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Abstract—We report on the optical design of thin selectively
etched InAlGaAs tunnel-junction apertures for the realization of
optically efficient long-wavelength vertical-cavity surface-emitting
lasers (VCSELs). These apertures were designed to introduce min-
imal optical loss to the structure, facilitate single-mode operation,
and yield optical mode diameters that better match the injected
current density profile. We then demonstrate InP-based VCSELs
emitting at 1304 nm utilizing these low-loss InAlGaAs apertures,
resulting in optically efficient low-loss devices with differential
quantum efficiencies of up to 60%.

Index Terms—Aperture, InAlGaAs, InP-based, long wavelength,
semiconductor laser processing, semiconductor lasers, tunnel junc-
tion, vertical-cavity surface-emitting lasers (VCSELs).

I. INTRODUCTION

LONG-wavelength vertical-cavity surface-emitting lasers
(VCSELs) emitting in the 1300–1600-nm wavelength

range are attractive light sources for short to midrange op-
tical fiber communications. These devices target low-loss
and low-dispersion windows in standard optical fibers and
are expected to provide a low-cost alternative to the existing
edge-emitting infrastructure. With low power consumption,
on-wafer testing, simple packaging, and high fiber-coupling
efficiency, VCSELs are ideal transmitters for metro, local area,
and storage area networks.

Recently, many promising long-wavelength VCSEL results
have been demonstrated [1]–[5]. However, it is still desirable to
continually demonstrate devices with significantly reduced op-
tical loss. More optically efficient structures with low internal
loss will facilitate reduced threshold currents and enable higher
differential quantum efficiencies. These are desirable charac-
teristics for achieving improved modulation performance with
lower required drive currents.

Previously, our group has reported InP-based devices oper-
ating in the 1300–1600-nm wavelength region [6], [7]. These

Manuscript received February 14, 2006; revised March 2, 2006. This work
was supported in part by the National Science Foundation.

D. Feezell and L. A. Coldren are with the Department of Electrical and Com-
puter Engineering and the Department of Materials, University of California,
Santa Barbara, CA 93106 USA (e-mail: feezell@engineering.ucsb.edu).

D. A. Buell is with CNRS-CRHEA, 06560 Valbonne, France.
D. Lofgreen is with Raytheon Vision Systems, Goleta, CA 93117 USA.
M. Mehta is with the University of New Mexico, Albuquerque, NM 87131

USA.
Digital Object Identifier 10.1109/JQE.2006.874007

Fig. 1. Schematic of bottom-emitting all-epitaxial VCSEL structure with un-
dercut thin tunnel-junction aperture.

devices utilized well-established InAlGaAs active region tech-
nology and AlGaAsSb distributed Bragg reflectors (DBRs).
This combination facilitates monolithic all-epitaxial InP-based
devices spanning the entire long-wavelength telecommunica-
tions band. With this platform, we have recently demonstrated
devices with efficient modulation characteristics and high
differential quantum efficiencies [8]. The high differential
quantum efficiencies observed resulted from the implemen-
tation of thin selectively etched tunnel-junction apertures for
low-loss optical guiding [9]. In this work, we describe the
optical design of these thin selectively etched tunnel-junction
apertures. First, the free carrier absorption (FCA) loss from
the highly doped tunnel-junction layer is minimized. Then,
using a two-dimensional model of the optical cavity, thin
selectively etched tunnel-junction apertures are designed to
provide effective guiding of the fundamental lateral mode with
low scattering loss. We then fabricate and characterize optically
efficient single-mode 1304-nm InP-based VCSELs utilizing
these apertures, with devices demonstrating high differential
quantum efficiencies of greater than 60%, optical efficiencies
up to 80%, and single-mode continuous-wave operation up to
90 C.

The bottom-emitting device structure is shown in Fig. 1 for
reference and is the same as previously reported [7]. A
InAlGaAs multiple-quantum-well active region is clad on both
sides by InP layers. Intracavity contacts are made to these InP
layers, allowing for the AlGaAsSb DBRs to remain undoped.
Embedded within the upper InP cladding layer is a 35-nm
n -InAlGaAs–p -InAlGaAs tunnel-junction layer that is
selectively etched to form a thin air-gap aperture for electrical
and optical confinement. Details regarding the fabrication of
these devices have been previously reported [7]–[9].
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Fig. 2. Simulated differential efficiencies for an active region apertured device
and a tunnel-junction apertured device, demonstrating the scaling benefits pro-
vided by thin apertures.

II. MOTIVATION FOR THIN TUNNEL-JUNCTION APERTURES

Despite the promising results previously obtained by our
group, these devices employed a rather inefficient aperturing
scheme [6], [10]. A thick (200 nm) undercut active region
aperture, inherently placed at standing wave peak, was em-
ployed for optical confinement. The strong guiding effect of
this thick aperture introduced a significant amount of scattering
loss to the devices. In fact, up to 60% of the total internal loss
in these devices was due to aperture scattering of the mode.
As a result, these devices only achieved differential quantum
efficiencies of 23%. Additionally, these devices suffered from
increased sidewall recombination at the thick exposed etched
active region [10]. The implementation of thin tunnel-junction
apertures alleviates these problems by providing low-loss
optical confinement, avoiding exposed active region sidewalls,
and generating an injected current density profile that better
matches the shape of the optical mode.

An additional benefit provided by thin low-loss apertures is
the ability to scale the aperture diameters to smaller dimen-
sions without introducing increased scattering loss. As an ex-
ample, Fig. 2 shows a simulation of predicted differential effi-
ciencies for the previously reported devices with a thick active
region aperture and the thin tunnel-junction apertured devices of
this work. These differential efficiencies are estimated from the
calculated loss in the devices (i.e., aperture scattering loss and
FCA loss). The loss calculation will be explained in subsequent
sections. Fig. 2 is intended to demonstrate the trend between
scaling to smaller dimensions for both aperturing schemes. It is
clear that the thin tunnel-junction aperturing scheme maintains
a more constant differential quantum efficiency value down to
smaller aperture dimensions. This is an important benefit for
realizing higher differential quantum efficiency devices with
lower threshold currents.

III. TUNNEL-JUNCTION APERTURE OPTICAL DESIGN

With the goal of limiting optical loss in the structure, reduc-
tion of the FCA loss introduced by the tunnel junction layer is
of prime importance. The placement of the tunnel junction rel-
ative to the optical standing wave in the cavity and its thick-

Fig. 3. Electric field and index profile in the cavity of the structure, showing
the placement of the tunnel junction aperture layer at an optical standing wave
null for the minimization of the standing-wave enhancement factor.

Fig. 4. Simulated FCA loss from the tunnel-junction layer as a function of vari-
ation from its placement at an optical standing-wave null.

ness are critical design issues due to the high doping (
e20 cm e19 cm ) required in the tunnel junction

layer to achieve efficient quantum tunneling. The tunnel junc-
tion aperture layer should be designed to minimize the single-
pass optical loss. For a tunnel junction with a thickness

, where and are the thicknesses of the n and p
sides of the junction, respectively, the single-pass optical loss is
calculated by . Here, is the internal optical loss
from FCA and is the standing-wave enhancement factor
[11]. In order to minimize the single-pass optical loss from a
highly doped layer, such as the tunnel junction, and
must be minimized. The standing wave enhancement factor can
be minimized to some extent by selectively placing the highly
doped tunnel-junction layer at an optical standing wave null in
the cavity, as shown in Fig. 3. This reduces the overlap between
the highly doped tunnel-junction layer and regions of high elec-
tric field. To illustrate the importance of the standing-wave en-
hancement factor on optical loss, the FCA loss introduced by the
tunnel junction as a function of its relative position to the optical
standing-wave null was calculated and is shown in Fig. 4. For
variations from the null in the range of tens of nanometers, we
observe an order of magnitude increase in FCA loss.

Another method to further limit the FCA loss from the tunnel-
junction layer is to reduce its thickness. This also relaxes epi-
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taxial growth tolerances. However, due to restrictions on doping
levels and quantum tunneling probability, there are practical
minimum allowable values for the junction thicknesses, and

. These values can be calculated via the WKB method re-
ported by Mars, et al. [12]. For the InAlGaAs tunnel junctions
in this work, these values were determined to be in the range of
10–20 nm. Specifically, for the reported devices, nm
and nm.

The figure of merit employed for the optical design of the
etched aperture is the effective index perturbation to the optical
mode, , where and
are the effective indexes in the growth direction of the core and
undercut regions of the aperture, respectively. This treatment
yields a two-dimensional index profile that provides a simple
optical model of the aperture. For a given physical aperture di-
ameter, the index perturbation determines the important optical
properties of the aperture, specifically the effective optical mode
diameter and the aperture scattering loss. Constraints on these
parameters predominately determine the allowed index pertur-
bation introduced by the aperture. If the index perturbation is
too small, the optical mode diameter may be significantly larger
than the injected current density profile, leading to increased ab-
sorption loss in the unpumped areas of the quantum wells. Con-
versely, if the index perturbation is too large, the optical mode
may experience significantly increased scattering loss. There-
fore, as described below, an index perturbation is chosen that
provides effective guiding with minimal scattering loss.

To determine the waveguide eigenmodes, and thus the effec-
tive optical mode diameter, the two-dimensional scalar wave
equation was solved on this index profile using a finite differ-
ence technique with a nonuniform mesh [13]–[15]. The calcu-
lated effective optical mode diameters (determined at the
point of the normalized mode amplitude) for the fundamental
lateral mode versus the physical aperture diameter, are shown
in Fig. 5(a) for various values of . For high differential
quantum efficiencies and reduced threshold currents, increased
overlap between the optical mode and the current density profile
is desired. Since current spreading is minimal in the p-InP be-
neath the tunnel junction aperture, the current density profile is
primarily determined by the physical aperture diameter. There-
fore, for optimal modal gain, the effective optical mode diameter
should be similar to the physical aperture diameter. Effective op-
tical mode diameters larger than the physical aperture diameter
will lead to increased absorption loss from overlap of the op-
tical mode tails with unpumped regions of the quantum wells.
For mechanically stable single-mode devices, aperture diame-
ters in the range of 6–8 m are desired. From Fig. 5(a), it is
determined that a in the range of 0.005 to 0.01 is required
to satisfy the above guiding condition.

The optical scattering loss associated with the aperture was
then examined by propagating the optical mode through an un-
folded cavity. The procedure implemented is similar to that de-
scribed by Fox and Li [13]–[15]. As the field is propagated, a po-
sition-dependent phase shift, a position-dependent gain, and an
absorption are applied to the mode. The phase shift, described
by , where is the free space
wave vector and is the effective cavity length, is what ap-
proximates the effect of the aperture in the model. The phase,

Fig. 5. (a) Calculated effective optical mode diameter for the fundamental
mode versus physical aperture diameter for various aperture strengths. (b)
Calculated aperture scattering loss versus physical aperture diameter for various
aperture strengths.

gain, and absorption values are continually adjusted until there
is only a phase shift associated with a pass through the cavity. At
this point, the mode of the system and the gain are known. The
scattering loss is then determined from the modal gain. Fig. 5(b)
shows the calculated aperture scattering loss versus physical
aperture diameter for various values of . From the figure,
the values of needed to achieve the required effective op-
tical mode diameters determined above (i.e., —
to ) produce apertures that contribute very little scattering
loss to the structure. This result is in stark contrast to our previ-
ously reported thick etched active region apertures placed at an
optical standing wave peak and represents over
an order of magnitude reduction in optical loss [10].

Although it is possible to further limit optical scattering loss
from the aperture by reducing below 0.005, quantum tun-
neling probability requires a tunnel-junction thickness on the
order of 35 nm, which already introduces a of nearly
0.005. Additionally, the restrictions stated above regarding the
effective optical mode diameter do not allow for such low values
of , and by the analysis above, it was determined that a se-
lectively etched aperture with effectively guides
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Fig. 6. Calculated aperture scattering loss (�n = 0:005) per pass for the
fundamental lateral mode and the next higher order lateral mode as a function
of aperture diameter, demonstrating the increased scattering loss experienced
by higher order modes.

the optical mode while still introducing very little scattering
loss. was not chosen in order to avoid oper-
ating near the limit of the optical mode becoming larger than the
current density profile. Since the 35-nm n -InAlGaAs–p
-InAlGaAs tunnel junction did not quite achieve the necessary

, a section of etchable lowly doped and compo-
sitionally graded InAlGaAs was placed adjacent to the tunnel
junction layer to increase to the desired value of 0.01.
This grade is shown near the tunnel junction aperture in Fig. 3.

Finally, to achieve single-mode operation, an effective aper-
ture design should suppress higher order lateral modes from
lasing. As discussed above, the effective optical mode diam-
eter of the fundamental mode was designed to closely mimic the
current density profile, ensuring this mode reaches lasing at the
lowest possible threshold. Moreover, due to the shapes of the
higher order modes, they typically experience increased scat-
tering loss from the aperture, thus further increasing their lasing
thresholds. A comparison between the calculated scattering loss
experienced by the fundamental lateral mode and the first higher
order lateral mode for an aperture with is shown
in Fig. 6. For aperture diameters in the range of 6–8 m, we
observe an increase in scattering loss of several times for the
next higher order mode. This additional loss further ensures
single-mode lasing operation of the fundamental mode at these
aperture dimensions.

IV. RESULTS AND DISCUSSION

A VCSEL structure with the designed low-loss tunnel-junc-
tion aperture was then grown by molecular
beam epitaxy in a single growth step [16]. Devices were then
fabricated and characterized. Fig. 7 shows the continuous-wave
light versus current characteristics for a device with a 6.5- m
aperture diameter. This device achieved a high continuous-wave
differential quantum efficiency of 60% at room-temperature and
operated up to 90 C, the highest reported temperature opera-
tion for a VCSEL with Sb-based DBRs. The lasing spectrum
is also inset in Fig. 7 and demonstrates strong single-mode be-
havior with a side-mode suppression ratio (SMSR) of 45 dB.

Fig. 7. Continuous-wave light versus current curves for various stage temper-
atures, showing high room-temperature differential quantum efficiency of 60%.
The inset shows the lasing spectrum, demonstrating single-mode behavior with
a 45-dB SMSR.

These results, particularly the high differential quantum effi-
ciency, clearly indicate the effectiveness of the optical design of
the low-loss aperture and represent a significant improvement
over the previously reported work. As a result of the differen-
tial quantum efficiency values observed, the optical efficiency
of these devices was also quite high. The optical efficiency is
calculated by , where is the differential quantum
efficiency and is the injection efficiency as determined from
edge-emitting lasers with the same active region structure [11].
Conceptually, is the percentage of photons generated in the
active region that leave the optical cavity through the desired
DBR mirror and are collected as useful output. Since the injec-
tion efficiency was determined to be 75% by the method refer-
enced above, the optical efficiency is therefore calculated to be
80%.

As evidenced by the high differential quantum efficiencies
these devices achieved, the internal optical loss was very low.
This was largely a result of the design and implementation of
the thin tunnel-junction aperture. However, several other fac-
tors contributed to the performance. The DBRs were undoped
to limit optical loss and very smooth, with the entire epitaxial
structure displaying an RMS roughness of only 3.1 Å. Further-
more, the implementation of tunnel junctions limited the incor-
poration of highly absorbing p-type material.

The known contributions to optical loss in the devices from
FCA and aperture scattering were estimated. The FCA loss for
each section of the device was determined by overlapping the
optical mode with the doping profile in the structure and the
aperture scattering loss was calculated by the method described
above. The results of these calculations are shown in Table I.
The total calculated internal loss in the structure due to FCA and
aperture scattering is shown to be 0.16% per pass ( 5 cm ).
We believe this to be a significantly low number for a long-
wavelength VCSEL. Although the FCA loss reported here and
the FCA loss reported in our previous devices is similar, the
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TABLE I
CALCULATED LOSS CONTRIBUTIONS FROM VARIOUS SOURCES IN THE DEVICE

aperture scattering loss has been reduced by approximately one
order of magnitude in this work.

The internal loss can also be experimentally obtained to verify
our calculated estimations. By the method described by Col-
dren and Corzine, the measured VCSEL differential quantum
efficiency, the calculated VCSEL mirror loss, and the injection
efficiency obtained from InAlGaAs edge-emitting lasers are uti-
lized to obtain the internal loss [11]. This method yields an ex-
perimental internal loss value of 6 cm , just slightly higher
than the calculated estimate. The small discrepancy in the exper-
imentally obtained value from the calculated value is explained
by the presence of unaccounted for loss, such as macroscopic
defect sites and surface roughness.

V. SUMMARY AND CONCLUSIONS

In conclusion, we have designed thin selectively etched
tunnel-junction apertures for more efficient optical confinement
in InP-based long-wavelength VCSELs. These apertures were
designed to provide effective guiding of the optical mode,
while introducing minimal optical loss to the structure. We
have then grown, fabricated, and characterized VCSELs uti-
lizing these low-loss air-gap apertures. The resulting optically
efficient devices yielded low internal loss estimates, demon-
strated differential quantum efficiencies of 60%, and achieved
single-mode operation up to 90 C.
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