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Appendix A Introduction

Random numbers have been widely used in modern network society, such as the generation of cryptographic keys for classical and
quantum cryptography systems [1-4]. Early, random numbers can be generated using deterministic algorithm programs, called
pseudorandom numbers, which show limited unpredictability and thus reduce the randomness and security [5]. To overcome
this flaw, physical entropy sources have been proposed to yield the random number, e.g., electronic and photon noises, random
optoelectronic oscillators [6], thermal noises in resistors [7], and semiconductor lasers [8-11]. Among them, chaotic semiconductor
lasers have many desired characteristics (including larger bandwidth, low cost, and monolithic integration) and have thus attracted
wide attention in the generation of random numbers [12], chaotic lidar/radar [13], and secure communications [14, 15]. In the
last decade, a variety of semiconductor lasers have been proposed to gain high-quality chaos signals, such as distributed-feedback
(DFB) semiconductor lasers [16-18], semiconductor ring lasers [19, 20], quantum dot lasers [21], microcavity lasers [22], interband
cascade lasers [23], Fabry-Perot lasers [24, 25], and (spin) vertical-cavity surface-emitting lasers (VCSELSs) [26, 27]. In particular,
VCSELSs have the advantages of low threshold current, small size, and easy integration into large-scale arrays and are thus regarded
as excellent candidates for chaos generation.

In recent years, the chaos signal generation scheme based on VCSELs can be summarized into two kinds. On the one hand,
Virte et al. experimentally demonstrated that a free-running VCSEL presents polarization chaos dynamics, which originates from a
nonlinear coupling between two elliptically polarized modes [25]. Adams and Li et al. found that VCSELs can produce polarization
chaos dynamics in a wide parameter range by injecting the spin carrier into the active region, which is called spin-VCSELs [26, 28-31].
Although these schemes can generate chaotic signals only using a single structure (a solitary VCSEL), the chaotic bandwidth and
dimension are limited, which is unbeneficial to practical applications. On the other hand, by introducing the external perturbation
(i.e., optical feedback or injection), polarization chaos can be observed in VCSELs. For example, Priyadarshi and Hong et al.
proposed and experimentally demonstrated a chaos signal in VCSELs with polarization optical feedback [32-34]. Inevitably, the
introduction of an external cavity causes chaos signals with a weak periodicity, which has been termed time-delay signature (TDS).
In their work, TDS can be suppressed by controlling key parameters, such as the optical polarization angle of feedback and feedback
strength. Moreover, some post-processing methods have been proposed to suppress TDS, such as using a fiber ring resonator [35].
Xia and Xiang et al. also demonstrated that the fiber Bragg grating feedback employed in VCSELs can significantly suppress the
TDS [36, 37]. In addition to the optical feedback scheme, Hong et al. also experimentally demonstrated a broadband chaos in
VCSELSs subject to chaotic optical injection, continuous-wave (CW) optical injection, and self-feedback injection [38-40]. Besides,
Quirce et al. experimentally observed that simultaneously combining the optical feedback and injection schemes in VCSELs can
enhance the chaotic bandwidth. So far, however, the bandwidth of chaotic signals generated from VCSELs has only been tens
gigahertz, which will constrict the rate of random number generation.

In 2009, Chan et al. numerically demonstrated the generation of broadband chaos in DFB lasers with strong modulation optical
injection [41]. Herein, we experimentally demonstrate a broadband and no TDS chaos signal generation scheme based on a VCSEL
with intensity modulation optical injection. In present works, by properly adjusting experiment parameters, a chaotic signal with
a bandwidth above 20 GHz can be captured experimentally. Furthermore, we demonstrate a physical random number generation
scheme based on the chaotic output from the aforementioned VCSEL. By adopting a simple multi-bit extraction method [42], we
obtain 320 Gb/s random number sequences with verified randomness.

This paper is organized as follows. In Appendix B, we show the polarization-resolved intensities for the free-running VCSEL. In
Appendix C, we display the key characteristics of our generated broadband chaos signal including the optical spectra, power spectra,
time-delayed signal, intensity time series, and chaotic bandwidth. In Appendix D, we also exhibit the probability distribution of
the decimal digitization levels when the number of extracted LSBs gradually augments.
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Appendix B Power-Current curve

In this section, we display the polarization-resolved intensities for the free-running VCSEL in Fig. B1. From this figure, we can see
that the threshold current of the VCSEL is 2.15 mA. When 2.15 mA < p < 3.05 mA, the Y-polarization (YP) mode is the dominant
polarization mode, while the XP mode is suppressed. At u = 3.05, the polarization switching (PS) can be observed. When the drive
current further increases, the XP mode evolves into the dominant polarization mode, and the YP mode is suppressed significantly.
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Figure B1 The polarization-resolved intensities of bump current g for XP and YP modes of the free-running VCSEL.

Appendix C The characteristics of chaotic signals

In the experiment, the temperature of the VCSEL is fixed at 29°C and the wavelength of the TL is adjusted in real-time to
form the frequency detuning f; = famr - fsr between the ML and the SL, where farr and fgsr stand for the center frequency
of the free-running ML and the XP mode frequency of the VCSEL, respectively. The optical modulation depth, represented by
the sideband-to-carrier ratio (SCR)[43], is 3 dB as shown in Fig. Cl. To quantitatively investigate the chaotic characteristic, we
calculate the chaotic bandwidth using the 80% standard bandwidth definition [44].
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Figure C1 Optical spectra of IM input.

The autocorrelation function (ACF) [45] can be described as follows:
(I + AL — T+ AIIE) — LE)D
VXU + At — (1t + A% ([1(1) — (L))

C(At) = (c1)

where <> represents the average of the time series I(t), At is the time shift. Moreover, the delay mutual information (DMI) [46]is
defined as follows:

I="73"p(,Ir)loglp(I, 1) /p(1)p(I-)] (C2)
I1r

where p(I) and p(I;) are respectively the probability density function of I, I, and p(I, I.) is the joint probability density function
of (I, I;) .

Figure C2 shows the evolution of chaotic bandwidth under various injection frequency detuning f;, where only maximum chaotic
bandwidth is indicated for the given frequency detuning. Because the chaos is only found within a limited range of operating
conditions, discrete data points are displayed in Fig. C3. Here, we first set the drive current ;4 = 5 mA (gray dot). As can be
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seen when the absolute value of injection frequency detuning increases, the chaotic bandwidth is increased continuously for either
positive or negative values. Furthermore, a larger chaotic bandwidth can be obtained in the case of negative frequency detuning
by contrast with the case of positive frequency detuning. Similar results are seen with a higher drive current 4 = 8 mA. In Table
C1, we list some typical chaotic generation schemes based on VCSELs. Compared with other schemes, our proposed scheme at
least doubles the chaotic bandwidth. Besides, we also try to further enlarge chaotic bandwidth by increasing the drive current or
injection frequency detuning. However, we find that when the drive current exceeds 8 mA, the output power of the VCSEL remains
almost constant at 0.38 mW, which is significantly different from the DFB laser. Fortunately, when the absolute value of injection
frequency detuning further increases, the high-frequency component in the microwave power spectrum can be upraised away from
the noise floor. Nevertheless, limited by the bandwidth of PD, a larger chaotic bandwidth is not measured.
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Figure C2 Chaos bandwidth as a function of the injection frequency detuning.

Figure C3 displays the time series and the corresponding probability density function from experimentally achieved chaotic
signals, where the injection parameters and modulation parameters are (§;, f;) = (1, 26 GHz) and f,, = 14 GHz. One can see
that the time series presents a noise-like fluctuation, and symmetrical amplitude distribution by contrast with the Gaussian fitting
(blue curve).

Gauss fit

Amplitude (a.u.)

0.1 : : : :
0

20 40 60 80 100 o 0.002
Time (ns) Probability (a.u.)

Figure C3 (a) Time trace and (b) probability density distribution.

Appendix D Random number generation

In Fig. D1, we exhibit the probability distribution of the decimal digitization levels when the number of extracted LSBs gradually
augments. Concretely, when 7-LSBs are retained, the probability distribution is described in Fig. D1(g), in which an obvious non-
uniform distribution can be observed. When further discarding several of the most significant bits (MSB), as shown in Figs. D1(e)
and D1(f) where we retain 5-LSBs and 6-LSBs, the uniformity is markedly improved. When the LSB decreases to 4, a uniformity
and flat probability distribution can be obtained as shown in Fig. D1(d), which is one of the most important prerequisites for
producing unbiased and reliable random bits.
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Table C1 Comparisons of chaos bandwidth based on VCSELs

Method Bandwidth Reference
Orthogonal optical injection and optical feedback 4.47 GHz [47]
CW injected chaotic VCSELs 4.5 GHz [38]
Chaotic injected into a CW VCSEL 9.3 GHz [38]
Chaotic signal injected into a chaotic VCSEL 2.7 GHz [38]
Additional fiber ring resonator 11 GHz [35]
A Chaotic VCSEL mutually coupled with a CW VCSEL ~14 GHz [40]
A CW VCSEL mutually coupled with another CW VCSEL ~13 GHz [40]
VCSEL with intensity modulation optical injection >20 GHz This work
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Figure D1 Probability distribution histogram of the decimal digitization levels for (a) 1LSBs, (b) 2LSBs, (c) 3LSBs, (d) 4LSBs,
(e) 5LSBs, (f) 6LSBs, (g) 7TLSBs, (h) 8LSBs retained from each 8-bit sample. Standard probability values of theoretical statistics
(red dotted lines).
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