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Abstract

:

In this work, the architecture of a high-power InAlGaP/InGaP vertical-cavity surface-emitting laser (VCSEL) with an emission wavelength of 680 nm was studied. The design of quantum well, including the well thickness, indium composition, and barrier aluminum composition targeting the emission wavelength, was elaborately optimized. Moreover, the influences of leakage current, temperature dependence of optical gain, and resonance mode gain to threshold current under different barrier aluminum compositions were investigated. Lastly, the temperature characteristics of InAlGaP/InGaP VCSEL with substrate removal have also been calculated with 24% and 40.6% improvement in thermal resistance and operating current range, respectively. It holds great promise for high-power red VCSEL application.
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1. Introduction


Since light detection and ranging (LiDAR) technologies are booming on cell phones and self-driving systems in recent years, the development of semiconductor lasers has attracted much attention. In fact, in addition to the application of LiDAR, semiconductor lasers have been widely used in consumer and professional applications that include optical disk recording [1,2], sensor applications [3,4], optical communication [5], laser display [6], pointer technology [7], and solid-state laser pumping [8]. The history of semiconductor lasers can be traced back at least 60 years ago. The first semiconductor diode laser was born in 1962 by Hall et al. [9] with an infrared (IR) wavelength and by Holonyak and Bevacqua [10] with a visible (red) wavelength. The laser cavities fabricated by homogeneous junction were parallel to the crystal surface, which are known as “edge-emitting” lasers (EEL). Although edge-emitting laser structures can confine photons in resonant cavities, laser structures with homogeneous junctions lack refractive index and energy band differences, resulting in a feeble carrier and optical confinement. In 1963, Herbert Kroemer and Zhores I. Alferov suggested adding a layer with different compositions and bandgap to create a heterojunction that would trap electrons at the junction more efficiently [11]. The heterojunction invention facilitates the operation of diode lasers at room temperature [12,13] and serves as a cornerstone for the development of quantization. The first quantum wells (QWs) were added in the active regions of semiconductor diode laser in 1978 [14,15]. Quantum well technology is an important achievement, enabling most of today’s high-efficiency LEDs and semiconductor lasers.



In fact, EELs have several disadvantages that make the manufacturing cost prohibitive, such as elliptical spots, catastrophic optical damage (COD) of facets, and testing limitations. Auspiciously, these shortcomings can be solved by “surface-emitting” lasers (SEL). The first p-n junction-based electrically-pumped SEL is proposed by the Iga group from the Tokyo Institute of Technology in 1979 [16]. In the absence of current and optical confinement, the threshold current of the first SEL is as high as 44 kA/cm2 under pulse current injection at 77 K. To reduce the SEL threshold current, the distribution Bragg reflector (DBR) and oxide confinement layer were employed on the SEL by Deppe in 1994 [17]. This work firstly demonstrated that the oxidation process for controlling the oxide aperture to form a small volume of an optical cavity in SEL is possible. Based on the idea, the first commercial oxide-confined vertical-cavity surface-emitting laser (VCSEL) with an 850 nm emission wavelength was realized in 1997, which can operate over the temperature range from −80 °C to 180 °C [18].



Although oxide VCSEL has achieved remarkable results in the 800 to 980 nm emission wavelength, there are still some hindrances in the 600 to 700 nm range. The hindrances come from the material limitations of the composition of QWs and DBR. Several shortcomings for these shorter wavelength VCSELs exist: (1) a small conduction band offset resulting in the electron carrier leaks from the n-type layer to the p-type layer. The leakage effect will be activated at high temperatures. This drawback restricts the maximum operating temperature and the peak optical power of these shorter wavelength VCSELs. Refs. [19,20,21] (2) The spontaneous ordering of aluminum gallium indium phosphide (AlGaInP) epitaxial layers grown on GaAs substrates leads to a low bandgap and micro-grain boundaries [22]. Therefore, a misorientation AlGaInP grown on (100) GaAs towards [011] direction with a disordered structure was regarded as a fabrication method with better performance QWs. Refs. [23,24] (3) To ensure that the DBR compositions as a VCSEL mirror are optical transparency, the aluminum composition in AlGaAs material is greater than 0.4 to 0.5. A short usable range of DBR compositions reduces the refractive index difference. Hence, more pair numbers of DBRs to reach the same reflectivity is not avoided. Meanwhile, when the proportion of Al in AlGaAs is close to 50%, the thermal conductivity and electrical conductivity are the lowest [25,26,27]. More pair numbers of DBRs result in VCSELs with high series resistance and thermal resistance, causing a rapid rise in VCSEL junction temperature [28,29]. Additionally, due to the substrate absorption, the bottom emission VCSEL is also impracticable. Summing up the various factors mentioned above, it can be found that the biggest enemies of red VCSELs are thermal effects and QWs performance. Furthermore, as the operating wavelengths get shorter and shorter, these enemies will become more difficult to deal with. To quantify the effect of temperature on red light VCSELs, we used a 980 nm VCSEL with a 5 μm-aperture [30] and a 693 nm VCSEL with a 12 μm-aperture [31] as a cross-reference. When the ambient temperature rises from 25 °C to 85 °C, the optical power of 980 nm VCSEL decreases from 8.5 to 5.5 mW (35% decrease). In contrast, the optical power of 693 nm VCSEL drops from 7.5 to 1.5 mW (80% decrease). Under similar temperature difference conditions, the large-aperture red laser produces more severe light intensity attenuation. Therefore, if the thermal resistance of red VCSELs or the confinement effect of the quantum well can be improved, a better red VCSEL can be obtained.



So far, the development of the red VCSEL has been around 30 years since the first red VCSEL [32,33]. Most of the obstacles already have solutions. Firstly, the strained QWs to reduce the threshold current are prevalently employed on the longer wavelength (660 to 700 nm) [34,35,36,37,38] or the shorter wavelength (<635 nm) ranges [39,40,41]. The strain engineer is helpful for wavelength extension beyond that accessible from lattice-matched materials and reduces the transparency current densities [42,43,44,45]. Nevertheless, the thickness of strained QWs is limited to the critical thickness. When the total thickness of strained QWs closes the critical thickness, the dislocation defects will increase drastically. A strain-compensated QW is an effective solution [46,47,48,49]. An anti-strained direction (tensile and compressive) leads to a reduction in the strain energy and strain-misfit dislocation density, improving a red laser performance. Secondly, since the leakage current magnitude depends on the QW structures, the QW design becomes critically important. A heavily p-doped spacer layer and a high-aluminum-composition AlGaInP increasing barrier height is an intuitive method on the red laser [20,50,51]. But the maximum doping level has limitations, a high-aluminum-composition AlGaInP will hinder the impurity doping process and reduce the concentration of electron holes. Therefore, an optimal number of QW is indispensable [52,53,54]. Finally, a low resistance DBR is a critical component for VCSELs in different wavelengths. A graded or abrupt doping profile with carbon as a p-doped source is helpful for a DBR with low free-carrier absorption and low resistance characteristic at the same time [55]. The detuning gain peak to the cavity wavelength is also an important design key for red VCSELs emitted at a specific temperature [21]. Different aspects of research provide a firm foundation for contemporary red VCSELs.



Nowadays, due to the rise of wearable displays and automotive head-up displays, the high-temperature characteristics of red VCSELs have attracted attention again. When red VCSELs work in outdoor environments, the obstacles mentioned previously will become more serious. To manufacture a proper VCSEL for the high-temperature environment, the design of epitaxy structures remains an important topic. However, a complete flow of the epitaxial design is rarely discussed in the past research literature. Therefore, the design flow chart of VCSEL epitaxial structures will be presented first in this report. The key to epitaxy design and experimental results in previous reports are summarized as a reference. Subsequently, Section 3 shows the design details and temperature effects of the VCSEL. Through the QW design, a VCSEL operated at a high-temperature environment can be realized. Besides epitaxial structure designs, the flip-chip process is a practical solution to reduce thermal resistance. Hence, the substrate removed VCSEL will be discussed at the end of this report. In order to improve the feasibility of red VCSEL in the outdoor application, this report will provide a complete design strategy and simulation results (performed by Crosslight PICS3D).




2. Design Flow


Figure 1 shows the design flow chart of a VCSEL. In designing the emission wavelength of a vertical-cavity surface-emitting laser, the bandgap of the intrinsic material is the dominant factor. However, the influence of the quantum well and strain should also be taken into account [56]. The major material systems are GaInN, AlGaInP, AlGaAs, for emission wavelength approximately around 400, 670, 800 nm, respectively [31,57,58,59]. For the InAlGaP/InGaP material system, the direct band gap can be expressed as [60]:


   E g    I  n x  G  a  1 − x   P   = 1.35 + 0.643   1 − x   + 0.786     1 − x    2   



(1)






   E g    I  n x  A  l  1 − x   P   = 1.35 + 1.83   1 − x   + 0.38     1 − x    2   



(2)






   E g    I  n x      A  l y  G  a  1 − y       1 − x   P    = y  ⋅  E g    InAlP   +   1 − y   ⋅  E g    InGaP    



(3)







As high-accuracy epitaxial growth techniques advanced, leading to the consistent deposition of films with accurately controlled thicknesses in the sub-nanometer range, the fabrication of heterostructures with beneficial electrical and optical characteristics became possible. The number of the supported energy level can be derived from the Schrödinger equation, where the sub-band number can be calculated from [61]:


   n  max   = 1  + int        2  m ∗   E w   t 2    q  π 2   ℏ 2         



(4)




where t, Ew, m* are the thickness of the quantum well, the energy difference between the well and the barrier and the effective mass, respectively. The function int[x] gives the integer part of the result.



The energy of the sub bands Ei can be derived from [62]:


  2      E w  −  E i     E i    =   2  E i  −  E w    tan       2 m  E i   t 2     ℏ 2        ,   for   i = 1 ,   2 ,   3 ,  



(5)







From the Equation (5), we can obtain the quantum confined transition energy [56]:


   E  QW   =    π 2   ℏ 2    2  t 2       1   m ∗    ν    +  1   m ∗    c       



(6)







Since the transition energy is correlated with the thickness of the quantum well, by adjusting it we can fine-tune the emission wavelength of the laser.



To understand the effect of strain on emission wavelength, we must first know the lattice constants of the InAlGaP/InGaP material system which are:


  a   I  n x  G  a  1 − x   P    = x  ⋅ a   InP   +   1 − x   ⋅ a   GaP    



(7)






  a   I  n x  A  l  1 − x   P    = x  ⋅ a   InP   +   1 − x   ⋅ a   AlP    



(8)






  a   I  n x  A  l y  G  a  1 − y   P    = y  ⋅ a   InAlP   +   1 − y   ⋅ a   InGaP    



(9)







By introducing tensile strain into the system, it increases the lattice constant and, consequently, decreases the energy gap. For the strain value  ϵ , hydrostatic strain H and shear strain S can be derived from:


  ϵ =    a  QW   −  a  barrier      a  QW      



(10)






  H   eV    = -  2 a    C  11   −  C  12      C  11     ϵ  



(11)






  S   eV   = − b    C  11   +  C  12      C  11     ϵ  



(12)







Here aQW and abarrier are the lattice constants of the quantum well and the barrier, respectively. With C11 and C12 as elastic stiffness coefficients, a and b as the lattice deformation potentials. The energy change due to strain is the sum of hydrostatic strain H and shear strain S, and the photon energy    E  h ν     is:


   E   h ν    =  E   g ( bulk )    +  E   g ( QW )    +  E   g ( strain )     



(13)







After series of bandgap engineering, if the resultant emission wavelength is not desired, one may return to the beginning. Otherwise, we can discuss the gain/loss balance of the laser, that is, the quantum well number and the leakage effect.



The local gain due to a transition from a conduction band labeled j to a valence band labeled i for both the bulk and quantum well can be generally derived from [63]:


   g  ij      E  ij  0    =     2 π  ℏ         H  ij      2     f j ′  −  f i ′         ϵ 1     n ¯  c      ρ  ij    



(14)




where    E  ij  0    is the energy minimums difference between the ith valence band sub band levels and the jth conduction band sub band levels,    H  ij     is the Hamiltonian matrix element between the ith and the jth states, fi′ and fj′ are the integrated Fermi functions,    ϵ 1    is the real part of the complex optical dielectric constant,    n ¯    is the real part of refractive index, and    ρ  i j     is the reduced density of states. In the case of quantum wells, many sub bands in both the valence band and the conduction band need to be considered, and the gain function is the sum of gij over all the sub bands for the allowed transitions. Furthermore, the effect of gain broaden can be take into account via the Landsberg’s model, in which the quantum well form was derived by Zielinski et al. [64,65]. As the number of the quantum well increases, the confinement factor also increases; hence, larger material gain as well as the threshold current [66]. Therefore, it is important to balance between the material gain and threshold current.



In the case of valence band mixing, the gain spectrum can be obtained in numerical integration over wave number kt [67]:


  g  E  =    g 0    2  π tE      ∑   i , j        ∫ 0 ∞        π /  Γ    f  d i p      k t     M b     f j  −  f i    d  k t 2    1 +      E  c j      k t    −  E  k p i      k t    − E    2  /  Γ 2          



(15)




where   Γ = ℏ /  τ  s c a t     is broadening due to intra-band scattering relaxation time    τ  s c a t    ; fdip is the dipole factor; Ecj is the jth conduction sub-band; Ekpi is the ith valence sub-band from the k∙p calculation; the sum is over all possible valence and conduction sub-bands; g0 is a constant defined as


   g 0  =   π  q 2  ℏ    ϵ 0  c  m 0 2   n ¯     



(16)







Mb is the bulk dipole momentum given by:


   M b  =  1 6     m 0  q    m c       E  g 0      E  g 0   +  Δ  s o        E  g 0   +   2 / 3    Δ  s o      



(17)




where Eg0 is the unstrained bandgap; mc is the effective mass of the conduction band;    Δ  s o     is the spin-orbit coupling energy.



Moreover, the high electron mobility drifting in the cladding of an InAlGaP laser result in high leakage current, leading to higher thresholds current and a lower characteristic temperature [20]. The influence of temperature dependent threshold current has been investigated and shown that by increasing the hole concentration in the p-cladding can decrease the electron leakage current, consequently mitigate the impact toward threshold current and characteristic temperature [68]. The leakage current density can be expressed as [20]:


   J L   = q   D n  n      1   L n    2    +  1  4  z 2       cot h     1   L n    2    +  1  4  z 2       x p  +  1  2 z      



(18)







Here, xp is the thickness of the p-cladding, Ln is the length of the minority electron diffusion, Dn is the minority electron diffusion coefficient, n is the concentration of the minority electron of p-cladding layer edge, and z is the characteristic length of the drift leakage current. Since the characteristic temperature is correlated to the quantum well number and the leakage effect, hence, if the characteristic temperature is not desired, one may return to the gain/loss balance procedure.



Last, is the threshold current and output optical power of the laser. By taking into account the above discussion, the threshold current can be evaluated from [69]:


   I  th    = q   n w  t  B  eff    N t    2  π  r 2     2  α  n w  t      a  in    L + log     1 R         



(19)




where nw is the number of the quantum wells, ain is the total internal loss, L is the effective cavity length, R is the reflectivity, Beff is the effective recombination constant, Nt is the carrier concentration at transparency, and r the radius of the laser. The experience equation of the output optical power can be calculated from [69]:


   P =     h ν   q    I −  I  th      η d    1 −   Δ T    T  off        



(20)




where    η d    is the differential quantum efficiency and can be obtained from:


   η d  =  η i    log   1  / R       a  in    L + log    1  / R       



(21)




and


   Δ T =       V 0   + I   R d    I − P   4  λ c  r    



(22)







Here, Toff is the cutoff temperature, Rd is the series resistance, V0 is the turn-on voltage,    λ c    is the thermal conductivity and    η i    is the internal quantum efficiency. If the resultant laser performance is not desired, one may return to the beginning of bandgap engineering.




3. In AlGaP/InGaP VCSEL Structural Design and Optimization


The 680 nm VSCEL structure is shown in the Appendix A Table A1 from top to bottom. The epitaxial structure of the 680 nm VCSEL is composed by 50 pairs of Al0.45GaAs/Al0.94GaAs and five pairs of Al0.45GaAs/Al0.88GaAs n type-DBR as bottom mirror. The top mirror is a p-DBR consisting of 37 pairs of Al0.45GaAs/Al0.88GaAs. 3 pairs of InGaP/AlGaInP quantum well are sandwiched between bottom and top mirror with a 14 µm oxide aperture. The gain peak wavelength of the QW is aligned with the cavity resonant wavelength at 680 nm at room temperature. The crest of the standing wave occurs in the active region, so that the optical intensity can be effectively concentrated in the center of the active region.



First, a VCSEL with a maximum gain value at target wavelength to reach a low threshold characteristic is an expected design. Hence, the design of the VCSEL with respect to the active quantum well and the barrier was discussed at the beginning. Figure 2 shows the relationship between the well thickness and the indium composition of the well for different aluminum compositions of the barrier structure of a InGaP/AlGaInP QW emitted at 680 nm. The aluminum compositions of the barrier are 0.15, 0.25, and 0.35 for a fixed indium composition of the barrier. To fix the peak gain of QW emitted at 680 nm, the thickness of the well needs to change with the QW composition. When the indium composition of the well decreases, the bandgap of GaInP will increase. Therefore, a thick well is required to sustain the first quantum state emission at 680 nm. Likewise, the quantization effect becomes more pronounced as the barrier band gap increases, resulting in the emission wavelength emitting towards the short wavelength. Therefore, a high-aluminum barrier design will match with a thicker QW width. The relationship shown in Figure 2 can be analyzed by solving for finite QWs. The quantum number (vn) corresponding to each eigenvalue can be expressed:


   v n    2  =  k n    2   t 2  =   2 m  t 2   ℏ   E n   



(23)




where En is corresponding energy, t is the thickness of the quantum well, m is the effective mass of the carrier, and  ℏ  is the reduced Planck constant, kn is dimensionless wave vector. The eigenvalue, vn, depend on potential energy, V, which can be presented:


  V =      E b  −  E w     2   



(24)




where Eb is the energy level of the barrier, Ew is the energy level of the quantum well. The indium composition of the well and the aluminum composition of the barrier correspond to Ew and Eb, respectively. If the composition of the QW changes, it will affect vn [70]. After shifting the term, we can obtain the corresponding energy    E n   = 2   h 2   v n    2   / m   t 2   . Through the equation, the specific emission wavelength of QW structure can be decided. Moreover, by increasing the indium composition of the well, the potential energy, V, will increase resulting in a red shift wavelength. Therefore, reducing the well thickness to fix the emission wavelength at 680 nm is necessary.



Figure 2 provides viable compositions of QWs that emit at 680 nm, but it remains unclear which combination of material is the best. To understand which combination of QW compositions is the best, the simulation of maximum material gain value under different QW combinations are shows in Figure 3. The simulation shows that a high aluminum composition of the QW barrier owns a high material gain at the same indium composition of the well. The reason can be attributed to the aluminum composition of the barrier accompanied by a high energy barrier, which makes the carriers stay in the quantum well easily. On the contrary, when the aluminum composition of the barrier is reduced, a large amount of carrier spillover causes partial radiative recombination that does not contribute to the gain. This phenomenon bring about a decreased differential gain [54]. Hence, a high energy barrier for lowering the transparent current density is a favorable option. Apart from the prudent choice of the barrier height, the indium composition of the well corresponding to different quantum well widths are another major factor affecting the gain. Figure 3 show that the change of the material gain compared to the indium composition of the well is not linear. Relative extremum can be observed at a specific indium composition of the well. Equation (14) can clearly explain this result. When the quantum well thickness is reduced, the material gain will increase due to the rise in the density of states. At the same time, the thinner well will also drop the difference of Fermi energy level between the energy level of the electron (hole), making (fj − fi) smaller. Therefore, when the thickness is reduced to a certain thickness, the QW will have a gain extreme value [20].



3.1. Leakage Effect


Based on the above discussion, an aluminum composition barrier with a specific indium composition of the well can provide greater gain. Larger material gain helps reduce the threshold current of the VCSEL. However, in the InAlGaP material system, the maximum aluminum content has an upper limit. The limitation comes from the junction of the direct energy gap and the indirect energy gap conversion [71] and leads to the difference in the conduction band gap becoming quite small. A small difference in the conduction band gap will decline the confinement ability of electrons and increase the susceptibility to the thermal effect, resulting in electron leaking from the n-side to the p-side more easily. In addition, a high energy barrier will narrow the energy band difference between barrier and electron confinement layer; therefore, the ability to confine the carrier will become worse, thereby enhancing the leakage current effect.



Figure 4a shows the normalized current density distribution of red VCSELs at an operating current of 10 mA at a temperature of 85 °C. The QW composition is determined from the peak point shown in Figure 3. The leakage current ratio is calculated by the normalized current density and n-DBR divides the normalized current density in p-DBR. The percentages of leakage current are 0.48%, 7.40%, and 75.58%, corresponding to the Al composition of the QW barrier of 0.15, 0.25, and 0.35, respectively. Although a higher QW barrier provides better material gain, it will exacerbate more serious leakage effects due to a smaller band gap between the barrier layer and the confinement layer is very close. The leakage current will rise sharply when the band gap between the barrier layer and the confinement layer is very close. The leakage current density can be further explored by Equation (18). In Equation (18), the minority electron concentration at the edge of the p-cladding layer, n, is expressed:


   n =  2        m n    ∗  kT   2 π  ℏ 2         3 2     e  −   Δ ϵ   k T      



(25)




where    m n ∗    is the density-of-states effective mass of electrons in the X valley of the p-confinment layer,  ℏ  is Planck’s constant divided by 2 π , and   Δ ϵ   is the potential barrier for electron leakage. Since the   Δ ϵ   is also equal to the energy band difference between barrier and electron confinement layer, the difference can be acquired from the conduction band diagram shown in Figure 4b. The energy band difference is 287.2, 201.6, and 113.2 meV when VCSELs are operated at 10 mA at a temperature of 85 °C, corresponding to the Al composition of the QW barrier of 0.15, 0.25, and 0.35, respectively. After bringing energy band differences into Equation (18), the theoretical leakage current ratio is 0.18%, 5.09%, and 72.05%, respectively. The theoretical results are similar to the simulation results, providing a more reliable reference during the design flow. Furthermore, Equation (20) indicates that the temperature effect, T, and the potential barrier for electron leakage,   Δ ϵ ,   on the total leakage current is an exponential function. According to the Equation (20), the leakage current will grow rapidly when the exponential function index is smaller than −1. Since leakage current is very sensitive to temperature and the potential barrier for electron leakage, designers need to carefully fine-tune the barrier height during the design flow to search an optimized QW design.



Figure 4c shows the relationship between the drive current and the percentage of leakage current under different aluminum compositions and temperatures. The simulation results show that the QW barrier with 0.15 Al composition has the best current confinement capability no matter which current is used to drive the VCSEL. The reasons have been discussed in the previous paragraphs. However, it is worth noting that the percentage of leakage current tends to increase with increasing current, regardless of the aluminum composition of the QW barrier. The upper limit of electron consumption in quantum wells is the main reason for this phenomenon. Interestingly, although the leakage current increases with the current for different QW designs, the slope of the leakage current changes with the current is not consistent. Among them, the QW barrier with 0.35 Al composition has a steepest rising slope. The QW barrier with 0.35 Al composition has a serious overflow effect that reduces the proportion of carrier recombination in the total current. The rapidly rising overflow effect will gradually slow down after the operating current reaches the threshold current. A flatness rising slope can be found after the operating current is greater than 8.12/4.11 mA and corresponds to the QW barrier with 0.35/0.25 Al composition, respectively. The flatness rising slope comes from the state transition of the VCSEL from spontaneous emission to stimulated emission, so that the injected carriers of VCSELs are converted into photons and the suppresses leakage effect. Moreover, higher operating temperatures stimulate more carrier leakage. Therefore, VCSELs operating at 85 °C has higher percentage of leakage current than that of VCSELs operating at 25 °C.




3.2. Temperature Dependence of Optical Gain and Resonance Mode Gain


Since a VCSEL cavity has a specific resonant wavelength, the relative position of the QW gain peak and the cavity resonant wavelength is closely related to the threshold current. In addition, as shown in Figure 5a, the red shift rates of DBR and material gain are also significantly different. The 0.25 aluminum composition is used as the data example. The redshift rate of material peak wavelength is 0.1507 nm/°C, while the change of the cavity resonator wavelength with temperature is only 0.04 nm/°C. The material gain corresponding to the resonant wavelength will have a local extreme at different operating temperatures due to the difference in the red-shift rate between the two. The effect of local extrema also can be explained by Figure 5a. When VCSELs are operated at 5 °C, the cavity resonator wavelength is aligned on the right side of the peak of the material gain. However, the faster redshift rate of the material gain makes the material gain peak gradually across the cavity resonator wavelength. As the VCSEL operating temperature rises to 85 °C, the cavity resonator wavelength aligns to the left of the peak of the material gain. Hence, the local extrema of the cavity mode gain will appear at the temperature when the material gain peak and the cavity resonant wavelength align with each other. Figure 5b shows the relationship between temperature and cavity mode gain under different barrier aluminum compositions. Simulation results show that local extrema occur regardless of the QW composition conditions. In addition, the cavity mode gain is also very sensitive to changes in temperature. When the resonance mode moves away from the material gain peak, the cavity mode gain decreases rapidly. To make a VCSEL has the lowest threshold current at a specific operating temperature, a careful consideration of the gain to cavity offset is required during the VCSEL design flow.




3.3. Threshold Current


Finally, the effects of the material gain and the leakage current reflected on the threshold current are organized in this section. Figure 6a shows the relationship between temperature and threshold current for different barrier aluminum compositions. The lowest threshold current appears on the 0.25 aluminum composition of the QW barrier. Compared with the 0.35/0.15 aluminum composition of the QW barrier, although the 0.25 aluminum composition of the QW barrier design does not provide the largest QW gain or the best carrier confinement, it can still achieve the lowest threshold current. The main reason can be explained by the relationship between current, spontaneous radiation and stimulated radiation for different barrier aluminum compositions as shown in Figure 6b. For spontaneous radiation rate, in general, it is positively correlated with the material gain. Therefore, the design of 0.35 aluminum composition should have the highest spontaneous emission rate. However, in the simulation of Figure 6b, the aluminum composition of 0.25 has the highest spontaneous emissivity, followed by 0.15, and the lowest spontaneous emissivity, 0.35. The opposite result than expected is caused by the leakage current phenomenon as shown in Figure 4c. At an operating current of 4 mA, the 49.8% leakage current wastes too many carriers, so that the current contributed to the spontaneous emission is only about 2 mA. Hence, the aluminum composition of 0.35 has the lowest spontaneous rate. If the leakage effect can be excluded from the drive current, we can still find that the aluminum composition of 0.35, which has the highest material gain, is helpful to reduce the threshold current. This point of view can be demonstrated from the ratio of leakage current to threshold current. The percentage of leakage and threshold current for aluminum composition of 0.35, 0.25 and 0.15 are 72.21% at 8.12 mA, 3.64% at 4.27 mA, and 0.27% at 4.61 mA, respectively. In other words, when the VCSEL with 0.35 aluminum composition reaches the threshold current, it only takes 2.26 mA to excite the VCSEL. In contrast, the current of the 0.25/0.15 aluminum composition contributing to excite VCSEL are 4.11 and 4.59 mA. These results imply that a high material gain is still useful for a VCSEL with low threshold current.



Moreover, by observing of the excitation radiation, the excitation radiation rates first increase rapidly with the current and then decreases gradually after VCSELs enter the excited state. The kink points occur at about 6, 5, and 10 mA when the aluminum composition is 0.15, 0.25 and 0.35, respectively. The design of the 0.15 aluminum composition QW shows the highest excitation radiation rate due to the largest energy band difference between barrier and electron confinement layer. It improves the carrier confinement ability and increases the excitation radiation rate. Furthermore, when the energy of the QW barrier increases, the depth of the quantum well also becomes deeper, leading to an uneven distribution of carriers injected into the quantum well and further affects the excited radiation rate [54]. A higher energy band difference between barrier and electron confinement layer is helpful to improve the conversion efficiency between electrons and photons of a VCSEL, thereby improving the slop efficiency of a laser. Instead, more material gain needs to be sacrificed resulting in a larger threshold current. Therefore, the optimal balance between the leakage effect and material gain needs to be achieved carefully through multiple structural revisions.





4. Temperature Characteristics of InAlGaP/InGaP VCSEL with Substrates Removal


From the analysis of temperature and leakage effects, the energy band difference between barrier and electron confinement layer has an exponential relationship with the leakage current. By designing the epitaxial structure, such as the number of quantum wells and the electron blocking layer, the problem of carrier leakage can be effectively reduced. Unfortunately, it cannot reduce the thermal resistance of the VCSEL. To reduce the thermal resistance of the device, the improvement of the process structure is a more effective means. Among the different approaches, bottom-emitting VCSELs with flip-chip packaging and frontside-emitting VCSELs with substrate removal are the two most eye-catching process approaches. However, since the GaAs absorption wavelength contains 680 nm, therefore, 680 nm red VCSELs are not suitable for bottom-emitting processes, which makes frontside-emitting VCSEL technology that removes the substrate more important. Therefore, in this section, VCSELs with different substrate thicknesses are simulated and the relationship between thermal resistance and substrate thickness is investigated.



Figure 7a shows the temperature distribution profile of a 14 µm oxide aperture VCSEL fabricated on a GaAs substrate of 65 × 65 × 100 µm (Mesa size is 18 µm) and operated at 12 mA. The temperature distribution profile shows that the isothermal curve gradually spreads toward the substrate with the VCSEL heat source as the center. The curvature of the isothermal curve gradually changes from a spherical curve to an elliptical spherical curve. When the VCSEL heat source is gradually moved away from the bottom of the substrate, the isothermal curve is nearly parallel to the substrate. In this case, when the substrate thickness is thinned, the VCSEL thermal resistance will be linearly related to the thickness. To calculate the VCSEL thermal resistance of the VCSEL, the L-I-V characteristics of the VCSEL with different substrate thicknesses are obtained by simulation as shown in Figure 7b,c, and the relationship between the junction temperature and current of the VCSEL is shown in Figure 7d, and the power conversion efficiency is 15.8%, 15.4%, 12.6%, and 9.5%, for substrate thickness of 100, 250, 400, and 500 μm, respectively, and the trend is consistent to past research [31,72].



The thermal resistance can be calculated from the following Equation (26) by using the net power consumption Pnet and the junction temperature (Tj):


   T j  =  T a  +  P  n e t   ×  R  th    



(26)




where Ta and Rth is the environment temperature and thermal resistance of the laser, respectively, and    P  n e t   =  P  t o t a l   −  P  o p t i c a l    . Figure 8 shows the results of laser thermal resistance calculation for different substrate thicknesses. When the thickness of VCSEL substrate decreases from 500 to 250 µm, the junction temperature decreases from 427 to 376 K. The thermal resistance decreases from 3936 to 2361 K/W. The result of the change of thermal resistance and thickness is a linear function. We analyze this function using the basic Equation (27) of linear thermal resistance:


   R  t h   =  R 0  + L / k A  



(27)




where R0 is the intercept of the thickness of the linear function when the substrate is 0, L is the thickness of the substrate, k is the thermal conductivity of GaAs, and A is the equivalent cross-sectional area of the substrate. When the thermal conductivity of GaAS is 46, the equivalent cross-sectional area can be deduced from the slope to be 61 × 61 µm2. The calculation of the equivalent area is consistent with the simulation condition. It is confirmed that when the substrate thickness is far away from the heat source, the thermal resistance and substrate thickness are a linear relationship. However, when the substrate thickness is less than 100 µm, the linear relationship between thermal resistance and the substrate gradually deteriorates. The thermal resistance of VCSEL is 587 K/W for a substrate thickness of 0 µm. The difference compared to the intercept R0 is 360 K/W. This difference can be explained by the distribution of the isothermal curve. As the thickness of the substrate gets closer to the VCSEL heat source, the isothermal surface is no longer parallel to the substrate cross-section. The linear thermal resistance cannot describe the lateral temperature variation, which makes the simulation results gradually deviate away from the linear function. The simulation results show that the thermal resistance can decrease from 2361 to 587 K/W resulting in a 24% difference in resistance when the VCSEL substrate thickness is significantly thinned. This result is also confirmed by the VCSEL substrate removal process in other wavelength ranges [73,74]. Furthermore, non-linear thermal resistance variations can be confirmed from the analysis of different electronic devices [72,75,76]. Therefore, the substrate thinning process is a feasible method to further improve the maximum power and operating current of red VCSELs. Figure 7b shows that the operating current increases from 12.8 to 18 mA when the thickness of the VCSEL substrate decreases from 500 to 100 µm. The operating range is improved by 40.6% to achieve a higher power red laser. Substrate-removed VCSELs exhibit superior device performance in both high-speed VCSELs or high-power arrays. In general, substrates with a minimum thickness of 10 µm are feasible and proven [77,78,79,80].




5. Conclusions


In this paper, a VCSEL with an emission wavelength of 680 nm was designed by numerical simulation through design flow to improve the problem of poor heat dissipation and leakage current of the InAlGaP/InGaP material system. By fixing the target emission wavelength at 680 nm, we can obtain different combinations of indium composition corresponding to well thickness. Furthermore, the higher the aluminum composition of the barrier, the higher the energy of the barrier, making it easier for the carriers to confine in the quantum well, and hence, the lower the transparent current density, leading to higher material gain. On the other hand, when the aluminum composition of the barrier is higher, the energy difference between the confinement layer and the barrier will decrease, making the confinement of the carriers worse. When the temperature increases, the leakage effect of the carrier will be aggravated, leading to an increase in the threshold current with increasing temperature. Lastly, by substrate removal, the maximum power and operating current of VCSELs can be significantly improved, showing a promising characteristic for future high-power red VCSEL applications.







Author Contributions


Supervision, C.-Y.P. and H.-C.K.; writing—original draft, C.-Y.P., Z.-K.L. and W.-T.H.; Writing—Review & editing, S.-C.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Ministry of Science and Technology, Taiwan, grant number 110-2124-M-A49-003-, 108-2221-E-009-113-MY3.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Table] 





Table A1. The epitaxial structure of the 680 nm VCSEL.






Table A1. The epitaxial structure of the 680 nm VCSEL.





	
Layer

	
Material

	
Group

	
Repeat

	
Start

x

	
Finish

x

	
Thickness (µm)

	
Dopant

	
Type






	
33

	
GaAs

	

	
1

	
N/A

	
0.0150

	
2 × 1020

	
p




	
32

	
AlxGaAs

	

	
1

	
0.45

	
0.0230

	
1 × 1020

	
p




	
31

	
AlxGaAs

	

	
1

	
0.88

	
0.45

	
0.0100

	
2 × 1018

	
p




	
30

	
AlxGaAs

	
4

	
37

	
0.88

	
0.0464

	
3 × 1018

	
p




	
29

	
AlxGaAs

	
4

	
37

	
0.45

	
0.88

	
0.0100

	
3 × 1018

	
p




	
28

	
AlxGaAs

	
4

	
37

	
0.45

	
0.0431

	
3 × 1018

	
p




	
27

	
AlxGaAs

	
4

	
37

	
0.88

	
0.45

	
0.0100

	
3 × 1018

	
p




	
26

	
AlxGaAs

	

	
1

	
0.88

	
0.0431

	
3 × 1018

	
p




	
25

	
AlxGaAs

	

	
1

	
0.45

	
0.88

	
0.0100

	
2 × 1018

	
p




	
24

	
AlxGaAs

	

	
1

	
0.45

	
0.0280

	
3 × 1018

	
p




	
23

	
AlxGaAs

	

	
1

	
0.88

	
0.45

	
0.0100

	
2 × 1018

	
p




	
22

	
AlxGaAs

	

	
1

	
0.985

	
0.0250

	
3 × 1018

	
p




	
21

	
AlxGaAs

	

	
1

	
0.90

	
0.0460

	
3 × 1018

	
p




	
20

	
AlxGa1−xInP

	

	
1

	
0.70

	
0.0200

	
1 × 1018

	
p




	
19

	
AlxGa1−xInP

	

	
1

	
0.50

	
0.70

	
0.0320

	
1 × 1018

	
p




	
18

	
AlxGa1−xInP

	

	
1

	
0.50

	
0.0235

	
N/A

	
Undoped




	
17

	
InGaP

	

	
1

	
N/A

	
0.0054

	
N/A

	
Undoped




	
16

	
AlxGa1−xInP

	
3

	
2

	
0.50

	
0.0080

	
N/A

	
Undoped




	
15

	
InGaP

	
3

	
2

	
N/A

	
0.0054

	
N/A

	
Undoped




	
14

	
AlxGa1−xInP

	

	
1

	
0.50

	
0.0235

	
N/A

	
Undoped




	
13

	
AlxGa1−xInP

	

	
1

	
0.70

	
0.50

	
0.0500

	
1 × 1018

	
n




	
12

	
AlxGa1−xInP

	

	
1

	
0.70

	
0.0200

	
1 × 1018

	
n




	
11

	
AlxGaAs

	

	
1

	
0.88

	
0.0464

	
2 × 1018

	
n




	
10

	
AlxGaAs

	

	
1

	
0.45

	
0.88

	
0.0100

	
2 × 1018

	
n




	
9

	
AlxGaAs

	
2

	
5

	
0.45

	
0.0413

	
2 × 1018

	
n




	
8

	
AlxGaAs

	
2

	
5

	
0.88

	
0.45

	
0.0100

	
2 × 1018

	
n




	
7

	
AlxGaAs

	
2

	
5

	
0.88

	
0.0464

	
2 × 1018

	
n




	
6

	
AlxGaAs

	
2

	
5

	
0.45

	
0.88

	
0.0100

	
2 × 1018

	
n




	
5

	
AlxGaAs

	
1

	
50

	
0.45

	
0.0413

	
2 × 1018

	
n




	
4

	
AlxGaAs

	
1

	
50

	
0.94

	
0.45

	
0.0100

	
2 × 1018

	
n




	
3

	
AlxGaAs

	
1

	
50

	
0.94

	
0.0464

	
2 × 1018

	
n




	
2

	
AlxGaAs

	
1

	
50

	
0.45

	
0.94

	
0.0100

	
2 × 1018

	
n




	
1

	
GaAs

	

	
1

	
N/A

	
100

	
3 × 1018

	
n
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Figure 1. Design flow chart of a VCSEL. 
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Figure 2. The relationship between the thickness of the well and the indium composition of the well under different barrier aluminum compositions. 
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Figure 3. The relationship between the indium composition of well and its maximum material gain value under different barrier aluminum composition. 
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Figure 4. (a) Normalized current density distribution under different aluminum compositions, (b) conduction band diagram of active layer for different barrier aluminum compositions, and (c) input current density and percentage of leakage current under different aluminum compositions and temperature. 
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Figure 5. Relationship between (a) gain spectrum and resonance mode gain at different temperatures and (b) temperature versus cavity mode gain, under different barrier aluminum compositions. 
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Figure 6. (a) Temperature versus threshold current and (b) current versus spontaneous and excited radiation rates at 25 °C, under different barrier aluminum compositions. 
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Figure 7. (a) Temperature distribution profile at 12 mA, (b) current-voltage relationship, (c) photoelectric characteristic curve for different substrate thicknesses, and (d) junction temperature–current relationship. 
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Figure 8. The thermal resistance for different substrate thicknesses. 
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