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Abstract

We demonstrated the enhancement in the performance of proton-implanted GaAs VCSEL by incorporation of a new p-contact scheme
using a Ti and ITO transparent overcoating on the regular p-contact. The kink characteristics in light output power versus current (L–I) curve
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f the VCSEL with the Ti/ITO overcoating were improved with a reduction in the derivative kink factor of as large as 70%. The hig
esponse of the overcoated device also shows a more open clear eye and lower jitter of 35 ps operating at 2.125 Gb/s under 10
dB extinction ratio compared to the no overcoated device. Better current spreading and uniformity induced by the overcoatin

esponsible for these performance improvements.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The vertical cavity surface emitting lasers (VCSELs)
ave generated research and commercial interests world-
ide, because VCSELs possess several unique features over

he edge emitting lasers. The VCSELs emit circular beam
ith low divergence, making optical fiber coupling more
fficient and easier than the edge emitting lasers. The VC-
ELs can be tested on wafer level before packaging, and
an be easily fabricated into dense two-dimensional laser ar-
ays. Currently, there are two main categories of VCSELs
amely oxide-confined VCSELs and proton-implanted VC-
ELs. The oxide-confined VCSELs have an oxided boundary
urrounding the emitting aperture for index-guiding and cur-
ent confinement resulting well-defined transverse modes at
ow bias current[1,2]. However, the oxide VCSELs have
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a few technical issues. The oxidation procedure dep
strongly on materials and processing parameters which
change during the process making control of the aperture
relatively difficult. In addition, the strain and defects int
duced by improper oxidation process might have som
liability problems[3]. Compared to the oxide-confined V
SELs, the proton-implanted VCSELs have a relatively sim
fabrication process (planar process) and have been de
strated with good reliability[4]. However, due to the gai
guided nature of the proton implanted VCSELs, the k
usually occur in light output power versus current (L–I) curve
[5], and the laser power output jitter and noise also ten
limit the modulated speed around 1.25 Gb/s[4] that hardly
meets the 2.125 Gb/s (2x Fiber channel) requirement. In
SELs, the kinks inL–I curve were attributed to change
multi-transverse mode operation[5]. Some reports indicate
that the transverse mode structures depend on the d
current[6], and the injection current from the periphery
the top contact aperture into the active region tends to c
current crowding and non-uniform current spreading[7–10].
921-5107/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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In the proton-implanted VCSELs, the evolution of trans-
verse mode pattern would be strongly affected by the cur-
rent crowding and non-uniform current spreading because of
the lack of beam confinement by an index-guiding. Addition-
ally, the metal aperture is smaller than the proton-implanted
confinement aperture due to the contact concerned. There-
fore, the output light which is localized in the periphery
of the implant boundary, esulted from the current crowding
and non-uniform current spreading would be blocked by the
metal contact and occurred at the large kinks inL–I curve.
Liu et al. also indicated that the non-uniformity and fluctua-
tion in both injected carrier density and junction temperature
could affect the frequency of lasing mode[11]. Consequently,
the improvement of current spreading and reduction of cur-
rent crowding in VCSELs could reduce the kinks and thus
improve the device modulation speed especially in proton-
implanted VCSEL.

Recently, there were reports of using transparent indium-
tin-oxide (ITO) replaced regular Ti/Au or Ti/Pt/Au p-contact
metal of the VCSELs to increase contact transparency and
showed that the ITO has good ohmic contact similar to the
regular contact. These include the use of ITO[12,13], Au-
plated ITO[14] as the top contact and ITO as top ring contact
[15]. However, the effects of these new contact schemes on
the VCSEL performances such as kink characteristics ofL–I
curve and modulation response were not clearly mentioned.
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Fig. 1. The schematic of the overcoated VCSEL device.

VCSELs were then overcoated with Ti/ITO transparent film
on top of the regular Ti/Au p-contact by RF sputtering in Ar
12 sccm, 5× 10−3 Torr, at a base pressure of 1.6× 10−6 Torr
and a deposition pressure of 3.3× 10−4 Torr. The thickness
of Ti is 40Å and ITO (In2O3–SnO2) is 3200Å. The thin
Ti film was chosen because of its high transparency (∼92%
at 850 nm), low annealing temperature, good adhesive prop-
erty and ohmic contact with GaAs. Subsequently, the device
was annealed at 380◦C under N2 ambient for 30 s to form
ohmic contact. The dimension of the transparent overcoat-
ing is 300�m × 300�m slightly smaller than the regular
p-contact pad size for easy probing. The schematic of the
fabricated VCSEL device is shown inFig. 1.

3. Results and Discussions

Fig. 2 shows theL–I–V characteristics of a typical VC-
SEL before and after the Ti/ITO overcoating. The maximum
light output decreases slightly due to the slightly reduction in
transparency from Ti/ITO overcoating. The series resistance
of the overcoating VCSEL slightly increases which may be

F ut
T

n this paper, we report results of incorporation of a n
-contact scheme using Ti and ITO transparent overco
n the regular p-contact of the implanted VCSEL that s
ubstantial improvement in the kink characteristics and
odulation response of the proton-implanted VCSEL.

. Experiment

The GaAs VCSEL wafer structure was grown on the+-
aAs substrate by a metal organic chemical vapor depo
ystem. The bottom distributed Bragg reflector (DBR) c
ists of n-type 30.5-period Al0.12Ga0.88As/AlAs and the top
BR consists of 19.5-period p-type Al0.12Ga0.88As/AlAs.
he active region has an undoped three-quantum
aAs/Al0.3Ga0.7As, a lower linearly-graded undope
lxGa1−xAs (x = 0.6 → 0.3) waveguide layer and an u
er linearly-graded undoped-AlxGa1−xAs (x = 0.3 → 0.6)
aveguide layer. A heavily carbon-doped p-type GaAs

ayer was grown to facilitate p-ohmic contact. Next a re
ar p-contact metallization of Ti (200̊A)/Au (1500Å) were
eposited by E-beam evaporator with a 15�m diameter emis
ion aperture and a contact pad size of 350�m × 350�m.
hen Ge (200̊A)/Au (400Å)/Ni (140Å)/Au (1500Å) lay-
rs were deposited as the n-ohmic contact, and annea
rapid thermal annealing system (RTA) at 380◦C under N2
mbient for 30 s. The device was then subjected to the

on implantation with an energy of 200 KeV and a dos
f 1 × 1015 cm−2 with an aperture of 20�m diameter. Al

he VCSELs were tested prior to the overcoating. The te

ig. 2. TheL–I–V characteristics of a typical VCSEL with and witho
i/ITO transparent overcoating.
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Fig. 3. Eye diagrams of the typical VCSEL device (a) without and (b) with Ti/ITO transparent overcoating operating at 2.125 Gb/s with 10 mA bias and 9 dB
extinction ratio. The horizontal scale is 40 ps/div.

due to the additional Ti/ITO annealing process. However, the
L–I curve of the overcoated VCSEL shows a substantial im-
provement in the kinks and the improvement of threshold
current Ith (3.4–2.2 mA) compared with the uncoated VC-
SEL. It might be due to the improvement of uniform current
spreading by the overcoated and the light output would not
be deeply affected by the contact metal blocking. TheL–I
curves of the overcoated VCSELs all show a substantial im-
provement in the kinks compared to the uncoated VCSELs.
To quantify the kink characteristics inL–I curve, we define a
derivative kink factor (DKF) which measure the mean square
deviation of the local slope from the average slope, normal-
ized to the average slope of theL–I curve as shown below:

Derivative kink factor

=
(
(∂L/∂I − (∂L/∂I))2

)1/2

(∂L/∂I)

∣
∣
∣
∣
∣

Lmax/2

Lth

(1)

whereL is the light output power,I is the driving current,Lmax
is the maximum light output power, andLth is the light out-
put power at the threshold. To minimize the effect of thermal
rollover at higher power output, the DKF is only evaluated

(a) wit cu

from threshold up toLmax/2. From theL–I curves we evalu-
ated DKF value of the VCSEL devices in the same wafer for
current range from the threshold to 15 mA, and the DKF val-
ues distribute from 0.3 to 1 before the overcoating of Ti/ITO.
After overcoating, the DKF values of the VCSELs distribute
around 0.2± 0.03. This result indicates the DKF values of the
VCSELs are more unity and reduced around 33–70% after
the Ti/ITO overcoating, clearly indicating the improvement
in the kink characteristics and uniformity of the implanted
VCSELs after the Ti/ITO overcoating.

To investigate kink-reducing effect on high-speed per-
formance, large signal modulation response was checked.
Fig. 3(a) and (b) show the eye diagram of the typical VC-
SEL device before and after Ti/ITO overcoating, respectively,
operating at 2.125 Gb/s with 10 mA bias and 9 dB extinction
ratio. The uncoated VCSEL failed to pass the 2.125 Gb/s Eye-
Mask and has a large jitter over 40 ps, while the overcoated
VCSEL showed a wide open eye pattern and easily passed
the 2.125 Gb/s with a jitter of less than 35 ps. The result indi-
cates the Ti/ITO-overcoated VCSEL with lower DKF values
has substantially improved in the device high-speed perfor-
mance characteristic. The improvement in the kink character-
Fig. 4. The near-filed emission patterns of the typical VCSEL device
 hout and (b) with Ti/ITO transparent overcoating at different injectingrrents.
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istics and the modulation response of the Ti/ITO-overcoated
VCSEL maybe the result of better current injection unifor-
mity and carrier spread induced by the overcoating. Since the
change of light emission pattern correspond to the change of
current injection density[16] into the VCSELs,Fig. 4(a) and
(b) compare the near-field optical microscope images of the
emission patterns of the VCSEL before and after overcoat-
ing in the currents when the kinks occurred.Fig. 4(a) clearly
shows the switching between the different lasing mode pat-
terns when large kinks took place inL–I curve and the large
kinks occurred when the light output might have been partly
blocked by metal contact. For comparison, emission patterns
of the overcoated VCSEL were shown inFig. 4, which is
more uniform and stable at the same current level. From the
near-field images of uncoated and overcoated VCSELs, the
overcoating layer did provide better uniformity in the current
injection which could lead to the improvement in the kink
characteristics inL–I curves and high-speed response of the
VCSELs.

4. Conclusion

In summary, we demonstrated the enhancement in the per-
formance of proton-implanted VCSEL by using a Ti/ITO
overcoating on the regular p-contact. The kink characteristics
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