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Abstract: Two types of GaN vertical-cavity surface-emitting lasers (VCSELs), with and
without lateral optical confinement (LOC) structure, were fabricated and their performances
were compared. Compared with the VCSEL without LOC, the device with LOC showed
a great improvement in threshold current, slope efficiency, output power and differential
quantum efficiency, which was mainly due to the reduction of internal loss. Devices with LOC
showed clear and multi-transversal mode structures. However, thermal dissipation became
worse. The effects of such a design on thermal resistance and transverse modes were
discussed.

Index Terms: Semiconductor lasers, vertical cavity surface emitting lasers, lateral optical
confinement.

1. Introduction

GaN-based vertical-cavity surface-emitting lasers (VCSELs) are being heavily investigated due
to their potential applications in visible light communication, microprojector and display [1], [2].
In recent years, several academic and industrial research groups have demonstrated electrically
pumped GaN-based VCSELSs [3]-[11]. However, the performance of GaN-based VCSELs is still not
good enough and challenges are necessary in such as achieving high-reflectivity mirrors, efficient
lateral current spreading and lateral optical confinement (LOC) [12]. Further improvements in GaN-
based VCSELs are required toward applications.

The LOC plays an important role in improving the efficiency, as suggested by the development
history of infrared VCSELs [13], [14]. The devices do not contain optical guiding structures will
suffer from higher diffraction loss because of the divergent distribution of the optical field, which will
cause low energy conversion efficiency [15], [16]. Basically, an index-step core-cladding structure
like an optical fiber is required for the optical guiding. In commercialized GaAs-based VCSELs,
selective lateral oxidation of a semiconductor layer with high aluminum content like Al 9sGag.g2As
or even AlAs is employed for realization of optical guiding and current confinement as well.
However, in GaN-based VCSELSs, selective lateral oxidation is impossible. Therefore, the formation
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Fig. 1. Schematic of the VCSEL with the standard structure (left half) and the SiO2-buried structure
(right half).

of the LOC structure in GaN-based VCSELs is rather complex since this structure can result in
anti-guiding [16]. In recent years, several approaches have been used to obtain the GaN-based
VCSELs with LOC structure. Leonard et al. [17]. used ion implantation to enabling a planar
ITO design of intra-cavity structure. The refractive index decreases due to implantation, which
is favorable for providing optical confinement in the aperture. After that, they reported an air-gap
formed by the photoelectrochemically (PEC) etching to selectively remove the active region outside
the aperture area [18]. This approach also achieved a large index contrast between core and the
lateral cladding of the device. However, these approaches may damage the wafer and has a high
cost. Kuramoto et al. [19]. introduced a SiO,-buried structure in GaN-based VCSEL with hybrid
epitaxial/dielectric distributed Bragg reflector (DBR). The reported devices showed a high output
power of 6 mW. The author attributed this as a result of reduction of the internal loss by LOC
structure and adjustment of the front mirror reflectivity. Compared with GaN VCSELs with epitaxial
AlGaN/GaN or AllInN/GaN DBR, the precise control of cavity length using a thinning process is
difficult for devices with two dielectric DBRs. In 2018, Hamaguchi et al. [20] used a curved mirror
formed monolithically on a GaN wafer to achieve LOC. They conclude that this approach allows
aperture miniaturization to the diffraction limit, and a relatively long cavity can be used due to the
reduction of diffraction loss.

In this work, a thick SiO,-buried structure was used to form the LOC in GaN-based VCSELs with
double dielectric DBRs. We present the testing results and compare the results with the standard
structure VCSELs. The effects of such a design were analyzed from the point of internal loss and
thermal property. In addition, the transverse mode characteristics were discussed for the devices
with different aperture sizes.

2. Materials and Methods

The adopted epitaxial structure was grown on a c-plane sapphire substrate by using metal-
organic chemical-vapor deposition. The active region consisted of two periods of Ing15Gag.s2N
(2.5 nm)/GaN (6 nm) quantum wells (QWSs). A 20 nm Aly>GagsN layer was used as electron
blocking layer. As illustrated in the right half of Fig. 1, the VCSEL demonstrated here employed a
dual dielectric DBR design and SiO, aperture/ITO electrode structure. The SiO»-buried structure
was fabricated by etching a patterned groove of the p-GaN layer to a depth of 200 nm using

Vol. 12, No. 2, April 2020 1501708



IEEE Photonics Journal Effects of Lateral Optical Confinement

TABLE 1
Differences of Two Structure VCSELs

Structure Standard SiOz-buried
structure structure
LOC No Yes
Effective cavity length (nm) 3986 2886
Pairs of top/bottom DBRs 11/13.5 10/12.5

Reflectivity of top/bottom DBRs 99.88%/99.95% 99.24% /99.89%

ICP etching, and a 200 nm SiO, film was deposited by magnetron sputtering. Devices with 8 um
and 15 um current confinement apertures were fabricated. For comparison, a standard structure
VCSEL with dual dielectric DBRs is also shown in the left half of Fig. 1, where the SiO, film with
the same thickness was deposited on the p-type GaN directly. SiO, and TiO, were used as low
and high refractive index materials of mirrors. The refractive indexes of SiO, and TiO,, are 2.45 and
1.46, respectively. The pairs of top and bottom DBRs are shown in Table 1. Cr/Au was used for
both p- and n-type electrodes of both structures.

According to the effective index model [21], the relative refractive index difference An/n can be
estimated from the local resonance wavelength shift between the center and peripheral regions of
the VCSEL mesa, as described by the following equation

Ae—lp AL An

== 1
Ae ‘e N M

where A and 1, are the resonance wavelengths of the center and peripheral areas, respectively.
When 1. — A, is positive, the optical guiding is obtained. . and i, can be obtained from the
calculated reflectivity spectrum of an entire VCSEL cavity by transfer matrix simulation [22]. By
the calculation, An/n of SiO,-buried structure VCSEL is 0.027. On the contrary, An/n is —0.054
for the standard structure VCSEL, showing the anti-guiding. The differences of fabricated devices
are summarized in the Table 1. The reflectivity of top and bottom DBRs was measured by
spectrophotometer. Effective cavity length Lggs was estimated from the measured longitudinal mode

spacing AL [22]
A2 Ao dn) !
A = —— (1= 2
- 2nLeﬁ< n d)») @

where n is the refractive index, dn/dir= —0.001. Different effective cavity length of the two structure
devices comes from the different thickness of n-type GaN layer and the DBR penetration depth.

3. Results and Discussion

The VCSELs with a 15 um aperture diameter were tested under continuous-wave (CW) operation
at room temperature (RT). Figs. 2 and 3 show the emission spectra of devices with different
structures under different current levels, together with the corresponding current-light output (I-L)
curves and polarization characteristics. Multi-longitudinal mode lasing was observed for both
structure VCSELs and the emission wavelength shows a little redshift due to the heating effect. To
estimate the Q value of the resonant cavity, the linewidths of emission modes were measured below
threshold current with a higher resolution of 0.015 nm, as shown in the inset of Figs. 2(a) and 3(a).
We also applied linear fits to the I-L data and the threshold currents were extracted. Polarization
measurements show that the degree of polarization of standard and SiO,-buried structure devices
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Fig. 2. (@) The emission spectra of the standard structure VCSEL at injection current of 0.97 I;;, and
1.61 I, respectively. The inset exhibits the linewidth of the emission mode measured with a higher
resolution at 20 mA. (b) The light output as a function of injection current at 300 K and CW operation.
(c) Polarization characteristics of the laser emission.
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Fig. 3. (a) The emission spectra of the SiO»-buried structure VCSEL at injection current of 0.93 I, and
1.56 lin, respectively. The inset exhibits the linewidth of the emission mode measured with a higher
resolution at 15 mA. (b) The light output as a function of injection current at 300 K and CW operation.
(c) Polarization characteristics of the laser emission.

TABLE 2
Measurement Results of Two Structure VCSELs at RT

Sy Sochrd
Threshold current (mA) 31 16
Maximum output power (uW) 110 200
Slope efficiency (W/A) 0.0036 0.013
Thermal roll-over current (mA) 50 26

are 71% and 69% under CW operation of 1.1lyy,, respectively. In addition, multi-transverse modes
can be observed associated with each single longitudinal mode for the SiO,-buried structure only.
More details about transverse mode characteristics will be discussed in the later part of the article.

The measurement results of the VCSELs with and without LOC are summarized in Table 2.
As shown in Table 2, the SiO,-buried structure VCSELs have lower threshold current and higher
maximum output power than the standard VCSELs. The improvements of the VCSEL with LOC
could be attributed to the reduction of the intra-cavity losses. At the same time, the reduction of
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TABLE 3
VCSEL Parameters Obtained From Calculation

Standard SiO,-buried

Structure structure structure
Total loss (cm™) 362 169
Mirror losses (Top/Bottom) (cm™") 1.5/0.63 13.2/1.9
Internal loss (cm™") 359.87 153.9
Differential quantum efficiency (%) 0.14 0.49
Injection efficiency (%) 33.8 6.3

the top mirror reflectivity from 99.88% to 99.24% will also benefit to achieve a high slope efficiency,
and finally a high output power. However, the SiO,-buried structure VCSELs have a low thermal
roll-over current, which suggests that the thermal dissipation is worse.

The total l0ss oty Of the VCSEL is roughly divided into mirror loss «ay, and internal loss «;. To
gain insight into the advantages introduced by using the LOC structure, we calculated the losses
introduced by the DBR and the resonant cavity. The loss of top/ bottom DBR a;/B can be expressed
in terms of effective cavity length Ly and the reflectivity Ryg as [23]

1 1
/B
o = In{ =— 3
m 2L g < RB ) ©)

The calculated Lgt and measured Ry/g are shown in Table 1. The total mirror loss consists of top
and bottom DBR losses. The «; value can be estimated from the measured quality factor Q of the
resonant cavity [24]

2mn
4
Q (4)

As shown in the inset of Figs. 2(a) and 3(a), the linewidth of the emission modes was measured
to be 0.24 nm and 0.55 nm for the device with and without LOC, respectively. The corresponding
Q values are 1963 and 880.

We also analyzed the injection efficiency »; of the devices, which indicates the fraction of injected
carriers converted into photons according to the formula [23]

T

m
[ S 5
o +a +aB ©)

The differential quantum efficiency nq in the equation can be extracted from the L-I curves via its
relation to the slope efficiency dP/dl

Utotal = O + m =

o
Nd = Ni X

__9  dP
“hxo dl (6)

where q is the electron charge, h is Planck’s constant, and v is the laser frequency. The calculated
results are summarized in Table 3. The internal loss in a standard structure is more than two times
higher compared with the SiO,-buried structure. It has been reported that the impact of transverse
radiation loss was an extremely high value that occupies more than 2/3 of the whole internal loss
in the standard VCSELs [25], since the absorption loss do not vary much between the different
cavity structures. The internal loss of the VCSEL incorporating a LOC structure was significantly
reduced due to the decrease of transverse radiation loss. On the other hand, the mirror loss only
occupies a small part of the total loss for both structures. An appropriate reduction of the DBR

Nd
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Fig. 4. COMSOL thermal simulation of a 10 m aperture diameter VCSEL with (a) standard structure
and (b) SiO2-buried structure. The color scheme represents the increase in temperature and the
overlain arrows represent the thermal flux.
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Fig. 5. (a) Emission spectra of devices with 8 um and 15 um aperture size (b) Wavelength separation
between zeroth and first order modes as a function of increasing current.

reflectivity is feasible for VCSELs with LOC structure to achieve a high output power. However, the
injection efficiency of the SiO,-buried structure was much lower, 6.3%. The 7; value was decreased
possibly due to the structure incorporated LOC have smaller spot sizes where peripheral current
might be wasted. Moreover, due to the relatively short cavity length, resulting in the relatively poor
heat dissipation. Free-carrier absorption is higher at higher temperature.

The thermal characteristics of GaN-based VCSEL will be affected by the device structure such
as cavity length, mesa size, as well as bottom DBR size [25]. Fig. 4 presents the thermal perfor-
mance of the standard structure and SiO,-buried structure VCSELs. The color scheme shows the
increase in temperature after reaching the steady-state. The method of calculation and the thermal
conductivities of the materials were same as our previous work [26]. The temperature of bottom
surface of the substrate was set to be room temperature (293 K) as a boundary condition during
the simulation. The model predicted an active region temperature of 313.63 °C for the standard
structure and 317.31 °C for the SiO.-buried structure. The thermal resistance Ry, could be obtained
by R = AT/Ugy-lin, where Uy, and Iy, are threshold voltage and threshold current, respectively.
Here, U, was set to be 4.5V and |}, was set to be 8 mA. The thermal resistance Ry, was calculated
to be 573 K/W and 675 K/W for the two structures. The Ry, value of SiO,-buried structure is bigger
than that of standard structure. For standard structure, thermal energy could spread out over the
cavity in lateral direction by intra-cavity metal pathway, but for SiO,-buried structure without metal
pathway, heat transfer in lateral direction is impeded due to the low thermal conductivity of ITO
layer. The increased thermal resistance also affects the heat dissipation of the device, which jointly
results in the reduction of the peak injection current and injection efficiency.

Multi-transverse modes were observed in the VCSEL with LOC. In Fig. 5(a), the spectra of
devices with 8 um and 15 um aperture size are fitted by multi-Lorentzian peaks. Less small peaks
are observed in 8 um aperture device since higher-order modes have more of their intensity extend
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outside the small optical confinement aperture. Higher order modes are more likely to appear in the
devices with large aperture size. In addition, the spacing between transverse modes as a function
of current was also discussed, as shown in Fig. 5(b). For an almost planar resonator, such as
VCSEL with DBRs, the mode spacing is given by [27]

Chc CLe

Av = x
2712n2a)§ nang

(7)

where c is the speed of light, n is refractive index and w, is the minimum spot size of the funda-
mental mode. Substitution of the definition of the wavelength, L. = 2nLgs/m, gives an expression
in terms of refractive index and effective cavity length [5]. Here, m is a positive integer. Note
that the mode spacing of the devices increases with increasing currents. From (7), it is seen
that the mode spacing is affected by the effective cavity length, refractive index and mode spot
size. The temperature inside the cavity will increase with increasing the injection current. Due to
the small thermal expansion coefficient of GaN film, however, the effective cavity length is almost
unchanged. n is known to increase at higher currents as demonstrated by the redshift of the
emission modes. Therefore, an increase in the mode spacing with injection current can only be
explained by considering that the mode spot size is decreasing faster than the increase of n. The
decrease of the mode size, called thermal lensing, is originated from the inhomogeneous index
profile caused by increasing current and, probably, composition fluctuation as well [27]. In addition,
it is found that the rate of change with current of the mode separation (Art/Al) is higher for the
devices with small aperture size. For example, Ait/Al for 8 um aperture device is ~0.008 nm/mA,
while for 15 um diameter device, it is ~0.005 nm/mA. The thermal lens effect of 8 um devices is
more pronounced since the current density of the small VCSEL is relatively high, causing more
heating. However, it had been reported that the thermal lens effect will strongly affect the efficiency
of the device [28]. Therefore, it is to be expected that a small current aperture device with a long
cavity length (good heat dissipation) will be helpful to achieve high performance VCSEL with single
transverse mode.

4. Conclusion

In summary, we comparatively studied GaN-based VCSELs with and without LOC structure. The
experiment results show that the device with LOC structure has lower threshold current and higher
output power, owing to the reduction of the internal loss. Although higher thermal resistance is
obtained compared with the standard structure, improvement should be possible by increasing the
cavity length. Finally, the observed transverse mode characteristics were affected by the aperture
size and the heat dissipation of the device. This work provides a better understanding of the optical
and thermal property of GaN-based VCSELSs with such a typical structure and is useful in optimizing
the structure design and improving the device performance.
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