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Chapter 1 

Introduction 

 

In this thesis, the VCSEL beam scanner with ultra-large field of view and high-resolution 

is proposed and demonstrated. It also provides high power, good manufacturability, and 

compact module size. It may provide new opportunities for next-generation 3D sensing. 

In this chapter, the development of 3D sensing applications will be firstly discussed, and 

then the previous work of current beam scanner including the VCSEL beam scanner. 

 

1.1 Background 

1.1.1 Development of 3D sensing applications 

In recent years, the 3D sensing has been attracting much attention thanks to its application 

in mobile phones, robots, manufactory, automotive and intelligent society. It could be said 

that the 3D sensing will be a key element in the future society and appears in any home 

all over the world. Since 2017, Apple has firstly applied 3D sensing in our frequent daily 

life. They sale a cross-generation mobile phone iPhone X. Once it was released, it 

attracted extremely-high attention and almost all of other phone companies has started to 

apply 3D sensing to their product. However, the 3D sensing elements could only be found 

in high-level products of phone companies until now. It has been recognized that the 

application of 3D sensing could bring revolution to imaging, entertainment, and daily life. 

From the study from Yole, the 3D sensing may contribute the market of more than 15 

billion dollars in 2025 by current technology in Fig. 1-1. Of course, we could further 

expect the more rapid increasing thanks to the development of 3D-sensing-related 
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applications and the maturity of 3D-sensing-related technology. 

 

Fig. 1-1. The forecast of 3D sensing in these years [1] 

 Then, the application details of 3D sensing will be discussed. Firstly, the nearest 

application is in mobile phones. The 3D sensing was firstly used in iPhone X as Face ID, 

which enables you to unlock your phone by the 3D information of your face and also to 

open some special applications that requires your identification. In recent years, as a new 

and potentially main application in the future, the depth camera used for automatic 

focusing or automatic exposure has been gradually developed and equipped with more 

mobile phones. In current condition, it is difficult to know the real depth of target when 

taking a photo, so the target focusing is critical issue especially when expecting to realize 

background emptiness in a very near field. The depth camera could provide valuable 

depth information for autofocus control.  
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Fig. 1-2. Example of Face ID in IPhone [2] 

 The second nearest application is automotive. With development of electrical cars, the 

automotive gradually becomes an important factor when people make the purchase 

decision. For example, Tesla has become the first largest (Market value) company thanks 

to its excellent achievement in developing intelligent cars. However, the passive stereo 

vision that has been used in Tesla also arises many concerns about accuracy in long 

distance, the tolerance for variable complex environment and high computational 

consumption. The automotive level was classified by 6 steps. By using tesla’s solution, 

only level 2 could be realized. It was recognized that the active Light Detection and 

Ranging (LiDAR) is the best choice for leve-5 absolutely automotive.  

 

Fig. 1-3 3D sensors for automotive [3] 

 The third application introduced here is for industrial manufacturing. It seems to be far 

away from our lift, but it will bring the revolution to current manufacturing. Most of big 
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companies has been using machines to fasten the manufacturing speed and efficiency, but 

many workers are still needed to make the machines work together and there might be 

many dangerous environments that is not suitable for people to work, for example the 

mine and iron production. The automatic manufacturing will provide safety to the workers 

and the release the works to highly-technical industry, which will thoroughly improve the 

development of the society. As the eye of industrial robots or machines, 3D sensing is 

essential for its information capturing and intelligent decision. 

 

Fig. 1-4. Optical inspection for quality control and Automated Guided Vehicle for 

intelligent manufactory [4] 

1.1.2 Introduction of 3D sensing technology 

a. Two-camera stereo vision 

 

Fig. 1-5. Principe of passive stereo vision [5] 
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3D sensing is a technique that captures the spatial position information in the three-

dimension space. The most important information is depth because horizontal position 

could be easily obtained by conventional 2D camera. It usually uses the following three 

could of technologies: 1. Two-eye stereo vision; 2. Structured-light sensing; 3. Time of 

flight sensing. In details, stereo vision could be classified into active and passive method. 

It applies the same method of our eye to capture the 3D information of targets as shown 

in Fig. 1-6. Two cameras that was placed separately will capture the photo of the same 

target. In the two photos, the position of each point captured by the left camera will be a 

little different from that captured by the right camera. We call this difference disparity, 

from which the depth information of each point could be calculated. Also the horizontal 

information could be estimated by the depth and internal parameters of camera, for 

example, focal length and pixel size. To get the depth information accurately, the photo 

should be taken when sunlight is strong enough but not over exposed. It highly depends 

on the environment condition for example weather. It is also important to find the 

correspondence of two photos, which may lead to larger memory and computational cost. 

For easier correspondence between two photos and better environmental tolerance, active  

 

Fig. 1-6. Pattern generated for active stereo vision [5] 
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two-eye stereo vision was proposed. A designated pattern generated by light source and 

optics will be projected to the object as shown in Fig 1-6, which has been used in 

Microsoft RealSense D400 series. The correspondence between two photos will not rely 

on the target but depends on the correspondence of designate pattern. It largely simplifies 

the corresponding process and is very beneficial for the use in dark environment. In the 

other side, only one camera could only realize the same function.  

b. Structured-light sensing 

As mentioned before, the correspondence and disparity between two photos provides the 

path to calculate depth information. One of photos could be the original pattern recorded 

in advance. To compare the disparity between the captured photo of target and recorded 

pattern. The depth could be also obtained. We call this kind of technology structured-light 

sensing as shown in Fig 1-6. Actually, structured-light are using the triangulation of 

camera, target, and projector for active vision.  

 

Fig. 1-7. Principle for structured-light sensing [6] 

    The system of structured-light sensing includes a light projector that illuminates light 

with designed pattern. The pattern could be coded to find the correspondence of original 

pattern and reflected pattern. The pattern could be coded as sinusoidal fringe pattern [7], 
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binary pattern[8] and statistical pattern [9] as shown in Fig. 1-8. 

 

Fig 1-8 The projected pattern for structured-light [6-8] 

  The pattern reflected by a target will lead to disparity modulated by the depth. The 

pattern will be received by the camera and be used to estimate the depth of target by 

calibrated parameters as the workflow shown in Fig. 1-9. In this flow, a grid coded pattern 

was projected by a DOE-based laser system. 

 

Fig 1-9 The projected pattern for structured-light [10] 

  Currently, the most frequently applied patterning method for consuming devices is the 

random statistical pattern that was generated by a VCSEL array and DOE. It could 

generate the pattern of more than 10,000 dots with designed coding method. However, 

the statistical pattern size is usually larger than 1 pixel, so the pixel-wise structured-light 

sensing currently is still difficult for mobile devices. The phase coding structured-light 

such as sinusoidal fringe pattern could realize pixel-wise sensing, but the light projection 

method is too complex to be equipped with the mobile phones. The MEMS mirror may 
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be used to realize scanning stripe structured-light without precise coding, but the 

complexity of MEMS system is still complex for mobile devices. 

 

Fig 1-10 DOE-based dot pattern generator[11] and MEMS-based line-pattern 

projector[12] 

c. Time of Flight LiDAR 

 

Fig. 1-11. Principle of time of flight sensing [13] 

The time-of-flight (ToF) sensing system is composed of a light source and a camera. The 

light source will emit light to the target. And it estimate the depth between camera and 

target by the time of light flying between camera and target as shown in Fig. 1-11. 

Assuming the distance between target and camera is 𝑑, and the time when light goes to 

the target and reflected by the target is 𝑡, the distance could be estimated by 𝑑 = 𝑐𝑡/2, 

where 𝑐 is the speed of light in the propagation material. However, we could emit a pulse 
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to the object and directly estimate the depth through the time delay of emitting pulse and 

receiving pulse, but sometimes it is difficult to measure the delay accurately for example, 

when the distance of target is short, the time delay may be too small to be detected by the 

detector. When the background is strong, for long-distance measurement, the signal may 

be drawn in the background. Therefore, some indirect method to measure the time delay 

was developed, of which the most famous and efficient way are charge-based and FMCW-

based indirect ToF LiDAR. 

  The charge-based indirect ToF LiDAR usually has special shutting time design as 

shown in Fig. 1-12 to integrate the charge excited by received photons in different shutter 

window. It is obvious that the charge integrated in different shutter window could be 

modulated by the time delay of reflected light, so the time delay and thus distance could 

be estimated from the charges in different shutter window. However, due to the limited 

shutter window length, the available measurement distance is very limited. It is usually 

used to detect the range within 20m. 

 

Fig. 1-12 The principle of charge-based indirect LiDAR [14] 

  For better resistance of background light and availability for reflectivity-varied object, 

frequency modulated continuous wave (FMCW) LiDAR was proposed. The light source 
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does not emit a single-wavelength pulse anymore, but its wavelength was tuned in some 

range continuously. The signal with temporally varied wavelength/frequency will be 

reflected by the target. The frequency shift could be used to estimate the time delay of 

emitted and received signal as shown in Fig. 1-13. The FMCW always needs large and 

stable wavelength tuning range to obtain enough ranging resolution and ranging distance, 

and the tuning speed should be also high for high-speed detection, which may precludes 

its cost efficiency.  

 

Fig. 1-13 Principle of FMCW LiDAR [15] 

  Specified by the kinds of light source and detector, the navigation of LiDAR could be 

implanted in detail. Firstly, the ToF LiDAR could be classified by the light emitting 

method as shown in Fig. 1-14. The flash LiDAR needs to cover the who detected range 

at the same time while the scanning LiDAR will only detect a single point and detect the 

whole field of view by scanning the light spot. 
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Fig. 1-14 The comparison of scanning and flash LiDAR [16] 

  The flash LiDAR was firstly proposed and used practically due to the simple light 

source. It was composed of a laser light source, a diffuser and a multi-pixel camera [17]. 

Although its setup is very simple, it is difficult to realize depth detection at long distance 

because the large power diffusing. Another problem is the ghost image will be generated 

by the multi reflection of diffused light [18]. To emerge the requirement for long-distance 

ranging for automotive, the scanning LiDAR based on mechanical rotation [19] and 

MEMS mirror [20] were proposed and manufactured by some companies. They were 

equipped with the cars to test the automotive beyond level 3. However, the mechanical 

LiDAR are facing to serious problems of stability, long-term availability and scanning 

speed. Its cost and size are also problems for further application.   
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Fig. 1-15 The principle of mechanical LiDAR [19] and MEMS mirror LiDAR [20] 

   To avoid the mechanical elements and simplify the manufactory complexity, LiDAR 

based on semiconductors were proposed and demonstrated. For instance, the LiDAR 

based on optical phased array (OPA) [21] and photonic crystal slow-light waveguide [22] 

succeeded in detecting the object placed at several meters. However, the on-chip solid-

state LiDAR are still at primary stage due to the limitation of scanning light source, for 

example limited resolution, scanning range and output power and detector, for example, 

the sensitivity and internal noise.  

 

Fig. 1-16 Solid-state LiDAR based on optical phased array (OPA) [21] and photonic 

crystal slow-light waveguide [22] 
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  As mentioned, the sensitivity of detector is also important for LiDAR. Currently, the 

avalanche photodiodes (APDs) or photomultiplier tubes (PMTs) are usually used for long-

range detection. However, its array integration is difficult. Single-pixel measurement 

could greatly reduce the requirement for large-scale detector integration. Beam scanning 

technology is also helpful for single-pixel LiDAR [23] while the flash sensing is difficult 

to realize single-pixel LiDAR. Recently, some temporally varied laser projector were used 

to realize single-pixel LiDAR. A LiDAR system based on structured illumination was 

previously proposed and demonstrated to realize 128× 128 points depth detection at 

around 5m distance [24]. A spectral-temporal modulated light source with spatial 

dispersion was also demonstrated to realize the depth detection at <1m distance [19]. 

These new schemes expand the path to realize the cost-effective LiDAR, but the 

resolution and available range is still far away from real application. In current stage, the 

solid-state scanning LiDAR are still thought to be the most promising solution for real 

applications. 
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Fig. 1-17 Single-pixel LiDAR based on structured illumination [24] and spectral-

temporal modulated light source [25] 

d. The comparison of different 3D sensing technologies 

The comparison of these method was shown in the table 1-2.  

Table 1-1 Comparison of different kinds of 3D sensing technology 

 
Passive stereo 

Vision 
Time of flight Structured-Light 

Bright background ○ △ △ 

Dark background × ○ ○ 

Short Range (<1m) ○ ○ ○ 

Middle range (5-

50m) 
△ ○ × 

Long range 

(>100m) 

× △ × 

𝑐𝑚-detect ○ ○ ○ 

𝜇𝑚-detect × × ○ 
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As mentioned before, the passive stereo vision does not have good performance in 

weak background light, while the active stereo vision is similar to that of structured-light 

sensing. However, the active sensing such as time of flight sensing and structured-light 

sensing apply lasers or LEDs to generate the light pattern so the strong background light 

may disturb the light received by camera, which is why their performance in strong 

background light is common. Of course, by increasing the output power, the tolerance to 

the strong background light could be better. As for the detection range, as we know for 

the photo of target that is far away from the camera will be very small if focal length is 

not long enough, which will bring difficulties for stereo vision to detect the long range. 

Similarly, the structured-light also depends on the triangulation of system, so it is also 

difficult to detect long range. Besides, for structured-light sensing the light power density 

projected by the light source will be rapidly decreased by the square of distance, which 

make it more difficult to detect long-range target compared to passive stereo vision. 

However, the time of flight could be used to detect the long range when the power is 

enough because the accuracy is only related to the power received by the camera. Limited 

by the readout speed of camera used in time-of-flight sensing, it is difficult to detect ultra-

short range due to extremely propagation time of light. However, in the near range, the 

structured-light could show extraordinary performance because the power and 

triangulation are not problem anymore. Theoretically, it could reach several 𝜇m and even 

be used in the microscopy and 3D imaging of physical tissues. Known their performance, 

we could easily find the advantages of active 3D sensing technology and consider about 

their suitable applications. Thanks to the availability in middle and long range, the time-

of-flight sensing are most suitable for automotive and thanks to the extraordinary 

accuracy in short range of structured-light sensing, it could be used in 3D printing and 
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face identification. 

1.1.3 Comparison between flash sensing and scanning sensing 

For scanning sensing, the light source will cover the part of total detected range and then 

cover the total detected range by light scanning. For flash sensing, the light will project 

the total detected field at the same time. Assuming the power emitted by scanning and 

flash sensing are same, it is obvious that scanning sensing has larger power density 

because the power concentrates on a small region rather than the whole field of flash 

sensing. Numerically, if the total resolution number of 3D sensing is 𝑁, the light density 

improvement of scanning sensing will be 𝑁 times. As mentioned before, the accuracy 

of active 3D sensing is highly dependent on the power density of light. However, for 

scanning sensing, it may take more time than flash sensing to finish imaging one frame, 

so the flash sensing may has more time to do temporal averaging process and increase the 

depth accuracy. In conclusion, the signal to noise ratio (SNR) benefits from scanning 

sensing could be √𝑁. The relation between resolution of 3D sensing and SNR benefit of 

scanning sensing is plotted in Fig. 1-18.  

 

Fig. 1-18. Comparison flash and scanning 3D sensing 
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1.2 Previous research about beam scanner 

Because the scanning 3D sensing could provide larger SNR compared to the flash sensing, 

the development of beam scanning light source is very important. In this section, several 

beam scanning techniques will be introduced. Firstly I would like to introduce the criteria 

of beam scanning techniques. 1) High power: it is easily understandable that higher-power 

may bring better accuracy and longer detection range, for short-range applications (<5m), 

the required power is usually <100mW; for middle-range (5-50m) application, the 

requirement is usually < 10W; while for long-range applications, the power requirement 

could reach 100W;. 2) Power consumption: Although the power of two scanners is same, 

the power consumption may have significant extra power consumption difference for 

beam controlling and beam shaping. Besides, the power efficiency may be another factor 

to assess the power consumption; 3) Field of view (FoV): Field of view assesses the area 

that could be covered by the beam scanner. It is obvious larger FoV is better. In most 

cases, in the short-range detection a very large FoV of >90° ×90° is required; in middle-

range detection, the FoV could be a compromised to >60° × 60° ; while in long-range 

detection, the FoV could be further compromised to >30° ×30°. It caused by two factors: 

In the long-range, for the same angular FoV the covered area (in meter square) will be 

larger that of short or middle range. Another factors is concerns about the SNR 

degradation of large FoV in long-range detection; 4) Resolution number: The resolution 

number determines the quality of final 3D image and resolving ability of two closed 

object, which is very important for automotive application. Current applied 3D sensing 

in automotive provides resolution of more than 10,000. 5) Size: The size of beam 

scanning system should include all parts of the system including the light source, beam 

scanner and optics. Solid-state beam scanner usually has smaller size. Only small devices 
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could be applied in mobile devices such as mobile phones; 6) Cost and manufacturability: 

It may depend on the maturity of fabrication process of devices. 7) Scanning speed and 

stability: Scanning speed may be important to increase the framerate of 3D sensing, which 

is important for detecting the moving target. For mechanical scanners, the stability may 

be poor with high scanning speed. Besides, there are many other factors that are also 

important such as the beam scanning repeatability, long-term availability, light 

wavelength, environment tolerance, beam divergence, integrability with other parts 

including receiver and so on.    

1.2.1 Mechanical beam scanners 

The first beam scanner introduced here is mechanical beam scanner that has been 

proposed and applied in the real LiDAR applications. It is composed of a light source 

(Light emitting diodes (LED)[26,27] or Edge emitting lasers (EEL)[28]) and a dynamic 

scanning mirror. Recently, the micromechanical mirror-based (MEMS) [20,29–32] was 

proposed and fabricated to replace the convention dynamic mirror. The schematic of 

dynamic mirror based, and MEMS mirror based beam scanner are shown in Fig. 1-10. 

 The principle of mechanical scanner is simple: the light emitted from light source will  

 

Fig. 1-19. Mechanical scanner [30] 

be deflected by a mechanically movable mirror (Bulky or MEMs). It could provide 
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enough resolution and could be fabricated based on current technology. The power is 

dependent on the used light source. Currently 100W is possible. It is only a temporary 

method to emerge the urgent requirement of beam scanner. For the large-scale application, 

it still needs face the difficulties in large size, long-term availability and very high 

assembling cost. MEMS mirror seems to be a solution for the scanner size and assembling 

cost. In details, a 1D MEMS mirror with ultra-large FoV of 150°  was proposed[33]. 

However, it could only realize around scanning speed of 400Hz with a small acceptance 

aperture of <2mm. Besides, for 1D MEMS mirror based LiDAR, the rotation plate is 

usually needed to realize beam scanning in orthogonal direction, which increase the 

instability and reduce the scanning speed of LiDAR[34]. To solve this problem, 2D 

MEMS mirror was also developed. A 2D MEMS scanner with FoV of 65° × 53° was 

proposed previously [35]. It provides the scanning speed of 21.3kHz for one direction but 

only 400Hz for the orthogonal direction. In conclusion, MEMS mirror is still not a mature 

technology with following problems: 1) Conflict between scanning speed and power. 

Larger aperture means larger light acceptance area. For current high-power light source, 

the emission beam size is always as large as cm scale, so only the MEMS mirror with 

larger aperture could accept all the light and realize the long-range detection. However, 

the scanning speed is inversely proportional to the scale of MEMS mirrors. A cm-scale 

mirror is difficult to realize kHz-scale beam scanning. Besides cm-scale MEMS mirror 

currently is still critical for fabrication process, so the bad yield may also increase the 

expense of MEMS mirrors. 2) Instability and poor long-term reliability: The LiDARs are 

expected to be used in a car. The violent vibration may affect the stability of MEMS 

mirror and even destroy the MEMS mirror. 
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Fig. 1-20 The large-FoV 1D MEMS mirror [33]; Rotor-assisted MEMS scanner [34]; 

High-speed 2D MEMS mirror [35] 

1.2.2 Non-mechanical beam scanners 
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Fig. 1-21. OPA principle [36] 

Therefore, non-mechanical beam scanner was thought a more promising solution. A very 

popular non-mechanical beam scanning technique is optical phase array (OPA) 33)–[44]. 

Optical phase array was composed a series of optical phase shifters (Phase tuners) as 

shown in Fig. 1-21 [36]. The light will be split and coupled to the phase shifters. The 

phase shift will form continuous and linear phase shifting to deflect the beam emission 

angle from antennas. Therefore, the total scanning range of OPA is determined by the 

phase tuning range. The phase tuning could be wavelength dependent and wavelength 

independent. A wavelength dependent OPA was proposed and demonstrated with 

scanning range of 65° [39]. However, it needs light with broadband wavelength tuning 

of >460nm, which is almost impractical for real application. Most of OPAs are based on 

active phase control. The OPA controlled by liquid clad was previously proposed. It 

realized triple-wavelength beam scanning of >29° [45]. It requires a laser source with 

triple-wavelength and cannot realize continuous beam scanning, which is also problems 

for practical applications. Another famous OPA used the thermal effect to control the 

phase shifters. [40]Due to heat effect, the power consumption will be larger than 

aforementioned OPAs and its scanning range is also limited by the phase tuning range as 

20° . The passive OPA was also recently proposed by using the similar principe of 

AWG[37]. It could save the energy and increase the control stability, but it only realized 

scanning range of smaller than 15° limited by the waveguide layout.  
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Fig. 1-22. Wavelength-dependent OPA [39]; Thermal-driven OPA [40]; Liquid-clad 

OPA [45]; Passive OPA [37] 

  For most 1D OPA, in the orthogonal direction, the Si grating is used to realize beam 

scanning. However, due to the low dispersion of Si grating. The beam scanning angle in 

the orthogonal direction is usually small. Therefore, the 2D OPA was proposed to realize 

the beam scanning in two direction. Nanophotonic phased array was firstly proposed and 

realized 64 shifters integration. By using this OPA, the multi-order spot will be emitted 

and steered by 6° ×6°  by controlling the phase shifters [38]. It has great potential of 

larger-scale integration, but the steering angle and beam divergence are still away from 

real application. Another 2D integration method of OPA is MEMS phase shifters [43]. It 

was used to realize the beam steering of 6° ×6°, but the light intensity uniformity and 

scanning range are still not acceptable for real LiDAR application.  
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Fig. 1-23 Nanophotonic phased array [38] and MEMS OPA [43] 

  Previously, an OPA based on multi-pass silicon photonic platform was proposed and 

demonstrated to realize a large FoV of >70°  and narrow beam divergence of 0.15° . 

However, its beam scanning range in the orthogonal direction is also limited by the 

dispersion of Si grating [41].  

 

Fig. 1-24 FoV>70° OPA based on multi-pass silicon platform [41] 
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  The fabrication platform for OPA will be conventional Si-based CMOS method for 

better fabrication availability [36], SiN platform for better beam divergence and better 

FoV [42] and InP platform for availability of integrating a laser [44]. 

 

Fig. 1-25. CMOS-based OPA chip [36]; SiN platform for OPA[42]; InP-based OPA [44] 

As mentioned before, we could conclude the problems of OPA: 1) Thermally tuning 

phase shifters may increase the extra power consumption of system; 2) Coupling loss of 

light source and OPA are always larger than 3dB that significantly increase the power 

consumption and reduce the detection range; 3) Difficulties in large-scaler and denser 

phase shifters integration lead to poor beam quality and poor resolution 4) Limited 

refractive index variation of silicon leads to limited beam scanning range 5) Coupling 

method of light source and OPA results in difficulties in size miniaturization. 

Another important beam steering technique is based on focal plane switch array (FPSA) 
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[46–48]. A light wave antenna array will be fabricated and placed at the focal plane of a 

aspheric lens. The light will be coupled into a silicon photonics circuit and switchably 

coupled to different antennas by thermal or MEMS optics switches. Depending on the 

diffraction of lens, the emission angle will be steered by switching the operated antennas 

that was placed in different position in the array. The detailed principle could be found in 

Fig. 1-26. Vertical cavity surface emitting laser arrays (VCSELs) [49–53] are now also 

applied to replace the antennas in the array. In this case, the external light coupling is not 

required anymore. It could be obviously found that the total resolution points are simply 

equal to the number of antennas in the array.   

 

Fig. 1-26. Principle of FPSA [47] 

  A CMOS-based optical switch array was proposed and demonstrated [47]. It realized 

2D integration of 20 switches array. It covers the FoV of around 6° and resolution of 20. 

It could be also integrated with a receiver on chip [54], which will be easier for realizing 

solid-state LiDAR. However, the limited resolution should be considered. Previously, a 

MEMS based FPSA was proposed and demonstrated. It integrates 128×128 switch arrays 

on the same chip. With a lens of 5mm, it realizes the large FoV of 70° × 70°  with 

resolution of more than 10,000. However, the lens used here is a complex lens system 
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because the requirement for large numerical aperture. It will largely increase the module 

size and make it difficult for being applied in mobile devices. Besides, its resolution angle 

is larger than 0.5° in both direction, which is also difficult to be used in the long-range 

LiDAR. 

 

Fig. 1-27 CMOS-based FPSA[47]; Receiver integrated FPSA LiDAR [54]; MEMS-

based FPSA [48] 

In conclusion, although this method is easy to realize large-angle beam steering by 

using a larger chip and lens with smaller focal length, the resolution is difficult to 

realize >1,000 due to the difficulties in large-scale and dense integration. The switch array 

could be fabricated in 1D or 2D. In many cases, the lens-assisted beam scanning was only 

used in one direction, while the other beam steering techniques was applied to increase 

the resolution, such as photonic crystal slow-light waveguide [55] and grating emitters 

[56]. Also there are many other beam steering technologies such as liquid-based 
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waveguides [57], dually modulated photonic crystals laser array [58], virtually imaged 

phase array [59] and the combination of these technologies [60]. The current high-impact 

result of these beam steering technologies was concluded in Figure 1-29. Consequently, 

the current beam steering technologies mainly has challenges of conflicts of following 

important performances: 

 

Fig 1-28 Beam scanning based on photonic crystal slow-light waveguide [55] and grating 

emitters [56], liquid-based waveguides [57], dually modulated photonic crystals laser 

array [58], virtually imaged phase array [60] 
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Fig. 1-29. The current result of various beam steering technologies. 

1.2.3 Non-mechanical VCSEL beam scanners 

To emerge the increasing requirement for non-mechanical beam steering technology, the 

passive slow-light VCSEL beam scanner based on VCSEL waveguide was proposed and 

fabricated previously [61–63]. The detailed structured was shown in Fig. 1-30. The beam 

scanner was fabricated based on the conventional VCSEL wafer, so it could be easily 

fabricated based on the conventional oxidation-confinement VCSEL fabrication process 

and could be easily large-scale manufactured with low cost. The beam scanner makes use 

of the large angular dispersion of VCSEL waveguide.  
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Fig. 1-30. Structure of VCSEL beam scanner [63]. 

When the light with tunable wavelength is coupled into the scanner, in [63] the large-

angle beam steering far-field pattern (FFP) could be realized as shown in Fig. 1-17. 

 

Fig. 1-31. Beam steering FFP [63]. 

  The beam scanning range of >60° could be realized by tuning the coupled wavelength 

from 952nm to 989nm. Only 37nm tuning range is much smaller than the requirement of 

silicon-based grating scanner. Besides, the beam divergence is also as small as <0.03°, 
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which is closed to the diffraction limit of the scanner. The total resolution of >1,000 is 

record number at that time. The problem of this beam scanner is still coupling loss. When 

a laser with power of >20mW was injected into the scanner, only less than 5mW could be 

coupled into the scanner. To compensate the coupling loss and propagation loss, the 

electrodes could be evaporated on the scanner and used to inject current to the scanner. 

Because the scanner was fabricated on the VCSEL wafer, the quantum wells (QWs) and 

injection of current could make the beam scanner work as an optical slow-light amplifier 

[64,65]. Thanks to the slower group velocity, the amplification gain could potentially 

larger than that in a edge emitting semiconductor optical amplifier. The potential power 

of >100W could be expected as calculated in Fig. 1-32 [65] by coupling light of several 

mW. The beam divergence may be a little poorer considering about the current injection 

uniformity, but it is still less than 0.03° by using a 6-mm long beam scanner. The scanning 

speed depends on the tuning speed of external tunable laser. MHz is also possible.  

 

Fig. 1-32. Power and beam divergence expectation of amplification-added VCSEL 

beam scanner [65]. 
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However due to the limited gain width of scanner, the operation wavelength tuning range 

was also limited especially for a long beam scanner. Previously, by using a 3-mm long 

scanner, the beam scanning range was degraded to 27°. For a longer device for smaller 

beam divergence, the condition might be more critical.  

 Previously, especially for the application in structured-light sensing and increasing the 

power density of fan beam. The folded-path beam scanner was proposed and fabricated 

by Morinaga, et, al.[66]. It used the fold-path aligned VCSEL beam scanner to realize 

interference between different scanners. The interference will occur at the camera side 

and make the beam split to different orders as shown in Fig. 1-33. By this structure the  

 

Fig. 1-33. Schematic of folded-path VCSEL amplifier dot projector and [66] 

dot array pattern could be generated as shown in Fig 1-20 and the power could be also 

increased by the overlap of beam emitted from each segment. The FoV of 12° ×15° could 

be covered by only a 0.4mm2 chip. The number of dots could reach >5,000. However, for 

the above-mentioned beam scanners, the external light source is required to couple the 

light with tunable wavelength. It may bring the problems for small-size integration for 

the application in mobile devices, for example mobile phones. 
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Fig. 1-34. Dot pattern generated by the device [66] 

Previously, a slow-light laser was invented, which provides chance to integrate a laser to 

the beam scanner. The slow-light laser has same structure with beam scanner, the only 

difference of which is the surface grating should be loaded. It makes use of the slow-light 

lasing in the beam scanner and etching the grating to realize single mode operation. 

Several watts has been achieved by a long slow-light laser [67–69], which is enough to 

excite the beam steering in beam scanner segment. The shorter slow-light laser may be 

better for driving the beam steering because the electro-thermal efficiency may be larger. 

Even for the 500um slow-light laser, the power could be 80mW [70]. The schematic of 

slow-light laser was shown in Fig. 1-35.  

 

Fig. 1-35. The schematic of slow-light laser [68]  
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Another problem of VCSEL beam scanner is only 1D beam scanning and lower power 

density of fan beam. It is obvious, the spot beam has much larger beam intensity than the 

fan beam. Collimation of fan beam to spot beam will greatly improve the SNR and be 

significantly helpful to the application in long distance. However, if the fan beam is 

collimated to spot the FoV in the orthogonal direction will be very small, so it is essential 

to realize beam scanning in orthogonal direction.      

1.3 Research purpose 

Considering the problems of current beam scanner, our VCSEL beam scanner has narrow 

beam divergence, continuous beam steering, high scanning speed and high output power. 

The purpose of this thesis is to develop the VCSEL beam scanner by: 

 Designing and fabricating long-length solitary VCSEL beam scanner for narrow 

beam divergence of <0.3°; 

 Integrating a seed VCSEL to solitary VCSEL beam scanner for mm-scale compact 

packaging size; 

 Improving the FoV and resolution to > 100°  and >1,000 for both solitary beam 

scanner and beam scanner integrated to a seed VCSEL by introducing DOE-based 

optics; 

 Designing and fabricating VCSEL beam scanners array to realize 2D spot-beam 

scanning for higher beam intensity; 

 Improving the FoV and resolution to > 70° × 30° and >1,000 for 2D beam scanning 

module by introducing DOE-based optics; 

 Applying the VCSEL beam scanners in 3D sensing including low-power-

consumption structured-light sensing and ToF LidAR. 
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1.4 Organization of the thesis 

 Chapter 1: The application of 3D sensing and previous work about beam scanner 

were introduced.  

 Chapter 2: The principle, fabrication process and experimental result of solitary 

VCSEL beam and it integration to seed laser. 

 Chapter 3: The method and experimental result of using counter-propagation 

integration and diffractive optics to enhance FoV and resolution of beam scanner will 

be proposed. and demonstrated. 

 Chapter 4: The method and experimental result of 2D beam steering based on 

VCSEL beam scanner will be proposed and demonstrated. Its field of view and 

resolution will also be enhanced. 

 Chapter 5: The VCSEL beam scanner in practical 3D sensing, such as structured-

light sensing and LiDAR, will be demonstrated. 

 Chapter 6: The prospective and potential of VCSEL beam scanner will be discussed 

and the thesis will be concluded. 

 

Fig 1-36 Organization frame of the thesis 
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Chapter 2 

Solitary VCSEL beam scanner and its integration to 

seed laser 

 

In this chapter, the details about operation principle, optimized design, fabrication process 

and experimental characteristics of VCSEL beam scanner will be discussed. The brief 

introduction of slow-light laser will also be shown. The important thing is the operation 

principle, optimized design and fabrication of integration of slow-light seed laser and 

VCSEL beam scanner. Its optical and electrical characteristics will also be discussed. 

2.1 Solitary VCSEL beam scanner 

2.1.1 Principle of solitary VCSEL beam scanner 

The schematic of solitary VCSEL beam scanner is shown in Fig. 2-1. It was fabricated 

based on the conventional VCSEL wafer. In my study, I chose to use the epi wafer with 

resonance wavelength of 855nm. The wafer was deposited layer by layer using metal 

organic chemical vapor deposition (MOCVD) on the GaAs substrate. The composition of 

each layer is AlxGa1-xAs, which is compatible for 855nm-band lasing. By repeatedly 

deposition of AlxGa1-xAs layer with different x and different thickness the distributed 

bragg reflector (DBRs) will be formed. A number of pairs of DBRs will form the top and 

bottom DBRs, which sandwich a AlxGa1-xAs quantum wells (QWs). Thanks to the high-

reflectivity of top and bottom DBRs, the resonance will formed between the top and 

bottom DBRs at specialized wavelength 𝜆𝑟 (Resonance wavelength). It also leads to the 
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narrow-width single mode lasing of VCSEL. In other sides, thanks to the high reflectivity 

of top and bottom DBRs, if the light was coupled to the resonance, the device could also 

work as a flat VCSEL waveguide, the light will propagate in zigzag path. It turns out that 

the light group velocity is slower than that of straight propagation in the same material, 

so the light propagating in this mode was called slow-light mode as shown in Fig. 2-2. 

The difference of our VCSEL waveguide and conventional flat waveguide is the top 

 

Fig. 2-1. The schematic of VCSEL beam scanner  

 

Fig. 2-2. Zigzag propagation in the VCSEL waveguide of two wavelength 
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reflectivity. In our case the top reflectivity may be only around 99%, which provides 

possibility to make light emit from the top surface when propagating in the waveguide. It 

also leads to another difference from conventional passive waveguide: Current injection 

is needed to compensate the emission when the light propagating in the scanner. Actually, 

not only compensating the emission loss but amplifying could be expected by injecting 

current above the threshold of VCSEL lasing. When the incident light was coupled to the 

scanner, the threshold of vertical lasing will get larger with incident power increasing. 

Another property of the slow-light mode in the VCSEL waveguide is high dispersion. In 

Fig. 2-2 It could be found that when the wavelength of coupled light tuning, the 

propagation direction in the waveguide will be deflected and therefore the emission angle 

from the surface will also be tuned. The relation between wavelength 𝜆𝑖𝑛 and emission 

angle 𝜃𝑑 from surface has been deviated as Eq. 2-1, 

𝑠𝑖𝑛𝜃𝑑 = 𝑛𝑤𝑔√1 − 𝜆𝑖𝑛
2 𝜆𝑟

2⁄  (2-1) 

where 𝑛𝑤𝑔 is the refractive index of top DBRs. It could be seen that only the coupled 

light with wavelength of smaller than 𝜆𝑟 is meaningful, so the 𝜆𝑟 is also called cutoff 

wavelength of this wafer. Moreover, the Photoluminescence (PL) wavelength of QWs 

also should be designed away from 𝜆𝑟 to make the effective amplification spectrum as 

large as possible. This relation between wavelength 𝜆𝑖𝑛 and emission angle 𝜃𝑑 could 

be also plotted straighter as Fig. 2-3. It is found when the 𝜆𝑖𝑛  is closed to 𝜆𝑟 , the 

scanning efficiency is very large, but it is not good to choose the operation wavelength at 

this region because when the wavelength is closed to the resonant wavelength and 

injecting current above the threshold the waveguide may self lase. It will leads to 

reduction of output power. Also set PL wavelength away from the resonant wavelength 
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could also avoid the self lasing to an extent. Normally, the range from 830nm to 845nm 

may be chosen as operation range, where the scanning efficiency is almost linear as 

1.24°/nm that is much larger than that of silicon-based grating.  

After discussion of the principle of beam scanning by using VCSEL 

waveguide/amplifier. The beam divergence is another important issue that should be 

discussed. The beam divergence should be related to the aperture size of beam scanner. 

As shown in Fig. 2-4. The diffraction limited beam divergence 𝜃𝑑𝑖𝑣  of an aperture 

𝑙 × 𝑑0 could be calculated as Eq. 2-2 [1–3], 𝑑0 is oxidized aperture width, 

𝑠𝑖𝑛𝜃𝑑𝑖𝑣 = 𝑀2𝜆𝑖𝑛/(𝑙𝑐𝑜𝑠𝜃𝑑) (2-2) 

where 𝑀2 is the quality factor of beam, thanks to the single mode capability, it could be 

1~2 depending on the current injection uniformity and fabrication defect. This FFP of the 

beam emitted from the scanner could be also proved by the Fresnel diffraction of near 

field pattern of the VCSEL scanner. The simulated FFP was shown in Fig. 2-5 by using 

MATLAB and assuming 1mm×5um aperture and deflection angle of 33°. By using Eq. 

 

Fig. 2-3. Zigzag propagation in the VCSEL waveguide of two wavelength 
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2-2, the relation between wavelength and beam divergence could be plotted in Fig. 2-6 

assuming 𝑀2=1. It could be found that the beam divergence could be smaller than 0.1°in 

 

Fig. 2-4. Aperture size illustration 

 

Fig. 2-5. Simulated FFP of beam scanner  

 

Fig. 2-6. Relation between beam divergence and coupled wavelength 
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the whole observed wavelength and could be as small as 0.01° for 6mm-long devices. 

The waveguide is followed by a taper shape, which is used to attenuate the lateral 

 

Fig. 2-7. Fabrication process of solitary VCSEL beam scanner 
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reflection at the end 

2.1.2 Fabrication process of solitary VCSEL beam scanner 

The solitary beam scanner has almost same fabrication process with conventional VCSEL. 

It will go through wafer growth, wafer cutting for suitable processing sample size, 

reactive ion etching (RIE)-inductively coupled plasma (ICP) dry etching for mesa form, 

wet oxidation, polyimide passivation, wet etching for coupling region (different from 

conventional VCSEL, because conventional VCSEL does not need coupling region), n-

electrode evaporation and p-electrode evaporation. In my study, the process after wafer 

growth will be finished. RIE-ICP was also finished by institute outside the university.  

① Wafer growth finished by MOCVD, and the topmost layer of wafer should be doped 

larger to reduce the contact resistance. This layer was also called contact layer. The 

sample need to be cut from the original wafer. The original wafer may be 4-inch or 

6-inch large, but our process machine only permits the sample of 2mm×2mm. 

② SiO2 sputtering: The surface of wafer is easy to be defected before finishing the 

process, so the SiO2 need to be sputtered as a protection layer. The machine used here 

is as Fig. 2-8 shows: 

 

Fig. 2-8 Material sputtering machine 
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③ RIE-ICP: The ICP dry etching is used to form the mesa pattern of scanner as shown 

in Fig. 2-6. Only when the mesa pattern was formed, the aperture could be oxidized 

as our deign. To finish ICP dry etching, the resist patterning is needed to realize 

selective etching. The region that we do not want to etch should be protected by the 

resist. To realize this function, we need to firstly coat the resist AZ 5200NJ and OAP 

by spin coater on the whole sample, then using a mask to expose where we hope to 

develop and finally by using the AZ developer to remove the resist on the region that 

we hope to do ICP dry etching. The function of OAP is to stick the AZ5200NJ and 

SiO2.The process was shown in Fig. 2-9. The coating and exposure condition are 

shown in table 2-1. After patterning, BHF is needed to remove the left SiO2 in the 

region that we hope to etch. After finishing ICP dry etching, the resist should be 

removed by Acetone, 502A solution and oxygen plasma etching. Depending on the 

condition, it is possible to only using one of above-mentioned process to remove the 

resist.  

 

Fig. 2-9 Resist patterning process 
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Table 2-1. Spin coating and exposure condition for ICP patterning 

Process Condition 

Spin coating Speed: 4000rpm for 40s 

Baking Time: 90s 

Exposure Time: 6-8s 

BHF etching Time: 1min-2min 

④ Oxidation: When the wafer was grown, an oxidation layer with higher Al 

composition was buried. By using the following chemical reaction, the oxidation 

could be implanted by flooding water carried by nitrogen at high temperature. In my 

study, the composition of Al is 98%. The oxidation temperature should be controlled 

properly. If temperature is too high, the oxidation will be very fast, and the mesa may 

be damaged when oxidation. If temperature is too low, the oxidation may not take 

place. In my study, the temperature was selected as 370℃. Before oxidation, the BHF 

is needed to remove the oxidation film of the sample due to natural oxidation to make 

oxidation uniform.  

3322 232 AsHOAlOHAlAs +→+
 

 

Fig. 2-10 Photo of oxidized aperture 

 

⑤ Coupling region: Because the top reflectivity is so high, the external light is difficult 

to be coupled into the scanner. To increase the coupling efficiency, the coupling 

region should be formed by etching several layers to reduce the reflectivity. In my 
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study, I choose to etch the mesa until 6-8 layers above QWs. The etching depth is 

usually around 2.2𝜇m. This etching does not need critical etching uniformity and 

clear edging shape. Wet etching by acid is also promising. By making the solution as 

H2SO4:H2O2:H2O=1:8:80, the etching speed of 2um/min could be obtained. Before 

selective etching, the resist patterning process as mentioned before is also needed. 

Also after etching, the resist should be removed, but the 502A and plasma etching is 

not needed anymore because the resist is not so hard as that after high-temperature 

ICP. 

⑥ Polyimide passivation: The mesa is now exposed to the air. It is unsafe for the 

structure. Besides, the electrode should be evaporated on the mesa and extended out 

of mesa for probe touching. Passivation polyimide is required to support the electrode 

and protect the structure. The polyimide passivation method is similar to the resist 

patterning, but because the polyimide is passive resist the region that is exposed will 

NOT be developed. The process details are shown in Table 2-2. The spin coating 

speed here is much more important than that in previous resist patterning because the 

thickness of polyimide is very important and critical. If the thickness is too large or 

too small, the polyimide may be higher or lower than the mesa surface too much to 

support the electrodes. 

Table 2-2. Spin coating and exposure condition for polyimide 

Process Condition 

Spin coating Speed: 3000-5000rpm for 40s 

Baking Time: 90s 

Exposure Time: 20-25s 
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⑦ The order n electrode and p electrode could be exchanged. Here the n electrode is 

evaporated firstly. The evaporation composition and thickness are shown in table 2-

3. The AuGe could be used to form alloy with contact layer of wafer to decrease the 

resistance of the device after annealing. The annealing process could be together with 

annealing of p electrodes. 

Table 2-3. Evaporation composition and thickness for n electrode 

Metal Condition 

AuGe 100nm 

Au 200nm 

⑧ p electrode: To evaporate p electrode, the resist patterning is also needed because it 

is also selective evaporation. This time because the weight of metal is so large, and 

the evaporation temperature is high it is difficult to use previous resist. It will be very 

difficult to remove the resist after evaporating. To solve the problem, PMGI will 

replace the OAP. The PMGI could be easily removed by remover PG after 

evaporation. Thus, the electrode of undesired region will be lift off. The process 

details and evaporation composition were also shown in Table. 2-4.  

Table 2-4. Evaporation composition and thickness for p electrode 

 Metal Thickness 

1st time 

Au 20nm 

Zn 60nm 

Au 200nm 

1st time or 

Ti 30nm 

Au 200nm 
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2nd time 

Cr 30nm 

Au 200nm 

Zn or Ti could be used to form alloy with contact layer of wafer to decrease the 

resistance of the device after annealing. The resistance is very important for high-

power operation. In our experiment, we find Zn has better resistance than Ti, but the 

annealing temperature of Zn is higher than Ti. Sometimes higher annealing 

temperature may damage the mesa. It is noted there are two kinds of evaporation 

methods, and two kinds of metals could be used in p electrode evaporation. The first 

method is one-round evaporation, while the other method is two-round evaporation: 

only small-area was evaporated in the 1st round and the electrode will be extended by 

the 2nd round evaporation as shown in Fig. 2-11. The reason why two-round 

evaporation is needed is the smoothness of polyimide may not be enough for dense 

sticking of large-area electrode. In the experimental we found that if using one-round 

evaporation, the bubbles maybe observed on the electrode as Fig. 2-12 shows. The 

Cr has much better sticking to the polyimide, so it could be used for large-area 

electrode evaporation, but Cr could not be used to form alloy with contact layer of 

wafer, so 1st time evaporation is essential.  

 

Fig. 2-11 Two-round electrode evaporation process 



Chapter 2 Solitary VCSEL beam scanner and its integration to seed laser 

 

62 

 

 

Fig. 2-12 Bubbles on the electrodes 

2.1.3 Characteristics of solitary VCSEL beam scanner 

The photo of final fabricated device is shown in Fig. 2-13. Its length is about 2mm. Of 

course, the varied-length beam scanner was also fabricated on the same chip including 

3mm, 4mm and 6mm. The first assessment of the beam scanner is the electrical properties 

including the open voltage and resistance. 

 

Fig. 2-13 The photo of fabricated solitary beam scanner 

The electrical characteristics could be measured by VCSEL laser tester. The relation 

between injected current and voltage could be plotted as Fig. 2-14 shows. Its open voltage 

is smaller than 1.5V. Because the measurement step here is 1mA, the open voltage could 
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be smaller by more precise measurement. However, for a 2-mm long devices, the open 

voltage of 1.5V is absolutely acceptable, while for the small devices for example 5um 

VCSEL it may be more critical. Another important parameter is the slope resistance, 

which could be evaluated by the slope of the plotted I-V line. Actually, the relation 

between I and V is not absolutely linear, we could find that the slope is getting smaller 

with I increasing. In average, the slope was measured as 1.7Ω, which enables high voltage 

for high current injection and high power. 

 

Fig. 2-14 Electrical characteristics of a 2mm-long VCSEL beam scanner 

Then the optical performance of the beam scanner will be demonstrated. The important 

value is spectrum, near-field pattern (NFP), FFP and power under continuous wave (CW) 

and pulsed operation. Firstly, NFP and FFP will be given. The measurement setup 

schematic that was used to measure the NFP and FFP was shown in Fig. 2-15. The photo 

of real system was shown in Fig. 2-16 [4]. Considering the principle of our beam scanner, 

to realize beam steering, a lensed fiber is equipped to couple the light from the external 

tunable laser source and a electrical probe is used to inject current to realize the 

amplification.  
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Fig. 2-15 The schematic of NFP and FFP measurement setup  

 

Fig. 2-16 The photo of NFP and FFP measurement setup  

 

Fig. 2-17 The structure of NFP and FFP optics design (From Synos) 
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A rotatable CCD camera was used to capture the NFP through object and imaging lens 

directly and FFP through a 𝑓 − 𝜃 lens based light analyzing optics. The details of the 

NFP and FFP structured was shown in Fig. 2-17 [5,6]. By using the system, the observed 

NFP of beam scanner when the coupled wavelength 𝜆𝑖𝑛 is 840nm and injected current 

𝐼𝑠𝑐𝑎𝑛𝑛𝑒𝑟  is 160mA was shown in Fig. 2-18. 

 

Fig. 2-18 The NFP of 2mm-long device 

 The slow light propagation could be found from the NFP. The former part seems to be 

stronger than the latter part is firstly due to the current injection uniformity and thus the 

ASE of former part will make it looks stronger especially being observed in the ASE 

emission angle. The colleagues also measured  the result without ASE by a ASE cutoff 

structured shown in Fig. 2-19 [7].  

 

Fig. 2-19 The NFP of ASE cutoff structure based beam scanner 

 It could be found the uniformity becomes more uniform. The FFP will be observed then. 

The FFP was measured at a varied 𝜆𝑖𝑛 and fixed 𝐼𝑠𝑐𝑎𝑛𝑛𝑒𝑟=160mA. The beam image 

captured at different 𝜆𝑖𝑛 will be superimposed in the same figure. Through varying the 
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𝜆𝑖𝑛 from 842.5nm to 850.5nm by 18 steps, the overlapped FFP was shown in Fig. 2-20. 

It could be found that the total scanning range of 18° ×14° (𝜙 × 𝜃). In this thesis, 𝜃 

refers to the horizontal direction and 𝜙 refers to the orthogonal direction in2D space. It 

indicates the beam scanning efficiency of 2.25 ° /nm in 𝜃  the FoV in 𝜙  could be 

enlarged by smaller aperture width 𝑑1 due to the diffraction limit. 

       

Fig 2-20 Overlapped FFP of 2mm-long VCSEL beam scanner 

 

Fig. 2-21 Normalized beam profile of VCSEL beam scanner 

 The beam divergence is another important factor because it decides the total resolution 
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number as FoV/beam divergence (FWHM, Full Width Half Maximum). The beam profile 

of the whole steering range is reported in Fig. 2-21. It shows good side-mode suppression 

with narrow beam divergence. The detailed beam divergence was shown in Fig. 2-22. 

The beam divergence is always smaller than 0.01 degrees in the whole detect range. The 

average beam divergence is around 0.07°, which indicates the resolution points number 

of about 257. 

 

Fig. 2-22 Beam steering of a 2mm-long VCSEL beam scanner 

 

Fig. 2-23 Optical power of 2mm-long beam scanner (CW and Pulse) 
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Then the power of the device will be measured both under CW or pulse operation. 

Under CW operation, the power is easy to be saturated due to the heating effect. For the 

pulse operation the heating effect could be smaller, so the saturation current will be larger, 

which enables larger power. The result was shown in Fig. 23, where the orange line 

indicates the CW power, which is saturated very quickly at around 400mA. However for 

the pulse operation (pulse width is 100ns, blue line in the figure), the power could reach 

around 3W when the current is increasing to 6A. 

As shown in Fig 1-14, the power and beam divergence is highly related to the scanner 

length. To enlarge the maximum power and reducing the beam divergence 6mm-long 

beam scanner was also fabricated. The electrical properties for such long beam scanner is 

not only determined by the resistance of scanner itself but also the contact resistance of 

current probe is also important, so in the I-V curve. The significant reduction of resistance 

could not be found. Its optical properties was measured as following. Firstly, the FFP 

measurement was implanted as shown in Fig. 2-24.  

 

Fig. 2-24 Overlapped FFP of 6mm-long solitary beam scanner 
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The measurement was finished when the 𝜆𝑖𝑛  is varied from 841nm to 844.5nm and 

𝐼𝑠𝑐𝑎𝑛𝑛𝑒𝑟  = 400mA. The beam is steered to around 7°, which is smaller than the 2mm-

long beam scanner because of smaller amplification spectrum width of longer devices. 

The beam divergence is difficult to be directly witnessed by the current setup due to the 

limited capturing aperture of FFP setup and limited resolution. The high-resolution mode 

of FFP measurement may be helpful to confirm the beam divergence, the FFP observed  

under high-resolution mode was shown in the zoomed figure in Fig. 2-24. It could be 

found that significant improvement of beam divergence was obtained. The beam 

divergence could less than 0.03° which is smaller than half of that of 2mm-long devices. 

The correspondence of wavelength with deflection angle and beam divergence could be 

found in Fig. 2-25. It also shows stable beam divergence at the whole beam steering range. 

The average beam divergence is about 0.023°, which indicates the resolution of 308. We 

could see that the resolution is increased by extending the scanner length even if the total 

beam steering range was smaller thanks to the smaller beam divergence. 

 

Fig. 2-25 Correspondence of wavelength with deflection angle and beam divergence 

 The power of 6mm-long device was also measured. It is expected to obtain larger power 

thanks to the capacity for larger injection current. The measurement result under CW and 
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pulse operation is shows in Fig. 2-26. It could be seen that the power could increased to 

more than 8W by extening the scanner length. Considering the optical power efficiency 

of around 40%, the electrical driver power consumption may be 20W to realize the output 

optical power of 8W. 

 

Fig. 2-26 Optical power of 6mm-long beam scanner (CW and Pulse) 

2.2 The solitary beam scanner integrated to conventional VCSEL 

2.2.1 Principle of integration of integration to a conventional VCSEL 

 

Fig 2-27 Schematic of integration of solitary VCSEL beam scanner and VCSEL 

The requirement of external light source for solitary beam scanner is very critical for its 

manufacturing and small size. The on-chip integration of seed laser and beam scanner has 

very significant meaning for practical use and reflects on the irreplaceable merit of 
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proposed VCSEL thanks to the purely and mature solid-stated fabrication, whici indicates 

much lower cost and much compact size 

Because the VCSEL beam scanner has the same wafer structured with VCSEL, the 

VCSEL could be easily formed at the beginning of VCSEL beams scanner as a seed laser 

and be isolated by ion implantation. Thanks to the electro-thermal effect of VCSEL, by 

tuning the current injected into the VCSEL the wavelength will be red shifted. In this case, 

the seed VCSEL could replace the external light source in the previous section 2.2. 

However, as explained in 2.1.1, the wavelength should be smaller than the resonant 

wavelength of beam scanner. If VCSEL is directly formed at the beginning of scanner, 

the seed VCSEL will have the same lasing wavelength with resonant wavelength 𝜆𝑟. 

When injecting the current to the seed VCSEL 𝐼𝑉𝐶𝑆𝐸𝐿 , the red shift of lasing wavelength 

will preclude its coupling and propagation in the VCSEL beam scanner. In this case, the 

wavelength detuning structure was proposed [8] as shown in Fig. 2-27. To realize the 

wavelength detuning, it is needed to make shallow etching as around 3-5 layers above the 

active region. It is to say the half-VCSEL (Only 3-5 pairs of top DBRs) wafer should be 

used. After wet etching for detuning the dielectric DBRs will be deposited to obtain 

enough reflectivity. The detailed designing method and etching depth could be analyzed 

by the Optical transfer matrix method [9] . The relation of etching depth and detuning 

wavelength was calculated by our colleagues before [10] as shown in Fig. 2-28. By using 

the Fimmwave, the coupling efficiency of VCSEL to scanner could be also calculated as 

shown in Fig. 2-29. From these two figures, the following conclusion could be obtained. 

By etching 0-80nm at 5 pairs above the active region, the wavelength detuning of VCSEL 

could be 0-20nm. However, etching 100nm may reduce the reflectivity that may make 

the VCSEL fail to lase. Therefore we choose 50 nm as the target etching depth, it could 
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provide the top reflectivity of around 99% and wavelength detuning of around 10nm. 

From the coupling efficiency figure, it could be known that the coupling efficiency of 

larger than 70% at targeted etching depth. Assuming the power of VSCEL is 3mW, the 

coupled power from VCSEL to scanner may be larger than 1mW, depending on the 

previous calculation, the power of beam scanner could reach watt class. 

 

Fig. 2-28 The relationship between wavelength detuning and etching depth [10] 

      

Fig. 2-28 The relationship between wavelength detuning and couple efficiency [10] 
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2.2.2 Fabrication process of VCSEL beam scanner integrated to the seed 

VCSEL 

Although the half VCSSEL was used here, the fabrication process is almost same as 

shown in section 2.1.2. In this section, only the process that is different from 2.1.2 will 

be shown. The first different step is the ion implantation before ICP to make VCSEL and 

beam scanner isolated. The resist patterning is also needed for ion implantation, the region 

that will be ion implanted will be opened by resist developing. The developing method is 

same as ICP and resist removement process is also similar to that of ICP. The ion 

implanted sample will be shown in Fig. 2-29. In the figure the ICP and oxidation was 

already finished, too. 

 

Fig. 2-29 Ion implanted device photo 

Another difference is that because the seed VCSEL is integrated, the wet etching process 

for coupling region is not required anymore. However, after electrode evaporation, the 

wet etching is needed for wavelength detuning as mentioned in the last section. This 

etching is very shallow, the solution will be also thinner that was used in the wet etching 

for coupling region. Later, the dielectric DBRs will be deposited on the mesa. What we 

chose here as dielectric DBRs are SiO2 and Ta2O5. Their high refractive difference makes 

it easier to get enough reflectivity, so only 7.5 pairs are needed. The photo of final device 

is shown in Fig. 2-30. 



Chapter 2 Solitary VCSEL beam scanner and its integration to seed laser 

 

74 

 

 

Fig. 2-30 The photo of fabricated devices 

2.2.3 Characteristics of beam scanner integrated to the seed VCSEL 

The characteristics of seed VCSEL should be discussed firstly. The electrical resistance, 

optical power will be demonstrated in Fig. 2-31. The resistance is around 230Ω from the 

slope of I-V curve in Fig. 2-31 and the optical power could be as large as 3mW as expected. 

It means high slope-efficiency of 0.82W/A, which will reduce the power consumption of 

driving the seed VCSEL. The slope resistance is a little high due to the defect when 

making the wet etching and small aperture size (as small as 3um).  

 

Fig. 2-31 The power and electrical properties of seed VCSEL 

The spectrum should be compared to the spectrum of beam scanner, because the 

detuning should be checked to enable the mode coupling. The Spectrum of both were 

overlapped shown in Fig. 2-32 when the 𝐼𝑉𝐶𝑆𝐸𝐿  =5mA and 𝐼𝑠𝑐𝑎𝑛𝑛𝑒𝑟 = 160𝑚𝐴. It could 
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be found that the wavelength for seed VCSEL and scanner are 862nm and 867.4nm, the 

wavelength detuning is about 5.4nm. When the 𝐼𝑉𝐶𝑆𝐸𝐿  is smaller at the threshold of 2mA, 

the detuning should be larger due to the blue shift of seed VCSEL. When the detuning is 

larger, larger beam steering range could be expected.  

 

Fig. 2-32 The spectrum of seed VCSEL and scanner 

The FFP will be shown in Fig. 2-33 by tuning the 𝐼𝑉𝐶𝑆𝐸𝐿   from 2mA-5.7mA. The 

overlapped FFP will be shown. It is found that more than 12° could be steered in this 

wavelength tuning range. The tuning efficiency is about 3.2°/nm, which is larger than that 

in the previous section. It could be explained by the closer operation wavelength to 

resonant wavelength of beam scanner as witnessed in the Fig. 2-3. Its average beam 

divergence is around 0.12°, which is larger than previous result because the scanner length 

is only 1mm. It also indicates the resolution of about 100. 

 

Fig. 2-33 Overlapped FFP of 1mm-long beam scanner integrated to seed VCSEL 

 The power characteristics of beam scanner was shown in Fig. 2-34, it could reach power 

of more than 50mW, but actually when the current is high, the fluctuation could be 

observed from the curve. It means the mode instability happens, so the stable power of 
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the proposed beam scanner is around 10mW, which may be limited by the coupled power 

from seed VCSEL. 

   

Fig. 2-34 The power and electrical properties of seed VCSEL 

 The beam scanning speed is also measured as shown in Fig. 2-35. Thanks to the good 

modulation characteristics of VCSEL, the 3dB cutoff scanning frequency could be larger 

than 100kHz. 

 

Fig. 2-35 Beam scanning response with different scanning frequency 

2.3 The solitary beam scanner integrated to slow-light VCSEL 

2.3.1 Principle of solitary beam scanner integrated to slow-light VCSEL 

As mentioned in the last section, the coupled power of seed VCSEL is too small to obtain 
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high power of beam scanner stably. The improvement of increasing the power of seed 

VCSEL is very important to make the beam scanner available to be used in long-range 

3D sensing. Fortunately, the slow-light lasing was found in a long-length VCSEL [11]. 

Previously, limited by the cavity size of conventional VCSEL, the conventional vertical-

mode power over 3mW is difficult. When the cavity length is getting larger, the single 

mode quality will be much poorer. The finding of slow-light lasing provides the 

possibility of lateral mode control of a longer-length VCSEL, which may greatly increase 

the power of VCSEL. This kind of VCSEL using slow-light mode is called slow-light 

VCSEL. If the slow-light VCSEL could be used as the seed laser of beam scanner, the 

coupled power and then the output power of scanner could be greatly enhanced. 

 Slow-light lasing of VCSEL originates from the slow light propagating in the VCSEL 

cavity. As found, not only when the light was coupled to the scanner but also the excited 

light in the cavity without external coupling, should the slow light propagate in the cavity. 

That is to say, conventional vertical-mode light and slow light both exist in the VCSEL 

cavity. There must be the gain competition between them. As discussed before, the 

wavelength of slow light should be smaller than the vertical light, so if the gain was blue 

shifted from the vertical light wavelength (resonance wavelength), the slow light mode 

will get merit. Besides, the slow light always has higher reflectivity at the top DBRs, so 

through reducing the top reflectivity, it is possible to make only slow-light mode lasing 

and suppress the vertical-light lasing due to larger loss. Based on the principle, the epi 

wafer used for slow-light VCSEL should has following points: PL wavelength blue shift 

from resonant wavelength about 25nm and the number of top DBR pairs is reduced by 1 

pairs compared to the conventional VCSEL. It is noted because wavelength of slow-light 

lasing mode is naturally smaller than the resonance wavelength. The wavelength detuning 
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used for section 2.2 is not needed anymore, so full-VCSEL wafer is proper for fabricating 

VCSEL beam scanner integrated to seed slow-light VCSEL. 

 Even the above-mentioned method was adopted to suppress the vertical lasing, the single 

mode of slow-light lasing is still difficult. However, the lateral propagation of slow-light 

mode makes it possible to make mode selection by using grating like that used in 

distributed feedback (DFB) lasers as shown in Fig. 2-36. The grating was etched at the 

surface of long-length VCSEL. The taper shape is added at the end to increase the 

asymmetricity of the laser to realize unidirectional emission angle.   

 

Fig. 2-36 The Schematic of slow-light VCSEL 

 However, the grating design should be a little different from DFB lasers, because the 

effective index of slow-light mode is smaller than that of lasing mode in DFB lasers. The 

effective index of etched and no etching region for slow-light mode could be simulated 

in Fimmwave as shown in Fig. 2-37 when the resonant wavelength is 855nm, where 

orange line is high index and blue line is low index. Taking designed wavelength of 

830nm as an example, the high index is 0.794 and low index is about 0.790. The refractive 

index of SCH layer was reduced to cutoff the guided wave. Because the grating pitch of 
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slow-light VCSEL (>500nm) is larger than that in DFB lasers by more than 3 times, the 

conventional lasing mode in DFB lasers cannot be lased in surface-grating slow-light 

VCSEL. 

  

Fig. 2-37 The simulated effective index of high and low region 

The grating pitch Λ could be calculated by the Eq. 2-3, where 𝜆𝑉𝐶𝑆𝐸𝐿  is the designed 

lasing wavelength for the slow-light VCSEL and 𝑁𝑒𝑓𝑓 is the average effective index of 

the grating. Considering the design wavelength of 830nm, the grating pitch is about 

523nm including 261nm etching region and 261nm no-etching region.   

Λ = 𝜆𝑉𝐶𝑆𝐸𝐿/(2𝑁𝑒𝑓𝑓) (2-3) 

Knowing the principle of slow light VCSEL, the integration of slow-light VCSEL and 

VCSEL beam scanner could be proposed as shown in Fig. 2-38. The beginning part of 

VCSEL beam scanner could be regarded as a slow-light seed VCSEL by loading the 

surface grating. The electrode should be separated for independent control, but the ion 

implantation is not required anymore, because when the length of seed VCSEL is 

increased to about 1/4 of beam scanner, the current leakage is not strong as the condition 

when a conventional VCSEL is integrated. Similarly, thanks to the electro-thermal effect 



Chapter 2 Solitary VCSEL beam scanner and its integration to seed laser 

 

80 

 

of seed VCSEL, by tuning the current injected into the seed VCSEL 𝐼𝑉𝐶𝑆𝐸𝐿 , the beam 

scanning could be achieved. 

 

Fig. 2-38 The Schematic of slow-light seed VCSEL integrated VCSEL beam scanner 

2.3.2 Fabrication of solitary beam scanner integrated to slow-light VCSEL 

In this section, the fabrication difference between the scanner and previous solitary 

scanner will be introduced. Because they are both fabricated on the full wafer, the 

fabrication process is almost same. Of course, the first difference is no requirement of wet 

etching for coupling region thanks to the integration to the seed VCSEL. Another 

important difference is the requirement of grating patterning and etching. The process of 

forming a grating is also selective etching. The first problems is patterning method of 

laser lithography and electron beam lithography (EBL). Laser lithography is a very fast 

and cheap lithography method with 1𝜇 m pricison (using UV laser), while EBL is a 

relatively slow and expensive lithography with 10nm precision. For the 520nm pitch 

grating forming, the EBL seems to be a better choice, while laser lithography could be 

used for higher order grating patterning. After EBL patterning, the selective etching 
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should be done. ICP dry etching and wet etching are both available. Considering the 

controllability and etching stability of ICP, the ICP is recommended. In this study, 30nm 

etching depth was found the optimized etching depth for forming the grating. The photo 

of grating after selective etching is shown in Fig. 2-39. 

 

Fig. 2-39 The photo of grating after selective etching 

 

Fig. 2-40 The etching depth measurement by using atom force microscopy 

 

Fig. 2-41 Photo of fabricated beam scanner integrated to a seed VCSEL 

The etching depth was confirmed by the atom force microscopy (AFM) as shown in Fig. 

2-40. It could be also confirmed by Scanning electronics microscopy. The photo of finally 
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fabricated beam scanner is shown in Fig. 2-41. The length of slow-light seed laser and 

beam scanner is 0.5mm and 2mm respectively. 

2.3.3 Characteristics of solitary beam scanner integrated to slow-light 

VCSEL 

The characteristic of slow-light laser will be firstly demonstrated. When injecting current 

of about 𝐼𝑉𝐶𝑆𝐸𝐿=150mA, the FFP was shown in the left figure in Fig. 2-42, it should be 

single mode. By Eq. 2-3, the pitch size determines the slow-light lasing wavelength of 

beam scanner, so by varying the pitch size, we could obtain varied slow-light lasing 

wavelength for different devices. The left figure shows the FFP when the pitch size was 

designed as 530nm, while the right figure shows FFP of 600nm. Depending on the Eq. 2-

1. If the lasing wavelength is changed, the emission angle will also be changed if 

resonance wavelength of the wafer is same. It could be witnessed in Fig. 2-42. The left 

figure corresponds to the lasing wavelength of around 835nm and the right figure 

indicates the lasing wavelength of around 840nm   

 

Fig. 2-42 FFP of slow-light seed laser with pitch of 530nm and 600nm 
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When varying the current 𝐼𝑉𝐶𝑆𝐸𝐿 , the lasing wavelength of slow-light seed laser will be 

tuned thanks to the electro-thermal effect which varying the refractive index of DBRs. 

When the 𝐼𝑉𝐶𝑆𝐸𝐿   varying from 50mA to 350mA, the lasing wavelength could be 

observed through the spectrum shown in Fig. 2-43. The stable single mode lasing could 

be obtained in the whole tuning range. And the tuning range of >5.8nm could be obtained, 

which may lead to beam steering range of larger than 7° that will be discussed later. 

Besides, the power of slow-light seed laser should be also measured. The power-current 

curve is shown in Fig. 2-44. It could be found that the power is much larger than that of 

conventional VCSEL, the slope efficiency is not as large as conventional VCSEL shown 

previously because the slow-light laser has left and right emission due to the symmetricity 

of the slow-light laser. Although the symmetricity is avoided to some extent by the 

asymmetrical device layout but difficult to be absolutely avoided without being followed 

by a taper shape. 

 

Fig. 2-43 Spectrum when the 𝐼𝑉𝐶𝑆𝐸𝐿  varying 
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Fig. 2-44 Power of slow-light seed laser 

The light from slow-light seed VCSEL was coupled into the beam scanner. With injecting 

current to the beam scanner, the light will be amplified. With wavelength tuning of slow-

light seed VCSEL, the output beam could be also steered. The beam steering performance 

of beam scanner will be demonstrated. Firstly, the FFP when the 𝐼𝑉𝐶𝑆𝐸𝐿   tuning from 

40mA to 267mA and injecting 𝐼𝑠𝑐𝑎𝑛𝑛𝑒𝑟 of 200mA. The overlapped FFP of emitted beam 

is shown in Fig. 2-45. The beam steering range of >7° was obtained, which could be 

further extended by injecting more current to seed VCSEL, but the intensity degradation 

maybe larger. From the zoomed figure, it could be also found that the beam divergence 

could be controlled smaller than 0.08° 
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Fig. 2-45 Overlapped FFP of 2mm-long beam scanner integrated to seed VCSEL 

The beam divergence in the whole beam steering range was also measured as shown in 

Fig. 2-46. It could be found that in the whole beam steering range, the beam divergence 

is very stable at 0.07°, which indicates the total resolution number of nearly 100, which 

could be further increased by extending the scanner length. 

 

Fig. 2-46 Beam divergence of 2mm-long beam scanner integrated to seed VCSEL 

The power characteristics of the beam scanner is another important factor that effects the 

practical availability of the beam scanner in long-distance detection. It was shown in Fig. 

2-47. With injecting pulsed current of 4A, the power could reach 2W and could be further 
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improved by extending the scanner length. 

 

Fig. 2-47 Power of beam scanner 

    

Fig. 2-47 Scanning range with different scanning frequency 

The beam scanning speed was also measured considering the length extension. The sine-

wave voltage with different frequency was added to the seed VCSEL, through observing 

the beam scanning range. Its maximum scanning speed could be obtained. The  scanning 

range when sinewave frequency of 10kHz, 40kHz and 100kHz were measured as shown 
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in Fig. 2-48. It could be found that the 3dB scanning range cutoff speed could be larger 

than 100kHz, which is compatible with most 3D sensing applications. 
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Chapter 3 

Field of view and resolution enhancement of VCSEL 

beam scanner 

 

In this chapter, DOE-based optics and counter-propagation integration will be applied to 

enhance the field of view and resolution points number of VCSEL beam scanner 

demonstrated in chapter 2.  

3.1 Field of view and resolution enhancement of solitary VCSEL 

beam scanner 

Before talking about the method used to enhance the FoV and resolution, the target of 

FoV should be acknowledged as shown in table 3-1.  

Table 3-1. FoV, power, size requirement of 3D sensing 

Sensing range 
FoV 

requirement 

Power 

requirement 

Size 

requirement 

Cost 

100m 30° × 30° 100W Normal High 

50m 60° × 60° 25W Normal Normal 

10m 90° × 90° 1W Critical Cheap 

1m 120° × 120° 0.01W Critical Cheap 

It is said that in the long-range application, the power is very important, the power 

penalty due to optics should be as small as possible, while for short-range applications, 

the power is not that important, the power penalty due to optics should be allowed to an 

extent. And the size and cost management in short-range is very important for short-range 

applications. 
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3.1.1 FoV and resolution enhancement of single solitary scanner 

A straight and easily imaged way to expand the FoV of bean scanner is using a FoV 

expanding lens, for example a positive lens under defocusing operation. However, it is 

needed to consider that our beam scanner could be regarded as a expanded light source 

not a spot light source, it will lead to great overlap when beam steering. The simulation 

is made in Zemax. In the assumption, the beam scanner size is 2mm×3𝜇m, the simulation 

result was shown in Fig. 3-1. The left figure shows original beam steering fan beam 

without expanding lens, they are clear 5 fan beams. Then a FoV expanding lens was added 

to the light source, the FoV was indeed expanded, but the beam divergence of 5 fan beams 

were greatly expanded larger than the expansion of steering range. Actually, when the 

light source is a spot light source for example the aperture is 3𝜇m×3𝜇m, it is possible to 

use a lens to expand the FoV. For expanded light source like VCSEL beam scanner, unless 

the focal length of lens is very large so that the VCSEL beam scanner could be regarded 

as a spot light source. 

 

Fig 3-1 Simulation result of fan beam scanning without lens and with lens 

  Recently, for structured-light sensing dot pattern generation, diffractive optical element 

(DOE) was applied to expand the FoV of VCSEL array and shape the beam as design [1,2] 

as shown in Fig. 3-2. The DOE is a kind of flat optics on which the micro structured was 
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formed to realize the specified function as shown in Fig. 3-3. The DOE could shape the 

beam to an designated pattern, such as lines, dots, matrix or random patterns.  

. 

Fig. 3-2 Function of DOE to shape the beam 

 

Fig. 3-2 Microstructure of DOE 

There is a kind of DOE arising our attention that functions as a beam splitter [3]. The 

detailed function is shown in Fig. 3-2. A beam come from laser illuminates to a DOE, 

then the single beam will be split to designed orders of beams. In this figure, the designed 

number is 3 The separation between different orders observed the grating diffraction 

equation as shown in Eq. 3-1,  

𝑠𝑖𝑛𝜃𝑚 = 𝑚𝜆/Λ (3-1) 

where 𝜃𝑚 is the diffraction angle of mth order, 𝜆 is the wavelength of incident light, Λ 

is the pitch size of the diffractive grating. There is some difference between the DOE and 

conventional grating, because DOE could adjust the intensity of different orders by 

adjusting the duty ratio within the pitch. In most cases, the intensity of different orders 
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will be designed same.  

 

Fig. 3-3 Function of DOE as a beam splitter 

Then we could assume such condition: if the original beam scanned from 0th order to +1st 

order, the -1st order may be steered to 0th order and 1st order may also be steered for the 

similar angle as illustrated in the Fig. 3-4. If this assumption is correct, when the beam 

steering angle 𝜃𝑜 of original light source is equal to the separation between different 

orders of DOE 𝜃𝑠 = 𝜃1 − 𝜃0. The original FoV of 𝜃𝑜 will be increased to 𝜃2 − 𝜃−1. 

When the light is normally incident to the DOE, the 𝜃2 − 𝜃−1 ≈3𝜃𝑠. Thus, we could 

conclude a more general statement that when 𝜃𝑜=𝜃𝑠, by using a n-spot DOE, the FoV 

could be enhanced to n𝜃𝑠= n𝜃𝑜. 

 

Fig. 3-4 Function of DOE using in beam steering devices 

Then the deviation of the above-mentioned assumption. Here we need to discuss a more 

general condition for arbitrary incident angle to the DOE. When the incident angle is not 
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normal, the diffraction angle 𝜃′𝑚 and the incident angle 𝜃𝑖, 

𝑠𝑖𝑛𝜃𝑚 = 𝑠𝑖𝑛𝜃𝑖 − 𝑠𝑖𝑛𝜃𝑚 (3-2) 

where 𝜃𝑚 is the diffraction angle of normal incident of a specialized DOE. Considering 

the condition of beam steering angle 𝜃𝑜 =𝜃𝑠 =𝜃′1 − 𝜃′0 . The incident angle should be 

considered as from 𝜃𝑖(𝑏𝑒𝑔𝑖𝑛) = 𝜃′0 to 𝜃𝑖(𝑒𝑛𝑑) = 𝜃′1. Therefore, at the beginning state, 

the diffraction angle 𝜃′𝑚(𝑏𝑒𝑔𝑖𝑛) is: 

𝑠𝑖𝑛𝜃′𝑚(𝑏𝑒𝑔𝑖𝑛) = 𝑠𝑖𝑛𝜃′0 − 𝑠𝑖𝑛𝜃𝑚 (3-3) 

At the end state, the diffraction angle of the previous order 𝜃′𝑚−1(𝑒𝑛𝑑) could be derived 

as: 

𝑠𝑖𝑛𝜃′
𝑚−1(𝑒𝑛𝑑) = 𝑠𝑖𝑛𝜃′

+1(𝑏𝑒𝑔𝑖𝑛) − 𝑠𝑖𝑛𝜃𝑚−1 

= 𝑠𝑖𝑛𝜃′
0 − 𝑠𝑖𝑛𝜃1 − 𝑠𝑖𝑛𝜃𝑚−1 

= 𝑠𝑖𝑛𝜃′
0 − (

𝜆

Λ
+

(𝑚 − 1)𝜆

Λ
) 

= 𝑠𝑖𝑛𝜃′
0 −

𝑚𝜆

Λ
 

= 𝑠𝑖𝑛𝜃′
0 − 𝑠𝑖𝑛𝜃𝑚 

= 𝑠𝑖𝑛𝜃′
𝑚(𝑏𝑒𝑔𝑖𝑛) 

(3-4) 

It means when the beam steered from 0th order to 1st order, or the orders will be steered 

to the next order and therefore all the separation will be fulfilled even the incident angle 

is not normal. In this derivation, the wavelength was assumed constant, but for our beam 

scanner there might be a little difference for different deflection angle, this will lead to a 

very small space of <0.1°  between highest order and sub-highest order when beam 

steered from 0th order to 1st order. This small space could be neglected, or it could be 

covered by a little over steering. From Eq. 3-1, we could also know that the separation 
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between different orders may not be same especially for higher orders as shown in Fig. 

3-5. In details, for the minus order, the separation will be smaller that of plus order. 

Therefore, the FoV enhancement may be larger than n times by using a n-spot DOE. 

 

Fig. 3-5 Steering begin state and end state when the incident angle is not normal 

Then a 3-spot DOE will be firstly used to demonstrate the FoV enhancement performance. 

The detailed microstructure of DOE was shown in Fig. 3-6. The grating structure could 

be easily seen. Its pitch size is about 4𝜇m. As shown in Eq. 3-1 and the correspondence 

of separation and pitch size shown in Fig. 3-7, the separation for normal incident should 

be around 12° by using 840nm-band beam scanner. It could be also found the smaller 

diffraction separation angle indicates the larger pitch size will enable the easier 

lithography and fabrication process. In our study, the separation should be designed not 

lager than the maximum beam scanning angle 𝜃𝑚𝑎𝑥. The duty ratio and etching depth 
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were designed to make the only -1st, 0th, 1st order appear with similar intensity. Actually, 

from 835nm~850nm, the separation variation is as small as <0.2 °  as wavelength 

dependence of separation angle is shown in Fig. 3-8, which is why it is noted that the 

wavelength varying in the beam steering may not affect the fulfilling of separation, 

especially the wavelength varying is only less than 7nm in all of experiment shown in the 

following sections. 

 

Fig. 3-6 The detail structure of a 3-spot DOE under microscopy 

 

Fig. 3-7 Wavelength dependence of separation angle 
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Fig. 3-8 Design of pitch size depending on the separation angle 

Based on the previous analyzing of DOE, the flow of deigning the DOE could be 

obtained as Fig. 3-9 shows. Firstly, the pitch size should be designed based on the required 

separation angle. It is noted that the separation angle should be smaller than maximum 

steering angle of beam scanner. Then depending on the application, the number of spot 

should be decided to get the FoV of 𝑛𝜃𝑠. The sub microstructure within the pitch should 

be designed based on the requested number of orders. If the designed microstructure is 

too small to be fabricated, the 𝜃𝑠  and n should be decided again and if the 

manufacturability is okay, the DOE could be fabricated by the lithography and selective 

etching.  

 

Fig. 3-9 Flow of deigning the DOE 
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Here, some examples of available DOE and its expectation of FoV that will be used in 

the study was shown in Table 3-2. 

No. 𝜃𝑠 n Expected FoV* Application 

① 12° 3 >36° Single scanner 

② 6° 7 >42° Counter-propagation** 

③ 4° 10 >40° 2D beam steering*** 

* The real FoV should be highly depending on the incident angle and always be larger 

** The counter-propagation beam scanner needs larger FoV to cover the vertical field but 

increasing 𝜃𝑠 and n of ① is difficult. 

*** The maximum beam steering angle for lens collimation (that is required for 2D beam 

scanning) is limited to 4°  

To measure the FFP of solitary beam scanning equipped with a 3-spot DOE ①, the 

experimental setup as shown in Fig. 3-10 was established. The fiber and probe are used 

to couple external light to the scanner and inject the current to the scanner. A 3-spot DOE 

is set 1cm above the beam scanner. The light will go through the DOE and be captured 

by the FFP camera. 

 



Chapter 3 Field of view and resolution enhancement of VCSEL beam scanner 

 

98 

 

Fig. 3-10 The setup of measuring the beam scanner equipped with a 3-spot DOE  

Firstly, When the wavelength of 840nm was coupled to the beam scanner and current of 

500mA was injected into the scanner. The FFP with and without being equipped with 

DOE was shown in Fig. 3-11 and Fig. 3-12. 

 

Fig. 3-11 The FFP of measurement without equipment of DOE 

 

Fig. 3-12 The FFP of measurement with equipment of DOE 

The zoomed figure in the circle is the FFP measured under high-resolution mode to 

indicate the beam divergence. We could see that the beam was split to three beams with 

separation angle of around 12°, which may be affected by the incident angle. The split 

three beams also maintain unchanged beam divergence. The beam intensity variation of 

three beams is also smaller than 10%. Then when tuning the wavelength of coupled light 

from 836.8nm to 844.5nm, the beam was scanned by 12° to cover the separation between  

0th order and 1st order. The overlapped FFP of beam steering is shown in Fig. 3-13. 
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Fig. 3-13 The FFP of measurement with equipment of DOE 

We could find that the separation was just fulfilled. The total FoV also was increased from 

12° to >36°. Considering the unchanged beam divergence of about 0.023°, the resolution 

was increased to >1,200. 

3.1.2 FoV and resolution enhancement of counter-propagation solitary 

scanner 

It is easy to be imaged that because the single scanner could scan from 15° to 55°, the 

symmetrical FoV of -15° to -55° could be also covered if a counter-propagation beam 

scanner could be covered. However, if still a 3-spot DOE was used there will be a gap 

from -15°  to 15°  is not covered, which leads to big problem for real application. A 

promising way is to increasing the number of spots of DOE for example by using a 7-

spot DOE. The FoV could be further enhanced and thus cover the vertical direction. 

However, 7-spot DOE with separation of 12° is very difficult to be fabricated. To remain 

the intensity of the larger order diffraction more precise microstructures should be made 

in the 4𝜇m pitch, which is difficult to be manufactured. Therefore, although we chose a 

7-spot DOE ②, the separation angle was reduced to around 6°. It means the pitch size of 

grating will be increased to around 8um, which enables the microstructure design and 

fabrication. The detailed schematic of the counter-propagation beam scanner equipped 
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with DOE is shown in Fig. 3-11.    

 

Fig. 3-11 Schematic of the counter-propagation beam scanner equipped with DOE 

  The counter-propagation scanners were fabricated as shown in Fig. 3-12. The length is 

6mm for smaller beam divergence.  

 

Fig. 3-12 Photo of counter-propagation solitary beam scanners 

To finish the counter-propagation measurement, the setup shown in Fig. 3-13 was 

established. Two fibers were used to couple the light to counter-propagation scanners. 
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Probe could switch between two scanners to select the operation scanner. A 7-spot DOE 

was put above the scanner. 

 

Fig. 3-13 Photo of setup to measure the counter-propagation scanners with DOE 

  Firstly, the static FFP when the wavelength is fixed at 844.5nm and 841nm were shown 

in Fig.3-14 for right-emitting beam scanner. When wavelength is 844.5nm we could find 

the separation between 0th order and 1st order is about 7.1° from the figure. It is different 

from the designed 6° , because the incident angle when the wavelength is 844.5nm is 

around 28° but not normal. If the incident angle getting larger, the separation will also 

get larger. Actually, by tuning the wavelength from 844.5nm to 841nm, the beam of 0th 

order will just overlap with 1st order. It could be seen that all the other orders were also 

covered by the previous order. It witnessed the previous statement discussed in Section 

3.1.1. The Static FFP when the wavelength is fixed at 841.6nm and 845nm for the counter-

propagation beam scanner was also measured. They show the asymmetrical FFP as shown 

in Fig 3-15.. The tuning wavelength could be a little different because the uniformity 

though the wafer. As mentioned previously, the separation between different order may 

be different because the incident angle from beam scanner is not normal. When the 

incident angle is 28°, the separation between different orders is varied from 6.7° to 8.8° 
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for the right-emitting beam scanner. The similar result could be found for left-emitting 

beam scanner, the separation varied from 6.5° to 9.3° from Fig. 3-16. The difference 

between left- and right-emitting scanner may come from the measurement precision of 

the system and the placement angle of DOE. 

 

Fig. 3-14 Static FFP for right-emitting beam scanner  

      

Fig. 3-15 Static FFP for left-emitting beam scanner  
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Fig. 3-16 The deflection angle of different orders when beam was steered from 0th order 

to 1st order for right- (left figure) and left- (right figure) emitting beam scanner  

Then the wavelength of coupled light was tuned by four steps from 841nm to 844.5nm 

for right emitting beam scanner and 841.6nm to 845nm for left-emitting beam scanner. 

The overlapped beam scanning FFP was shown in Fig. 3-17, where the top figure and 

bottom figure correspond to the right and left emitting beam scanner respectively. It 

covers the symmetrical field of view of around 55°  aligned in two sides of vertical 

direction.  

 

Fig. 3-17 The overlapped FFP of beam scanning for counter-propagation beam scanners 
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As mentioned before, because the incident angle is not normal, the actually single-side 

FoV is much larger than the expected FoV for DOE ② in Table 3-2. From the Fig. 3-17, 

It could be also found that there is a gap between -8° to 8°, the method to cover this 

region will be discussed later. To show the resolution of this scanner, the beam divergence 

was measured under high-resolution mode of FFP camera as shown in Fig. 3-18. The 

beam divergence will be increased with order increasing as Eq. 3-1 shows. Therefore, the 

beam divergence is almost periodically increasing with the order increasing. The average 

beam divergence between the 0th order and 1st order for right- and left-emitting beam 

scanner are around 308, so the total resolution points in the whole FoV is 308×14=4312, 

which meet the requirement for almost all the 3D sensing applications. The beam intensity 

fluctuations (Defined as the standard deviation of all beam intensity/ average beam 

intensity of all beams) could be 36%. The beam intensity fluctuations were affected by 

many factors including beam intensity variation of beam scanner (that may result from 

the gain difference of different wavelength or the intensity variation of external light 

source for different wavelength. This issue actually does not contribute significantly to 

the final result and could be solved by adjusting the 𝐼𝑠𝑐𝑎𝑛𝑛𝑒𝑟 to compensate the gain 

difference for different 𝜆𝑖𝑛 ), and the intensity variation of different orders split by the 

DOE (that may result from the design method of DOE. In most case, the design was made 

for normal incident. Therefore, when the beam is not normally incident to the DOE, the 

beam intensity variation may occur. Another thing is the fabrication process of DOE may 

also lead to the intensity variation, even in design the intensity could be almost same. 

Normally, the good intensity uniformity should be designed by smaller microstructure in 

the pitch and even the multi-step selective etching is needed [3–6]. It also requires the 

improvement in the fabrication process of DOE, for example introducing EBL in the 
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fabrication process. Despite the intensity fluctuation, the weakest intensity could be 

regarded as the evaluation target of depth measurement accuracy, because if the weakest 

beam could provide enough accuracy, the stronger beam must be better.) 

\ 

Fig. 3-18 The beam divergence in the total beam steering range  

  To cover the vertical range, firstly we could reduce the scanner length to 2mm. As 

mentioned previously, the shorter scanner has larger amplification spectrum width. It is 

to say that we could choose larger operation wavelength to make the deflection angle 

closer to the vertical range. An example was shown in Fig. 3-19. It successfully covers 

the vertical range. However, as discussed before, the shorter scanner has larger beam 

divergence, thus smaller resolution points number. Combing the 2mm and 6mm beam 

scanner on the same chip may be possible, but the total chip size and the yield will be 

another problem. Besides, by combing two-length scanner will lead to the overlap of 

beam scanning in some region, which will increase the intensity uniformity received by 

the camera in the real applications. 
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Fig. 3-19 Overlapped FFP by using a 2mm-long beam scanner 

  Actually, as shown in Eq. 1-1, the deflection angle is related to the operation 

wavelength 𝜆𝑖𝑛 and resonant wavelength. If the resonant wavelength could be reduced, 

the deflection angle could be smaller. As calculation based on Eq. 1-1, by reducing the 

resonant wavelength by 5nm, the 6mm-long beam scanner could cover the vertical range 

with the DOE and the beam intensity could be better because the incident angle is closer 

to normal direction. To reduce the resonant wavelength, it is to a little reduce the thickness 

of each pair of DBRs. It is easy to be realized in new fabrications. Another choice is to 

change the available 𝜆𝑖𝑛. Actually, the external tunable laser could provide enough tuning 

range to cover the vertical range by current resonant design. However because the limited 

amplification spectrum of the beam scanner, the available 𝜆𝑖𝑛  is limited. The 

amplification spectrum is related to the PL wavelength of quantum wells. It is also easy 

to make the PL wavelength red shift when wafer growth to make the available 𝜆𝑖𝑛 closer 

to the resonant wavelength and thus to make the deflection angle closer to the vertical 

direction as calculated by Eq. 1-1. The red shift of PL wavelength of 5nm is enough.   
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3.2 Field of view and resolution enhancement of solitary VCSEL 

beam scanner integrated to the seed laser 

3.2.1 FoV and resolution enhancement of single scanner integrated to the 

conventional VCSEL 

Thanks to the easier manufacturability and compactness availability, the FoV and 

resolution enhancement of the integrated beam scanner is very important. Firstly the FoV 

and resolution of the single beam scanner will be demonstrated. Because the DOE ① 

has separation angle of 12°, the beam scanner integrated to the slow-light VCSEL may 

not be compatible. Therefore, the beam scanner integrated to the conventional VCSEL 

was used to make the demonstration. The measurement setup is similar to that of solitary 

beam scanner, where the lensed fiber was replaced by another current probe to drive the 

VCSEL as shown in Fig. 3-20. 

 

Fig. 3-20 Setup to measure the beam scanner integrated to a conventional VCSEL 

  Firstly, the static FFP when the 𝐼𝑉𝐶𝑆𝐸𝐿 =3mA and 𝐼𝑠𝑐𝑎𝑛𝑛𝑒𝑟=50mA was captured in Fig. 

3-21 (without equipment of DOE) and 3-22 (with equipment of DOE). The original beam 

divergence is about 0.12°, and by using a DOE, the beam was split to three beams with 
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same separation of 12°, similar beam divergence and similar beam intensity. 

 

Fig. 3-21 Static FFP of beam scanner without equipment of DOE 

 

Fig. 3-22 Static FFP of beam scanner with equipment of DOE 

Then by tuning the 𝐼𝑉𝐶𝑆𝐸𝐿  from 1.5mA to 5mA, the beam will scan from 19° to 31° 

and covered the separation between 0th and 1st order. As discussed before, the all the 

separation will be covered at the same time, so the total field of view from 7° to 43°, 

which cover the FoV of 36° as shown in Fig. 3-23. Considering the unchanged beam 

divergence of around 0.12°, the resolution number could be increased from 100 to 300.  
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Fig. 3-23 Overlapped FFP of beam scanner with equipment of DOE 

  The beam scanner used here is a 1mm-long scanner, the resolution could be improved 

by extending the scanner length. This 1mm-long scanner equipped with a 0.625mm DOE 

will provide a very compact beam steering module. Its module size will be smaller than 

1mm×1mm×1mm, which could be directly used in the mobile phones for short-range 

applications.  

3.2.2 FoV and resolution enhancement of counter-propagation scanner 

integrated to the slow-light VCSEL 

In this section, the DOE ② was selected to enhance the FoV and resolution of beam 

scanner due to limited maximum beam scanning angle of beam scanner and available 

fabrication process of DOE. Before measuring the counter-propagation beam scanners, 

the problem of too large deflection angle of beam scanner makes it difficult to cover the 

vertical range. Not like the solitary beam scanner to red shift the PL wavelength or blue 

shift the resonant wavelength, the slow light lasing request enough shift between PL 

wavelength and resonance wavelength. A simple and efficient way is to add a mirror to 

make the deflection angle closer to the vertical direction. However, adding a flat mirror 

above the beam scanner is very difficult in manufactory and very difficult to reflect the 
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light from both of counter-propagation scanner to vertical direction. In the previous 

structured-light sensing, a prism was used to hold the DOE for package manufactory [2] 

and also as shown in Fig. 3-24. If the prism is coated by high-reflectivity materials, such 

as dielectrics and gold. The prism will form as a mirror to reflect the light coming from 

the beam scanner.  

 

Fig. 3-24 The previous module using a prism mirror to reflect the light [2] 

  Therefore, the following module for enhancing the FoV and resolution by equipping 

the prism mirrors, DOE and counter-propagation scanners are proposed in Fig. 3-25. 

 

Fig. 3-24 The proposed beam scanning module 
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  Because the introducing of optics, we call the total system including beam scanner and 

optics beam scanning module. The scanned beam from right- and left- emitting beam 

scanner will be mirrored by the prism mirror and then split by the DOE to cover the entire 

FoV including the vertical range. To make the beam scanner range cover the vertical range, 

the slope angle of prism should be exactly controlled. Assuming the largest deflection 

angle is 𝜃𝑑𝑚 , and a n-spot DOE with separation of 𝜃𝑠 is used to enhance the FoV, the 

slope angle of prism 𝜃𝑝 should be design as Eq. 3-5, why the largest deflection angle is 

considered is after reflection by mirror the beam of original largest deflection angle will 

goes to the closest beam to vertical in the whole beam scanning range.  

180 − 2𝜃𝑝 − 𝜃𝑚 −
𝑛 − 1

2
𝜃𝑠 = 0 (3-5) 

where the 𝜃𝑠 is considered constant for all the orders, in the real application, it could be 

calibrated before large-scale manufactory. Actually, this calculation is only related to the 

minus orders of DOE, whose separation will be almost same as deign. The relation 

between the largest deflection angle and designing of prism slope angle ② (7-spot, 𝜃𝑠= 

6°) is shown in Fig. 3-25. 

 

Fig. 3-25 The relation between the largest deflection angle and prism slope angle 
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  In this study, the 𝜃𝑑𝑚  should be 55°, so he 𝜃𝑝 should be 53.5°. For the certainty of 

covering the vertical range 54° was chosen, which enables the beam to cover the -1°. The 

expectation of the size of prism is also important because it aims at making a compact 

module. The slop of prism mirror should be large enough to accept all light emitted from 

the extended light source as shown in Fig. 3-26. 

 

Fig. 3-26. The illustration of prism mirror design 

  In the estimation of size of prism, the smallest deflection angle of 𝜃𝑑𝑠   should be 

considered and the beam divergence in 𝜃 direction is too small to affect the design, so it 

was assumed to be 0. Thus, the size of prism mirror ℎ𝑝, 𝑙𝑝, 𝑤𝑝 could estimated as Eq. 

3-6, 

𝑙𝑝 =  
𝑙𝑡𝑎𝑛(90 − 𝜃𝑑𝑠)

𝑡𝑎𝑛𝜃𝑝 − tan (90 − 𝜃𝑑𝑠)
 

ℎ𝑝= 𝑡𝑎𝑛𝜃𝑝 ∙ 𝑙𝑝 

𝑤𝑝 = 2ℎ𝑝tan (
𝛿𝜙

2
) 

3-6 
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where the 𝑙 and 𝑤 are the length and width of beam scanner, 𝛿𝜙 is beam divergence 

of beam scanner in 𝜙 direction. The total module size 𝐻, 𝐿, 𝑊 could be also calculated 

by Eq. 3-7. 

𝐿 = 2𝑙𝑝 + 𝑙 

𝐻 = ℎ𝑝 + 𝑡𝐷𝑂𝐸 + 𝑡𝑤𝑎𝑓𝑒𝑟  

𝑊 = 1.5𝑤𝑝 

3-7 

where 𝑡𝐷𝑂𝐸  and 𝑡𝑤𝑎𝑓𝑒𝑟  are the thickness of DOE and wafer, their summation may be 

1mm. The 𝑊 is calculated as 1.5𝑤𝑝 to make the clear aperture enough. Based on the 

above-mentioned Eq. 3-5~3-7. Because the steering range should be covering the 𝜃𝑠, 

𝜃𝑑𝑠= 𝜃𝑑𝑚 − 𝜃𝑠. The total module size with different scanner length and different kinds 

of DOE could be calculated as shown in Fig. 3-27. It could be found that larger scanner 

length requires larger module size. Especially in this study, 2-mm scanner and a 7-spot 

DOE was used. It could be found that the module size could be 9mm×6mm×5mm, which 

might be the smallest electrical driven beam scanner with larger than 100° beam steering 

range. By shortening the beam scanner length to 1mm, the module size could be almost 

half to 4.5mm×3mm×2.5mm. Of course, the total resolution points may be half and the 

beam divergence may be increased to 0.1°, for short-range detection that has been used 

in mobile phones it is enough. By using a DOE with smaller number of spots, for example 

3-spot DOE as shown in the orange line in the Figs. The total module size could be 

reduced to 3mm× 3mm× 2mm, which may be more compatible for the application in 

mobile devices. Actually, prism could replace the prism mirror by refracted deflection, 

which will be shown later. It may improve the module size even for application with long 

scanner length. 
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Fig. 3-27 The relation between scanner length and module size (orange: 3-spot DOE; 

blue: 7-spot DOE) 

Here, a table is also shown about the choice of using different scanner length and 

different DOE for different potential applications, where 𝛿𝜃 is the beam divergence in 

𝜃 direction and the height of module may be most critical in most applications. 

n 𝜃𝑠 FoV l 𝛿𝜃 H Potential application 

3 6° >36° 1mm 0.1° 2.8mm Mobile phones 

7 6° >84° 1mm 0.1° 3.4mm Mobile phones 

7 6° >84° 2mm 0.06° 5.8mm House robot or LiDAR 

  Then the measurement by using the 2mm-long counter-propagation beam scanner and 

a 7-spot DOE will be demonstrated. The measurement setup was shown in Fig. 3-28. The 

photo of scanner chip was also shown in the left. Two prism mirrors were stacked on the 
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scanner chip and DOE was placed on the prism mirror. Two probes were used to drive the 

slow-light VCSEL and the beam scanner. The light emitted from the module will be 

captured by the FFP camera.  

 

Fig. 3-28 The measurement setup of counter-propagation beam scanner 

  The static FFP when the 𝐼𝑉𝐶𝑆𝐸𝐿  is 40mA and 267mA for left-emitting beam scanner 

and 40mA and 270mA for right-emitting beam scanner were shown in Fig. 3-29. The two 

different current corresponds to the start and end state of beam scanning, which just cover 

the separation between 0th and 1st order. As previously mentioned, the other separation 

will be covered at the same time. And different from that of solitary beam scanner, the 

beam was mirrored, so the curve direction was also inversed. The smallest order covered 

the vertical direction thanks to the deflection of prism mirror. The separation between 0th 

and 1st order is around 7°, which is larger than the design due to the non-normal incident.   
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Fig. 3-29 The static FFP of counter-propagation beam scanner (Top: left-emitting beam 

scanner; Bottom: right-emitting beam scanner) 

  The overlapped beam steering when the 𝐼𝑉𝐶𝑆𝐸𝐿  was tuned by 4 steps was shown in 

Fig. 3-30. The continuous FoV without gap from -55° to 55° was covered. To claim the 

total resolution points number, the beam divergence was also measured through the who 

FoV as shown in Fig. 3-31. Similar to the solitary beam scanner, when the beam is 

diffracted to the larger order, the beam divergence shows increasing tendency. The 

resolution will be decided by the original beam divergence when the beam was steered 

from 0th order to 1st order. The average beam divergence is 0.07° the resolution points 

number in the original 0th to 1st order should be 100. There fore the total resolution with 

DOE and counter-propagation should be >1400. In some region, the side mode could be 

found, although it is very weak. It could be avoided by better fabrication process including 

the electrode optimization, oxidation optimization and the grating forming optimization. 

The grating depth and etching depth may be critical, but it could be improved and be used 

to get narrower beam divergence [7].  



Chapter 3 Field of view and resolution enhancement of VCSEL beam scanner 

 

117 

 

 

Fig. 3-30 The overlapped FFP of counter-propagation beam scanner (Top: left-emitting 

beam scanner; Bottom: right-emitting beam scanner) and 

 

Fig. 3-31 The beam divergence of counter-propagation beam scanner (Top: left-emitting 

beam scanner; Bottom: right-emitting beam scanner) and 
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Chapter 4 

2D beam steering with enhanced field of view and 

resolution 

 

In this chapter, 2D beam steering will be demonstrated by integration of VCSEL beam 

scanner array and by cylindrical lens. The field of view and resolution will also be 

enhanced by DOE-based optics.  

4.1 Principle of 2D beam steering and FoV/resolution enhancement 

4.1.1 Principle of fan beam collimation and focal-plane-based 2D beam 

steering 

Before talking about the principle. The importance of 2D beam steering should be 

estimate. 2D beam steering means spot pattern beam steering in orthogonal two directions 

spot by spot. Compared to the fan beam scanning in one direction, spot beam means better 

power concentration and larger power density. For instance, if a fan beam with fan angle 

𝛿𝜙 of 10° was collimated to a spot with beam divergence of 0.1°, assuming the beam 

divergence in orthogonal direction 𝛿𝜃 is unchanged. The power density (power/mm2) 

should be improved by 100 times. Reflecting on the FFP measurement, the intensity of 

spot beam will be large then spot beam by 100 times.  

Beam collimation is usually completed by collimation lens [1][2,3] as shown in Fig. 

4-1.The collimation lens could be a concave lens. However, for the fan beam the 

collimation is only needed in the extended direction, in our case 𝜙 direction. It is wanted 

that in the orthogonal 𝜃, the beam could be propagating as it is, so the cylindrical lens 

will be adopted in the collimation of our fan beam emitted by the beam scanner. 
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Fig. 4-1 The collimation schematic by using a collimation lens 

  The beam divergence after collimation is related to the original beam divergence and 

the focal length of cylindrical lens. Assuming the diffraction-limited beam collimation is 

completed when 𝑀2=3 and assuming the original beam divergence 𝛿𝜙 is about 10°. 

The intensity improvement by beam collimation could be obtained in Fig. 4-2. 

 

Fig. 4-2 The intensity improvement of collimation by lens with different f 

  It could be found by collimation, the intensity improvement of more than 100 could be 

obtained when the focal length of >10mm. However, when the lens is placed at a fixed 
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distance to make collimation for the beam emitted in a specialized angle, if the beam is 

steered away, the focal length for the new beam will be changed due to the curvature 

variation at emission plane and the distance between the scanner and lens in emission 

plane is also changed. It will destroy the collimation condition as shown in Fig. 4-3 [4][5] 

that previously discussed for slow-light photonic crystal beam scanner.  

 

Fig. 4-3. Defocusing with beam steering [4][5] 

  This phenomenon limits the scanning angle of beam steering. By using a cylindrical 

lens with focusing length of 20mm, in around 5° steering range, the focusing condition 

could be maintained well. The collimation degradation will strengthen the beam intensity 

and power intensity variation. Sometimes, even giving up the beam steering range, the 

collimation condition should be maintained. 

  Then, the principle of 2D beam steering will be discussed. The beam steering in 𝜃 

direction has been discussed before. To realize the beam steering in the 𝜙 direction. The 

focal-planed based beam scanner array should be adopted. The principle could be found 

in Fig. 4-4. When the beam scanner array was aligned in the 𝜙 direction, depending on 

the relative position of beam scanner element and cylindrical lens. The refraction angle 
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though the cylindrical lens is also different. Each time, only one scanner will be operated. 

By switching the scanners in the array one by one, the beam steering in 𝜙 direction could 

be realized. And the beam steering space angle 𝜙𝑟𝑒𝑠 and total scanning range ∆𝜙 could 

be calculated as shown in Eq. 4-1 and 4-2. The resolution number is simply equal to the 

number of scanners integrated in the array 𝑁.    

𝜙𝑟𝑒𝑠 = 𝑡𝑎𝑛−1(𝑠 𝑓⁄ ) 

∆𝜙 = 𝑡𝑎𝑛−1[(𝑁 − 1) 𝑠 𝑓⁄ ] 

(4-1) 

(4-2) 

 

Fig. 4-4. Beam steering principle in 𝜙 direction 

where 𝑠 is the space between neighboring scanners in the array and 𝑓 is the effective 

focal length (EFL) of cylindrical lens. It is noted that the effective focal length is not the 

focal length of the cylindrical lens. It is also related to the incident angle of beam in 𝜃 

direction. Based on the Eq. 4-1-4-2, the ∆𝜙  dependence on effective focal length of 

cylindrical lens could be estimated assuming the 𝑠=200um as shown in Fig. 4-5. It could 
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be used to realize the field of view of >30° by using 16, 32, 64 scanners with proper 

effective focal length. Another important thing is the numerical aperture (NA) of the 

cylindrical lens. When the EFL is small, if the total area of scanner array is large, the 

required NA of cylindrical lens may be impractical. For example, when the N=64, the 

total area of beam scanner array is 12.8mm. If EFL is 5mm, the required NA will be >1. 

Although it could be used to realize much larger FoV, the cylindrical lens with NA>1 is 

impractical unless the meta surface technology was introduced [6–8]. In this calculation 

the NA is assumed to be <0.5, which is a promising value for commercial manufacturing. 

 

Fig. 4-5. The ∆𝜙 dependence on effective focal length 

4.1.2 Principle of FoV and resolution enhancement of 2D beam steering 

After knowing the principle of beam steering in 𝜙 direction. The previous discussions 

about FoV enhancement could be applied here. If only the beam steering range should be 

enhanced in 𝜃 direction, the DOE could be directly placed on the cylindrical lens. It is 

noted that as mentioned before the original beam steering range was limited due to the 

concern about collimation degradation. The DOE ③ with separation angle of 4° was 

chosen. It also has 10 spot. The fabrication process of 10-spot DOE is not absolutely same 
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as odd number spot DOE. The 21 order grating should be firstly considered to design the 

pitch size Λ as Eq. 4-3. And then the odd orders will be suppressed by microstructure 

within the pitch. 

Λ =
𝜆

sin (𝜃𝑠/2)
 (4-3) 

  The DOE could be directly stacked on the cylindrical lens cooperated with the prism 

mirrors mentioned in the previous section to make the beam cover the vertical direction 

as shown in Fig. 4-6. Also, the counter propagation integration could be applied here to 

make the FoV double. However, for the 2D beam steering devices, to make the beam 

steering in 𝜙  direction of counter-propagation in the same angle. The counter-

propagation should be aligned side by side as shown in Fig. 4-6. From the font view, it is 

absolutely same as previous 1D beam steering, while form the side view it will be like 

the Fig. 4-4. 

 

Fig. 4-6 Schematic of 2D beam steering  

To evaluate the possibility of the system, the ray-tracing simulation was completed 

in Zemax. To simulate the system in Zemax, the system shown in Fig. 4-7 was established 

to simulate the real system, where the light source was assumed to an angular light source 
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with emission area of 2mm×3𝜇m  and original beam scanning range of 𝜃′=50°~54°. 

The light source has the beam divergence in both directions of 𝛿𝜃 = 0°, 𝛿𝜙=10°. The 

prism mirror was replaced by a planar reflector with full reflectivity. The cylindrical lens 

was assumed to be a commercial lens that was produced by Thorlabs AYL2520-B. The 

DOE was performed by the diffractive grating with beam splitting. 

 

Fig. 4-7 The system simulated in Zemax 

Firstly, the collimation condition should be confirmed without DOE, where the 

counter-propagation scanner was assumed, and cylindrical lens and prism mirror was 

equipped as the sub system shown in Fig. 4-8 (reflector is not shown in the figure, but in 

the simulation, it was added). The simulated result was shown in Fig. 4-9. In the 

simulation, the beam steering was assumed to be 5 steps from 50°~54°. After reflection 

by the reflector and collimation by the cylindrical lens, the FFP was shown in Fig. 4-9. It 

could be found that the beam could be well collimated by the lens in the entire beam 

steering range of 4°.   
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Fig. 4-8 System used to simulate the collimation of a cylindrical lens 

 

Fig. 4-9 Simulated FFP of collimation of beam steering range 

  The DOE was simply added on the cylindrical lens. The DOE was assumed as near as 

possible to the real DOE. It is a 10-spot diffractive beam splitter with separation angle of 

around 4°. It is noted that the detailed intensity variation due to the microstructure in the 

DOE pitch could not be simulated in the simulation. The system was shown in Fig. 4-10 

and the simulation result could be found in Fig. 4-11. The assumption of light source is 

absolutely same as previous simulation. It could be found that the FoV could be enhanced 

to 70° with good collimation condition. 
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Fig. 4-10 System used to simulate the FoV enhancement of a cylindrical lens 

 

Fig. 4-11 Simulated FFP of collimation of beam steering range 

  Then the overlapped 2D beam steering availability was simulated. In the simulation a 

10-scanner counter-propagation scanner array was simulated as shown in Fig. 4-12, where 

the space between two neighboring elements is 0.5mm, because in the real fabrication the 

0.5mm was chosen. The Simulation result was shown in Fig. 4-13, the FoV in the 𝜙 

direction is around 15°, which is consistent with the result calculated by Eq. 4-2. And the 

collimation condition could be greatly maintained in the whole beam steering range. At 
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around 𝜃 =0° , the beam from counter-propagation beam scanners are overlapped to 

indicate the vertical direction was covered. 

 

Fig. 4-12 System used to simulate 2D beam steering 

 

Fig. 4-13 Simulated FFP of collimation of 2D beam steering  

  The FoV and resolution enhancement in the 𝜙 direction Δ𝜙 is also very important. 

Although from Eq. 4-2 it could be known that the Δ𝜙 could be increased by shortening 

the EFL and increasing the number of beam scanners in the array, the EFL is limited by 

the module height that discussed previously because the focal length could not be smaller 
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than the height of prism mirrors. Another concern is difficulties in integration of more 

beam scanners. 64 scanners integration in the array is already difficult and will greatly 

decrease the yield. The method of using smaller number of scanners to realize enough 

resolution is very important. Considering the FoV and resolution enhancement of 1D 

beam steering in 𝜃  direction, the enhancement in 𝜙  direction by using DOE is also 

possible as shown in Fig. 4-14, where the different color indicates light from different 

scanner. 

 

Fig. 4-14 The schematic of extending FoV in 𝜙 direction 

In this case the 2D DOE with micro structured in two direction could be introduced. The 

availability of using 2D DOE to enhance the FoV and resolution of 2D beam scanning 

was also simulated by establishing the system shown in Fig. 4-15. Thanks to the 

enhancement of FoV and resolution in 𝜙 direction, 10-scanner array may not be required. 

Here a 6-scanner array with space of 0.5mm was assumed to illustrate the function. Here, 

10×7 DOE with separation angle of 4°×6° was assumed. In this simulation the 

observation plane was assumed as a x-y domain plane while in the previous simulation as 

an angular space plane, because in the experiment we used free-space measurement for 
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2D beam steering with 2D DOE. 

 

Fig. 4-15 System to simulate 2D beam steering with 2D DOE 

The simulation result was shown in Fig. 4-16. It shows the result that the 2D beam 

steering range was enhanced to 68° × 45° by using only 6 scanners and the cylindrical 

length with EFL of about 20mm. At the same time, the resolution in 𝜙 direction is also 

increased to 42.  

 

Fig. 4-16 Simulated FFP of 2D beam steering with using a 2D DOE 

4.2 Experimental result of 2D beam steering with enhanced 
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FoV/resolution enhancement 

4.2.1 2D beam steering with 1D FoV and resolution enhancement 

The measurement setup of 2D beam steering is shown in Fig. 4-17 and the photo of 

fabricated device was also shown in Fig. 4-18. Al though more than 20-scanner array was 

fabricated, considering the continuous well-worked devices, only 5-scanner array were 

selected. The space between scanners are 0.5mm and the length of scanner and slow-light 

VCSEL are 2mm and 0.5mm respectively. As the previous 1D beam scanning, the prism 

mirror was put on the chip. Between the 10-spot DOE and prism mirror, a cylindrical lens 

was inserted. The prism mirror could be redesigned to support the cylindrical lens. The 

DOE could be placed on the planar plane of a convex-Plano cylindrical lens. 

 

Fig. 4-17 Measurement setup of 2D beam steering 

 

Fig. 4-18 Top-view photo of beam scanner array 
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  Firstly, the measured FFP when the 𝐼𝑉𝐶𝑆𝐸𝐿   steered from 60mA to 210mA without 

DOE is shown in Fig. 4-19. The cylindrical lens was inserted and was placed at the 

position to get the best collimation condition though the whole beam steering range. The 

FoV in 𝜃  direction Δ𝜃  is about 4 °  and the collimation condition could be also 

witnessed from the FFP. After collimation the beam divergence in both directions was 

expanded to 0.12° in 𝜃 direction and collimated to 0.1° in 𝜙 direction. The 𝛿𝜃 was 

expanded due to the abbreviation of cylindrical lens. It may reduce the resolution in 𝜃 

direction 𝑁𝜃 to around 40 but still enough to applications after adding the DOE. The 

comparison of collimated spot beam and fan beam was also demonstrated as shown in 

Fig. 4-20. The two figures were captured when the cylindrical lens is added and not added. 

The left figure is for collimated spot with cylindrical lens and the observation filter is 

0.01%. The observed intensity is about 980 units. The right figure shows the FFP directly 

captured by the camera without any optics. The beam was observed when the filter is 

0.25%. It could be obtained that the intensity of a spot beam could be 160 times as large 

as that of fan beam. If a 10-spot DOE is inserted, the intensity may be reduced to 1/10, 

but still 16 times improvement of intensity could be obtained.  

 

Fig. 4-19 Collimation condition of beam scanner by a cylindrical lens 
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Fig. 4-20 Comparison between collimated beam and fan beam 

The FFP after adding a DOE was shown in top figure Fig. 4-20 for static 𝐼𝑉𝐶𝑆𝐸𝐿  and in 

bottom figure for scanned 𝐼𝑉𝐶𝑆𝐸𝐿 . The single spot was split to 10 spots with separation of 

about 3.5°, when the static 𝐼𝑉𝐶𝑆𝐸𝐿= 192mA and 183mA for left- and right-emitting beam 

scanners. Then by tuning the 𝐼𝑉𝐶𝑆𝐸𝐿  to 70mA and 60mA, the overlapped beam covering 

all the separation could observed. It indicates the total FoV Δ𝜃 of 64° and the 𝑁𝜃 of 

around 450. Then the 2D beam steering measurement will be carried out by using the 

scanner array. To show the potential for the beam scanner, although only 5 scanners were 

fabricated, by moving the cylindrical lens laterally, the 15 virtual beam scanners were 

formed. Because the cylindrical lens was moved, the relative position of beam scanner 

and cylindrical lens will also be changed. Although the position of beam scanner is not 

changed, the light from beam scanner will be diffracted to the other direction. It is same 

to move the beam scanner chip to form the virtual beam scanner.   
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Fig 4-20 The 1D spot beam steering by cylindrical lens and DOE 

  The overlapped FFP of 20-scanner array 2D beam steering is shown in Fig. 4-21. It 

could be seen that the whole FoV Δ𝜃 × ∆𝜙 of 64° × 14° was covered by switching the 

20 scanner (5 real scanners + 15 virtual scanners )in the array. The beam divergence was 

also measured for the measured spots as shown in the bottom figure of Fig 4-21. The 

average beam divergence was around 0.14° × 0.1° (𝛿𝜃 × 𝛿𝜙). It indicates the resolution 

points number of 450 in 𝜃 direction and 20 in 𝜙 direction. That is to say the totally 

resolution points number could be >9,000. The zoomed figure shows one of the spot, it 

could be seen that the collimation was well obtained. However, through the who beam 

steering range, quality of some spots is poor. It may result from the performance variation 

of different beam scanner and different operation current. Also, the limited aperture of 

FFP camera may also have effect to the observed FFP. The stage vibration will also affect 

the performance of the beam scanner under direct contact current injection. The wire and 

die bonding process may improve the vibration. Although in this experiment, only 5 real 

scanners were used, thanks to the good integrability of VCSELs, it is easy to fabricate 

more devices by better fabrication process and thus improve the resolution in 𝜙 direction. 
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Fig 4-21 2D beam steering and beam divergence measurement 

4.2.2 2D beam steering with 2D FoV/resolution enhancement  

Differed from the separated counter-propagation proposed in the previous section. 

Recently, the waveguide-shared counter-propagation-switchable beam scanner was 

proposed and fabricated. The schematic was shown in Fig. 4-22. Most of things are 

similar to the separated counter-propagation scanner including two slow-light laser and 

operation function. The important difference is the light from two slow-light laser will be 

coupled to the same slow-light waveguide in the opposite direction. It will lead to counter-

propagation of light by switching the operation slow-light VCSEL. The design of slow-

light VCSEL and waveguide are same as previous section. The fabrication process is also 

same, where the length for slow-light VCSEL and VCSEL beam scanner are still 0.5mm 

and 2mm. The merit of this device is firstly smaller device size. The chip size could be 

half of separate counter-propagation beam scanners. Another thing is the yield, when the 
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processed area is getting smaller, the yield will also be increased correspondingly. 

 

Fig 4-22 Schematic of waveguide-shared counter-propagation-switchable beam scanner 

  To realize the 2D beam steering, 6-scanner array was also fabricated as demonstrated 

in Fig. 4-23 and the top-view photo of device is shown in Fig. 4-24. The scanners were 

fabricated with space of 0.5mm. Despite the waveguide-shared devices, the slow-light 

laser-shared devices could also be fabricated as shown in Fig. 4-25. 

 

Fig. 4-23 The schematic of waveguide-shared beam scanner array 
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Fig. 4-24 The top-view photo of waveguide-shared beam scanner array 

 

Fig. 4-25 The top-view photo of VCSEL-shared beam scanner array 

  The merit of VCSEL-shared beam scanner is the smaller area of slow-light laser. 

Because only half region of previous double slow-light VCSEL devices need to be EB 

lithographed, the cost could be better. In this experiment, only the waveguide-shared 

devices were measured. The schematic of waveguide-shared scanner array assisting with 

lens and DOE was shown in Fig. 4-26. The basic principle and structure are almost same 

as separate counter-propagation beam scanner.  
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Fig. 4-26 The schematic of 2D beam steering system 

  Then the 2D beam steering measurement will be carried out. When switching the 

scanners in the array, the NFP could be observed as shown in Fig. 4-27, where the right-

emitting scanner in the second scanner and left emitting scanner in the sixth scanner were 

operated. The other scanners could be operated by same method. This NFP was captured 

at the vertical direction by the camera to capture the light from counter-propagation 

scanners. Actually, the main emission direction, as mentioned before, is in the right or left 

direction. By observing the NFP from proper emission direction the clear slow-light mode 

could be observed as NFP shown in Chapter 2. 

 

Fig. 4-27 NFP of switching the scanners in the array 
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  Because the scanner array consists of 6 scanners with a spacing of 500𝜇m, so the chip 

size is as small as <3mm× 3mm. By adding a same cylindrical lens with previous 

experiment and 2D DOE of 10×7 spots with separation angle of 6° × 4° , the far field 

pattern (FFP) reflected by a flat target were measured. The static FFP was shown in Fig. 

4-28 when the fixed 𝐼𝑉𝐶𝑆𝐸𝐿=50mA and 𝐼𝑠𝑐𝑎𝑛𝑛𝑒𝑟=200mA were injected to the counter-

propagation seed VCSELs and the scanner, respectively. The FFP was measured by free 

space. It means the emission light will be reflected by a flat diffuser and then received by 

a conventional infrared CMOS camera. Why the previous FFP analyzer is not used 

anymore is that the aperture of FFP camera is so small to capture all the light when beam 

steering. In Fig. 4-28, it could be found 10×7 spot beams with a narrow beam divergence 

of below 0.1° were obtained. By tuning 𝐼𝑉𝐶𝑆𝐸𝐿  from 50mA to 210mA and switching 6 

scanners one by one, the 2D beam scanning field of view of > 70° × 45° were witnessed 

in Fig. 4-29. The details of beam divergence in a single order could be measured by a FFP 

analyzing camera as shown in the zoomed figure. The average beam divergence of all 

beams in this order is <0.1° × 0.12°. The beam divergence in different orders will be in 

the same scale, so the number of total resolution points reached > 33,000 (800×42)  

 

Fig. 4-28 Static FFP of beam scanner with 2D DOE 
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Fig. 4-29 Overlapped FFP of 2D beam steering when beam steering 
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Chapter 5 

3D sensing applications using VCSEL beam scanner 

 

In this chapter, primary application of VCSEL beam scanner in 3D sensing including 

structured-light sensing and LiDAR will be demonstrated. The advantages of VCSEL 

beam scanner in real application will be also discussed.  

5.1 Application of VCSEL beam scanner in structured-light sensing. 

5.1.1 Principle of structured-light sensing based on VCSEL beam scanner 

Structured-light sensing is a kind of high-accuracy 3D sensing technology for short-range 

application mainly shape modelling, for example face identification [1 – 3]. The 

schematic of structured-light sensing based on VCSEL beam scanner was shown in Fig. 

5-1 for a spheric object. It was composed of a beam scanner, a CMOS sensor, and a target. 

The controlling and synchronization system is also needed, but they were not shown in 

this figure. It could be seen that if the fan beam generated by the bean scanner is 

illuminated to an objected with depth fluctuations, the beam disparity will be found in the 

imaging plane of CMOS sensor. The disparity corresponds to the shape of the target. 

Based on the disparity received by the camera, the shape and depth information could be 

obtained. In our experiment, for simplicity of the experimental system, algorithms and 

analyzing method. A step object used in Fig. 5-2 was formed by two board sticking, where 

the former board has thickness of about 3mm. The two boards has similar reflectivity of 

larger than 90%. As shown in Fig. 5-2, when measuring the target depth, a reference plane 

should be set for obtaining a referred image when illuminating a planar object at know 

distance for calibration. The detailed depth obtaining principle could be found in the 
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image received by the camera shown in Fig. 5-2.  

 

Fig. 5-1 The schematic of structured-light sensing based on the VCSEL beam scanner 

 

Fig. 5-2 The schematic of structured-light sensing in the experiment 

  The calculation method could be found in the top-view figure of schematic (From y 

axis) shown in Fig. 5-3. The reference plane could placed in front of or behind the object, 
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but it is needed to set the reference plane near to the target depth to get high absolute 

measurement accuracy due to suppression of symmetrical error. The reference could be 

set away from the target depth if the calibration that will be shown later could be finished 

covering the target depth. 

 

Fig. 5-3 The top-view of the structured-light sensing system 

  In this figure, the distance between the scanner and camera is b, the focal length of 

camera is f, the distance between reference plane is D, the target depth between reference 

plane and target plane is 𝛿𝑑. It could be found that for the target plane at different depth, 

the ∆𝑥 on the focal plane of camera will be different, so the depth could be obtained by 

∆𝑥 and calibrated parameters of b, f, D. as the following Eq. 5-1 [4], 

𝛿𝑑 =
∆𝑥𝐷2

𝑓𝑏 ± ∆𝑥𝐷
 5-1 

where although the 𝑑 is not the absolute distance in the world coordinates of camera. It 

is enough to plot the curve of target shape, which is enough for real applications. The 

calibration method shown in Fig. 5-4 will be used to estimate the parameter b, f, D. 
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Fig. 5-4 The calibration method of parameter of b, f, D. 

  The parameter could be estimated by moving the reference plane from the original 

depth 𝐷 away or closer to the baseline (Line between scanner and camera) by step of 

𝛿𝐷 and measuring the disparity of received fan beam in the imaging plane of camera 𝛿𝑥 

as Eq. 5-2, 

1

𝑁𝛿𝐷
=

1

𝛿𝑥𝑁

∙
𝑓𝑏

𝐷2
+

1

𝐷
 5-2 

where it could be easily found that 
1

𝑁𝛿𝐷
  has linear relation with 

1

𝛿𝑥𝑁
 . By plotting the 

curve of 
1

𝑁𝛿𝐷
−

1

𝛿𝑥𝑁
, 𝑓𝑏 and 𝐷 could be estimated by regression model. However, there 

might be some systematic error due to the factors including, unprecise reference plane 

moving although we have used a precise motor with moving accuracy of 1um, unprecise 

𝛿𝑥 due to the photon noise, the system placement error for example the base line is not 

parallel to the reference plane and the beam scanning direction is not critically parallel to 

the baseline and so on. It could be corrected by the error correction calibration, especially 

correction in the target depth. The error correction method is as following: 1) reducing 

the 𝛿𝐷 to 1mm and move the reference plane step by step; 2) measuring the depth 𝛿𝑑 
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by previously calibrated f, b,D; 3) Plot the scattering figure of 𝛿𝑑 − 𝑁𝛿𝐷 and make the 

regression training. Each time in the real measurement, the measured depth 𝛿𝑑 should 

be transferred to this curve to do correction. All the calibration and reference plane were 

used before normal measurement. In the real application, it could be finished at 

manufactory procedure. When it goes to users’ hand, no calibration and reference plane 

are needed.  

5.1.2 Off-line structured-light sensing based on VCSEL beam scanner 

The measurement based on Fig. 5-2 was demonstrated. The Fig. 5-5 (a) and (b) are the 

front-view photo and side-view photo of the target respectively. As shown in the figure, 

the measured target, which is placed 35cm away the camera (Imperx C4080), is composed 

of two parts - a Kodak grey card and a Post-Mountable White Polystyrene Viewing Screen 

(with thickness of 3mm) that is tightly attached to the Kodak card. In the measurement, 

the exposure time of camera was set to 5ms and current of 120mA was injected to a 2mm 

device with 3mW coupled light, which brought output power of 15mW. 

 

Fig. 5-5. (a) The front-view photo of target (b) the side-view photo of target (c) the 

image of received pattern reflected by the target 

In the experiment, we varied the wavelength of input light from 842.5nm to 850.5nm by 

18 times, which projected the output beam covering a range of 20cm (30°) ×10cm 
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(16°) at 35cm away from camera. The beam width in the received pattern is about 2mm 

(0.32°) that is much beyond the result shown in FFP of Fig. 5-5 due to limit of device 

size. Though we only steered the beam for 18 times, the number of potential resolution 

points could reach 100 points (20cm/2mm), if steering the beam continuously. 

The projected beam of beam scanner would bends as shown in Fig. 5-5 (c). Through the 

way beam bends, we could obtain the 3D information of target as Fig. 5-6 (a) shows. A 

distinct bound of the front plane and behind plane could be observed in this figure. From 

Fig. 5-6 (b), the profile of depth could be clearly seen. The slight fluctuation of the depth 

could also be observed due to noise. 

 

Fig. 5-6. (a) Depth image of target (b) Depth profile of target 

The depth measurement of the same target placed 4.7m away from a CMOS camera is 

demonstrated. In the experiment, we chose a 2mm-beam-scanner device with injected 

current of 200mA that make the output power of beam scanner 60mW and used an 

acA1300-75gm camera with an exposure time of 1ms, focal length of 50mm and pixel 

size of 4.8 𝜇m. Firstly, the target was placed at 4.7m away from the CMOS sensor and 

then moved 30cm farther from the CMOS camera using a Thorlabs electronic stage with 

a moving accuracy of 5 m as in Fig 5-7 (a). The reflected stripe beams of the target 

placed at 4.7m and 5m are obtained as shown in Fig. 5-7 with a beam width of 11.2 mm. 
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We could see a slight displacement of them as discussed in the last section. Then we 

scanned the stripe beam by changing the wavelength of an input light from 844.5nm to 

845.0nm, which covers a detected range about 14.9cm×14cm, but despite field of view 

of the camera, the beam could steer a much larger range of 1.3 m×2.6 m at 5m away 

from the beam scanner, which also corresponds 200 lateral resolution points. 

 

Fig. 5-7. (a) The target placed at about 4.7m and 5m (b)Received pattern reflected by 

the target placed at 5m and 4.7m 

 

Fig. 5-8 (a) Depth mapping of target (b) depth profile of one-strip measurement 

  About the depth accuracy. Firstly, we need to clearly define the accuracy in our analysis. 

There are two kinds of accuracy in mathematical analysis, displacement error that reflects 

the absolute difference between real value and measured value, and wobbling error 

(Standard deviation) that evaluates the stabilities of measurement. We will focus on the 
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wobbling error of measurements because when the threshold is higher than 𝑁𝐵
̅̅ ̅̅ + 3𝜎𝐵, 

the displacement error will be much smaller than wobbling error, where 𝑁𝐵
̅̅ ̅̅  is the 

average of background light in received images, 𝜎𝐵  is the standard deviation of 

background light. 

To evaluate the accuracy of sensing, we summarize the procedures to obtain the depth 

data of target (as shown in Fig. 5-9) and find the factors in the process that is likely to 

affect the accuracy. 

 

Fig. 5-9 The diagram illustrates the process from received image to obtaining depth data  

The first step is to crop the original image into a small image with less pixels and make 

the center of image about 100 pixels away from the center of a received beam in order to 

reduce the processing time and improve the accuracy. A threshold should be set to reduce 

the influence of background light where we set the threshold 𝑇 to the most optimized 

value [5]:  

𝑇 = 𝑁𝐵
̅̅ ̅̅ + 3𝜎𝐵 5-3 

where 𝑁𝐵
̅̅ ̅̅  is the average ADUs of background light in received image, 𝜎𝐵 is standard 

deviation of background light. 

 After this procedure, the image will be subtracted by the threshold 𝑇 and then 

processed by conventional centroid extracting algorithm or Steger center extracting 

algorithm [6,7]. Here for high-speed processing, assuming that 𝑈 = ∑ 𝑥𝑖𝑁𝑖
𝐿
𝑖=1 , 𝑉 =
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∑ 𝑥𝑖𝑁𝑖
𝐿
𝑖=1 , conventional centroid algorithm is adopted and the 1D centroid 𝑥′𝑐 in the 

cropped image could be obtained by:  

𝑥′𝑐 =
𝑈

𝑉
  5-4 

Where 𝑥𝑖 is the x coordinate of 𝑖th pixel, 𝑁𝑖 is the ADUs in this pixel. In this 

procedure, the result of centroid is likely to be affected by various kinds of noises, such 

as readout noise, offset of a camera, shot noise of background light, background light 

level, shot noise of received beam and speckle noise.  

In the next step, the 𝑥′𝑐 in a cropped image will be transferred to the centroid 𝑥𝑐 in 

the original image. Finally, the difference ∆𝑥 between centroid in measured image 𝑥𝑐 

and the centroid in reference image 𝑥𝑐0 could be combined with Eq. (2) and obtain the 

depth data. Therefore, we could find that the accuracy due to various noises 𝜎𝑑  is 

reflected on the error of centroid extracting 𝜎𝑥𝑐
 or  𝜎𝑥′𝑐

 and the parameters in Eq. (2) 

as:  

𝜎𝑑 =
(𝐷 + 𝛿𝑑)2𝑠𝜎𝑥𝑐

𝑓𝑏
  5-5 

where 𝑠 is the pixel size of a camera. It could be found that the accuracy is related 

to the measured distance 𝐷 + 𝛿𝑑  and the centroid extraction of the received beam, 

which is related to the noise source including the camera self-noise, shot noise and speckle 

noise. Even if the noise source is not strong and 𝜎𝑥𝑐
 is very small, depending on the 

measured depth increasing the accuracy will be poorer and poorer rapidly, which is why 

the structured-light sensing is difficult to be used in long-range measurement. 

5.1.3 Real-time structured-light sensing based on VCSEL beam scanner 

By using a VCSEL beam scanner integrated to a conventional VCSEL, the electrical beam 
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steering could be realized. It provides the opportunity to realize the real-time structured-

light depth sensing by using the schematic shown in Fig. 5-10. It was almost same to the 

Fig. 5-2, but the synchronization system was added, and a mirror is used to direct the 

propagation direction of the emitted light. 

 

Fig. 5-10 Schematic of real-time beam scanning sensing 

  The synchronization was realized by pulse generators, function generators and camera. 

The first pulse generator was used as a clock pulse train to trigger the pulse controlling 

signal for scanner, camera and VCSEL, where the camera and the scanner will share the 

same controlling signals and work at the same time, but the pulse for scanner should be 

amplified to supply enough current to the scanner. The function generator is used to 

provide the signal to drive the VCSEL. In this system the VCSEL signal is a 20-step signal 

to make 20-step beam scanning. In details, the signal generated by the clock pulse 
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generator 1 will be split to two path: First path is to function generator to provide the 20-

step upstairs signal with period same to the clock period 𝑇𝑐𝑙𝑜𝑐𝑘; Another path is to a pulse 

generator 3 to trigger 20 pulses with period of 𝑇𝑐𝑙𝑜𝑐𝑘/ 20. The duty ration could be 

depending on the application, where the 72% was used in this experiment. Then the pulse 

train from generator 3 will go to trigger the camera shuttering and amplifier (when the 

current is enough for scanner, it is not needed.). Finally, the pulse train from amplifier 

will go to beam scanner. That is to say that the beam scanning frequency 𝑓𝑠𝑐𝑎𝑛 =1/𝑇𝑐𝑙𝑜𝑐𝑘, 

the camera shuttering speed 𝑓𝑐𝑎𝑚𝑒𝑟𝑎 , the total number of beams per frame 𝑁𝑦𝑡𝑜𝑡𝑎𝑙  and 

the scanning step per frame 𝑁𝑦 has following relation:  

𝑁𝑦𝑡𝑜𝑡𝑎𝑙 =  𝑓𝑐𝑎𝑚𝑒𝑟𝑎 = 𝑁𝑦𝑓𝑠𝑐𝑎𝑛  5-6, 

  Because of using the mirror, the disparity in 𝑥  direction will become that in 𝑦 

direction, so the ∆𝑥 in Eq. 5-1 should be replaced by ∆𝑦. By using the similar step-

target to do the real-time measurement, the parameters used in Table 5-1 could be realized. 

By using the parameter and system, the real-time structured-light could be demonstrated 

in the Fig. 5-11. The Fig. 5-11 (a) shows the reflected pattern by a step target, it could be 

seen that the clear cleave between the target could be seen. The resolution in x 

direction 𝑁𝑥  is 500 (determined by the resolution of camera), and 𝑁𝑦=20, so the total 

resolution could be 10,000 with the framerate of 10Hz and low output power of 1mW. 

The Measurement target depth was shown in Fig 5-11 (b) and (c). The accuracy of A, B, 

C, D were estimated to be stable at around 0.3mm, because the experiment was finished 

indoors and the shot noise and background noise could be neglected while the speckle 

noise may be the main noise source. 

Table 5-1 Parameters used in the real-time structured-light sensing 



Chapter 5 3D sensing applications using VCSEL beam scanner 

 

153 

 

 

 

Fig. 5-11 The measurement result of real-time structured-light sensing 

  The real-time measurement could be witnessed by capturing the continuous-frame 

image as shown in Fig.5-12. In this figure, the 10 frames in 1 second was captured. It 

could be found that the good depth information stability could be obtained.   
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Fig. 5-12 The measurement result of real-time structured-light sensing 

  Actually, in this experiment the beam steering range is only 6°. Sometimes more than 

30° may be needed for completed shape modelling. In this case, as shown in previous 

section, a DOE could be used to enhance the FoV of the beam scanner. The free-space 

measurement of a target are shown in Fig. 5-13, where (a) shows the beam beam scanning 

module schamtic and (b)(c)(d) shows the object photo, static FFP and scanned overlapped 

FFP. In this measurement a 10-spot DOE was introduced, the FoV could be enhanced to 

40°, which is enough for most of applications. Besides, the resolution 𝑁𝑦 could be also 

increased to 100 beams. In the real-time structured-light sensing measurement, only 𝑁𝑦 

and framerate of 10fps was used due to the limited camera speed. Without DOE, 𝑁𝑦=100 

and framerate of 10fps need high-speed camera with speed of 1000fps. By using DOE, 

because 10 beams could be illuminated at the same time, the camera with speed of 100fps 

is enough, which is very easy even for mobile cameras. Considering the 𝑁𝑥 =500, the 

total resolution number could be 50,000 by using the camera. The 𝑁𝑥 is related to the 

maximum pixel number of camera, so it could be increased by using a camera with better 
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resolution. Actually, for most of structured-light sensing light projector using the random 

dot projector, the resolution could not reach the pixel limitation, because the requirement 

of pattern coding [8]. Binary coded [9] or phase coded [10] line patterns could reach the 

pixel-limit resolution but the projector size is very large . The VCSEL beam scanner may 

be the first mm scale projector proving the pixel-limit resolution.  

 

Fig. 5-13 FoV enhancement for structured-light sensing 

  To see the potential of this system for higher resolution, the exposure time of camera 

was reduced based on the Eq. 5-7 to simulate the power and noise condition when the 

resolution is higher, 

𝑡 = 0.72/𝑁𝑦𝑡𝑜𝑡𝑎𝑙  5-7 

because the higher-resolution will reduce the light energy received by the camera per data 
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points. For example, if the total energy is 1J, if the resolution in 100, the energy per point 

is 0.01J, while if the resolution is 1000, the energy per point will become 0.001J. This 

principle is also suitable to simulate the framerate increasing. For example, for 10fps, the 

energy is 1J per frame, while for 100fps, the energy is 0.1J per frame when the power of 

projector is unchanged. The depth accuracy when increasing the 𝑁𝑦𝑡𝑜𝑡𝑎𝑙   and make 

𝑁𝑥 =500 is shown in Fig.5-14 (Dashed line: outdoor; Solid line: indoor). 

 

Fig. 5-14 Relation between 𝑁𝑦𝑡𝑜𝑡𝑎𝑙  and depth accuracy 

  It could be found that even if the 𝑁𝑦𝑡𝑜𝑡𝑎𝑙   is increased to 2,000, the sub-mm scale 

accuracy could be obtained even for outdoors measurement. This configuration could be 

suitable for 𝑁𝑦=100 and framerate is 20fps if a camera with 2000fps could be used. When 

a 10-spot DOE is introduced the 𝑁𝑦  could be 1,000 and make the total resolution 

𝑁𝑦 × 𝑁𝑥 =500,000. The power penalty due to DOE could be compensated by increasing 

power from 1mW to 10mW. The performance comparison between different kinds of 

current structured-light sensing is shown in Table 5-2. 

Table 5-2 The performance comparison between different kinds of current structured-
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light sensing 

 

  It could be found that the VCSEL beam scanner has potentially highest resolution and 

lowest optical power requirement than other structured-light sensing. Besides, the module 

size of VCSEL beam scanner could be managed within mm scale, which could be 

compatible with mobile devices. 

5.2 Application of VCSEL beam scanner in LiDAR  

This part is introducing the application of VCSEL beam scanner that was used in LiDAR 

system, which is completed mainly by other members in our Lab. The measurement 

system was shown in Fig. 5-15 [11]. The light generated by the beam scanner will be 

illuminated to the object and received by a indirect ToF camera. By estimating the flying 

time between the illumination time and received time of signal. The depth could be 

obtained. In our Lab, the system is based on indirect ToF camera, which uses the charges 

received at different shuttering angle to estimate the time of flight as shown in Fig. 5-16 

[11]. 
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Fig. 5-15 System of LiDAR measurement based on VCSEL beam scanner 

 

Fig. 5-16 The measurement principle of indirect LiDAR 

Assuming the charges received in the shuttering window 1 and 2 are 𝑁1  and 𝑁2 

respectively, the depth 𝑑 should be estimated by Eq.5-8, 

𝑑 =
𝑐𝑇

2

𝑁2

𝑁1 + 𝑁2
 5-8 

where the 𝑐, 𝑇 are light speed and shuttering window time.  

  By using the system the depth was measured when the output power is about 200mW 

indoors as following Fig. 4-7 [11]. 
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Fig. 5-16 The depth image by measuring using the VCSEL beam scanner-based LiDAR. 

  Although the experiment was completed in the indoors environment, the required 

power for the outdoors environment could be estimated as the following table 5-3. 

Table 5-3 Required power estimation without DOE 

 

Table 5-4 Required power estimation with a 10-spot DOE 

 

where the duty ratio was assumed as 0.5% and the power efficiency was assumed to be 

40% that suitable for convention VCSEL. It could be found that the required power for 
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the module with a DOE will be larger than that without DOE, but the increase is not as 

large as spot number because for DOE condition, more shots could be integrated to 

measure the depth, 
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Chapter 6 

Conclusion and prospective 

 

In this chapter, the thesis will be concluded, and the prospective will be discussed.  

 

6.1 Prospective 

6.1.1 Potential FoV and resolution of beam scanner 

As discussed in the Chapter 1, the beam divergence could be narrower by extending the 

scanner length. For 1D beam scanning, the FoV is difficult to further improved but the 

resolution could be enhanced by using longer scanner. The Fig. 6-1 shows the estimation 

of resolution with varied scanner length from 0.1mm to 10mm for three kinds of DOE for 

different kinds of applications. It could be seen that more than 4,000 resolution points 

could be expected for 6mm-long devices. The resolution of 2D beam steering could be 

also increased by increasing the number of scanners integrated in the array. Considering 

the same system as illustrated in section  4.2.1, the resolution could be increased by 

increasing the number of scanners as shown in Fig. 6-2. It could be found that resolution 

of 28,800 is possible. For the 2D-DOE based 2D beam steering module mentioned in 

4.2.2, the resolution could be also increased by increasing the number of spot of 2D DOE 

in 𝜙 direction. In 𝜙 direction of DOE, 15 spot with separation of 5° has been available. 

It could be used to increase the resolution to >60,000 and FoV to >70° × 70° . In 𝜃 

direction, the increasing of separation angle 𝜃𝑠 may be helpful for increasing the FoV 

and resolution, however, larger 𝜃𝑠 may lead to the collimation degradation, it could be 

solved by using focal-length gradient cylindrical lens. 



 

163 

 

 

Fig. 6-1 The resolution of 1D beam steering with scanner length increasing 

 

Fig. 6-1 The resolution of 2D beam steering with 𝑁 increasing 

6.1.2 Smaller module size by introducing prism instead of prism mirror 

The prism mirror is largest element in the total beam steering module. The miniaturization 

of prism mirror will greatly be helpful for more compact beam steering module size. The 

flat optics could be used for replacing the prism mirrors, for example, the blaze grating, 

meta-surface beam deflector [1,2]. Besides, a prism may be a more convenient and cost-

effective way to reduce the module size as shown in Fig. 6-3. 
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Fig. 6-3 The schematic of replacing prism mirrors by prism. 

  In this case, for a 2mm-long device, the module size could be reduced to <2mm. The 

cylindrical lens thickness may be another important factor to affect the module size. Meta 

lens [79,80] could reduce the thickness of cylindrical lens to <1mm.   

6.1.3 FoV and resolution enhancement without DOE for higher power 

density 

For long-range measurement, the power density penalty due to the introduction of DOE 

may be serious. A FoV enhancement method without DOE is important. For the solitary 

beam scanner, the FoV of 30°  has been realized without DOE, but for beam scanner 

integrated to the VCSEL, limited by the tuning range of VCSEL, the maximum steering 

range without DOE is only < 10°. However, if the grating pitch size could be varied, the 

lasing wavelength is also varied and the  deflection angle is also changed as shown in 

Fig. 6-4. 
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Fig. 6-4 Relation between deflection angle and grating 

 It provides the possibility by integrating varied-pitch-grating-loaded-VCSEL integrated 

beam scanners to cover larger FoV even without DOE as illustrated in Fig. 6-5. By using 

the pitch size of 550nm, the FoV of 49-57° could be covered and by using the pitch size 

of 600nm, the FoV of 41°-49° could be covered as shown in Fig. 6-6. By using a prism 

mirror, it could be deflected to 0°-16° and by using counter-propagation scanners, the 

FoV will be increased to -16°-16° even without DOE. Total 32° is sufficient for long-

range LiDAR applications. 

 

Fig. 6-5 Schematic of two-pitch slow-light VCSEL integrated scanners 

 

Fig. 6-6 FFP measurement by using two-pitch beam scanner. 
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  Besides, the cylindrical lens could be used to realize 2D beam steering and counter-

propagation-switchable device could be used to reduce the module size. Thus, we could 

design the flexiable beam scanning method for different applications as shown in Table 

6-1. 

Table 6-1. Different system design for different applications 

Device type DOE FoV 
relative 

intensity 

Detection 

range 

64 Two-pitch counter-

propagation scanners 

No DOE 32° × 32° 100 
Long 

(100m) 

64 counter-propagation 

scanners 
1D 3×1 60° × 60° 33 

Middle 

(50m) 

6 Counter-propagation-

switchable scanner 
2D 10×10 100° × 70° 1 

Short 

(10m) 

  For long-range detection, there are high requirements for power density, so the DOE is 

not equipped and the requirement for FoV could be a little relaxed. To realize enough 

FoV and resolution in 𝜙 direction, the 64 scanners will be integrated. It will also lead to 

larger chip size and higher expense, but for long-range detection it could be relaxed. For 

the middle range detection, the requirement of FoV will be a little increased, so a 3-spot 

1D DOE is equipped. For the short-range detection, the requirement of FoV, size and  

cost becomes critical, so only 6 scanners need to be integrated and a 2D 10×10-spot DOE 

is introduced.  

6.1.4 Higher potential power and narrow pulse width by injecting pulsed 

current to VCSEL 

Currently, the power of integrated VSCEL is only <50mW scale and around 10% power 
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could be coupled into the scanner. Considering the amplification of beam scanner as 30dB, 

the output power could be around 3W. However, for long-range application more than 

10W is required. This is very critical issue for non-mechanical beam scanners including 

OPA and FPSA. To enlarge the output power of beam scanner, one method is to increasing 

the coupled power from VCSEL. The power of VCSEL currently was limited by the 

thermal effect. If pulsed current could be injected in to the VCSEL, the power could be 

more than 100mW, which may excite large output power from beam scanner of more than 

10W. Also, narrow pulse width is also important for LiDAR applications. Current large-

current/voltage pulse generator is difficult to generate ultra-shot pulse width of <1ns. 

However, for the VCSEL beam scanner, the output pulse width is determined by the pulse 

width of both current pulse width of VCSEL and beam scanner. The current injected to 

the VCSEL is much smaller than that for beam scanner, so narrow pulse width 

current/voltage driver is possible. By injecting ultra-narrow pulsed current to VCSEL, the 

optical pulse width of beam scanner could be also narrower. Because the pulsed current 

was injected into the VCSEL, the self-heating thermal effected wavelength tuning is not 

available anymore, an extra heat may be needed to drive the beam scanning. 

6.1.5 Prism mirror functions to compensate the beam curvature 

As illustrated in the previous section, the curved line make lead to some problem for the 

detectors. It is useful to compensate the line curvature by using a curved prism. The 

curved prism was designed as the following figure. Firstly, the curved line could be fitted 

by the parabolic curve. Based on the fitted line, the curvature of the prism could be 

designed. By using this design, the simulation setup was established in Zemax. It could 

be used to simulate the change of curvature after being reflected by the prism. 
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Fig. 6-7 The designed prism for compensation of beam curvature 

  The simulated result was shown in Fig. 6-8, it could be found that the curvature was 

compensated. 

 

Fig. 6-8 The simulated beam in Zemax after being reflected by the prism 

6.2 Conclusion 

In this thesis, the principle and schematic of solitary beam scanner based on VCSEL 

waveguide/amplifier was firstly introduced. The device was also successfully fabricated 

based on the conventional VCSEL wafer. Its characteristic was also evaluated including 
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the spectrum, NFP/FFP and power. It covers the FoV of 18° ×14° (∆𝜙 × ∆𝜃) and power 

of more than 3W. The solitary beam scanner was also integrated to a conventional VCSEL 

through wavelength detuning structure and integrated to grating-loaded slow-light 

VCSEL. For conventional VCSEL-integrated beam scanner, it realized electrical beam 

steering of >12° with resolution of >100. For slow-light integrated beam scanner, the 

beam steering range is >7° and the power could be larger than 2W, which could be further 

improved to >10W by injecting pulsed current in both VCSEL and beam scanner side and 

extending the beam scanner length. The scanning frequency could reach >100kHz. 

  A DOE-based optics system and counter-propagation scanner integration was used to 

enhance the FoV and resolution of above-mentioned beam scanner. For 6mm-long 

solitary beam scanner, the record large FoV of >100° ×14° and resolution of >4,000 was 

obtained. For the VCSEL-integrated beam scanner, the electrically-driven 1D beam 

steering of >100° was also realized with resolution of >1,400, which is compatible for 

almost all the 3D sensing applications and has great potential for miniaturized package 

size. Besides, by extending the scanner length the potential resolution of >4000 is also 

possible. The size of total module for 2mm-long scanner currently is 6mm scale and could 

be reduced to 2mm by replacing the prism mirror by flat deflector or prism. 

  Considering the larger beam intensity and power density, 2D beam steering module 

was proposed and demonstrated based on the VCSEL beam scanner array and DOE-based 

optics. The 2D beam steering with FoV of >64° × 14°  and resolution of >9,000 was 

realized by fabricating a 20-scanner virtual array and 10-spot DOE. By integrating more 

scanners in the array, the FoV in 𝜙 direction could be extended to >40° and resolution 

could be increased to >28,800. To further increase the FoV of 2D beam steering in 𝜙 

direction and miniaturize the scanner chip size, the counter-propagation-switchable 
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scanners was fabricated and applied to realize 2D beam steering with FoV of >70° ×42° 

by using a 10×7-spot 2D DOE. It also reached the high resolution of >30,000. There are 

still potential to increase the FoV and resolution to >70° ×70° and >60,000 by using an 

available 10 × 15-spot DOE. The resolution and FoV in 𝜃  direction could also be 

increased by using a DOE with larger separation angle if a focal-length-gradient lens 

could be applied.  

  The beam scanner was also applied in the 3D sensing including structured-light sensing 

and ToF LiDAR primarily. For structured-light sensing, the depth image of target at 30cm 

to 5mm were obtained with relative depth accuracy of <0.1%. The real-time structured-

light sensing was also demonstrated and realized sub-mm-accuracy depth imaging with 

resolution of >10,000 and framerate of 20fps. For ToF LiDAR, the depth image was 

obtained at 40m with relative accuracy of <1%. The scanner is also available for FMCW 

LiDARs. 

 

Fig. 6-9 The position of this work compared to other works 
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