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Abstract: Vertical cavity surface-emitting lasers (VCSELs) have experienced a rapid 

development to become one of the key components for the development of the next generation of 

optoelectronic technologies. Dynamic phase manipulation of VCSELs within a compact system 

with low-power consumption is highly desired for a large variety of applications. In this work, 

we incorporate the emerging microfluidic technique into the conventional VCSELs through a 

monolithic integration approach, enabling dynamic phase control of lasing emissions with low 

power consumption and low thermal generation. As a proof of concept, a beam steering device is 

experimentally demonstrated by directly integrating microfluidic channel on a coherently 

coupled VCSELs array. The results show that the deflection angles of the laser beam from the 

chip can be tuned from 0
o
 to 2.4

o
 under the injection of liquids with different refractive index 

into the microchannel. This implementation of compact laser systems with real-time wavefront 

controllability, low power-consumption and low heat generation, holds great potentials in 
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various applications, including optical fiber communications, laser printing, optical sensing, 

directional displays, and ultra-compact light detection and ranging (LiDAR). 

Keywords: Metasurfaces; VCSELs; Microfluidic channels; Optoelectronic integrations; Beam 

steering 

  



Introduction: 

Since the first demonstration of the continuous wave (cw) operation at the room temperature 

in 1988, vertical cavity surface emitting lasers (VCSELs) have grown into the most versatile 

laser sources for various applications, ranging from optical communications, portable electronics 

and instrumentation to laser manufacturing and sensing.
1-3

 VCSELs play an indispensable role in 

the development of the next generation of optoelectronic technologies, due to their unique 

characteristics of low-power consumption, circular beam profile, high modulation speed, wafer-

level testing, and ease of fabrication in dense two-dimensional arrays.
4-6

 To expand into 

emerging markets and new applications, strong push toward higher performance and extended 

functionalities are needed.. In this context, beam control of VCSELs, which relies on the 

wavefront manipulation of the lasers, is highly desired. For instance, the bare single mode lasers 

suffer from the large divergence angle, which is usually in the range of 10
o
-20

o
.
7-9

 Conventional 

refractive optical components have been widely integrated with VCSELs for beam shaping 

purposes. However, refractive optics, which rely on the accumulated phase during light 

propagation through media, are bulky and heavy, and particularly their integration requires a 

precise alignment process, which inevitably increases the volume and complexity of the system. 

To overcome these limitations, diffractive optical elements (DOEs), such as Dammann gratings 

and Fresnel lenses, which feature a reduced thickness comparable to the wavelength of light, are 

employed for the integration of VCSELs to improve the beam quality,
10, 11

 while the efficiency 

of the DOEs dramatically drops at larger deflection angles due to the light shadowing effect.
12, 13

 

Recently, integration of VCSELs with artificial optical surfaces, such as metasurfaces, has 

demonstrated unprecedented capabilities of tailing both the phase and amplitude to produce 



complex field patterns with subwavelength spatial resolution and ultra-compactness, which 

promises high performance wide-field applications.
14-16

  

Nevertheless, it worth stressing that the current integration approaches only involve passive 

optical components, meaning that their capability to control the phase is static and remains fixed 

after manufacturing of the optical components. Dynamic phase manipulation of the laser beams, 

both spatially and temporally, are crucial for the advancement of a wide range of emerging 

applications, including directional displays, human-machine interactions, real time optical 

cytometry analysis, and beam steering in a light detection and ranging (LiDAR) system. For this 

purpose, mechanically controlled moving components have been widely incorporated into 

VCSELs system for beam steering applications, such as rotating mirror,
17

 piezoelectric 

actuator,
18

 and micro-electromechanical system (MEMS).
19

 However, those approaches have 

several drawbacks, including low speed, short lifetime, and high manufacturing cost. In contrast, 

non-mechanical solutions, which do not contain any moving part, are strongly preferred due to 

their faster operation-speed and higher reliability. Nevertheless, traditional non-mechanical beam 

steering devices usually rely on a separated beam deflector component and a delicate alignment 

process, which results in a bulky and complex structure.
20-22

 To solve this issue, liquid crystal 

optical phase array (LCOPA) was integrated with VCSELs to steer the laser beam in a non-

mechanical way in a previous work.
23

 However, the performance of the LCOPA based approach 

is strictly dependent on the precision of alignment between the linear polarization direction of the 

laser beam and the orientation of the nematic liquid crystal molecules due to their polarization 

dependent phase response. In particular, the lasing polarization direction of the oxide aperture 

confined VCSELs tends to switch to its orthogonal state at higher injection currents due to 

material birefringence and thermal dissipation, resulting in the malfunctioning of the LCOPA 



approach. Moreover, to date, the non-mechanical beam steering methods are limited with electro-

optical effect
24, 25

 or electro-thermal effect
26, 27

, which require extra voltages to drive the beam 

deflector, causing additional power consumption and serious thermal dissipation problems and 

increasing the complexity in the design of electrode contacts. For instance, even though the 

combination of liquid crystal with gradient-index photonic crystal has been utilized for beam 

steering, the large operation voltage increases the temperature of the liquid crystal parts and 

undermines the reliability of the device. 

The recent advance of the combination of state-of-the-art laser technologies with microscopy 

within microfluidic environment has fueled a revolutionary development of the so-called lab-on-

a-chip systems, which enables real-time observation, tracking and manipulation of 

cellular/molecular processes in a fast and compact manner with minimal energy consumption.
28-

30
 In this context, the beneficial characteristics of lasers, including their independence on 

electrical charges and their compatibility with the biological materials, make them particularly 

suitable for biological matters manipulations by exerting optical forces. In this work, we explore 

new prospective integration of semiconductor lasers with microfluidic chip and experimentally 

demonstrate dynamic phase manipulation of laser beams. Our results prove that the complete 

phase tuning of the laser beam (in the range of [0, 2π]) can be implemented under the injection of 

liquids with different refractive indices that is without external electrical bias. As a proof of 

concept, the capability of this approach to control the phase is further exploited to realize a beam 

steering device. To this end, microfluidic channels are integrated onto the coherently coupled 

VCSEL arrays. Experimentally we show that the deflection angles of the laser beam of this 

device can be tuned in the range from 0
o
 to 2.4

o
 by injecting liquids with different index. Our 

approach offers several advantages, including polarization independent optical response, free of 



driving voltage and no additional heat generation, which is highly suitable for high power laser 

applications. Therefore, this work provides a feasible alternative to realize wavefront tunable 

lasers with compact size, low power-consumption and minimum heat generation, holding 

potential in various applications including optical fiber communications, laser printing, optical 

sensing, face recognition, directional displays, and LiDAR applications. 

Results and Discussions: 

Phase manipulation principle and device design 

      VCSELs (lasing wavelength at 850 nm) are processed into the mesa size of 6 μm×6 μm. 

During the fabrication of the VCSEL, microfluidic channels are directly integrated onto the laser 

surfaces, as depicted in Fig. 1(a). The fabrication process involves,  first, a 6.5μm-thick PECVD 

grown SiO2 layer which is introduced on the surface of VCSEL to electrically isolate the laser 

elements from the microfluidic channel. After that, a 300 μm-thick nickel (Ni) layer is deposited 

as a mask to etch the SiO2 by the reactive ion etching (RIE) process. In this way, 6 μm deep and 

200 μm wide microchannelsare directly defined into the SiO2 layer. Note that the 0.5 μm thick 

SiO2 layer is intentionally preserved after the etching, to serve as an insulating layer between the 

injected liquid and the electrodes of the VCSEL chip. Then, the Ni mask and the SiO2 layer over 

the electrode pad of the VCSEL array are removed by wet etching. After that, the microfluidic 

channel is finalized by bonding a 3 mm thick polydimethylsiloxane (PDMS) layer in the 

dimension of 0.8 cm × 1 cm onto the top surface of SiO2 layer, as illustrated in Fig. 1(b). Both 

import and export holes for the circulation of liquid are defined in the PDMS film, respectively. 

Finally, the VCSEL chip integrating the microfluidic channels  is packaged onto a PCB for 

characterization (Fig. 1(c)).  



      The beam steering mechanism relies on addressing local phase changes ∆∅ imposed between 

adjacent lasers by adjusting the effective refractive index of the microchannels integrated above 

each laser element injecting liquids with different refractive indices (ni). The phase 

retardation  ∅ (n1) can be quantified by the expression: 

 ∅     
         

 
                                    (1) 

where h is the height of the microchannel,   represents the period of change in the refractive 

index when the phase difference changes periodically from -π to π,   is an operator for 

calculating the remainder. Figure 1(d) reveals that the phase change of the laser beam caused by 

the injection of liquids linearly dependents on the refractive index of the liquids and a complete 

2π range phase modulation can be implemented by varying the refractive index of the injected 

liquids from 1.26 to 1.4. Therefore, the integration of microfluidic channels allows for dynamic 

phase manipulation of the individual laser element on the chip. It is worth pointing out that the 

phase control of using microfluidic channels belongs to a non-mechanical approach, which 

contains no moving-parts.  

Microfluidic channels enabled voltage-free beam steering devices 

The capability of the integrated microfluidic channel to dynamic control the phase of VCSEL 

can be employed for active beam shaping. As a proof of concept, a beam steering device is 

experimentally demonstrated, which is composed of in-phase coherently coupled VCSEL arrays 

(CCVAs) and integrated microfluidic channels. The characteristics of the in-phase CCVAs, 

including two-dimensional planar array, coherent single-mode emission, and uniform near-field 

intensity profile, make them promising candidates for the applications of directional laser 

systems via integration with optical phased arrays. For the simplest case, 1×2 coherent coupled 



VCSELs array is integrated with microfluidic channels to form a one-dimensional beam steering 

device (Fig. 2(a)). For this purpose, 1×2 CCVAs were first fabricated into the mesa size of 6 

μm×6 μm (see Supplementary Fig. S1 fabrication details). To satisfy maximum in-phase 

coupling efficiency between adjacent VCSELs, a 4µm spacing distance is chosen 
31

. Moreover, 

the electrodes of each laser elements were defined separately to improve the yield of CCVAs (as 

shown in the left panel of Fig. 2(b)).Such layout of electrical contacts offers the advantages of 

better near-field uniformity and easier controllability over the coherence of the CCVAs by 

individually adjusting the injection currents of each elements. Prior to the integration of the 

microfluidic channels, we characterized the standalone room-temperature performance of the 

CCVAs, including the power (P)-current (I)-voltage (V) curves, emission spectral, far-field, and 

near-field intensity distributions. The measured P-I-V indicates a threshold current of 4.0 mA 

and a maximum optical power of 1 mW under the injection current of 12 mA (see Fig. S2(a)). 

Figure S2(b) shows the emission spectrum under the injection currents of Ileft = 4.7 mA and Iright 

= 5.3 mA. The emission spectrum of the CCVAs confirms the single fundamental mode 

operation with a side mode suppression ratio of 24.3dB. The far-field intensity distributions of 

the CCVAs is experimentally measured at Z= 4.5cm (Fig. 2(c), left), which agrees well with the 

simulation results (Fig. 2(c), right). The in-phase operation condition of the array creates a center 

lobe with high side lobe suppression ratio  [25], featuring reasonable diffraction of about 2.9°, as 

determined by the far-field measurement. Figure. 2(d) shows the line profiles of the emission 

intensity along the A-A’ direction (indicated in the right panel of Fig. 2(b)) obtained both from 

measurements and numerical simulations, respectively. The divergence angle of the CCVAs is 

calculated to be 2.5°, in good agreement with the experimental result. Moreover, the laser facet 

intensity distribution of the CCVAs presents interference fringes sandwiched between the two 



laser elements (Fig. 2(e)), confirming the in-phase operation of the CCVAs . Note that the in-

phase versus out of phase condition can be adjusted by controlling the injection current in the 

two devices respectively.   

To construct the beam steering device, microfluidic channel was defined directly above the left 

laser element of the CCVAs, and a pure 6 μm thick SiO2 layer was placed above the right laser 

element of the CCVAs, as illustrated in Fig. 2(a). This configuration allows for the active tuning 

of the phase retardation of the emitting laser beam from the left element by injecting liquids into 

the microfluidic channel, while the beam from the right laser element of the chip experienced a 

constant phase delay imposed by the top SiO2 layer. As a result, the phase difference 

( ∅ between these two coupled lasers can be modulated, which will modify their interference 

patterns, thus enabling a dynamic beam steering function. The deflection angle (  ) of this chip 

under the injection of liquid with a given refractive index can be calculated by the expression: 

    
  ∅

   
 

    

 
                                             (2) 

where d is the center distance between the adjacent laser elements. When  ∅ is 0, that is the left 

and right VCSEL element are in-phase, the corresponding deflection angle (  ) is 0°. When   ∅  

is π, reaching the maximum phase delay, we achieve the largest deflection angle (  ) of this 

device of about 2.436°. Therefore, the deflection angle of this beam steering device can be tuned 

from -2.436° to 2.436° by controlling the phase difference from -π to π. Such beam steering 

mechanism is further confirmed by numerical simulations of the far-field emission distributions 

(see Supplementary Fig. S3). It can be seen that the deflection angle (  )  of the laser beam 

increases from 0
o
 to 2.436

o
 when the phase different  ( ∅  between the left and the right laser 



element varies from 0 to π,  and oppositely  from 0
o
 to -2.436

o
 when the phase different  ( ∅  

changes from 0 to - π.  

Figure 3 schematically depicts the programmable beam steering function of the laser chip 

uponselective injection different liquids into the microfluidic channel. Beam steering in the range 

from 0
o
 to 2.405

o
 is experimentally observed from this device (Fig. 4(a)), in good agreement with 

the simulation results. The deflection angles were measured by projecting the laser beam onto a 

white screen placed at Z=4.25 cm away from the surface of the laser chip, and the far field 

pattern is recorded by a CCD camera. The liquids are injected into the microchannel at a rate of 

0.025mL/min by using a multi-channels micro-pump. During the measurement, the injection 

current of the array elements is fixed at Ileft = 4.7 mA and Iright = 5.3 mA. DI water, 6% sucrose 

solution, 20% sucrose solution, isopropanol and 46% sucrose solution are selected as the injected 

liquids, respectively, which are able to impose a 2 π phase change on the left laser element 

according to Equation 1. Figure 4(a) shows far-field patterns under the injection of different 

liquids,proving that the central far-field lobe can be steered to different positions. The deflection 

angle under the injection of water is considered as the reference 0
o
 for the simplicity of the 

comparisons among different injecting liquids. In this way, the offset      of the center lobe of 

different solutions relative to water are calculated from the far-field patterns. The beam 

deflection angle    at a given offset    of the center lobe, can be calculated by the expression: 

          
  

 
  

 

   
                   (3) 

where L is the distance from the chip to the white screen. The deflection angles corresponding to 

different liquids are determined and shown in Fig. 4(a), respectively. Fig. 4 (b) shows angular 

intensity profiles of the emission beams. It can be seen that the deflection angle increases linearly 



with increasing the refractive index of the injected liquid, and the maximum deflection angle of 

the experiment is 2.41°, in good agreement with the calculated value. It is worth pointing out that 

this beam steering chip doesn’t rely on the electro-optical or thermo-optic effect, resulting in low 

power consumption and low heat production. Note that as liquids are constantly replaced through 

the microchannel, the device can dissipate considerable portions of heat generated by the VCSEL 

array, reducing the chip's heat accumulation and thus improving the reliability of the chip, which 

is beneficial for high power applications. Due to VCSEL birefringence, the polarization direction 

of the emitting beam tends to switch by 90
o 

at larger injection current, which has been widely 

observed from the VCSELs. Such polarization switching at larger operation current will cause 

problems for those polarization sensitive beam steering approaches. Since the phase 

manipulation enabled by the microfluidic channels doesn’t depend on the polarization, the beam 

steering functions reported in this work will not be affected by the polarization switching. The 

stability of the beam steering device was evaluated by comparing the emission power and lasing 

spectra under the injection of different liquids, as shown in Fig. 4(d) and (e), respectively. We 

observed that the beam steering chip exhibits high power stability and wavelength stability under 

different injection liquids. On the other hand, since the refractive index of an unknown liquid can 

be determined by measuring the deflection angle, this device has the potential for detecting 

chemicals based on their refractive indices. 

Conclusions: 

Dynamic phase manipulation of the VCSEL beam is demonstrated by the monolithic 

integration of microfluidic channels, which allows for a complete ([0, 2π]) phase control. This 

work provides a new solution for beam shaping VCSELs. As a proof of concept, beam steering 

chip is experimentally demonstrated by directly integrating microfluidic channels on the top of 



coherently coupled VCSEL array. Controlling the interference conditions between adjacent 

lasers is achieved by injecting liquids with different refractive indices in the channels, which 

results on deflecting the coherent superposition of the laser beam  in the range from 0
o
 to 2.41

o
. 

This phase control method offers several advantages over the other techniques as it is 

polarization independent, it requires no driving voltages, and it does not cause additional heat 

generation. Therefore, it will facilitate high power laser applications with simple design and high 

robustness. Our results open the door to the realization of compact laser systems with tunable 

wavefront, low power-consumption and low heat generation, which can find important 

applications in optical fiber communications, laser printing, optical sensing, face recognition, 

directional display and LiDAR applications. 

Experimental Methods: 

The fabrication details of the microfluidic channel integrated CCVAs can be found in the 

supplementary information. The P-I-V curves of the chip were measured under pulse wave 

condition with a duty cycle of 0.2% and a pulse frequency of 100 Hz. Optical spectrum analyzer 

(AQ 6370c) were used to measure the emission spectral of the chip and the near-field intensity 

distribution is recorded by using 50x microscope. The far-field beam profiles were characterized 

by the laser beam profiler (Spiricon SP620). 
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Figures: 

 

Figure 1. (a) The schematic illustration of the integration of microfluidic channel onto the top 

the emitting surface of a VCSELs chip to control the phase of the laser beam, and (b) represents 

the cross-section view; (c) The photo image of the integrated laser chip bonded to a PCB board 

for characterization; (d) The calculated phase delay imposed on the laser beam by the injection 

into the micro-channel of liquids with different refractive indices, showing that a complete 2π 

phase control is achievable with this design. 

 

  



 

Figure 2. (a) The cross-section illustration of a beam steering device that is composed of 1×2 

coherent coupled VCSELs array. A microfluidic channel is integrated on the top of  the left laser 

element only and a SiO2 is integrated on the top of  the right laser element; (b) is the optical 

image of the beam steering device, and the inset shows a zoom-in area, where A and A’ indicate 

the left and right laser elements, respectively. (c) The measured far-field intensity distributions 

(left) of the CCVAs agrees well with the simulation result (right), indicating the in-phase 

operation of the laser arrays; (d) The line profiles of the intensity distribution along A-A’ 

direction; (e) The laser facets intensity pattern of the CCVAs shows the coupling fringe between 

the two laser elements.   

 

  



 

Figure 3. Schematic of the beam steering device depicting the operation principle of the 

programmable beam deflection function: liquids with different refractive indices can be 

selectively injected into the integrated microfluidic channel to tune the phase difference of the 

coupled lasers to deflect the emitted beam at different angles.  

 

  



 

Figure 4. (a) Far-field intensity distribution for different injected solution in the micro-channel. 

The black dashed line indicates \theta=0(b) Angular profile of the  emission intensity to compare 

the evolution upon injection of different liquids; The beam steering device shows comparable 

outpower (c) and emitting spectral (d) characteristics under the injection of different liquids, 

indicating the stability of the device.  

 



 


