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 9 

Single-aperture cavities are a key component of lasers, instrumental for the amplification and 10 
emission of a single light mode. However, the appearance of high-order transverse modes as 11 
cavities size increases has frustrated efforts to scale up cavities whilst preserving single-mode 12 
operation since the invention of the laser six decades ago [1-8]. A suitable physical mechanism 13 
that allows single-mode lasing irrespective of the cavity size – a “scale-invariant” cavity or laser 14 
– has not been identified yet. Here, we propose and demonstrate experimentally that open-15 
Dirac electromagnetic cavities with linear dispersion – which in our devices are realized by a 16 
truncated photonic crystal arranged in a hexagonal pattern – exhibit unconventional scaling of 17 
losses in reciprocal space, leading to single-mode lasing that is maintained as the cavity is 18 
scaled up in size. The physical origin of this phenomenon lies in the convergence of the complex 19 
part of the free spectral range in open-Dirac cavities towards a constant governed by the loss 20 
rate of distinct Bloch band, while for common cavities it converges to zero as the size grows, 21 
leading to inevitable multi-mode emission. An unconventional flat envelope fundamental 22 
mode locks all unit-cells in the cavity in phase, leading to single-mode lasing. We name such 23 
sources Berkeley Surface Emitting Lasers (BerkSELs) and demonstrate that their far-field 24 
corresponds to a topological singularity of charge two, in agreement with our theory. Open-25 
Dirac cavities unlock new avenues for light-matter interaction and cavity quantum 26 
electrodynamics. 27 

 28 

 29 

 30 

 31 

 32 
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Dirac points are topological singularities that have attracted enormous interests since the 34 
discovery of massless Dirac fermions governing electronic transport in graphene [9]. Their 35 
occurrence usually indicates an imminent topological transition, and they are at the heart of the 36 
physics of topological insulators [10]. In general, wave systems that possess a band structure, 37 
such as photonic crystals [11-12], also exhibit Dirac cones (DCs) and it was demonstrated that 38 
DCs are universal features that can be systematically implemented by controlling the symmetry 39 
of the structure [13-14]. In photonics, DCs have mostly been utilized to demonstrate effective 40 
zero-index materials and their properties or to control the dispersion of polaritons [15-20]. 41 
Recently, a DC implemented using a three-dimensional structure was theoretically proposed to 42 
enable large area single-mode lasing [21-22]. However, the proposed mechanism relied on 43 
changes in the real part of the frequency spacing of the cavity modes that increases by an amount 44 
much smaller than the typical gain bandwidth of semiconductors and is thus insufficient to enable 45 
single-mode operation in lasers. Moreover, all observed modes exhibited oscillatory 46 
wavefunctions. 47 

Surface emitting lasers have played a fundamental role in science and technology since the 48 
invention of lasers [1], the demonstration of distributed feedback lasers [2], as well as the 49 
invention of vertical cavity surface emitting lasers [3]. Scaling the cavity aperture has since been 50 
a challenge. We report, a room temperature scalable open-Dirac lasing cavity that exploits the 51 
linear dispersion of photons near the band edge of a photonic crystal, and that can be scaled to 52 
large sizes. Our proposed structure is presented in Fig. 1a. It is a photonic crystal (PhC) with a 53 
hexagonal lattice. The unit-cell of the PhC is presented in the inset of Fig. 1b. The linear dispersion 54 
of Fig. 1c is obtained for a laterally infinite structure (X-Y direction) by overlapping doubly 55 
degenerate modes of the E2 irreducible representation with a singly-degenerate mode of  the B1 56 
irreducible representation from the C6v point group at the Г-point of the Brillouin zone [13-14] 57 
(see Supplementary Information). The degeneracy of the modes is obtained for a critical radius 58 
of holes rDirac. An open-Dirac cavity, shown in Fig. 1, is formed by truncating the infinite PhC as a 59 
hexagon around a central air-hole with edges normal to the M-directions of the lattice. The entire 60 
cavity is suspended in air, and it is connected to the main membrane by six bridges at the corners 61 
of the hexagon for mechanical stability (Fig. 1a-b). The structure is fabricated using electron-62 
beam lithography and the PhC is defined by inductively coupled plasma etching, followed by a 63 
wet etching step to create the suspended membrane (see Supplementary Information). 64 

Three modes are involved in the formation of the Dirac cone. The coupling between the B and E 65 
modes is direction-dependent and one of the E modes forms a flat band as seen in Fig. 1c. 66 
Therefore, the interaction between the B and E modes detuned in frequency by ߳ can be 67 
expressed in a simplified form by the Hamiltonian, 68 ܪ = ൬ 0 ݇ߚ݇ߚ ߳ ൰,                    (1) 69 ACCELE
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where ݇ is the Bloch momentum and ߚ is a coupling constant. As ߳ → 0, the eigenfrequencies 70 
of ܪ form bands with a linear dependence on ݇. Moreover, the eigenvectors of ܪ are mixed and 71 
the orthogonal modes B and E are transformed into an admixture of B±E as we move away 72 
from ݇ = 0. When a system with the interaction Hamiltonian ܪ is truncated to a finite cavity, the 73 
linear bands break up into discrete modes. This idea is demonstrated in Fig. 2a where the 74 
dispersion of the PhC at rDirac is overlaid on the discrete cavity modes. The color of these modes 75 
indicates the purity of the eigenvector. We observe that when we are close to the Dirac 76 
singularity, only the fundamental mode at the Γ-point is purely B. Higher order modes originating 77 
from both the B and E bands consist of an admixture of fields from both these bands. The 78 
separation between modes ߜ௞~ܦ/ߨ is governed by the length of the cavity ܦ. The finite size of 79 
the cavity also introduces an uncertainty in the momentum space ߪ௞. We further note that no 80 
pure E mode at the Γ-point exists due to the six-fold rotational symmetry of the cavity. The E 81 
modes only have two-fold rotational symmetry and hence a fundamental mode which is spread 82 
across the entire cavity cannot originate from the E band. The presence of the corners also 83 
eliminates feedback along the K-direction of the Brillouin zone and high-quality factor (Q) modes 84 
are supported only along the M-direction. The five lowest order modes are computed for a cavity 85 
with D=51a (where a is the size of the unit-cell) and presented in Fig. 2a labelled as |0⟩-|4⟩ with 86 
mode |0⟩ being the fundamental mode. 87 

The linear dispersion around the open-Dirac singularity means that the fundamental mode 88 
effectively sees zero refractive index. This means that, unlike the fundamental mode of 89 
conventional PhC cavities which have a Gaussian envelope, the fundamental mode in our open-90 
Dirac cavity with hexagonal boundaries has a flat envelope for all cavity sizes. This is confirmed 91 
in Fig. 2b for open-Dirac cavities of sizes D=19a, D=35a, and D=51a. Such mode locks all the 92 
resonators at the surface of the laser (aperture) in phase regardless of the size of the cavity. The 93 
flatness of the envelope means that emission from the edge scales as the perimeter while 94 
emission from the surface scales as the area. The scaling of the higher order modes can be 95 
understood by extending Eq. (1) for finite systems. Considering the first three modes, the 96 
eigenfrequencies for a finite cavity can be obtained by diagonalizing, 97 

൭−ߪ௞ + ஻ߛ݆ 0 00 ௞ߪ− + ஻ߛ݆ ௞0ߜߚ ௞ߜߚ ߳ + ௞ߪ + ா൱ቌ|0⟩஻|1⟩஻|2⟩ாቍߛ݆ = ષ(ܦ)ቌ|0⟩|1⟩|2⟩ቍ,        (2) 98 

where the subscripts B and E on the left-hand side indicate the pure nature of modes and ߛ஻ 99 
and ߛா  are the loss rates for the B and E modes induced by the boundaries of the cavity. ષ(ܦ) is 100 
a diagonal matrix with elements representing the complex eigenfrequencies of the finite cavity 101 
(see Supplementary Information). Since the dispersion of the B and E bands has an opposite sign, 102 
the uncertainty in momentum caused by the finite size will shift the frequencies of the two bands 103 
in opposite directions. Thus, σk has an opposite sign for the modes originating from the B band 104 
than for the modes originating from the E band. 105 
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To demonstrate the validity of this model, we computed modes of open-Dirac cavities of different 106 
sizes and for holes radii smaller than, equal to, and greater than the critical radius rDirac. Note that 107 
we only present the first three modes of the cavities as modes of higher order have a lower 108 
quality factor (Q). The computation was performed using a three-dimensional finite-element 109 
solver for the transverse electric polarization that corresponds to the polarization providing the 110 
highest gain for the multiple quantum wells used in our work. Figure 3a-c (markers) present the 111 
computed frequency shifts of the first three cavity modes. The frequency shifts are computed by 112 
comparing cavity modes to the frequency of the B-mode at the Γ-point for an infinite membrane 113 
with holes of the same radius. Figure 3d-f (markers) show the scaling of the Q-factor of the same 114 
three modes with increasing cavity sizes. The solid lines are obtained by fitting the simulation 115 
data with Eq. (2). When the radius of holes is not close to rDirac, cavity mode  |1⟩ asymptotes to 116 
the frequency of the fundamental mode at a rate of D-2. This is shown in Fig. 3g along with the 117 
scaling for rDirac in which case the separation increases and scales at the rate of D-1. Note that 118 
cavity mode |1⟩ flips from being at a lower frequency than the fundamental mode for r < rDirac to 119 
a greater frequency than the fundamental mode for r > rDirac. We also observe that even for the 120 
cavity with linear dispersion, the frequency separation rapidly drops to about a terahertz when 121 
the diameter of the aperture reaches D=31a (see Supplementary Information). The gain spectrum 122 
of semiconductors and notably the quantum wells on which the devices were fabricated, spans 123 
almost 100 THz which is much larger than real mode spacing. The selectivity of the lasing mode 124 
can thus not be enabled by the scaling of the frequency shift afforded by linear dispersion alone 125 
as initially claimed [21-23]. 126 

We now investigate the quality factor (Q) of our proposed open-Dirac cavities, with a hexagonal 127 
truncation. As previously discussed, the truncation of the cavity serves as selector of the 128 
fundamental mode |0⟩ shown by circles on solid lines in Fig. 3. Cavity mode |1⟩ and cavity 129 
mode |2⟩ are denoted by square and triangle markers in Fig. 3a-f. Figure 3d-f (markers) show 130 
that, as expected, the Q-factor of all the modes increases with the size. We also observe that the 131 
Q-factor of the fundamental mode (Q0) decreases as the radius of the air-holes increases. This 132 
can be attributed to a decrease in the average refractive index of the membrane which reduces 133 
the confinement of light. Analogous to the scaling of frequency, we observe that the Q-factor of 134 
cavity mode |1⟩ asymptotes to Q0 when r is detuned from rDirac [see Fig. 3d (r < rDirac) and Fig. 3f 135 
(r > rDirac)]. Surprisingly, when cavities are tuned to the Dirac point (r = rDirac) higher-order modes 136 
do not asymptote to the fundamental mode anymore as seen in Fig. 3e. They lose energy at a 137 
rate always higher than the fundamental mode. Unlike the normalized real-free-spectral range 138 
that still decays quickly with the size (Fig. 3g), the normalized imaginary-free-spectral range 139 
maintain a non-decaying value despite increasing cavity sizes (Fig. 3h). The loss rates of the 140 
modes scale with the size of the cavity as ߛ௜ = ܿ௜ିܦଵ + ݀௜ିܦଶ(see Supplementary Information), 141 
where ݅ = B or E, ci and di are loss rates introduced due to effects of the boundaries. Since the 142 
C6 symmetry of the cavity is more favorable for the B modes, we find that ݀E > ݀B, and ܿE > ܿB. 143 

ACCELE
RATED ARTIC

LE
 PREVIEW



Moreover, as cavity modes |1⟩ and |2⟩ are formed from an admixture of both B and E modes, 144 
when ε→0 their loss rate is dominated by  ߛா. Hence, for ܦ → ∞, the normalized complex free-145 

spectral range tends towards a non-vanishing value of 1 − ௖B௖E ~ 0.8. Theoretical results, plotted 146 

in Fig. 3a-h as continuous lines, are in perfect agreement with numerical simulations (markers). 147 
The imaginary-free-spectral range in open-Dirac cavities is thus  scale invariant. According to the 148 
Bloch theorem, cavity modes are the product of the envelopes and unit-cells wavefunctions. The 149 
flat envelope fundamental mode (Fig. 2) and the non-vanishing complex free-spectral range (Fig. 150 
3) prevent cavity-scale and unit-cell-scale spatial hole burnings respectively. Mixed higher order 151 
modes means that the cross-saturation is comparable to the self-saturation [24]. Single-mode 152 
operation is thus guaranteed for scaled up surface emitting lasers operated around open-Dirac 153 
singularities (see Supplementary Information). 154 

To experimentally demonstrate our theory, we characterized Berkeley Surface Emitting Lasers 155 
(BerkSELs) of diameter D=19a (Fig. 4a), D=27a (Fig. 4e), D=35a (Fig. 4i), D=43a (Fig. 4m) and D=51a 156 
(Fig. 4q). The cavities were optically pumped at room temperature with a pulsed laser (λ = 1,064 157 
nm, T = 12 ns pulse at a repetition rate f = 215 kHz) and the emission from each aperture was 158 
collected through a confocal microscope optimized for near-infrared spectroscopy (see 159 
Supplementary Information). The signal was directed toward a monochromator coupled to a 160 
InGaAs photodiode for spectral measurements. Figure 4 presents the evolution of the normalized 161 
output power as a function of the wavelength and the size of the cavity for unit-cell holes radii 162 
smaller than the singular radius  rDirac (b, f, j, n, r), equal to rDirac (c, g, k, o, s), and greater than 163 
rDirac (d, h, l, p, t).  For D=19a, cavities are single mode for  r < rDirac (b), r = rDirac (c), and r > rDirac 164 
(d). For D=27a, cavities remain single mode for  r < rDirac (f), r = rDirac (g), and r > rDirac (h). This is 165 
because these cavities are relatively small. However, when the size of cavities is increased to 166 
D=35a or larger, we observe that they become multimode for  r < rDirac (j, n, r), remain single mode 167 
for r = rDirac (k, o, s), and become multimode for r > rDirac (l, p, t). The Dirac singularity erases higher-168 
order modes in open-Dirac cavities and BerkSELs remain single-mode when their size is increased. 169 
It is worth noting that the uniform field profile across the aperture for the fundamental mode 170 
(Fig. 2) and the non-vanishing FSR (Fig. 3) depletes gain across the aperture, making it more 171 
difficult for higher-order modes to lase. Single-mode lasing is thus maintained in BerkSELs even 172 
for near-damage-threshold pump power. BerkSELs are thus robust to size and pump power 173 
density scaling because of the non-vanishing complex free-spectral range and the participation 174 
of all unit-cells (or resonators) in the aperture to the lasing mode. These experiments validate 175 
our theory and make BerkSELs scale-invariant surface emitting lasers. The apparent high 176 
threshold power density of our BerkSELs originates from surface recombination since we are 177 
directly structuring the quantum wells, and it is comparable to previously reported lasers using a 178 
similar strategy [25]. This can be alleviated by designing alternative structures or by additional 179 
chemical treatments of the devices. BerkSELs are in principle infinitely scalable if the proposed 180 
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open-Dirac potential can be implemented exactly. In practice, considerations such as proximity 181 
effects in lithography, electrical injection, or heat release will need to be addressed for high 182 
power devices. Assuming typical fabrication imperfections with a variation of hole radii on the 183 
order of five nanometers, the fundamental mode is found to be robust to disorder (see 184 
Supplementary information).  185 

To further characterize the single-mode lasing of BerkSELs, we present in Fig. 5 the light-light 186 
curve (Fig. 5a), the second-order autocorrelation at zero delay g2(τ=0) [Fig. 5b] and its pulse width 187 
(Fig. 5c). The three different regimes corresponding to spontaneous emission (blue region), 188 
amplified spontaneous emission (ASE) [yellow region], and stimulated emission (red region) are 189 
observed as the pump power is increased. The second-order autocorrelation function shows a 190 
transition from spontaneous emission to amplified spontaneous emission (ASE) as its width drops 191 
sharply and the bunching g2(0) increases. The transition from ASE to stimulated emission is 192 
evident from g2(0) decreasing to unity (Fig. 5b) and the width gradually increasing after the lasing 193 
threshold (Fig. 5c), unambiguously proving single-mode lasing action from BerkSELs [26-27]. To 194 
confirm that lasing originates from the theoretically predicted B-mode (see Fig. 2 and Fig. 3), 195 
experimental far-fields (Fourier space images) of BerkSELs under optical pumping are presented 196 
for cavity sizes of D=11a (Fig. 5d), D=19a (Fig. 5e), D=27a (Fig. 5f), D=35a (Fig. 5g), and D=51a (Fig. 197 
4h). The six-fold symmetry of the beams match with the far-field obtained from simulations of 198 
finite cavities (see Supplementary Information). The far-fields originate from the B mode with a 199 
topological charge of two (see Supplementary Information). Scaling up the cavity size manifests 200 
in a smaller beam divergence as expected. We plotted the measured beam divergence as a 201 
function of the size of the cavity. The measured beam divergence matches with our theory, and 202 
it scales as 1/D where D is the diameter of the cavity, in full agreement with theory for modes 203 
with a flat envelop fully covering an aperture [28]. It is worth noting that BerkSELs are scalable 204 
to large size while bound state in the continuum lasers become multimode when their size is 205 
increased, and the latter are more suited for small-scale lasers as previously demonstrated [25]. 206 
To the best of our knowledge, there is no known laser or cavity, be it topological, polaritonic, or 207 
of any other type, with the scale invariance hereby proposed and demonstrated. 208 

We have thus demonstrated scale-invariant surface emitting lasers that remain single mode 209 
when the size of the cavity is increased. They are based on open-Dirac singularities and are robust 210 
against size scaling. The unconventional scaling stems from a complex free-spectral range that 211 
does not vanish with the size of cavities and the existence of a flat envelope fundamental mode 212 
that has never been predicted nor observed in a potential well. Around the open-Dirac 213 
singularity, higher-order modes are effectively suppressed by their admixture with more lossy-214 
bands of the structure. The fundamental mode with a flat envelope makes all resonators in the 215 
aperture participate in the mode. The fundamental mode thus  effectively locks all unit-cells (or 216 
resonators) in the aperture in phase, a long-standing challenge. Lasers based on such cavities are 217 
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surface emitting lasers that we named Berkeley Surface Emitting Lasers (BerkSELs). We have 218 
confirmed single-mode lasing from BerkSELs by measuring their second order intensity 219 
correlation. We have further confirmed the lasing mode by measuring far-field emissions that 220 
agree with our theory. These results demonstrate the fundamental importance of openness and 221 
mode admixtures in reciprocal space for enabling scaling in optics, and, they will have 222 
implications in linear and non-linear classical and quantum wave-based systems including atoms, 223 
electronics, acoustics, phononics, or photonics based on real or synthetic dimensions. The 224 
simplicity of BerkSELs makes them universal lasing apertures, readily relevant to applications 225 
including virtual reality systems, lidars, interconnects, data centers, manufacturing, defense, or 226 
lasers for imaging and medicine. 227 
 228 
 229 
  230 
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 231 
 232 
Figure 1| Scalable open-Dirac electromagnetic cavity and Berkeley Surface Emitting Laser 233 
(BerkSEL). a, Top view scanning electron micrograph of a hexagonal lattice photonic crystal (PhC) 234 
that is truncated to form an open-Dirac electromagnetic cavity. The free-standing structure is 235 
suspended via six bridges connecting the main membrane to the substrate along the ГK direction. 236 
The cavities are fabricated using electron beam lithography, inductively coupled plasma etching, 237 
and wet etching (see Supplementary Information). b, Tilted view of the cavity showing two 238 
bridges, the array of holes, and the PhC-air boundary. The thickness of the membrane is 200 nm, 239 
the period of the crystal is 1265 nm, and the radius of holes is used to tune cavities around the 240 
Dirac singularity. The inset shows the quality of the nanofabrication with near-perfect circular 241 
air-holes interfaces. c, Dispersion of the structure displaying a conical degeneracy at 193.5 THz 242 
for holes radii of rDirac = 273 nm. The blue sheet corresponds to the frequency of the B-mode and 243 
the red sheets correspond to E modes. The truncation of the crystal, that opens the Dirac cone, 244 
is notably chosen to be more favorable for the B-mode compared to the E-modes. The iso-245 
frequency contours, projected on the (kx, ky) plane, are sketched together with a representation 246 
of laser emission originating from the Dirac point. ℏ is the reduced Planck constant and ω is the 247 
angular frequency. The inset presents the Brillouin zone. d, Schematic of a Berkeley Surface 248 
Emitting Laser (BerkSEL) illustrating the pump beam (blue) and the lasing beam (red) from an 249 
unconventional open-Dirac cavity mode that synchronizes all unit-cells (or resonators) in phase. 250 
Therefore, all unit-cells in the aperture participate in the lasing mode. 251 

 252 

 253 

 254 

 255 
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 260 
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Figure 2| Quantization of the band structure in open-Dirac cavities forming higher-order modes 268 
and evidence for an unconventional fundamental mode with a flat envelope. a, Cavity modes 269 
on the dispersion of the unit-cell (dashed lines) presented in color to indicate the mixing of the B 270 
and E bands. The fundamental mode at the Г-point is the only purely B mode (cyan). Higher-order 271 
modes (copper) are photonic admixtures of the B and E bands and thus demonstrate a different 272 
scaling than the fundamental mode. The blur around cavity modes indicates the uncertainty in 273 
momentum σk due to the finite size of the cavity, and the spacing between the modes is the 274 
momentum imparted by the cavity δk. The cavity provides greater feedback along the M-direction 275 
and linear dispersion causes modes to be equispaced in frequency. The electric field intensity of 276 
the five lowest order modes for a cavity of size D=51a (where a is the size of the unit-cell) is shown 277 
on the right. b, Phase of the out-of-plane component of the magnetic field (sampled at the same 278 
point in each unit-cell along the diagonal of the cavity) and magnitude of the electric field 279 
(averaged over each unit-cell along the diagonal of the cavity) for cavities of sizes D=19a, D=35a, 280 
and D=51a. The fundamental mode |0> has an unconventional flat envelope for all cavity sizes. 281 
A zoom-in view of the field distribution in unit-cells is presented in Supplementary Information. 282 

 283 
 284 
 285 
 286 
 287 
 288 
 289 
 290 
 291 
 292 
 293 
 294 
 295 
 296 
 297 
 298 
 299 
 300 
 301 
 302 
 303 
 304 
 305 
 306 
 307 

ACCELE
RATED ARTIC

LE
 PREVIEW



 308 
Figure 3| Complex frequency scaling of open-Dirac electromagnetic cavities. Frequency shifts 309 
of the first three cavity modes for (a)  r < rDirac , (b) r = rDirac , (c) r > rDirac , computed by comparing 310 
cavity modes to the frequency of the B-mode at the Γ-point for an infinite membrane with holes 311 
of the same radius. Quality factor of the first three cavity modes for (d)  r < rDirac , (e) r = rDirac , (f) 312 
r > rDirac. g, Scaling of the frequency for various radii. When r is detuned from rDirac, the dispersion 313 
is quadratic, and the frequency shift scales as D-2. When r is tuned to rDirac the frequency shift 314 
scales as D-1. h, Scaling of the quality factor when the radius is detuned from rDirac and when it is 315 
tuned to the singularity. For quadratic dispersion, cavities have an imaginary free-spectral range 316 
that vanishes with the size of cavities. Very interestingly, the normalized imaginary free-spectral 317 
range does not vanish with the size for our open-Dirac cavities that can thus be scaled up in size. 318 
For all plots (a-h), markers are numerical simulations and  continuous lines are theory based on 319 
our model. 320 

 321 
  322 
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 323 
Figure 4| Lasing characteristics of BerkSELs erasing higher-order modes around the open-Dirac 324 
singularity.  Top-view SEM of fabricated open-Dirac cavities of size D=19a (a), D=27a (e), D=35a 325 
(i), D=43a (m), and D=51a (q), where D is the diameter of the aperture and a is the size of the 326 
unit-cell of the photonic crystal. The scale bars represent 25µm. Evolution of the normalized 327 
output power as a function of the wavelength and the size of the cavity for unit-cell holes radii 328 
smaller than the singular radius  rDirac (b, f, j, n, r), equal to rDirac (c, g, k, o, s), and greater than 329 
rDirac (d, h, l, p, t). The pump power density is 1.1µW/µm2 in all cases.  For D=19a, cavities are 330 
single mode for  r < rDirac (b), r = rDirac (c), and r > rDirac (d). For D=27a, cavities are single mode for  331 
r < rDirac (f), r = rDirac (g), and r > rDirac (h). When the size is increased to D=35a, D=43a, and D=51a, 332 
we observe that cavities become multimode mode for  r < rDirac (j, n, r), remain single mode for r 333 
= rDirac (k, o, s), and become multimode again for r > rDirac (l, p, t). The Dirac singularity erases 334 
higher-order modes in open-Dirac cavities and BerkSELs remain single-mode when the size is 335 
increased. These experiments validate our theory and make BerkSELs scale-invariant surface 336 
emitting lasers. 337 
 338 
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 361 
Figure 5| Far-field scaling of BerkSELs and photon statistics. a, Emitted output power of a 362 
BerkSEL of aperture diameter D=35a (where a is the size of the unit-cell) as a function of the 363 
average pump power density (light-light curve). b, c, Second order intensity autocorrelation 364 
measurements at zero delay g2(0) (b) and its pulse width (c). The pulse width of the second-order 365 
autocorrelation function shows a distinct transition from spontaneous emission to amplified 366 
spontaneous emission (ASE) as the width drops sharply and then from ASE to stimulated emission 367 
as the width gradually increases. These transitions unambiguously demonstrate single-mode 368 
lasing from BerkSELs. Experimental far-fields (Fourier space images) of BerkSELs under optical 369 
pumping are presented for cavity sizes of D=11a (d), D=19a (e), D=27a (f), D=35a (g), and D=51a 370 
(h). The scale bars indicate 10°. Measured and theoretical beam divergence angle as a function 371 
of the cavity size. The continuous line is the theoretical prediction and points are experimental 372 
data. A good agreement is observed between theory and experiments. The inset shows the same 373 
data plotted in log-log scale, demonstrating the 1/D scaling of the beam divergence where D is 374 
the diameter of the aperture (see Supplementary Information). This scaling corresponds to the 375 
theoretical limit obtained for modes with a flat envelop fully covering an aperture (see Fig. 2). 376 
Error bars indicate the standard deviation of the beam divergence. 377 
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