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Abstract: We report experimental realization of phase-locked quantum cascade laser (QCL) 
array using a monolithically integrated Talbot cavity. An array with six laser elements at a 
wavelength of ~4.8 μm shows a maximum peak power of ~4 W which is more than 5 times 
higher than that of a single ridge laser element and a slope efficiency of 1 W/A at room 
temperature. Operation of in-phase coherent supermode has been achieved over the whole 
dynamic range of the Talbot-cavity QCL. The structure was analysed using a straightforward 
theoretical model, showing quantitatively good agreement with the experimental results. The 
reduced thermal resistance makes the structure an attractive approach to achieve high beam 
quality continuous wave QCLs. 
© 2017 Optical Society of America 
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1. Introduction 

With considerable improvement in the performance, quantum cascade lasers (QCLs) have 
become important and reliable sources in the mid-infrared (MIR) spectral region for 
applications such as free-space communications [1], remote environmental sensing [2], and 
biological imaging [3]. For those applications, achieving both high coherent output power and 
diffraction limited beam quality are highly desired. Along this line, a number of different 
structures based on broad area QCLs have been proposed and studied, such as photonic 
crystal distributed feedback (PCDFB) lasers [4], master-oscillator power-amplifier (MOPA) 
[5,6] lasers, and lasers with tilted front facet [7]. Another promising technique to obtain high 
output powers while maintaining a good beam quality is to use the coherent phase-locked 
array structures which have been extensively studied in the near-infrared region [8–10]. 
Recently, these concepts have been extended to the MIR region using QCLs platforms. For 
instance, resonant leaky-wave coupled QCLs arrays have shown 5.5 W peak power in a near 
diffraction limit far-field pattern at wavelength of 8.36 μm [11]. However, to ensure high 
refractive index contrast, it requires regrowth of semiconductor material which significantly 
complicates the fabrication processes. In addition, while providing a better thermal 
management, evanescent-wave-coupled arrays tend to operate in the out-of-phase mode, 
leading to a double-lobe far-field pattern which is undesirable for practical applications [12]. 
Y-branch coupled arrays, on the other hand, often undergo strong modal competition between 
in-phase and out-of-phase modes although promising results have been recently reported 
under CW operation and stable phase-locked conditions [13, 14]. 

In this work, we report an alternative scheme based on diffraction coupling for 
implementation of phase-locked arrays using the Talbot-effect [15]. In the Talbot-effect, the 
amplitude distribution of a periodic source reimages itself at regular distances away from the 
source. The regular distance is called the Talbot length Zt = 2nd2/λ0, where n is the refractive 
index of the material, d is the source period, and λ0 is the wavelength of light in vacuum. In 
our structure, a Talbot cavity serving as the coherent in-phase coupling element is 
monolithically integrated with a periodic QCLs array. The proposed structure provides a 

                                                                                                     Vol. 25, No. 4 | 20 Feb 2017 | OPTICS EXPRESS 3078 



stable and near diffraction limit far-field pattern in the central lobe for in-phase supermode 
operation over the entire dynamic range. 

2. Device fabrication 

In the current experiments, the array section consists of six laser elements with a common 
width of 7.5 μm and an 11.5 μm center-to-center spacing. The schematic of the proposed 
structure is shown in Fig. 1(a). The devices were fabricated on an MBE-grown QCL structure 
with double-phonon-resonance active region design with a designed wavelength of 4.7 μm 
[16]. The whole structure was grown on an n-doped InP substrate, starting with the lower 
cladding layer [consisting of a 1.5 μm thick n-doped (8.5 × 1016 cm−3) InP layer and a 1.5 μm 
thick n-doped (2.5 × 1016 cm−3) InP layer], followed by the active region, the top cladding 
layer [consisting of a 1.5 μm thick n-doped (2.5 × 1016 cm−3) InP layer and a 1.5 μm thick n-
doped (8.5 × 1016 cm−3) InP layer], and a thin 20 nm highly n-doped (1 × 1019 cm−3) InGaAs 
cap layer. The active region consists of 40 periods of strained Ga0.331In0.669As/Al0.638In0.362As 
pairs to enhance the band offset to ~800 meV for the designed wavelength. The devices were 
etched by inductively coupled plasma (ICP) reactor with an Ar/Cl2 recipe using a SiO2 hard 
mask. We have etched ~8 μm deep through the active region down to the substrate to avoid 
the evanescent coupling. The devices were then passivated with 550 nm SiO2. After opening 
the top window, Ti/Au metal contact was evaporated using the electron beam evaporator. 
Extended Au contact was evaporated using a combination of sputtering and electroplating to 
provide better coverage of the devices sidewalls. The two sections of the Talbot-cavity and 
QCL array are electrically connected through the Au top contact. After substrate lapping, the 
deposition of Ti/Au bottom contact finished the whole process. The devices were cleaved in a 

 

Fig. 1. (a) 3D schematic of the proposed Talbot-cavity quantum cascade lasers (QCLs), as well 
as representative SEM images of (b) the Talbot cavity with a half of the Talbot length Zt /2 and 
(c) the output facet of the QCL array with six laser elements. Each element has a common 
width of 7.5 μm and an 11.5 μm center-to-center spacing. 

way that Talbot cavity length varies from 30 μm to 100 μm. The as-cleaved devices were 
epilayer-up bonded on Cu heatsinks for testing. The representative scanning electron 
microscope (SEM) images of the fabricated Talbot cavity and the QCL array are shown in 
Figs. 1(b) and 1(c), respectively. For all the results presented here, the devices were tested in 
the pulsed mode operation, with a 100 ns pulse width and a 10 kHz repetition rate at a 
heatsink temperature of 300 K. 
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3. Results and analysis 

Figure 2 shows the light-current (L-I) and light-voltage (I-V) characteristics of a 
representative Talbot-cavity QCL (with Talbot cavity of Zt/2) as well as a Fabry-Perot (F-P) 
QCL (7.5 μm wide, 3.5 mm long) for comparison. For Talbot-cavity QCL, the output power 
was measured directly from the QCL array output facet using a thermopile detector. The 
slope efficiencies for the F-P and Talbot QCLs are 1.1 W/A and 1.0 W/A, respectively. The 
F-P QCL delivered a peak power of 0.75 W, whereas, for comparison, the Talbot-cavity QCL 
showed a peak power of 4 W, which scales almost linearly with the number of the devices of 
the array. Similar to the case of tapered QCLs, the threshold current density and slope 
efficiency of Talbot-cavity QCL cannot be described by the commonly used expression, 
which assumes constant waveguide width (i.e. constant waveguide loss αw) and uniform 
photon density along the laser cavity [5]. Nevertheless, some general conclusions on the 
Talbot-cavity QCLs performance can still be extracted from the comparison. In fact, both the 
threshold density and slope efficiency of Talbot-cavity QCL show quite close values to those 
of F-P device. Therefore, it is reasonable to assume that the Talbot cavity induces moderate 
optical loss to the QCL array, showing great potential to achieve even higher power with 
more devices combined. The reduced slope efficiency of the Talbot-cavity QCL compared to 
that of a F-P laser can be ascribed to scattering loss of Talbot cavity and self-heating effect. 

 

Fig. 2. Light-current (L-I) curves for the Talbot cavity QCL (with a Talbot cavity of Zt /2) and 
a reference F-P QCL at 300 K. The upper inset shows the L-I and voltage current (V-I) curves 
for the same devices plotted on a current density scale. The lower inset shows the laser 
spectrum of Talbot-cavity QCL at a pumping current of 5 A. 

The far-field distributions of the Talbot-cavity QCLs with different lengths were 
measured using the lock-in technique and a liquid nitrogen-cooled mercury-cadmium-
telluride (MCT) detector for a better signal-to-noise ratio (SMSR). The MCT detector 
mounted on a rotation stage was placed ~15 cm away from the QCL array output facet and 
controlled by a home-built software for data collection. Figure 4 shows typical far-field 
distributions of Talbot-cavity QCLs with Talbot-cavity length D » 92 μm and 46 μm, 
corresponding to ZT/2 and ZT/4, respectively, at different pumping levels. The far-field 
distributions in Fig. 3(a) show a strong central lobe at 0°, indicating the existence of in-phase 
supermode operation according to couple-mode theory [8]. However, out-of-phase supermode 
operation appears as well. The far-field distributions in Fig. 3(b) has no lobe at center 0° 
position, but is primarily double lobed, showing operation of higher order supermodes. 
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However, the lobes of different supermodes overlap, making it difficult to distinguish them 
separately. For the in-phase supermode, theoretical analysis using the method in [17] shows a 
lobe spacing of ~24° between the first side lobe and the central lobe, which agrees well with 
the experiment value. Around roll-over point, the central lobewidth is ~5.8°, corresponding to 
1.16 × diffraction limit for a 65 μm-wide aperture. We expect the far-field profile from the 
back facet of the laser should be similar those shown in Fig. 3, as demonstrated in the 
previous studies. 

 

Fig. 3. (a) Far-field distribution of the Talbot-cavity QCL with D = Zt/2 at different pumping 
levels. Side-lobes originated from the in-phase supermode are indicated by the black arrows, 
whereas those from the out-of-phase mode are shown by red arrows. (b) Far-field distribution 
of the Talbot-cavity QCL with D = Zt/4 at different pumping levels. 

To have a deeper understanding of the experimental results, we used the theoretical model 
in [18] to determine the supermode behavior of our structures. Detailed model analysis can be 
found in [18]. Here, we just give a brief description. In this model, the effect of the Talbot 
cavity is included in the effective reflectivity N × N matrix RT at the cavity-side edge of the 
array region, where N is the number of lasers in the array. It is shown that r0

−1exp(-i2σD) is 
the eigenvalue λ of the matrix RT, where r0 is the amplitude reflectivity at the air-Talbot cavity 
interface, D is the channel length, and σ is the propagation constant of the supermode, given 
by σ = (n/c)ω − i(gth/2). Here, c is the speed of light in vacuum, ω is the angular frequency, 
and gth is the required threshold gain coefficient (cm−1). Therefore, the threshold gain is given 
by gthD = ln (1/r0r) + ln (1/|λ|) [19], where r is the amplitude reflectivity at the air-array 
interface. Using the expression for RT and the corresponding parameters of our current 
structure, the calculated threshold gains for different supermodes as a function of the Talbot 
cavity length is shown in Fig. 4. As shown in Fig. 4, at D » 46 μm, the in-phase supermode 
has the highest threshold gain, and thus the operation is severely suppressed. In this case, the 
laser tends to work in multiple higher order supermodes due to weak mode discrimination. 
For comparison, at D » 92 μm, the in-phase and out-of-phase modes have the lowest threshold 
gains. Hence, both supermodes are expected to lase. It is found that the N = 4 supermode 
seems to show a close gain value to that of the in-phase mode. Nevertheless, this mode is 
weakly observed (at ~ ± 7°) as seen in Fig. 3(a) when the laser is pumped at 1.1 Ith. At higher 
pumping currents, this mode is greatly suppressed due to laser mode competition. This can be 
explained that, in fact, the waveguide absorption loss of the supermodes is not considered in 
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the simplified mode which only includes the scattering loss in the Talbot cavity. Therefore, it 
is reasonable to assume a stronger mode discrimination at D » 92 μm for real devices, thus 
suppressing the operation of N = 4 supermode which should be observed at high currents with 
side peaks at ~ ± 7°. Though straightforward, the studied model qualitatively matches the 
experiment findings. 

 

Fig. 4. Theoretical threshold gain for the supermodes of a six-element Talbot-cavity QCL array 
as a function of the Talbot cavity length. The N = 1, corresponds to the in-phase supermode, 
whereas the N = 6 is the out-of-phase supermode. 

4. Conclusion 

In conclusion, we have demonstrated mid-infrared six-element Talbot-cavity quantum 
cascade lasers with coherent emission. Maximum output power of ~4 W was achieved, which 
scales almost linearly with the number of the device in the array. In-phase supermode 
operation has been demonstrated with a near diffraction limit of the far-field distribution in 
the central lobe over the whole dynamic range. The proposed approach holds the potential to 
circumvent the main limitations on the high power CW QCLs. Further studies should be 
taken to increase the mode discrimination so as to achieve pure in-phase supermode operation 
and thus high brightness which is important for practical applications. Possible approaches to 
further improve the device performance include Tablot-cavity array with separate contacts 
[20], novel array configuration [21], or tilted Talbot-cavity output facet [22]. Meanwhile, 
further reducing the array period will be beneficial for reducing the side peak intensity, thus 
leading to a higher side mode suppression ratio (SMSR) for in-phase supermode. 

Funding 

National Research Foundation Singapore (NRF), Competitive Research Program (NRF2015 
NRF-CRP002-008); Ministry of Education – Singapore (MOE) Tier 2 program (MOE2016-
T2-1-128). 

Acknowledgment 

At the time of writing this manuscript, we noted an independent work [23] was carried out in 
parallel using three laser elements, with a wider ridge width and period. 

                                                                                                     Vol. 25, No. 4 | 20 Feb 2017 | OPTICS EXPRESS 3082 




