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Abstract

High-speed and “green” ~850 nm vertical-cavity surface-emitting lasers (VCSELs) have lately attracted lots
of attention due to their suitability for applications in optical interconnects (OIs). To further enhance the
speed and its maximum allowable linking distance of VCSELs are two major trends to meet the requirement
of Ol in next generation data centers. Recently, by use of the advanced 850 nm VCSEL technique, data rate
as high as 64 Gbit/sec over 57m and 20 Gbit/sec over 2km MMF transmission have been demonstrated,
respectively. Here, we will review our recent work about 850 nm Zn-diffusion VCSELs with oxide-relief
apertures to further enhance the above-mentioned performances. By using Zn-diffusion, we can not only
reduce the device resistance but also manipulate the number of optical modes to benefit transmission.
Combing such device, which has excellent single-mode (SMSR> 30 dB) and high-power (~7mW)
performance, with advanced modulation format (OFDM), record-high bit-rate-distance-product through
MMF (2.3 kmx28 Gbit/sec) has been demonstrated. Furthermore, by selective etching away the oxide
aperture inside Zn-diffusion VCSEL, significant enhancement of device speed, D-factor, and reliability can
be observed. With such unique VCSEL structure, >40 Gbit/sec energy-efficient transmission over 100m
MMF under extremely low-driving current density (< 10kA/cm?) has been successfully demonstrated.
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1. INTRODUCTION

The continuous growth in global Internet Protocol traffic, fueled by on-demand Internet streaming media, remote
office services, and electronic commerce, doubles almost every two years. In order to handle the enormous cloud
computation and storage, modern data centers urgently require that interconnects can be operated at a high bit rate
(of at least 25 Gbps before 2020 [1]) over links of few kilometers [2]. Optical interconnects (Ols) have been widely
studied and envisioned as a promising candidate for short-distance communication. High-speed, high-efficiency,
and low power consumption vertical-cavity surface-emitting lasers (VCSELSs) that operate at a wavelength of 850nm
or around 1000 nm have lately attracted a lot of attention due to their suitability for applications in OIs [3-11]. To
further enhance the modulation speed of VCSELSs is one of the most important ways to increase the data rate of next
generation OlIs. Using multiple oxide layers with oxide aperture diameter less than 5 um is usually necessary to
reduce the parasitic capacitance and enhance speed performance of VCSEL structures [3,5-7]. Through the use of
these VCSELSs, energy efficient >40 Gbit/sec transmission of 850 nm VCSEL has been demonstrated [6,7] for
very-short reach (VSR) linking distance (~50 meter). However, the small current-confined aperture (< 4 pum) in these
devices would usually result in large differential resistance (> 120 Q) and impedance mismatch between VCSELs
and driver ICs, which may degrade eye-patterns due to microwave reflections [5]. Furthermore, the high operation
current density (~43.3 kA/cm? [3]; ~25 kA/cm? [4,6,7]) and the significant stress between multiple oxide layers and
surrounding semiconductor active layers are both issues for the reliability performances.

The other important issue in the development of VCSEL is to narrow down its spectral width and improve the
maximum allowable bit-rate distance product [6,9,12]. The reported high-speed 850 nm VCSELs are usually
multimode. Their transmission performance are thus usually limited from the modal and chromatic dispersion in the
multimode fiber (MMF), notably the transmission at higher bit rate (>40 Gbps) suffers larger dispersion, leading to
that the transmitted data rate drops substantially as the fiber length increases. In general, there are two main
approaches to further extend the bit-rate distance product of MMF. One is using quasi single-mode or single-mode
VCSELs. By the use of (quasi-) single-mode VCSELs with narrow spectral-width performances, excellent
transmission performance through >1km MMF with on-off keying (OOK) modulation format at 850 nm wavelength
have been demonstrated [6,9,12]. Another approach is using the integrated circuit (IC) -based signal equalization and
compensation. By the use of a 2-tap pre-emphasis driver IC, a 40 Gbps VCSEL operation was demonstrated [13].
Moreover, a 64 Gbps 850nm VCSEL operation over 57 m using two tap feed forward equalization was
experimentally demonstrated [3], opening up the possibility of a higher bit rate by employing IC-based signal
equalization. Furthermore, with the remarkable advances in ICs, the rapid development of digital-signal-processing
(DSP) technology and catalysis of the 100 Gbps coherent optical transmission system, high-speed analog-to-digital
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converters (ADCs) and digital-to-analog converters (DACs) have gradually matured with increased availability and
lower power consumption [14, 15]. Such the momentum facilitates orthogonal frequency-division multiplexing
(OFDM) format to be increasingly regarded as an alternative means for achieving the higher bit-rate distance product
(BRDP) of data communication [16, 17].

Here, we will review our recent work about 850 nm Zn-diffusion VCSELs with oxide-relief apertures to further
enhance the above-mentioned performances. By using Zn-diffusion, we can not only reduce the device resistance
but also manipulate the number of optical modes to benefit transmission. Combing such device, which has excellent
single-mode (SMSR> 30 dB) and high-power (~7mW) performance, with advanced modulation format (OFDM),
record-high bit-rate-distance-product through MMF (2.3 km X 28 Gbit/sec) has been demonstrated [17].
Furthermore, by selective etching away the oxide aperture inside Zn-diffusion VCSEL, significant enhancement of
device speed, D-factor, and reliability can be observed. With such unique VCSEL structure, >40 Gbit/sec
energy-efficient transmission over 100m MMF under extremely low-driving current density (< 10kA/cm?) has been
successfully demonstrated [18].

2. DEVICE STRUCTURE

Figures 1 (a) and (b) show the conceptual cross-sectional views of two kinds of devices for high-speed and
single-mode/high-power operations, respectively. Both devices have the same top views, as shown in Figure 1 (c).
As shown in Figure 1 (a), the epi-layer structure for high-speed VCSEL is grown on a semi-insulating (S.I.) GaAs
substrate, which is composed of three Ing15Alp.1Gag75As/Alp3Gag7As MQWs sandwiched between a 30-pair n-type
and a 20-pair p-type AlooGagiAs/ Alg12GagssAs Distributed-Bragg-Reflector (DBR) layers with an AlgggGago2As
layer above the MQWs for oxidation. Here, the cavity layer thickness is shortened to A/2 in order to shorten the
internal carrier transient time and increase the optical confinement factor [4,6]. Compared with that reported for
Ing.1Gag 9As/Aly37Gag 63As strained 850nm VCSELSs [19], we can achieve a higher indium mole fraction (0.15 vs. 0.1)
with a thicker well-width (50 vs. 40A) due to the incorporation of Al, which enlarges the bandgap but has no
significant influence on the lattice constant (strain) of the well layer. This means our strained VCSEL structure has
a higher indium mole fraction and a wider well-width than those of InGaAs based strained 850nm VCSELs [19]
which may lead to a more significant improvement in static/dynamic performance and uniformity of wafer,
respectively.

As shown in Figure 1 (b), there are three major differences in the epi-layer structure between high-power
single-mode VCSEL and high-speed VCSEL. First is that the epi-layer structure was grown on the n* GaAs substrate
instead of on S.I. substrate. This is because that n+ substrate can provide better heat-sinking for high-power operation
than that of S.I. substrate. In addition, the parasitic RC-limited bandwidth, which can be mitigated by use of S.L
substrate, is not a major E-O bandwidth limiting factor for the case of high-power single-mode VCSELs. Their
speed performance is usually limited by spatial hole burning effect [9]. Second is that we enlarge the cavity layer
thickness to 3A/2 to dilute the optical confinement and increase the maximum saturation power. Third is that for
high-power structure, we use GaAs/Alo3GaosAs MQWs active layer due to its larger density state as compared to
that of Ing5Alo.1Gag.7sAs well, which might benefit for high power operation.
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Figure 1. Conceptual cross-sectional views of (a) high-speed VCSEL on S.I. substrate and (b) single-mode/high-power VCSEL on
n+ GaAs substrate. (c) shows the top-view of fabricated devices
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A single-oxide layer and oxidation technique is used to define a circular current-confined area for both structures.
By use of the chemical solution, which offers excellent etching selectivity between the AliOix layer and active
(Al(In)GaAs) layers, we can remove this layer without degrading the device performances [8,9]. Due to the fact
that the dielectric constant of air is just around one-half that of the AliOi.x layer, there is a further reduction in the
parasitic capacitance, as confirmed by microwave scattering (S) parameter measurement and device modeling
techniques carried out on the oxide-relief and control VCSELs [8]. During device fabrication, we can control three
most important parameters, d, W, W, as specified on Figure 1 (a) and (b), to manipulate the device static/dynamic
performance [8,9]. Where, W, is the oxide-relief diameter, d is the Zn-diffusion depth, and W, is the diameter of
Zn-diffusion aperture. For the case of single-mode device, a larger size of W, than that of W, is necessary to have
significant intra-cavity loss and result in stable single-mode performance. As can be seen in Figure 1 (c), the
fabricated device has a 26 um diameter active mesa, which is integrated with co-planar waveguide (CPW) pads for
on-wafer high-speed measurement.

3. MEASUREMENT RESULTS

3.1 Oxide vs. Oxide-Relief VCSLEs

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 by use of high-power epi-layer structure as shown in
Figure 1 (b). These two devices have the same Wz, Wo, and d of 5, 5.5, and 1.0 um, respectively. Figure 2 shows
the measured power (voltage) versus current (L-I and V-I) curves of devices A (Al and A2) and B (B1 and B2).

As can be seen, the relief structure (device A) usually has slightly better L-I and V-1 performances than the
non-relief 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 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.  Figures 3 and 4 shows the measured electrical-to-optical (E-O) frequency responses and optical spectra
for devices A and B, respectively. We can clearly see that the optical mode spectra under different bias currents are
very similar for both devices, and due to the implementation of the Zn-diffusion process for optical mode control,
both devices exhibit quasi single-mode behavior under the low bias current (< 3 mA) regime. Furthermore,
compared with device B, device A has a larger maximum 3-dB E-O bandwidth (13 vs. 10.5 GHz) due to the
reduction in parasitic capacitance [16].
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These dynamic and static measurement results clearly indicate that our oxide-relief process will not degrade the
dc characteristics, which include L-I, V-1, and the output optical spectra of VCSELs and can significantly further
improve the speed performance of the device. Figure 5 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/sec. We can clearly
see that the measured eye-patterns of device 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 performance of device A compared to device B can be attributed
to the better speed performance of device A as discussed in Figures 3 and 4.

3.2 High-Speed (> 41 Gbit/sec) VCSELs

As shown in Figure 1 (a), by combing the short cavity length (A/2), oxide-relief and Zn-diffusion apertures, a
very-high speed 850 nm VCSEL has been demonstrated [18]. Figure 6 (a) shows the light output versus current (L-I)
and the bias current versus voltage (I-V) characteristics of the demonstrated oxide-relief/Zn-diffusion VCSEL at RT
and 85°C. Its conceptual cross-sectional view is given in Figure 1 (a). As can be seen, our device exhibits a
reasonable threshold current (~0.4 mA) and there is no significant increase in threshold current even when the
ambient temperature is raised up to 85°C. Such excellent high-temperature performance can be attributed to large
detuning (~20 nm) between gain peak of MQWs (~838 nm) and Fabry-Perot dip (~858 nm). Furthermore, thanks to
the large diameter of oxide current-confined aperture (~7.5 um), the measured differential resistance of our device
can be as low as ~60 Q under the small operation current ~4 mA. Such a value is much smaller than the values
typically reported for high-speed VCSELs for 40 Gbit/sec operations (~ 100 Q) [3-7]. Figure 6 (b) shows the
measured optical spectra under different bias currents at RT operation. As can be seen, thanks to the Zn-diffusion
aperture in our VCSEL for optical mode control [8,9], our device can exhibit quasi-single mode performance under
low bias current (< 4 mA) even with a large diameter of oxide aperture (~7.5 pwm), which would benefit the
transmission performance as discussed latter.
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Figure 6. (a) Measured L-I and I-V curves and (b) measured optical spectra of demonstrated device under different bias currents
(W/Wo/d=7.5/7.5/1 pm).

Figure 7 shows the measured E-O responses of device under different bias currents. As can be seen, our device can
achieve 26 GHz 3-dB bandwidth with bias current as low as 8 mA. Such value is less than the required bias current
(8 vs. 12.1 mA) of the reported 40 Gbit/sec 850 nm VCSEL with a close size of oxide diameter (~7 pm) and E-O
bandwidth performance (~27 GHz) [4]. Figure 8 (a) shows the measured 41 Gbit/sec eye-patterns of our device for
the case of back-to-back (BTB) and over 100 meter OM4 fiber. In our setup for data transmission, the receiver-end is
composed of a commercialized photoreceiver (VI-Systems R40-850 photoreceiver), which has a 30 GHz 3-dB O-E
bandwidth and good performance for >40 Gbit/sec eye-detection [4,6,7]. The length and amplitude (Vyp) of electrical
pseudorandom binary sequence (PRBS) patterns used for our transmission experiment is fixed at 2'5-1 and 0.5 V,
respectively. We can clearly see that when the bias current is over 3 mA, clear 41 Gbit/sec eye-opening can be
achieved for both cases. Figure 8 (b) shows the measured —log (bit-error-rate (BER)) values versus bias current of
our device at 41 Gbit/sec operations. The corresponding error-free eye-patterns are also specified. Under RT
operation, the energy-to-data rate (EDR) for 100 meter OM4 fiber transmission is as low as 228 fJ/bit (3.5 mA).
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Proc. of SPIE Vol. 9381 93810E-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/24/2015 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



Such number is close to the reported lowest EDR value for 40 Gbit/sec transmission of 850 nm VCSEL (158 [6] vs.
228 fJ/bit), which is measured under the case of a much shorter linking distance (50 vs. 100 meter MMF) than that of
ours. Furthermore, thanks to the advanced active layer design with highly strained MQWs in our VCSEL structure,
a record low driving-current density (~8 kA/cm?; 3.5 mA) for error-free operation with a longer linking distance (100
vs. 50 meters MMF) as compared to those of reported state-of-the-art 850 nm VCSELs [3-8], which usually have
driving density > 25 kA/cm? for >40 Gbit/sec transmission [3-8], has been successfully demonstrated [18].

3.3 Single-Mode and High-Power VCSELSs

In order to further extend the maximum transmission distance in OM4 fiber, a further optimization in the
geometric sizes (W,, Wo, and d) of our VCSEL to let it have single-mode and high-power 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 VCSEL cavity by use of Zn-diffusion aperture, which can not only reduce 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 performance, we must let Wo > Wz, which results in the
significant Zn-diffusion induced loss in the current-confined regime. In addition, the size of Wy is also a criterion
for the single-mode performance. According to our previous work [9], the size of optical confined aperture (Wz) in
our adopted epi-layer structure, as shown in Figure 1 (b), must be smaller than 6.5 pm to ensure single-mode (SM)
operation at 850 nm. Figure 9 and 10 shows the measured L-I/V-I characteristics and optical spectra under different
bias currents of single-mode VCESLs, respectively. Their geometric sizes (Wo, Wz, and d) are specified in these
two figures. As can be seen, our device can sustain single-mode performance with a ~30 dB side-mode suppression
ratio (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 our single mode VSCEL is as narrow as around 0.08 nm (18.2 GHz spectral width),
which is insensitive to the variation in bias currents. Fig. 11 shows the measured typical E-O frequency responses
of our single-mode VCSEL. A reasonable high-speed performance (~11 GHz) with minimized low-frequency
roll-off can be achieved in this device due to the optimization of our cavity size [9]. As above discussion, the
simple OOK modulation scheme and multi-mode characteristics of our high-speed VCSELs would suffer from
serious chromatic dispersion, which would seriously limit its maximum bit-rate distance product (BRDP) for
transmission. To use advanced modulation format onto single-mode VCSEL is one possible solution to overcome
such problem. Fig. 12 shows the experimental setup of our demonstrated SM VCSEL for OFDM transmission. The
electrical OFDM signal is carried out by an arbitrary waveform generator (AWG, Tektronix® AWG7122) at the
sampling rate of 10 GSample/s, and the digital-to-analog (D/A) conversion resolution is of 8 bit and the output
peak-to-peak voltage is of 1 V. Our OFDM coding is realized by using offline technique (Matlab®) with fast Fourier
transform (FFT) size of 512, cyclic prefix (CP) of 3.03%, and 4.9 GHz bandwidth. Fig. 13 (a) shows the
signal-to-noise ratios (SNRs) of OFDM signals at electrical back to back (EBTB) and after 2.3-km OM4 MMF
transmission with the bias current of 9 mA, respectively. Fig. 13 (b) shows the SNRs of OFDM signals after 2.3-km
MMF transmission with bit-loading algorithm to utilize the bandwidth more effectively. Fig. 13 (c) shows the
corresponding modulation levels of the OFDM subcarriers after 2.3-km MMF transmission, and the total bit rate is
up to 28.03 Gbps, and Fig. 13 (d) shows the constellations of the OFDM signal. According to the measured BER of
1.4x1073, the 28-Gbps OFDM signal can achieve the FEC limit of 3.8x1073 after 2.3-km OM4 MMF transmission.
This is corresponding to a record-high BRDP of 64.4 Gbps-km [17].
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currents (W2/Wo/d=6/8.5/2 nm).

By using Zn-diffusion and oxide-relief structures, two kinds of high-performance 850 nm VCSELs for
short-reach (SR; <300 meter) and medium-reach (MR: <2 km) transmission with high data-rate have been
demonstrated. For the case of SR applications, our oxide-relief and Zn-diffusion structures can effectively reduce the
parasitic capacitance and differential resistance, respectively. The RC-limited bandwidth and current modulation
efficiency (D-factor) can thus be further improved. Record-low driving current density (~8 kA/cm?) for > 40
Gbit/sec transmission over 100 meter OM4 fiber has been demonstrated. On the other hand, by controlling the
relative sizes of Zn-diffusion and oxide-relief apertures (W./W,), high single-mode output power (~7 mW, SMSR>
30 dB) with moderate high-speed (~11 GHz) performance of 850 nm VCSEL has been demonstrated. By combing
such device with advanced OFDM modulation format, record-high BRDP (64.4 Gbps.km) through 2.3 km OM4 fiber

Figure 13. (a) SNRs of EBTB and after 2.3-km MMEF. (b) SNRs after 2.3-km MMF with bit-loading algorithm at bias
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4. CONCLUSIONS

and at 850 nm wavelength has been successfully demonstrated.
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