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Abstract— We report on oxide free 940 nm VCSELs based on
a buried tunnel junction acting as a lithographic aperture and
achieving power conversion efficiency above 40%. We present the
fabrication flow implementing a 2-step epitaxial growth as well
as a detailed electro-optical characterization of the fabricated
devices. The tunnel junction based VCSELs benefit from a
uniform current distribution thanks to a low resistive n-doped
top DBR. The mesa-free lithographically defined aperture enables
the arrangement of compact arrays constituted of small single
mode emitters. Such array configuration allows to scale up the
generated optical power while maintaining a diffraction-limited
Gaussian beam and limiting the impact of thermal rollover.

Index Terms— 940 nm VCSEL, lithographic aperture, over-
growth, Esaki tunnel junction, diffraction-limited, thermal
management.

I. INTRODUCTION

THE concept of a vertical cavity surface emitting laser
(VCSEL) was proposed by Iga in the late 1970s [1].

The first VCSEL devices suffered from low current and
optical confinement resulting in poor electro-optical perfor-
mance [2]. In the 1990s, the oxide aperture answered the
initial lack of simultaneous electrical and optical confinement
and contributed to significantly improve the performance of
850 nm and 940 nm AlGaAs VCSELs with power conversion
efficiency reaching 50% [3], [4], [5]. Oxide aperture VCSELs
provide today low cost and reliable solutions for datacom and
sensing applications.

Yet, the oxide aperture technology has limitations. The
manufacture of emitters with small diameter suffer from
significant yield loss [6]. Additionally, the oxidation process
requires etching a mesa structure down to the oxidation layer.
The emitter pitch must be larger than the sum of the mesa
trench and two times the oxidation depth. Thus, tightly packed
VCSEL arrays with a pitch below 20 µm are challenging to
achieve with the oxide aperture. Also, the formation of the
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oxide aperture introduces stress in the VCSEL mesa [7]. This
stress leads to major failure mechanisms during operation.
Finally, large oxide aperture VCSELs suffer from current
crowding [8]. The center of their aperture is not pumped
efficiently which impacts their performance.

In this work, we replace the oxide aperture with an over-
grown buried tunnel junction. Buried tunnel junction demon-
strated efficient lateral current confinement for 1.5 µm InP
VCSEL [9], [10] and 850 nm AlGaAs VCSEL [11]. Tunnel
junction is also used to stack multiple active regions in
the VCSEL cavity [12], [13]. Our overgrown buried tunnel
junction, located in the cavity, simultaneously confines the
light and the current. The lithographic definition of the aper-
ture enables the manufacture of VCSELs with small optical
cavity [14], [15]. The absence of oxidation also eliminates the
need for a mesa structure. This allows us to fabricate dense
arrays of small VCSEL emitters.

This letter presents the fabrication flow of 940 nm VCSELs
with tunnel junction lithographic aperture. The electrical and
optical confinement of such an aperture is evaluated. Then,
we discuss the modal characteristics of the fabricated devices
and highlight the uniform current distribution through the
emission region. Finally, we discuss the electro-optical per-
formance and present the advantage of small emitter arrays in
terms of thermal management.

II. METHODS AND FABRICATION

The process flow of our tunnel junction based lithographic
aperture VCSEL unfolds as follows. As shown in Fig. 1a,
we start with the growth of the bottom structure on a
n-doped substrate. The bottom structure includes a n-doped
bottom AlGaAs Distributed Bragg Reflector (DBR) and a
first part of the cavity containing the active region InGaAs
quantum wells and ending with an Esaki tunnel junction. The
Esaki tunnel junction is formed by two thin highly doped
layers [16], [17]. For efficient tunneling, we use doping levels
above 1019 cm−3. To limit the introduction of optical losses
related to free carrier absorption [18], the tunnel junction
layers are in one of the field nodes of the longitudinal optical
mode. Then, we define the emission region by lithography.
We etch the tunnel junction layers and leaves a shallow
protuberance which forms the emitter aperture as shown in
Fig. 1b. We overgrow the patterned bottom epitaxial structure
with a top structure which includes the remaining portion
of the cavity and a n-doped top AlGaAs DBR as shown
in Fig. 1c. The aluminum-free growth interface limits the

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

https://orcid.org/0000-0002-1730-8349
https://orcid.org/0000-0003-0484-1395


390 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 35, NO. 7, 1 APRIL 2023

Fig. 1. Fabrication flow overview: (a) Initial growth (b) Aperture patterning (c) Top DBR overgrowth (d) Surface passivation with bottom and top metal
contacts deposition. The device is operated with a positive voltage bias from bottom to top. The streamlines represent the current flow which is laterally
confined towards the emission region from region (2) to region (1).

formation of oxide which prevents the generation of defects
during overgrowth. Finally, the fabrication is completed with
the passivation of the semiconductor surface and the depo-
sition of metal contact as shown in Fig. 1d. Top and bot-
tom contacts enable to drive the current through the active
region.

The efficiency of the VCSEL device relies on the lateral
electrical and optical confinement towards the emission region
indicated by region (1) in Fig.1c.

The comparison of the voltage vs. current characteristics
presented in Fig. 2a inside (region (1)) and outside (region (2))
the emission region manifests the electrical confinement. The
voltage vs. current characteristics are measured, as in the
normal operation of the laser, by applying a positive bias from
the bottom to the top metal contacts. The characteristics follow
a typical diode-like behavior for which driving a positive
current requires a voltage bias above a certain turn-on voltage.
Inside the emission region, with the presence of the tunnel
junction, the turn-on voltage is located around 1.3 V. This
turn-on voltage equals the built-in voltage of the p-n junction
constituting the active region. We infer a limited contribution
of the tunnel junction to the turn-on voltage. This confirms the
ohmic behavior of the tunnel junction operated in reverse bias.
Conversely, outside the emission region, the turn-on voltage
jumps to around 10 V. The layers at the overgrowth interface
have lower doping levels compared to the tunnel junction
layers. When the tunnel junction is etched, the overgrowth
interface turns into a reverse biased p-n junction. The 9 V
increase of the turn-on voltage corresponds to the breakdown
voltage of the reverse biased p-n junction. Until the operating
voltage remains well below 10 V, the current flows only
in the region where the tunnel junction is present i.e., the
emission region. This assures efficient current confinement of
the lithographic aperture.

To evaluate the optical confinement, we compare the reflec-
tivity spectra inside and outside the emission region as reported
in Fig. 2b. The reflectivity spectra are formed by the large
stop band of the DBR with a narrow dip corresponding to
the Fabry Perot resonance. Due to the profiling of the cavity
with the etched tunnel junction layers, the optical cavity is
thicker in the emission area. The resonance inside the emission
region exhibits a red shift 1λ compared to the outside of the
emission region. According to the effective refractive index
model proposed by Hadley [19], this resonance shift 1λ

Fig. 2. Evaluation of the electrical and optical lateral confinements of the
tunnel junction lithographic aperture: (a) Comparison of the voltage-current
characteristics inside and outside the emission region (b) Comparison of the
reflectivity spectra inside and outside the emission region.

induces an effective refractive index 1n expressed by:

1n
n0

=
1λ

λ0
(1)

where n0 is the refractive index of the material constituting
the cavity and λ0 is the initial resonance wavelength. The
measured spectra reveal a 10 nm shift between the Fabry
Perot dips inside and outside the emission region, respectively
938 nm and 928 nm. According to equation 1, this is equivalent
to a 1% refractive index increase towards the emission region.
A similar level of refractive index shift is reported for oxide
aperture VCSEL [20]. This positive refractive index shift
guarantees lateral optical confinement of the emission region.
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Fig. 3. Near field, far field and spectrum of devices A, B and C measured
under a current density of 20 kA cm−2 at 25 ◦C.

III. RESULTS AND DISCUSSIONS

We fabricated tunnel junction lithographic aperture VCSEL
devices with various emission area configurations. Devices A
and B are respectively 8 µm and 3 µm diameter single emit-
ters. The high resolution offered by the lithographic aperture
ensures the reproducibility of emitters with 4 µm diameter and
below. Device C is an array of 7 emitters with 3 µm diameter
arranged on a triangular lattice. Device A and C share the same
total emission area of 50 µm2. The absence of mesa enabled
a 8 µm pitch between emitters. Thanks to this compact array
arrangement, device C has a similar footprint as device A.

Figure 3 presents the modal characteristics of the three
devices A, B and C under an operating current density of
20 kA cm−2. For all three aperture configurations, the trans-
verse laser modes spread over the entire emission region. This
reflects an uniform current distribution across the emission
region. The p-doped spacer between the active region and the
tunnel junction interface is significantly more resistive than the
n-doped top DBR. Therefore, the lateral flow of the current in
the n-doped top DBR contributes less to the total resistance
path as compared to crossing the tunnel junction and the p
spacer. This counteracts the current crowding and results in
an uniform lateral current flow distribution.

The presence of field nodes in the near-field and the 3 nm
broad spectrum with multiple high intensity peaks for the
large 8 µm diameter emitter device A indicates the multimodal
operation of the device. On the contrary, the small 3 µm
diameter emitter of device B is small enough to support
the fundamental mode only. The Gaussian near field and
the 0.24 nm linewidth, limited by the resolution of the spec-
trometer used during the measurement, confirm the single
mode operation. The multimodal operation affects the far field
profile. The M2 beam quality factor and consequently the
half-angle beam divergence increase with the transverse mode

Fig. 4. Electro-optical characteristics of devices A, B and C: a) optical output
power, voltage bias and power conversion efficiency vs. operating current
measured at 25 ◦C b) emission wavelength shift vs. dissipated power where
the reference wavelength is the emission wavelength at threshold under 25 ◦C,
50 ◦C and 75 ◦C, associated thermal impedances are annotated.

order [21]. Thus, while the divergence of a single fundamental
mode (order 0) beam is diffraction-limited, the divergence of a
multimodal beam expands with the operating transverse mode
orders. As we observed, device B exhibits a half-angle beam
divergence of 10◦ which is twice narrower as compared to the
20◦ divergence angle of device A.

Replicating the small 3 µm diameter emitter of device B
and forming the array of device C increases the total emission
area while maintaining the single mode operation for each
emitter. In the situation where these emitters are incoherent
from each other, their spectrum and far field intensity profiles
overlap. The array configuration of device C benefits from
the diffraction-limited divergence as for the single emitter
device B. As the emitters are identical, they have close emis-
sion wavelengths. The overlay of their spectrum results in a
slight enlargement of the spectral linewidth to 0.43 nm.

Figure 4a presents the output optical power and voltage
vs. current characteristics of devices A, B and C at 25 ◦C.
Considering the optical power vs. current characteristics,
the three devices exhibit similar slope efficiency around
0.95 mW mA−1. They differ in their threshold currents with
0.85 mA, 0.20 mA and 1.8 mA for respectively devices A,
B and C. In terms of threshold current density, this corresponds
to 1.7 kA cm−2, 2.8 kA cm−2 and 3.6 kA cm−2. From device B
to device C, both composed of 3 µm diameter emitters, the
threshold current scales with the number of emitters. Thus,
devices B and C presents similar level of threshold current
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density. By contrast, the large emitter device A has a two
times lower threshold current density. The reduction of the
emitter diameter decreases the confinement factor of the higher
order modes. The reduction of the higher order modes confine-
ment factor enables single mode operation for 3 µm diameter
emitter. However, the fundamental mode’s confinement factor
is reduced as well which increases the threshold current
density. Considering the voltage vs. current characteristics,
the three devices present the same turn-on voltage at 1.5 V.
These characteristics lead to a power conversion efficiency
reaching 40% during the linear operation of the devices. As the
devices present similar slope efficiency and voltage bias levels,
the threshold current is the main factor affecting the power
conversion efficiency. Thanks to its low threshold current,
the single small emitter (device B) has the highest power
conversion efficiency 43.5% followed by the large single
emitter (device A) with 41.7% and the array (device C) with
36.6% maximum of power conversion efficiency.

The optical power of the single small emitter (device B)
is below 4 mW. Thermal rollover occurs at around 5 mA
and limits the maximal output optical power. One way to
postpone thermal rollover is to decrease the current density
by increasing the active region area. This way, the single
large emitter (device A) and the array (device C) delivers
more than 10 mW of optical power. Despite sharing the same
total emission area and exhibiting a lower power conversion
efficiency, the array reaches rollover at an operating current
of 25 mA which is higher compared to the 17 mA operating
current of the large single emitter. As a result, the array
delivers up to 16 mW optical power which is 25% higher
than the 13 mW optical power for the single large emitter.
This indicates a more efficient thermal management for the
array as compared to the single large emitter. The array has
a larger footprint than the large single emitter. Hence, the
area contributing to heat removal is larger for the array than
for the large single emitter. This results in more efficient
thermal removal and lower thermal impedance which allows
the operation under higher current densities for the array.
As reported in Fig. 4b, we measured the thermal impedance
by monitoring the emission wavelength shift vs. the dissi-
pated power corresponding to the difference of the operat-
ing electrical power and the generated optical power [22].
As expected, the single small emitter has the highest thermal
impedance exceeding 5.0 K mW−1. The measurements con-
firm that heat dissipation is more efficient for the array with a
thermal impedance of 1.55 K mW−1, 20% lower compared to
2.05 K mW−1 for the large single emitter at 25 ◦C. We also
noted that the thermal impedance increases with the backside
temperature while conserving the same difference between
devices.

IV. CONCLUSION

We successfully fabricated 940 nm VCSELs with a litho-
graphic aperture based on a thin buried Esaki tunnel junction.
The tunnel junction lithographic aperture guarantees simul-
taneous electrical and optical confinements which enable a
threshold current density as low as 2 kA cm−2. Unlike its oxide
counterparts, the tunnel junction lithographic aperture benefits

from a uniform current distribution across a mesa-free and
a lithographically defined emission area. This enables easier
and reproducible manufacturing of compact arrays with single
mode emitters (4 µm diameter and below). Such arrays scale
up the optical power while maintaining a diffraction-limited
Gaussian beam and allowing efficient heat removal.
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