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1. Photonic band structure of photonic crystal

The measurement apparatus for the photonic band structure is shown in Figure S1: (i) A 1064
laser passed through one reflection mirror and focused by a lens is incident on the sample on the Cu
stage. (ii) Emission from the sample surface was collected into an optical fiber. The fiber was placed
on a manual-controlled rotating arm. (iii) The spectrum was measured using an InGaAsSb
multichannel spectrometer having a resolution of approximately one nm. (iv) By rotating the arm
around the sample, a series of angle-dependent spectra were measured for polar angles from 0 to
+10°, in steps of 2°. The sample was manually rotated on the Cu stage in order to change the in-plane
direction from I'-X to I'-M.
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Figure S1. The measurement apparatus for photonic band structure.

The band structure was measured by observing the resonance coupling of light from an active
layer to the bands of the photonic crystal. The output light from the device is coupled to an optical
fiber and then transferred to a monochromator with an InGaAsSb detector. Below the threshold
current, the emission spectrum was broad, and four peaks were observed with a distribution
similar to the photonic band structure. By contrast, the spectrum became sharp with a peak width
of ~2170 nm above the threshold (taking period 630 as example), which was equal to the resolution
limit of the measurement system. For a given frequency, resonance coupling occurs when the
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in-plane wavevector of light matches (k;) the wavevector of the photonic bands (k,~—). In

ar-x
spontaneous emission spectra, this coupling can be observed as a sharp peak. The in-plane

wavevector is related to the polar angle 8 by k"~2/1—" -sin@, where A is the wavelength in free

space. By changing the polar angle # around a direction normal to the plane and shifting the
in-plane direction from I' — X to I' — M, we were able to map out the photonic bands around the
I'-point. The normal direction corresponds to the I'-point.

The measurement results are shown in Figure S2. These results are similar to those measured
by Noda [1,2]. Noda’s spectrometer and rotating arm were computer-controlled so that the
angle-dependent spectra could be automatically measured. Besides, their sample was mounted on a
rotating stage in order to change the in-plane direction from I'-X to I'-M. Therefore, their results
had higher resolution and a smoother band spectrum.
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Figure S2. The measured photonic band structure (dotted lines) in (a) the I'-(+X) and I'-(-X)
direction and (b) the I'-(+M) and I'-(-M) direction.

2. Fabrication Process of Electrically Pumped PCSEL Device

After the further fabrication of our sample for electrically pumped devices (Figure S3), we still
measured a similar photonic band structure, as shown in Figure S2 (the data was not shown). This
means that the grating effect of photonic crystal still works after these complicated fabrication
processes. However, the device didn’t have surface lasing phenomena (i.e., electrically pumping
failed). Yet, the same sample went through only processes (a) to (h) in Figure S3; it really exhibited
surface lasing phenomena (i.e., optically pumping was successful). Some issues occurred between (i)
and (y) in Figure S3 that need to be overcome in order to fabricate successful electrically pumped
devices. We are now preparing another manuscript to discuss all of these issues, including the
effects of annealing, metallization, ITO deposition, nitride deposition... etc. on the surface lasing
phenomena in electrically pumped devices.



(a) Sample A

200 nm Aly362y,,ASy 26Sbosra
150 nm Al 3G1ASo 26Sbosrs

2 um Cladding (SnTe: 1.5E17)
N-Alo g5G20,15AS0,0725P0.028

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(f) Remove PMMA

200 nm Al 3Gag7A0.0265Po.s7a
150 nm Al 3639 7AS0,0265Po.97

2 um Cladding (SnTe: 1.5E17)
Nn-Aly g5Ga0,15A50.0725P0.928

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(k) ICP-RIC Etched Mesa

310 um

200 nm I\ID 3Gag ;As, mst:,, o78
150 nm Alp3Gap.7AS0,0265b0.97

2 um Cladding (SnTe: 1.5E17)
N-Aly 85Ga5,15A50,0725P0.928

200 nm n-GasSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(p) Lift-off Nitride

200 nm Al 3Gy ASp26SBos7a
150 nm Aly 1625 AS026SBo0s7

2 um Cladding (SnTe: 1.5E17)
N-Aly,65Ga0,15A50.07250.928

200 nm n-GaSb Buffer (SnTe: 1.5E17)

um n-GaShb substrate
(Te: 2E17)

(u) P-Contact Metallization
Photolithography

WL L L
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200 nm Aly 3Gag 7ASg,0265b0,974
150 nm Aly 3G20.7A50.0265b0.974

2 um Cladding (SnTe: 1.5E17)

N-Aly.55G30,15AS0.0725P0.028

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(b) Nitride hard mask deposition

150 nm 300 CN

L p-
200nm Alo aGao 7RS0.0265P0.972
150 nm Al 3Ga0,7A50.0265b0.971

2 um Cladding (SnTe: 1.5E17)
N-Alg g5Gag,15AS0.072500.928

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(g) ICP-RIE Etched GaSb

290 um period (p)
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200 nm Alg 3Gao 7AS0,0265P0.97a
150 nm Al 3G AS0.026Sbo.97

2 um Cladding (SnTe: 1.5E17)
N-Aly g5Ga5,15A50.0725P0.928

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(1) Remove AZ5214E

200 nm Al 3G20,/AS0026SPos74
150 nm Al 3Gag 7AS0,0265b0.97a

2 um Cladding (SnTe: 1.5E17)
N-Aly 55Ga5,15A50,0725P0.928

200 nm n-GaSh Buffer (SnTe: 1.5E17)

500 um n-GaSh substrate
(Te: 2E17)

(q) ITO Deposition

200 nm AIn 3Gag ;As, nszbn o078

150 nm Al 3Gag.7A0.0265Po.s7a

2 um Cladding (SnTe: 1.5E17)
Nn-Aly§5Ga0,15A50.0725P0.928

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(v) Positive to Negative
Tone and Developing

200 nm Al 3Gag 7AS0,026500.972
150 nm Aly3Gap7AS0.0265b0.97

2 um Cladding (SnTe: 1.5E17)

N-Alo g5Ga0,15AS0,0725P0.928

200 nm n-Gasb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(c) E-beam Lithography
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200 nm Alo 3Gao 7ASo, 02ssb‘, 978
150 nm Aly 3Ga.7A50.0265b0.971

2 um Cladding (SnTe: 1.5E17)
N-Alg g5Gag,15AS0.0725b0.928

200 nm n-GasSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(h) ICP-RIE Etched Nitride

period (p) period (p)

200 nm Aly 3Gag.7AS0.0265P0.97
150 nm Al 3G, 7AS0.026Sbo.7

2 um Cladding (SnTe: 1.5E17)
Nn-Aly 85Ga5,15A50,0725P0.928

200 nm n-GaSh Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(d) Developing

150 nm 300°C Nitride

200 nm AIn 3Ga., 7AS0.026500.97
150 nm Aly 3G0.7AS0.0265b0.97a

2 um Cladding (SnTe: 1.5E17)
Nn-Alo g5G20.15AS0,0725P0.028

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(i) Mesa Photolithography

VLV

200 nm Aly 3Ga,7A0.026500.971
150 nm Aly 3Ga.7A50.0265b0.974

2 um Cladding (SnTe: 1.5E17)
Nn-Aly g5Ga5,15A50.0725P0.928

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(m) Aperture Photolithography (n) Positive to Negative Tone

VL

AZ5214E Photoresist

200 nm Aly 3Gag.7AS0.0265P0.97
150 nm Al 3Ga0,7AS0.026500.97a

2 um Cladding (SnTe: 1.5E17)
N-Aly g5Gag,15A50.0725P0.928

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(r) ITO-Isolation
Photolithography

WL

200 nm Aly3Gag.7AS0.0265P0.972

150 nm Al 3G20,7A50.026500.974

2 um Cladding (SnTe: 1.5E17)
N-Aly.65Ga0,15A50.0725P0.928

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSh substrate
(Te: 2E17)

(w) P-Contact Metallization
and Lift-Off

200 nm Aly 3630 7AS0.026SP0.97a
150 nm Al 3630 7AS0.026SPo.974

2 um Cladding (SnTe: 1.5E17)
N-Alo g5G20.15AS0,0725P0.928

200 nm n-Gasb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)
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and Developing
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200 nm AIn 3Gy 7AS),0265b0.974
150 nm Al 3Gao7A0.0265Po.s7a

2 um Cladding (SnTe: 1.5E17)

N-Aly g5Ga0,15A50.0725P0.928

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(s) Positive to Negative Tone

and Developing

200 1 Alg 3G0,/ASy 26SBo574
150 nm Aly 3Gag 7AS0,0265b0.974

2 um Cladding (SnTe: 1.5E17)
N-Aly 55G30,15A0.0725P0.028

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(x) Substrate Thinning

200 nm Aly 3Gao,7AS0.0265b0.97
150 nm Aly 3Ga 7AS0,0265b0.974

2 um Cladding (SnTe: 1.5E17)
Nn-Alo g5Ga0.15AS0,0725P0.928

200 nm n-Gasb Buffer (SnTe: 1.5E17)

(e) ICP-RIE Etched Nitride

nm Alp3Ga,.7AS0,026

0978
150 nm Aly 3Ga,7A50.0265b0.974

2 um Cladding (SnTe: 1.5E17)
N-Aly.55G30,15AS0.0725P0.928

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(j) Developing
310 um

200 nm Al 3Gay 7A0,0265P0.57a
150 nm Aly 3Ga9.7A50.0265b0.974

2 um Cladding (SnTe: 1.5E17)
N-Aly 85Ga5,15A50,0725P0.528

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(o) Nitride deposition for
current confinement to mesa
120 nm 80°C

200 nm Aly 3Gag 7AS0,026500.972

150 nm Aly 3Gag 7AS0,0265b0.972

2 um Cladding (SnTe: 1.5E17)
N-Alg.g5Gag,15A50.072500.928

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaShb substrate
(Te: 2E17)

(t) Etch ITO

200 nm Aly 1Gaq ASy 026SBosra
150 nm Aly 60 Sy z6Sbasra

2 um Cladding (SnTe: 1.5E17)
N-Alo 55G30,15A0.0725P0.928

200 nm n-GaSb Buffer (SnTe: 1.5E17)

500 um n-GaSb substrate
(Te: 2E17)

(y) N-Contact Metallization
and Annealing

200 nm Al ;Gaa PLUY msbo o7
150 nm Alp3Ga7AS.0265b0.97

2 um Cladding (SnTe: 1.5E17)
N-Aly 85Ga5,15A50.0725P0.928

200 nm n-GasSh Buffer (SnTe: 1.5E17)

Figure S3. Fabrication process of electrically pumped PCSEL device based on sample A.
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