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Abstract： Chaos in semiconductor lasers has developed into a rapidly advancing field that bridges nonlinear dy⁃
namics and modern photonic technologies.  Owing to their intrinsic nonlinearity and strong carrier–photon inter⁃
actions， semiconductor lasers serve as an ideal platform for the generation and control of deterministic chaos.  
This review summarizes the fundamental physical mechanisms underlying chaos generation in semiconductor la⁃
sers， including external perturbations and intrinsic nonlinear interactions.  Various configurations for inducing cha⁃
otic dynamics， such as optical feedback， optical injection， and optoelectronic feedback， are discussed in detail.  
Recent advances in free-running chaotic lasers and integrated photonic platforms are also highlighted.  Further⁃
more， emerging applications in secure optical communication， high-speed random number generation， and chaos-

based sensing are presented.  Finally， current challenges and future directions are outlined， underscoring the sig⁃
nificant potential of semiconductor laser chaos for next-generation photonic systems.  This work aims to offer a co⁃
herent and comprehensive perspective on the development and prospects of chaos in semiconductor lasers.
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Introduction
Chaos describes the apparent randomness and un⁃predictability within systems that are governed by deter⁃ministic laws， highlighting the complexity and sensitivity to initial conditions in nature and mathematics［1］.  Laser systems have long served as an ideal platform for study⁃ing chaotic dynamics due to their inherent nonlinearity and well-established theoretical frameworks.  Since the first proposal of chaos generation in lasers in 1975［2］， chaotic behavior has been observed in a wide range of la⁃ser systems， including gas lasers［3］， solid-state lasers［4］， fiber lasers［5］ ， and semiconductor lasers［6］.  Among these， semiconductor lasers have attracted particular at⁃tention because they combine rich dynamical behaviors with compact size， low cost， and compatibility with mod⁃ern photonic technologies.

In semiconductor lasers， chaos originates from de⁃terministic nonlinear coupling between the optical field and carrier dynamics rather than from stochastic fluctua⁃tions［7］.  This interaction leads to strong sensitivity to ini⁃tial conditions， resulting in complex temporal evolution despite the deterministic nature of the system［8-9］.  De⁃pending on operating parameters， lasers can exhibit a va⁃riety of dynamical regimes， ranging from stable states and periodic oscillations to quasi-periodicity and fully de⁃veloped chaos.The dynamical behavior of lasers is related to their classification.  According to the relative decay rates of carriers， polarization， and photons， lasers are generally categorized into Classes A， B， and C［10-12］.  Semiconduc⁃tor lasers belong to Class-B systems， where the interac⁃tion between carrier density and photon density domi⁃nates the behavior［6-7］.  While semiconductor lasers are 
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typically stable， they can be destabilized by external per⁃turbations such as optical feedback［13-15］， optical injec⁃tion［16-17］， optoelectronic feedback［18-20］， or injection cur⁃rent modulation［21-22］.  These perturbations introduce addi⁃tional degrees of freedom into the system， enabling the emergence of high-dimensional chaotic dynamics.  More⁃over， the low facet reflectivity and large linewidth en⁃hancement factor （α factor） characteristic of semiconduc⁃tor materials strengthen amplitude–phase coupling， fur⁃ther enhancing susceptibility to instability and chaos.  Another distinctive feature of semiconductor laser chaos is its ultrafast timescale.  Chaotic oscillations commonly occur at gigahertz frequencies， far exceeding those found in conventional electronic chaotic systems［23］.  This ultra⁃high speed， coupled with the compatibility of optical car⁃riers with existing communication infrastructures， makes semiconductor laser chaos highly attractive for practical applications［24-29］.In recent years， chaotic semiconductor lasers have gained prominence due to their potential in secure optical communications［26-27］， high-speed random number genera⁃tion［24］， and advanced sensing［28-29］.  The ability to control and synchronize chaotic dynamics further expands their functionality， allowing information encoding and trans⁃mission using chaotic carriers.  As a result， semiconduc⁃tor laser chaos has transitioned from a fundamental curi⁃osity in nonlinear dynamics to a valuable tool in modern photonics.This review provides a comprehensive overview of the physical mechanisms underlying chaos in semicon⁃ductor lasers， the primary configurations used to gener⁃ate chaotic dynamics， and the emerging applications that exploit these unique properties.
1 Chaos induced by external perturba⁃
tions 

External perturbations provide a well-established pathway for inducing chaos in semiconductor lasers.  By introducing additional degrees of freedom through de⁃layed feedback or external driving signals， these ap⁃proaches destabilize the intrinsic steady-state operation and give rise to complex nonlinear dynamics.  Depending on the physical mechanisms， external perturbation schemes can be broadly categorized into optical feed⁃back， optical injection， optoelectronic feedback， and other approaches such as current modulation and loss modulation using a saturable absorber.
1. 1　Optical feedback　Optical feedback represents one of the most widely studied and effective approaches for inducing chaos in semiconductor lasers［13］.  In this scheme， a fraction of the emitted light is reflected back into the laser cavity through an external reflector or optical element， as shown in Fig.  1（a）.  The reinjected field interacts with both the intracavity optical field and the carrier dynam⁃ics， introducing delayed nonlinear coupling into the sys⁃tem.  The resulting dynamics are governed by the inter⁃play between the laser’s intrinsic relaxation oscillation frequency， fROand the frequency of the external cavity，

 fEC =  c/ (2L )， where c is the speed of light， and L is the 
distance to the feedback element.  When fEC <<  fRO， the 
system exhibits low-frequency fluctuations or coherence collapse， typically associated with high-dimensional cha⁃otic attractors［30-32］.  The presence of delayed feedback ef⁃fectively increases the system dimensionality， destabiliz⁃ing steady-state or periodic operation and giving rise to complex aperiodic dynamics.Chaos generation in this configuration originates from interference between the returning light and the in⁃tracavity field.  This interaction modulates both ampli⁃tude and phase through the linewidth enhancement fac⁃tor， leading to strongly coupled nonlinear dynamics that are highly sensitive to system parameters and initial con⁃ditions［7，33］.  The feedback delay time， reflectivity of the external mirror， and laser operating parameters jointly determine the characteristics and intensity of the chaotic output.Compared to other chaos-inducing techniques， opti⁃cal feedback offers several advantages.  It is straightfor⁃ward to implement with external mirrors， phase-conju⁃gate reflectors， or integrated cavities［34-36］， and can gener⁃ate a wide range of chaotic behaviors across different time scales and spectral ranges.  Furthermore， the method al⁃lows precise control over chaos characteristics， including bandwidth， dimensionality， and stability， by adjusting feedback parameters［37-39］.  These features make optical-feedback-induced chaos suitable for applications requir⁃ing high entropy， broadband signals， and robust synchro⁃nization， and it remains the most prominent approach in both fundamental research and practical photonic appli⁃cations［40-41］.Significant experimental advances have demonstrat⁃ed the versatility of optical feedback.  In 2016， the first mid-infrared quantum cascade laser （QCL） chaos was re⁃alized using optical feedback （Fig.  1（b））［42］.  By 2022， fully developed hyperchaos was generated in mid-infra⁃red interband cascade lasers （ICLs） subject to external optical feedback （Fig.  1（c））［6］.  Lyapunov spectrum analysis in Fig.  1（d） reveals three positive Lyapunov ex⁃ponents， confirming hyperchaotic behavior.  The chaotic signal spans frequencies up to several gigahertz—two to three orders of magnitude broader than previous mid-in⁃frared chaotic sources.  Calculating the Lyapunov expo⁃nents has always been a powerful tool to identify chaos， reflecting the average exponential rate of divergence for nearby orbits in the phase space.  In a stable system， the exponents are negative， while in a chaotic system， at least one positive Lyapunov exponent exists.  For the Ly⁃apunov spectrum， the presence of more than one positive Lyapunov exponent is generally referred to as high-di⁃mensional chaos or hyperchaos.  In contrast， a system with only one positive Lyapunov exponent is classified as low-dimensional chaos.  Owing to the coexistence of mul⁃tiple unstable directions in phase space， hyperchaotic signals exhibit greater dynamical complexity than low-di⁃mensional chaos.  This enhanced complexity is suitable for applications such as secure communications， informa⁃tion encryption， and random number generation.
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Optical feedback also plays a crucial role in quan⁃tum-dot lasers.  Chaos can be induced via self-feedback， which significantly alters the photon statistics.  In low-power quantum-dot lasers operating near the quantum limit， strong super-thermal photon bunching is ob⁃served， indicative of random intensity fluctuations［43］.  This arises from interactions between the two emission modes （mode A and mode B）， which compete for the limited gain resources of the quantum dot medium.  The feedback particularly affects mode B， resulting in en⁃hanced photon bunching and chaotic intensity fluctua⁃tions in its output.
1. 2　Optical injection　Optical injection provides another powerful mecha⁃nism for inducing chaos， achieved by coupling light from a master laser into a slave laser， as illustrated in Fig.  2
（a）.  The injected field interacts nonlinearly with the slave laser’s carrier and photon dynamics， modifying both amplitude and phase［45-46］.  When the injection strength is sufficiently high， or the frequency detuning between master and slave lasers is appropriately chosen， the system undergoes a series of dynamical instabilities， including period-doubling， quasi-periodicity， and ulti⁃mately chaotic behavior.  These transitions are governed by bifurcation mechanisms arising from the interplay be⁃tween the injected signal and the intrinsic relaxation os⁃cillations of the slave laser［47-49］.  By tuning key parame⁃ters such as injection strength， frequency detuning， and polarization， different dynamical regimes can be precise⁃ly accessed.Chaos generation in this configuration originates from the strong interaction between the injected field and 

the internal laser field when the system operates outside the stable locking region.  Under these conditions， ampli⁃tude and phase dynamics become tightly coupled， lead⁃ing to nonlinear oscillations and cascaded bifurcation pro⁃cesses， such as period-doubling cascades， ultimately re⁃sulting in chaotic dynamics［7， 15-16］.  In addition， optical in⁃jection effectively enlarges the phase space of the sys⁃tem， allowing for the coexistence of multiple attractors and complex temporal behaviors.The chaotic states generated through optical injec⁃tion serve several important functions in photonic sys⁃tems.  They provide a controllable source of complex and broadband optical signals that can be exploited in appli⁃cations such as secure optical communications， where chaos synchronization enables message encoding and de⁃coding.  In addition， optical injection-induced chaos can be utilized in microwave photonics for frequency conver⁃sion and signal generation， as well as in sensing applica⁃tions where small perturbations can be detected through nonlinear dynamical responses.  Beyond applications， the ability to precisely tailor dynamical behavior also makes optical injection a powerful platform for investigat⁃ing nonlinear dynamics and bifurcation phenomena in la⁃ser systems［50-51］.Compared with other chaos-inducing techniques， optical injection offers high controllability over the laser’s dynamical state.  It enables precise adjustment of chaot⁃ic properties through experimentally accessible parame⁃ters while maintaining a compact and stable configura⁃tion， and it naturally supports strong synchronization be⁃tween coupled lasers.  Early studies systematically exam⁃ined the influence of optical injection on semiconductor 

图 1　光反馈方法：（a）光反馈实验示意图；（b）利用光反馈在中红外量子级联激光器（QCL）中产生混沌的实验装置［42］；（c）利用光反

馈在带间级联激光器（ICL）产生混沌的实验装置，OSA：光谱分析仪，ESA：频谱分析仪，BS：分束器［6］；（d） 在反馈比为−4. 2 dB、偏

置电流为85 mA条件下测得的李雅普诺夫谱［6］

Fig.  1　Optical feedback： （a） schematic of the optical feedback configuration； （b） experimental setup for generating chaos in a mid-in‐

frared quantum cascade laser （QCL） using optical feedback［42］； （c） experimental setup for chaos generation in an interband cascade laser 

（ICL） subject to external optical feedback［6］， the feedback is provided by a gold mirror， and the feedback ratio is controlled by rotating a 

polarizer， OSA： optical spectrum analyzer； ESA： electrical spectrum analyzer； BS： beam splitter； （d） Lyapunov spectrum measured at 

a feedback ratio of −4. 2 dB and a bias current of 85 mA［6］
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laser stability， revealing phenomena such as P1 limit cy⁃cles and Hopf bifurcations （Fig.  2（b））［52］.  By mapping the system dynamics as functions of injection strength and frequency detuning， these works demonstrated the progressive emergence of dynamical instabilities.  More recently， low-dimensional chaotic dynamics have been realized using intensity-modulated optical injection［53-56］ and cascaded injection schemes［57-58］.  In 2025， a three-stage cascaded optical injection configuration demonstrat⁃ed broadband optical chaos with a standard bandwidth of 70 GHz， an effective bandwidth of 55 GHz， and a spec⁃tral flatness exceeding 0. 9， as shown in Fig.  2（c）［59］.  These advances highlight the capability of optical injec⁃tion to generate high-quality chaotic signals for high-speed photonic applications.
1. 3　Optoelectronic feedback　Optoelectronic feedback introduces a delayed elec⁃tronic loop to generate chaos in semiconductor lasers［18］.  In this configuration， the laser’s optical output is con⁃verted to an electrical signal via a photodetector， ampli⁃

fied， and re-injected through modulation of the injection current， as shown in Fig.  3（a）.  Unlike optical feed⁃back， which directly affects the optical field， optoelec⁃tronic feedback is inherently incoherent and primarily in⁃teracts with the carrier dynamics.The presence of a time delay in the feedback loop in⁃troduces an additional degree of freedom.  When the de⁃lay time exceeds the intrinsic relaxation oscillation period of the laser， the system can undergo a sequence of non⁃linear dynamical transitions， including periodic oscilla⁃tions， quasi-periodicity， and eventually chaos （Fig.  3
（b））.  A chaos bifurcation diagram is a graphical repre⁃sentation that shows how the long-term behavior of a non⁃linear dynamical system changes as a control parameter varies.  In the diagram， the horizontal axis represents the parameter value， while the vertical axis shows the possi⁃ble stable states of the system after transient effects disap⁃pear.  The interplay between delayed feedback， carrier dynamics， and nonlinear gain leads to complex， high-di⁃mensional chaotic behavior.  Experimental studies have 

图 2　光注入方法：（a）光注入实验示意图；（b）注入强度与频率失谐对激光器动力学影响，S：稳定注入锁定，SR：子谐波共振，P1：极

限环振荡，P2：倍周期，P4：四倍周期，Chaos：确定性混沌，M0：多波混频，带斜线区域表示输出转移到另一纵模的工作状态，细曲线

表示动力学区域间平滑过渡，粗点线表示伴随轻微滞后的突发纵模跳变，带箭头的粗虚线表示单向纵模跳变，粗实线表示向混沌或

多波混频状态的突变或从其中跳出的突变［52］；（c）使用四个半导体激光器的级联光学注入示意图，主激光器（ML）与第一从激光器

（SL1）形成混沌生成的初级注入阶段，而SL2与SL3用于在后续阶段调控混沌特性，光学注入通过可变光衰减器（VOA）、偏振控制

器（PC）和光学环形器（Cir）实现，输出信号通过光纤耦合器（FC）和高速光电探测器（PD）检测，并由示波器和电谱分析仪监测［59］

Fig.  2　Optical injection： （a） schematic of the optical injection configuration； （b） dynamical map of the laser as functions of injection 

strength and frequency detuning， S： stable injection locking； SR： subharmonic resonance； P1： limit-cycle oscillation； P2： period dou‐

bling； P4： period quadrupling； Chaos： deterministic chaos； M0： multiwave mixing with dominant output in another longitudinal mode， 

hatched regions indicate operation where the principal output shifts to another longitudinal mode， thin curves denote smooth transitions 

between dynamical regions， whereas thick dotted curves indicate abrupt mode-hopping transitions with minor hysteresis， thick dashed 

curves （with arrows） represent one-way mode hops， and thick solid curves indicate abrupt transitions to or from chaotic or multiwave-

mixing regimes［52］； （c） schematic of cascaded optical injection using four semiconductor lasers for tailored chaos generation the master 

laser （ML） and the first slave laser （SL1） form the initial injection stage for chaos generation， while SL2 and SL3 are used to tailor the 

chaotic properties in subsequent stages， optical injection is implemented using a variable optical attenuator （VOA）， polarization control‐

ler （PC）， and optical circulator （Cir）， the output is detected using a fiber coupler （FC） and high-speed photodetectors （PD）， and is 

monitored by an oscilloscope and an electrical spectrum analyzer［59］
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revealed both regular pulsing regimes and quasiperiodic routes to chaos as the feedback delay and strength are varied［60］.  Notably， negative optoelectronic feedback sig⁃nificantly enlarges the parameter space supporting chaot⁃ic dynamics［61-62］.  The influence of delay time and feed⁃back strength on these transitions is illustrated in Fig.  3
（b）， where a clear quasiperiodic route to chaos is ob⁃served［61］.The chaotic dynamics induced by optoelectronic feedback have several important applications.  In secure optical communication systems， chaos synchronization can be employed for information encoding and decoding.  The strong sensitivity to initial conditions also enables high-quality random number generation based on entropy-rich signals［26-27］.  In addition， optoelectronic feedback is widely used in microwave photonics and signal process⁃ing， where complex temporal waveforms are required［62］.  Beyond applications， this configuration serves as a flexi⁃ble experimental platform for investigating time-delay nonlinear systems， which are relevant to a variety of physical and biological processes.

2 Chaos in free-running semiconductor 
lasers 

In multimode lasers， particularly those emitting multiple longitudinal， transverse， or polarization modes， nonlinear mode coupling plays a critical role in chaotic dynamics.  When the coupling strength is sufficient， the 

system can exhibit spontaneous， disorderly instabilities even without external modulation， injection， or feed⁃back.
2. 1　 Polarization chaos in vertical-cavity surface-
emitting lasers　Vertical-cavity surface-emitting lasers （VCSELs） are a class of semiconductor lasers characterized by their short cavity length， vertical emission perpendicular to the wafer surface， and circular beam profile［11， 63-64］.  Their unique cavity geometry， combined with low thresh⁃old currents， makes them particularly suitable for explor⁃ing nonlinear dynamics and chaos.  VCSELs exhibit a va⁃riety of dynamical phenomena， including polarization switching and mode competition， which can evolve into deterministic chaos under appropriate operating condi⁃tions［22］.  In such systems， small perturbations in carrier or photon populations can be significantly amplified due to the inherent sensitivity to initial conditions， leading to complex temporal behavior.Deterministic polarization chaos has been experi⁃mentally demonstrated in free-running VCSELs［11］.  This behavior originates from nonlinear coupling between two elliptically polarized modes， resulting in irregular polar⁃ization switching.  Figure 4（a） illustrates a quantum dot VCSEL consisting of multiple quantum dots confined be⁃tween two mirrors.  At the threshold， the device emits lin⁃early polarized light along the x-axis.  Under constant in⁃jection current， the laser exhibits chaotic transitions be⁃tween two non-orthogonal elliptically polarized modes separated by approximately 40°.The evolution of polarization dynamics can be de⁃picted in the Stokes parameter space， as shown in Figs.  4
（b–e）.  At the threshold， the laser operates in a linearly polarized steady state.  As the injection current increas⁃es， this state becomes destabilized through a pitchfork bi⁃furcation， giving rise to two symmetric elliptically polar⁃ized states （black and red crosses in Fig.  4（b））.  Fur⁃ther increases in current lead to polarization rotation and enhanced ellipticity.  When the system is driven beyond this regime， the steady states become unstable and are replaced by limit cycles， indicating the onset of oscillato⁃ry behavior （Fig.  4（c））.  Subsequent period-doubling bi⁃furcations produce two symmetric chaotic attractors cen⁃tered around the unstable elliptically polarized states 
（Fig.  4（d））.  With further increase in current， these at⁃tractors expand and eventually merge into a single dou⁃ble-scroll structure resembling the Lorenz “butterfly” at⁃tractor （Fig.  4（e））.  The deterministic nature of this cha⁃os has been confirmed using established analysis meth⁃ods， including the Grassberger – Procaccia algorithm.  Measurements of correlation dimension and entropy are consistent with deterministic chaos rather than stochastic noise.In addition to intrinsic dynamics， VCSELs are high⁃ly sensitive to external perturbations， particularly optical feedback.  Their short cavity length leads to round-trip times comparable to feedback delays， resulting in strong feedback-induced effects［65-66］.  Consequently， optical-

图 3　光电反馈方法：（a）光电反馈实验示意图；（b）峰值极值的

分岔图，左图：归一化延迟时间固定为 τ= 5. 6，反馈强度 ξ 从

−0. 06变化到−0. 10，右图：反馈强度固定为 ξ=−0. 10，归一化延

迟时间 τ从 5. 6 变化到 6. 8，图中标示了不同脉冲状态，包括规

则脉冲（RP）、双频准周期脉冲（Q2）、三频准周期脉冲（Q3）、混

沌脉冲（C）以及频率锁定脉冲（FL）状态［61］

Fig.  3　Optoelectronic feedback： （a） schematic of the optoelec‐

tronic feedback configuration； （b） bifurcation diagrams of the 

peak extrema， left： normalized delay time fixed at τ=5. 6 while 

the feedback strength ξ varies from −0. 06 to −0. 10， right： feed‐

back strength fixed at ξ=−0. 10 while the normalized delay time τ 

varies from 5. 6 to 6. 8， various pulsing regimes are indicated， in‐

cluding regular pulsing （RP）， two-frequency quasiperiodic puls‐

ing （Q2）， three-frequency quasiperiodic pulsing （Q3）， and cha‐

otic pulsing （C） states， as well as the frequency-locked pulsing 

（FL） state［61］
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feedback-induced chaos in VCSELs has become a promi⁃nent platform for applications in chaos synchronization and random number generation［67］.  By selectively choos⁃ing the polarization state of the coupled light， synchroni⁃zation of the polarization modes can be achieved while keeping the total output intensity desynchronized［66］.
2. 2　Chaos in quantum cascade lasers　QCLs［68-74］ are unipolar semiconductor lasers that op⁃erate through intersubband transitions within a quantum well structure， making them ideal sources of coherent ra⁃diation in the mid-infrared and terahertz （THz） spectral regions.  Unlike conventional interband semiconductor la⁃sers， QCLs exhibit ultrafast carrier dynamics， relatively short upper-state lifetimes， and moderate but non-zero linewidth enhancement factors （LEF or α）， all of which contribute to rich nonlinear behavior.  When combined with multimode emission in Fabry-Pérot （FP） resona⁃tors， the forward and backward propagating fields induce spatial hole burning （SHB）［75］.  Both SHB and LEF ef⁃fects contribute to the transition from single-mode to mul⁃timode emissions at low pump thresholds.  When these nonlinear effects interact with group velocity dispersion 
（GVD）， two operational regimes can be observed in free-running QCLs： a mode-locking or frequency comb re⁃gime［76］ and a chaotic emission regime.Recent studies have demonstrated chaos generation in single-mode mid-infrared QCLs under optical feed⁃back or injection conditions［77-78］.  However， chaos dy⁃namics in THz QCLs remain less explored， partly due to 

longer gain recovery time and distinct carrier dynamics compared to mid-infrared QCLs.  Recent work has dem⁃onstrated chaos generation in a free-running multimode THz QCL emitting at approximately 4. 2 THz without ex⁃ternal perturbations［79］， providing new insight into intrin⁃sic chaos mechanisms in these systems.  Figure 5（a） shows the experimental setup used for characterizing the chaotic dynamics of the THz QCL， with the inset display⁃ing an optical photograph of the device mounted with a microstrip line and high-speed cable for high-frequency extraction.  Figure 5（b） presents the measured inter-mode beatnote （BN） spectra as the bias current is var⁃ied.  Depending on the pump current， the BN transitions from a single narrow peak to multi-peak structures， and finally to a broad signal spanning several GHz， indicat⁃ing the onset of chaotic behavior.  The corresponding time traces of the signal are shown in Fig.  5（c） for a time duration of 500 ns.  Phase portraits calculated from time traces at different currents （Fig.  5（d）） illustrate the temporal evolution into chaos.  A phase portrait pro⁃vides a graphical representation of a dynamical system in phase space， where each point corresponds to a unique system state.  Analysis of these trajectories reveals key dynamical features， including equilibrium points， peri⁃odic orbits， limit cycles， and chaotic attractors.  For peri⁃odic systems， phase portraits exhibit closed-loop or circu⁃lar trajectories， whereas chaotic systems display irregu⁃lar， highly complex trajectories.  Such representations are widely used to study the qualitative behavior and sta⁃

图4　量子点VCSEL中的偏振混沌产生：（a）器件示意图，在阈值电流下，发射沿 x轴线性偏振，在恒定注入电流下，发生在两个非正

交椭圆偏振模之间的混沌切换，模间夹角约为 40°；（b）-（e）随注入电流𝜇增加，偏振动力学在斯托克斯参数平面上的演化；（b）μ=

1. 34：两个对称的非正交椭圆偏振状态；（c）μ=1. 39：两个极限环在不稳定椭圆偏振状态周围振荡；（d）μ=1. 41：周期倍化级联，形成

单旋混沌吸引子；（e）μ= 1. 425：两个吸引子合并为单一双旋吸引子［11］

Fig.  4　Chaotic polarization dynamics in a quantum-dot VCSEL： （a） schematic of the device， at the threshold， emission is linearly po‐

larized along the x-axis， under constant injection current， chaotic switching occurs between two non-orthogonal elliptically polarized 

modes separated by ~40°； （b）–（e） evolution of the polarization dynamics in the Stokes parameter plane with increasing injection cur‐

rent μ； （b） μ=1. 34： two symmetric non-orthogonal elliptically polarized states； （c） μ=1. 39： two limit cycles oscillating around unsta‐

ble elliptically polarized states； （d） μ=1. 41： period-doubling cascade leading to single-scroll chaotic attractors； （e） μ=1. 425： merging 

of the two attractors into a single double-scroll attractor［11］
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bility of nonlinear systems， offering insight into their tem⁃
poral evolution.

The largest Lyapunov exponents computed from the 
broad inter-mode BN signals confirm the deterministic 
chaotic nature of the dynamics （Fig.  5（e））.  To further 
quantify the system complexity， the correlation dimen⁃
sion was computed using the Grassberger–Procaccia al⁃

gorithm by plotting the correlation integral C ( r ) as a func⁃
tion of the sphere radius r for different embedding dimen⁃
sions m.  The exponent of the power-law dependence of 
C ( r ) at small r provides an estimate of the correlation di⁃
mension， which is commonly used to quantify the com⁃
plexity of chaotic systems.  Importantly， the correlation 
dimension can be used to distinguish noise from chaos， 

图 5　自由运行太赫兹量子级联激光器混沌产生：（a）THz QCL混沌表征实验装置，采用自探测方法测量模间拍频信号，并分别通

过频谱分析仪和高速示波器（20 GS/s）记录频域和时域信号，通过微波放大器（增益 30 dB）和带通滤波器（4. 6~8 GHz）提高信号信

噪比；（b）、（c）不同注入电流下测得的频谱及对应的时域波形，光谱以 10 kHz的分辨率带宽和 1 kHz的视频带宽从上至下记录，电

流从 540 mA增加到 760 mA；（d）不同注入电流下的时域信号（500 ns）重构的相图；（e）最大李雅普诺夫指数随电流的变化，粉色阴

影区域表示混沌区，绿色阴影区域表示光频梳向混沌的过渡区；误差棒来源于每个电流下的五次重复测量；（f）不同注入电流下嵌

入维数与相关维数关系［79］

Fig.  5　Chaos generation in free-running THz QCLs： （a） experimental setup for characterizing chaos in THz QCLs， a self-detection 

scheme is employed to measure inter-mode beatnote signals， which are recorded in the frequency and time domains using a spectrum ana‐

lyzer and a high-speed oscilloscope （20 GS/s）， respectively， a microwave amplifier （30 dB gain） and a bandpass filter （4. 6–8 GHz） 

are used to improve signal quality； （b）， （c） electrical spectra and corresponding time traces measured at different injection currents， the 

spectra are recorded with a resolution bandwidth of 10 kHz and a video bandwidth of 1 kHz， from top to bottom， the current increases 

from 540 mA to 760 mA； （d） phase portraits reconstructed from time traces （500 ns duration） at different injection currents； （e） maxi‐

mum Lyapunov exponents as a function of current， the shaded pink region indicates the chaotic regime， while the shaded green region 

represents the transition from frequency comb operation to chaos， error bars are obtained from five repeated measurements at each cur‐

rent； （f） correlation dimension as a function of embedding dimension for different injection currents［79］
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as chaos has a correlation dimension that saturates with 
m while noise does not.  In Fig.  5（f）， it is clearly shown that the states at 700 mA and 760 mA are indeed in cha⁃otic situations because the saturated correlation dimen⁃sions are obtained.To elucidate the physical mechanism of chaos gener⁃ation， both a full Maxwell-Bloch model and a reduced model based on two coupled complex Ginzburg-Landau equations are employed.  These models successfully re⁃produce the experimental observations and reveal defect-mediated turbulence as the primary mechanism driving chaos in free-running THz QCLs.Despite these advances， the chaotic emission ob⁃tained in free-running QCLs remains limited in both bandwidth and complexity.  In particular， the Lyapunov spectra typically exhibit only a single positive exponent， indicating that the system does not reach the hyperchaot⁃ic regime， which requires multiple positive Lyapunov ex⁃ponents.  Enhancing the dimensionality of the chaotic out⁃put， therefore， remains an important challenge.  Future progress is expected to rely on improvements in material design and cavity engineering， which may enable the re⁃alization of hyperchaos and support applications requir⁃ing high-dimensional chaotic signals.  In addition， the role of external perturbations， such as optical feedback and injection， in THz QCL chaos generation remains largely unexplored experimentally， with existing studies primarily limited to theoretical predictions［80-81］.  Combin⁃ing these external control schemes with intrinsic defect-mediated turbulence may provide a promising route to⁃ward tunable， high-dimensional chaos in THz QCLs， opening new opportunities for advanced photonic sys⁃tems.
2. 3　Chaos in microcavity lasers　Microcavity lasers， owing to their compact size and strong optical confinement， provide an attractive plat⁃form for generating chaotic emissions.  Whispering-gal⁃lery-mode microcavities are widely used in this context due to their high-quality factors and enhanced mode inter⁃actions［82］.  A self-chaotic hexagonal microcavity laser has been demonstrated， where two-mode internal interac⁃tions enabled 10 Gb/s random bit generation （RBG）， with the chaotic bandwidth primarily limited by the laser’s relaxation oscillation frequency［83］.  Deformed square microcavity lasers further improve performance， reaching rates up to 400 Gb/s despite exhibiting non-uniform spec⁃tral characteristics［84］.  These results illustrate the poten⁃tial of cavity geometry engineering in enhancing chaotic dynamics.More recently， the introduction of additional trans⁃verse modes has been shown to significantly enrich the nonlinear dynamics.  In particular， tri-mode microcavity lasers exploit the photon–photon resonance to enhance chaotic bandwidth［85］.  By designing a deformed square microcavity with circular sides， the mode quality factor 
（Q-factor） was increased， and the mode frequency inter⁃vals were engineered to optimize chaotic dynamics.  Intro⁃ducing a third transverse mode significantly broadened the chaotic bandwidth and produced high-frequency cha⁃

otic peaks， thereby improving the randomness of the out⁃put signal.  As illustrated in Fig.  6（a）， chaos originates from interactions between the 0th and the 1st transverse modes， while photon – photon resonance with the 2nd transverse mode further enhances the bandwidth.  Mode intensity patterns of the 0th and the 1st transverse modes are shown in the insets of Fig.  6（c）， revealing in-phase and anti-phase field distributions across half of the cavi⁃ty， which are more distinct than those observed in de⁃formed hexagonal microcavities［83］.  Figures 6（b） and 6
（d） depict the three-dimensional microcavity design and the experimental setup used to characterize nonlinear dy⁃namics.Overall， microcavity lasers offer a compact and ver⁃satile approach to chaotic light generation.  Their perfor⁃mance benefits from the combination of engineered cavity geometries， strong mode interactions， and resonance ef⁃fects， enabling broadband and high-speed chaotic sig⁃nals.  These features make microcavity lasers particularly suitable for applications such as ultrafast random number generation， secure optical communication， and integrat⁃ed photonic systems［86-87］.  In addition， their scalability and compatibility with on-chip integration distinguish them from conventional bulk chaotic laser systems， pro⁃viding a promising route toward practical and miniatur⁃ized chaotic light sources.
2. 4　Chaos in monolithic integrated semiconductor 
lasers　Traditional chaotic lasers are often constructed us⁃ing discrete optical components， which results in bulky setups that are highly sensitive to environmental perturba⁃tions， limiting their practicality and scalability［88-90］.  To overcome these limitations， monolithic integrated semi⁃conductor lasers （MISLs） have been developed， provid⁃ing compact， stable， and reproducible platforms for cha⁃otic light generation.A variety of integrated architectures have been pro⁃posed to realize chaotic dynamics on-chip.  Schikora et al.  demonstrated a multisection laser integrated with an external FP etalon for chaos generation［91］.  Yousefi et al.  observed complex chaotic dynamics in an integrated col⁃liding-pulse mode-locked semiconductor laser chip［92］.  More advanced designs integrate multiple functional sec⁃tions within a single chip to enable precise control of feedback， phase， and gain.  For instance， integrated structures combining distributed feedback （DFB） lasers with passive resonators and active control sections have been shown to produce fully developed chaos with broad⁃band optical and radio-frequency spectra［93］， as shown in Fig.  7（a）.  Under a bias current of 10 mA， this device generated fully developed chaotic output， with a broad⁃band optical spectrum， temporal waveforms， and RF spectra recorded as shown in Fig.  7（b）.  Recent develop⁃ments have further pushed the performance of monolithi⁃cally integrated chaotic lasers.  Compact devices with di⁃mensions on the order of hundreds of micrometers have demonstrated ultra-broadband chaotic emission exceed⁃ing tens of gigahertz without requiring external perturba⁃tions［94］ （Fig.  7（c））.  Operating without external pertur⁃
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bations， this MISL device produced ultra-broadband cha⁃otic signals extending beyond 26. 5 GHz， with corre⁃sponding temporal waveforms， phase portraits， RF spec⁃tra， and optical spectra shown in Figs.  7（d-g）.Compared with discrete implementations， monolith⁃ic integration offers several key advantages.  The reduced system footprint significantly enhances robustness against environmental fluctuations， while the precise design of multiple sections enables deterministic control over the underlying dynamics.  In addition， the inherent compati⁃bility with photonic integrated circuits facilitates scalable and cost-effective deployment.  Their combination of com⁃pactness， high-speed performance， and integration capa⁃bility makes them particularly well-suited for applica⁃tions in secure optical communication， ultrafast random number generation， and advanced photonic sensing sys⁃tems［95］.Looking forward， monolithic integrated semiconduc⁃tor chaotic lasers are expected to play an important role in fully integrated photonic systems.  Their compatibility with silicon photonic platforms opens a route toward large-scale photonic integration， enabling the co-integra⁃tion of chaotic light sources with modulators， filters， mul⁃tiplexers， and signal-processing units on a single chip.  Such integration could significantly reduce system com⁃plexity while improving stability， manufacturability， and energy efficiency.  In the field of physical random num⁃ber generation， the integration of chaotic lasers with elec⁃tronic and photonic post-processing circuits is expected to enable fully chip-scale random number generators with ultrahigh bit rates and low power consumption.  As sili⁃con photonics， heterogeneous integration， and advanced semiconductor fabrication technologies continue to ma⁃ture， monolithically integrated chaotic laser systems are expected to evolve from laboratory demonstrations toward practical， low-cost， and mass-producible solutions for next-generation information processing and secure com⁃munication applications.
3 Applications of chaotic semiconduc⁃
tor lasers 
3. 1　Chaos synchronization and secure communica⁃
tion　Chaos synchronization refers to the phenomenon that two or more nonlinear chaotic systems evolve toward identical or highly correlated dynamical states under ap⁃propriate coupling or external driving conditions［96-98］.  In semiconductor lasers， synchronization is enabled by cou⁃pling mechanisms that not only determine the synchroni⁃zation regime but also influence the dimensionality， ro⁃bustness， and controllability of the underlying dynam⁃ics［99-100］.Optical injection is the most common approach for achieving chaos synchronization.  In this scheme， a mas⁃ter laser injects a fraction of its optical field into a slave laser， thereby modifying the slave’s carrier–photon dy⁃namics［101-102］.  The injected field enters explicitly into the rate equations as a forcing term， leading to phase and am⁃plitude locking under appropriate conditions.  By adjust⁃

图 6　微腔激光器中的自发混沌产生：（a）由双横模相互作用引

发的自发混沌及通过光子–光子共振实现带宽增强，第 0、1横

模拍频振荡产生边带，诱发自发混沌；第 2 横模光子–光子共

振进一步扩展带宽；（b）带中心孔和环形电极的圆边方形微腔

激光器三维及俯视示意图，对应折射率台阶Δn；（c）Q值随波长

变化关系，插图显示第 0、1、2横模强度分布；（d）非线性动力学

状态表征实验装置，ISO：光隔离器，OSA：光谱分析仪，EDFA：

掺铒光纤放大器，OBPF：光学带通滤波器，PD：光电探测器，

ESA：频谱分析仪，OSC：实时示波器［85］

Fig.  6　 Self-chaos generation in microcavity lasers： （a） sche‐

matic of self-chaos generation induced by two-mode interaction 

and bandwidth enhancement via photon–photon resonance， car‐

rier oscillations at the beating frequency of the 0th and the 1st 

transverse modes （λ0 and λ1） generate sidebands that act as inter‐

nal optical injections， leading to self-chaotic dynamics， the cha‐

otic bandwidth is further extended to higher frequencies through 

photon – photon resonance involving the 2nd transverse mode 

（λ2）； （b） three-dimensional and top-view schematics of a circu‐

lar-sided square microcavity laser with a central hole and a ring 

electrode corresponding to a refractive index step Δn； （c） mode 

Q-factor as a function of wavelength， insets show the intensity 

distributions of the 0th， 1st， and 2nd transverse modes； （d） ex‐

perimental setup for characterizing nonlinear dynamical states， 

ISO： isolator； OSA： optical spectrum analyzer； EDFA： erbium-

doped fiber amplifier； OBPF： optical bandpass filter； PD： pho‐

todetector； ESA： electrical spectrum analyzer； OSC： real-time 

oscilloscope［85］
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ing the injection strength （η） and frequency detuning 
（Δω） ， different synchronization regimes can be achieved， including complete synchronization and gener⁃alized synchronization.  Achieving wideband synchroniza⁃tion remains a central objective， and recent approaches based on bandwidth-enhanced master lasers or mutual coupling have demonstrated synchronization bandwidths exceeding 12 GHz［103-104］.In external-cavity configurations， the master laser is driven into chaos by delayed optical feedback， while the slave laser is synchronized through injection of the chaot⁃ic output （Fig.  8（a））.  Synchronization can be realized in both open-loop and closed-loop schemes.  In the open-loop configuration， the slave laser lacks its own feedback loop and is fully driven by the injected chaotic signal.  In contrast， the closed-loop configuration requires both mas⁃ter and slave lasers to operate under external feedback， with careful matching of feedback delay time and strengths.  The presence of a time delay （τ） introduces 

infinite-dimensional phase space dynamics， enabling high-dimensional chaos and a rich variety of synchroniza⁃tion phenomena， including lag， lead， and anticipatory synchronization.  In these systems， synchronization per⁃formance is highly sensitive to delay matching and feed⁃back phase， which serve as key tuning parameters.  Re⁃cent experiments have demonstrated wideband synchroni⁃zation with correlation coefficients approaching 0. 88 and bandwidths up to 30 GHz， highlighting the effectiveness of common-signal and open-loop schemes［105-106］.Semiconductor lasers often support multiple longitu⁃dinal， transverse， or polarization modes that can interact nonlinearly via carrier dynamics.  By selectively coupling specific modes—for example， using polarization-selec⁃tive injection or wavelength filtering—synchronization can be achieved within individual modal subspaces.  This enables multiplexed chaos synchronization， where differ⁃ent channels （wavelengths or polarizations） carry inde⁃pendent synchronized chaotic signals［107-108］.  Such 

图 7　单片集成半导体激光器混沌产生：（a）光子集成器件示意图及掩膜设计，展示 InGaAsP DFB 激光器、增益–吸收段、相位段、

无源波导，激光端面抗反射，波导端面高反射，段长以微米计［93］；（b）实验相图及对应射频谱，灰度轨迹为滤波后的吸引子［111］；（c）单

片集成半导体激光器实物照片及示意图，ISO：光隔离器，BS：分束器，PD：光电探测器，OSA：光谱分析仪，ESA：频谱分析仪，OSC：

宽带示波器，虚线为光路，实线为电路［94］；（d-g）单片集成半导体激光器输出的时间波形、相图、射频谱（灰线为噪声底）及光谱，红色

表示混沌状态，蓝色为稳定状态［94］

Fig.  7　Chaos in monolithically integrated semiconductor lasers： （a） schematic of the photonic integrated device， top： overall device 

layout， bottom： mask design showing the different sections， including the InGaAsP DFB laser， gain–absorption section， phase sec‐

tion， and passive waveguide， the laser facet is anti-reflection coated， while the waveguide end is highly reflective， section lengths are 

given in micrometers［93］； （b） experimental phase portraits （left） and corresponding microwave spectra （right） of the device output， the 

grayscale traces represent the filtered attractors［93］； （c） photograph and schematic of the monolithically integrated semiconductor laser 

（MISL）， ISO： isolator； BS： beam splitter； PD： photodetector； OSA： optical spectrum analyzer； ESA： electrical spectrum analyzer； 

OSC： wide-bandwidth oscilloscope， dashed lines indicate optical paths， and solid lines indicate electrical paths［94］； （d） temporal wave‐

form of the MISL output； （e） phase portraits of the MISL output， （f） RF spectra of the MISL output， the gray line indicates the noise 

floor［94］； （g） optical spectra of the MISL output， red denotes chaotic operation， while blue denotes stable operation ［94］
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schemes are particularly attractive for wavelength-divi⁃sion multiplexing （WDM） systems and high-capacity se⁃cure communications.  Recently， broad-area vertical-cav⁃ity surface-emitting lasers （BA-VCSELs） have exhibited chaos arising from nonlinear coupling between modes with different spatial profiles and polarizations［109-111］.  Coupling two BA-VCSELs reveals multiple synchroniza⁃tion and anti-synchronization regimes， highlighting the complex interactions between oscillating modes with vary⁃ing frequencies and spatial patterns （Fig.  8（b））［111］.  Spatio-spectral images measured for different pump cur⁃rents illustrate the modal dynamics and synchronization behavior （Figs.  8（c-d））.Chaos synchronization is a fundamental mechanism 

enabling practical applications such as secure optical communications［12］.  Chaos-based communication exploits the noise-like， broadband characteristics of chaotic opti⁃cal signals generated by semiconductor lasers to encode information within a deterministic yet unpredictable carri⁃er.  Information recovery relies on precise chaos synchro⁃nization between the transmitter （master laser） and the receiver （slave laser）.  Significant progress has been achieved across various types of semiconductor lasers.  For instance， free-space mid-infrared communication links based on chaos synchronization in QCLs have dem⁃onstrated high-dimensional chaos that allows transmis⁃sion rates of 0. 5 Mbit/s with error ratios compatible with standard telecommunication correction schemes （Figs.  8

图 8　混沌同步及保密通信：（a）混沌同步示意图，开环：从激光器仅由注入混沌信号驱动，无反馈，闭环：主从激光器均受外部反馈，

延迟和强度匹配；（b）混沌同步实验装置，可通过半波片HWP控制偏振或高速PD与实时示波器分析主从激光器动力学［111］；（c）不同

泵浦电流下自由运行主激光器在 u偏振下的时空-光谱图［111］；（d）电流 I = 6. 5 mA下 u、v偏振的时空-光谱图，主要模式MU，V (3，1) 标
出，插图：主激光器在 IM = 6 mA和 9 mA下的动力学［111］；（e）保密通信实验装置图，主激光器通过金镜光学反馈进入混沌状态，偏振

片控制反馈强度，部分信号注入从激光器；输出由MCT探测器检测，LDD：激光二极管驱动器［112］；（f）主从激光器输出相关性分析，

二维相关图及一维投影（插图），从激光器信号取反以获得正相关［112］

Fig.  8　Chaos synchronization and secure communication： （a） schematic of chaos synchronization， in the open-loop configuration， the 

slave laser is driven solely by the injected chaotic signal without feedback， in the closed-loop configuration， both master and slave lasers 

operate under external feedback with matched delay time and strengths； （b） experimental setup for chaos synchronization， the system en‐

ables analysis of both master and slave laser dynamics in the spatio-spectral domain using an imaging spectrometer （with a half-wave 

plate， HWP， for polarization control） or in the temporal domain using high-bandwidth photodetectors and a real-time oscilloscope［111］； 

（c） spatio-spectral images of the free-running master laser at different pump currents in the u-polarization selected for injection［111］； （d） 

spatio-spectral image at I=6. 5 mA in both u- and v-polarizations， with dominant modes MU，V (3，1) highlighted， the symmetry axis of the 

transverse mode is indicated by the blue dashed line， insets： master laser dynamics at IM=6 mA and IM=9 mA； （e） experimental setup for 

secure communication， the transmitter （light gray） consists of a master laser driven into chaos by optical feedback from a gold-coated 

mirror （M）， with feedback strength controlled by a mid-infrared polarizer （pol）， a portion of the signal is injected into the slave laser via 

a non-polarizing beam splitter （NPBS） and an optical isolator （ISO）， the outputs of both lasers are detected using an MCT detector and 

analyzed， LDD： laser diode driver［112］； （f） correlation analysis between master and slave QCL outputs， two-dimensional and one-dimen‐

sional （insets） correlation diagrams are shown， the slave signal is inverted to yield a positive correlation （maximum value of 1）［112］
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（e–f））［112］.Several encryption and synchronization architec⁃tures have been developed for chaos-based secure com⁃munication.  Representative encryption methods include chaos shift keying （CSK）， chaos modulation （CM）， and chaos masking （CMK）［12］.  CSK encodes digital informa⁃tion by switching system parameters， whereas CM em⁃beds the message within the feedback loop of the chaotic system［113］.  CMK， the most widely adopted scheme， im⁃poses the message externally onto the chaotic carrier， of⁃fering simplicity and compatibility with high-speed modu⁃lation.  Notably， Zhao et al.［114］ achieved 21. 9 GHz wide⁃band chaos synchronization using a dispersive device with phase-to-intensity conversion， enabling secure transmission of a 10 Gbit/s on-off-keying signal.  More re⁃cently， Mao et al.［115］ demonstrated broadband synchroni⁃zation with chaotic carrier bandwidths exceeding 30 GHz， representing the state-of-the-art in high-speed， se⁃cure chaotic communication.In summary， chaos synchronization in semiconduc⁃tor lasers provides a controllable， broadband， and highly secure platform for optical communication.  Its ability to generate broadband， high-dimensional carriers， com⁃bined with tunable coupling mechanisms and compatibili⁃ty with multiplexing schemes， makes it a promising ap⁃proach for next-generation communication systems with enhanced capacity and security.
3. 2　Random number generation　Random number generation （RNG）［115-117］ based on chaotic semiconductor lasers exploits the intrinsic unpre⁃dictability and entropy production of nonlinear laser dy⁃namics.  Although chaos is deterministic in nature， its ex⁃treme sensitivity to initial conditions—quantified by posi⁃tive Lyapunov exponents—ensures that microscopic noise sources are exponentially amplified， resulting in ef⁃fectively unpredictable output signals.  As a conse⁃quence， the chaotic laser output can serve as a high-en⁃tropy physical source for generating random bit sequenc⁃es. In a typical scheme， the chaotic optical intensity 
x ( t ) is converted into an electrical signal via photodetec⁃tion and then digitized using an analog-to-digital convert⁃er （ADC）.  The random bit sequence R (n ) can be ob⁃tained through quantization and post-processing： R (n ) =
Q ( x ( tn ) )， where Q denotes the quantization operation， 
and tn is the sampling instant.  To further enhance ran⁃domness and eliminate residual correlations or bias， post-processing operations such as exclusive-OR （XOR）， de⁃layed difference， or least significant bit （LSB） extraction are commonly applied： R (n ) = R (n )⊕R (n - τ ).The performance of chaos-based RNG systems is closely linked to the bandwidth and complexity of the chaotic signals.  Chaotic dynamics are typically generat⁃ed using external optical feedback， optical injection， or integrated photonic structures［118-121］.  Early implementa⁃tions relied on single-bit quantization combined with logi⁃cal operations between independent chaotic sources to re⁃duce bias.  More advanced methods employ multi-bit ex⁃traction by retaining the LSBs， computing temporal deriv⁃

atives， or using time-shifted differences to enhance entro⁃py and suppress correlations.  These techniques signifi⁃cantly increase achievable bit rates， reaching hundreds of Gbit/s in state-of-the-art systems.  Since the first exper⁃imental verification in 2008［115］， numerous chaos-based RNG schemes have been proposed， with performance im⁃proving alongside enhancements in chaotic signal flat⁃ness and bandwidth.Bandwidth enhancement is particularly crucial for high-performance RNG.  Techniques such as chaotic opti⁃cal injection and modulated injection have extended the chaotic bandwidth to tens of gigahertz， enabling genera⁃tion rates up to 160 Gbit/s with high entropy per sam⁃ple［122-123］.  Optical heterodyning of two external-cavity semiconductor lasers has produced broadband white cha⁃os with a 3 dB bandwidth of 16. 7 GHz； using 8-bit ADC quantization and extracting four LSBs at an 80-GHz sam⁃pling rate， physical random number generation rates of 320 Gbit/s were achieved［124］.  Additional strategies to op⁃timize generation rates include polarization rotation feed⁃back［125］， grating feedback［126-128］， filter feedback［129］， mu⁃tual coupling［130］， cascade injection［131］， and incoherent delay self-interference［132］.Despite the effectiveness of feedback-based methods in generating broadband chaos， residual time-delay sig⁃natures can introduce correlations， limiting randomness quality.  To address this， approaches based on intrinsic laser dynamics have been explored.  For instance， dual-polarization chaos in VCSELs enables ultrafast RNG rates of 600 Gbit/s from a single device， with aggregate rates exceeding 2 Tb/s using VCSEL arrays［133-136］.  Micro⁃cavity lasers and integrated photonic structures provide additional compact platforms for high-speed RNG， achieving rates from tens to hundreds of Gbit/s［83-84］.  More recently， spatiotemporal dynamics in broad-area semiconductor lasers and microcomb-based architectures have facilitated massively parallel RNG， reaching multi-terabit-per-second performance［137-138］.Chaos-based RNG thus combines ultrahigh genera⁃tion rates， true physical entropy， and compatibility with compact， integrable photonic platforms.  The determinis⁃tic chaos， amplified by microscopic noise， ensures high-quality randomness， while integrated implementations enhance stability， scalability， and on-chip integration ca⁃pability.  These characteristics make chaotic semiconduc⁃tor lasers highly promising for cryptography， secure com⁃munications， and high-speed data processing applica⁃tions.
3. 3　 Chaos-based light detection and ranging sys⁃
tems　Chaos-based light detection and ranging systems 
（LiDAR） utilize the broadband and noise-like character⁃istics of chaotic laser signals to achieve high-resolution distance measurement［139-140］.  Nonlinear dynamics in semiconductor lasers， achieved through optical injection and feedback， can generate optical chaos， eliminating the need for costly high-speed signal generators or exter⁃nal modulators［141-148］.  The fundamental principle is based on the correlation detection of time delay.  A chaotic sig⁃
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nal x ( t ) is split into a reference path and a probing path.  After interacting with the target， the reflected signal can be expressed as y ( t ) = αx ( t - τ ) + n ( t )， where α is the 
attenuation factor， τ is the round-trip delay， and n ( t ) represents noise.  The distance is determined by 
d = cτ/2， where c is the speed of light.  By calculating the cross-correlation Rxy (τ ) = ∫x ( t ) y ( t + τ )dt， a sharp 
peak appears at the true delay due to the δ-like autocorre⁃lation property of chaotic signals， enabling precise rang⁃ing.  The spatial resolution is directly related to the signal bandwidth B， following Δd ≈ c/ (2B )， which allows centi⁃meter- or even millimeter-level resolution when GHz-bandwidth chaotic sources are employed.  This high reso⁃lution arises from the extremely short correlation time of the broadband chaotic signal， which produces sharp auto⁃correlation peaks that accurately identify the target dis⁃tance.  In other words， the wider the bandwidth of the chaotic source， the finer the temporal features in the re⁃flected signal， enabling millimeter-scale distance dis⁃crimination.Compared with conventional LiDAR， chaos-based LiDAR offers several intrinsic advantages［145-147］.  Chaotic sources provide broadband emissions exceeding tens of gigahertz， surpassing the bandwidth limitations of tradi⁃tional pulsed or frequency-modulated continuous-wave 
（FMCW） systems.  The ultra-fast temporal dynamics of chaotic lasers enable high repetition-rate measurements on microsecond timescales， whereas conventional Li⁃DAR is constrained by pulse repetition rates in the tens to hundreds of kilohertz range［140，149］.  Low-coherence， pulse-like features of chaotic signals allow finer range dis⁃crimination without requiring physically short pulses.  Additionally， the noise-like， non-repetitive nature of chaotic waveforms confers strong immunity to crosstalk， ambient light， multipath interference， and intentional jamming， which often affect conventional LiDAR.  There⁃fore， these characteristics highlight the potential of cha⁃os-based LiDAR for high-speed， high-resolution， and in⁃terference-robust sensing， while emphasizing that practi⁃cal deployment still requires careful design to optimize detection sensitivity and optical power.In practical implementations， chaos-based LiDAR systems have evolved from simple correlation-based set⁃ups to more advanced architectures.  Early systems di⁃rectly utilized chaotic optical signals and achieved centi⁃meter-level resolution.  To enhance performance， chaos synchronization techniques have been employed to sup⁃press electronic noise and improve the signal-to-noise ra⁃tio （SNR）， often combined with advanced signal process⁃ing methods such as correlation filtering and wavelet de⁃noising.  Bandwidth enhancement strategies—including optical heterodyning and time-delay signature suppres⁃sion—produce white-noise-like chaotic signals with flat⁃ter spectra and sharper correlation peaks， further improv⁃ing ranging accuracy［149］.Recent developments have further expanded system capabilities through multiplexing and parallelization.  Ap⁃proaches based on spatial scanning， polarization multi⁃plexing， and chaotic optical frequency combs enable 

multiple independent channels to operate simultaneous⁃ly， supporting multi-target detection and three-dimen⁃sional imaging.  In addition， synchronization-based archi⁃tectures have demonstrated significant SNR improve⁃ments， with enhancements on the order of 20 dB reported in experimental systems［150-152］.In 2018， Cheng et al.  introduced a 3D pulsed chaos LiDAR system that significantly improved energy utiliza⁃tion and SNR using homodyne interference［142］.  As shown in Fig.  9（a）， this method amplifies chaos in low-fre⁃quency regions （hundreds of MHz） via self-homodyning with an optical path difference exceeding the laser’s co⁃herence length.  Figures 9（b-c） demonstrate the high-res⁃olution 3D reconstructions obtained， revealing fine fea⁃tures such as eyes， noses， and lips， as well as multi-lev⁃el letter patterns intentionally positioned at different heights.  Chen et al.  further developed a parallel chaotic LiDAR system using a Kerr microresonator pumped by a continuous-wave laser［153］， where each comb line exhibits orthogonal spatial-temporal chaotic characteristics.  This system achieved approximately 2 mm-range accuracy， millimeter-per-second （~5 mm/s） velocity resolution， and high-resolution 3D imaging with 51 parallel channels 
（51×75 pixels） （Fig.  9（d））.Compared with conventional pulsed Lidar and fre⁃quency-modulated continuous-wave （FMCW） systems， chaos-based ranging exhibits several fundamental advan⁃tages.  Traditional pulsed systems rely on short periodic pulses， with spatial resolution limited by pulse width Δd ≈ cτp/2， while FMCW systems depend on linear fre⁃
quency modulation and precise signal processing.  Chaos-based systems achieve high resolution directly through large signal bandwidth without requiring ultrashort puls⁃es， thereby enabling range-independent resolution.  In addition， conventional radar signals are periodic and spectrally concentrated， making them susceptible to in⁃terference and interception， whereas chaotic signals ex⁃hibit noise-like， aperiodic behavior with low cross-corre⁃lation， providing strong anti-jamming capability and low probability of interception.  Moreover， chaos-based sys⁃tems naturally support parallel processing and multiplex⁃ing， enabling efficient multi-target detection and imaging without significantly increasing system complexity.
4 Conclusion and outlook 

Semiconductor laser chaos has developed into a ma⁃ture and advancing field at the intersection of nonlinear dynamics and photonic engineering.  Owing to their in⁃trinsic nonlinearity， strong carrier – photon coupling， and ultrafast response， semiconductor lasers provide a unique and versatile platform for generating and studying deterministic chaos.  This review has summarized the fun⁃damental mechanisms underlying chaos generation， in⁃cluding external perturbations such as optical feedback， optical injection， and optoelectronic feedback， as well as intrinsic nonlinear interactions in free-running systems.  The diverse configurations explored in recent studies demonstrate that chaotic dynamics in semiconductor la⁃sers can be flexibly engineered across a wide range of 
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temporal and spectral regimes.  As summarized in Table 1， a comparison of the chaotic performance achieved by different configurations is presented.  The chaos band⁃width is primarily determined by the type of laser em⁃ployed.  In general， DFB lasers exhibit relatively higher bandwidths.  Additionally， optical injection， particularly cascaded optical injection， can further broaden and flat⁃ten the chaotic spectrum.  Optical injection and optical feedback schemes are relatively easy to implement and exhibit high operational stability； however， their integra⁃tion capability remains limited.  Optoelectronic feedback also offers low operational complexity， although it typi⁃cally requires more sophisticated electronic circuitry.  In externally perturbed systems， the bandwidth is also gov⁃

erned by the feedback ratio or injection strength and can substantially exceed the external-cavity frequency under strong operating conditions.  In contrast， for free-running systems， the chaotic dynamics are determined primarily by intrinsic laser parameters， including the linewidth en⁃hancement factor， cavity quality factor， and GVD.  Such intrinsic mechanisms eliminate the need for external per⁃turbations and provide an attractive pathway toward com⁃pact and highly integrated chaotic sources.  For example， THz QCLs can generate chaos without external perturba⁃tions， resulting in a simple implementation and high inte⁃grability.  However， the achievable chaos bandwidth is generally lower.  Microcavity lasers and MISL chips， al⁃though demanding more advanced device design and fab⁃

图 9　基于混沌的LiDAR系统：（a）三维脉冲混沌LiDAR系统示意图，LDC：激光二极管控制器，TEC：温控器，SL：半导体激光器，

PMC：保持偏振光纤耦合器，VA：可变光衰减器，PM：功率计，ISO：光隔离器，FC：光纤耦合器，APD：雪崩光电探测器，EDFA：掺铒

光纤放大器，AOM：声光调制器，FG：函数发生器，OSC：示波器，PC：个人计算机［152］；（b）、（c）面具与“NTHU”字母图案及其三维重

建图［152］；（d）基于混沌微腔光频梳的并行测距实验装置，HN-MRR：高非线性微环谐振器，WS：波形整形器，CW：连续波，EDFA：掺

铒光纤放大器，DEMUX：解复用器，ADC：模数转换器，COM：计算机 ［153］

Fig.  9　Chaos-based light detection and ranging （LiDAR） systems： （a） schematic of a 3D pulsed chaos LiDAR system， LDC： laser di‐

ode controller， TEC： temperature controller， SL： semiconductor laser， PMC： polarization-maintaining fiber coupler， VA： variable opti‐

cal attenuator， PM： power meter， ISO： isolator， FC： fiber coupler， APD： avalanche photodetector， EDFA： erbium-doped fiber ampli‐

fier， AOM： acousto-optic modulator， FG： function generator， OSC： oscilloscope， PC： personal computer［152］； （b） photograph of a 

curved mask and its corresponding 3D reconstruction obtained using pulsed chaos LiDAR［152］； （c） photograph of an “NTHU” letter pat‐

tern and the corresponding 3D reconstruction［152］； （d） experimental setup for parallel ranging based on a chaotic microcomb， multiple 

comb lines with intrinsic temporal orthogonality are emitted by a collimator， and spatial positions on the target are mapped to wavelength 

channels via a transmission grating （966 lines/mm）， the filtering bandwidth of the fiber Bragg grating （FBG） is 1 nm， centered at the 

pump wavelength， HN-MRR： highly nonlinear micro-ring resonator， WS： waveshaper， CW： continuous wave， EDFA： erbium-doped 

fiber amplifier， DEMUX： demultiplexer， ADC： analog-to-digital converter， COM： computer［153］
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rication processes， offer higher levels of integration.  Therefore， they are promising candidates for future devel⁃opment in integrated chaotic sources.Despite significant progress， several challenges re⁃main.  Achieving controllable high-dimensional chaos is essential for increasing information capacity and enhanc⁃ing security.  At the same time， improving spectral flat⁃ness， bandwidth， and long-term stability remains critical for practical deployment.  The suppression of time-delay signatures and the reduction of environmental sensitivi⁃ty， particularly in feedback-based configurations， are al⁃so key issues that require further investigation.  In addi⁃tion， the development of fully integrated chaotic photonic platforms represents an important direction.  Monolithic integration and on-chip implementations are expected to improve robustness， scalability， and energy efficiency.Future progress will rely on advances in material en⁃gineering， device design， and system integration， en⁃

abling more precise control of chaotic behavior and ac⁃cess to new dynamical regimes.  On-chip integration tech⁃nologies are expected to yield scalable， compact chaotic laser systems compatible with photonic integrated cir⁃cuits.  Furthermore， hybrid approaches that combine in⁃trinsic free-running chaos with externally induced pertur⁃bations offer promising routes to optimize bandwidth， di⁃mensionality， and entropy， enhancing performance for ultrafast random number generation， secure optical com⁃munication， and high-resolution LiDAR systems.  As il⁃lustrated in Fig.  10， chaotic laser technologies in the near-infrared and visible ranges are relatively mature， whereas semiconductor laser chaos in the terahertz range remains at an exploratory stage.  The primary challenges include the limited bandwidth and sensitivity of THz de⁃tectors， as well as the difficulty of achieving stable broad⁃band chaotic dynamics under room-temperature opera⁃tion.  Furthermore， THz systems are inherently affected 
表1　不同方式产生混沌信号的总结与对比

Table 1　Comparison of the chaotic characteristics produced by different configurations

Ref.

［6］

［42］

［77］

［154］

［155］

［156］

［157］

［59］

［158］

［159］

［160］

［61］

［79］

［85］

［94］

Chaos bandwidth

~500 MHz

~80 MHz

330 MHz

22 GHz

7 GHz

33. 76 GHz

33. 6 GHz

55 GHz

36 GHz

38. 6 GHz

20 GHz

3 GHz

180 MHz

13. 2 GHz

26. 5 GHz

Laser type （wavelength）
MIR ICL

（3. 39 μm）
MIR QCL

（5. 62 μm）
MIR QCL
（5 μm）
DFB laser

（1. 55 μm）
DFB laser

（1. 55 μm）
FP laser

（1. 55 μm）
DFB laser

（1. 55 μm）
DFB laser
（1. 3 μm）
DFB laser

（1. 55 μm）
NIR DFB laser
（1. 55 μm）

DFB laser
（1. 55 μm）

DFB laser
（1. 3 μm）

THz QCL
（71. 4 μm）

Microcavity laser
（1. 55 μm）

MISL chip
（1. 55 μm）

Externally perturbation

Optical feedback

Optical feedback

Optical feedback

Optical feedback

Optical feedback

Optical feedback

Optical feedback

Optical Injection

Optical Injection

Mutual injection

Optoelectronic feedback

Optoelectronic feedback

None

None

None

Complexity of Implemen⁃
tation
★★

★★★

★★

★★

★★

★★

★★

★★

★★

★★★

★★★★

★★★★

★

★★★★

★★★★

Integration Capability

★★

★★

★★

★★

★★

★★

★★

★★

★★

★★

★

★

★★★★

★★★★

★★★★★
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by high propagation losses and complex dispersion man⁃agement requirements， which hinder the development of cost-effective and highly stable THz chaotic platforms.  Chaotic semiconductor lasers across different spectral ranges hold significant application potential， including high-sensitivity sensing， photonic integrated chaotic chips， multi-channel parallel chaos， ultrafast random number generation， and terahertz high-resolution chaotic LiDAR.  The convergence of nonlinear dynamics with in⁃tegrated photonics is likely to drive the development of compact， high-performance chaotic light sources tailored to specific applications.  As a result， semiconductor laser chaos is expected to play an increasingly important role in both fundamental research and practical technologies.
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半导体激光混沌物理机制及光子学应用

刘彬彬 1，2， 刘贵宾 1，3， 毕祥龙 1，3， 马旭红 1，2， 李子平 1， 黎 华 1，3*
（1. 中国科学院上海微系统与信息技术研究所 集成电路材料国家重点实验室与太赫兹固态技术实验室，上海 200050；

2. 华东师范大学重庆研究院 精密光学重庆重点实验室，重庆 401120；
3. 中国科学院大学 材料科学与光电技术学院，北京 100049）

摘要：半导体激光混沌已成为非线性动力学与现代光子学交叉研究的前沿领域。凭借其强非线性特性及全

固态优势，半导体激光器为混沌的产生与调控提供了理想平台。本文综述了半导体激光器中混沌产生的基

本物理机制，包括外部扰动与内部非线性相互作用，并重点介绍了混沌在安全光通信、高速随机数生成以及

高精度测距等方面的应用前景。最后，本文讨论了当前的研究挑战与未来发展方向，凸显了半导体激光器混

沌在下一代光子技术中的重要潜力。
关 键 词：光学；混沌；半导体激光器；太赫兹
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