threshold gain
improvements of 2.82 cm−1 and 0.49 cm−1 compared with Au and Cu waveguides respectively,
which is a little larger than that for the SP waveguide. With increasing temperature, the waveguides
become lossier, and at 290 K, the improvement of the threshold gain in the Ag waveguides
relative to Au and Cu changes slightly to 2.81 cm−1 and 0.26 cm−1 for SP waveguides, and 3.16
cm−1 and 0.34 cm−1 for DM waveguides, respectively. The loss spectrum of each waveguide was
also calculated at 100 K. As shown in Fig. 3, Ag-based waveguides yield a lower threshold gain
throughout the spectral range from 1 THz to 5 THz. Compared to Cu, the improvement in the
threshold gain is around 0.5 cm−1 for both SP and DM waveguides. The improvement between
Ag and Au is much larger. For the SP waveguides, the maximum improvement in threshold gain is
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Table 1. Waveguide analysis results of Ag and Au-based surface-plasmon (SP) and double
metal (DM) waveguides at a frequency of 3.1 THz and temperature of 100 K. αm is the
mirror loss, αw is the waveguide loss, Γ is the confinement factor, and gth is the threshold
gain. The cavity length of 2000 µm, and the mirror reflectivity of 0.82 for DM waveguides,
are used in the calculation.

Waveguide αm (cm−1) αw (cm−1) Γ gth (cm−1)
Ag − SP 5.60 13.52 0.3518 54.35
Au − SP 5.60 14.39 0.3516 56.86
Cu − SP 5.60 13.66 0.3518 54.75
Ag − DM 0.99 15.87 0.9998 16.87
Au − DM 0.99 18.69 0.9998 19.69
Cu − DM 0.99 16.36 0.9998 17.36

2.50 cm−1 obtained at 3.1 THz. In the case of the DM waveguide, the improvement in threshold
gain increases from 1.4 cm−1 at 1 THz to 3.7 cm−1 by 5 THz, which indicates that greater
improvements could be expected at even higher frequencies by using Ag-based waveguides.
Lower waveguide loss is expected to result in better device performance. To quantify this

improvement, the calculated optical peak gain of the 3.1 THz active region (A2) was compared
with the threshold gain for devices with Ag, Au and Cu-based waveguides. As shown in Fig. 2,
the maximum operating temperatures are predicted to be 77.6 K and 232.3 K for devices with
Au-based SP and DM waveguides, respectively. By replacing Au with Ag, the threshold gain is
lowered, and improved operating temperatures of 88.8 K and 248.8 K are predicted for QCLs with
identical waveguide configurations. Cu-based waveguides are predicted to be a little lossier than
Ag-based ones, but much better than Au-based ones, yielding maximum operating temperatures
of 87.4 K and 247.6 K for the devices with SP and DM waveguides respectively. Notably, the
increase in predicted operating temperature depends not only on the loss difference between Ag
and Au, Cu waveguides, but also on the rate of degradation of the optical gain with increasing
temperature; a smaller degradation rate will lead to a larger increase in the maximum operating
temperature. The predicted maximum operating temperature for the device with a Au-based DM
waveguide is higher than that obtained experimentally [14], which indicates that the degradation
rate of the optical gain with temperature was underestimated in our model [35, 36]. In this case,
the actual increase in the operating temperature of Ag-based devices might be a little smaller
than that predicted above.

The output power is related to the net gain, which is consumed by stimulated emission above
threshold. For the three-well resonant phonon design (A2 in the Table 2), we assume that the
stimulated emission has a small influence on the carrier injection efficiency to the upper laser
level, η, the parasitic scattering lifetime from the upper laser level, τu0, and the total carrier
density in the upper and lower laser levels, n = nu + nl . In this case, the stimulated emission
lifetime, τst

ul
, can be described using a two-subband system,

∆n = n( 2ητulτu0
ητulτu0 + (1 − η)τulτl + τlτu0

− 1), (6)

1
τul
=

1
τsr
ul

+
1
τst
ul

, (7)

1
τu
=

1
τul
+

1
τu0

, (8)

where ∆n is the population inversion, τu is the lifetime of the higher laser level, τl is the lifetime
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of the lower laser level, τul is the scattering lifetime from upper to lower laser level, and τsr
ul

is
the lifetime associated with non-radiative processes. The output power, P, is given by

P =
∆nAd
τst
ul

~ω, (9)

where A is the area of laser ridge, d is the thickness of active region, ~ω is the photon energy, As
shown in Fig. 2, the optical gain (g ∝ ∆n) is 60.26 cm−1 at 10 K when stimulated emission is
not included (τul = τsrul ), corresponding to the values, τl = 1.07 ps, τul = 10.51 ps, τu0 = 12.59
ps, and η = 60.72%, obtained from the Monte-Carlo simulation. For devices with Ag, Au and
Cu-based SP waveguides, stimulated emission lowers the optical gain to the threshold values
53.17 cm−1, 55.22 cm−1 and 53.54 cm−1, respectively, and the lifetime of the stimulated emission
and the population inversion can be calculated by Eq. (6) and Eq. (7), giving τst

ul
= 30.20 ps, 43.07

ps and 31.94 ps, and ∆n = 0.560n, 0.582n and 0.564n, respectively. Therefore, the output power
is estimated to be 37% and 5% higher for the device with a Ag-based SP waveguide, compared
to the Au- and Cu-based SP device, respectively. For the DM waveguide, the decrease in the
threshold gain is much smaller than the net gain, and the Ag-based waveguide can only yield an
increase in output power of 7% and 1% compared to the Au and Cu waveguides, respectively.

The adhesion layer, Ti, deposited between the top contact layer and the waveguide metal films,
is not been included in the waveguide analysis above. The conductivity of Ti is much lower than
Au, and could introduce more waveguide loss. To investigate the contributions of the adhesion
layer, the waveguide analysis was performed for the Ag-based waveguides. The resistivity of a
150 nm Ti film was measured at room temperature as 1.68×10−6 Ωm, and the dielectric constants
were calculated using the plasma frequency of 3.824×1015 Hz [22] and the damping frequency
of 2.176×1014 Hz. In the waveguides calculations, we assume an abrupt interface between Ti and
Ag layers, and the top n+ GaAs layer is removed. As shown in Fig. 4 , with the variation of the
thickness of the Ti layer, its effects are dependent on the waveguide configuration. In the case
of SP waveguides, the evolution of the threshold gain with respect to the Ti layer thickness is
divided into two regions. When the Ti layer is thinner than 50 nm, the threshold gain decreases
with increasing Ti thickness, and when the thickness is greater than 50 nm, the threshold gain

                                                                                                      Vol. 26, No. 4 | 19 Feb 2018 | OPTICS EXPRESS 3820 



50

100

150

200

2.4 2.6 2.8 3.0 3.2

56

58

60

1 2 3 4 5

20

40

60

80

100

2.8 3.2 3.6 4.0 4.4
18

20

22

 0
 10
 20
 50
 100
 150

 

 

(g
th
 ) A

g (c
m

-1
)

Surface
plasmon

(a)

 

 

(g
th
 ) A

g (c
m

-1
)

Frequency (THz)

(b) Ti (nm)
 0
 10
 20
 30
 50
 75

 

 

(g
th
 ) A

g (c
m

-1
)

Frequency (THz)

Ti (nm)

Double metal
 

 
(g

th
 ) A

g (c
m

-1
)

Frequency (THz)

Fig. 4. The room temperature threshold gain as a function of frequency for the Ag-based
surface-plasmon waveguide (a) and double metal waveguide (b) with different thickness of
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starts to rise rapidly. The lowest value of the threshold gain is 55.96 cm−1 at the Ti layer thickness
of 50 nm for the Ag-based SP waveguide, which is 0.87 cm−1 lower than that without Ti layer. In
the case of the DM waveguide, the threshold gain keeps increasing with the Ti layer varying from
0 nm to 75 nm. At a Ti layer thickness of 10 nm, the lowest threshold gain is 18.38 cm−1, which
is 0.14 cm−1 higher than that without Ti layer. With increasing Ti layer thickness, the lowest
values of threshold gain show a red-shift for both waveguides, from 2.80 THz to 2.66 THz for the
SP waveguides, and from 3.82 THz to 3.43 THz for the DM waveguide.

The effects of the top contact n+ GaAs layer were also calculated for the Ag-based waveguides
with the Ti layer removed. The loss spectra are shown in Fig. 5 . The top contact GaAs layer
has similar effects to the Ti layer. For the SP waveguide, the threshold gain starts with a slow
decrease from 56.83 cm−1 to 54.50 cm−1 with the increase of the top contact layer from 0 nm to
200 nm, and then changes to have an intense increase when the top GaAs layer is thicker. The
lowest value of the threshold is shown to occur at 2.80 THz without the top GaAs layer and shift
to 2.51 THz at a thickness of 400 nm. In the case of DM waveguides, the top GaAs contact layer
results in an increase in waveguide loss. The lowest threshold gain is 18.88 cm−1 for a 50 nm
GaAs layer, which is 0.53 cm−1 higher than the value of 18.25 cm−1 obtained for a waveguide
without the GaAs layer. The red-shift of the threshold is from 3.82 THz without the top GaAs
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Fig. 5. The room temperature threshold gain plotted as a function of frequency for the
Ag-based surface-plasmon waveguide (a) and double metal waveguide (b) with different
thickness of GaAs top contact layer. The insets show enlarged figures in the dotted squares.

layer, to 3.28 THz at a thickness of 250 nm. A thin top GaAs contact layer, as well as a thin
adhesion Ti layer, can result in a decrease in threshold gain for SP waveguides, rather than for
DM waveguides. This indicates that the additional loss from the top GaAs contact layer and the
adhesion layer can be compensated by the decrease in the loss from the other parts of the SP
waveguides, such as the bottom n+ GaAs layer, because the distribution of the optical field can
be affected by the top GaAs layer and the adhesion layer. The normal thicknesses of the adhesion
layer and the top GaAs layer are 10 nm and 50 nm respectively, which will contribute to the
threshold gain with values less than 0.23 cm−1 and 0.96 cm−1 for SP waveguides, 0.14 cm−1 and
0.64 cm−1 for DM waveguides, respectively.
The resistivities of metal films are larger than those of bulk materials, with measured values

of 1.91×10−8 Ωm, 2.33×10−8 Ωm, 3.25×10−8 Ωm and 1.68×10−6 Ωm at room temperature for
Ag, Au, Cu, and Ti films, compared to 1.61×10−8 Ωm, 2.201×10−8 Ωm, 1.70×10−8 Ωm and
4.31×10−5 Ωm for the corresponding bulk materials [22]. Loss spectra were calculated using
film and bulk parameters, respectively, for Ag-, Au- and Cu-based waveguides. In the calculation,
a 50 nm GaAs top contact layer and a 10 nm Ti layer are included. As shown in Fig. 6, the loss
spectra curves are quite similar, and the waveguide losses from using films parameters are larger
than those from parameters of bulk materials, in both SP and DM waveguides. However, the
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Fig. 6. The room temperature threshold gain as a function of frequency for the Ag, Au and
Cu-based surface-plasmon waveguide (a) and double metal waveguide (b). The threshold
gains are calculated using the dielectric constants from the metal films and bulk metals,
respectively. The insets show enlarged figures in the dotted squares.

increase in the threshold gain is shown to be different, varying from 0.7 cm−1 to 3.0 cm−1 for the
lowest threshold gain. This results in different conclusions about Ag- and Cu-based waveguides.
When using the parameters of bulk materials, the best waveguide materials, in decreasing order,
are Cu, Ag and Au. Compared to Au-based waveguides, the decrease in the lowest threshold gain
is 3.57 cm−1 and 1.83 cm−1 for Cu- and Ag-based SP waveguides, and the decrease is found to
be 4.43 cm−1 and 2.32 cm−1 for Cu- and Ag-based DM waveguides respectively. When the film
parameters are used, the best waveguide materials, in decreasing order, change to Ag, Cu and Au.
Compared to Cu and Au, Ag film yields a decrease in the lowest threshold gain of 0.29 cm−1 and
2.75 cm−1 for SP waveguides, and 0.34 cm−1 and 3.49 cm−1 for DM waveguides, respectively.

4. QCL characterization results

In this section, we experimentally compare the performance of four THz QCL wafers processed
in SP waveguide devices. The samples were grown on semi-insulating GaAs substrates using
molecular beam epitaxy. For each wafer, the active region structures were grown to a total
thickness of 10 µm and were sandwiched in between n-type GaAs layers. The thickness and the
doping concentration of the bottom and top n-type GaAs layers are same as those described in
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Table 2. Key parameters of the wafers characterized experimentally. Wafers A1 and A2 are
based on a three-well resonant phonon active region [14] with different scaled oscillator
strengths ( ful). Wafers B1 and B2 are based on an active region with interlaced bound-to-
continuum (B-to-C) and a phonon extraction stages [37] with different doping concentrations
and device lengths. Two nominally identical laser ridges were fabricated from each wafer,
one is with a Ag-based surface-plasmon (SP) waveguide and the other with a Au-based SP
waveguide, giving eight lasers in total in this study.

Wa f er Active region ful Doping (cm−3) Dimensions (µm2)
A1 resonant phonon 0.32 6.83 × 1015 1500 × 150
A2 resonant phonon 0.43 6.83 × 1015 1500 × 150
B1 B-to-C + phonon extraction 0.36 5.61 × 1015 3000 × 150
B2 B-to-C + phonon extraction 0.36 1.90 × 1016 1500 × 150

Table 3. Key characterisation results of QCLs with Ag- and Au-based surface-plasmon (SP)
waveguides. Jth is the threshold current density at 10 K, Pmax is the maximum peak output
power at 10 K, and Tmax is the maximum operating temperature.

Wa f er SP waveguide Jth (k A/cm2) Pmax (mW) Tmax (K)
A1 Ag 0.7316 55.0 96
A1 Au 0.7324 26.7 83
A2 Ag 0.8596 69.3 97
A2 Au 0.8643 49.5 92
B1 Ag 0.2282 84.8 107
B1 Au 0.2320 70.4 102
B2 Ag 0.5365 79.0 96
B2 Au 0.5614 53.0 95

Section 3. Four wafers labeled A1, A2, B1 and B2 are compared in Table 2. A1 and A2 are based
on a three-well resonant-phonon active region design [14], with a larger oscillator strength in the
case of A2. B1 and B2 are based on a design with interlaced bound-to-continuum and phonon
extraction stages [37], with a higher doping in the active region of B2. Pairs of nominally identical
laser ridges with SP waveguides were fabricated from each wafer, giving eight lasers in total. The
devices for wafers A1 and B1 were fabricated together except for the metallization stage, while
the devices for wafers A2 and B2 were fabricated separately. Ridges were defined by wet chemical
etching. AuGeNi layers were deposited to form two 250-µm-wide bottom contacts and two
10-µm-wide top contacts, which were annealed at 400 ◦C for 1 minute and 270 ◦C for 4 minutes,
respectively. Electron-beam evaporation was employed to deposit waveguide metal layers on the
top of each laser ridge and the backside of substrate, using Au for one device in each pair, and Ag
for the other. Ti/Ag/Ti/Au (10/200/10/80 nm) layers were used for Ag-based waveguides while
Ti/Au (10/150 nm) layers were used for Au-based waveguides. The oscillator strength, doping
concentration and device dimensions are listed in Table 2. The devices were mounted on the
cold-finger of a helium-cooled Janis ST-100 continuous-flow cryostat and characterized using
a Bruker IFS/66 Fourier-transform infrared spectrometer and a QMC Ge:Ga photoconductive
detector. The output power was calibrated using a TK Instruments photoacoustic THz absolute
power meter.
The temperature evolution of the device performance is compared in Fig. 7 for the Ag- and

Au-based devices of each wafer, and the measured data are listed in Table 3. As shown, all
the Ag-based devices have a higher maximum lasing temperature, higher output power and
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Fig. 7. The threshold current density (a) and peak output power (b) measured from four
pairs of QCLs (A1, A2, B1 and B2) as a function of heat-sink temperature. For each pair of
devices, the only difference is the waveguide metal layer.

lower threshold current density compared to the equivalent Au-based devices. This indicates that
Ag-based waveguides exhibit lower losses than Au-based waveguides, which agrees with the
waveguide analysis presented in Section 3. The devices A2 have the same active region structure
as that used in the modeling (shown in Fig. 2). Their maximum operating temperatures were
determined to be 92 K and 97 K, representing a 5-K increase for the Ag-based device. At a
temperature of 10 K, the peak output powers are 49.5 mW and 69.3 mW, respectively, representing
a 40% increase for the Ag-based device. The difference between the threshold current density
is small, only 4 A/cm2. The increase in the peak output power between the Ag-based device
compared with the Au-based device agrees well with the modeling results, while the increase in
the maximum operating temperature is smaller than that predicted (shown in Fig. 2). We attribute
this overestimated operating temperature to the small degradation of the calculated peak gain
with increasing temperature. If a linear temperature degradation of the gain between 90 K and
200 K is assumed instead, better agreement between the theoretical prediction and experimental
data is obtained. In this case 7-K and 10-K increases in the maximum operating temperature are
predicted for the devices with Ag-based SP and DM waveguides, respectively.

The performance improvements obtained in Ag-based devices were found to be dependent on
the active region design of the THz QCL. The effects of the radiative diagonality and doping
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Ag-R indicates the re-characterised LIV curves of the Ag-based device after it had been
placed in air for more than two years.

concentration can be investigated via wafers A1 and A2, as well wafers B1 and B2. Compared
with the A2 active region, the A1 design has a smaller oscillator strength (see Table 2). This
will cause a smaller peak gain and smaller degradation of the gain with temperature, and hence,
is expected to provide greater performance improvements when fabricated in a Ag waveguide.
Experimentally, the Ag-based A1 device exhibits a 10-K increase in the maximum operating
temperature and a 120% increase in the output power compared to the corresponding Au-based
device. Comparing the B1 and B2 designs (with doping concentrations 5.61 × 1015 cm−3 and
1.90 × 1016 cm−3, respectively), the higher doping in B2 leads to greater degradation of its
optical gain with increasing temperature, which is indicated by the greater increase of the
threshold current density at high temperatures. As a result, an increase in the maximum operating
temperature of only 1 K is observed for the Ag-based device B2, which is smaller than the 5-K
increase observed for (Ag-based) B1. The output power of the Ag-based device is 20% higher for
B1 and 30% higher for B2, with the improvement in the quantum efficiency a little smaller for B2.

Figure 8 shows the THz-power-current-voltage (LIV) characteristics and the emission spectra
of the two QCLs from the wafer A2. The I-V curves and the emission spectra of the two devices are
similar, indicating that the Ag waveguide has only a small influence on the electrical conduction
and the net gain spectra. The emission of both the Ag- and Au-based devices is centered at ∼ 3.4
THz, a little higher than the frequency of 3.1 THz used in the modeling. This could contribute to
the overestimation of the maximum operating temperature discussed above. Compared with Au,
Ag is more chemically reactive, potentially leading to oxidation issues during device processing.
We found that a Au protection film deposited on the top of the Ag layer is quite effective to reduce
these effects. Additionally, omitting the oxygen-plasma cleaning process also helps. Nevertheless,
the I-V curves show a higher terminal voltage for Ag-based devices, compared with Au-based
devices, which can be attributed to oxidation of Ag waveguide layers during the device fabrication.
The same device was characterised after it had been placed in air for more than two years, and
the results are shown in Fig. 8. The threshold current becomes a little larger, from 860 A/cm2 to
875 A/cm2, and the output power is a little lower. However, the I-V curves and the maximum
operating temperature remain almost unchanged.
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5. Discussions and conclusions

Several further areas for investigation of Ag waveguides have been identified. Firstly, the higher
thermal conductivity of the Ag film, compared to the Au film, can also contribute to the increase
in the operating temperature. This contribution is more important for the double metal waveguide
than the surface plasmon waveguide, and need to be investigated especially for the devices
operating in CW mode. Secondly, the Ag film was found to oxidize in the air during the device
processing, even though it was capped with a Au film. The effects of this oxidation on the device
performance and potential protection methods are worthy of further investigation. Thirdly, the
quality and the thickness of the Ag film could affect its resistivity. Compared to the Au film, 50
nm thicker Ag and Cu films were used for the resistivity measurement and waveguide fabrication,
with the purpose of reducing the effects of oxidation. However, the surface scattering and grain
boundary scattering could be reduced, and this could lead to an overestimation of the advantages
of Ag-based waveguides. The effect of the deposition methods and the film thickness on the
waveguide properties need to be addressed, and further investigations of the electron density,
impurities and scattering properties of the thin Ag film are needed for improved modeling. Finally,
our simulations suggest that there would be an improvement using Ag layers in DM waveguides.
It is of interest to investigate experimentally the use of Ag-based DM waveguides, which will be
helpful for the future development of THz QCLs operating at high temperatures.
In conclusion, the dielectric constants of Ag, Au and Cu films were calculated based on the

Drude model, in which the damping frequencies were extracted from the measured dc resistivity.
The waveguide analysis showed that Ag-based devices exhibit superior performance to equivalent
Au- and Cu-based devices, with the magnitude of the improvements being dependent on the
active-region design. The adhesion layer and the top contact layer have similar effects on the
waveguide performance, and lead to small variations of the threshold gain. Good agreement was
found between the waveguide analysis and the experimental characteristics of Ag- and Au-based
devices. Compared with Au-based devices, improvements of 5-13 K in the maximum operating
temperature were observed except for the wafer B2. This exceeds the typical ∼ 2 K variation in
devices obtained from a given wafer. As such, we conclude that Ag waveguides can potentially
yield an improvement in high-temperature performance compared with Au or Cu waveguides..
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