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Abstract

We report on the design, fabrication and characteristics of both hybrid and monolithic micro-electro-mechanically wa
tunable 1.55 µm InP-based Vertical-Cavity Surface-Emitting Laser (VCSEL) structures. Photo-pumped tunable VCS
successfully realized using both configurations, and a design for electrically pumped tunable VCSEL is presented.To cite this
article: I. Sagnes et al., C. R. Physique 4 (2003).
 2003 Académie des sciences. Published by Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

Structures laser à cavité verticale à base d’InP accordables en longueur d’onde.Nous présentons la conception,
fabrication et les caractéristiques de lasers à cavité verticale accordables en longueur d’onde mettant en œuvre une co
hybride et une configuration en intégration monolithique. Dans les deux cas l’émission laser accordable en longueur
été obtenue en régime de pompage optique. Un concept de laser monolithique accordable pompé électriquement es
présenté.Pour citer cet article : I. Sagnes et al., C. R. Physique 4 (2003).
 2003 Académie des sciences. Published by Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

During the last decades Vertical-Cavity Surface-Emitting Lasers (VCSELs) have generated a huge scientific
Among the advantages of VCSELs are wafer level fabrication and characterization, easy fiber coupling, and potent
manufacturing costs. VCSELs are Fabry–Pérot (F–P) type lasers that are intrinsically single-mode and present a
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mode selectivity, due to the very short cavity length and large longitudinal mode spacing. Moreover, the small active vo
a VCSEL enables it to operate at sub-mA laser threshold currents [1–3].

These benefits led to their successful introduction and commercial exploitation in the 850 nm and 980 nm wa
range [4–7]. The short wavelength VCSELs rely on GaAs-based materials providing for highly reflective distributed
reflectors (DBRs), active layer design, and current confining schemes. The implementation of wavelength division m
(WDM) systems based on optical fibers enforced the search for cheap and reliable lasers at longer wavelengths, i.e.
However 1.55 µm VCSELs are more difficult to realize than their 0.85–0.98 µm counterparts. Indeed, while the InP
system is the best choice for active materials with high gain, such as InGaAs(P) or InGa(Al)As multi-quantum wells (M
the available refractive index step within the family of lattice matched materials is considerably smaller than that ava
the GaAs system. As a consequence, highly reflective DBRs can be realized only at the expense of a rather large
quarter-wavelength(1/4-λ) pairs. Moreover, the rather poor thermal conductivity of quaternary layers lattice matched
as compared to that of the binary GaAs/AlAs, is another drawback to achieve high laser performance. However, tre
progress has been made during the past decade and efficient monolithic InP-based 1.55 µm VCSELs have been dem
first in pulsed operation [8–11] then in continuous pumping regime [12–16].

As the number of channels in WDM systems is steadily increasing, the search for tunable light sources has been con
Wavelength tunable devices are highly desirable sources to be used as spare and back-up components for fixed w
devices, and they are key elements in future all-optical switching and wavelength dynamic routing systems. In additi
inherent advantages of the VCSEL structure already mentioned at the beginning, the possibility to tune the F–P la
continuously over more than 30 nm without any mode hopping due to the very large free spectral range of the VCSE
as compared to currently deployed in-plane devices is particularly interesting. Since the pioneering work of some
groups [17,18] various monolithic concepts of micro-electro-mechanically tunable VCSEL have been presented, a
output powers of up to 2 mW and tuning ranges of as much as 50 nm [19–22]. A more complete overview of their deve
can be found in [23].

In this paper, we will present a review of our work on both hybrid and monolithic micro-electro-mechanically tu
1.55 µm InP-based VCSEL structures. Section 2 is dedicated to a brief review of VCSEL basics and some of the fun
principles for wavelength tuning in VCSEL structures. Three different approaches to realize wavelength tunable device
presented: a hybrid approach based on a photo-pumped half-VCSEL structure assembled with a highly reflective Ga
membrane forming a long cavity VCSEL is presented in Section 3. The concept of a monolithic optically pumped In
tunable VCSEL using InP/air-gap DBRs is also discussed (Section 4) followed by the presentation of a design and fir
for an electrically pumped tunable VCSEL relying on a tunnel junction for efficient carrier injection and an InP/air-g
DBR that provides for the tuning (Section 5).

2. VCSEL basics and methods for wavelength tuning

As depicted in Fig. 1, the first obvious feature of a vertical cavity laser is that, in contrast to in-plane lasers, the c
well as the out-coupling direction of the optical beam are perpendicular to the wafer surface.

The second feature is that the length of the F–P cavity itself is much shorter than in a conventional laser, typica
microns, that is of the same order as the wavelength. This results in a very high mode selectivity and longitudina
mode emission, but also in a much shorter gain region, which in turns leads to a much smaller round-trip cavity ga
consequence, the cavity mirrors have to be highly reflective (>99%), in order to compensate for the cavity losses, includ
the mirror losses. Such high reflectivity values can be obtained if one uses DBRs consisting of a high number of 1/4-λ pairs
alternating two materials of low and high refractive index. The detailed theory of Bragg mirrors used in VCSEL struc
beyond the scope of this paper, and is presented in many books and references [1–3,24].

Let us recall some of the most important characteristics of such mirrors: first, the reflectivity of a DBR increases
number of 1/4-λ pairs. However, due to the internal optical loss existing in the used materials, the reflectivity will satu

Fig. 1. Tunable VCSEL schematics.
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Fig. 2. Calculated reflectivity values at the Bragg wavelength as a function of the number of pairs in the Bragg mirrors. (1):
(2): GaAs/Al85%GaAs, (3): InP/InGaAlAs, (4): InAlAs/InGaAlAs, (5): InP/InGaAsP. Gap wavelength of the quaternary alloys is 1.43 µ

a maximum value (<100%), depending on the average amount of optical losses. Finally, the high reflectivity value is o
over a rather wide wavelength range around the Bragg wavelength, called the stop-band of the Bragg mirrors. The wi
stop-band directly depends on the refractive index step available between the high refractive index – and low refract
– materials. These features are illustrated in Fig. 2, where several semiconductor materials are considered to realiz
mirror at a center wavelength of 1.55 µm.

As can be seen, semiconductor InP-based mirrors such as InGaAsP/InP mirrors [8] or InAlAs/InGaAlAs mirrors [9
large number of pairs (>40) to achieve a reflectivity higher than 99%, which is only possible due to the very low optical
in these materials. On the other hand, GaAs/AlAs-based mirrors need a lower number of pairs to achieve high reflectiv
their higher index step, and the DBR stop-band is also enlarged. The great advantage of InP-based semiconductor m
GaAs/AlAs mirrors is to be compatible with the growth of the InP-based F–P cavity and active layer, in a single epitax
For this reason, an original and specific InP/InGaAlAs DBR configuration with improved reflectivity and thermal condu
has been developed [25], that was successfully applied in the realization of hybrid tunable VCSELs presented in Sect

Finally, a very high index step and consequently a very wide stop-band and very high reflectivity can be obtain
few InP/air-gap 1/4-λ pairs. Since such air-gap mirrors combine simultaneously the advantages of being lattice mat
InP substrate, presenting a high index step, and having low optical losses, they are very attractive candidates to re
based VCSELs strutures [26]. However, the fabrication process of such mirrors is rather critical and needs a careful s
presented in Section 4.

First 1.55 µm InP-based VCSELs have been demonstrated using lattice-matched bulk quaternary as an active lay
subsequent use of InP-based quantum wells allowed one to significantly reduce the laser threshold of the 1.55 µm
Different types of quantum wells (QWs) and barriers, and different QWs number have been used in VCSEL structures
InGa(Al)As/InGaAlAs [14,15], and InGaAs(P)/InGaAsP QWs/barriers [12]. The introduction of strain in the quantum
[13,16] and the use of strain-compensated multi-quantum wells [8] as active layer allows one to further decrease
threshold.

Both optical pumping and electrical pumping can be used in order to maintain the threshold carrier density
semiconductor active material. While electrical pumping is obviously the preferred technique to realize compact,
and reliable devices, optical pumping is used as well to obtain laser operation since it does not need a specific design
injection and current confinement. Optically pumped tunable VCSEL structures are presented in Sections 3 and 4.

In case of electrical pumping, a p–i–n junction must be formed on both sides of the F–P cavity. One of t
approaches consisted in p-doping and n-doping the top and bottom mirror, respectively, and localizing current injec
ion implantation [1,9]. However, highly doped mirrors, especially p-doped mirrors, present higher optical losses than
mirrors, mainly due to free carrier absorption [1–3], which reduce the effective mirror reflectivity. Also p-doped mirror
present rather high resistivity due to the lower mobility in p-doped materials. As a consequence, such VCSEL structu
suffer from high series resistance, which, in conjunction with poor thermal conductivity of the InP-based quaternary m
can significantly degrade the laser performance. Different electrical pumping schemes have been developed to overc
difficulties. The most promising technique relies on a n/n++/p++/p tunnel junction between one mirror and the intrinsic cav
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to enable current injection in the active layer. With this technique the two mirrors can be n-doped, or one mirror ca
doped while the second is undoped, eliminating the inherent drawbacks of p-doped mirrors. Electrically pumped, mo
non-tunable VCSEL structures using this last configuration have been successfully fabricated and present to date a
best performances reported for single transverse-mode 1.55 µm VCSELs [16]. A similar structure adapted to the real
wavelength tunable 1.55 µm VCSELs is presented in Section 5.

As depicted in Fig. 1, the basic principle used in this work to tune the emission wavelength of the VCSEL is to
the physical length of the F–P cavity. For this purpose an air-gap is included in the cavity, between the semicondu
comprising the active layer, and the top mirror. By moving the top mirror back and forth, the air-gap thickness is var
consequently the overall cavity length is changed. In the case of micro-cavities of few wavelengths length that we cons
a small movement of less than 1 µm of the top mirror corresponds to a continuous tuning of the F–P peak over sever
nanometers. Such a technique enables in principle wavelength continuous tuning of the VCSEL over at least all the C
WDM systems (1530–1570 nm).

Several mechanisms have been studied to realize tunable micromechanical mirrors such as mirror deformation due
effect by current injection, or deflection due to electrosatic forces generated by an electrical field [23]. In this paper we
two types of tunable mirrors: the first type presented in Section 3 is a thermally actuated GaAs-based mirror. The se
described in Sections 4 and 5 is an InP/air-gap mirror that is tuned by applying an electrostatic force.

3. Hybrid tunable VCSEL

A micro-electro-mechanically tunable VCSEL based on a two-chip concept has been developed. It is composed
micromachined membrane chip holding a movable curved mirror membrane and a ‘half-VCSEL’ chip that consists o
bottom mirror and an amplifying active region. A similar concept has been previously used to fabricate tunable opt
filters showing excellent results [27,28].

The main advantage of the two-chip concept as compared to a monolithic solution is that both chips can be o
separately. Furthermore, the two-chip approach allows easier implementation of a larger resonator length that shoul
the linewidth of the lasers in a similar way that it reduces the transmission bandwidth of a F–P-filter. One of the draw
this concept is the necessity for an additional assembly step to align both parts to each other increasing the produc
A simple technique has been developed that allows attaching both chips together without any spacers and with a mi
additional alignment steps [29].

Fig. 3 illustrates the two-chip concept of a photo-pumped VCSEL. The optical microcavity is formed by a fixed plane
(half-VCSEL chip ‘B’) and a movable curved mirror membrane that provides for the tuning (chip ‘A’). When positioned a
each other they define a stable plane-concave microcavity.

Fig. 3. Two-Chip Concept of an optically pumped VCSEL. A: membrane chip (upside down), B: ‘half-VCSEL’ chip.
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Fig. 4. Front view of a semiconductor membrane (chip A). Fig. 5. Structure of the optically pumped ‘half-VCSEL’.
An anti-reflection (AR) coating is deposited on the top sur-
face of the half-VCSEL chip to avoid parasitic intra-cavity
reflections.

For the fabrication of the mirror membrane 19.5 periods Al0.87Ga0.13As/GaAs and 5 periods Al0.87Ga0.13A/In0.03Ga0.97As
n-doped (ND ∼ 5 × 1017 cm−3) 1/4-λ pairs were grown by MOVPE on top of a 500 nm thick AlGaAs etch-stop layer o
undoped GaAs-substrate. Such a DBR has a theoretical maximum reflectivity of 99.6% assuming an absorption coe
10 cm−1. The inclusion of 3% of Indium in the lower layers introduces an intrinsic stress component, leading to a c
bending of the membrane once the substrate is removed. By changing the length and width of the four suspension
radius of curvature (3–20 mm range) and the initial deflection of the membrane, i.e., the initial cavity length (up to 30 µ
be adjusted. The curvature of the membrane is always rotation-symmetric as shown by white light interferometric meas
[28]. Additional deflection of the membrane is achieved by electro-thermal heating of the thin membrane’s suspensi
Via-hole contacts through the substrate are implemented to establish the electrical connections to the front of the m
chip for this purpose.

The membrane geometry (arms, mirror diameter) is first defined by an etching step up to the GaAs substrate. After d
of an adapted protection mask, a clearance hole is formed to release the membrane from the substrate. The detailed
for the membrane fabrication is presented elsewhere [27–29]. The front view of a semiconductor membrane is
in Fig. 4.

The structure of the semiconductor ‘half-VCSEL’ chip is composed of a 40-period lattice-matched InP-based botto
centered at 1.6 µm, of a 2λ-thick active region capped by a top InP layer (Fig. 5). The active region has been designed to
the optical pump wavelength (980 nm) and consists of InGaAsP (λgap∼ 1.2 µm, lattice matched to InP) cladding layers w
three groups of unstrained InGaAs QWs and InGaAsP barriers (λgap∼ 1.2 µm). The QWs are distributed on three succes
anti-nodes of the standing wave in a periodic gain configuration [1] and the distribution starting from the top surface i
in order to uniformly excite the QWs by the optical pump. All these layers have been grown by MOCVD in a D125 EM
reactor on (001) InP-substrate

Once the cavity is assembled, the active region is pumped by injecting 980 nm CW laser light through a lensed fi
produces a mode field diameter of 25 µm (see Fig. 3). The VCSEL output is measured at the backside of the InP
using a second lensed fiber connected to an optical spectrum analyzer. The coupled output power of the VCSEL is re
a function of incident 980 nm pump power in Fig. 6. Laser operation is achieved with a threshold of 30 mW (∼50 W/cm2)

incident power.
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Fig. 6. Output power of the photo-pumped 1.55 µm VCSEL versus 980 nm pump power.

Fig. 7. Measured laser output spectrum during tuning.

Fig. 7 illustrates the tuning capability of the VCSEL: a tuning range of 24 nm in CW-operation at room temperatu
approx. 0.5 mW output power is achieved by increasing the cavity length through displacement of the mirror membran

A novel two-chip concept for micro-mechanically tunable VCSELs has been presented and its feasibility concept h
confirmed by the fabrication and characterization of an optically pumped VCSEL. The presented concept is readily a
to an electrically pumped VCSEL by simply replacing the optically pumped half-VCSEL chip with an electrically pu
version.

4. Two air gaps reflectors VCSEL

The second tunable VCSEL studied is a photo-pumped air-gap VCSEL relying on two micromechanical InP/air-ga
forming the resonator. This device approach uses two semiconductor/air-gap DBRs to profit from the large diffe
refractive index contrast leading to high reflectivity and reduced mirror losses. Another major advantage of these
the possibility to grow the entire epitaxial structure in a single run.

Fig. 8 shows the design of the tunable VCSEL. The top mirror consists of a p–i–n structure where the n-InP layer
the upper part of the cavity is actuated electrostatically. An applied voltage causes this layer to move towards the thic
more rigid p-doped InP layer. Consequently the resonance of the VCSEL cavity will tune to longer wavelengths [30].

The F–P cavity is formed from a solid and an air-gap part. Twoλ/4 air-gaps surround the solid part consisting of a perio
gain structure. Three packages of two strain compensated quantum wells are positioned at the anti-nodes of the optica
wave. They are embedded in InGaAsP (λgap= 1.32 µm) cladding layers to achieve a higher absorption of the pump
(λp = 1.3 µm). The optical thickness of the cavity’s solid part is 2λ, giving an overall F–P cavity optical length of 2.5λ. The
bottom mirror is formed by a 4 period InP/air-gap DBR. Both InP/air-gap DBRs have a nominal reflectance of>99.8%.

The fabrication procedure of the InP/air-gap mirrors, including the metal contacts definition on the n- and p-InP la
the top InP-air gap DBR is detailed in [26,31]. Basically, InGaAs/InP stacks are epitaxially grown, and the InGaAs m
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Fig. 8. Design of tunable VCSEL with two InP/air-gap
mirrors.

Fig. 9. SEM photograph of the processed photo-pumped VCSEL with
two InP/air-gap mirrors.

Fig. 10. VCSEL optical spectrum measured just above laser
threshold.

Fig. 11. Measured emission spectra of a resonant cavity
device under tuning (bias voltage range is 20 V).

is then removed by selective chemical under-etching once the mirror geometry has been defined by a first dry etch
Deformation of the released InP layers is a very important issue considering that the thickness of the layers is in the
few quarter-waves and thus a small variation has a large effect on the optical properties of the final device. An arsen
over process occurs during the MOVPE growth of the InGaAs/InP hetero-structure when growing InP after arsenic-co
materials like, e.g., InGaAs [32]. Since the resulting gradient distribution of arsenic in the InP layers induces stress an
their deformation once they are released, it has to be minimized [33]. The processed photo-pumped VCSEL with tw
DBRs fabricated by surface micromachining of an InP/InGaAs epitaxial structure is shown in Fig. 9.

A cleaved single mode optical fiber (10 µm mode diameter) has been used to feed the pump radiation to the devi
collect the emitted light. The fiber has been positioned respective to the center of the device. The spectrum has been
with an optical spectrum analyser.

Room temperature continuous wave lasing has been achieved. Fig. 10 shows a typical emission spectrum of the
VCSELs just above threshold (4.2 mW pump power, i.e., around 50 W/cm2). The emission peak was at 1.54 µm and ha
maximum output power of−35 dBm at room temperature (RT). The full width at half maximum (FWHM) of the emission
is limited by the spectrum analyzer to 0.14 nm.

Due to the complex process the few devices found to be lasing were not tunable. Measuring on some of the n
devices – working as tunable Resonant Cavity Light Emitting Diodes – the tuning characteristics have been obtained
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shows the emission spectrum of a RCLED under tuning. The emission wavelength has been shifted for 13 nm usi
voltage of 20 V.

The low loss resonator provides for CW operation at room temperature, despite the poor thermal conductivity o
reflectors. Moreover, the quaternary material which forms most of the active region has a poor thermal conductivity
5 W/mK as compared to 68 W/mK for InP. Using a simple analytical model we estimate a thermal resistance from the
of the pumped area to the supporting pads of approximately 35◦C/mW. The thermal resistance could be reduced by choo
a more favorable geometry (wider and shorter beams) or by increasing the thickness of the InP layers surrounding
region. However, the aim of our design has been to demonstrate that a low loss, InP-based resonator can be fabr
that lasing can be achieved with a low threshold. As our results indicate, internal heating is not critical for reaching th
threshold if a sufficiently high-Q resonator is used.

5. Monolithic tunable VCSEL with one air-gap mirror

The aim of our research effort is the fabrication of a micromechanical electrically tunable and electrically pumped
structure. In this last section the focus is thus on a monolithic solution which combines a top surface-micromachined
gap DBR monolithically integrated with an all-semiconductor half-VCSEL including an InP/InGaAlAs DBR. The cavity
VCSEL forms a p–i–n junction comprising the MQWs active layer and an additional tunnel junction for the electrical pu
which changes the design of the VCSEL significantly as compared to the photo-pumped VCSEL in Section 3.

As depicted in Fig. 12, the complete structure presents four electrical contact levels: the first one is formed on the
of the n-doped InP substrate and connects the n-side of p–i–n junction through the n-doped DBR. A n/n++/p++/p tunnel
junction is integrated on top of the p-doped part of the junction and a second contact level through the p side of the
is formed on the n-doped InP top layer. The third electrode contacts the p-doped layer of the air-gap DBR, while th
contact is deposited on the top of the n-doped upper region of the mirror, enabling electrical actuation and tunability
longer wavelengths. An interesting feature of this new configuration is that the mirror could also be tuned towards
wavelength, by applying a voltage difference between the second and third contacts [34], the second (n-type) conta
common contact for mirror and half-VCSEL chip.

One of the challenges is the epitaxial growth of a tunnel junction by MOVPE since it is difficult to obtain high d
level with an abrupt n++/p++ interface in a rather thin region. So far, electrically pumped VCSELs using a tunnel junctio
current injection have been grown by molecular beam epitaxy (MBE) [12,16,35].

The epitaxial structure consists of a 40 pairs InP/InGaAlAs Bragg mirror, and 8 InGaAs/InGaAlAs MQWs surroun
two InGaAlAs undoped spacing layers. For the tunnel junction InGaAsP (λg ∼ 1.4 µm) quaternary alloy was chosen inste
of InGaAlAs quaternary in order to be able to realize the highly doped p++/n++ interface necessary for superior electric
characteristics. Since highly doped layers present increased optical losses, the p++/n++ region forming the tunnel junction i
as thin as possible (∼60 nm) limited by the MOVPE growth. Additionally, the highly doped layers are put at a node o

Fig. 12. Schematic diagram of the regrown tunable VCSEL for electrical pumping.
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Fig. 13. TEM cross section view of the tunnel junction-based MOVPE structure (left), and SEM view of the SS-MBE regrown VCSEL

Fig. 14. Electro-luminescence image of the forward-biased half-VCSEL chip at∼1 kA/cm2 (left), and Measured optical spectrum of t
VCSEL under electrical injection. The measured reflectivity spectrum of the resonant cavity measured from the top of the InP/air-gap
reported for comparison (right).

electrical field. The optical thickness of the entire semiconductor part of the F–P cavity corresponds to 3λ. Fig. 13(a) shows the
high quality of the MOVPE growth.

Tunnel junction n/n++/p++/p/n diodes have been preliminary processed to be compared with classical p–n junctions
The current versus voltage curves of the diodes with InGaAsP tunnel junctions were exactly similar to those measure
standard InP-based p–n junctions alone, proving the very good quasi-ohmic behavior of the tunnel junction. From
measurements with different diameters, we could estimate the average value of the specific resistance of the tunnel j
be 5× 10−5 
·cm2.

The MOVPE growth of the all semiconductor bottom half-chip is followed by an O++ implantation step to localize th
current injection in the active layer. The basic principle of this implantation step is to create mid-gap defects in th
of the n++/p++/p semiconductor layers and to locally reduce their conductivity [1]. In that way, the current injection
active layer beneath the tunnel junction is limited to the non-implanted region. This approach was successfully applie
realisation of monolithic nontunable 1.55 µm VCSEL [12].

A top InP/InGaAs stack is epitaxially regrown by Solid Source Molecular Beam Epitaxy (SS-MBE) taking advantage
lower arsenic carry-over effect as compared to MOVPE. The structuring of the top mirror of the VCSEL is similar to t
of the two InP/air-gap VCSEL presented in Section 4. A detailed schematic of the completed monolithic tunable elec
pumped VCSEL is shown in Fig. 12, and Fig. 13(b) shows a SEM photograph of the monolithically integrated InP/
mirror suspended above the all-semiconductor half-VCSEL chip.

Electroluminescence measurements performed at an injected current of 1 kA/cm2 on the oxygen implanted VCSE
demonstrate the current confinement effect within the non-implanted area (Fig. 14(a)). Prior to this measurement, th
gap DBR has been removed. As can be seen, light emission via electron-hole recombination in the active layer oc
within the non-implanted cylindrical aperture (50 µm diameter) in the center of the photograph. The O++ implantation remains
thus efficient, even after the thermal annealing of the mid-gap defects during the SS-MBE regrowth (540◦C).

Furthermore, electrical measurements have been carried out on the complete resonant cavity structure including th
gap mirror. The output signal of these VCSELs under continuous current injection was collected through a microscope
and fed into an optical spectrometer. The optical spectrum of the device is reported in Fig. 14(b). The F–P peak i
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obtained at the resonant wavelength of the cavity. The FHWM of the peak is∼2 nm at 1 kA/cm2, demonstrating the resona
cavity effect if one compares to the 25 nm wide F–P peak measured from the half-VCSEL chip alone.

However, with increased current, the optical output power tends to saturate and the FWHM of the F–P peak become
indicating a decrease in the round-trip gain and in cavity finesse, mainly due to heating effects.

6. Conclusion

Different designs for tunable InP-based VCSELs for the 1.55 µm wavelength range have been investigated that ar
for WDM applications in optical fiber networks. New technologies such as the successful integration of InP/air-gap DB
a reliable two chip device technology have been deployed to fabricate photo pumped tunable VCSELs with output p
as much as 0.5 mW and a maximum tuning range of 24 nm. Furthermore, the monolithic air-gap VCSEL demonst
possibility of fabricating very low loss resonators using micromachining technology.

Within the development of an electrically pumped monolithic tunable VCSEL the growth of tunnel junctions by MOVP
been demonstrated. Good ohmic behavior and low resistance of the tunnel junction diodes have been obtained. The co
of a InGaAlAs/InP DBR with improved thermal conductivity, a MOVPE grown tunnel junction and the established InP/a
micromachining technology for a VCSEL structure is the next step.

However, the losses within the microcavity have to be kept as low as possible and the heat dissipation mechani
further investigations to improve the performance of the next generation of devices.
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