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Abstract
A new type of VCSEL, called the coupled-cavity bottom-emitting VCSEL, is
presented. The optical properties of CCBE-VCSELs are investigated theoretically using a 3-dimensional optical field model, and it is concluded that such
devices may be capable of providing increased single-transverse-mode output
power.

Introduction
Since the beginning of the 1990’s, vertical-cavity surface-emitting lasers (VCSELs) have been the subject of increasing research interest. Today, VCSELs
are commercially available and have successfully entered the short-range datacommunications market, due to several attractive characteristics, including singletransverse-mode operation, rotationally symmetric output and the possibility of
on-wafer testing.
In order to be successful in other areas of optoelectronics, VCSELs must
provide high optical output power while maintaining these characteristics. The
former requires the use of large apertures, in order to provide a large gain area,
from which photons can be added to the optical field. The latter, unfortunately,
is non-compatible with the use of large apertures, since large apertures make
single-transverse-mode operation impossible in “standard” VCSEL designs.
In this article, a new type of VCSEL, called the coupled-cavity bottomemitting VCSEL (CCBE-VCSEL), is presented. This device may be capable of
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providing increased optical output power, while maintaining a single transverse
mode, due to two beneficial effects: 1) Efficient cooling of the device is possible,
and 2) discrimination of higher order modes allows for single-transverse-mode
operation, even for large apertures.
The discussions of this article are purely theoretical, and the results are
mainly based on simulations performed using a 3-dimensional optical field model.
The article focuses on the transverse optical properties of the device, but the
longitudinal properties have been examined as well. The model is described in
details in [1], along with further information about the analyses of this article1 .

The CCBE-VCSEL
Figure 1 shows a schematic of a CCBE-VCSEL. This novel device consists of
two optical cavities, formed by three distributed Bragg reflectors (DBRs). The
passive substrate cavity is much longer than the active cavity, in which optical
gain is provided by a quantum well. The top DBR has higher reflectivity than
the middle- and bottom DBRs combined, and the device is therefore bottomemitting; the optical field is emitted through a hole in the bottom contact. The
bottom-emitting structure allows for efficient cooling, since a heat sink can be
attached to the top contact, which is close to the active region, in which the
heat is generated. In current top-emitting VCSEL designs efficient cooling is
difficult, since heat sinks can only be attached at the bottom, which is far away
from the active region.
Above the active cavity, an aperture is placed in the center of a thin oxide
layer. The aperture serves a dual purpose: 1) It provides optical confinement,
since the refractive index in the aperture is much larger than in the surrounding
oxide layer, and 2) it provides electrical confinement, since the oxide layer is
non-conducting, while the aperture region is conducting. In other words, both
the optical field and the electrical current are confined to the center of the device
by the aperture.
The aperture gives rise to diffraction of the optical field, and due to the
long substrate cavity this causes a “discrimination” of higher order modes. The
mode-discrimination can be qualitatively described as follows: Most of the optical field is confined to the short active cavity, due to the middle DBR, but
a fraction of the field propagates in the long substrate cavity. Due to the diffraction at the aperture, the field “spreads out” transversally as it traverses the
substrate cavity, and as it returns, after being reflected at the bottom DBR,
some of the field is not coupled back into the active cavity. The higher order modes diffract more than the fundamental mode; they therefore experience
higher diffraction losses, and they are therefore discriminated.
The idea of using a coupled-cavity geometry to introduce mode discrimination in VCSELs is not new. Several coupled-cavity geometries have been
investigated experimentally [3, 4, 5], and theoretical investigations also exist
[6]. The CCBE-VCSEL differs from all these designs by the use of the substrate as a long, coupled cavity. It is a monolithic device, and does therefore
1 The 3-dimensional optical field model does not differ significantly from other models, e.g.
some of the models discussed in [2]. The emphasis of this article is on the CCVE-VCSEL
device, and the model is merely a tool used to analyze it.
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Figure 1: Schematic of the benchmark CCBE-VCSEL structure, consisting of two
optical cavities (blue), formed by three DBRs (red and blue stripes). The passive
substrate cavity is much longer than the active cavity, in which optical gain is
provided by a quantum well (green). The optical field is emitted through a hole in
the bottom contact (grey), and a heat sink can be attached to the top contact (also
grey). Above the active cavity, an aperture is placed in the center of a thin oxide
layer (black). Both the quantum well and the aperture are placed in antinodes of
the optical field.
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not require external optical components, which make alignment tedious and
mass-production expensive.
Due to the diffraction effects in CCBE-VCSELs, effective index models, such
as the one described in [7], do not accurately describe the optical field in such devices. The 3-dimensional optical field model, used for the analysis of the optical
field in CCBE-VCSELs described in the next section, is a so-called eigenmode
expansion model, and it is fully capable of describing these diffraction effects.
Similar models are described in [8] and [9], and the model has been successfully
tested against the results found in [2].
It should be noted that the results for the threshold gain are slightly smaller
that the results found using the models discussed in [2]. This is most likely due
to the “hard wall” radial boundary condition used in the model, which provides
an unphysical perfect reflection of the field at the perimeter of the device. In
order to improve the model, the “hard wall” boundary condition could be exchanged with more advanced boundary conditions, such as perfectly matched
layers [10]. This would include transverse radiation losses in the model, and
would be expected to increase the results for the threshold gain. The threshold
gain of the higher order modes would be expected to increase more than that
of the fundamental mode, since they have a higher fraction of the optical field
away from the optical axis, which suggests that the mode discrimination found
in this study errs on the conservative side.

Optical Properties of CCBE-VCSELs
Three parameters determine the diffraction losses in CCBE-VCSELs, and thus
the degree of mode-discrimination in such devices: 1) The substrate cavity
thickness, 2) the aperture diameter, and 3) the reflectivity of the middle DBR.
A long substrate cavity results in large diffraction losses, and therefore in high
mode-discrimination; a small aperture diameter has the same effect, as does a
low reflectivity in the middle DBR. The explanations are straight forward: A
long substrate cavity provides the optical field with plenty of space to “spread
out”, which means that a substantial fraction of the field is not coupled back into
the active cavity. A small aperture diameter leads to large diffraction, which
means that the optical field “spreads out” significantly over short distances.
Finally, a low reflectivity in the middle DBR allows for a substantial fraction of
the optical field to propagate in the substrate cavity, which means that a large
fraction of the field “spreads out” and gets lost.
In order to make a first qualitative analysis of the optical properties of
CCBE-VCSELs, a benchmark CCBE-VCSEL structure has been defined. The
benchmark CCBE-VCSEL structure has been based on the benchmark VCSEL
structure from [2], and the following extensions have been made: 1) The number
of periods in the top DBR has been increased, to make the structure bottomemitting, and 2) the bottom DBR has been split into a middle DBR and a bottom DBR, separated by a long substrate cavity. The benchmark CCBE-VCSEL
structure has the following design characteristics: The top DBR contains 33.5
periods, and the oxide-aperture is placed in an antinode of the optical field.
The optical cavity is one wavelength thick, and has a 5 nm quantum well placed
in the optical field maximum in the center. The quantum well provides gain
within the diameter of the aperture and loss outside this diameter. The total
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number of periods in the middle- and bottom DBRs is 24.5, and the half period
is placed in the middle DBR. The number of periods in the bottom DBR is
then N2 = 24.5 − N1 , where N1 is the number of periods in the middle DBR (a
half-integer number). All the layers in the structure have the same diameter,
d0 , which is five times as large as the aperture diameter, d2 . The CCBE-VCSEL
is designed for lasing near λ = 980 nm.
A layer-by-layer description of the benchmark CCBE-VCSEL structure is
provided in Table 1. It should be emphasized, that the benchmark CCBELayer(s)
Ambience
Top DBR
(33.5 periods)
Buffer
Aperture

Thickness
69.49 nm
79.63 nm
63.71 nm
15.93 nm

Active Cavity

136.49 nm
5.00 nm
136.49 nm
79.63 nm
69.49 nm
L
79.63 nm
69.49 nm
-

Center DBR
(N1 periods)
Passive Cavity
Bottom DBR
(N2 periods)
Ambience

Material
Air
GaAs
AlGaAs
AlGaAs
AlAs
AlOx
GaAs
QW
GaAs
AlGaAs
GaAs
GaAs
AlGaAs
GaAs
Air

Refractive Index
1
3.53
3.08
3.08
2.95 for r < d/2
1.60 for r > d/2
3.53
3.53
3.53
3.08
3.53
3.53
3.08
3.53
1

Table 1: Layer-by-layer description of the benchmark CCBE-VCSEL structure,
which has been analyzed to find the qualitative device trends of CCBE-VCSELs.

VCSEL is a test structure, upon which calculations can be easily made, and
from which qualitative device trends can be deduced. The aim of this article is
not to provide a detailed description of a structure for actual implementation,
but to examine what characteristics CCBE-VCSELs can be expected to exhibit.
Figure 2 shows the threshold gain of the fundamental- and first order modes
of the benchmark CCBE-VCSEL structure for different substrate cavity thicknesses, L, as found using the 3-dimensional optical field model3 . At small thicknesses, the first order mode has smaller threshold gain than the fundamental
mode, which indicates that the first order mode “fits” the active cavity better
than the fundamental mode. As the substrate cavity thickness is increased,
the threshold gain of both the fundamental- and the first order mode increases.
The threshold gain of the first order mode increases more than that of the fundamental mode, and at L ≈ 24 µm the two curves cross each other, and the
threshold gain of the first order mode becomes increasingly larger than that of
the fundamental mode, thus providing a means of mode-discrimination. This is
2 Due to model specific considerations, the layer diameter for d = 1 µm is d = 10 µm, i.e.
0
ten times the diameter of the aperture [1].
3 The threshold gain of the optical modes actually varies significantly for small variations
in the substrate cavity thickness. This “fine structure” is not shown in Figure 2, in which
only some of the minima of the “fine structure” are plotted, and it is at this point not fully
understood. More investigations into this phenomenon should be undertaken.

5

Figure 2: Threshold gain of the fundamental- and first order modes of the benchmark CCBE-VCSEL for different substrate cavity thicknesses. The threshold gain
of the first order mode increases much more than that of the fundamental mode
for increasing L. (Simulation with N1 = 14.5 and d = 8 µm).

due to the diffraction of the optical modes at the aperture, and the diffraction
losses encountered upon each cavity-round-trip through the substrate cavity.
The threshold gain of the fundamental- and first order modes for different
aperture diameters, d, is shown in Figure 3. The figure shows that the difference
in threshold gain between the two modes increases for decreasing aperture size.
As the aperture becomes smaller, the diffraction grows and the substrate cavity
losses increase. The diffraction of the first order mode grows more than that of
the fundamental mode, and the mode-discrimination is increased.
The threshold gain of the fundamental- and first order modes of the benchmark CCBE-VCSEL structure for different numbers of periods in the middle
DBR, N1 , is shown in Figure 4. The figure shows that at large N1 the threshold
gain of the two modes is approximately the same, and that it increases for a decreasing number of periods. The threshold gain of the first order mode increases
more than that of the fundamental mode, which — again — provides a means of
mode-discrimination. This is due to the larger influence of the substrate cavity
for smaller N1 , i.e. when a larger fraction of the optical field is confined in the
substrate cavity.

Processing of CCBE-VCSELs
The goal of this work is to analyze (theoretically) the optical properties that can
be expected of CCBE-VCSELs, and the technicalities of the actual processing
of such devices is not a main subject. However, a brief description of a possible
processing technique is provided, to indicate the possibility of actually implementing such devices. Whether or not this technique is the most appropriate
will not be discussed; the technique should be considered nothing more than an
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Figure 3: Threshold gain of the fundamental- and first order modes of the benchmark CCBE-VCSEL for different aperture diameters. The threshold gain of the
first order mode increases much more than that of the fundamental mode for decreasing d. (Simulation with N1 = 14.5 and L = 41.7 µm).

Figure 4: Threshold gain of the fundamental- and first order modes of the benchmark CCBE-VCSEL for different numbers of periods in the middle DBR. The
threshold gain of the first order mode increases much more than that of the fundamental mode for decreasing values of N1 . (Simulation with d = 8 µm and
L = 41.7 µm).
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indication of the possibility of implementing CCBE-VCSELs in “real life”.
First, epitaxial growth of the many layers of the CCBE-VCSEL — both the
top- and bottom layers — is performed on a GaAs substrate of the chosen thickness using standard epitaxial techniques. The thickness should remain below,
say, 70 µm, since the threshold gain increases with increasing substrate cavity
thickness4 . The top structure is then processed using standard lithography-,
etching- and oxidation techniques, in the same way as “regular” VCSELs are
processed. Finally, the top- and bottom contacts are created using standard
lithography- and metal deposition techniques5 .
The differences between the processing of CCBE-VCSELs and “regular”
VCSELs is the challenge of having to work on thin substrates, as well as having
to process on both sides of these substrates. These challenges do not appear to
pose insurmountable problems in light of current wafer-handling- and epitaxi
technologies.

Conclusions and Perspectives
A new type of VCSEL, called the coupled-cavity bottom-emitting VCSEL, has
been presented. The device trends of CCBE-VCSELs have been investigated
theoretically, and it has been shown that the CCBE-VCSEL may be capable of
providing increased output power, while maintaining a single transverse mode.
This important feature is due to the mode-discrimination caused by diffraction
effects in the long substrate cavity of CCBE-VCSELs. Efficient cooling of the
device is also possible, and it therefore appears that the CCBE-VCSEL may
be a serious candidate for the high-power semiconductor lasers needed for the
further expansion of the optoelectronics market.
This article, to the Author’s knowledge, represents the first study of this
device, and more investigations are required in order to bring the CCBE-VCSEL
closer to market. These investigations should include the study of the effects
of absorption of the optical field in the long substrate cavity, analyses of the
heat- and current characteristics of such devices, a more thorough examination
of the “fine structure” mentioned in relation to Figure 2, and — of course —
investigations of appropriate processing techniques.
Other designs for providing single-transverse-mode operation at increased
output powers are currently appearing, designs in which holes have been etched
into the top DBR of standard VCSELs. References [11, 12] describe designs
in which circular holes have been etched in hexagonal- and square patterns,
respectively, while Reference [13] describes a design in which triangular holes
have been etched, and Reference [14] describes a design in which elliptical holes
are utilized6 . Such design solutions can possibly be combined with the CCBEVCSEL design, simply by etching into the bottom DBR of CCBE-VCSELs. The
different designs should therefore not necessarily be viewed as “competing” with
the CCBE-VCSEL design, but should be viewed as playing each their own part
on the way towards high-power single-transverse-mode semiconductor lasers.
4 GaAs substrates, polished on both sides, are commercially available down to thicknesses
of 30 µm from e.g. Valley Design Corp.
5 To avoid using a conducting substrate, which leads to increased absorption of the optical
field in the substrate cavity, an intracavity contact may be substituted for the bottom contact.
6 Apart from increased single-transverse-mode output power, the latter design successfully
achieves stable polarization characteristics.
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