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Abstract:  We report on terahertz quantum-cascade lasers (THz QCLS)
based on first-order lateral distributed-feedback (IDFB) gratings, which
exhibit continuous-wave operation, high output powers (>8 mWw), and
singlee-mode emission at 3.3-3.4 THz. A genera method is presented
to determine the coupling coefficients of lateral gratings in terms of the
coupled-mode theory, which demonstrates that large coupling strengths
are obtained in the presence of corrugated metal layers. The experimental
spectra are in agreement with simulations of the IDFB cavities, which take
into account the reflective end facets.

© 2012 Optical Society of America
OCIS codes: (140.5965) Semiconductor lasers, quantum cascade; (140.3490) Lasers:
Distributed-feedback; (140.3070) Infrared and far-infrared lasers.

References and links

1. H.-W. Hubers, S. G. Pavlov, A. D. Semenov, R. Kohler, L. Mahler, A. Tredicucci, H. E. Beere, D. A. Ritchie,
and E. H. Linfield, “ Terahertz quantum cascade laser as local oscillator in a heterodyne receiver,” Opt. Express
13, 5890-5896 (2005).

2. H. Richter, A. D. Semenov, S. G. Pavlov, L. Mahler, A. Tredicucci, H. E. Beere, D. A. Ritchie, K. S. II'in,
M. Siegel, and H.-W. Hibers, “Terahertz heterodyne receiver with quantum cascade laser and hot electron
bolometer mixer in a pulse tube cooler,” Appl. Phys. Lett. 93, 141108 (2008).

3. P.Khosropanah, W. Zhang, J. N. Hovenier, J. R. Gao, T. M. Klapwijk, M. I. Amanti, G. Scalari, and J. Faist, “3.4
THz heterodyne receiver using a hot electron bolometer and a distributed feedback quantum cascade laser,” J.
Appl. Phys. 104, 113106 (2008).

4. D. Rabanus, U. U. Graf, M. Philipp, O. Ricken, J. Stutzki, B. Vowinkel, M. C. Wiedner, C. Walther, M. Fischer,
and J. Faist, “Phase locking of a 1.5 Terahertz quantum cascade laser and use asalocal oscillator in a heterodyne
HEB receiver,” Opt. Express 17, 1159-1168 (2009).

5. Y. Ren, J. N. Hovenier, R. Higgins, J. R. Gao, T. M. Klapwijk, S. C. shi, B. Klein, T.-Y. Kao, Q. Hu, and J. L.
Reno, “High-resolution heterodyne spectroscopy using a tunable quantum cascade laser around 3.5 THz,” Appl.
Phys. Lett. 98, 231109 (2011).

6. H. Richter, M. Greiner-Bar, S. G. Pavlov, A. D. Semenov, M. Wienold, L. Schrottke, M. Giehler, R. Hey, H. T.
Grahn, and H.-W. Hubers, “A compact, continuous-wave terahertz source based on a quantum-cascade laser and
aminiature cryocooler,” Opt. Express 18, 10177-10187 (2010).

7. J. Faist, C. Gmachl, F. Capasso, C. Sirtori, D. L. Sivco, J. N. Baillargeon, and A. Y. Cho, “ Distributed feedback
quantum cascade lasers,” Appl. Phys. Lett. 70, 2670-2672 (1997).

8. G.P Luo,C.Peng,H.Q.Le, S.S. Pel, W.-Y. Hwang, B. Ishaug, J. Um, J. N. Baillargeon, and C.-H. Lin, “ Grating-
tuned external-cavity quantum-cascade semiconductor lasers,” Appl. Phys. Lett. 78, 2834-2636 (2001).

9. J Xu, J. M. Hendley, D. B. Fenner, R. P. Green, L. Mahler, A. Tredicucci, M. G. Allen, F. Beltram, H. E. Beere,
and D. A. Ritchie, “Tunable terahertz quantum cascade lasers with an external cavity,” Appl. Phys. Lett. 91,
121104 (2007).

10. L. Mahler, A. Tredicucci, R. Kohler, F. Beltram, H. E. Beere, E. H. Linfield, and D. A. Ritchie, “High-
performance operation of single-mode terahertz quantum cascade lasers with metallic gratings,” Appl. Phys.
Lett. 87, 181101 (2005).

#159974 - $15.00 USD  Received 15 Dec 2011; revised 4 Mar 2012; accepted 10 Apr 2012; published 1 May 2012
(C) 2012 OSA 7 May 2012 / Vol. 20, No. 10/ OPTICS EXPRESS 11207



11. M. |. Amanti, M. Fischer, G. Scalari, M. Beck, and J. Faist, “Low-divergence single-mode terahertz quantum
cascade laser,” Nat. Photonics 3, 586590 (2009).

12. L. Mahler, A. Tredicucci, F. Beltram, C. Walther, J. Faist, H. E. Beere, and D. A. Ritchie, “High-power surface
emission from terahertz distributed feedback lasers with adual-slit unit cell,” Appl. Phys. Lett. 96, 191109 (2010).

13. D. G. Allen, T. Hargett, J. L. Reno, A. A. Zinn, and M. C. Wanke, “Index tuning for precise frequency selection
of terahertz quantum cascade lasers,” | EEE Photon. Technol. Lett. 23, 30-32 (2011).

14. S. Golka, C. Pflugl, W. Schrenk, and G. Strasser, “Quantum cascade lasers with lateral double-sided distributed
feedback grating,” Appl. Phys. Lett. 86, 111103 (2005).

15. B. S Williams, S. Kumar, Q. Hu, and J. L. Reno, “Distributed-feedback terahertz quantum-cascade lasers with
laterally corrugated metal waveguides,” Opt. Lett. 30, 2909-2911 (2005).

16. M. I. Amanti, G. Scalari, F. Castellano, M. Beck, and J. Faist, “Low divergence Terahertz photonic-wire laser,”
Opt. Express 18, 6390-6395 (2010).

17. R. Kodhler, A. Tredicucci, F. Beltram, H. E. Beere, E. H. Linfield, A. G. Davies, D. A. Ritchie, R. C. lotti, and
F. Rossi, “ Terahertz semiconductor-heterostructure laser,” Nature (London) 417, 156-159 (2002).

18. M. Rochat, A. Lassaad, H. Willenberg, J. Faist, H. Beere, G. Davies, E. Linfield, and D. Ritchie, “Low-threshold
terahertz quantum-cascade lasers,” Appl. Phys. Lett. 81, 1381-1383 (2002).

19. B. S. Williams, “Terahertz quantum-cascade lasers,” Nat. Photonics 1, 517-525 (2007).

20. H. Kogelnik and C. V. Shank, “Coupled-wave theory of distributed feedback lasers” J. Appl. Phys. 43, 2327—
2335 (1972).

21. S. L. Chuang, Physics of Photonic Devices (Wiley, New York, 2009), 2nd ed.

22. A. Laakso, M. Dumitrescu, J. Viherida, J. Karinen, M. Suominen, and M. Pessa, “ Optical modeling of laterally-
corrugated ridge-waveguide gratings,” Opt. Quant. Electron. 40, 907-920 (2008).

23. S. Kohen, B. S. Williams, and Q. Hu, “Electromagnetic modeling of terahertz quantum cascade laser waveguides
and resonators,” J. Appl. Phys. 97, 053106 (2005).

24. P Berini, “Plasmon-polariton waves guided by thin lossy metal films of finite width: Bound modes of symmetric
structures,” Phys. Rev. B 61, 10484-10503 (2000).

25. M. Wienold, L. Schrottke, M. Giehler, R. Hey, W. Anders, and H. T. Grahn, “Low-threshold terahertz quantum-
cascade |asers based on GaAg/Alp 25Gag 75As heterostructures,” Appl. Phys. Lett. 97, 071113 (2010).

26. A.Barkan, F. K. Tittel, D. M. Mittleman, R. Dengler, P. H. Siegel, G. Scalari, L. Ajili, J. Faist, H. E. Beere, E. H.
Linfield, A. G. Davies, and D. A. Ritchie, “Linewidth and tuning characteristics of terahertz quantum cascade
lasers,” Opt. Lett. 29, 575-577 (2004).

1. Introduction

Terahertz quantum-cascade lasers (THz QCLs) have been proposed and demonstrated for ap-
plications such as local oscillators in heterodyne receivers [1-5] above 2 THz. This requires
THz QCLs, which operate in continuous-wave (cw) mode with a high output power in a
single spectral mode. Operation in a liquid nitrogen dewar or a small-size Stirling cooler is
preferred [6]. The two conventional approaches for obtaining single-mode QCLs have been
distributed-feedback (DFB) gratings and external-cavity setups|[7,8]. However, for THz QCLSs,
therealization of tunable external cavitiesiscomplicated by the limitations dueto the cryogenic
operating temperatures and the fabrication of THz anti-reflection coatings [9]. THz QCLs with
a DFB grating are often realized by dlits in the top metallization of the laser ridge [10-13],
which provide a strong feedback due to the large modal intensity at the top metal and the large
refractive index modulation. The electrical contacting of the laser ridgesistypically performed
by just one or two thin bonding wires attached to the ends of the laser ridge in order to avoid
any interference with the grating dlits. An alternative approach isthe use of lateral DFB (IDFB)
gratings[14-16], which allow for aclosed top metallization such asfor Fabry-Pérot THz QCLs.
The advantages of lateral gratings are a homogeneous current injection and the possibility of
using a larger number of bonding wires, which reduces the current load for each wire and
conseguently the risk of failure in the case of cw operation. THz QCLs with first-order IDFB
gratings and sub-mW output powers have already been demonstrated for metal-metal wave-
guides [15], for which the optical mode is confined between two metal layers. In contrast, we
pursue the approach of first-order IDFB gratings in combination with single-plasmon wave-
guides. In single-plasmon waveguides [17, 18], the optical mode is confined between the top
metal and a highly n-doped layer underneath the active region. Fabry-Pérot lasers based on
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Fig. 1. (8) Schematic diagram of a THz QCL with a|DFB grating. L denotes the length of
the laser, A the grating period, and ¢g (0) and ¢ (L) the facet phases with respect to the
grating comb. (b) Scanning electron microscopy (SEM) image of an IDFB mesa after dry
etching.

this type of waveguide have shown to be beneficial over metal-metal waveguides with respect
to output power and beam quality [19]. Note that the lasing mode is transverse magnetically
(TM) polarized in QCLs. Inthefirst part of this paper, we present a general method to calculate
the coupling strength of IDFB gratings in terms of the well established coupled-mode theory
(CMT) [20]. In the second part, experimental results are discussed and compared to simulations
of the IDFB cavities.

2. Modeling of lateral gratings

InaDFB grating, the dielectric function is modul ated in the ridge direction (labeled z), wherein
the following Ae(z) denotes the modulation of the dielectric function with respect to areference
waveguide. In Fig. 1(a), a schematic diagram of an IDFB QCL with itstwo end facetsis shown.
The grating period A corresponds to the vacuum Bragg wavelength of Ag = 2An/m, where n
denotes the real part of the effective refractive index of the waveguide (negr = n+ik) and mthe
grating order. Figure 1(b) depicts an IDFB mesa after dry etching.

Within the CMT, the coupling coefficients describe the coupling of the forward and backward
traveling waves. This section deals mainly with determining the coupling coefficients of IDFB
gratings; for acomprehensiveintroduction tothe CMT of DFB lasers, seefor example Ref. [21].
The coupling coefficients of an mth-order grating are usually determined by two-dimensional
integrals of the mth Fourier components of Ae weighted by the modal intensity profile of the
corresponding reference waveguide (cf. Ref. [21]). For the integration, the change of the modal
intensity profile between the two grating sections is assumed to be negligibly small. There
are in general two complex coupling coefficients for the coupling of forward with backward
and of backward with forward traveling waves. Here, only symmetric gratings are considered,
for which the origin in the ridge direction z can be chosen such that Ae(z) = Ae(—2). In this
case, the two complex coupling coefficients can be subsumed into a single complex coupling
coefficient K +iKg, where the index coupling coefficient K is positive and the gain coupling
coefficient Ky can be positive or negative due to a possible phase difference of 0 or = between
index and gain coupling.

In Ref. [22], the coupling coefficients for interband DFB lasers based on lateral gratings
are determined by assuming a reference waveguide with an average refractive index in the
lateral corrugation region. However, this approach does not account for changes of the intensity
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profile of modes, which are located in different grating sections. In our case, different mode
profiles in the wide- and narrow-ridge sections are caused by the presence of a corrugated
metal layer. A more appropriate way to calculate the coupling coefficients in this case arises
from the correspondence of uniform DFB gratings and one-dimensional photonic crystals.

The band gap of a one-dimensional photonic crystal corresponds to the stop band of a uni-
form DFB grating caused by the coupling of forward and backward propagating waves. It can
be shown (see Appendix) that the complex coupling coefficient of afirst-order symmetric grat-
ing isrelated to the complex eigenfrequencies w.- of the lowest two bands of aone-dimensional
photonic crystal at the Bragg wavevector by

C

Oy = ——
= n+ ik

T4 (K ik~ [T (K iy 410
[K:E(K+|Kg):|Nn[Aﬂ:(K-‘rlKg)ﬁ-lz} , 1)
where ¢ denotes the speed of light. The net gain gy, is given by g, = I'g— oy With T'g being the
confinement factor times material gain and oy, the waveguide losses. The difference of the two
eigenfrequencies corresponds to the complex coupling coefficient

. n
K+|Kg:2—?:(w+—w_) 2

with ng denoting the group refractive index. The problem of calculating the coupling coeffi-
cientsisnow shifted from atwo-dimensional integration to a calculation of the complex eigen-
frequencies of a photonic crystal at the Bragg wavevector. For an IDFB grating implemented in
a THz waveguide, this requires to solve Maxwell’s equations for the volume of the DFB unit
cell with periodic boundary conditionsin the z direction. We performed this task by means of a
finite-element method using a commercial Maxwell solver (JCMwave, JCMsuite).

In the simple case of an index DFB grating, which consists of two alternating homogeneous
dabs, i.e. a grating with a square modulation of the dielectric constant and no waveguide dis-
persion (ng = n), the expression for K becomes a very simple analytic one:

Ae 2An
©2An2 B ’ (3)
where Ae = 2nAn denotes the difference of the dielectric constant between the sections. Equa-
tion (3) can be easily derived from the general Egs. (1) and (2) cited in [22]; other derivations
can be found in many textbooks (cf. citations in [15, 22]). Using A = 12.5 um, Ae = 0.2, and
n=3.584, Eq. (3) resultsin K = 6.23 cm™ L. Thisis exactly the same value as obtained via the
numerical determination of w_ and w, for the corresponding one-dimensional photonic crys-
tal, which confirmsthe validity of the photonic-crystal approach. Since a stack of homogeneous
dabsis considered here, the numerical result for K does not depend on the lateral and vertical
dimensions of the simulated unit cell.

Figure 2(a) depicts the geometry of the unit cell used for the calculations of the IDFB cou-
pling coefficients; exploiting the symmetry of the problem, only half of the original grating unit
cell is simulated. Modes, which are symmetric and antisymmetric with respect to the center of
the ridge, are found for different boundary conditions at x = 0 (vanishing tangential magnetic
or electric field, respectively). The grating period is 12.5 um, and the full width of theridgeis
120 and 107 um in the wide- and narrow-ridge section, respectively. The THz dielectric con-
stants used in the simulations are basically the same as in Ref. [23]. However, for GaAs and
AlxGay_xAs, wetakeinto account the contribution of bulk phonons, and we neglect free-carrier
absorptioninthe activeregion. The different panelsin Fig. 2(b) show the two perpendicular pro-
jections of the modal intensity for the w_ and w,. modeswith the fundamental TMgg symmetry.
The w, mode is localized in the narrow-ridge section of the grating, and the mode profile is
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Fig. 2. (@) Geometry and initial finite-element grid of the unit cell (periodic in the z-
direction) used in the simulation of the uniform IDFB grating. Top and bottom metalliza-
tions are yellow colored, the active region red, the highly doped bottom contact layer blue,
and the substrate gray. Perfectly matched layers are applied at x = 100 um (transparent
boundary conditions). (b) Projections of the intensity distribution of the w_ and w0 TMgg
modes to the xz and xy plane.

basically that of a Fabry-Pérot single-plasmon waveguide. The @_ mode is localized mainly
in the wide-ridge section, and the mode profile is significantly altered as compared to the .
mode. The intensity distribution exhibits features of a surface plasmon bound to a metal film
of finite width [24] such as the large intensity peaks, which occur at the edges of the top metal-
lization outside the actual ridge volume. Furthermore, the w_ mode appears to couple weakly
to the bottom contact metallization.

Theresultsfor the eigenfrequencies and coupling coefficients are summarized in Table 1. The
magnitude of the coupling coefficient increases strongly with increasing lateral mode index,
which isrelated to a stronger localization of the w_ modes at the edges of the corrugated ridge.
Since the imaginary parts of w_ and o, are different, the coupling coefficient contains an
imaginary component Kg. Because gain has been neglected in the simulations, i.e. gn = —ou,
the effective waveguide losses for the corresponding reference waveguide can be determined
via oy = Im(wy + w_)n/c. A value of 11.1 cm~! for the TMgo modes is obtained, while
2D waveguide simulations of the narrow- and wide-ridge section result in 9.5 and 9.4 cm™1,
respectively. Hence, the lateral grating causes on average additional losses of about 1.7 cm™1.
The larger magnitudes of the imaginary part of w.. for the TMg; and TMg, modes correspond
to effective losses of 20 and 30 cm—?, respectively, which should usually inhibit lasing in the
higher-order lateral modes.

Toillustrate the impact of the corrugated metal grating, we can estimate the grating coupling
strength assuming the same mode profile for the o, and w_ modes. In this case, an upper limit
for the coupling strength is given by Eq. (3) using Ae = ng, — n2 with the effective indices ny
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Table 1. Real and imaginary part of the eigenfrequencies w_ and . and corresponding
coupling coefficient K +-iKg (ng = 3.8) for the TMgg, TMq, and TMg, modes for the
grating geometry shown in Fig. 2(a).

TMge TMoez  TMe

Re(w_/[2rc]) (cm™1) 110.83 111.79 113.66
Re(w, /[2rc]) (cm™) 111.09 11279 11554
Im(w_/[2rc]) (cm™) —-0.28 —-0.53 -0.79
Im(w, /[2rc]) cm™t) —021 034 -0.55
K (cm™1) 3.0 11.9 22.5
Kg (cm™h) 0.8 2.3 2.9

and n, corresponding to separate two-dimensional (2D) waveguide simulations for the wide-
and narrow-ridge section, respectively. By doing so, we obtain avalue of K = 0.75 cm™2 for the
fundamental TMgp mode, which isby afactor of 4 smaller than compared to the value obtained
via the rigorous photonic-crystal method. Hence, the origin of the strong coupling is related
to the plasmonic intensity peaks at the grating edges, which occur only for the @ mode [cf.
Fig. 2(b)] and result in alarge difference between o, and o-_.

For known coupling coefficients, the CMT allows for a determination of the complex eigen-
values of the DFB cavity, i.e. the frequencies and threshold gain for the different longitudinal
modes. Note that in case of reflective end facets the cavity eigenvalues depend also on the facet
phases ¢r [cf. Fig. 1(8)]. In the case of cleaved facets, these are not known a priori due to the
limited accuracy of the cleaving process. This causes an uncertainty of the frequency values,
which is approximately equal to the mode spacing of the corresponding Fabry-Pérot cavity.

3. Experimental results and discussion

The THz QCL active region is based on the GaAgAlg 25Gag 75AS heterostructure reported as
sample B in Ref. [25]. The processing is similar to single-plasmon Fabry-Pérot lasers. In the
first step, the metal grating is defined in a lift-off process (10/200 nm Ti/Au). Thisis followed
by a dry etching step to form the corrugated mesa and a second metallization/lift-off step,
which defines the bottom contact and reinforces the bonding area of the top contact (300 nm
AuGe/Ni). For dry etching, we used a silicon oxide hard mask and a reactive ion etch system
based on an inductively coupled plasma (SAMCO RIE-140iP). The grating duty cycleis 0.5,
and the widths of the wide- and narrow-ridge sections of the etched mesa are approximately
120 and 107 um. These are & so the parameters, which we used for the simulations (neglecting
asmall technological gap of about 1 pm between the top metallization and the etch mask).

In the following, the experimental results for three laser stripes from a single die with grat-
ing periods of 12.4, 12.5, and 12.6 um and as-cleaved facets are discussed. The corresponding
Bragg frequencies fall within the emission range of 3.15-3.45 THz found for Fabry-Pérot lasers
of the same wafer. Since the three laser stripes are located on the same die, they have all the
same ridge length (1.454 mm). Figure 3(a) shows the light-current-voltage (L-1-V) character-
istics of the three lasers for driving currents up to 0.75 A (455 A cm~2). In this range, the
emission of the lasersis dominated by a single spectral mode. Due to the large dissipated elec-
trical power, only temperatures above 20 K can be maintained over the whole range of driving
currents. The three lasers exhibit similar L-1-V characteristics with threshold current densities
Jin of 290, 290, and 270 A cm2 at 30 K for A = 12.4, 12.5, and 12.6 um, respectively. The
maximum operating temperature is about 55 K for A = 12.4 and 12.5 um and about 60 K for
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Fig. 3. (@) Continuous-wave L-I1-V characteristics of three IDFB QCLs (ridge length
1.454 mm) with grating periods of 12.4, 12.5, and 12.6 um at different temperatures. The
nominal temperature of 10 K is maintained only up to current values of 0.46 A. (b) Typi-
cal emission spectra of the three lasersin their single-mode regime (linear intensity scale).
Insets: Corresponding power spectraon alogarithmic scale for awide frequency range.

A =12.6 um. The slope efficiency at threshold (30 K) is approximately 30 mW/A for al three
lasers. The output powers at a driving current of 0.75 A are 8.7, 8.0, and 8.7 mW at 30 K and
3.6,3.3,and 4.8 mW at 50K for A = 12.4, 12.5, and 12.6 um, respectively. For comparison, a
Fabry-Pérot laser ridge of the same wafer with similar dimensions (0.10x 1.52 mm?) operated
in cw mode up to 55 K. For thislaser, values for the threshold current density, slope efficiency,
and maximum cw output power at 30 K are 320 A cm~2, 20 mW/A, and 6.5 mW, respectively.
The smaller threshold current densities of the IDFB QCLs in comparison with Fabry-Pérot
QCLsare qualitatively explained by a smaller threshold gain as a consequence of the feedback
provided by the grating in addition to the feedback of the reflective end facets. However, the
effect is stronger than expected. While the levels of cw output power are comparable for IDFB
and Fabry-Pérot laser ridges, the spectral power density for the IDFB QCLsis much higher due
to single-mode operation.

Figure 3(b) shows typical spectra of the three lasersin their respective single-mode regime.
The side-mode suppression ratio exceeds the signal-to-noise ratio of 20-30 dB, whichislimited
by the baseline of the used Fourier-transform spectrometer and the QCL intensity. No side-
modes could be detected within the entire current and temperature range of Fig. 3(a) for the
laser with A = 12.5 um. For the lasers with A = 12.4 (12.6) um, this regime extends up to 0.7
(0.6) A at 20 K and over the entire driving current range at el evated temperatures (> 50 K). The
single-mode emission for A = 12.4, 12.5, and 12.6 um occurs at frequencies of 3.35, 3.38, and
3.30 THz, respectively. The single-mode tuning with driving current and temperatureis limited
to about 5 GHz for each laser, which isrelated to the rather small temperature dependence of the
dielectric constants at low temperatures. The line width of the laser emission, which can be as
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Fig. 4. () Continuous-wave L-I-V characteristics for the IDFB QCL with A = 12.5 um
including the multi-mode emission regime (disabled temperature control 1oop). (b) Corre-
sponding emission spectra at four different driving currents.

small asafew kHz for THz QCLs[26], cannot be determined from the spectradueto the limited
resolution of the used spectrometer (Bruker, IFS66v). The instrumental resolution allows for a
clear identification of modes, which are separated by more than 3.5 GHz. The question may
arise, if these spectra consist of different transverse modes which are not resolved. However,
we disregard this possibility for a simple reason. According to the simulation results discussed
above, the effective index for the TMgg and TMg; mode differ by 1.2%, which causes a shift
of the Bragg frequency from 3.33 to 3.37 THz. Hence, the longitudinal mode with the lowest
threshold gain is expected to differ by more than 40 GHz for TMgg and TMo; symmetry, which
is well beyond the resolution limit. In contrast, higher-order transverse modes are likely to
explain the complicated multi-mode emission spectra observed at elevated driving currents.

From beam-profile measurements for one of the IDFB lasers operated in a Stirling cooler, we
found that the far field is very similar to single-plasmon lasers without a grating (cf. Ref. [6]).
For a driving current of 600 mA and operating temperature of 50 K, the beam profile of the
A =12.4 um laser consists mainly of asingle lobe, covering approximately 80% of the power,
for which we estimate a full width at half maximum divergence of about 24° in both, the lateral
and the vertical, directions. The beam divergence appears to be comparable to the one of third-
order DFB QCLs, for which values of 15 to 30° have been reported [16].

In Fig. 4(a), the L-1-V characteristics are shown for the laser with A = 12.5 um including the
multi-mode emission regime. Due to the large dissipated electrical power at elevated current
levels, the temperature control loop was disabled for this measurement resulting in a linear
temperature increase of 20 K between the threshold and the maximum applied current of 1.0 A.
At its maximum, the cw output power exceeds 12 mW for this laser. In Fig. 4(b), the emission
spectra for different operating currents are shown. Between 0.75 and 0.9 A, the laser emission
switches from 3.38 to 3.40 THz. This new regime is related to a discontinuity at 0.82 A in the
light-current characteristics, which is also observed in the |-V characteristics. When the driving
current is increased to 0.97 A, another mode at 3.53 THz starts to appear, and, at a driving
current of 1.0 A, the laser emission exhibits a complex multi-mode pattern with strong modes
at 3.38/3.40 THz and 3.50/3.53 THz.

The emission spectra can be interpreted within the framework of the coupled-mode equations
for aDFB cavity (see Appendix) with the boundary condition of two reflective end facets, for
which the facet phases as defined in Fig. 1(a) enter the eigenvalue problem. The coupled-mode

#159974 - $15.00 USD  Received 15 Dec 2011; revised 4 Mar 2012; accepted 10 Apr 2012; published 1 May 2012
(C) 2012 OSA 7 May 2012 / Vol. 20, No. 10/ OPTICS EXPRESS 11214



1.2 (e e [
L A=124pum [ 40)=153 { [ A=125um | g0)=583 | [A=126mmi 40)=225

I g(L=-3781[ g(Ly=-6.16 1 [ ¢L)=-3.86 ]

11 F 1F 1+ .

L 4 F oC :: 4

a | o™ 1L n |
ol Booood [0002%" 1t k°8e -
> C 6ooqg|f _ 66 0 o
\510?---nn. 10 . Uasg! Reeg, ]

8 1t >

09k JL JE ]
ol o by el by by A G by e byt b by b G b PRI [ S B

3.2 3.3 3.4 3.5 3.2 3.4 35 3.2 3.3 34 35

33
Frequency (THz)

Fig. 5. Calculated threshold gain gy, vs. frequency of the eigenmodes of the IDFB lasers
(A =124, 125, and 12.6 um) in units of gy, of the reference Fabry-Pérot cavity. The
vertical dashed lines indicate the Bragg frequency using n = 3.58. The facet phases ¢r as
defined in Fig. 1(a) have been determined by SEM imaging and are givenin radians. Circles
refer to a complex coupling coefficient [K 4 iKg = (3.0+ 0.8i) cm~1] and squares to a
real coupling coefficient (K = 3.0 cm™1). Triangles indicate the experimentally observed
frequencies.

equations have been solved numerically for this case. In Fig. 5, the calculated threshold gain
for the TMgp mode is plotted versus the frequency eigenvalues for the three IDFB QCLs with
A =124,125, and 12.6 um. We have performed simulations either for a complex coupling
coefficient or for areal coupling coefficient (Kq = 0). The experimentally observed single-mode
emission and the calculated longitudinal modes with the lowest threshold gain occur at almost
the same frequencies, where the quantitative agreement appears to be better for the simulations
with areal coupling coefficient. In this case, an agreement better than 9 GHz is found for all
three lasers, while in the case of a complex coupling coefficient the calculated mode with the
second lowest threshold gain coincides with the lasing frequency for A = 12.6 um. While the
Bragg frequency (depicted as dashed lines in Fig. 5) decreases with increasing grating period,
the finite facet reflectance and the different facet phases cause lasing in the longitudinal mode
below the Bragg frequency for A = 12.4 and 12.6 um and above the Bragg frequency for A =
12.5 um. The differences in the calculated threshold gain explain the different experimentally
observed threshold current densities. However, the calculation predicts the lowest threshold
gain for A = 12.5 um, while experimentally the lowest value of Jy, isfound for A = 12.6 um
[cf. Fig. 3(a)]. Differences between the experimental and simulated results are likely due to
the uncertainty of the involved parameters such as the coupling coefficients. For instance, the
occurrence of a small displacement between the etch mask and the metallization mask might
result in a phase difference between the index and gain coupling, which has been neglected in
the simulations.

While the single-mode operation regime is quite well explained by the coupled-mode equa-
tions for the fundamental lateral TMgp mode, the situation becomes more complex for the
multi-mode emission regime. In Fig. 4(b), the emission of a second mode at 3.40 THz for the
laser with A = 12.5 um can be understood by the Stark shift of the gain with increasing bias,
since the emission frequency agrees with the cal culated frequency of the mode with the second
lowest threshold gain. However, the multi-mode emission pattern for the highest driving cur-
rent seems to exhibit a stop band between 3.40 and 3.50 THz. This cannot be explained by the
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spectral position and threshold gain of the longitudinal modes with TMgg symmetry. A likely
explanation is the presence of higher-order lateral modes such as TMg; and TMgp, for which
the coupling coefficient is much larger and the Bragg frequency is increased due to the smaller
effective index of these modes. For lasing of higher-order lateral modes in favor of the funda
mental TMgo mode, the threshold gain has to be smaller as compared to the TMyy mode, i.e.
the larger coupling coefficient has to compensate the higher waveguide |osses.

4. Summary and conclusions

We have demonstrated THz QCL s based on first-order lateral DFB gratings and single-plasmon
waveguides, which operate in continuous-wave mode with high output powers and single-mode
emission around 3.3 THz. For the single-mode regime, cw output powers exceeding 8 m\W have
been obtained, while the maximum output power including the multi-mode regime can exceed
even 12 mW. A method has been devel oped to calculate the coupling strength of DFB gratings
in the presence of corrugated metal layers, which demonstrates that the origin of the large
coupling strength in the investigated lasersis the strong plasmonic metal-light interaction at the
lateral grating edges. The emission frequency of the lasersisdetermined by the Bragg frequency
of the grating and the positions of the cleaved facets with respect to the grating comb. By taking
into account the refl ective end facets, a quantitative agreement between the experimental spectra
and simulations based on the coupled-maode equations of DFB lasers is obtained. The present
approach is limited by the accuracy of the cleaving process, which causes an uncertainty of
the emission frequency approximately equal to the mode spacing of the corresponding Fabry-
Perot cavity. However, the number of mounted laser dies, which have to be tested to obtain a
particular target frequency, can be kept small if laser ridges with different grating periods are
located on the same die.

5. Appendix

In order to derive Eq. (1), we start with the coupled-mode equations following the notation of

Ref. [21]:
d (A)) _ i AB Ka )\ (A2 @
dz \B(2) —Koa —AB)\B(2)/
A(z) and B(z) denote the amplitudes of the forward and backward propagating wave, respec-
tively. Kap and Ky, refer to the coupling coefficients of the forward and backward propagating

mode, respectively, and A3 = Bp — Bg corresponds to the difference of the propagation constant
Bo = wngi /¢ and the Bragg wavevector g = /A. The coupled-mode equationsin Eq. (4) are

formally solved by
(53) = (&) ®

0= vAB? — KapKpa - (6)

The latter equation is the dispersion relation for the coupled system of forward and backward
propagating waves of a uniform grating of infinite length. The propagation constant of the
coupled system are given by 1 = /A +q, while By and A refer to the reference waveguide.
Note that g, Bp, and AB are complex quantities in the current notation due to the presence of
gain and losses, while the frequency w isareal quantity.

In the case of index and gain coupling, the coupling coefficients can be written as Ky, =
K +iKgexp(igg) and Kpa = K+ iKgexp(—igg) with K denoting the index coupling coefficient,

with
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Kg the gain coupling coefficient, and ¢g the phase difference between index and gain coupling.
We obtain the relation
KapKpa = K2 — K§ + 2iKKg cos(¢g) - (7)

Here, only symmetric gratings are considered, for which the origin in the ridge direction z can
be chosen such that Ae(z) = Ae(—2z). The only possible values for ¢g are 0 and 7, KapKpa =
(K+ iKg)Z, where we chose the plus sign in the following by allowing for negative amplitudes
Kg. We rewrite Eq. (6) using @ = BoC/Neit = PoC/(N+iK):

T

__c (r 2

In the following, the wavevector /A + q istreated as areal quantity, which causes By and A3
to bereal, while the frequency @ becomes complex. The case q = 0 correspond to the eigenfre-
guencies of a one-dimensional photonic crystal at the edge of the Brillouin zone. Assuming a
symmetric grating with KapKpa = (K +iKg)?, the complex frequencies of the two eigenmodes
at q= O aregiven by Eq. (1).
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