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Abstract—This paper reviews the fabrication technology and
performance characteristics of optically pumped and electri-
cally pumped GaN-based vertical-cavity surface-emitting lasers
(VCSELSs). The lasing action of optically pumped hybrid GaN-
based VCSELS has been observed at room temperature due to the
employment of high-quality and high-reflectivity AIN/GaN-based
distributed Bragg reflectors in the VCSEL structure. Based on
the device structure of the optically pumped hybrid GaN-based
VCSELs, we further achieved the lasing action of electrically
pumped GaN-based VCSELs under continuous-wave operation
at 77 K. The laser has a threshold injection current of 1.4 mA and
emits a blue wavelength at 462 nm together with a narrow linewidth
of about 0.15 nm. The laser beam has a divergence angle of about
11.7° with a polarization ratio of 80%. A very strong spontaneous
coupling efficiency of 7.5 X 10~2 was measured.

Index Terms—Distributed Bragg reflector (DBR), GaN, elec-
trical pumping, superlattice, vertical-cavity surface-emitting laser
(VCSEL).

I. INTRODUCTION

ITRIDE-BASED wide-bandgap alloys such as InGaN and

AlGaN have been used in the fabrication of light-emitting
devices including LEDs, laser diodes (LDs), and vertical-cavity
surface-emitting lasers (VCSELs). Early breakthroughs for
II-nitride LEDs can be traced back to the experimental results
demonstrated by Akasaki and coworkers. In 1989, they obtained
p-type GaN films by using Mg doping as an acceptor impurity.
The Mg acceptors were activated by post-low-energy electron
beam irradiation treatment [1]. Subsequent to the realization of
p-type conductivity in GaN, the first GaN-based homojunction
LED was also reported by Akasaki et al. [2]. Furthermore, high-
brightness InGaN/GaN LEDs based on double-heterostructure
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design were demonstrated by Nakamura et al. [3], and then the
related ultraviolet, blue, green, and yellow LEDs were commer-
cialized in the following years. The GaN-based LDs were also
realized under room-temperature (RT) continuous-wave (CW)
operation by Nakamura et al. [4]. The lifetime and output power
of the LDs were further improved to more than 10 000 h and
420 mW in 1998 [5], [6]. These breakthroughs are mainly based
on the improvement of crystal quality and the realization of fur-
ther p-type conductivity control [ 7], [8]. Nevertheless, the devel-
opment of GaN-based VCSELSs is relatively slow as compared
with GaN-based LEDs and LDs. The key problems limiting the
development of GaN-based VCSELs are the lack of suitable
substrates and the difficulty in growing high-quality and high-
reflectivity GaN-based distributed Bragg reflectors (DBRs). In
Section II, we will describe the difficulty in growing and fab-
ricating GaN-based VCSELSs in detail, and propose the corre-
sponding approach to these problems.

VCSELS have many inherent advantages, such as circular
output beam, low beam divergence, high modulation band-
width, single longitudinal mode, and convenient wafer-level
testing [9]-[11]. These advantages make VCSELs promising
optoelectronic devices for many practical applications, such
as high-density optical storage system, laser printing, free-
space optical interconnects, fiber-optic communications, etc.
Recently, nitride-based VCSEL microcavities have especially
attracted much attention due to the investigation of funda-
mental phenomena including strong light-matter interaction
[12]-[14], solid-state cavity quantum electrodynamics (CQED)
[15], and dynamical Bose—Einstein condensates [16]. Because
of the desirable breakthrough in the realization of GaN-based
VCSELs and the related study of GaN-based microcavities,
there are many research groups devoted to the growth and
fabrication of GaN-based VCSELSs. Despite the material qual-
ity and fabrication problems, realizations of the GaN-based
VCSELs have been reported. The first demonstration of the
RT optically pumped GaN-based VCSELs has been reported
by Redwing et al. [17]. The fully epitaxial VCSEL structure
consists of a 10 pm GaN active region sandwiched between 30-
period Al 12Gag ssN/Aly 4 Gay s N-based DBRs with the reflec-
tivity values about 84%—-93% from theoretical prediction. The
relatively low reflectivity results in the high-threshold pump-
ing energy of ~2.0 MW/cm? and the employment of a thick
GaN gain layer. Furthermore, Arakawa and coworkers fab-
ricated an Iny ;Gay 9N VCSEL and observed the lasing ac-
tion at 77 K for the first time in 1998 [18]. The 3A cavity
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comprising an Ing ; Gay 9N active layer was grown on 35-pair
Aly.34Gay 66 N/GaN-based DBRs with the reflectivity of 97%.
The top DBR consisting of a six-pair TiO5/SiO; multilayer
providing the reflectivity of 98% was evaporated on the top
of the active layer to form the hybrid VCSEL structure (i.e.,
the VCSEL structure consisting of semiconductor-grown mirror
and dielectric-deposited mirror). The emission linewidth signifi-
cantly decreased from 2.5 to 0.1 nm after the threshold condition.
Thereafter, Song et al. demonstrated a VCSEL structure con-
sisting of InGaN multiple quantum wells (MQWs) and ten-pair
Si0,/HfO, top and bottom DBR by using laser lift-off technol-
ogy [19]. Since the reflectivity of top and bottom DBRs were
99.5% and 99.9%, respectively, the cavity ()-factor is larger
than 600 in their experiments. In the same year, Someya et al.
reported RT lasing at blue wavelengths in hybrid GaN-based
VCSELs [20]. Lasing action was observed at a wavelength of
399 nm under optical excitation and the emission linewidth de-
creased from 0.8 nm below threshold to less than 0.1 nm above
threshold. In 2005, crack-free fully epitaxial nitride microcav-
ity using lattice-matched AlInN/GaN-based DBRs was reported
by Carlin et al. [21]. The optical cavity was formed by a 31/2
GaN cavity surrounded by lattice-matched AlInN/GaN-based
DBRs with reflectivity values close to 99%. The cavity mode
was clearly resolved with a linewidth of 2.3 nm. However, laser
behavior was not reported in this kind of VCSEL structure at
that time.

As far as optically pumped GaN-based VCSELs are con-
cerned, there are only few experimental results in recent years
[22]-[25]. In our previous study, we also demonstrated optically
pumped GaN-based VCSELs by employing dielectric DBR
VCSEL [26], [27] and hybrid DBR VCSEL structures [28], [29].
The advantages and drawbacks of these different VCSEL struc-
tures will be discussed in Section II. The related technology and
characteristics of optically pumped GaN-based VCSELSs can be
found in the published review paper [30]. Although optically
pumped GaN-based VCSELs were reported earlier, there has
been no electrically pumped GaN-based VCSEL reported until
our recent experimental results exhibiting the lasing action at
77 K [31]. In Section III, we will focus on the hybrid VCSEL
structure and discuss the characteristics of optically pumped
and electrically pumped GaN-based VCSELs. In Section IV,
the future research directions enhancing the operation tempera-
ture from 77 to 300 K will be discussed. Section V presents a
summary of this paper and discusses the emerging applications
for nitride-based VCSELs.

II. DIFFICULTY IN FABRICATION OF NITRIDE-BASED VCSEL

The evolution of nitride-based light-emitting devices suffered
from many obstacles, such as the absence of lattice-matched
substrates [32], low activation ratio of p-type (Al)GaN [33],
large mobility difference between electrons and holes [34],
crystal-structure- and strain-induced quantum-confined Stark
effect (QCSE) [35], etc. These problems have been widely
investigated in nitride-based LEDs and LDs. Nevertheless,
the most difficult challenge for nitride-based VCSELSs is the
lattice-mismatched nitride-based DBRs since the VCSEL struc-

ture consists of an active region embedded within two high-
reflectivity DBRs. High-quality and high-reflectivity DBRs are
necessary to achieve threshold condition due to the relatively
short gain region of a VCSEL [9], [10]. In general, there are
three kinds of material systems used in nitride-based DBRs,
including AIN/GaN, Al(Ga)N/(Al)GaN, and AlInN/GaN. The
AIN/GaN-based DBRs offer the highest refractive index con-
trast among the III-nitride compounds and provide highly re-
flective structures together with a large stopband width. How-
ever, the large lattice mismatch between AIN and GaN is up to
2.4%, which generally results in tensile strain and formation of
cracks. These cracks tend to grow into V-shaped grooves and
seriously affect the reflectivity of the DBR due to scattering,
diffraction, and absorption. To prevent the formation of cracks,
the Al,Ga;_,N/Al,Ga;_,N system is usually used to reduce
the strain in the whole DBR structure. Nevertheless, the refrac-
tive index contrast decreases with increasing Al composition in
GaN or Ga composition in AIN, which leads to a reduced stop-
band width and the requirement of increased number of pairs to
achieve high reflectivity. An alternative approach was proposed
by Carlin and Ilegems [36]. They demonstrated high-reflectivity
AlInN/GaN-based DBRs near-lattice-matched to GaN. The
20-pair DBRs exhibited a peak reflectivity of over 90% and a
35 nm stopband width at 515 nm. Although this kind of DBR
has been reported, the growth of high-quality AlInN film is diffi-
cult due to the composition inhomogeneity and phase separation
in AlInN, which results from large mismatch of covalent bond
length and growth temperature between InN and AIN [37]. The
related progress in the growth of highly reflective nitride-based
DBR can be found in the review paper [38].

In order to obtain high-reflectivity and large-stopband DBRs
for nitride-based VCSELSs, our approach is to focus on grow-
ing high-quality AIN/GaN-based DBRs. In our previous study,
we reported the growth of crack-free AIN/GaN-based DBRs
with insertion of 5.5 periods of AIN/GaN superlattice (SL) [39].
Fig. 1 shows cross-sectional transmission electronic microscopy
(TEM) images of the SL DBR structure. The lighter layers rep-
resent AIN layers while the darker ones represent GaN layers.
The interfaces between AIN and GaN layers are sharp and abrupt
in low-magnification TEM image, as shown in Fig. 1(a). The
arrows indicate the SL insertion positions. Fig. 1(b) shows the
cross-sectional TEM image of one set of 5.5-pair AIN/GaN
SL insertion layers under high magnification. Detailed obser-
vations by this TEM image reveal that the V-shaped defects in
the AIN layers are always observable at the GaN-on-AIN inter-
faces and are filled in with GaN. These V-shaped defects have
been reported earlier and could be due to various origins such
as stacking mismatch boundaries and surface undulation [40].
The GaN/AIN SL insertion layers were followed by one more
AIN layer to identify the change from the AIN layer to the GaN
layer. Here, a set of GaN/AIN SL insertion layers can be seen as
a quasi-alloy of an Al,Ga;_, N layer for a low-refractive-index
quarter-wave layer in the DBR structure.

The effect of the SL insertion layers on the structural charac-
teristics of the DBR structures can be investigated by the mea-
surement of X-ray asymmetrical reciprocal space map (RSM).
The (1015) RSMs of the AIN/GaN-based DBRs without and
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Fig. 1. (a) Low-magnification cross-sectional TEM image of the SL DBR

structure. (b) High-magnification cross-sectional TEM image of the SL DBR
structure. The 5.5-pair AIN/GaN SL can be observed clearly.
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Fig. 2. Reciprocal space maps. (a) Non-SL samples. (b) SL DBR samples.

with SL insertion layers are shown in Fig. 2(a) and (b), respec-
tively. The perpendicular axis represents the reciprocal lattice ¢
and the parallel axis represents reciprocal lattice a. Compared
with the RSM patterns of non-SL and SL DBRs in Fig. 2(a) and
(b), the diffraction patterns around spots labeled A and B are
due to the DBR layers for the high aluminum composition. The
diffraction spot labeled C is due to the AIN/GaN SL insertion
layers, as shown in Fig. 2(b). Both RSM patterns in non-SL and
SL DBRs reveal that the DBR layers are under tensile strain that
is partially relaxed because the diffraction peaks in the (1015)
RSMs do not align in a vertical straight line. The relaxation
could be due to the creation of the misfit dislocation [40]. The
relaxation process of AIN/GaN SL layers ensures relatively bet-
ter coherency, i.e., GaN and AIN SL layers are fully strained
against each other. Therefore, the SLs behave like effective bulk
layers that have an in-plane lattice constant between bulk GaN-
and AIN-based DBR layers, as shown in Fig. 2(b) [41]. The
subsequent growth of five-pair AIN/GaN-based DBR could fol-
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Fig. 3. Three kinds of GaN-based VCSEL structures. (a) Fully epitaxial

VCSELs. (b) Double dielectric DBR VCSELSs. (¢) Hybrid DBR VCSELs.

low the AIN/GaN SLs, which will make the DBR layers suffer
relatively smaller strain as compared with DBR layers grown on
bulk GaN layers. Consequently, the insertion of the SL layers
during the growth of the DBR layers could act as a strain buffers
between DBRs and the underlying GaN bulk layer because the
in-plane lattice constants of the SL layers are close to those of
the AIN layers in the DBRs.

Because of the difficulty of growing high-quality and high-
reflectivity nitride-based DBRs, the possible design of GaN-
based blue VCSELs has been proposed by Iga [42]. The cor-
responding structural designs for nitride-based VCSELs can be
classified into three major types, as shown in Fig. 3. The first
one is monolithic-grown vertical resonant cavity consisting of
epitaxially grown IlI-nitride top and bottom DBRs [Fig. 3(a)].
The advantage of the fully epitaxial microcavity is the control-
lable cavity thickness, which is beneficial to fabricate a mi-
crocavity structure. However, VCSELs require extremely high-
reflectivity DBRs (i.e., high cavity Q-factor). It is very difficult
for the fully epitaxial nitride double dielectric microcavity to
achieve this requirement although the related results have been
reported [21], [43]. The second one is vertical resonant cav-
ity consisting of a dielectric top and bottom DBR [Fig. 3(b)].
The DBR VCSELSs can exhibit high cavity @-factors because
of the high-reflectivity DBRs, which are relatively easy to fab-
ricate. The large refractive index contrast in dielectric materi-
als can provide high-reflectivity and large-stopband DBRs with
less number of pairs. The drawbacks of the double dielectric
DBR VCSEL are the difficulty of controlling the cavity thick-
ness precisely and the complicated fabrication process due to
the employment of laser lift-off technique [26]. In addition, the
GaN cavity should be kept as thick as possible to avoid the dam-
age of the InGaN/GaN MQWs during the laser lift-off process.
Such a thick cavity length could increase the threshold condi-
tion and reduce the microcavity effect [44], [45]. The third one
is the VCSEL structure combining an epitaxially grown DBR
and a dielectric-type DBR that compromises the advantages
and disadvantages of the aforementioned two VCSEL structures
[Fig. 3(c)] [28], [29]. The hybrid DBR VCSEL can eliminate the
complex process and ensure the feasibility of coplanar contacts
with dielectric DBR mesas for the future electrically pumped
VCSEL applications. The major requirement for the fabrication
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of hybrid DBR VCSEL is to grow high-reflectivity and high-
quality nitride-based DBRs. Our approaches to the realization
of GaN-based VCSELSs are mainly based on the double dielec-
tric DBR VCSELs and the hybrid DBR VCSELs. The lasing
action in double dielectric VCSEL has been demonstrated by
optical excitation in our previous studies [26], [27]. To achieve
electrically pumped GaN-based VCSELs, we focus our study
on the structure of hybrid DBR VCSELSs in recent years. Since
the problem of growing high-reflectivity nitride-based DBRs has
been successfully overcome by inserting the AIN/GaN SL layers
during the growth of AIN/GaN-based DBRs, it is expected that
the higher possibility for achieving electrically pumped GaN-
based VCSELs is based on the hybrid DBR VCSEL structure.
Therefore, we will analyze the performance characteristics of
optically pumped and electrically pumped GaN-based hybrid
VCSELs in the following section.

III. HYBRID NITRIDE-BASED VCSEL
A. Growth and Fabrication of Hybrid DBR VCSEL

The hybrid DBR GaN-based VCSELSs were grown in a low-
pressure high-speed rotating disk metal-organic chemical va-
por deposition (MOCVD) system (EMCORE D75). Two-inch-
diameter (0 O O 1)-oriented sapphire substrates were used for
the growth of AIN/GaN-based DBR and cavity. During the
growth, trimethylgallium (TMGa), trimethylindium (TMlIn),
and trimethylaluminum (TMALI) were used as group III source
materials, and ammonia (NH3) as the group V source material.
Then, the growth process was as follows. The substrate was
thermally cleaned in hydrogen ambient for 5 min at 1100°C
and then a 30-nm-thick GaN nucleation layer was grown at
500°C. The growth temperature was raised up to 1100 °C for
the growth of a 2-um GaN buffer layer. Then, the 29 pairs of
AIN/GaN-based DBR with six AIN/GaN SL insertion layers
were grown under the fixed chamber pressure of 100 torr simi-
lar to the previously reported growth conditions [39]. In order to
reduce the tensile strain between the AIN and GaN, we inserted
one SL into each of the five DBR periods for the first 20 pairs
of DBRs. Then, the SL was inserted into each of the three DBR
periods for the remaining nine pairs of DBRs so as to reduce
the tensile strain. The overall AIN/GaN-based DBRs have 29
pairs with six SL insertion layers. On top of this, the 29-pair
AIN/GaN-based DBR is a 790-nm-thick Si-doped n-type GaN
cladding layer. The MQW active region consists of ten 2.5-nm-
thick Ing o Gag sN QWs and 7.5-nm-thick GaN barrier layers. A
120-nm-thick Mg-doped p-type GaN cladding layer was grown
on top of the MQWs to form a 5A cavity in optical thickness
for a center wavelength of 460 nm. Here, we chose 460 nm as
the designed lasing wavelength mainly due to the consideration
of the higher absorption of the Indium-Tin-Oxide (ITO) layer
at shorter wavelengths. Besides, this wavelength can be sup-
ported by our in situ monitor system, which is a very critical
consideration for the precise design of each layer thickness in
VCSEL structures [9]. The MQWs were located at the antinode
of light field in the microcavity for enhancing the coupling of
photons and the cavity mode. During the growth, we use in situ
monitoring signals by fixing the monitor wavelength of 460 nm.

GaN n-GaN

AIN/GaN DBR

mMaw p-GaN

o
ES
T

Reflectivity (arb. unit)
& & o o © o ¢
o

——460 nm|| (b)

0 100 200 300 400 500 600 700 740 760 780 800 820 840 860 880
Time (min) Time (min)

Fig. 4. (a) In situ normal reflectance measurement during the growth of the
AIN/GaN-based DBR and GaN microcavity with InGaN/GaN MQWs by a
fixed measurement wavelength of 450 nm. The AIN/GaN SL s are inserted
into AIN/GaN-based DBR at the time indicated as SL. (b) Enlarged part of
reflectance signals during the growth of the GaN microcavity consisted of
n-GaN, InGaN/GaN MQWs, and p-GaN layers.

Therefore, the thickness of each quarter-wavelength GaN and
AIN can be precisely controlled by following the reflectance
signals during the MOCVD growth. The total reflectance signal
at 460 nm for the half-cavity structure is shown in Fig. 4. The
relative reflectivity is gradually saturated with increasing num-
ber of DBR pairs, as shown in Fig. 4(a). The AIN/GaN SL layers
are inserted into AIN/GaN-based DBR at the time indicated as
SL. The cavity thickness and positions of MQWs can also be
in situ monitored by observing the oscillation periods during the
growth, as shown in Fig. 4(b). After the growth of nitride-based
half cavity, an eight-pair Tap O5/SiO dielectric mirror was de-
posited by electronic beam evaporation as the top DBR reflector
to form the hybrid microcavity.

B. Characteristics of Optically Pumped GaN-Based VCSEL

Lasing action observed by optical pumping is the first step
for the development of semiconductor lasers. The experimental
results obtained from optically pumped VCSELSs can be used to
estimate the threshold condition of the designed VCSEL struc-
ture and provide better understanding of the material properties.
First, we examined the reflectivity spectrum of the full VCSEL
structure, which can assure the accuracy of the cavity thickness.
Fig. 5 shows the RT reflectivity spectrum of whole microcav-
ity under near-normal incidence. The peak reflectivity is about
97% with a large stopband of 70 nm originating from the large
refractive index contrast between TayO5 and SiO, layers. The
irregular long-wavelength oscillations of the reflectivity spec-
trum arise from the modulation of the respective top and bottom
DBR spectra. On the other hand, the short-wavelength oscillator
is relatively regular, which only results from the top dielectric
DBR, since the short-wavelength light is absorbed by the GaN
layer. The photoluminescence (PL) emission spectrum of the
full microcavity was measured at RT, and shown in Fig. 5 as
well. The excitation source is a 325-nm He—Cd laser. In Fig. 5,
the cavity resonance mode at 464.2 nm with a full-width at half-
maximum (FWHM) value of 0.61 nm is clearly observed. The
cavity mode dip is located at the reflectivity curve correspond-
ing to the emission peak. This indicates that the InGaN/GaN
MQWs emission peak was well aligned with the hybrid
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Fig. 6. Laser emission intensity as a function of the exciting energy at RT

conditions for hybrid DBR VCSEL.

microcavity. The cavity Q-factor was estimated from the 1 /AX
to be about 760.

To examine the lasing action, we measured the emission inten-
sity of the hybrid microcavity with increasing pumping power
using a microscopic optical pumping system. The optical pump-
ing of the samples was performed using a frequency-tripled
Nd:YVOy 355-nm pulsed laser with a pulsewidth of ~0.5 nm
at a repetition rate of 1 kHz. The pumping laser beam with
a spot size ranging from 30 to 60 pym was incident normal
to the VCSEL sample surface. The light emission from the
VCSEL sample was collected using an imaging optic into a
spectrometer/charge-coupled device (CCD) (Jobin-Yvon Triax
320 Spectrometer) with a spectral resolution of ~0.1 nm for
spectral output measurement. Fig. 6 shows the emission inten-
sity at RT from the hybrid GaN-based VCSEL as a function
of the excitation energy. A distinct threshold characteristic can
be found at the threshold excitation energy of ~55 nJ corre-
sponding to an energy density of 7.8 mJ/cm?. Then, the laser
output increased linearly with the pumping energy beyond the
threshold. A dominant laser emission line at 448.9 nm appears
above the threshold pumping energy. The threshold density of
this hybrid DBR VCSEL is relatively lower than that of our pre-
vious report [28], which may originate from the improvement of

20 e Experiment data
60 - - - Fitting data

120

300

240

270

Fig. 7. Polarization characteristic of the laser emission at the pumping energy
of 82.5 nJ for the hybrid DBR VCSEL. The solid dot shows the experiment data
and the dashed line shows the fitting curve.

the reflectivity of the epitaxially grown AIN/GaN-based DBR
inserted with SL layers. The laser emission spectral linewidth
reduces as the pumping energy rises above the threshold energy,
and approaches 0.17 nm at the pumping energy of 82.5 nJ. In
order to extract the spontaneous coupling factor /3 of this cavity
from Fig. 6, we normalized the vertical scale and replotted it on
a logarithm scale, as shown in the inset in Fig. 6. The difference
between the heights of the emission intensities before and after
the threshold roughly coincides with the value of 3 [46]. The
(-value of this hybrid GaN-based VCSEL estimated from the
inset of Fig. 6 is about 6 x 1072, The alternative approach to
estimating the (-value is based on the approximation equation,
which can be expressed by [47], [48]

FP
1+F,

B= (D
with
3@
P A2V, /(r/n)3

where F,, is the Purcell factor, @) is the cavity quality factor,
A is the laser wavelength, V, is the optical volume of laser
emission, and n is the refractive index. Since the PL spectrum
of our hybrid DBR VCSEL showed a narrow emission peak
with FWHM of 0.61 nm, the cavity quality factor was estimated
to be 760. The refractive index is 2.45 for the GaN cavity. For
the estimation of the optical volume, we used the spot size of
the laser emission image that was about 3 pum and the cavity
length of about 9.5A while considering the penetration depth of
the DBRs. By using these parameters, a Purcell factor of about
2.9 x 1072 was obtained, and we estimated the 3-value to be
about 2.8 x 1072, which has the same order of magnitude as the
previous [3-value estimated from the inset in Fig. 6. This 3-value
is three orders of magnitude higher than that of the typical edge-
emitting semiconductor lasers (normally about 10~ to 107
[48]), indicating the enhancement of the spontaneous emission
into a lasing mode by the high-quality-factor microcavity effect
in the VCSEL structure. Fig. 7 shows the laser emission intensity
as a function of the angle of the polarizer at the pumping energy

2



LU et al.: DEVELOPMENT OF GaN-BASED VERTICAL-CAVITY SURFACE-EMITTING LASERS 855

of 82.5 nJ. The variation of the laser emission intensity with the
angle of the polarizer shows nearly a cosine square variation.
The result shows that the laser beam has a degree of polarization
of about 89%, suggesting a near-linear polarization property of
the laser emission.

C. Characteristics of Electrically Pumped GaN-Based VCSEL

To fabricate the VCSEL structure for electrical excitation, ad-
ditional processes for current injection are necessary. Since the
epitaxially grown bottom AIN/GaN-based DBR was undoped
and nonconductive, we processed the epitaxially grown wafer
to form the intracavity coplanar p- and n-contacts for current
injection. First, the mesa region was defined by photolithogra-
phy and etched using an inductively coupled plasma reactive ion
etching system with Cly/Ar as the etching gases to expose the
n-GaN layer for the n-contact formation. Then, a 0.2-pm-thick
SiN, layer was used as the mask to form a current injection
and light-emitting aperture of 10 ym in diameter, which then
deposited an ITO as the transparent contact layer. Since the ITO
locates just next to the VCSEL microcavity, the thickness of
240 nm corresponding to 1) optical length (A = 460 nm) has
to be accurate to match the phase condition and reduce the mi-
crocavity antiresonance effect. The ITO was annealed at 525 °C
under the nitrogen ambient to reduce the contact resistance as
well as to increase transparency, thus reducing the internal cav-
ity loss. A high transmittance of about 98.6% at A = 460 nm was
measured for the deposited ITO after annealing. Then, the metal
contact layer was deposited by electron beam evaporation using
Ti/Al/Ni/Au (20/150/20/1000 nm) and Ni/Au (20/1000 nm) as
the n-type electrode and p-type electrode, respectively, to form
coplanar intracavity contacts. Finally, an eight-pair Tas O5/SiO4
dielectric DBR (measured reflectivity of about 99% at
A =460 nm) was deposited on top of the ITO layer to form
the top DBR mirror and complete the full hybrid microcavity
VCSEL device. Fig. 8(a) shows the schematic of hybrid GaN-
based VCSEL structure. Fig. 8(b) shows the SEM image of the
completed VCSEL devices. For VCSEL performance charac-
terization, the fabricated VCSEL devices were diced into an
individual device size of 120 ym x 150 pym and packaged into
the TO-can. The packaged VCSEL device was mounted inside a
cryogenic chamber for testing under the 77 K condition. Fig. 8(c)
shows the optical microscopy image of a GaN-based VCSEL
sample device at an injection current of 1 mA. We placed
the GaN-based VCSEL sample inside a liquid-nitrogen-cooled
chamber at 77 K and tested under CW current injection condi-
tion using a CW current source (Keithley 238). The emission
light was collected by a 25-pm-diameter multimode fiber using
a microscope with a 40x objective (numerical aperture =0.6)
and fed into the spectrometer (Triax 320). The system has a focal
distance of 320 mm and a grating of 1800 g/mm with a spectral
resolution of 0.15 nm. The output from the spectrometer was
detected by a CCD to record the emission spectrum. The spatial
resolution of the imaging system was about 1 ym as estimated
by the diffraction limit of the objective lens. The cross-sectional
(SEM) image of the whole hybrid VCSEL structure is shown in
Fig. 9.
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Fig. 8. Structure of electrically pumped hybrid GaN-based VCSEL.
(a) Schematic diagram of the intracavity GaN-based VCSEL. (b) SEM im-
age for the VCSEL with the intracavity with two co-planar p- and n-contacts for
current injection. (c) Vertical surface emission image of a GaN-based VCSEL
chip at an injection current of 1 mA. The crack line under the p-contact wire
bond occurred during the chipping process.
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Fig. 9. Cross-sectional SEM image of the whole hybrid GaN-based VCSEL
structure with hybrid DBRs, MQWs, and ITO layer.

Fig. 10(a) shows the reflectivity spectra of crack-free 29-pair
AIN/GaN-based DBR with six SL insertion layers and eight-
pair Tay O5/Si02 DBR, respectively. A high peak reflectivity of
99.4% with a spectral bandwidth of ~25 nm was observed from
the 29-pair AIN/GaN-based DBR. The flat-topped stopband in-
dicates the high crystal quality of the AIN/GaN-based DBRs.
The eight-pair TasO5/Si02 DBR shows a peak reflectivity of
about 99% at 460 nm. The hybrid microcavity quality factor
Q of the fabricated GaN-based VCSEL without the ITO layer
was estimated from the PL spectrum of the VCSEL structure,
as shown in Fig. 10(b). The VCSEL structure was also excited
by a CW 325 nm He-Cd laser with a laser spot size of about
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Fig. 10. (a) Reflectivity spectra of top and bottom DBRs show that the highest
peak reflectivity of bottom and top DBR is about 99.4% and 99%, respectively.
(b) PL spectrum of the GaN-based VCSEL structure excited by a CW He-Cd
laser (325 nm) at RT.

1 pm in diameter. From the PL emission peak of 454.3 nm and a
narrow linewidth of 0.21 nm, we estimated the cavity Q-factor
by A/AX to be about 2.2 x 10%. This Q-value is larger than
that of the previous optically pumped VCSEL structure, which
may originate from the improvement of AIN/GaN-based DBR
reflectivity and better sample quality. On the other hand, the
@-value is slightly higher than the value obtained from the
whole VCSEL structure with intracavity ITO contact layer due
to the additional absorption loss of the ITO.

Fig. 11 shows the light output power versus injection current
and current—voltage characteristics (typical L—I-V character-
istics of a laser) of the VCSEL sample at 77 K. The turn-on
voltage is about 4.1 V, indicating the good electrical contact
of the ITO transparent layer and the intracavity structure. The
serial resistance of the VCSEL is about 1200 € at the driving
current of 2.5 mA due to the small current injection aperture.
The laser light output power showed a distinct threshold char-
acteristic at the threshold current (I;;,) of about 1.4 mA, and
then increased linearly with the injection current beyond the
threshold. The threshold current density is estimated to be about
1.8 kA/cm? for a current injection aperture of 10 zm in diame-
ter. The corresponding threshold carrier density is about 2.6 x
10'? cm™2, estimated by assuming that the carrier lifetime of
InGaN MQW is 6.4 ns and the internal quantum efficiency is
0.9 at 77 K [49]. However, from the spatial nonuniformity in the
emission intensity as shown in Fig. 12 [27], the injected carri-
ers are not uniformly spreading over the whole 10-pm current
aperture. The actual area for carrier localizations appearing as
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Fig. 11. Light output intensity versus injection current and current—voltage
characteristics of GaN-based VCSEL measured under the CW condition at 77K.
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Fig. 12. Nonuniform current injection within the 10-xm current aperture be-
low the threshold.

these bright spots in the current aperture should be much smaller
than the 10-pm current aperture. We estimated the carrier local-
ization area to be about 30%—-50% of the total aperture. Then,
the carrier density for the lasing spots should be in the range of
5.2 x 10™ to 8.7 x 10'? cm™3. We also estimated the thresh-
old gain coefficient (g¢,) of our current injection in VCSEL
operated at 77 K using the following equation:

Leg — d, 1 1
> Ty —In [ —— 3
geh = - oa) + 2d, (R1R2) )

where Leg is the effective cavity length, {c;) is the average
internal loss inside the cavity, d, is the total thickness of the
MQW, and R; and R, are the reflectivities of the top and bottom
DBR mirrors, respectively. Since the internal loss inside the
cavity mainly came from the ITO absorption, we obtained a
threshold gain coefficient value of about 8.8 x 10% cm™!, which
is a reasonable value for the carrier density in the range of
5.2 x 10" t0 8.7 x 10*” cm 3.

Fig. 13 shows the laser emission spectrum at various injection
current levels. A dominant single laser emission line at 462.8 nm
appears above the threshold current. The inset in Fig. 13 shows
the light emission linewidth at various injection current levels.
The laser emission spectral linewidth reduces suddenly with the
injection current above the threshold current and approaches
the spectral resolution limit of 0.15 nm at the injection cur-
rent of 1.71;,. Another inset in Fig. 13 shows the CCD image
of the spatial laser emission pattern across the 10 pm emis-
sion aperture at slightly below the threshold injection current of
1 mA. The nonuniform emission intensity across the emission
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Fig.13.  Laser emission spectrum at different injection current levels measured

at 77 K. (Inset) Light emission linewidth at various injection current levels and
the CCD image of the emission from the aperture.

aperture with several bright emission spots was observed. The
earlier report showed that InGaN MQWs tend to have indium in-
homogeneity [50]; thus, we believe that the nonuniformity in the
emission intensity across the aperture could be due to the indium
nonuniformity that creates nonuniform spatial gain distribution
in the emitting aperture. Actually, we observed that the lasing
action mainly arises from the spots with brightest intensity, as
indicated in the inset of Fig. 13. The spatial dimension of these
bright spot clusters is only about few micrometers in diameter.
A similar result was also observed and reported recently for the
optically pumped GaN-based VCSELs [27]. Furthermore, we
estimated the spontaneous emission coupling factor 3 of our
VCSEL sample from Fig. 14, which is the logarithm plot of
Fig. 11. The extracted 3-value is about 7.5 x 10~2 for our GaN-
based VCSEL. We also estimated the (3-value from the Purcell
factor F}, using the approximation equation as shown in (1) and
(2). The cavity Q-value is about 1.8 x 103 based on the emission
linewidth of 0.25 nm near the threshold. The optical volume V.
is estimated to be about 1.2 x 10~'! ¢cm? for an emission spot
size of about 3 pym. The cavity length is about 10.5A considering
the thickness of the ITO and the penetration depth of the DBRs.
By using these parameters, we obtained a Purcell factor of about
7.9 x 1072 and an estimated 3-value of about 7.4 x 10~2, which
is close to the value obtained previously from Fig. 14. This high
(B-value of our microcavity VCSEL could be responsible for
low-threshold operation of our laser. Fig. 15 shows the polar-
ization characteristics and far-field pattern (FFP) of the laser
emission. The laser emission has a degree of polarization of
about 80% and the FWHM of the FFP is about 11.7° in both
horizontal and vertical directions.

IV. PERSPECTIVES

The lasing action of GaN-based hybrid DBR VCSEL by op-
tical pumping at RT and CW electrical pumping at 77 K was
demonstrated. The next challenge of GaN-based VCSEL is to
achieve RT CW operation. The difficulties for our VCSEL
structure to achieve RT CW operation may be due to sev-
eral important issues. The current crowding in the intracavity-
contacted structure is an important problem that induces a high
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Fig. 14. Logarithm light output intensity as a function of input current at
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Fig. 15. (a) Polarization characteristics of the laser emission from the GaN-

based VCSEL at the threshold. The experiment data are symbolized by dots and
the blue dashed line is the fitting result. (b) FFP of the laser spot at the threshold.
The divergence angle was estimated to be around 11.7°.

operation voltage and heat generation. It is well known that
the performance of the semiconductor laser will degrade with
the increasing device temperature because of the broadening of
the gain spectra, increased nonradiative recombination, and car-
rier leakage. These heat-induced problems are especially seri-
ous in nitride-based VCSELSs due to the relatively large thermal
resistance in multilayer DBR and the smaller size of current
aperture [51], and QCSE-induced electron current leakage [52].
In addition, heat dissipation limited by the poor thermal conduc-
tivity of the sapphire substrate significantly affects the device
performance. These issues should be the main physical mecha-
nisms limiting the lasing action observed at 77 K. The advanced
design for improving the operation temperature of GaN-based
VCSELs will employ the AlGaN electronic blocking layer after
the growth of MQWs, which can effectively suppress the elec-
tron leakage current [53]. Furthermore, it has been reported that
the use of polarization-matched InGaN/AlInGaN MQWs en-
ables an independent control over interface polarization charges
and bandgap, and has been suggested as a method to reduce
electron leakage current [54]. On the other hand, conventional
GaAs-based VCSELs mostly use the wet oxidation technique to
achieve effective index-guiding structures. However, the design
of intracavity structure has the problem of effective confinement
of an optical field in a radial direction of standard nitride-based
VCSELs [55]. Furthermore, several technical issues should
be considered. These include the design of a transparent and
good current spreading contact structure for carrier injection,
improvement of the spatial uniformity of InGaN MQW active
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region because of relatively small light emission aperture of the
current injection device, enhancement of p-type GaN layer con-
ductivity, and further increase of the high reflectivity of DBRs
for the reduction of threshold current. Itis necessary to overcome
these problems to achieve the RT CW GaN-based VCSELs.

V. SUMMARY

We have reviewed the development of GaN-based VCSELs
from optical pumping to electrical pumping. For the hybrid
DBR VCSELs, we have fabricated a crack-free, high-reflectivity
AIN/GaN-based DBR by insertion of SL layers and use the high-
reflective TayO5/Si0, as dielectric mirror, and achieved laser
operation under optical pumping at RT. The optically pumped
laser has a threshold energy of 55 nJ and a high degree of
polarization of 89%. The high spontaneous emission coupling
factor of 6 x 1072 is estimated from the approximation equa-
tions. Furthermore, we fabricated and demonstrated the first
CW operation of an electrically pumped GaN-based VCSEL
at 77 K based on the previous optically pumped hybrid VC-
SEL structure. CW laser action occurred at a threshold current
of 1.4 mA with an emission wavelength at 462.8 nm in blue
wavelength at 77 K. The laser beam has a low divergence angle
of about 11.7° and a degree of polarization of about 80%. The
laser shows a strong spontaneous emission coupling with an
estimated coupling efficiency of about 7.5 x 1072, A nonuni-
form spatial laser intensity emission pattern was also observed
from the CCD image. Although the lasing action of electrically
pumped GaN-based VCSEL has been observed at 77 K, there
are still few technical issues and advanced structure design that
need to be resolved before the RT CW GaN-based VCSEL can
be realized. It is expected that the successful operation of elec-
trically pumped GaN-based VCSELs at 77 K is a useful and
helpful guide for the design and fabrication of RT CW electri-
cally pumped GaN-based VCSELSs in the near future.
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