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High Speed 1.1-um-Range InGaAs-Based VCSELSs
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SUMMARY We have developed InGaAs-based VCSELs operating
around 1.1 um for high-speed optical interconnections. By applying GaAsP
barrier layers, temperature characteristics were considerably improved
compared to GaAs barrier layers. As a result, 25 Gbps 100°C error-free
operation was achieved. These devices also exhibited high reliability. No
degradation was observed over 3,000 hours under operation temperature of
150°C and current density of 19 kA/cm?. We also developed VCSELSs with
tunnel junctions for higher speed operation. High modulation bandwidth
of 24 GHz and a relaxation oscillation frequency of 27 GHz were achieved.
40 Gbps error-free operation was also demonstrated.

key words: vertical-cavity surface-emitting lasers (VCSELs), optical inter-
connections, semiconductor lasers, tunnel junction, high-speed modulation

1. Introduction

Vertical-cavity surface-emitting lasers (VCSELSs) have been
used as light sources for such short-distance optical com-
munications as Giga-bit Ethernet or fiber channel systems.
Their modulation speeds have been improved and those
for 10 Giga-bit Ethernet are now commercially available.
Recently, however, higher modulation speed has grown in
demand for optical interconnections in high-end comput-
ing systems or next-generation data-communication net-
works. In these applications, transmission speed higher than
20 Gbps is required. So far, high-speed VCSELs operating
at 0.85 um have been developed and high modulation band-
widths up to 21.5 GHz have been reported [1]-[4]. These
VCSELs have active layers consisting of GaAs/AlGaAs
quantum wells (QWs). On the other hand, in general, higher
speed operation of semiconductor lasers requires higher cur-
rent density, which results in shorter device lifetime. Conse-
quently, there is a trade-off between speed and reliability [5].
To ameliorate the trade-off and achieve high speed operation
and high reliability simultaneously, InGaAs/GaAs QWs are
suitable for active layers of VCSELs. The high differential
gains of the quantum wells are preferable for high speed op-
eration [6]. Actually, the quantum wells were used as active
layers of 1.1-um-range laser diodes and achieve bandwidth
as high as 40 GHz [7]. This material system has also been
used as an active layer of 0.98-um laser diodes for EDFA ex-
citation and exhibits excellent reliability. This is thought to
be attributed to the fact that the indiums in the wells suppress
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dislocation motion [8]. In a previous paper, we described
1.1-um-range VCSELs with InGaAs/GaAs MQWs as active
layers. High modulation bandwidth of 20 GHz and 30 Gbps
100 m transmission were demonstrated [9]. Another group
also reported high speed operation up to 35 Gbps with small-
aperture 0.98 um InGaAs VCSELs [10]. These high-speed
operations were achieved under room temperature. For
practical use, however, operations under a wide tempera-
ture range are necessary. Meanwhile, higher speed opera-
tions are also desired for such applications as light sources
of very short reach in 40 Gbps communication systems.

For high temperature operation, we have developed
VCSELs with InGaAs/GaAsP quantum wells as active lay-
ers. By applying GaAsP barrier layers, temperature char-
acteristics were considerably improved compared to GaAs
barrier layers. We have also developed tunnel junction VC-
SELs for higher speed operation. Record-high modulation
bandwidth of 24 GHz and error-free operation up to 40 Gbps
were achieved.

2. Oxide-Confined VCSELSs with SC-MQWs
2.1 GaAsP Barrier Layer

From the viewpoint of reducing costs and power con-
sumption of optical transmitters, uncooled operations of
light sources under a wide temperature range are desir-
able. For higher temperature operation, it is effective to in-
crease conduction-band-offset between well and barrier lay-
ers, which suppress carrier overflow. The conduction-band-
offset can be increased by changing barrier layers. There
were two alternatives for the barrier layers, which were Al-
GaAs and GaAsP. We chose GaAsP because it has opposite
strain from the InGaAs layer. Thus, QWs are a so-called
strain-compensated (SC) structure, which can suppress gen-
eration of misfit dislocations and improve reliability. This
effect cannot be achieved with AlGaAs, which has the same
strain as InGaAs.

Figure 1 shows average strain of the Ing3Gag;As/
GaAs_,P, triple quantum wells and critical thickness that
was calculated based on Matthews-Blakeslee theory [11].
The thicknesses of the well and barrier layers were 5 and
10 nm, respectively. With phosphorous composition of 0.2,
the net strain can be suppressed sufficiently. By using
GaAs( gPy . as the barrier layer, conduction-band-offset can
be increased by 100 meV compared to the GaAs barrier

Copyright © 2009 The Institute of Electronics, Information and Communication Engineers
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Fig.1  Average strain of the Ing3Gagp;As/GaAs|_P, quantum wells
(QWs) and critical thickness. The inlet shows schematic energy band dia-
gram of the QWs. Each point in the graph shows the average strain during
growth. The numbers beside the points indicate the position in the QWs,
which are shown in the inlet. DH and SH mean double hetero structure and
single hetero structure, respectively.

layer [12].
2.2 Device Structure

We fabricated oxide-confined VCSELSs with three Ing3Gag 7
As/GaAsygPp, SC-QWs as active layers. The top and bot-
tom mirrors consisted of 23 pairs of p-Aly 12Gag ggAs/Algg
Gay 1 As-DBR and 33.5 pairs of GaAs/AlyoGapAs-DBR,
respectively. The top DBR included an Al 9sGagppAs oxi-
dation layer with a thickness of 30 nm. A dry-etched mesa
with a 27-um diameter had an oxide aperture with around
a 6-um diameter. A proton-implantation was applied to the
mesa avoiding the center region of 15um, which reduced
capacitance of the mesa from around 0.3 pF to 0.1 pF.

2.3 Characteristics

We estimated maximum lasing temperature (7yyax) of the de-
vice as a barometer of temperature characteristics by extrap-
olation of the relations between maximum powers and tem-
peratures. Maximum lasing temperature as high as 219°C
was estimated. The high Tp,.x value was obtained without
large offset between gain peak and lasing wavelength [13],
which means the VCSELs will work over a wide tempera-
ture range.

Next, we evaluated modulation characteristics of the
device under high temperature. Figure 2 shows small signal
modulation responses at 100°C. A wide 3 dB-bandwidth of
about 15 GHz under a bias current of 6 mA was achieved.
Figure 3 shows measured eye diagrams and bit error rate
(BER) characteristics at 25°C and 100°C. The bit rate was
25 Gbit/s with a pseudorandom bit sequence of 27 — 1 word
length. A high-speed multimode receiver with a 3-dB band-
width of 20 GHz, which consisted of PIN-PD and TIA [9],
was used for signal detection. The modulation voltage was

943

10

6mA

Response [dB]

1ImA

0 5 10 15 20
Frequency [GHz|

Fig.2 Small signal modulation response of the VCSEL with Ing3
Gay 7As/GaAsg gPor QWs active layer at a temperature of 100°C.
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Fig.3 Measured eye diagrams and bit error rates under 25 Gbit/s
transmission rate at 25°C and 100°C.

0.6 Vp,, and the bias current was 6 mA. Clear eye openings
and error-free operations (BER< 107'?) were successfully
demonstrated even under temperature as high as 100°C.

2.4 Reliability

We evaluated reliability of the VCSELs with SC-MQWs.
Figure 4 shows the output power variations of 45 devices
during the accelerated life test. The devices that have
obvious problem in I-L-V characteristics or surface ap-
pearance were excluded before the test. Here, the atmo-
spheric temperature and current density were 150°C and
about 19 kA/cm?, respectively. The junction temperature in-
creased due to the self-heating effect. It was calculated from
input power and thermal resistance at the operating condi-
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Fig.4  Output power variation of 45 devices during accelerated life test.

tion [14], which was 208°C. No degradation was observed
over 3,000 hours of operating time. The result shows that
not only high speed but also high reliability was achieved.

3. Tunnel Junction VCSELSs
3.1 Approach for Higher Speed Operation

The main limiting factor of the bandwidths of VCSELs is
saturation of relaxation oscillation frequency (fr) against
current. The fr can be expressed as follows.

1 I =1y,
fr=— a_g ni( ) (1)
2n \On e-S,- Lo

Here, 6g/on is differential gain, I' is optical confine-
ment factor, 7; is internal quantum efficiency, S, is area of
the active region, and L.y is effective cavity length.

The main cause of fr saturation is presumably decrease
of dg/on with an increase of current, which is chiefly due
to the self-heating effect [15]. By reducing electrical resis-
tance of VCSELs, the self-heating effect can be suppressed
and consequently the decrease of dg/dn can also be sup-
pressed. However, it is difficult to reduce the resistance of
conventional oxide-confined VCSELs. Therefore, we tried
another structure, a tunnel junction VCSEL (TJ-VCSEL).
With this structure, it is possible to reduce the resistance
drastically because this structure enables us to omit p-type
DBR, which is the main part of the resistance. It is also ex-
pected to improve current injection uniformity [16], which
may contribute to increase of dg/dén because current crowd-
ing can cause reduction of dg/dn.

According to equation (1), it is also effective to re-
duce Ly for increase of fr. The L.y includes not only
the so-called “cavity length,” which is the distance between
two DBRs, but also the penetration depth in DBRs. In the
case of conventional VCSELSs, penetration depth dominates
the effective cavity length. Thus, reducing the penetration
depth in DBRs is important for reducing the effective cavity
length. The penetration depth can be greatly shortened with
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dielectric layers for DBRs because much higher contrast of
refractive index can be achieved compared to semiconductor
layers.

From the above reason, we decided to fabricate TJ-
VCSELs with dielectric DBRs.

3.2 Type-II Tunnel Junction

A structure with a tunnel junction has mainly been adopted
for VCSELSs that operate at longer wavelengths than 1.3 um
[17]-[20] because achieving low resistance tunnel junctions
for short wavelength VCSELs is difficult, as explained be-
low. Actually, VCSELs with tunnel junction operating at
0.98 um showed larger resistance than long wavelength VC-
SELs [21]. Our VCSELs have InGaAs quantum wells as ac-
tive layers and operate around 1.1 um, which is a relatively
short wavelength. So, achieving good performance with a
tunnel junction is not easy.

To solve the trade-off between resistance and optical
absorption, we proposed a tunnel junction with a type-
II heterostructure [22], [23]. Using the Wentzel-Kramers-
Brillouin (WKB) approximation, tunneling probability is
represented as

X2 2
Pt = exp [—2[ N %(EC — E¢)dx
X1

Here, a one-dimensional model is used. E. and Ef are
the conduction band edge and the Fermi energy level, re-
spectively. x; and x; are the starting and end points of elec-
tron tunneling.

Equation (1) shows that reducing (x,—x) and (E.—Ey)
is important for increasing tunneling probability and achiev-
ing low resistance. To reduce (x; — x), high dopant concen-
tration is essential. A low diffusion constant is also needed
because dopant diffusion at the p-n interface during crys-
tal growth or device process degrades the tunnel junction,
which reduces tunneling probability.

On the other hand, optimizing the band structure of the
tunnel junction is important for reducing (E. — E ), which is
easily done by using semiconductors with low bandgap en-
ergy. However, to avoid absorption, the bandgap should not
be smaller than the energy of the lasing wavelength. There-
fore, it is difficult to achieve a low resistance tunnel junction
for short wavelength light that has large energy. For this
reason, a structure with a tunnel junction is only adopted for
VCSELSs that operate at wavelengths longer than 1.3 um. To
solve this problem and apply the tunnel junction structure to
our VCSELs that operate around 1.1 um, we applied a type-
II heterojunction. Figure 5 shows an example of an energy
band diagram for a type-II tunnel junction. In Figure 5(a),
E,, and E,, are the bandgap energy of the p-side and n-side
semiconductors, respectively. AE, and AE,, are the disconti-
nuity of the conduction band and the valence band, respec-
tively. E,.z is the effective bandgap energy of the type-II
tunnel junction.

In this structure, (E. — Ef) at x = x; becomes Egy,

2
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Fig.5 Energy band diagram for type-II tunnel junction with p-
GaAsSby 12 and n-Ing 16GaAs sandwiched by p- and n-type GaAs lay-
ers. Active doping concentration of each layer was assumed to be 1.5 x
102 cm™3 for GaAsSb and 5 x 10! cm™3 for InGaAs and 1 x 10! cm™3,
3 x 10'8 cm™3 for p- and n-type GaAs, respectively.

which is smaller than E,, and E,,. So, tunneling proba-
bility becomes larger than a homojunction or type-I hetero-
junction.

Even though E,, and E,, are larger than the energy
of the lasing wavelength, optical absorption can occur in
the heterointerface neighborhood by transition from the va-
lence band edge of the p side to the conduction band edge
of the n side. However, the transition needs penetration of
the carrier wave function into the bandgap. So its prob-
ability, which determines absorption, is not so high. Be-
sides, absorption can be reduced by placing the heteroint-
erface around a standing wave node for negligible small re-
sults. This structure also enables smaller built-in potential
than homo or type-I tunnel junctions. It leads to reduction
of (x, — x1), which also contributes to increasing the tunnel
probability.

We chose GaAsSb and InGaAs as p-type and n-type
layers, respectively, because they form a type-II heterojunc-
tion, as shown in Fig.5, and dopant concentration higher
than GaAs can be achieved. Carbon and silicon were used
as p- and n-type dopants, which are suitable for achieving
high doping and low diffusion.

With the type-II tunnel junction that consisted of
Ing 16Gag g4 As and GaAsg gsSby 12, low specific resistance of
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Fig.6  Schematic of device structure of TJ-VCSEL.

4 x 107° Qcm? was achieved [23]. The bandgap energies
of InGaAs and GaAsSb are larger than the energy of 1.1-
pum-wavelength light. Thus, tunnel junction can be adopted
for 1.1-um-range VCSELs. The specific resistance corre-
sponded to a resistance of 14 Q for a 6-um aperture diam-
eter, which was much lower than the resistance of conven-
tional oxide-confined VCSELs with identical current aper-
ture. Although not only current apertures but also other parts
contribute to the resistances of VCSELs, the resistances of
the high-speed VCSELs, which have small apertures, are
mainly determined by the resistances around current block-
ing structures. Thereby, the electrical resistance of VCSELs
can be drastically reduced with a tunnel junction structure.

3.3 Device Structure and Fabrication

Figure 6 shows the schematic of the device structure of a TJ-
VCSEL. It was fabricated on a Si-doped GaAs substrate by
two-step MOVPE. First, the bottom DBR, the active layer
and the Type-II TJ were grown. The bottom DBR consisted
of n-type GaAs-AlyyGagAs layers. The active layer was
comprised of three Ing3;Gag7As-GaAs (5/10nm) quantum
wells. We added modulation p-doping of 2 x 10'8 cm™
in the barrier layers to decrease the nonlinear gain coeffi-
cient [24]. The type-II TJ consisted of n-Ing ;5Gag gsAs (Si
=5%10" cm™3) and p-GaAsg.9;Sbg.g9 (C = 1.5x 102 cm™).
Next, we formed the circular TJ apertures using a pho-
tolithography technique and wet etching. The diameter of
the aperture ranged from 4 um to 7 um. Next, oxygen ions
were implanted around the TJ to reduce electrical capaci-
tance. We fabricated VCSELs with and without oxygen ion
implantation for comparison. Then, the n-type spacer layer
was grown on it. After that, the dielectric top DBR that
consisted of 3 pairs of amorphous Si (a-Si) layers and SiO,
layers was deposited. The reflectivity of the top DBR was
higher than 99%. As a convenient means of on-wafer mea-
surement, we formed both electrodes on the same side. Af-
ter the circular mesa was formed with dry etching, the mesa
was buried with polyimide to reduce capacitance between
the pad electrode and the conducting substrate.

As mentioned in Sect. 3.1, the fabricated structure has
smaller L.,y compared to conventional oxide-confined VC-
SELs. Figure 7 shows calculated light intensity distribution
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Fig.8 L-I and I-V characteristics of TJ-VCSELs with 6-um aperture
diameter at 25°C. Solid and dashed lines indicate characteristics of TJ-
VCSELs with/without ion implantation, respectively.

in the TJ-VCSEL. For comparison, calculated results for an
oxide-confined VCSEL are also shown. Solid and dashed
lines indicate the light intensity distribution of a TJ-VCSEL
and the oxide-confined VCSEL, respectively. This time, a
1.5-wavelength cavity was used for the TJ-VCSEL, while
a one-wavelength cavity was used for the oxide-confined
VCSEL. Thus, the optical length of the TI-VCSEL cav-
ity is longer than the oxide-confined VCSEL by 0.5 wave-
lengths. However, penetration depth in the top DBRs in
the TJ-VCSEL is about 1.3 wavelengths shorter than the
oxide-confined VCSEL [25]. Therefore, in total, the ef-
fective cavity length of the TJ-VCSEL is shorter than the
oxide-confined VCSEL.

3.4 Characteristics

Figure 8 shows the L-I and I-V characteristics of TJ-
VCSELs with a 6-um aperture diameter at 25°C. The solid
and dashed lines indicate TJ-VCSEL characteristics with
and without ion implantation, respectively. The threshold
current was as low as 0.6 mA and lasing wavelength was
1.09um. The VCSEL without ion implantation showed
low electrical resistance of around 50 Q at a bias current of
5mA. The resistance of 50Q is larger than the resistance
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Fig.9  Small signal modulation response of TJ-VCSEL with 5-um aper-
ture diameter. Circles are measured data and lines are fitting results.

calculated from the specific resistance of the tunnel junc-
tion, which is about 14 Q for a 6-um aperture. One reason
is the ohmic resistance of the ring electrode on the n-type
spacer layer. Another explanation is that the bulk resistance
of the n-type spacer layer cannot be negligible. Current is
injected from the ring electrode to the tunnel junction by the
thin n-type spacer layer. Although the spacer layer is rela-
tively high-doped, it has a certain level of resistance of sev-
eral to ten ohms because the layer’s thickness is only about
0.2 um.

Besides, the resistance of the tunnel junction in the
TJ-VCSEL might be higher than that of the test wafer. In
the test wafer, the p-GaAsSb layer was grown on the n-
InGaAs layer to fabricate only the tunnel junction on the
n-type substrate. On the other hand, in the TJ-VCSEL, since
the n-InGaAs layer was grown on the p-GaAsSb layers, this
difference of growth sequence may have changed the tun-
nel junction resistance. The heat history during the n-type
spacer layer growth might cause diffusion of the dopants at
the tunnel junction interface, which would increase tunnel
junction resistance. Still, the resistance was about half that
of our oxide-confined VCSELs [9], and we believe that it
is the smallest resistance in VCSELSs operating at shorter
than 1.3 um for identical current aperture size. On the other
hand, VCSEL resistance with ion implantation was higher
than the VCSEL without implantation because the profile of
the ion implantation was not appropriate and n-DBR resis-
tance in the nonimplanted area was much higher than ex-
pected. Consequently, the self-heating effect was not sup-
pressed sufficiently, and the optical power saturated at lower
power and lower bias current. This can be improved by op-
timization of the ion implantation profile.

Next, we measured the modulation response of TJ-
VCSELs on-wafer with air coplanar probes. Although the
resistance was increased, the RC time constant of the VC-
SELs with ion implantation was smaller compared to the
VCSELs without it. Thus, we used ion implanted TJ-
VCSELs for the modulation experiments. Figure 9 shows
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the small-signal modulation response of a TJ-VCSEL with
a 5-um diameter aperture. Figure 5 also shows the fitting
curve, which will be explained later. High -3 dB band-
width of 24 GHz was achieved at a bias current of 4 mA,
which is believed to be the highest frequency reported to
date for VCSELs.

Next, we derived fr from the measured data as follows.
The modulation response of semiconductor lasers can be ex-
pressed by the following expression [26]:

£
(f2 = 2P + (/202 f?

Here, fr is the relaxation oscillation frequency, 7 is the
damping rate, and P(f) represents the parasitic circuit effect.

First, we extracted the parameters of a small-signal
equivalent circuit for the TJ-VCSELs by fitting the mea-
sured data of electrical reflection coefficient S;;. Fig-
ure 10(a) shows the equivalent circuit that we applied, which
is the same circuit for an oxide-confined VCSEL [1]. Fig-
ure 10(b) shows the measured S;; data at a bias current of
4 mA and the fitting result. The fitting curve agrees with the
measured data, which indicates the validity of the equiva-
lent circuit. The estimated values of Ra, Rs, Cm, and Cp
were 137.6Q, 33.0Q, 901F, and 22 fF, respectively. Next,
the 3-dB frequency of the equivalent circuit model for the
TJ-VCSEL driven from a 50-Q source, that is, P(f) in ex-
pression (3), was calculated using those parameters.

Then fr and y were extracted by fitting expression (3)

IM(f)I* =

) PP 3)
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to the measured small-signal modulation response data.

As shown in Fig. 9, the measured data are fitted by the
above expression well. Therefore, we believe that the fr and
v extracted by this procedure are appropriate.

Figure 11 shows maximum fr as a function of aper-
tures. As the aperture becomes small, fr becomes larger.
Very high fr up to 27 GHz was achieved with an aperture
diameter of 4 um. To our knowledge, this is the highest fr
for VCSELs. The K-factor was 0.23ns. A band width of
31 GHz can be achieved without the parasitic circuit effect.

Figure 12 shows the dependences of fr and bandwidth
on the injection current for the device with a 4-um current
aperture. The bandwidth increases rapidly at low currents,
reaching 20 GHz at a bias current of only 1 mA. The slope
of fr against the square root of the current above a thresh-
old (D-factor) and the modulation current efficiency factor
(MCEF) for the device below a current of 0.8 mA were as
high as 21.3 GHz/mA!/? and 25.0 GHz/mA!/?, respectively.
Higher D-factor and MCEF can be obtained with smaller
aperture size, which was not fabricated this time.

Transmission experiments were carried out under a rate
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under 40 Gbit/s transmission rate.

of 40 Gbit/s and a pseudorandom bit sequence of 27 — 1 word
length. We used a TJ-VCSEL with a 6-ym aperture diame-
ter. We also used the same receiver that was used for trans-
mission experiments of oxide-confined VCSELSs in Sect. 2.3
and a graded index 50-um multi-mode fiber (GISO0 MMF).
The length of the MMF was about 3m. Figure 13 shows
an eye diagram under a modulation voltage of 0.76 V., and
a bias current of SmA, where an eye opening can be ob-
served. The extinction ratio was 5.3 dB. Figure 13 also
shows the bit error rates (BER) as a function of received
optical power under identical conditions as the eye diagram
measurement. Our results demonstrate that error-free oper-
ation (BER < 107'2) was achieved.

This time, we aimed to achieve high relaxation oscilla-
tion frequency and high bandwidth by reducing electrical
resistance, which leads to the suppression of self-heating
effects, and by improving the D-factor. Although the re-
duction of electrical resistance with a tunnel junction struc-
ture was demonstrated, ion implantation increased resis-
tance. Consequently, the self-heating effect was not ade-
quately suppressed. However, high relaxation oscillation
frequency and high bandwidth were achieved by significant
improvements of the D-factor. Reduction of the effective
cavity length was probably one cause of the improvement,
but other effects might also have contributed. Further im-
provement of bandwidth can be achieved by reducing the
electrical resistance of ion-implanted TJ-VCSELs with op-
timization of the implantation profile and the structure of
n-type semiconductor DBRs.

4. Conclusions

We have developed InGaAs-based VCSELs operating
around 1.1 yum for high-speed optical interconnections. By
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applying GaAsP barrier layers, temperature characteristics
were considerably improved compared to GaAs barrier lay-
ers. As a result, 25 Gbps 100°C error-free operation was
achieved. These devices also exhibited high reliability. No
degradation was observed over 3,000 hours under operation
temperature of 150°C and current density of 19 kA/cm?. We
also developed VCSELs with a tunnel junction for higher
speed operation. High modulation bandwidth of 24 GHz and
a relaxation oscillation frequency of 27 GHz were achieved.
40 Gbps error-free operation was also demonstrated.
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