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Abstract—We report the transverse-mode characteristics of
GaSb-based vertical-cavity surface-emitting lasers (VCSELSs) with
buried-tunnel junctions (BTJs). The optical-index guiding in the
devices is achieved by an effective refractive index step due to
the presence of a laterally structured BTJ in the cavity. All lasing
modes in VCSEL:s of different active diameters are experimentally
measured. Then the experimental results are compared against the
theoretical data for two different VCSEL designs emitting at 2.3
and 2.6 pum yielding a good agreement. The transverse-mode spac-
ing between the excited modes is also determined and the results are
compared with the theory. The far-field patterns ensure that devices
with reasonable aperture diameters operate in single-fundamental
LPy; mode, showing that the devices are well-designed.

Index Terms—Buried-tunnel junction (BTJ), index guiding,
mode spacing, transverse mode, vertical-cavity surface-emitting
laser (VCSEL).

1. INTRODUCTION

LECTRICALLY pumped GaSb-based vertical-cavity
E surface-emitting lasers (VCSELSs) operating above 2 pm
are of significant interest for gas sensing by tunable diode laser
absorption spectroscopy (TDLAS) [1], [2]. In such sensing ap-
plications, single transverse-mode operation of VCSELs is one
of the key requirements. Despite of the inherent single longitu-
dinal mode behavior, lasing of higher order transverse modes is
a common phenomenon in VCSELs with even relatively small
active diameters. Due to excitation of several transverse modes,
the device is usually no longer suited as laser sources in the
targeted applications.

In oxide-apertured index-guided GaAs-based VCSELs,
single-mode emission is observed only in very small devices
of typically less than 4 pm diameter [3]. In long-wavelength
InP-based BTJ VCSELs with molecular beam epitaxy (MBE)
regrowth, this transverse single-mode operation has been found
for devices with diameter of <6 pum [4], even though the in-
dex guiding of the device is stronger than in GaAs-based VC-
SEL structures. This is mainly due to the fact that the maxi-
mum transverse device dimensions approximately scale with the
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wavelength. Therefore, very long wavelength VCSELSs above
2 pm will get this benefit even more.

Several attempts have already been made to control
the transverse-mode in index-guided VCSELs and single-
fundamental mode operation has been achieved from devices
with large apertures [5]-[8]. Because a transverse single-mode
operation from large-area devices is always beneficial since they
promise low differential series and thermal resistance, long life-
time due to low current densities and high output power at small
divergence angles.

Single or multimode, continuous or quasi-continuous-wave
(CW) electrically pumped (EP) GaSb-based VCSELs emitting
at~2.31[9],[10]and ~ 2.6 um [11], [12] have been demonstrated
recently. However, transverse-mode behavior in these devices
has not yet been investigated which is the purpose of this paper.

We demonstrate, for the first time, an experimental and the-
oretical analysis of transverse-mode characteristics for index-
guided GaSb-VCSELs. This index guiding is obtained by an
effective refractive index step due to the presence of a buried-
tunnel-junction (BTJ) concept. Besides index guiding, the BTJ
concept also ensures an effective lateral current confinement in
the device. At the same time, it allows the substitution of the
p-type layers by n-type ones on top of the BTJ to obtain low
electrical resistance, and, as a consequence, reduced heat gen-
eration in the devices. However, achieving a single transverse-
mode operation from GaSb-based BTJ VCSELs with even a
small-aperture diameter is a challenging task due to the pres-
ence of a strong index guiding behavior. Here, we have experi-
mentally presented how the index guiding can be reduced in the
device and such reduction lead to an improvement in terms of a
transverse single-mode operation from large-area devices.

This paper is organized as follows. Section II presents the
device schematics and a theoretical background of the index
guiding mechanism in GaSb-based BTJ VCSELs. The exper-
imental results of the transverse-mode behavior of VCSELSs
emitting at 2.3 and 2.6 pm will be mentioned in Section III and
these results will be compared with theory. The far-field profiles
of both types of VCSELs will also be presented there. Finally,
Section IV concludes the paper.

II. THEORY

A. Transverse Index Guiding in BTJ VCSELs

A schematic illustration of the MBE-grown GaSb-based
BTJ VCSELs is shown in Fig. 1, where Dgrj; denotes the
aperture diameter of the device. The electric current injected
around the dielectric mirror is effectively confined by the
structured tunnel junction. As mentioned, this tunnel junc-
tion also enables transversal optical index guiding self-adjusted
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Fig. 1. Schematic cross-sectional view of the GaSb-based VCSEL structure
with BTJ. The current path is shown.

to the current injection which greatly facilitates the VCSEL
fabrication process. The tunnel-junction layers are made of
highly doped n'InAsSb/p* GaSb. Details of the device de-
sign and all fabrication steps required to realize the device are
given in [13].

The index guiding in BTJ VCSELs mainly arises from a
longer cavity in the central region with a tunnel junction aperture
rather than in the perimeter. Consequently, a radial index step,
Aneg due to the step height (as shown in Fig. 1 by a dashed red-
colored circle) is formed in the tunnel-junction region. Note that
the step from the tunnel junction propagates through the entire
structure which is clearly seen after the regrowth in MBE. Thus,
the step at the interface of the top epitaxially grown GaSb layer
and the e-beam evaporated dielectric DBR as well as on top of
the dielectric DBR is formed in the device structure, as shown
in Fig. 1.

The index-guiding properties can be investigated by using
a simple effective index model developed by Hadley [14]. In
fact, the laser resonator can be described similar to a step-index
glass fiber by using the effective indices in the central part, nc
and in the outer part, nc) = n¢ — Aneg. A theoretical formula
relating this induced built-in refractive index step to a shift of
the resonator wavelength, AA can be described by [14]

Aneg AL Ac — Ac

ne Ao Ac

ey

where Ac and A¢; are the resonance wavelengths in the area
with tunnel junction and the area without tunnel junction of
the VCSEL, respectively. These resonance wavelengths can be
evaluated by means of the 1-D transfer-matrix method [15] and
the effective refractive index in the tunnel-junction region can
be approximated by computing the longitudinally field weighted
average refractive index [16]

L IR
) JIE() dz

@

where E(2) is the amplitude of the longitudinal standing wave
field, n(z) is the refractive index of each epitaxial layer in the
longitudinal direction and the integration is performed from the
substrate to the outer boundary of dielectric DBR.
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Fig. 2. (a) Magnified view (dashed red-colored circle in Fig. 1) of the tunnel-
junction region with current flow in GaSb-based BTJ VCSELSs. (b) Index guid-
ing, caused by the step of the BTJ, is illustrated here. Cavity model with step-
refractive-index profile n(r).

The magnified view of the dotted red-colored circle in Fig. 1
is displayed in Fig. 2, where one can see that the step height is
not only due to the n* -InAsSb layer itself, but also grading layer
and n-GaSb layer. This graded junction is introduced between
the n"-InAsSb and the top n-GaSb layers for better electrical
conductivity and ohmic characteristics. These grading layers
are made of (Ga,In;_,) (As,Sb;_,) with a homogeneously
increasing Ga- content and decreasing In-amount.

B. Amount of Index Guiding

The lateral definition of the BTJ is accomplished by etching
off the upper n" -InAsSb, grading and a thin n-GaSb layer and
covering the whole structure by an n-GaSb layer in a second
epitaxial run. Finally, the total step height in BTJ VCSELSs is in
the range of 50-70 nm, where the contributions of the above-
mentioned n" InAsSb, grading and thin n-GaSb layer to the
total step height is 20 nm, 10-20 and 20-30 nm, respectively.
In fact, this step height referring to the physical length differ-
ence between etched and nonetched part is rather high since
grading and top n-GaSb layer must be included along with
tunnel-junction layer. It is obvious that the higher the etch depth
in the tunnel-junction region, i.e., the higher the step height,
the higher the index guiding in the device. Fig. 3 shows the
degree of the index guiding against the etch depth of the tun-
nel junction, where An.g is calculated by (1) and (2). Note
that, throughout the entire discussion of this study, the effec-
tive refractive index step, Aneg caused by the BTJ has been
assumed to be the prime reason for index guiding in the de-
vice. For the devices presented here, we find constant wave-
length spacing between transverse modes independent of driv-
ing current hinting that thermal guiding caused by local heating
(the refractive index increases with increasing temperature) can
be neglected [17]. Antiguiding caused by carrier gradients (high
carrier concentrations decrease the refractive index) is also not
considered to be a strong effect since the waveguiding property
of a strong index-guided VCSEL is not significantly affected by
temporal changes in the carrier density [18]. It should also be
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Fig. 3. Change of the effective refractive index, An.g as a function of the
etch depth of the tunnel junction.
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Fig. 4. Band diagram of tunnel-junction regions in BTJ VCSELs for the
emission wavelength of (a) 2.3 ym and (b) 2.6 pm. Both band diagrams have
been calculated with SimWindows 1.5.0 [19] using the material parameters
from [20].

mentioned that the presented single-mode VCSELSs operate in
single mode over the entire operating range.

C. VCSEL Design with Regard to Index Guiding

In this section, we briefly describe the design of 2.3 and
2.6 ym VCSELs with two different degrees of index guiding.
In 2.3 um VCSELs, the relative change of the effective indices
calculates to Aneg/ne ~ 2.4%, whereas, in 2.6 um VCSELs,
this value amounts to Aneg/ng =~ 1.7%, indicating a strong
index guiding. This will lead to multimode behavior even for
small-aperture diameters.

For 2.3 um VCSELSs, the higher effective index step is due to
the use of thick grading layers in the cavity. The thinner grading
layer was used in 2.6 um VCSELs that results in a reduced
step height. Fig. 4 illustrates the band diagram of both VCSELs
only at the tunnel-junction region, specifically, in the region of
the dashed red-colored circle of Fig. 1. It should be noted that
the tunnel junction is located at the node of the standing wave
pattern in BTJ VCSELSs in order to reduce the optical absorption
loss, which also helps in obtaining a reduced index guiding in
the device.

Fig.5. Two-dimensional intensity distribution of the five lowest LPtransverse
modes ina VCSEL. Both cos and sin solutions of individual modes are displayed.
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Fig. 6. Dependence of the lateral confinement factor, I'j;¢cra] and phase
parameter, B on the BTJ diameter of BTJ VCSELs at 2.3 pm for the four
lowest LP modes.

As mentioned before, the main reason for using grading lay-
ers in the cavity is to reduce the InAsSb/GaSb heterointerface
resistivity. Importantly, the electrical performance in terms of
series resistance of a 10- and 20-nm-thick grading layer was
found to be identical. However, the use of such a 20-nm-thick
grading layer in the BTJ results in an increased index guiding
which has been observed in 2.3 ym VCSELs. Thus a thinner
grading layer was introduced in 2.6 pum VCSELSs in order to
obtain a reduced index guiding. The same reasoning also holds
for the thickness of n-GaSb layer.

D. Excited Transverse Modes

Transverse modes of circular-shaped VCSELSs can be approx-
imated by linearly polarized (LP;p) modes [21]. The indices [
and p are the azimuthal and radial transverse-mode numbers,
respectively. In a perfectly circular device, the sine and cosine
solutions are degenerate, and thus, the two intensity distribu-
tions can arbitrarily be superimposed. Fig. 5 shows the intensity
distributions of the five lowest transverse LP;p modes with iden-
tical core diameter. In the following discussion, only these five
LP modes will be considered for a multimode device though
several other higher order modes will appear in that device
simultaneously.

The effective gain experienced by a mode can be understood
by the lateral confinement factor, [',cra1, Which is plotted in
Fig. 6 as a function of BTJ diameter of an BTJ VCSEL at
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2.3 pm for the four lowest transverse modes. With increasing
diameter, the mode overlap with the core increases and hence
does I',teral- When no selection mechanism is applied to select
a certain transverse mode, the fundamental mode has the highest
value of I'},¢cra1. This parameter is determined by the fraction of
the total optical power propagating in the region with BTJ [22]

fODBT‘]/Q |E(7")\2 rdr
S 1B rdr

where FE(r) is the electric field strength in the transverse
direction.

The phase parameter or the normalized effective refractive
index, B against BTJ diameter is also shown on the right y-axis
of Fig. 6. This parameter provides insight into the actual mode
distribution via the effective refractive index, n.g. The phase
parameter is defined by [22]
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E. Single-Mode Operation

As mentioned above, VCSEL can be approximated as a cylin-
drical step-index optical fiber. Knowing the core and cladding
refractive indices, it is possible to apply waveguide analysis to
find the mode cutoff. The mode cutoff is determined by a nor-
malized frequency parameter, V', which can be represented by
the following relation [21]:

D
v=" fTJ \/né —ndy 5)

where A is the lasing wavelength. The single-mode condition is
simply represented by

V < 2.405 (6)

where no optical loss is assumed.

By using this single-mode condition, all 2.3 yum VCSELs
with Dy >2.3 pm and 2.6 pm VCSELSs with Dg13>2.5 uym
are supposed to support multiple transverse modes. But, exper-
imentally the devices with larger apertures [compared to the
values estimated by (5) and (6)] emit in a single fundamental
mode with a reasonable side-mode suppression ratio (SMSR),
i.e., >25 dB. Therefore, these devices are “single-mode lasers”
as well. As a matter of fact, single-mode lasers may have a laser
cavity that supports multiple modes but only the fundamental
mode lases. The reason behind this is mode-selective loss in
the cavity. In other words, the losses for all excited modes are
not same in the cavity of a device, i.e., the loss of higher order
modes in single-mode lasers with multimode cavities is too high
for gain to compensate, and thus, lasing to occur.

In our BTJ VCSELs, there is a small built-in mode selectivity
in terms of the absorption loss and the mirror loss that favors the
fundamental LPy; mode. Diffraction loss has been proven to be
the main mode selecting mechanism in the presented VCSELSs
due to BTJ-induced topology of top layers [23]. The higher
diffraction loss for the higher order modes helps to suppress the
higher order modes and thereby improve the single-mode per-
formance. It was found that the diffraction loss rapidly increases
below a certain BTJ diameter and even becomes the dominant
cause of loss in device with Dgpj<8um.
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F. Transverse-Mode Spacing

The transverse-mode spacing in VCSELs is affected by the
aperture diameter, emission wavelength and the index guid-
ing. Compared to GaAs-based VCSELs, GaSb-based BTJ VC-
SELs for a certain aperture diameter possess larger transverse-
mode spacing. Therefore, single-mode operation even in large-
aperture GaSb-VCSELSs can be easily confirmed from common
spectra measurements. The large mode spacing in these devices
is just because of the longer emission wavelength and the higher
index step caused by the BTJ. The mode spacing, AA between
modes LP;, and LP,,,,. is [24]

Al = |)\lp - )"l*p*|
)\'3

— 12(p* — *x A
| (p p)—|—(l l)| 27r2w(2]n%

(7
where X is the emission wavelength and wy is the spot radius,
which is given by

w — Dgr;
' 2y/In(V)

Equation (8) is valid for step-refractive-index profile produced
in the cavity with tunnel junction. It is not surprising that the
combinations of [ and p representing LP modes resulting in
AX = 01in (7). It means that those modes (e.g., LP5; and LPy5)
are frequency degenerated since they have the identical (2p + )
values where for any type of mode profile (2p + ) is the mode
group number. [21]. However, in reality, a lack of isotropy in
the material or a geometric asymmetry could introduce a lifting
of the frequency degeneracy in these modes and give a nonzero
Al value.
According to (7), the mode spacing between two adjacent
modes is equal and can be written as follows:
Ak =xo1 — A1 =11 — An
A3 2% In(V)

= 5.2,2,2 272 2
2w wing w2 Dgpyne

®)

213 In <7”D)LB“ ng — n%1>

= €))

22 2
e Dypyne

It is seen that the mode spacing is proportional to the emission
wavelength and the index guiding and inversely proportional
to the BTJ diameter of the device. Equation (9) might be used
to estimate the effective refractive index difference, nc — ncy
from the measured mode spacing and known data of nc, A, and
Dprj.

G. Far Fields

When propagating LPy; -mode distribution, the spot size w,
at a distance z along the beam from the beam waist for a beam
of wavelength A is given by [25]

22
wz = wg (1 + 2)
R

with the Rayleigh distance zp of the beam in air, for which

(10)

2
TWw

A

ZR —
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Fig. 7. Output characteristic and driving-current-dependent spectra of a BTJ
VCSEL at 2.3 pm with an aperture diameter of 9 pm at 4, 9 and 14 mA.
The first six transverse modes can be identified. At low currents, LP11 is the
strongest mode, while at higher currents the higher order modes are dominating.
Due to the degeneracy, LP2; and LPy9 are designated as superimposed modes.
Similarly, LP3; and LP12 or LPy3, LP22 and LP4; are degenerated modes
which are not mentioned here.

In the far-field approximation, z > zp and using (11), w,
can be written as
ZA

w, = ——.
Two

(12)

This allows us to specify a formula for the full-width at half-
maximum (FWHM) angle

A
Opwrn = 2VIn2tan ™' ——. (13)
W
Replacing wy by simply Dgt;/2
21
Opwian ~ 2vVIn2tan ' ——— (14)

mDpT1j

The approximation of (14) is only valid when Dty = Dg1j cff
where Dpr; o is the effective BTJ aperture diameter. But,
usually Dpty < Dprjen since the lateral current spreading
between the BTJ defined current aperture and the active region
and also the lateral carrier diffusion in the active region lead to a
broadening of the effectively pumped area in the active region.

III. EXPERIMENTAL RESULTS

A. Emission Spectra

Emission spectra of the devices were measured with a Vertex
70 (Bruker Optics GmbH) and a Peltier-cooled extended InGaAs
detector. The measured spectral lasing linewidths are limited by
the resolution of the Fourier transform infrared spectroscopy
(FTIR) system.

Fig. 7 displays the output characteristic and the current-
dependent CW spectra of a9 ym GaSb-based BTJ VCSEL with
an emission wavelength of 2.3 um at a heat sink temperature
of 20 °C. The device exhibits multimode operation. Beside the
fundamental mode at around 2.35 pm, also LP1;, LPs1/LPyo,
LP3,/LPy5, and LP4;/LPy3/LPs5 modes can be identified. The
identification of these modes is reported here based on the the-
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Fig. 8. Output characteristic and spectra of a BTJ VCSEL with an emis-

sion wavelength of 2.6 pm at different driving currents and constant heat sink
temperature of 20 °C, yielding single-mode operation with a SMSR > 25 dB.

oretical consideration discussed in Section II-F. As can be seen,
with increasing current, the higher order mode gets stronger,
while the fundamental mode emission gets weaker. Possible
reasons are spatial hole burning [26] and inhomogeneous lateral
current injection leading to a higher carrier concentration at the
borders of the aperture [27].

Output characteristic and current-dependent CW spectra for
the VCSEL at 2.6 um with an aperture diameter of 9 ym at 20 °C
are shown in Fig. 8, yielding distinct single-mode emission over
the entire operating range. The SMSR is over 28 dB. Note
that VCSELs at 2.3 ym with 9 um aperture exhibit multimode
emission, whereas 2.6 ym VCSELSs with the same aperture show
single-mode emission with a good SMSR. This can be attributed
to a reduced refractive index step due to the lower step height
in 2.6 um VCSELs, proves the expected device improvement
due to the thinner tunnel junction. Though devices at 2.6 m get
benefited in terms of the single-mode emission from the longer
emission wavelength.

B. Mode and Aperture-Diameter-Dependent
Resonant Wavelength

The mode-dependent resonant wavelength can be related to
the mode-dependent phase parameter, B via [28]

ng —nei
(n)

where A1_p is the 1-D design wavelength and <n> being the
average refractive index of the laser resonator.

Fig. 9 shows the measured (extrapolated) and calculated
wavelengths for LPy;, LPy;, LP21/LPye, and LP3; modes
against the BTJ diameters of VCSELs at 2.3 pum. These trans-
verse modes are mentioned here since they appear in this order
in a VCSEL. For the experimental determination, it has to be
taken into account that the devices have different internal heat-
ing depending on the aperture diameter and the driving current.
Therefore, to compare devices at equal internal heating, several
spectra for different bias currents have been measured for all
VCSELs. Then, the wavelength of each device has been extrap-
olated to the hypothetical value at 0 mW heating, as shown in
Fig. 10 for a device with 8 um aperture diameter.

Alp =A_p —Ai_p (1-Byy) 15)
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1-D design wavelength which is obtained from the 1-D transfer-matrix method.
The theoretical (according to (6)) and experimental single-mode cutoff condition
in 2.3 pm VCSEL are shown as a vertical dotted line and dashed-dotted line,
respectively.
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Fig. 10. Wavelengths of LPy1,LPy;,and LPy; /LPy2 modes for a GaSb-based
BTJ VCSEL with 8 pm aperture diameter against applied electrical power at
20 °C. The wavelengths are extrapolated to O mW. This hypothetical wavelength
is taken for each device in Fig. 9 in order to be able to compare the lasers that
have different internal heating under operation.

As known, the lasing wavelength shifts to shorter wavelengths
as the transverse cavity dimensions (i.e., BTJ aperture diame-
ter) are reduced. The same behavior is also observed in oxide-
apertured VCSELs [16]. The blueshift results because small
cavities transform the lasing mode from a plane wave into a true
three dimensional mode [29], [30].

The extrapolated wavelengths for the first two LPy; and LPy4
modes against devices with different BTJ diameters are plotted
also in Fig. 11 for VCSELs at 2.6 um. The measured values
are in good accordance with the theory. The strong dependence
of the emission wavelength on the aperture diameter is due
to the strong index guiding in the device and the very long
emission wavelength. The design of VCSELs for a specific
narrow wavelength range therefore requires considering this ef-
fect. On the other hand, on a single wafer VCSELSs with single-
mode emission wavelength in a range of ~ 10 nm can be real-
ized by applying different aperture diameters in a lithography
mask set.

Note that in Figs. 9 and 11, there is an obvious deviation of
experimental single-mode cutoff line (dashed-dotted) from the
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theoretical line (dotted) in VCSELSs under study which is simply
due to the aforementioned reason discussed in Section II-E. In
addition, the reason for the slight difference between the hori-
zontal dashed line representing 1-D design wavelength and the
experimentally measured values representing fundamental LPg;
mode wavelength can be attributed to the thickness inaccuracies
in the epitaxial growth and insufficient knowledge of material
data, resulting in a reduced cavity length.

From Figs. 9 and 11, it is worth pointing out that the devices
with Dy < 5.5 pmfor 2.3 um VCSELs and Dgjy < 8 um for
2.6 um VCSELs will emit in a single fundamental mode with
power at least 25 dB above any higher order modes or noise.

C. Transverse-Mode Spacing

Fig. 12 displays the transverse-mode spacing between the fun-
damental mode (LPy;) and the first higher order mode (LP;)
as a function of the BTJ aperture diameter at constant internal
heating. It is seen that the mode spacing decreases with increas-
ing active diameter of the device due to the fact that the index
difference between two adjacent modes decreases in a large area
device. The measured values are in very good agreement with
calculated values using (9). Note that, the transverse-mode spac-
ing for a certain aperture diameter in BTJ VCSELs is a bit higher
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than in GaAs or InP-based VCSELs because of larger emission
wavelength and strong index guiding. Measured values are in
the range of 2—12 nm, as shown in Fig. 12.

The mode spacing of VCSELs at 2.6 um is illustrated in
Fig. 13. Note that the mode spacing should be somewhat larger
in 2.6 ym VCSEL than 2.3 ym VCSEL due to the longer emis-
sion wavelength of 2.6 ym VCSEL. However, the long wave-
length effect is outbalanced by lower index guiding in 2.6 um
VCSEL as already mentioned. The large deviations between the
theoretical and experimental results at large-aperture devices in
Fig. 13 are not fully understood yet.

A further comment should be made about the amount of index
guiding in the device which can be estimated from the mode
spacing. The well-fit of measured value with the theory indicates
that the value of index step we have calculated according to (1)
and (2) is almost right. In other words, one can easily calculate
the value of the BTJ induced step index by (9) by using such
experimental data. For instance, with nc = 3.4, A = 2.35 um,
and AX = 9 nm (the measured wavelength separation between
LPy; and LP;; mode from Fig. 12) for a BTJ-VCSEL of 7 um
aperture diameter emitting at 2.3 pm, the refractive index step,
nc —ng) can be calculated to be 8-10~2 which is pretty close to
8.2-10~2 we calculated by (1) and (2).

D. Far Fields

Fig. 14 displays full 3-D measured far-field profiles of 2.3
and 2.6 pm GaSb-based BTJ-VCSELSs with aperture diameters
of 4.5 and 6 pum, respectively. Both measurements were per-
formed at ambient room temperature, in cw-operation and on
a system with a computer controlled xyz-motorized stage. A
Peltier-cooled extended InGaAs detector was kept at a reason-
able distance (~20 cm) from the VCSELSs to detect the emitted
light. Both devices emit in a single-fundamental LP;; mode
with a Gaussian intensity distribution. Due to the rotational
symmetric Gaussian beam profile, VCSELSs are perfectly suited
for simple fiber coupling. The y-directional far-field profiles
of both devices are also shown in Fig. 14 which exhibits a
single-lob pattern with a narrow divergence angle defined by
the FWHM angle. These angles are calculated to be 30° and
25° for 2.3 and 2.6 um VCSELs, respectively, using (14). De-

Fig. 14. Measured far field of GaSb-based BTJ-VCSELs at 2.3 pm with an
aperture diameter of 4.5 pum at (a) thermal rollover current and (b) VCSELSs at
2.6 pm with an aperture diameter of 6 x/m at three times threshold current. Both
measurements are done at ambient room temperature. The FWHMs far-field
angles are ~28° and ~22° for (a) and (b), respectively. Compared to VCSELs
at 2.6 pm, the higher value of FWHM angle in 2.3 ym VCSEL is due to the use
of a device with a smaller BTJ aperture diameter.

vices have single intensity peaks also in = direction (not shown),
revealing single-transverse-mode operating and the good beam
quality of the BTJ-VCSEL. It should be noted that, the stronger
index guiding in devices under study, compared to GaAs-based
oxide-apertured VCSELs, results higher FWHM far-field an-
gles [31], which can be seen in Fig. 14.

IV. CONCLUSION

The transverse-mode characteristics of GaSb-based BTJ VC-
SELs emitting at 2.3 and 2.6 pum have been extensively studied,
both theoretically and experimentally. Such an extensive analy-
sis provides insight into the control of transverse mode of VC-
SELs under study. VCSELs at 2.6 um with 9 pm BTJ aperture
diameter show single-mode emission over the entire operating
range. This single-mode behavior from large-aperture device
results from a reduced step height caused by a thinner tunnel
junction compared to 2.3 pm VCSELSs which eventually lead to a
weak optical-index guiding in the device. The analysis also indi-
cates that single-mode behavior from large aperture devices can
be further improved with a further reduction of the step height
of the tunnel junction. These developments in such an easy con-
trol of transverse modes can significantly advance the use of
BTJ-VCSELs with greater reliability for a number of sensing
applications. Besides, the wavelength splitting between two ad-
jacent modes has been experimentally measured from where
one can estimate the amount of index guiding in the device.
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