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1. Structure parameters of the THz-MOPA-QCLs 

Figure S1 gives SEM pictures of MOPA devices with the first type and the second type of the antenna 

array. The DFB grating contains 80 periods with a central  phase shift. The width, the duty cycle and the 

groove etch depth of the grating are 280 たm, 60% and 450 nm, respectively. The straight preamplifier is 

500 たm-long. The antenna arrays contain 9  15 unit cells. The lateral periodicity (Py) of the 2D antenna 

arrays is 23 たm. The longitudinal periodicities (Px) are 37 たm for the first type array and 35 たm for the 

second type array, respectively. The size of the antennas is 16 たm  7 たm. 

 

FIG. S1 SEM pictures of the MOPA devices with the 2D antenna array. Panels (a) and (b) show the 
device with the first type of the antenna array, in which the orientation angle of the antennas is 45° 
with respective to the x-direction. Panels (c) and (d) show the device with the second type of the 
antenna array, in which the two sub-arrays have orthogonal orientations. The longitudinal interval 
Sx and the lateral interval Sy are respectively 12 m and 11.5 m. 
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2. Degree of the linear polarization (DOLP) 

The Stokes parameters s0, s1, s2 and s3 are usually utilized to describe the polarization state, where 嫌待 噺 欠怠態 髪 欠態態, 嫌怠 噺 欠怠態 伐 欠態態, 嫌態 噺 に欠怠欠態 cos 絞 and 嫌戴 噺 に欠怠欠態 sin 絞. Here, a1 and a2 are respectively 

the amplitude of orthogonal electric vectors, and h is the phase difference between them. 

The degree of linear polarization is defined as DOLP 噺 紐嫌怠態 髪 嫌態態【嫌待, and the polarization azimuth 

equals to tanに肯牒 噺 嫌態【嫌怠く The Stokes parameters can be calculated by the power I(g) through a polarizer 

versus the orientation angle g, where 嫌待 噺 荊岫どソ岻 髪 荊岫ひどソ岻, 嫌怠 噺 荊岫どソ岻 伐 荊岫ひどソ岻  and 嫌態 噺 荊岫ねのソ岻 伐荊岫なぬのソ岻. For the first type of antenna array, the polarization ellipse of the radiation calculated by the 3D 

FDTD method is shown in Fig. 1(e). The normalized power is therefore calculated (shown in Fig. S2), 

from which the DOLP is found to be 99.9% and the polarization azimuth (しP) is -28°. 

 

FIG. S2. Normalized power through a polarizer as a function of its orientation angle g, calculated for 
the radiation at the brightness point on the beam pattern. The angle g = 0° responds to +x-direction. 

3. Comparison of the beam divergence and the diffraction limit 

The divergent angle of the single-lobed beam (full width at half maximum, FWHM) is approximately 

20°  28°, as shown in Fig. 2(c). The angular definition of the far-field measurement is given in Fig. S3(a). 

The size of the 2D antenna array is ~360 たm  370 たm, so the corresponding diffraction limit is ~20°  20°. 

As shown in Fig. S3(b), the field spread covers the whole antenna array along the x-direction, which makes 

the divergent angle along the x direction close to the diffraction limit. On the other hand, the antenna array 

is wider than the preamplifier and the field expansion is unobvious when the THz wave is injected from the 

preamplifier into the antenna array, therefore the field spread is less than the width of the antenna array 

(y-direction). As a result, the divergent angle along the y direction is larger than the diffraction limit. 

Figure S3(b) shows that the effective size of the emission surface in y-direction is close to the width of the 
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preamplifier (280 たm). Take this into account, the measured divergent angle is close to the diffraction 

limit. 

 

FIG. S3 (a) Angular definition of the far-field measurement, in which the angle x = y = 0 

corresponds to the direction along the laser ridge. (b) Normalized electric field distribution (Ez) in 

the antenna array in an x-y plane across the center of the active region. 

4. Degree of the circular polarization (DOCP) 

The electric field 継屎縛  at the diffraction direction (x=, y=0), as described in Eq. (1), can be 

decomposed into components along the x- and y-direction (継掴 and 継槻), as the following 

継掴 噺 畦待 cos肯椎墜鎮に 岷cos降待建 髪 cos盤降待建 髪Δ溝勅匪峅 
    噺 に畦待 cos 提妊任如態 cosΔ貞賑態 cos 磐降待建 髪 Δ貞賑態 卑,                       ふSヱぶ 

継槻 噺 畦待 sin 肯椎墜鎮に 岷cos降待建 伐 cos盤降待建 髪Δ溝勅匪峅 
噺 に畦待 sin 提妊任如態 sinΔ貞賑態 cos 磐降待建 髪 Δ貞賑態 伐 訂態卑.                    ふSヲぶ 

The phase difference h between Ex and Ey is -ヾ/2, and the amplitudes of these two orthogonal electric 

vectors (a1 and a2) read 

欠怠 噺 に畦待 cos 提妊任如態 cosΔ貞賑態 ,                               ふSンぶ 

欠態 噺 に畦待 sin 提妊任如態 sinΔ貞賑態 く                                ふSヴぶ 

The degree of circular polarization is defined as 】s戴【s待】, where the Stork parameters equal to 嫌待 噺 欠怠態 髪
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欠態態 and 嫌戴 噺 伐に欠怠欠態. Therefore, the DOCP is given by  

DOCP 噺 】に欠怠欠態【岫欠怠態 髪 欠態態岻】 噺 保 坦辿樽岫綻貞賑岻 坦辿樽盤提妊任如匪態 坦辿樽鉄岾答騰刀鉄 峇 坦辿樽鉄磐廃妊任如鉄 卑袋態達誰坦鉄岫答騰刀鉄 岻 達誰坦鉄岫廃妊任如鉄 岻保.         (Sヵぶ 

Obviously, a circularly polarized beam (DOCP = 100%) is obtained when つも奪 髪 肯椎墜鎮 噺 講 . 

Experimentally, a1 and a2 correspond to 荊陳銚掴怠【態  and 荊陳沈津怠【態 , and the DOCP is に紐荊陳銚掴荊陳沈津【岫荊陳銚掴 髪 荊陳沈津岻, 
where 荊陳銚掴 and 荊陳沈津 are the maximum and the minimum power through a polarizer when its orientation 
rotates. 

5. Estimation of the power amplification of the MOPA configuration 

The THz power generated in the DFB laser is amplified in the preamplifier and is extracted into free 

space by the 2D antenna array. We have fabricated and compared two MOPA devices with or without a 

preamplifier, in which the DFB section and the 2D antenna array (Sx = 9 たm) are the same. Fig. S4 shows 

the light-current density curves of these two devices, in which the red curve corresponds to the device 

without a preamplifier, while the black curve corresponds to the device with a 500 たm-long preamplifier. 

Both of them measured at 20 K under the same conditions. Figure S4 shows that, with a preamplifier the 

THz power from the DFB laser is amplified by a factor of ~1.7.  

 

FIG. S4 Light-current density (L-J) curves of two devices with the same DFB structure and 2D 
antenna array but different values of Lamp (0 m and 500 m), measured at 20 K in pulsed mode. 

6. The non-uniformity of the polarization for the devices with the second-type of antenna array 

For two devices with the second type of antenna array (Sx = 9 たm and 12たm, respectively), Figs. 4(e) 
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and 4(f) show the measured THz power versus the orientation angle of the polarizer at different spots on 

the related beam patterns. Here, in Table S1, at these spots we list the simulated and measured values of 

DOCP. When Sx = 9 たm, the simulated DOCP varies from 66.4% to 84.2%, and the measured results agree 

reasonably with the calculations except the Spot E. When Sx = 12 たm, the simulated DOCP varies from 

98.3% to 99.9%, while the measured DOCP changes from 90.6% to 99.3%, indicating a good agreement. 

TABLE Sヱく Sｷﾏ┌ﾉ;デWS ;ﾐS ﾏW;ゲ┌ヴWS ┗;ﾉ┌Wゲ ﾗa DOCP ;デ SｷaaWヴWﾐデ ゲヮﾗデゲ ﾗﾐ デｴW HW;ﾏ ヮ;デデWヴﾐゲく 

Device with Sx = 9 たm Device with Sx = 12 たm 

Spot Simulated 

DOCP 

Measured 

DOCP 

Spot Simulated 

DOCP 

Measured 

DOCP 

A 75.8% 76.8% A 99.9% 99.3% 

B 84.2% 84.7% B 99.5% 99.8% 

C 77.8% 77.4% C 98.6% 96.4% 

D 66.4% 65.1% D 98.3% 90.6% 

E 75.7% 55.9% E 98.9% 95.1% 

 


