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Abstract: The operating conditions and structural design that are necessary to realize 2-

dimensional (2D) phased-locked VCSEL array using Talbot effect (Talbot-VCSEL) were 

studied by numerical analysis of mutual injection locking by using the laser rate equation. 

Analysis of a few elements confirms the tendency of mutual injection locking and shows 

that the locking range can be expanded by increasing the number of elements which have 

close wavelength. Furthermore, Talbot-VCSEL of a 2D array was analyzed to clarify the 

optimal array configuration that are necessary for locking operation. As the results, the 

aperture diameter of >5 m and the array size of > 9×9 with 30 m of array pitch is 

appropriate minimum configuration of the 2D VCSEL array. 
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1. Introduction 

In recent years a vertical cavity surface emitting laser (VCSEL) array has attracted 

attention as a high power light source. The VCSEL shows excellent characteristics, such as 

low threshold and circular beam as a single device, and ease of two-dimensional integration. 

Although output power of a single device of the typical VCSEL is limited in small of 10 mW 

order or less, it is possible to obtain a high output power by two-dimensional array 

integration. Ideally, total output power can be increased proportional to the number of 

devices in the array. However, since individual VCSEL lases independently in such VCSEL 

array, beam quality becomes low. If the wavelength and phase of each laser can be locked 

together, it can be used a laser whose beam shape can easily be controlled. The laser will 

have good characteristics such as high focusing performance, less diffraction without lens 

and controllability of beam direction. These lasers are useful for high power applications 

like optical wireless power transmission,1-3) laser display, laser lighting, and laser processing 

including heat treatment, and so on. 

In order to lock the wavelength and phase of each laser, which lase independently, there 

is a method called phase locking. Phase-locked lasers are usually achieved by injection 

locking in two pairs of lasers as master and slave laser. On the other hand, there is another 

technology of using tight coupling with next device. For expanding this type of laser to a 

two-dimensional array or a surface planar operation, a tightly coupled coherent VCSEL 

array4-9) using closely spaced elements and a photonic crystal laser10-13) are reported, 

respectively. A tightly coupled coherent VCSEL array is phase-locked due to coupling by 

light leakage between individual VCSELs. Recently, operation of closely spaced lasers are 

reported. It is necessary to expand the number of devices and the total area for increasing the 

output power as the next step. A photonic crystal laser, which has the entire structure of the 

periodic pattern of wavelength scale, operates as one resonator. A single mode beam with a 

single wavelength, a light output of more than several Watt and a chip size of several 

hundreds of micrometer square has already been reported. 

Since these tightly coupled coherent VCSEL arrays and photonic crystal lasers use strong 

coupling of light separated by wavelength scale as the principle, it is necessary to fabricate 

the pitch between the elements and the size of devices very precisely. As the result, since it 

is difficult to widen the pitch between the elements and heat dissipation of individual lasers 
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is strongly restricted, reduction of the output density and restriction of characteristics due to 

heat generation are problems. In addition, when widening the laser chip, nonuniformity of 

current injection into individual lasers may become a problem due to limitation of the 

electrode pattern and its width. 

Aside from these lasers, VCSEL array, which is coupled by using the Talbot effect (Talbot-

VCSEL), was proposed.14) This Talbot-VCSEL as shown in Fig. 1, is coupled by re-injection 

the light propagated once outside the device and diffracted. Therefore, some design 

tolerances of element spacing, and device size can be expected. As the results, it is possible 

to get excellent characteristics of a whole array, such as variable pitch between VCSELs, 

promotion of heat dissipation due to pitch expansion and uniform operation due to flexibility 

of metal electrode pattern. Although such Talbot-VCSEL has already been proposed as 

described in the next section, it has not been thoroughly considered. In particular, since 

detailed analyses and designs regarding phase locking conditions have not been performed, 

appropriate structures and operating conditions are still unknown. For achievement of high 

performance operation of the Talbot-VCSEL, detailed investigation of operation conditions 

and appropriate structures is strongly needed. 

Based on the above background, this research aims to realize a phase locked VCSEL array 

using the Talbot effect as an array light source with excellent beam characteristics. In this 

report, we investigated the operation condition and an effective structural design of Talbot-

VCSEL theoretically using numerical simulation. Although a part of this research has been 

reported in Ref. 15 in MOC2018, we will report detailed analysis methods and analysis 

conditions including unreported results. 

 

2. Injection Locking in Talbot-VCSEL 

Phase locking is achieved by using injection locking. This phenomenon is known as a 

method, which is injection of a laser light oscillating at a certain wavelength (master laser) 

into another laser oscillating at a different wavelength (slave laser). The oscillation 

frequency and phase of the slave laser become the same as that of the master laser in the case 

that the frequency difference of the two lasers is within a small range corresponding to the 

intensity of the master laser.16-19) 

This mechanism of the injection locking is as follows. When the light is injected from the 
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master laser into the slave laser, the electric field of the light in the slave laser increases. 

Since this situation is similar to the inside of the slave laser with the reflectivity of the laser 

reflector increased, it is considered to be equivalent to the situation in which the threshold 

condition of the slave laser is lowered effectively. As a result, the threshold carrier density 

of the slave laser decreases. When the carrier density decreases, the refractive index 

increases due to reduction of the carrier plasma effect. Since the optical path length of the 

cavity becomes longer, the lasing wavelength shifts to the longer wavelength. As the result, 

the wavelength and phase of the slave laser also converge to that of the master laser and the 

phase locking state occurs. In typical applications, an isolator is inserted so that the light of 

the slave laser does not return to the master laser. Without the isolator, these two lasers are 

under the condition that they mutually affect each other, called mutual injection locking.20-

22) 

On the other hand, Talbot effect is a phenomenon in which the light of one-dimensional 

or orthogonal two-dimensional array constituted by the periodical pattern propagates and 

interferes. The interference image with exactly same periodical pattern and intensity as the 

original is re-imaged at the distance as shown below called Talbot distance.23-26) 

 

𝑧𝑡 =
2𝑚𝑝2

𝜆2⁄   (1) 

 

Here, 𝑧𝑡 is the Talbot distance, p is the pitch of the array, and m is an integer. This principle 

is derived easily by calculation of the Fresnel-Kirchhoff integration with infinite periodic 

structure. Any complicated pattern can be re-imaged. However, it is necessary that they are 

constituted by patterns of infinite number of arrays, and their wavelengths and phases are 

required to be uniform. 

Talbot-VCSEL is realized due to mutual injection locking by using Talbot effect for the 

laser array consists of N×N VCSELs. As shown in Fig. 1, re-imaged light by the Talbot effect 

is used as the injection light of the mutual injection locking of the VCSEL array by placing 

a reflector (Talbot-mirror) at half of the Talbot distance. It is assumed that the Talbot-mirror 

is a flat reflector with a reflectivity of 100%. Although the reflector size is assumed to be 

infinite in the calculation, the same size as the light source array size is sufficient for the 

influence on locking. The issue of this configuration is that the complete Talbot re-imaging 
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is formed only with a coherent light which has infinite number of arrays, uniform wavelength 

and phase. After phase locking, the latter condition is satisfied, however this phase locking 

is objective of this configuration. In an actual Talbot-VCSEL device, there are finite number 

of array size and wavelength detuning between individual elements. Since an analysis of the 

operating condition such a non-ideal situation of Talbot-VCSEL has not been enough 

considered so far, detailed conditions such as the influence of the amount of wavelength 

detuning and the number of required array size should be evaluated by numerical analysis. 

 

3. Basic Analysis using Numerical Analysis Tool 

3.1 Analysis Methods and Device Parameters 

The analysis is based on differential equations called laser rate equations. In order to 

analyse the basic behaviour characteristics of mutual injection locking, we ignored carrier 

diffusion, time delay between lasers, and Langevin noise. In addition, a single mode 

operation, linear optical gain with respect to carrier density, and the uniform electric field 

and carrier density in the active region of each VCSEL are assumed. Table 1 shows typical 

parameters and their values of VCSEL used for this analysis.27) 

 

3.2 Numerical Analysis of Two Lasers 

At first, in order to confirm the validity of analysis method and to clarify basic tendency 

of mutual injection locking, two lasers case (laser-1 and laser-2) was analyzed. The rate 

equation is as follows. 

 

𝑑𝑆𝑖(𝑡)

𝑑𝑡
= [Γ𝐺0𝑖(𝑁𝑖(𝑡) − 𝑁𝑡𝑟) −

1

𝜏𝑝
] 𝑆𝑖(𝑡) + 2𝜅𝑘𝑐√𝑆𝑖(𝑡)𝑆𝑗(𝑡) cos (𝛥𝜙𝑖𝑗(𝑡)) + Γ𝑅𝑠𝑝 (2) 

𝜔𝑖(𝑡) =
𝑑𝜙𝑖(𝑡)

𝑑𝑡
= 𝜔0𝑖 +

𝛼

2
[Γ𝐺0𝑖(𝑁𝑖(𝑡) − 𝑁𝑡𝑟) −

1

𝜏𝑝
] + 𝜅𝑘𝑐√

𝑆𝑗(𝑡)

𝑆𝑖(𝑡)
sin (𝛥𝜙𝑖𝑗(𝑡))  (3) 

𝑑𝑁𝑖(𝑡)

𝑑𝑡
=

𝐼𝑖

𝑒𝑉
−

𝑁𝑖(𝑡)

𝜏𝑛
− 𝐺0𝑖(𝑁𝑖(𝑡) − 𝑁𝑡𝑟)𝑆𝑖(𝑡)    (𝑖, 𝑗 = {1,2} 𝑖 = 𝑗)̅   (4) 

 

Here 𝜅 is the injection ratio that means the ratio of how much the light emitted from one 

laser is injected into another laser and satisfies 0 ≤ 𝜅 ≤ 1  and 𝑘𝑐  is called coupling 

coefficient and represented by following equation.16) 
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𝑘𝑐 =
𝑐

2𝜂𝑒𝑓𝑓𝐿

1 − 𝑅

𝑅
= 1.45 × 1011 [1 s⁄ ] 

 

Subscript 1 and 2 indicates parameters for laser-1 and laser-2, respectively. Temporal 

development of simultaneous rate equations for each laser was analysed by using the fourth 

order explicit Runge-Kutta method. Analysis was performed by using MATLAB program. 

As the first analysis procedure, for each laser, the density of photon and carrier in the 

steady state before mutual injection that means independent operation were calculated and 

set as the initial state of analysis. 

Then the temporal development of the density of photon and carrier and phase of each 

element was calculated until a sufficient time of 10 ns. After that, if wavelength difference 

|Δ𝜆| = |λ1 − λ2| = 2π𝑐 |
1

𝜔1
−

1

𝜔2
|  is less than or equal to 0.01 × 10−12  m, these two 

lasers are determined to be locked. These procedures are implemented while varying the 

wavelength of laser-1 from 979.8 to 980.2 nm and injection ratio 𝜅 from 0.01 to 0.1. The 

wavelength of laser-2 is fixed at 980 nm. Figure 2 shows the locking range for both the initial 

wavelength detuning Δλ0 (= λ01 − λ02) of two lasers and the injection ratio 𝜅. In this Figure, 

two lasers were set to the same operating conditions such as operation current, gain, initial 

photon and carrier density except for the difference in initial wavelength. In the injection 

locking of the master-slave scheme, it is well known that the locking range is asymmetric 

with respect to the wavelength detuning 0. However, due to the mutual injection locking 

under equal conditions between two lasers, the locking range is substantially symmetric with 

respect to the wavelength detuning 0. 

Figure 3 shows the locking range when I1 = 23 mA and I2 = 35 mA. The locking range 

becomes shrink and mainly exists only in Δλ0 < 0. This situation is similar to an injection 

locking of master-slave scheme.19) This is because that for the laser-1 with lower current and 

lower intensity of light the injected light into the laser-1 is relatively larger compared to the 

injected light into the laser-2. Therefore, laser-1 is more affected and the wavelength of laser-

1 shifted largely to longer side. As the result in the case of two lasers with asymmetric 

operation condition, a laser driven by lower current should have shorter initial wavelength 

and the other laser driven by higher current should have longer initial wavelength. 

While locking range in Fig. 3 is narrow as compared to Fig. 2, even with lower injection 
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ratio such as 𝜅 < 0.5, it can be locked at a large wavelength detuning shown as red marker. 

This means locking range expands in a part. This result suggests that in the case of mutual 

injection locking, there is a possibility of locking even for larger wavelength detuning by 

adjusting the injection current. 

 

3.3 Numerical Analysis of Three Lasers 

Next, we analyzed mutual injection locking in three lasers to discuss more complicated 

dependency than in the case of two lasers. The rate equation is modified as follows. 

 

𝑑𝑆𝑖(𝑡)

𝑑𝑡
= [𝐺0𝑖(𝑁𝑖(𝑡) − 𝑁𝑡𝑟) −

1

𝜏𝑝
] 𝑆𝑖(𝑡) + 2𝜅𝑘𝑐√𝑆𝑖(𝑡)𝑆𝑗(𝑡) 𝑐𝑜𝑠(𝛥𝜙𝑖𝑗(𝑡)) +

2𝑘𝑐𝑖𝑘√𝑆𝑖(𝑡)𝑆𝑘(𝑡) 𝑐𝑜𝑠(𝛥𝜙𝑖𝑘(𝑡)) + 𝑅𝑠𝑝 (5) 

 

𝜔𝑖(𝑡) =
𝑑𝜙𝑖(𝑡)

𝑑𝑡
= 𝜔0𝑖 +

𝛼

2
[𝐺0(𝑁𝑖(𝑡) − 𝑁𝑡𝑟) −

1

𝜏𝑝
] + 𝑘𝑐𝑖𝑗√

𝑆𝑗(𝑡)

𝑆𝑖(𝑡)
sin(𝛥𝜙𝑖𝑗(𝑡)) +

𝜅𝑘𝑐√
𝑆𝑘(𝑡)

𝑆𝑖(𝑡)
sin(𝛥𝜙𝑖𝑘(𝑡)) (6) 

 
𝑑𝑁𝑖(𝑡)

𝑑𝑡
=

𝐼𝑖

𝑒𝑉
−

𝑁𝑖(𝑡)

𝜏𝑛
− 𝐺0𝑖(𝑁𝑖(𝑡) − 𝑁𝑡𝑟)𝑆𝑖(𝑡)    (𝑖, 𝑗, 𝑘 = {1,2,3}) (7) 

 

Figure 4 shows the locking range dependence on wavelength detuning of Δλ12 (= λ01-λ02) 

and Δλ32 (= λ03-λ02). The wavelength of laser-2 is fixed at 980 nm and the wavelengths of 

the lasers-1 and -3 are varied from 979.8 to 980.2 nm, respectively. Since the lasers-1 and -

3 are symmetrical, the locking range is also symmetrical in condition of y=x of x and y axis. 

When the initial wavelengths of two lasers are equal as shown in blue solid lines, the locking 

range is expanded. In other words, if there are elements whose wavelengths are identical or 

close to each other, the locking range is expanded. Thus, it is expected that the locking range 

can be expanded by increasing the size of array. 

 

4. Numerical Analysis of N×N VCSEL Array 

4.1 Method 

First, coordinate axes of x-y-z are set as follows. The center of the light source array is the 

origin, and the array plane corresponds to the x-y plane. The direction toward the reflector 

is the plus direction of z-axis. As a Talbot-VCSEL, we analyzed the mutual injection locking 
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of N×N lasers arranged in 2D array. We should note that since Talbot-VCSEL uses reflected 

light as injection light into each other, the rate equations include self-feedback light as shown 

in following equations. 

 

𝑑𝑆𝑖(𝑡)

𝑑𝑡
= [𝛤𝐺0𝑖(𝑁𝑖(𝑡) − 𝑁𝑡𝑟) −

1

𝜏𝑝
] 𝑆𝑖(𝑡) + ∑ 2𝜅𝑖𝑗𝑘𝑐√𝑆𝑖(𝑡)𝑆𝑗(𝑡) 𝑐𝑜𝑠(𝜙𝑗(𝑡) − 𝜙𝑖(𝑡) + 𝜃𝑖𝑗)𝑁2

𝑗=1 + 𝛤𝑅𝑠𝑝 (8) 

𝜔𝑖(𝑡) =
𝑑𝜙𝑖(𝑡)

𝑑𝑡
= 𝜔0𝑖 +

𝛼

2
[Γ𝐺0𝑖(𝑁𝑖(𝑡) − 𝑁𝑡𝑟) −

1

𝜏𝑝
] + ∑ 𝜅𝑖𝑗𝑘𝑐√

𝑆𝑗(𝑡)

𝑆𝑖(𝑡)
sin(𝜙𝑗(𝑡) − 𝜙𝑖(𝑡) + 𝜃𝑖𝑗)𝑁2

𝑗=1  (9) 
𝑑𝑁𝑖(𝑡)

𝑑𝑡
=

𝐼𝑖

𝑒𝑉
−

𝑁𝑖(𝑡)

𝜏𝑛
− 𝐺0𝑖(𝑁𝑖(𝑡) − 𝑁𝑡𝑟)𝑆𝑖(𝑡)    𝑖 = 1, 2, … 𝑁2 (10) 

 

where 𝜅𝑖𝑗  is the coupling ratio of the light injected from laser-j to laser-i. This 𝜅𝑖𝑗  is 

calculated by integrating the irradiated light intensity distribution over the aperture area of 

the element (laser-i). The light is after propagation of distance z of one laser (laser-j) which 

has a Gaussian beam and the intensity is normalized. The equation is as shown the following. 

 

𝜅𝑖𝑗 = ∬ |𝐸𝑧(𝑥, 𝑦)|𝑑𝑥𝑑𝑦
𝑠𝑥𝑦

 (11) 

 

where 𝐸𝑧(𝑥, 𝑦)  is the Gaussian beam after propagation of distance z derived by Fresnel 

Kirchhoff integral as follows. 

 

𝐸𝑧(𝑥, 𝑦) =
𝑤0

𝑊𝑧
exp {−

(𝑥−𝑥0)2+(𝑦−𝑦0)2

𝑊𝑧
2 } exp {−𝑗𝑘 (𝑧 +

(𝑥−𝑥0)2+(𝑦−𝑦0)2

2𝑅𝑧
−

Φ

𝑘
)} (12) 

 

Here, 𝑊𝑧 = 𝑤0√1 + (
2𝑧

𝑘𝑤0
2
)

2

, 𝑅𝑧 = 𝑧 [1 + (
𝑘𝑤0

2

2𝑧
)

2

] , Φ = tan−1 2𝑧

𝑘𝑤0
2
 . 𝑊𝑧  represents the 

beam spot size of the Gaussian beam at the distance z, and 𝑅𝑧  represents the radius of 

curvature of the equiphase surface of the Gaussian beam at the distance z, (𝑥0, 𝑦0) is the 

coordinate of emission laser-j and (𝑥, 𝑦) is the coordinate of irradiated laser-i. 𝜃𝑖𝑗 is the 

phase rotation by propagation of the light injected from laser-j to laser-i and calculated by 

the phase part of above Gaussian beam as shown below. 

 

𝜃𝑖𝑗 = 𝑘 (𝑧 +
(𝑥−𝑥0)2+(𝑦−𝑦0)2

2𝑅𝑧
−

Φ

𝑘
) (13) 
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The initial wavelengths are set randomly with a normal distribution with standard deviation 

σ = Δ𝜆0𝑚𝑎𝑥 2⁄ = 0.1 2⁄  nm  and the initial phases are set randomly with a uniform 

distribution from -π to π. 

 

4.2 Result 

We analyzed the injection locking characteristics depending on array pitch, VCSEL 

aperture diameter, array size, and propagation distance of twice of the reflector distance, 

which can be designed in actual device. 

At first, analysis examples of the temporal development of the wavelength are shown as 

shown in Fig. 5. Figure is analyzed for 121 (11×11) lasers with an array pitch p of 30 m 

and an aperture diameter D of 3 m in the case of propagation distance z of zt (Talbot 

distance). Although the wavelengths of the individual lasers slightly fluctuate due to mutual 

interference, wavelength locking, or reduction of wavelength detuning are not observed in 

the set condition. 

Figure 6 shows the result of integration of the light intensity distribution (irradiated image) 

irradiated on the surface of the VCSEL array from 4.99 to 5 nanosecond. Center of the 

array is extracted. The irradiated intensity distribution 𝜓𝑧(𝑥, 𝑦) is greatly different from the 

Talbot image created by a finite number of elements that has coherent light. Here the 

correlation value (CV) is defined as the following formula in which 𝜓0(𝑥, 𝑦) and 𝜓𝑧(𝑥, 𝑦) 

are intensity distribution before and after propagation. The CV for the calculated condition 

is very small as 0.94 × 10−3. 

 

𝐶𝑉 =
∬ 𝜓0(𝑥,𝑦)∗𝜓𝑧 (𝑥,𝑦)𝑑𝑥𝑑𝑦

∬ 𝜓0(𝑥,𝑦)∗𝜓0 (𝑥,𝑦)𝑑𝑥𝑑𝑦
 (14) 

 

Next, the temporal development of the wavelength in the case of an increased aperture 

diameter of 7 m is shown in Fig. 7. The array size of 11×11 with an array pitch of 30 m is 

the same as previous. 

Unlike the small aperture results, some of the wavelengths greatly interfere with each 

other immediately after mutual injection and then some wavelengths periodically vary on 

the longer wavelength side (around 980.2 nm). The other several wavelengths that do not 
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coincide with the group in longer side fluctuate greatly near the initial wavelength of about 

980 nm in Fig. 7. 

The wavelengths that were random before mutual injection are locked after injection at 

around 980.2 nm as shown in Fig. 7 (b). The locked wavelengths consist of two modes that 

periodically fluctuate their wavelengths alternatively. Figure 8 shows an array distribution 

of wavelength and phase before and after mutual injection under this condition. The locking 

is also confirmed from the checked pattern of the wavelength as shown in the Fig. 8(d). This 

is equivalent to the fact that the threshold gains of the in-phase mode and the out-phase mode 

are considered to be approximately equal and minimum in the configuration with the cavity 

length of zt which is half of Talbot distance.28) The irradiated intensity distribution in this 

case is close to the ideal Talbot image as shown in Fig. 9. In addition, the CV is large as 

0.212. 

In the case of the propagation distance zt, there are mainly two modes of the wavelength 

distribution in a steady state. On the other hand, at the fraction of Talbot distance such as zt/2 

or zt/4, is is known that the original image is also re-imaged24, 25) so the locking characteristics 

for propagation distances zt/2 and zt/4 were also evaluated. Figures 10-12 show the result for 

propagation distance z = zt/2 (reflector position zt/4). The other parameters are 11×11 array, 

array pitch of 50 m, and aperture diameter of 5 m. 

Unlike the case of the propagation distance of zt, the wavelength distribution mainly 

converges to one mode with longer wavelength and the out-phase mode dominates in phase 

distribution. Note that the elements whose wavelengths do not coincide largely fluctuate on 

the shorter wavelength side and the phases do not coincide. 

Figure 13-15 show the result for propagation distance z = zt/4 (reflector position zt/8). The 

other parameters are 11×11 array, array pitch of 80 m, aperture diameter of 7 m. 

The wavelengths and phases after injection locking are mainly consistent with one value 

except for the elements with large initial wavelength detuning (represented by deep yellow 

or blue in Fig. 14 upper-right). This is considered to be equivalent to the fact that the 

threshold gain of in-phase mode is smallest when the propagation distance is zt/4.27) The 

amount of transition to the longer wavelength side of the locked wavelength group is smaller 

than other analysis conditions such as at zt and zt/2. This is because the intensity of the ideal 

Talbot image at zt/4 is small and it may causes that the intensity of incomplete Talbot image 
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at zt/4 is also small.28, 29) 

 

4.3 Discussion 

The above analysis was performed and evaluated for various array pitches, aperture 

diameters, number of elements (array size), and propagation distance (2×reflector distance). 

Figures 16, 18, 19 show analysis results of CV for various aperture diameters of 3, 5, and 7 

m. 

From these results, it is found that the CV becomes to be higher as the aperture diameter 

is larger. At propagation distance zt, in case the aperture diameter is small (< 3 m), locking 

operation was not observed with any array pitch (very low CV). As the array pitch is smaller 

and the aperture diameter is larger, then the CV becomes larger at the propagation distance 

zt. In order to obtain a large CV of > 0.1, the conditions of aperture diameter of > 5 μm and 

array pitch of < 30 μm are necessary. The tolerance of the position of Talbot-mirror is shown 

in Fig. 17. This figure shows the relationship between CV and propagation distance in case 

that the array number, the aperture diameter and the array pitch are 11×11, 5 m and 30 m. 

CV is seen to be increased within a range of about 0.8 mm at around the Talbot-distance of 

about 1.8 mm. This means a Talbot-mirror can be arranged with some realistic tolerance. 

On the other hand, in the case propagation distance is zt/2 or zt/4, a large CV can be 

obtained even with a relatively wide array pitch of > 70 m. This is because that the Talbot 

distance increases with the wider array pitch as expressed by Talbot distance in Equation (1), 

however by setting the propagation distance to a fraction of the Talbot distance, it is possible 

to satisfy that the propagation distance is less than the effective coherence length 

corresponding to the wavelength detuning of the array.30) Regardless of the array pitch, there 

is a certain propagation distance for locking. However, with small aperture diameter of < 3 

m, CV decreases greatly with large array pitch as shown in Fig. 18 and 19. A certain degree 

of the aperture diameter is necessary for locking. This may be because amount of injection 

light is reduced due to small aperture. 

Finally, we evaluated the relationship between the CV and the array size as shown in Fig. 

20. As the tendency, the CV can be increased by increasing the number of arrays. However, 

in the case that array pitch is 30 m, CV is saturated at the array size of 9×9. The intensity 

of ideal Talbot image of coherent light source is also saturated for array size, ease of locking 
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also will be saturated for large array size. 

 

5. Conclusions 

The operating conditions and structural design that are necessary to realize Talbot-VCSEL 

were studied by numerical analysis of mutual injection locking by using the laser rate 

equation. Analysis of a few elements confirms the tendency of mutual injection locking and 

shows that the locking range can be expanded by increasing the number of elements which 

have close wavelength. Furthermore, Talbot-VCSEL of a two-dimensional array was 

analyzed to clarify the optimal array configuration that are necessary for locking operation. 

As the results, the aperture diameter of > 5 m and the array size of > 9×9 with 30 m of 

array pitch is appropriate minimum configuration of the 2D VCSEL array. 

The above analysis results indicate that Talbot-VCSEL can be realized by a feasible 

configuration in actual device fabrication. We proceed with investigation of experimental 

verification. The observed results and future experimental confirmation will help realization 

of a high power and high quality beam light source for various applications. 
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Figure Captions 

 

Fig. 1. Conceptual configuration of Talbot-VCSEL 

 

  

Fig. 2. Locking range dependence on the initial wavelength detuning Δλ0 and the injection 

ratio κ of two lasers under I1=23 mA and I2=23 mA. 

VCSEL array Talbot-mirror

1/2 Talbot length1/2 Talbot distance 
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Fig. 3. Locking range dependence on the initial wavelength detuning Δλ0 and the injection 

ratio κ of two lasers under I1=23 mA and I2= 35 mA. 

 

 

Fig. 4. Locking range of three lasers for wavelength detuning of Δλ12 and Δλ32. 
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Fig. 5. Temporal development of the wavelength for 11×11 lasers with p=30 m and D=3 

m, z=zt. 

 

 

Fig. 6. Integrated irradiated intensity distribution for 11×11 lasers with p=30 m and D=3 

m, z=zt. 
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(a) 

 

(b) 

Fig. 7. Temporal development of the wavelength for 11×11 lasers with p=30 m and D=7 

m, z=zt. (a) from 0 to 0.5 ns, (b) from 4.5 to 5.0 ns. 
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Fig. 8. Phase and wavelength distribution in array for 11×11 lasers with p=30 m, D=7 

m, and z=zt. (a) distribution of phase before mutual injection (b) wavelength before 

injection (c) phase after injection (d) wavelength after injection. 

  

Fig. 9. Integrated irradiation intensity distribution for 11×11 lasers with p=30 m and D=7 

m, z=zt. 
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(a) 

 

(b) 

Fig. 10. Temporal development of the wavelength for 11×11 lasers with p=50 μm and 

D=5 μm, z=zt/2. (a) from 0 to 0.5 ns, (b) from 4.5 to 5.0 ns. 
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(a) (b) 

(c) (d) 

Fig. 11. Phase and wavelength distribution in array before and after mutual injection for 

11×11 lasers with p=50 m and D=5 m, z=zt/2. (a) distribution of phase before mutual 

injection (b) wavelength before injection (c) phase after injection (d) wavelength after 

injection. 

 

Fig. 12. Integrated irradiation intensity distribution for 11×11 lasers with p=50 m and 

D=5 m, z=zt/2. 
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(a) 

 

(b) 

Fig. 13. Temporal development of the wavelength for 11×11 lasers with p=80 μm and 

D=7 μm, z=zt/4. (a) from 0 to 0.5 ns, (b) from 4.5 to 5.0 ns. 
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(a) (b) 

(c) (d) 

Fig. 14. Phase and wavelength distribution in array before and after mutual injection for 

11×11 lasers with p=80 m and D=7 m, z=zt/4. (a) distribution of phase before mutual 

injection (b) wavelength before injection (c) phase after injection (d) wavelength after 

injection. 
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Fig. 15. Integrated irradiation intensity distribution for 11×11 lasers with p=80 m and 

D=7 m, z=zt/4. 

 

 

Fig. 16. CV vs. array pitch of 11×11 lasers for each D (3, 5, 7 µm) at z=zt. 

 

 

Fig. 17. CV vs. propagation distance for 11×11 lasers with p=30 m and D=5 m at around 
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z=zt. 

 

 

Fig. 18. CV vs. array pitch of 11×11 lasers for each D (3, 5, 7 µm) at z=zt/2. 

 

Fig. 19. CV vs. array pitch of 11×11 lasers for each D (3, 5, 7 µm) at z=zt/4. 
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Fig. 20. CV vs. array size. Array number shows N of N×N array. with D=7 µm for each p 

(30, 50, 70, 90 µm) at z=zt. 
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Table I. Parameters of a typical VCSEL used in analysis. 

Parameter Value 

Linewidth enhancement factor 𝛼 = 5 

Differential gain coefficient 𝐺0𝑖 = 1.76 × 10−6 [cm3 s⁄ ] 
Transparent carrier density 𝑁𝑡𝑟 = 1.8 × 1018 [cm-3] 

Photon lifetime 𝜏𝑝 = 2.2 × 10−12 [s] 

Carrier lifetime 𝜏𝑛 = 2.63 × 10−9 [s] 
Driving current 𝐼 = 2.32 [mA] 

Spontaneous emission rate 𝑅𝑠𝑝 = 2.09 × 1023 [cm-3 s⁄ ] 

Volume 𝑉 = 2.4 × 10−12 [cm3] 
Confinement factor Γ = 0.038 

Coupling coefficient [16] 𝑘𝑐 = 1.45 × 1011 [1 s⁄ ] 
 
 


