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Abstract—The vertical-cavity surface-emitting lasers (VCSELSs)
with high single-mode (narrow linewidth) output power are essen-
tial to minimize chromatic dispersion and to further improve the
bit-rate distance product in a multimode fiber, which has a signif-
icant propagation loss (~3.5 dB/km) at 850 nm wavelength. Here,
we demonstrate the detailed design considerations and fabrica-
tion of a single-mode, high-power, and high-speed VCSELs at the
850 nm wavelength with oxide-relief and Zn-diffusion apertures for
the application of short (0.3 km) to medium reach (2 km) optical
interconnects. By optimizing the relative geometric sizes between
two such apertures in our demonstrated 850-nm VCSELs, we can
not only attain high single-mode output power (~6.5 mW), but also
with a reasonable threshold current (< 2.0 mA). Furthermore, the
spatial hole burning effect induced low-frequency roll off can also
be minimized in our optimized structure to obtain a maximum data
rate up to 26 Gbit/s. The record-high bit rate-distance products
for OM4 MMF transmission under ON-OFF keying (14 Gbit/s X
2.0 km) modulation formats have been successfully demonstrated
by the use of our VCSEL.

Index Terms—Semiconductor lasers, vertical-cavity surface-
emitting lasers (VCSELs).

1. INTRODUCTION

HE relentless growth of the global internet traffic is now
determined by a new wave of traffic growth fueled by lat-
est applications targeted at the mobile internet systems, cloud
computing, and social networks. Both the number and size of
warehouse-scale data centers have been rapidly increased. Note
that a warehouse-scale data center could consist of either one

Manuscript received June 27, 2013; revised August 27, 2013; accepted
September 5, 2013. Date of publication September 9, 2013; date of current
version November 27, 2013. This work was sponsored in part by the Ministry
of Economic Affairs of Taiwan under Grant 98-EC-17-A-07-S1-001 and in part
by the National Science Council of Taiwan under Grant 101-2221-E-009-011-
MY3.

J.-W. Shi, Z.-R. Wei, K.-L. Chi, J.-W. Jiang, and J.-M. Wun are with
the Department of Electrical Engineering, National Central University,
Zhongli 320, Taiwan (e-mail: jwshi@ee.ncu.edu.tw; suntoly @hotmail.com;
porpoise5233 @msn.com; ktkvsetko@ gmail.com; p3984011 @hotmail.com).

I.-C.Lu and J. J. Chen are with the Department of Photonics, National Chiao-
Tung University, Hsinchu 300, Taiwan (e-mail: luluso19860219 @ gmail.com;
jchen@mail.nctu.edu.tw).

Y.-J. Yang is with the Department of Electrical Engineering, National Taiwan
University, Taipei 106, Taiwan (e-mail: yjyang @cc.ee.ntu.edu.tw).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2013.2281235

building or multiple buildings so the reach requirements for
the data center ranges from 10 m to 2 km [1]-[3]. The active
optical cable (AOC), which is mainly composed of vertical-
cavity surface-emitting lasers (VCSELSs) and multi-mode fibers
(MMF), are considered the most promising candidates for high-
capacity applications in very short-reach (VSR: < 300 m) fiber
communication because of the combination of low-power con-
sumption with wide-bandwidth performance [1]-[3]. Currently,
the maximum transmission distance of a VCSEL-based AOC at
10-Gbit/sec operation is around 300 m, and is mainly limited
by the effective modal bandwidth (EMB) of the standard OM4
MMEF (4700 MHz-km) [4].

Various proposals have been recommended to extend the
reach to over 2 km. The matured 1300 nm edge-emitting dis-
tributed feed-back (DFB) lasers, Si photonic techniques, and
single-mode fiber (SMF) as one quick solution [1], [5], [6], [7].
Although the MMF has a higher cabling cost than that of SMF
when the transmission distance is over 1 km, nonetheless, the
drawbacks of high-power consumption of edge-emitting lasers,
small alignment tolerance, and high package cost for SMF-
based AOC:s still drive research efforts to extend the reach of
the low-power consumption VCSEL-based MMF AOC up to
several km [2]. One of the most straightforward ways to fur-
ther narrow down the laser linewidth, minimize the chromatic
dispersion in MMF, increase the bit-rate transmission distance
product, and reduce the power consumption is to ultimately re-
duce the diameter of the oxide current-confined aperture of the
VCSEL [8], [9]. However, the minimum feature size of the ox-
ide diameter is usually limited to 2 um. A further downscale in
size would lead to a large device resistance and would also make
it difficult to be realized due to the uniformity issue of the oxi-
dation process across the whole chip or wafer. 20(25) Gbit/s
error-free transmissions through OM4 MMF as long as 1.1
(1) km obtained using this miniaturized VCSEL has been re-
ported [9]-[11]. Nevertheless, the limited (quasi) single-mode
output power (<2 mW) of these miniaturized VCSELs [8]-[11]
may limit the further increase in maximum transmission distance
up to > 2 km due to a significant transmission loss (3.5 dB/km)
of 850 nm wavelength in the OM4 fiber [4]. We can thus un-
derstand that it is very important to obtain a VCSEL with high
single-mode output power, high modulation speed, low-power
consumption, and extremely small linewidth performance. Such
a device would let the VCSEL-based MMF AOC compete with
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Fig. 1. (a) A conceptual cross-sectional view and (b) top-view of the demon-
strated device.

the 1.3 um DFB-based SMF AOC for the medium reach (2 km)
optical interconnect market. Several methods, such as surface
relief structures [12], [13], triangular holey structures [14], and
antiresonant reflecting optical waveguide structures [15], have
been utilized to fabricate VCSELs with a relatively large active
diameter, a (near) single-mode, and high-output optical power
performance. However, not all the reported single-mode and
high-power VCSEL structures may be suitable for the high-
speed applications. In this paper, we demonstrate the detail
design considerations and fabrication of a novel single-mode
output power and high-speed VCSEL operating at the 850 nm
wavelength with oxide-relief and Zn-diffusion [16] structures
to overcome the aforementioned limitations of VCSELSs for the
bit-rate transmission distance product. By optimizing the rela-
tive sizes between the oxide-relief and Zn-diffusion apertures, a
reasonable threshold current (< 2.0 mA), excellent side-mode
suppression ratio (SMSR> 30 dB; from threshold to satura-
tion), narrow spectral width (<0.08 nm; under large signal
modulation), and high maximum single-mode power (6.7 mW)
can be achieved. Furthermore, the spatial hole burning effect
induced low-frequency roll off, which is usually observed in
the electrical-to-optical (E-O) response of high-power (quasi-)
single-mode 850 nm VCSELSs [17]-[20], can be minimized. By
use of our demonstrated device, record-high bit rate-distance
products under ON-OFF keying (OOK) (14 Gbit/sec x 2.0 km)
for OM4 MMF error-free transmission have been successfully
demonstrated.

II. DEVICE STRUCTURE AND FABRICATION

Fig. 1(a) and (b) shows the conceptual cross sectional and
top views of the demonstrated device, respectively. As shown
in Fig. 1(a), there are three key parameters; W, Wy, and d,
which determine the mode characteristics of the device. Here,
Wz and Wy represent the diameter of the Zn-diffusion aperture
and oxide-confined aperture, respectively; d is the Zn-diffusion
depth. In order to attain stable single-mode performance under
the whole range of bias currents and eliminate the spatial hole
burning effect, the relative sizes of these three parameters must
be carefully optimized, which will be discussed later. Table I
includes the detail geometric structure of the five devices (A
to E) studied in this paper, which were fabricated from the
same 850 VCSEL epitaxial wafer but diced with different five
pieces for each device structure during processing. Our epi-layer
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TABLE I
GEMOETRIC SIZES OF THE STUDIED DEVICES
Wz Wo d Aperture
DeviceA 5um 5.5um 1um air
DeviceB 5um 5.5um 1um AlO,
DeviceC 5um 6.5um 1um air
DeviceD 6um 8.5um 2um air
DeviceE 5.5um 8um 2um air
Device 55um 17um 2um air
Ref

Before Relief

Fig. 2. (a) SEM image of the DBR structure with the oxide current-confined
layer before and after performing the oxide-relief process. (b) SEM image of
DBR layers after performing the Zn-diffusion process.

structure, purchased from IQE (IEGENS-7-20), is composed
of three GaAs (60 A)/Aly 3Gag 7As (80 A) multiple-quantum-
wells (MQWs) with a central wavelength at 835 nm and 1.5 1
(wavelength) cavity length sandwiched between a 30-pair n-type
and a 20-pair p-type Aly.9gGag 1 As/ Aly.120Gag g As distributed-
Bragg-reflector (DBR) layers with an Alj ¢9sGag g2 As layer
(30 nm thickness) just above the MQWs for oxidation. The
whole structure is grown on an n" GaAs substrate. For details
of the device fabrication processes, please refer to our previous
work [16], [17]. As shown in Fig. 1(a), all five devices have the
same single mesa structure with a 28 pm active diameter. The
oxide-relief process was used to selectively remove the Al O _«
current confined layer. Due to the fact that the refractive index
of air is much smaller than that of the Al,O;_ layer (1 versus
1.6 [21]), there is a further reduction in the parasitic capacitance
of the oxide-relief device [16]. Fig. 2(a) shows the scanning
electron microscopic (SEM) picture of our oxide aperture be-
fore and after the oxide relief process. As can be seen, after the
relief process the oxide current confined layers and the edge of
DBR layers with high Al concentration, which were oxidized
during the oxidation process, were etched away.

Compared with the typical oxide-confined VCSEL, the addi-
tional Zn-diffusion aperture in our structure allows us to real-
ize mode control. The lasing phenomenon is suppressed in the
Zn-diffused DBR region. The threshold gain becomes higher
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Fig.3. Characteristics of the optical output power (L) and voltage (V') versus
biasing current (1) of devices A (W, /W, /d = 5/5.5/1 pm)and B (W./W,/d =
5/5.5/1 pm).

due to the increase in free-carrier absorption loss and reduc-
tion in reflectivity after the diffusion (DBR disordering) pro-
cess [16], [17]. Fig. 2(b) shows an SEM cross-sectional view
of the DBR region. Here, we adopt high quality SigN, as the
diffusion mask. The diffusion time and temperature is 30 min
and 650 °C, respectively. As can be seen, there is a significant
difference in the DBR layers with and without a Si3N,4 covering.
In the region without the SizNy covering, the phenomenon of
disordering is very clear and the depth in the lateral and per-
pendicular directions is around 1.1 and 2.2 um, respectively. As
shown in Fig. 1(a), the fabricated device has a 28 pm diameter
single active mesa on the n-type DBR layers. The top-view [see
Fig. 1(b)] of the fabricated device shows the integrated slot line
pads for on-wafer high-speed measurement.

III. MEASUREMENT RESULTS FOR OXIDE-RELIEF AND
NONRELIEF DEVICES

As discussed previously, the oxide-relief process can reduce
the parasitic capacitance of VCSELs and further enhance their
speed performance. However, the relief process results in a more
significant index contrast in the current-confined regime. This
might induce more optical transverse modes in the cavity and
make the single-mode performance become more difficult. In
order to investigate this effect, two kinds of device structure
with (A) and without (B) oxide-relief processes were fabricated.
These two devices have the same W, Wy, and d of 5, 5.5, and
1.0 pm, respectively. Fig. 3 shows the measured power (voltage)
versus current (L — I and V — 1) curves of devices A (Al and A2)
and B (B1 and B2). The devices Al (B1) and A2 (B2) represent a
VCSEL with the same structure as device A (B) but are different
devices on the same chip. In fact, the L — and V — I performances
are measured for each device structure (A and B). What we
show here is the typical device L — I performance for structures A
and B. The values of their differential resistance measured under
a moderate bias current (6 mA) are also specified in this figure.
As can be seen, the relief structure (device A) usually has slightly
better L — I and V — I performances than the nonrelief structure
(device B). Such result might be attributable to the oxide-relief
process which can partially eliminate the defect states which
exist at the interface between the current-confined oxide layers
and semiconductor epitaxial layers. Slight improvements in the
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Fig. 5. Measured E — O frequency responses (a) and output optical spectra
(b) of device B (W, /W, /d = 5/5.5/1 pm) under different bias currents.

V — I performance, current injection efficiency into the active
layers, differential quantum efficiency, and output optical power
can thus be observed in device A with the oxide-relief structure.
Figs. 4 and 5 show the measured E-O frequency responses and
optical spectra for devices A and B, respectively. The high-
speed E-O performance of the fabricated devices was measured
by a lightwave component analyzer, which was composed of
a network analyzer (Anritsu 37397 C) and a calibrated 25GHz
photoreceiver module (New focus 1481-S). We can clearly see
that the optical mode spectra under different bias currents are
very similar for the both devices, and due to the implementation
of the Zn-diffusion process for optical mode control, both the
devices exhibit quasi-single-mode behavior under the low bias
current (< 3 mA) regime. Here, quasi-single-mode means that
there are only two significant optical modes on the spectrum but
the value of their SMISR is not as high as that of a single-mode
VCSEL (SMSR > 30 dB). Compared with that of a typical
multimode 850 nm VCSEL, this performance would benefit the
transmission performance [9]-[11], [16] due to the narrower
spectral width.

In addition, we can clearly see that device A has a slightly
larger degree of red-shift in the measured spectra under a high
bias current (10 mA). This phenomenon might be attributable
to the different thermal expansion coefficient for the air gap and
AlO, current confined region in devices A and B. After per-
forming the oxide-relief process, the DBR region can be treated
as a cantilever structure, which should be more sensitive to the
thermal expansion phenomenon than the nonrelief structure. A
slightly larger degree of red-shift can thus be measured for de-
vice A. In addition, in our case, such a phenomenon should
not imply that the junction temperature (thermal impedance)
in device A is higher than that of B. This is because that the



4040
200} -
(a) ﬂ“ﬂ—JL 2 0|~ Wo (Oxide Aperture) = 1?,:11.__.
@ 150} 2oma (b) -~
= Il 15 »
% 100} 18mA \ % ./r
2 16mA =
£ 50l 5 1.0 o
2 14mA § b
& of 12mA 05 g
L omA A P d
G40 542 544 546 548 650 652 854  0OLmmmanaf
Wavelength (nm) 0 4 8 12 16 20 24
Current (mA)
Fig. 6. Measured optical spectra (a) and L — I curve (b) of the reference device

with a large difference in the sizes of Wy /W /d (5.5/17/2 pum).

high-power performance of device A is even superior to that of
B, as illustrated in Fig. 3.

According to the optical spectra measurement results, we
can thus conclude that our oxide-relief process does not have a
serious influence on the behavior of the optical modes, which
can be attributed to the position of the oxide layer at the standing
wave null in the DBR layers [20].

Furthermore, compared with device B, device A has a larger
maximum 3-dB E-O bandwidth (12 versus 11 GHz) and a larger
E-O bandwidth under (9 versus 8 GHz) and the same bias cur-
rent, as low as 1 mA. This bandwidth improvement effect can
be attributed to the reduction of the parasitic capacitance [16].
These dynamic and static measurement results clearly indicate
that our oxide-relief process will not degrade the dc character-
istics, which include L — I, V — I, and the output optical spectra
of VCSELSs and can significantly further improve the speed per-
formance of the device.

IV. MEASUREMENT RESULTS OF THE SINGLE-MODE DEVICE

In order to further extend the maximum transmission dis-
tance in the OM4 fiber, a further optimization in the geometric
sizes (W, Wo, and d) of device A to let it have single-mode
performance is highly desired. The key to achieve single-mode
performance is to suppress the optical transverse modes inside
the gain region (current-confined region) of the VCSEL cavity
by the use of Zn-diffusion aperture, which can not only re-
duce the reflectivity of DBR layers but also increase the free
carrier absorption loss in the Zn-diffused area. Based on these
points, we can expect that in order to have single-mode perfor-
mance, we must let Wy > Wy, which results in the significant
Zn-diffusion induced loss in the current-confined regime. In ad-
dition, the size of W is also a criterion for the single-mode
performance. According to our previous work [17], the size of
optical confined aperture (W) in our adopted epi-layer struc-
ture (IEGENS-7-20) must be smaller than 6.5 pym to ensure
single-mode operation at 850 nm.

Fig. 6(a) shows the measured optical spectra under different
bias currents of VCSEL with geometric size of Wy = 17 um,
Wz =5.5 pm, and d = 2 um. The oxide-relief process has also
been performed on this device. Fig. 6(b) shows the correspond-
ing L — I curve for this VCSEL. As can be seen, a single-mode
performance with SMSR far over 30 dB can be achieved un-
der the full range of bias current. We can thus understand that
the criterion of Wy > W for single-mode performance would
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result in serious intracavity loss («;) and strongly suppress the
higher optical transverse modes which have an intensity peak
in the peripheral region of the emission aperture (region with
Zn-diffusion). However, such a large «; would induce a large
threshold current as large as 17 mA and a limited maximum
output power, which limits its high-speed application for the
optical interconnect.

Furthermore, the (quasi-) single-mode 850 nm VCSEL usu-
ally suffers from the problem of low-frequency roll off in the
E-O frequency response [17]-[20], which would degrade the
eye-pattern quality during data transmission [17], [18]. Fig. 7(a)
and (b) shows the measured E-O frequency responses and op-
tical spectra under different bias currents for device C. The
Wy, Weo, and d of this device are 5, 6.5, and 1 pm, respectively,
and the oxide-relief process has also been performed. The ex-
hibited L — I curves are similar to those for device A, as shown
in Fig. 3. We can clearly see that when the bias current is less
than 2 mA, the device exhibits single-mode behavior, accompa-
nied by a serious low-frequency roll off in the measured E-O
response, as expected. Under a 6 mA bias current, the 3 dB
bandwidth degrades to only 2 GHz. According to the reported
theoretical work [19], in order to minimize such phenomenon, a
larger size of optical aperture (W ) than that of current-confined
aperture (Wo ) is preferred. However, this condition is in con-
flict with our criterion of single-mode performance as discussed.
Here, we adopt a different approach, which is to let the sizes of
both the optical cavity (W) and current-confined aperture be
as large as possible and follow the criterion of single-mode per-
formance (W, < Wy ). We can expect the spatial hole burning
effect to be minimized due to the enlargement of cavity sizes
and the reduction in carrier/photon density.

Figs. 8 and 9 show the measured L — I/V — I characteristics
and optical spectra under different bias currents of devices D
and F, respectively. Their geometric sizes (Wp, Wy, and d)
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are specified in the two figure captions. The values of their
differential resistance measured under a moderate bias current
(6 mA) are also specified on these two figures. Different L — 1
and V — 1 curves represent the measurement results for different
devices (D or E) fabricated on the same chips. The variation
in device performance is mainly due to the processing issues
or the nonuniformity in the VCSEL epi-wafer. Nevertheless,
the yield for single-mode performance (SMSR > 30 dB) in
the whole chip is very high (> 90%). As can be seen, these
devices can sustain single-mode performance with a ~30 dB
SMSR under the full range of bias current and have a reasonable
threshold current at around 1.5 to 2.5 mA. The spectral width is
measured by Advantest Q8384 optical spectrum analyzer with
a smallest resolution of 0.01 nm. The measurement results for
both of our proposed single mode VSCELs (D and F) is the
same and as narrow as 0.08 nm (18.2 GHz spectral width),
which is insensitive to the variation in bias currents. A sub-mA
threshold current (~0.5 mA) with excellent single-mode high-
power performance (~7 mW) has been demonstrated in our
previous work [17] by further downscaling the size of W and
Wy to < 6 and ~4 pum, respectively. However, such minimized
size of optical cavity would suffer from serious low-frequency
roll off in the E-O response (when the bias current is >2 mA)
due to its high photon density-induced spatial hole burning effect
[17]-[19]. Fig. 10(a) and (b) shows the measured typical E-O
frequency responses of devices D and E, respectively. We can
clearly see that compared with device C, the low-frequency roll
off effect has been greatly minimized in both devices (D and
E). In addition, there are clear ripples (ringing) in the measured
E-O frequency responses of these two single-mode VCSELSs
(devices D and E).

Such a result is in conflict with the smooth E — O responses
(ripple free) of multimode devices (A and B), shown in Figs. 4
and 5. The observed ringing can be attributed to the opti-
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cal feedback effect, which should be more pronounced in the
single-mode device than the multimode device, due to its much
longer coherent length (time) [22]. In order to suppress the
feedback effect, an optical isolator is usually integrated with the
single-mode laser during the high-speed measurement and data
transmission [23].

Compared with device F, the roll off phenomenon in device
D is less significant due to the larger size of the oxide (W,) and
Zn-diffusion (W, ) apertures. The large active volume of device
D for single-mode performance also implies a narrow far-field
divergence angle. Fig. 11(a) and (b) shows the measured far field
patterns for device D in the z- and y-directions, respectively.
These two directions are specified on Fig. 1(b). We can clearly
see that the measured full-width half maximum of the divergence
angle is as narrow as 6° under the full range of bias current.

This value is narrower than that of our reported (6 versus 8°)
single-mode VCSEL with a smaller diameter of optical aperture
(Wz:4.5 versus 6.0 um) [17].

For the eye-pattern measurement, we used a 25 GHz pho-
toreceiver module (New focus 1481-S) connected with a wide-
band (100 kHz to 65 GHz) radio frequency amplifier (Centellax,
UAOL65VM) to serve as our photoreceiver. Fig. 12 shows the
measured back-to-back and error-free eye-patterns of devices A
and B under different bias currents at the same data rate as 15
Gbit/s. We can clearly see that the measured eye-patterns of de-
vice A have a shorter rise/fall time and a higher signal-to-noise
(S/N) ratio than those of device B. The superior eye-pattern per-
formance of device A compared to device B can be attributed to
the better speed performance of device A as discussed in Figs. 4
and 5. The low-frequency roll off phenomenon also has a seri-
ous influence on the measured eye-patterns. Fig. 13 shows the
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A: Roll-off Free. C: Roll-off.

Fig. 13. Measured back-to-back eye-patterns of devices A (W,/W,/d =
5/5.5/1 pm) and C' (W, /W,/d = 5/6.5/1 pm) under 12.5 Gbit/s operation and
different bias currents.

—u=— 15Gbit/s; 0.8 km (a) és C‘fb]té&; 0.3km (b)
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Fig. 14. (a) Measured values of —log (BER) of device A (W./W,/d =

5/5.5/1 pm) through 0.8 km OM4 fiber transmission at 15 Gbit/s and under dif-
ferent bias currents. The inset shows the corresponding error-free eye-pattern.
(b) Measured error-free eye-pattern of device C' (W, /W,/d = 5/6.5/1 pm)
through 0.3 km OM4 fiber transmission at 15 Gbit/s operations and under 4 mA
bias current.

measured back-to-back and error-free eye-patterns of device A
(roll off free) and C' (roll off) under different bias currents at the
same data rate of 12.5 Gbit/s. We can clearly see that the mea-
sured eye-patterns of device A have a much higher S/N ratio than
that of device C'. Furthermore, in contrast to device A, the S/N
ratio of device C degrades with the increase of bias current. This
result is mainly due to the observation that the low-frequency
roll off phenomenon becomes more serious with the increase
of bias current, as seen in Fig. 7. Based on this measurement
result, we can thus conclude that the roll off phenomenon in the
E — O response of VCSEL would seriously degrade its trans-
mission performance.

Fig. 14(a) shows the measured —log [bit-error-rate (BER)] of
device A under different bias currents obtained using an OM4
fiber with a maximum error-free transmission length (0.8 km) at
15 Gbit/s. Here, error free is defined as BER< 1 x 107!2. The
inset shows the corresponding error-free eye-patterns. As can
be seen, there is a BER floor (1 x 1072) in our measured BER
curve, which originated from the satiability of our measure-
ment system. During measurement, in order to get the values
of BER as low as 1 x 107!2, a careful and stable optical align-
ment over several minutes for error counting is necessary. Such
alignment would not only determine the number of launched
optical modes into the OM4 fiber but also the influence on the
optical feedback effect. Any vibration of the instrument during
error counting, such as the lens fiber, would lead to a serious in-
crease in the BER value. It thus becomes a limitation in our BER
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Fig. 15. (a) Measured values of —log (BER) of device D (W./W,/d =

6/8.5/2 p4m) through 2.0 km OM4 fiber transmission at 14 Gbit/s and under dif-
ferent bias currents. The inset shows the corresponding error-free eye-pattern.
(b) Measured back-to-back error-free eye-pattern of device D (W./W,/d =
6/8.5/2 ppm) with maximum data rate operation (26 Gbit/s).

values (floor). There are several possible ways to further improve
the BER performance, such as more robust device packaging,
selection of the optical mode for excitations [24], and integra-
tion of the optical isolator with laser [23]. Fig. 14(b) shows the
measured error-free eye-pattern of device C' after the maximum
length (0.3 km) of OM4 fiber transmission at the same data rate
as 15 Gbit/s. We can clearly see that although device C' has
a narrower spectral width under low bias current than that of
device A, it has a much poorer transmission performance (0.3
versus 0.8 km) due to the low-frequency roll off phenomenon.
According to these measurement results, we can conclude that
the high-power single-mode (narrow spectral width) output and
roll off free performances are both important issues to further
extend the bit-rate distance product of transmission. Fig. 15(a)
shows the measured —log (BER) and the measured optical power
at the receiver end versus bias current of device D after OM4
fiber transmission. The values of power shown on the figure in-
clude the coupling loss between the VCSEL and OM4 fiber and
2 km fiber propagation loss (~7 dB) at 850 nm wavelength. As
can be seen, due to the excellent single-mode and high-power
performance of our device, it can offer a large (~10 dB) power
budget at the receiver-end, which usually has a sensitivity of
around —10 dBm, to mitigate the power penalty induced by
fiber transmission (loss and dispersion). The insets show the
corresponding error-free eye-patterns under the operation con-
ditions with the lowest bias current (power consumption) for
14 Gbit/s operations. Fig. 15(b) shows the back-to-back error-
free transmission result of device D at maximum data rate of
26 Gbit/s. Thanks to the excellent single-mode and roll off free
performances of device D, record-high bit-rate distance product
(14 Gbit/s x 2.0 km) through standard OM4 fiber by using OOK
modulation scheme at 850 nm wavelength has been successfully
demonstrated. In order to further determine the theoretical max-
imum bit-rate distance product of our system and exact values of
EMB of fiber used in our transmission experiment, a differential
mode delay measurement [25] is necessary. This will be left for
the future work.

Table II shows the benchmark of bit-rate distance products
and energy-to-data distance ratio (EDDR) [fJ/(bit.km)] [16],
[26] by use of high-speed 850 nm VCSEL and OOK modula-
tion format with error-free performance through MMF reported
by different research groups [9]-[11], [16], [26]-[29]. For a
detailed definition of EDDR, refer to [16] and [26]. We can
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TABLE II
COMPARISON OF BIT-RATE-DISTANCE PRODUCT AND POWER CONSUMPTION
OF MMF TRANSMISSION BY USING 850 NM VCSELS

Bitrate ~ Type of Bit-rate-distance EDDR F t
(Gbit/sec) MMF  product (Gbit kny/sec) (£1/bit « km) * 2
Chalmers/IQE" 20 oM4 22 255 00K
TUB/VIS!! 25 omM4 25 126 00K
NCuU'e 25 oM4 20 180 00K
TUB/VIS2® 17 oM4 17 99 00K
Special
27
BELL 10 MME 28 260 00K
y Special
28
IBM 15.6 MME 15.6 1900 00K
UIUC/TUB> 25 omM4 25 660 00K
This work* 14 om4 28 1191 00K

clearly see that to further reduce the required driving current for
error-free operation of our demonstrated single-mode VCSEL
is an important next step to reduce the power consumption while
maintaining such high bandwidth-distance product. This might
be achieved by the integration of an additional optical isola-
tor with our single-mode laser to suppress the optical feedback
effect induced power penalty [23].

V. CONCLUSION

In conclusion, we demonstrate a novel VCSEL structure
with high-speed and high single-mode power performance for
medium-reach (2 km) data transmission through standard OM4
MMFs. By using the Zn-diffusion and oxide-relief techniques
in our demonstrated VCSEL, we can manipulate the number
of optical modes and enhance the device modulation speed,
respectively. Furthermore, the demonstrated oxide-relief pro-
cess can even improve the V — [ and L — [ performances as
compared to those of nonrelief device without inducing optical
higher order modes. By optimizing the relative sizes between
Zn-diffusion and oxide-relief apertures, the 850 nm VCSEL
with high single-mode output power and low-frequency roll off
free performances under the full range of bias current has been
demonstrated. The record-high error-free bit-rate distance prod-
uct performance over a standard OM4 fiber by use of the OOK
modulation format can be achieved by the use of our demon-
strated device.
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