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Abstract—We report on the effect of finite-defect-site photonic
lattices (PLs) on the spectral emission of terahertz frequency quan-
tum cascade lasers, both theoretically and experimentally. A cen-
tral π-phase adjusted defect incorporated in the PL is shown to
favor emission selectively within the photonic bandgap. The effect
of the duty cycle and the longitudinal position of such PLs is inves-
tigated, and used to demonstrate three distinct spectral behaviors:
single-mode emission from devices in the range 2.2−5 THz, with
a side-mode suppression ratio of 40 dB and exhibiting continuous
frequency tuning over >8 GHz; discrete tuning between two engi-
neered emission modes separated by ∼40 GHz; and multiple-mode
emission with an engineered frequency spacing between emission
lines.

Index Terms—Gratings, laser tuning, semiconductor lasers,
terahertz (THz), quantum cascade lasers (QCLs).

I. INTRODUCTION

T ERAHERTZ (THZ) frequency quantum cascade lasers
(QCLs) are unipolar semiconductor sources of THz radia-

tion in which photons are emitted through electron intersubband
transitions [1]. These compact semiconductor lasers have seen
a remarkable development over the last decade and now operate
over a frequency range of ∼1.2–5.6 THz [2], [3], at a maximum
temperature of∼200 K [4], and can emit over 1 W of peak output
power [5], [6]. THz QCLs commonly employ plasmonic Fabry–
Pérot (FP) waveguides to confine the radiation within the active
material, and typically emit multiple longitudinal FP modes,
whose frequency spacing is determined by the cavity length [7].
However, a stable single-mode frequency-tunable THz source is
highly desirable for a number of applications including trace gas
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detection [8], atmospheric sensing [9], heterodyne mixing [10],
spectroscopy, imaging, and laser feedback interferometry [11].

Single-mode emission from THz QCLs has been demon-
strated previously using distributed feedback (DFB) waveguides
[12]–[15] and photonic crystals [16], [17]. Although electri-
cal and thermal tuning of DFB THz QCLs over ∼5 GHz has
been reported (centered at 2.5 THz, and operating in contin-
uous wave) [18], this tuning range has been extended further
through gas condensation and controlled deposition of a dielec-
tric material [19], microelectromechanical actuators [20], and
coupled microcavity mirrors [21]. However, the development
of DFB lasers can be limited by lithographic fabrication con-
straints, and any subwavelength variation in the DFB pitch can
change the emission frequency [22]. Moreover, the fabrication
of DFB QCLs by optical lithography requires the design and
fabrication of appropriate photomasks, which is not ideal for
rapid prototyping.

Single-mode emission in THz QCLs has also been demon-
strated by patterning a finite defect site photonic lattice (PL)
onto the laser ridge using focused ion beam (FIB) milling [23].
Unlike DFB QCLs where the lattice is patterned along the entire
laser cavity, the lattices in PL-QCLs are patterned only over a
section of the cavity. As such, feedback in DFB lasers is pro-
vided by radiation scattering off the lattice, whereas feedback in
PL-QCLs is provided by the cleaved mirror facets. FIB milling
allows the postprocessing of packaged or previously charac-
terized devices, and is ideal for rapid prototyping. However,
the side-mode suppression ratio (SMSR) achieved from such
PL-QCLs was reported only to vary over the range 12–25 dB,
and the degree of frequency tuning observed from such devices
was not reported [23]. Moreover, the periodic lattice used in the
previous demonstration allows emission unpredictably either at
the edges of the photonic stopband or at the Bragg frequency.

In this paper, the emission characteristics of PL-QCLs are
simulated using transfer matrices to model the entire laser cav-
ity including the PL. A strictly periodic lattice forms a photonic
stopband centered at the Bragg frequency, where emission is
favored at either edge of the stopband. We show that by incor-
porating a central π-phase adjusted defect in the PL, following
similar design principles used in DFB lasers [13], [24], emission
close to the Bragg frequency can be engineered. We report on
the effect of the duty cycle and the longitudinal position of such
PLs on the emission characteristics. Through optimizing the
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PL-QCL designs, we demonstrate the following three distinct
spectral behaviors.

1) Single-mode emission with a high SMSR and exhibiting
continuous frequency tuning through control of the driv-
ing current and heat sink temperature.

2) Discrete tuning between two engineered emission lines.
3) Multiple-mode emission with an engineered mode spac-

ing.
The first of these designs would be suitable for gas sensing

and spectroscopic applications [25], as well as self-mixing inter-
ferometry applied to materials analysis and three-dimensional
imaging [26], where wide and continuous frequency tuning is
desired. The second design would be suited to applications in-
cluding dual-frequency imaging [27], where controlled emis-
sion at widely spaced frequencies is required. The third design
provides a means to achieve a longitudinal mode spacing that
is independent of the cavity length. Such design principles can
be applied to more complex multicavity THz QCLs, such as
coupled-cavity THz QCLs to optimize Vernier effect-based fre-
quency tuning [28], [29].

Although we have recently demonstrated integration of PLs
into coupled-cavity THz QCLs [29], here we present compre-
hensive simulations and experimental results from single-cavity
THz QCLs, and present a design process through which greater
spectral control is achieved.

This paper is arranged as follows. Section II describes the
fabrication and experimental results from an unpatterned THz
QCL. The modeling and design of PL-QCLs using transfer ma-
trices is presented in Section III. Experimental results obtained
from a range of PL-QCLs are presented in Section IV. Finally,
a summary is presented in Section V.

II. FABRICATION AND CHARACTERIZATION OF THZ QCLS

WITH SINGLE PLASMON WAVEGUIDE

THz QCLs based on active region design reported in [30]
were rescaled to operate at 3.4–3.6 THz, and were grown using
molecular beam epitaxy. Growth started with a 250-nm-thick
GaAs buffer layer, followed by a 300-nm-thick Al50Ga50As
etch stop layer grown on a semiinsulating GaAs substrate. A
700-nm-thick n-doped GaAs buried contact layer (doped with
Si at 2 × 1018 cm−3) was grown next. This was followed
by 115 repetitions of the active-region layers grown in the
GaAs/Al0.15Ga0.85As material system. Finally, an 80-nm-thick
n-doped GaAs layer forming the top contact (doped with Si
at 5 × 1018 cm−3) was grown. THz QCL devices were pro-
cessed with surface plasmon ridge waveguides of width 150 μm
and thickness 13.8 μm, and individual lasers were cleaved and
packaged. The device was mounted and characterized in a Janis
ST-100 continuous-flow helium-cooled cryostat.

In the first instance, THz QCLs without any PL were charac-
terized under pulsed driving conditions (10-kHz current pulses
operating at 2% duty cycle and gated with a modulation en-
velope of 165 Hz). A photoconductive Ge:Ga detector was
used to record the THz power at a range of QCL heat-sink
temperatures, THS . Fig. 1(a) shows the light–current/current
density–voltage (LIV) of an exemplar 2-mm-long device, as a
function of the drive current, IQCL . A threshold current density

Fig. 1. LIV and emission spectra from a 2-mm-long unpatterned THz QCL.
(a) LIV (peak THz power) at different THS . (b) Spectra as a function of IQCL
at THS = 6 K. Blueshift of emission frequency is observed with an increase in
IQCL . (c) Spectra at IQCL = 1.10 A and 6, 30, 50, 70 and 90 K. Redshift of
emission frequency is observed with an increase in THS .

of 125 A/cm2, a peak output power of 44.5 mW at THS = 6 K,
and a maximum operating temperature of ∼126.8 K were de-
termined. QCL emission spectra were also acquired as a func-
tion of IQCL and THS [see Fig. 1(b) and (c)] using a Bruker
IFS66 Fourier Transform Infrared spectrometer. Multiple-mode
emission in the range 3.3–3.7 THz was observed, along with a
blueshift in the emission frequencies with an increase in IQCL
[see Fig. 1(b)]. Furthermore, a redshift of the emission frequen-
cies was observed with an increase in THS , arising due to a shift
in the gain spectrum of the active material [see Fig. 1(c)].

III. DESIGN OF PL-QCLS

Following the initial characterization of each device, PLs
were designed for patterning onto the laser ridge using FIB
milling. PL defect sites are formed by etching the gold cladding
metal on top of the laser ridge and into the active region,
which results in a change of the refractive index of the opti-
cal mode in the cavity. A periodic arrangement of these defect
sites forms a plasmonic lattice. As such, to form a photonic
stopband effectively, a PL with a large refractive index contrast
(Δneff = neff ,m − neff ,e ) between the metallized (neff ,m ) and
the etched (neff ,e ) waveguide regions is desired. In order to
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Fig. 2. Simulated optical mode intensity inside the THz QCL waveguide cross
section of width 150 μm. The optical mode in (a) the metallized, and (b) the
etched section (130 μm), of the PL.

increase the refractive index contrast, a deep etch penetrating
into the active material is used in this paper. Furthermore, in
order to drive the PL section electrically, the etched PL defect
sites did not extend the entire width of the ridge (unlike the PL-
QCLs reported in [23]). Instead, 130-μm-wide etched sections
were used in this paper (see Fig. 2).

The effective refractive index of the optical mode in the met-
allized sections was found to be neff ,m = 3.67, using a com-
mercial finite element modeling software package (COMSOL
Multiphysics) [see Fig. 2(a)]. A PL etch depth of 4 μm was com-
puted to provide an index contrast Δneff ∼ 0.6 [see Fig. 2(b)].
The periodicity of the PL was calculated from the first-order
Bragg wavelength (λBR ). The length of the metallized (Lm )
and the etched (Le ) sections of the PL are defined in terms of
the PL duty cycle (σ) using the relations

Lm = (λBR/2) σ/neff ,m (1a)

Le = (λBR/2) (1 − σ) /neff ,e (1b)

The periodicity of the PL is defined as Λ = Lm + Le .

A. Modeling Transmission Characteristics of the PL

In the first instance, the transmission characteristics of the PL
were modeled using transfer matrices, as described in [31]. Fre-
quency dependent complex refractive index was also included
in the transfer matrix model. For simplicity, the gain spectrum of
the active region (centered at ∼3.5 THz) was assumed to be in-
variant as a function of laser drive current. The matrix elements
of a single defect site are defined as

T11 =
1
t2

[
exp (jϕ+) − r2exp (−jϕ−)

]
(2a)

T12 =
r

t2
[exp (−jϕ+) − exp (jϕ−)] (2b)

T21 =
r

t2
[exp (jϕ+) − exp (−jϕ−)] (2c)

T22 =
1
t2

[
exp (−jϕ+) − r2exp (jϕ−)

]
(2d)

where t and r are the reflection and transmission coefficient cal-
culated from the complex refractive indices at the PL aperture,
and ϕ+ = βm Lm + βeLe and ϕ− = βm Lm − βeLe , where βm

and βe , are complex propagation constants in the metallized
and etched sections of the PL, respectively. The transmission
through a regular PL (without any central phase defect) consist-
ing of a periodic cascade of N = 14 repetitions of the unit PL
were calculated using (3a). A central π-phase adjusted defect of

Fig. 3. Simulated normalized transmission through a PL designed at fBR =
3.44 THz (λBR = 87.209 μm) with: (a) σ = 0.5 without any central phase
defect, (b) σ = 0.5 with a central π-shifted phase defect, (c) σ = 0.75 without
any central phase defect, and (d) σ = 0.75 with a central π-shifted phase defect.

length Le was also included, and the transmission through this
phase adjusted PL was calculated using (3b),

TPL,reg = TN (3a)

TPL,ph.adj. = T (N/2) × Tpi × T
(N / 2 )

(3b)

Here, Tpi is the transmission matrix of the central π phase
shift element of length Le . Simulated transmission character-
istics through a regular and a phase-adjusted PL with a Bragg
frequency fBR = 3.44 THz (λBR = 85.209 μm) and σ = 0.50
and 0.75 are shown in Fig. 3. Whereas a photonic stopband cen-
tered at fBR is formed by the regular PL, for which emission is
supported only at the edges of the stopband due to lower thresh-
old gain, the phase-adjusted PL supports a transmission peak
within this stopband. A slight asymmetry in the values of the
transmission peaks at the lower and upper edges of the photonic
stopband are due to the frequency dependent refractive index,
and the difference between the Bragg frequency at 3.44 THz
and the peak gain at 3.5 THz. Furthermore, for a phase adjusted
PL with σ = 0.50 this transmission peak coincides with fBR
[see Fig. 3(a) and (b)]. Whereas increasing the duty cycle to
σ = 0.75 results in a similar photonic stopband from a regular
PL, the transmission peak blueshifts in frequency to 3.57 THz
in a phase adjusted PL [see Fig. 3(c) and (d)]. In order to reduce
the FIB etching time of the PL and reduce the associated ion
beam drift, a PL duty cycle of σ = 0.75 was selected for this
study. The coupling strength of the PL was calculated to be∼2.6
in this case [32].

B. Modeling Transmission Characteristics of the Laser Cavity
and the PL

Following calculation of the transmission characteristics of
the PL, the characteristics of the QCL cavity incorporating the
PL were modeled using similar transfer matrices. The model
comprises a front cavity section of length LF , the PL section
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Fig. 4. (a) Schematic diagram of the THz QCL with a central π-phase-adjusted
PL. The center of the PL is offset from the center of the QCL cavity by δ.
(b) Simulated normalized transmission through a 2-mm-long QCL with a central
π-phase-adjusted PL as function of displacement factor (M).

of length (NΛ + Le ), and a rear cavity section of length LR . A
schematic diagram of the PL-QCL is shown in Fig. 4(a). The
transmission of this cavity is calculated using

TQCL = TF × TPL,ph.adj. × TR (4)

where TF and TR are the transmission matrices of the front and
rear cavities, comprising the air-cavity interface and propagation
paths of length LF and LR , respectively.

Each defect site of the PL results in a periodic spectral mod-
ulation. The periodicity of such spectral modulation depends
on the longitudinal position of the defect. A periodic arrange-
ment of the PL defects results in a summation of such spectral
modulations [33], [34]. Whereas, PLs are designed to suppress
most FP modes favoring transmission at specific frequencies
[35], the inherent spectral modulation arising due to the PLs can
also be engineered such that multiple transmission peaks are
supported. As such, the longitudinal position of the PL along
the laser stripe is also important, since variation of this position
changes the phase matching condition between the scattered
forward and backward waves from the individual PL defect
sites, and the facet reflections. The emission characteristics of
PL-QCLs can be engineered by varying not only the PL di-
mensions but also its longitudinal position in the cavity. To
this end, in our model, the center of the PL is displaced from
the center of the cavity by a distance δ [see Fig. 4(a)]. For
simplicity, we have defined δ = LF − LR . The transmission

Fig. 5. Simulated normalized transmission from: (a) device 1 optimized for
continuous tuning, (b) device 2 optimized for discrete tuning, and (c) device 3
optimized for multimode emission with an engineered mode spacing.

characteristics of a 2-mm-long cavity with a π-phase-adjusted
PL (fBR = 3.5 THz, λBR = 85.714 μm, and σ = 0.75), simu-
lated as a function of δ, are shown in Fig. 4(b). For simplicity, δ is
varied as ±MλBR /(2neff ,m ), where we define a displacement
factor M = 10, 20, 30.

Whereas the transmission can be greatly enhanced at a spe-
cific frequency allowing single-mode emission with a high
SMSR (for example when M = –10, 20), varying the location of
the PL can also favor emission at two distinct frequencies (for
example when M = 0, –20, 30). The inherent shift of the mate-
rial gain as a function of IQCL and THS can then be exploited
to tune the emission between these two distinct frequencies, as
demonstrated below. Interestingly, multiple-mode emission is
also predicted when M = –30. Moreover, although the FP mode
spacing for the 2-mm-long cavity is calculated to be ∼20 GHz,
the mode spacing of the allowed modes in this case is ∼65 GHz.
This phenomenon can be exploited to design QCLs with an en-
gineered mode spacing, as also demonstrated below.

C. Design of PL-QCL

The transfer matrix model described in the previous section
was used to design three PL-QCLs to demonstrate three distinct
spectral behaviors: continuous tuning of a single mode with high
SMSR; discrete tuning between two engineered emission lines;
and multiple-mode emission with an engineered mode spacing.

1) Device 1: In the first instance, the same 2-mm-long
QCL shown in Fig. 1 was used to incorporate a PL with
Λ = 12.93 μm, Le = 3.11 μm, fBR = 3.44 THz, and δ =
–230 μm. In this design, the displacement of the PL δ is
adjusted so that the transmission peak of the PL-QCL cavity
coincides with the Bragg frequency of the isolated PL [see
Fig. 5(a)]. Single-mode emission at ∼3.437 THz with an SMSR
of 38 dB is therefore predicted, making this design ideal for
demonstrating single-mode continuous frequency tuning.

2) Device 2: In order to demonstrate discrete tuning
between engineered cavity modes, a second device (1.76 mm
long) was designed incorporating a PL with Λ = 12.52 μm,
Le = 3.44 μm, fBR = 3.367 THz, and δ = 0 μm. This device
was designed such that the cavity supports a dominant peak at
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∼3.5 THz and a secondary peak at <3.5 THz. This arrangement,
in conjunction with the inherent blueshift of the emission spec-
tra as the drive current or operating temperature are varied [see
Fig. 1(b) and (c)], enables discrete tuning between these modes.
Discrete tuning over ∼40 GHz with peak transmissions at 3.426
and 3.466 THz are predicted for this device [see Fig. 5(b)].

3) Device 3: Finally, a 2.70-mm-long device was used for a
PL-QCL with Λ = 11.99 μm, Le = 1.79 μm, fBR = 3.60 THz,
and δ = 70 μm. This PL-QCL was designed to support mul-
timode transmission in the frequency range ∼3.5–3.65 THz,
corresponding to the broad emission range observed in the
unpatterned device at current densities JQCL > 450 A/cm2

[see Fig. 1(b)]. In this case, multimode transmission peaks
at 3.546, 3.575, 3.604, and 3.633 THz (each with an SMSR
<10 dB) are predicted. Furthermore, although the FP mode
spacing for the unpatterned 2.7-mm-long cavity is ∼15 GHz,
the mode spacing between the simulated transmission peaks of
the PL-QCL is calculated to be ∼29 GHz (almost twice the FP
mode spacing of the unpatterned cavity). This design principle
can be further optimized by selecting the PL to be a higher order
Bragg lattice, and by varying δ to design PL-QCLs with mode
spacing in multiples of the FP mode spacing of the unpatterned
cavity.

IV. EXPERIMENTAL RESULTS

A dual beam FIB system (FEI Nova 200 NanoLab) with
a high-resolution field emission gun scanning electron micro-
scope (SEM) was used to mill the PL patterns onto packaged
and bonded THz QCL ridges. A beam current of 7 nA and an
accelerating voltage of 30 kV was used to mill the gold cladding
metal from the top of the QCL ridge and into the active region
to a depth 4 μm.

A. Device 1

The same 2-mm-long THz QCL described in Section II
was used to fabricate the PL-QCL device 1 described in
Section III-C. The device was characterized in pulsed mode
as described in Section II. After patterning of the PL, the device
operated at a higher threshold current density of 129 A/cm2 and
with a lower peak output power of 34 mW, at a heat sink tempera-
ture (THS ) of 6 K, and with a maximum operating temperature of
∼118 K [see Fig. 6(a)]. This slight degradation in performance
is due to the additional losses introduced in the cavity due to
the PL. Nonetheless, the central phase defect resulted in single-
mode emission at ∼3.441 THz, close to fBR = 3.44 THz, with
an SMSR of 40 dB at peak output power (at THS = 8 K)
[see Fig. 6(b)]. Spectra were recorded as a function of IQCL
and THS , and the frequency of the peak emission was calculated
to ascertain the tuning performance of the device. A continu-
ous blueshift of ∼2 GHz was observed as a function of IQCL
only, and a continuous redshift of the emission frequency of
∼−6 GHz was recorded by varying THS [see Fig. 6(c)]. A cumu-
lative tuning range of over 8 GHz with an optical output power
of >1 mW was thereby obtained from this device, making such
designs ideal for spectroscopic and gas sensing applications.

The frequency gradient of the continuous tuning was cal-
culated to be 1.6, 2.1, 3.1, and 3.4 GHz/A at THS = 8, 50,
70, and 90 K, respectively [see Fig. 6(b)]. The increase in the

Fig. 6. Device 1. LIV and emission spectra from a 2-mm-long THz QCL after
FIB patterning. (a) LIV at different THS . (b) Frequency of peak emission and
SMSR as a function of IQCL at THS = 8, 50, 70, and 90 K. Inset: Normalized
emission spectra at peak output power and THS = 8 K with an SMSR of 40 dB.
(c) Emission spectra from different THz QCLs with PLs spanning frequencies
from 2.21–4.99 THz. Inset: SEM of patterned PL on device 1.

frequency gradient with an increase in THS is due to the change
in refractive index at higher temperatures. As such, the fre-
quency tunability can be further extended by adopting similar
designs to THz QCLs with metal–metal waveguides, which op-
erate at higher heat sink temperatures.

The SMSR was found to vary between 30–50 dB across the
operating range of the device, with values 30–40 dB obtained af-
ter roll-off of the output power at IQCL >∼1.2 A [see Fig. 6(b)].
Furthermore, a higher lattice temperature was found to result in
an improvement in the SMSR due to an increase in the refrac-
tive index contrast. SMSR with values >40 dB was obtained
at peak output power when THS > 50 K. To demonstrate the
applicability of this design principle for single-mode emission
at a range of frequencies, PL-QCLs based on rescaled active
regions reported in [6], [30], [36], and [37] were also designed
and fabricated for emission at 4.99, 2.99, 2.53, and 2.21 THz,
respectively [see Fig. 6(c)].
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Fig. 7. Device 2 (continuous wave operation). (a) LIV at THS = 30 K. (b) Normalized emission spectra as a function of IQCL at THS = 30 K.
(c) Weighted averaged SPD at THS = 25, 30, 40, and 45 K. A discrete mode hop of 43 GHz, and cumulative continuous tuning of ∼4 GHz at both dis-
crete modes is shown Inset: Normalized emission spectra at the two emission lines (THS = 30 K) with an SMSR of 40 dB. (d) Normalized emission spectra as a
function of IQCL at THS = 8 K (pulsed mode operation) from two different THz QCLs based on similar design principle as device 2.

B. Device 2

A QCL device with ridge length 1.76 mm was used to fabri-
cate the PL-QCL device 2. In the first instance, LIV and spectra
were recorded in continuous wave operation at THS = 30 K
[see Fig. 7(a) and (b)]. Single-mode emission at 3.402 THz,
with an SMSR of 40 dB, was observed with a drive current
IQCL = 0.5 A. With IQCL = 0.9 A the emission is seen to shift
to a single mode at 3.445 THz. Whereas the emission frequen-
cies are ∼23 GHz lower than the simulated values, the discrete
mode tuning of ∼43 GHz agrees well with the simulated dis-
crete tuning of 40 GHz [see Fig. 5(b)]. In this case, an SMSR
of 40 dB was observed across the operating range of the de-
vice. This value is consistent with that obtained in device 1 for
heat sink temperatures THS > 50 K, suggesting that the higher
lattice temperatures arising from continuous wave operation of
this device facilitates the high SMSR. Furthermore, the mode at
∼3.44 THz can be tuned continuously by∼−3.8 GHz across the
range IQCL = 0.5 − 1.2 A. Spectra were similarly recorded at
THS = 25, 40, and 45 K, and the tuning performance was cal-
culated in each case from the weighted averaged spectral power
density (SPD) as a function of IQCL [see Fig. 7(c)]. Emission is
observed to be predominantly at ∼3.40 THz as THS is increased
due to a redshift of the gain, and at THS = 40 K, no discrete
tuning is observed. A cumulative continuous tuning of ∼4 GHz
was recorded for the two discrete modes by varying THS and
IQCL . To demonstrate the reproducibility of this approach, THz
QCLs based on rescaled active regions reported in [6], [36],
were fabricated following similar design principles. Discrete
emission at 2.792 and 2.833 THz, and at 4.952 and 4.992 THz
were observed as IQCL was varied in both devices, respectively
[see Fig. 7(d)].

C. Device 3

Following FIB patterning of the PL, the LIV, and spec-
tral characteristics of device 3 were recorded in pulsed

mode at THS = 6 K [see Fig. 8(a) and (b)]. Single-mode
emission at 3.492 THz is observed for current densities
JQCL = 197– 400 A/cm2 , and multimode emission in the range
3.493–3.672 THz is recorded at JQCL > 400 A/cm2 . This
multiple-mode emission agrees well with the simulated trans-
mission in the range 3.51−3.66 THz for this device.

The evolution of the spectra from single-mode to multiple-
mode emission observed experimentally is explained by the
blueshift of the gain of this QCL material with increasing bias.

Furthermore, we note that the mode spacing for this PL-QCL
(∼28 GHz) is almost twice the FP longitudinal mode spacing
for the unpatterned device (∼15 GHz), and in close agreement
with the simulated mode spacing of ∼29 GHz [see Fig. 8(b)].
This is due to the first-order Bragg lattice designs used in this
study for simplicity. The fact that the threshold current density
and the dynamic range of operation for this device is simi-
lar to both the unpatterned device [see Fig. 1] and device 1
[see Fig. 6], demonstrates that the observed mode spacing re-
sults from the PL, and is not due to a selective operation of
either the front or the rear section of the cavity. A similar spec-
tral behavior was also recorded from another 2.93-mm-long
THz QCL, which was patterned with a PL based on similar
design principles [see Fig. 8(c)]. The longitudinal mode spac-
ing of this device was observed to be ∼26 GHz, compared to
the FP longitudinal mode spacing for the unpatterned device
(∼13.9 GHz).

This mode spacing can be further modified by using an ape-
riodic [38] or higher order lattice design. Indeed, a longitudinal
mode spacing equal to three times that for the FP cavity has been
simulated by using a second-order PL from a 2.7-mm-long cav-
ity (FP mode spacing: 15 GHz) [see Fig. 8(d)].

Vernier effect based lasers have been demonstrated in visible-
infrared frequencies through more complex multisection lasers.
Such lasers employ two longitudinal sampled-grating dis-
tributed Bragg reflectors (SG-DBRs), each of which results
in a frequency comb [31]. However, adopting a similar design
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Fig. 8. Device 3. (a) LIV at THS = 6 K. (b) Normalized emission spectra at THS = 6 K and at different JQCL . (c) Normalized emission spectra from a
2.93-mm-long THz QCL with a longitudinal mode spacing of 26 GHz. (d) Simulated normalized transmission from a 2.7-mm-long THz QCL with a second-order
PL. Mode spacing of 47 GHz has been simulated.

strategy for THz QCLs is challenging owing to the longer wave-
length, meaning that each of the two SG-DBR cavities would
need to extend over tens of millimeters. Instead, the approach to
spectral control demonstrated here can be applied to optimize
Vernier tuning using coupled cavity waveguides with integrated
PLs [29].

V. CONCLUSION

In summary, THz QCLs incorporating finite defect site PLs
have been developed with a central π-phase shift to favor trans-
mission selectively within the photonic stopband. The PL design
parameters and the longitudinal position of the PL within the
cavity have been optimized to demonstrate three distinct spectral
behaviors: single-mode emission with a high SMSR and exhibit-
ing continuous frequency tuning through control of the driving
current and heat sink temperature; discrete tuning between two
engineered emission lines; and multiple-mode emission with an
engineered mode spacing. In the first case, single-mode emis-
sion from devices in the range 2.2–5.0 THz, with an SMSR
of 30–40 dB and exhibiting continuous frequency tuning over
∼8 GHz has been demonstrated. Discrete tuning over ∼40 GHz
has also been reported. Finally, multiple-mode emission has
been demonstrated with an engineered mode spacing of almost
twice the longitudinal FP mode spacing of the unpatterned de-
vice. Such PL-QCLs can be used in THz applications such as gas
spectroscopy, and laser feedback interferometry imaging, and to
design frequency tunable THz QCLs with coupled cavities and
integrated PLs.
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the École polytechnique fédérale de Lausanne, Lausanne, Switzerland, as a
Scientific Collaborator, working on InAs quantum dots for lasers and super-
luminescent LEDs and single quantum dot devices. Since 2008, he has been
with the School of Electronic and Electrical Engineering, The University of
Leeds, Leeds, U.K. His current research interests include the molecular beam
epitaxy growth and characterization of semiconductor materials and devices
with a particular emphasis on midinfrared and terahertz-frequency generation
and detection.

Yingjun Han received the B.E. degree in automatic control from the North-
western Polytechnical University, Xian, China, in 1998, and the Ph.D. degree
from the Institute of Physics, Chinese Academy of Sciences, Beijing, China, in
2003.

In 2003, he joined the Paul Drude Institute, Berlin, Germany. In 2006, he
joined the Shanghai Institute of Microsystem and Information Technology, Chi-
nese Academy of Sciences. Since 2012, he has been a Postdoctoral Research
Fellow with the School of Electronic and Electrical Engineering, The Univer-
sity of Leeds, Leeds, U.K. His research interests include the terahertz frequency
electronics and photonics, quantum cascade lasers and their applications.

Edmund H. Linfield received the B.A. (Hons.) degree in physics and M.A.
degree from the University of Cambridge, Cambridge, U.K., in 1986 and 1991,
respectively, and the Ph.D. degree in semiconductor physics from the Cavendish
Laboratory, University of Cambridge, in 1991.

He continued his research as a Postdoctoral Researcher Associate with the
Cavendish Laboratory, University of Cambridge, until 1997, when he was ap-
pointed as an Assistant Director of Research. He also became a Fellow of
Gonville and Caius College, Cambridge. In 2004, he became the Chair of Ter-
ahertz Electronics with The University of Leeds, Leeds, U.K., where he is also
the Director of Research with the School of Electronic and Electrical Engineer-
ing. His research interests include semiconductor growth and device fabrication,
terahertz-frequency optics and electronics, and nanotechnology.

Prof. Linfield was the recipient of the IOP Faraday Medal and Prize, jointly
with Prof. A. G. Davies, in 2014 and a Wolfson Research Merit award from the
Royal Society in 2015. He also received a Dream Fellowship from the Engi-
neering and Physical Sciences Research Council in 2011.

Alexander Giles Davies received the B.Sc. (Hons.) degree in chemical physics
from the University of Bristol, Bristol, U.K., in 1987, and the Ph.D. degree from
the University of Cambridge, Cambridge, U.K., in 1991.

In 1991, he joined the University of New South Wales, Sydney, NSW,
Australia, supported by an Australian Research Council Fellowship, before
returning to the Cavendish Laboratory, University of Cambridge, in 1995 as a
Royal Society University Research Fellow, and subsequently as the Trevelyan
Fellow of Selwyn College, Cambridge. Since 2002, he has been a Professor of
electronic and photonic engineering with the School of Electronic and Electrical
Engineering, The University of Leeds, Leeds, U.K., and is currently also Pro-
Dean for research and innovation on the Faculty of Engineering. His research
interests include the optical and electronic properties of semiconductor devices,
terahertz frequency electronics and photonics, and the exploitation of biological
properties for nanostructure engineering.

Prof. Davies is a Fellow of the Royal Academy of Engineering and the
Institute of Physics. He is both a Chartered Physicist and Engineer. He was the
recipient of a Wolfson Research Merit Award from the Royal Society in 2011
and shared the Faraday Medal and Prize from the Institute of Physics in 2014.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


