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We have developed terahertz frequency quantum cascade lasers that exploit a double-periodicity

distributed feedback grating to control the emission frequency and the output beam direction

independently. The spatial refractive index modulation of the gratings necessary to provide optical

feedback at a fixed frequency, and simultaneously, a far-field emission pattern centered at

controlled angles, was designed through use of an appropriate wavevector scattering model. Single

mode terahertz (THz) emission at angles tuned by design between 0� and 50� was realized,

leading to an original phase-matching approach for highly collimated THz quantum cascade lasers.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905338]

Terahertz (THz) frequency quantum cascade lasers

(QCLs) have undergone rapid development in performance

since their first demonstration,1 finding potential applica-

tion in a number of fields including astronomy, security

screening, biomedicine, and cultural heritage, inter alia.2,3

Operating across the 1.2–5 THz range, QCLs can provide

high peak output powers (1 W),4 a high spectral purity,5,6

frequency, phase and amplitude stability,7–9 and an ultra-

broadband gain spanning an octave in frequency10,11 at

temperatures �199 K.12

Most of the mentioned applications require sources with

a low divergent spatial profile in the far-field as well as a fine

spectral control of the emitted radiation. However, the

double-metal waveguides conventionally employed to maxi-

mize the THz QCL operating temperature12 suffer from a

lack of efficient extraction and a poor collimation of the out-

put radiation,13 owing to the sub-wavelength dimensions of

the resonant cavities. Also, the strong longitudinal confine-

ment provided by such microstrip waveguide configuration

typically induces the laser to operate in a multimode regime.

Distributed feedback (DFB) is commonly employed in

semiconductor lasers to tailor the shape, symmetry, and fre-

quency of the optical resonator eigenmodes, while simulta-

neously allowing stable single-mode operation. A DFB

operates by introducing a periodic refractive index modula-

tion along the propagation direction, which provides scatter-

ing between two guided states (feedback) or between a

guided state and a radiative one (extraction), so that distrib-

uted optical feedback is achieved by coupling two counter-

propagating modes through one of the spatial harmonics of a

refractive index modulation. In fact, the latter is never purely

sinusoidal and a grating with periodicity L contains spatial

harmonics with wavevector kn¼ n/L. Depending on whether

the first, second, or third harmonic is used for feedback

(n¼ 1, 2, 3), the grating is described to be of the first, second

or third order, respectively.14 In the case of second15,16 and

third order17 gratings, although a high spatial harmonic is

used for optical feedback (kfb¼ k2, k3…), the fundamental

frequency is employed for radiation extraction (ke¼ k1). The

ratio between the feedback wavevector kfb and the extraction

wavevector ke determines the behavior of the laser: second

order gratings emit perpendicularly to the waveguide plane,

while third order gratings emit parallel to the waveguide

plane only if the effective mode index n¼ 3.

The difficulty of achieving controlled spectral and spatial

beam patterns from THz QCLs has recently been addressed by

engineering two-dimensional photonic crystal lasers18 and

edge-emitting third-order (periodic) DFBs.17,19 Despite the

clear advantages in terms of emission profiles, there are some

challenges associated with the third-order DFBs: a perfect

phase-matching condition must be established lithographically

and, being highly dependent on the lasing frequency, it

requires high precision, commonly a demanding task. In all of

the examples discussed above, different spatial harmonics of

periodic gratings were used to provide optical-feedback and

power extraction. Recently, however, non-periodic feedback

gratings have been engineered and investigated in an attempt

to overcome some of the inherent limitations of standard

DFBs, in terms of output beam quality and optical power.20–23

In this letter, we report on the development of THz

QCLs employing feedback gratings with a double-

periodicity. By exploiting two unrelated spatial frequencies,

independent control of both the frequency at which optical

feedback occurs, and the angle at which radiation is coupled

out of the cavity is obtained, without the need to match the

effective mode index to a particular value.

The QCL active region employed for our experimental

work is a slightly modified version of the 10-lm thick three

well resonant phonon active region design, which provides the

best QCL temperature performance to date.12 We engineered

our gratings by employing the following refractive index mod-

ulation: nðzÞ ¼ n1 þ ðn2 � n1Þf ðz; kf b; keðaÞÞ; where n1 anda)E-mail: miriam.vitiello@sns.it
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n2 are the minimum and maximum values of the refractive

index, respectively, and the function f, which varies between 0

and 1, contains periodic functions oscillating at the feedback

wavevector kfb and the extraction wavevector ke (a). The latter

is, in turn, a function of the desired beam steering angle a. In

the present case, since the grating is patterned on the top metal

of the double-metal QCL the only obtainable f is piecewise

constant, and n2 and n1 correspond to the effective refractive

index of the metallic waveguide with, and without, the top

metal, respectively.

The spatial periodicity of the feedback wavevector kfb is

tailored on the desired laser frequency �, and can be extracted

from the formula for first order gratings kf b ¼ 2n2�=c; where

c is the speed of light in vacuum. The latter relation can be

assumed to be valid for weak refractive index variation and in

the limit of slit widths of a few lm; alternatively, i.e., in the

presence of a photonic bandgap, it is a good approximation of

the lower edge of the photonic bandgap when n1< n2.

The waveguide openings, behaving as localized emit-

ters, ensure that light can be coupled out. The far-field pat-

tern then results from the interference of the radiation

emitted by each grating and can be controlled by its periodic-

ity. For emission at a controlled angle a (measured with

respect to the waveguide normal (a¼ 0 for vertical emis-

sion)), ke (a) can be calculated as

ke ¼
�

c
n2 þ sin að Þð Þ: (1)

There are several ways to devise a function containing the

two spatial harmonics kfb and ke. As a starting point, we

developed a set of dual periodicity gratings using a clipped

sinusoidal generating function

f ðzÞ ¼ Hðsin ð2pkf bzÞ þ sin ð2pkezÞ þ dÞ; (2)

where H(x) is the Heaviside step function (H(x)¼ 0 for

x< 0, H(x)¼ 1 otherwise) and d defines the duty cycle of the

grating function. Three different gratings were designed, all

targeted to a 3.1 THz emission frequency and with extraction

angles a¼ 0� (sample A), a¼ 30� (sample B), and a¼ 60�

(sample C). The grating parameters for each sample are sum-

marized in Table I, where the design beam steering angles

are reported in the a1 column.

From our two-dimensional (2D) simulations, we extracted

n1¼ 2.55 for the unperturbed waveguide without the top met-

allization and n2¼ 3.48 for the TM mode of the double-metal

waveguide. For sample A, the design parameters have been

tuned to obtain a grating periodicity of 28 lm and a slit width

of 4.5 lm, so that the first two grating spatial harmonics corre-

spond to ke¼ 356 cm�1 and kfb¼ 712 cm�1. Using the

extracted n1 and n2 values, we performed a plane wave calcu-

lation of the photonic bandstructure of the grating, obtaining a

photonic bandgap extending from 3.1 THz to 3.35 THz, well

within the employed QCL gain bandwidth,12 meaning that las-

ing at both frequencies can in principle occur.

For samples B and C, the bandstructure cannot be

defined since the n-modulation is non-periodic; however, we

expect the frequency distribution of the resonator modes to

exhibit the same energy gap, since this is mostly determined

by the grating component that provides optical feedback. For

this reason, we used the kfb of sample A and varied ke accord-

ing to Eq. (1) to keep the laser frequency unchanged.

Figure 1(a) shows the spatial dependence of the effec-

tive refractive index for samples A, B, and C. The a¼ 0 case

(sample A, black curve) corresponds to a second-order (peri-

odic) grating, while the other gratings are not-periodic. The

corresponding Fourier transform of each grating is shown in

Fig. 1(b). All gratings exhibit a spectral peak at

kfb¼ 712 cm�1 that provides optical feedback to the laser,

and lower frequency peaks for extraction. For the case a¼ 0

(black curve) the extraction peak is at ke¼ kfb/2¼ 356 cm�1

(second-order grating), so that a mode propagating in the

waveguide is coupled outside in the vertical direction. This

process is depicted schematically in the figure by means of a

light-cone diagram (dashed circle) drawn with its center cor-

responding to the value of the guided mode wavevector, and

with a radius equal to the free space wavevector at the design

frequency (3.1 THz, 103 cm�1). The projection of a spectral

TABLE I. Design parameters and measured frequency (�) and steering

angles a of THz QCLs exploiting different dual-periodicity gratings. kfb and

ke are the feedback and extraction wavevectors, respectively. a1 is the

designed beam steering angle at the design frequency of 3.1THz, a2 is the

corrected angle taking into account the measured emission frequency, and

am is the measured steering angle.

Sample kfb (cm�1) ke (cm�1) a1 (deg) a2 (deg) am (deg) � (THz)

A 712 356 0 0 5 3.34

B 712 411 30 26 18 3.53

C 712 449 60 53 35 3.36

D 712 462 90 80 65 3.14

E 712 462 63 66 55 3.47

FIG. 1. (a) Spatial dependence of the effective refractive index for samples

A, B, and C. The refractive index switches between 2.55 and 3.48 in each

case. (b) Spatial spectra of the gratings exploited for samples A, B, and C.

All gratings have the same feedback peak at 712 cm�1. The light cone

(dashed circle) has a radius corresponding to the free space wavevector of

radiation at 3.1 THz (103 cm�1) and is used as a reference to determine the

direction of the outcoupled radiation (arrows), based on the location of the

extraction peaks.

011103-2 Castellano et al. Appl. Phys. Lett. 106, 011103 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.11.76.232 On: Thu, 08 Jan 2015 08:49:58



peak on the circle allows identification of the emission angle,

represented by the arrow in the figure. The second and third

gratings corresponding to samples B and C, respectively, ex-

hibit multiple peaks, two of which fall inside the light cone

and can couple out radiation at different angles (colored

arrows). The additional spectral peaks in the Fig. 1(b) arise

from the harmonic mixing of kfb and ke through the clipping

of the sinusoids in Eq. (2). However, falling outside the light

cone, they do not contribute to out-coupled radiation.

The QCL devices were fabricated in a double-metal wave-

guide configuration,22 taking care of removing the 75-nm-thick

nþ contact layer below the grating apertures via reactive ion-

etching to reduce the cavity losses. Strong absorbing boundary

conditions were implemented to suppress undesired Fabry-

P�erot modes, by surrounding the grating pattern with a thin Cr

frame (7 nm) extending 20 lm away from each side of it.24

The emission spectra were acquired using a Fourier-

transform infrared spectrometer in rapid-scan mode and

equipped with a deuterated triglycine sulfate (DTGS) detector.

Far-field beam profiles were measured at 10 K, with the devi-

ces driven in pulsed mode with 200 ns pulses at 50 kHz repeti-

tion rate. A two-dimensional mapping of the emission was

obtained by scanning a pyroelectric detector over the plane

parallel to the device surface at a distance of �6 cm. The

acquired data were then mapped onto spherical coordinates

centered at the sample, taking into account the detector posi-

tion with respect to the sphere center. The results are shown in

Figs. 2(c)–2(h), together with the schematics of the far-field

experimental arrangement (Figs. 2(a) and 2(b)); the measured

emission frequencies and angles are summarized in Table I. In

the experimental configuration of Fig. 2(a), a is equal to the

far-field elevation h, shown on the vertical axis of Figs.

2(f)–2(h). All samples emit single-mode; for samples A and C
the detected emission frequency (Figs. 2(c) and 2(e),

respectively) can be assigned to the upper band-edge mode of

the calculated photonic bandstructure of sample A. However,

sample B is observed to lase at 3.53 THz (Fig. 1(d)), a fre-

quency larger than the upper band edge of the calculated pho-

tonic bandgap, which we tentatively attribute to emission from

a localized mode in the non-periodic grating.

As a common feature, all samples exhibit two lobes in the

measured far-field emission pattern (Figs. 2(f)–2(h)), that, in

sample A (second order grating) (Fig. 2(f)), suggests that the

device is lasing on an antisymmetric mode, as also confirmed

by its emission frequency. Samples B (Fig. 2(g)) and C (Fig.

2(h)) both exhibit a pair of lobes, oriented along the

am¼618� and am¼635� directions, where am is the meas-

ured beam steering angle, here defined to be half the angular

separation between the two lobes of the far field pattern.

Although this behavior qualitatively matches the predicted

larger emission angles for sample C with respect to sample B,

a large discrepancy is found with the designed angles (a1 in

Table I). Two effects may explain such discrepancy: (i) the

observed QCLs emission at a higher frequency requires that

the calculated emission angles have to be corrected using such

a measured frequency. The predicted angular values conse-

quently shift towards those measured experimentally (a2 in

Table I); (ii) our design methodology based on the light cone

diagrams is only applicable for weak refractive index perturba-

tions in periodic structures. Here, the refractive index variation

at kfb is sufficiently large to open a 0.25 THz photonic

bandgap, and the structure is non-periodic. As such, the model

can only be applied qualitatively.

Although the results in Fig. 2 show that it is possible to

control the QCL emission angle by tuning the extraction-

wavevector of the dual-periodicity grating, it proved difficult

to generate controlled single-mode emission at angles larger

than 45�. The presence of multiple harmonics in the grating

may permit the resonator to operate on complex feedback

paths involving different peaks of the grating spectral func-

tion, therefore preventing the desired spectral and angular

behavior. To address this, we fabricated a second set of THz

QCLs targeting in-plane emission and employing a different

generating function consisting of two superimposed square

gratings with different periodicities

f ðzÞ ¼ HðSdð2pkf bzÞ þ Sdð2pkezÞÞ; (3)

where Sd(x) is a square wave with duty cycle d, defined as

Sd(x)¼ 1 for �d/2< x< d/2 and Sd(x)¼ 1 otherwise.

Figures 3(a) and 3(b) show the resulting refractive index

modulation and its Fourier transform, respectively. Two

spectral peaks, at kfb¼ 712 cm�1 and ke¼ 462 cm�1, are visi-

ble which correspond to the fundamental frequencies of the

two superimposed gratings. The intensity of the mixed har-

monic peaks due to the clipping effect is here largely

reduced compared with that seen previously (Fig. 1(a)).

Figure 3(b) also shows how the emission angle is different

for devices operating on the two band-edge modes. The inner

light cone (red dashed line) corresponds to the 3.1 THz

mode of the second order DFB (sample A), while the outer

light cone (green dashed line) corresponds to the 3.35 THz

mode. Since the two modes have the same wavevector, the

two light cones are centered at the same location, but the

FIG. 2. (a) and (b) Schematic diagrams showing the orientation of the QCL

with respect to the far-field angles in the (a) vertical and (b) edge emission

experiments. (c)–(e) Emission spectra of (c) sample A, (d) sample B, and (e)

sample C. (f)–(h) Far-field emission pattern of (f) sample A, (g) sample B,

and (h) sample C, measured in the configuration shown in panel (a).
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difference in their radius causes a difference in the expected

extraction angle.

Figures 4(a)–4(c) show the far-field emission pattern

(Figs. 4(a) and 4(b)) and the measured laser spectra

(Fig. 4(c)) of two prototype QCL devices (samples D and E)

exploiting a top grating designed via Eq. (3). The far-field

measurement has been performed in the configuration

depicted in Fig. 2(b). In this geometry a¼ h-90� when u¼ 0.

The two devices, nominally identical, emit single-mode at

two different frequencies due to processing inhomogeneities

(3.14 THz, sample D; 3.47 THz sample E), corresponding to

the lower and upper bands of the grating, respectively. In

neither case in-plane emission is achieved, but THz radiation

is emitted along the surface of a cone with the axis oriented

along h¼ 0� (a¼ 90�) with divergences of 50� (sample D)

and 70� (sample E) corresponding to am¼ 65� and am¼ 55�,
respectively, 17% lower than the corrected nominal angles

a2¼ 80� and a2¼ 66�.
Figure 4(d) shows the light-current and voltage-current

(LIV) characteristics of sample E. Laser action up to 110 K

was achieved, corresponding to a lattice temperature of

135 K,25,26 i.e., 45 K lower than in the edge-emitting THz

QCL fabricated from the same active-region, as expected

due to the increased losses induced by the grating and the

absorbing chromium edge. Figure 4(e) shows a comparison

of the optical performances of samples A–D (gratings a–d,

respectively). Although no qualitative changes in the LIV

curves were observed, the slope efficiency increases with

larger extraction angle, whilst the threshold current density

(jth) remains practically unchanged. The vertical dispersion

visible in the slope efficiency data of Fig. 4(e) is partly due

to our uncertainty in the estimation of absolute power (calcu-

lated by integrating the far field and taking into account the

75% absorption of the cryostat window) and to the multimode

and multi-lobed behavior of some devices. The slope effi-

ciency increases as the extracted light becomes progressively

more collinear with the lasing waveguide mode, in agreement

with what observed in 3rd-order and 2nd-order DFBs.9,10

In summary, we have developed THz QCLs operating

under the distributed feedback of a dual-periodicity grating

whose emission angle and frequency can be lithographically

tuned between vertical and 50� angular emission via independ-

ent control of the grating periodicity. This opens the way for

development of a novel class of in-plane emitting THz DFB

QCLs exploiting a different grating concept to achieve single-

mode and high-collimated emission with an easier phase

matching approach.
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