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Abstract- A novel technique is demonstrated for suppressing 
the relative intensity noise (RIN) and enhancing the high-speed 
transmission performance of 850 nm vertical-cavity surface 
emitting lasers (VCSELs). The orthogonal polarization 
suppression ratio (OPSR) of top-emitting high-speed 850 nm 
VCSELs with rectangular shaped mesas can be greatly 
enhanced by electroplating a copper substrate onto the backside, 
without any degradation in slope efficiency (output power). The 
enhancement of the OPSR results in a significant reduction of 
the RIN (around -130 vs. -145 dB/Hz) over a wide frequency 
range (near DC to 20 GHz) in comparison to the reference 
device without the additional copper substrate. Moreover, the 
structure of the demonstrated device can not only flatten the 
electrical-to-optical (E-O) responses but also narrow the 
spectral width due to the strain induced by the copper substrate. 
Overall, the lower RIN and flatter E-O frequency responses in 
turn lead to a significant improvement in the 25 Gbit/sec eye-
opening and lower timing jitter in our demonstrated device. 
 
Keywords: Semiconductor lasers, Vertical cavity surface emitting lasers, 
Fiber optics and optical communications 
 

I. INTRODUCTION 
The use of high-speed vertical-cavity surface-emitting lasers 
(VCSELs) operating around the 850 nm wavelength regime as 
light sources in multi-mode fiber (MMF) based communication 
channels has become mainstream in several applications, such 
as for very short-reach data communication [1-4], high-
performance-computing (HPC) systems [1-4], and HDMI 2.1 
or DisplayPort 2.0 cables [5]. However, complex 
modulation/de-modulation techniques, such as high level pulse-
amplitude modulation (PAM) [6], orthogonal frequency-
division multiplexing (OFDM) [7,8], and feed forward 
equalization (FFE) [5,9] are needed to boost the data rate per 
channel in the afore-mentioned systems, to alleviate the speed 
bottleneck encountered in 850 nm VCSELs under direct 
modulation. Clearly, needing to use such techniques to boost 
the data rate makes reducing the relative intensity noise (RIN) 
in the VCSEL even more critical. 
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For example, in the case of 256GFC (28.9 Gbaud/lane) with a 
PAM4 modulation format, the required RIN must be lower than 
-135 dB/Hz [10]. Designing VCSELs that simultaneously offer 
high modulation speeds and very low RIN is thus very 
important to meet the requirements of the next generation of 
optical interconnect systems. A lower RIN in VCSELs can be 
realized by increasing the number of pairs of top p-type 
distributed Bragg reflector (DBR) mirrors, which leads to an 
increased photon lifetime (τp) inside the cavity. However, a 
larger τp usually decreases both the net E-O bandwidth and 
slope efficiency of the VCSEL [11,12]. Other effective ways to 
reduce the RIN can be realized by controlling the state of 
polarization of the VCSEL [13,14]. These methods include the 
growth of epi-layers on misoriented GaAs substrates [15], 
elliptical surface etching on the DBR layers [16], integration of 
the elliptic dielectric mode filter output [17], the utilization of 
asymmetric oxide apertures [18], and strain and gain anisotropy 
induced by metal stressor [19]. Among all the reported single-
polarized VCSEL techniques, the implementation of a linear 
grating on the top DBR mirror is one of the most effective ways 
to obtain a large and stable orthogonal polarization suppression 
ratio (>20 dB) over the entire bias current range [20]. 
Nevertheless, the additional grating induced intra-cavity loss 
may reduce the τp and degrade the RIN performance. In this 
work, we demonstrate a novel approach to relax the 
fundamental trade-off between the modulation speed, RIN, and 
output power of high-speed VCSELs, through the application 
of a single polarized VCSEL structure with strain engineering. 
An electroplating process is performed to add an additional 
copper substrate to the backside of high-speed 850 nm VCSELs 
with rectangular and circular shaped mesas. The extra strain 
induced by the addition of the electroplated substrate acts to 
enhance the polarization suppression ratio without sacrificing 
the threshold current and slope efficiency (output power) [21]. 
This enhancement is accompanied by a narrowing of the 
spectral width and a significant reduction of the RIN (around -
130 vs. -145 dB/Hz) over a wide frequency range (near DC to 
20 GHz) as compared to those of the reference sample without 
the extra copper substrate.  Moreover, the demonstrated 
VCSELs have flatter electrical-to-optical (E-O) frequency 
responses due to the strain induced enhancement of the hole 
mobility and the minimization of the influence of the carrier 
transport effect on the E-O bandwidth [22,23].  The superior 
RIN performance and flatter E-O responses of the demonstrated 
devices lead to lower timing jitter and improved 25 Gbit/sec 
transmission performance. The demonstrated device structure 
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offers a new way to further improve the eye-pattern (>56 
Gbit/sec) quality of the next-generation of high-speed VCSELs 
under large-signal modulation. 
 
II.  DEVICE STRUCTURE AND FABRICATION 
 
Figures 1 (a) and (b) show top views of the demonstrated 
VCSELs. Both devices had the same rectangular mesa 
structures but different long side orientations of <011> (for 
device A) and <011ത> (for device B). Devices A and B were 
both fabricated with three different active areas for comparison. 
Figures 2 (a) and (b) show conceptual cross-sectional views of 
our device (30×70 µm2) along the short (AA’) and long axis 
(BB’), respectively.  Oxide-relief processes were performed to 
relax the RC-limited bandwidth [24,25]. The epi-layer structure 
which was grown in a molecular beam epitaxy (MBE) chamber 
(Intelligent Epitaxy Technology Inc.)1 was composed of four 
compressively strained In0.07Ga0.93As/Al0.3Ga0.7As MQWs 
sandwiched between 39-pair n-type and 24-pair p-type 
Al0.93Ga0.07As/Al0.15Ga0.85As DBR layers with a single 
Al0.98Ga0.02As layer (25 nm thickness) for oxidation. The 
VCSEL epi-layers were grown on a n+ (001) GaAs substrate cut 
2° off axis toward 111 which would lead to an intrinsically 
larger optical gain and polarized output light along the <011ത> 
orientation, as shown in Figure 2 [15]. Device fabrication 
started with mesa etching. Since the shape of the mesas is 
rectangular after wet etching, a rectangular shaped current-
confined aperture can thus be 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

expected after the wet oxidation process. As shown in Figure 2, 
for a 30×70 µm2 mesa, the corresponding oxide aperture size is 
5×45 µm2. We thus expect most of the injected current induced 
optical gain to be along the long side of the mesa. For reference 
and benchmark comparison devices having circular mesas and 
circular oxide apertures (Wo) with a diameter as 9 m were also 
fabricated. In this study, we intentionally aligned the low-gain 
(short; device A) or high-gain (long; device B) side of the mesa 
along the <011ത> orientation, where, as discussed above, the 
optical gain is intrinsically larger than in the other orientations. 
This was done to demonstrate the influence of our layout on the 
static and dynamic performance of the devices.  After p-type 
contact metallization (Ti/Au; 50/200 nm), the device was 
passivated by the application of a SiO2 layer (~300 nm). An ~3 
µm thick polymethylglutarimide (PI) layer was then deposited 
for planarization. Finally, an ~2 µm thick Ti/Au layer was 
evaporated onto the topside of the chip to form metal pads for 
on-wafer probing.  As illustrated in Figure 1, electroplating was 
performed to form n-metal contacts on the backside of the 
fabricated chips, which had 150 µm thick n+ GaAs substrates 
(after lapping). By thinning the GaAs substrate from 500 to 150 
m we can expect influence of the strain induced by the 
backside electroplated copper substrate on the topside VCSEL 
device to be stronger. On the other hand, for the reference 
devices, lacking the electroplated copper substrate, we did not 
perform the substrate lapping process. Nevertheless, the 
roughness of GaAs substrate after lapping 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Top-views of the demonstrated VCSELs with long-side mesas along the (a) <011> orientation: device A and (b) <011ത> orientation: device B. 

Figure 2. Conceptual cross-sectional views of the demonstrated VCSEL along the (a) short-side (AA’ axis) and (b) long-side (BB’ axis). For clarity, the 
figure is not drawn according to scale. 

1Intelligent Epitaxy Technology, Inc. 1250 E Collins Blvd, 
Richardson, TX 75081, USA  
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should not be an issue affecting strain in the VCSEL. As in our 
previous works [21,26], the thinning of the substrate was the 
same for the reference devices as for the studied devices and the 
device with the electroplated copper substrates still exhibited 
significant improvements in static and dynamic performance. 
Here, the copper substrate was grown to around 100 µm in 
thickness. The strain induced by the composite substrates 
(GaAs and copper) has a significant influence on the dynamic 
and static performance of VCSEL devices, which will be 
discussed in greater detail later. 
 

III.  MEASUREMENT RESULTS 
 
 Figures 3 (a) and (b) show the measured L-I curves of devices 
A and B (before and after integration with electroplated copper 
substrate), respectively, in the two polarization states (<011> 

and <01 >). The devices had the same active mesa size (30×70 
µm2). The polarization states of most of the reported VCSELs 

hop between two orthogonal orientations (<011> and <01 >) 
with changes in the bias current [13,14]. Here, we define the 
measured optical power ratio in these two orientations as the 
OPSR, which can be obtained by using a polarizer during L-I 
curve measurement. A rotational arm connected to a well-
calibrated optical sensor head with a polarizer mounted on its 
window was adopted for measurement. The orientation of this 
polarizer is rotated during measurement to extract the output 
power component in different polarization states. Using the 
same approach, we can also measure electroluminescence (EL) 
and -photoluminescence (PL) spectrum in different 
orientations using a polarizer [13] to further study the 
distribution of strain across the active mesa [27], linear gain 
anisotropy, as well as the birefringence [19] in the active 
MQWs layers. These will be included in future work. We can 
clearly see that each device exhibits strong polarized output 
light along the long (high-gain) side of the mesa after the 
electroplating process. In addition, in contrast to device B, 

which shows strong polarized light along the <01 > orientation 
both before and after the electroplating process, device A only 
shows strong polarized light along the <011> orientation after 
the electroplating process. As discussed above, the epi-layers in 
our VCSEL are grown on a misoriented GaAs substrate (cut 2° 
off axis toward 111), which leads to a larger intrinsic optical 
gain and polarized output light along the <011ത> orientation [15]. 
However, in device A, the high current gain (long-) side follows 
the <011> orientation, which in turn leads to more balanced 
optical gains and output power in these two polarization states 

(<011> and <01 >). Figure 4 shows the measured L-I curves 
and OPSR vs. bias currents of device A, before and after 
integration with the electroplated copper substrate. Figure 5 
shows the same measurement results as in Figure 4 but for 
device B. To facilitate comparison of the change in the overall 
output power performance (slope efficiency; SE) of the 
VCSELs before and after the electroplating process, the optical 
power shown in these traces indicates the total output power 
from each device. Here, the OPSR of devices A and B is defined 
as the ratio of measured optical power in the orientations of 

<011> over <01 > and <01 > over <011>, respectively 

The optical power values in these two main polarization states 
are obtained by installing an extra polarizer in the optical power 
sensor head during measurement, as illustrated in Figure 3. We 
can clearly see that after electroplating, there is a slight 
improvement in the SE of the L-I curves of both devices A and 
B, for the different mesa sizes. In addition, there are kinks in 
the L-I curves of some devices after electroplating process. 
These kinks can be attributed to the non-uniform carrier 
distribution induced non-uniform gain distribution within our 
long stripe light emission area [28], which may become more 
pronounced due to the influence of anisotropic external strain 
from the integrated copper substrate. Furthermore, due to such 
strain, both devices (A and B) show strong enhancement in the 
OPSR (up to over 15 dB in value). The SE for a semiconductor 
laser is determined by the internal loss (αi) and mirror loss (α
m) [29]. The higher SE obtained for our device with the 
electroplated copper substrate can be attributed to the smaller 
αi inside the cavity, where the free carrier (hole) absorption 
loss (αfc) is usually the dominant term in the overall αi. The 
αfc is inversely proportional to the (hole) effective mass and 
free carrier (hole) mobility [30]. We can thus conclude that the 
smaller hole effective mass and the larger hole mobility in the 
electroplated VCSEL can effectively minimize the fc and i in 
the VCSEL cavity, which leads to the observed improvement in 
the SE. The enhancement in hole mobility of our electroplated 
VCSELs will be discussed in more detail later in relation to our 
dynamic measurement results. Both devices (A and B) exhibit 
very similar bias dependent output optical spectra. Figure 6 
shows the measured L-I curves and OPSR vs. bias currents for 
the devices with circular apertures. We can clearly see that the 
enhancement in OPSR (<011ത > over <011>; <~2 dB) after 
electroplating process is not as significant as is the case with 
rectangular mesas due to the symmetry of the mesas and oxide 
apertures. Figure 7 shows the measurement results for device A 
before and after the electroplating process. We can clearly see 
that a narrowing of the spectral width occurs with the increase 
of length of the long-side of the mesa. This phenomenon can be 
attributed to the increase in the OPSR value with the length of 
the long side of the mesa, as illustrated in Figure 4. The single 
polarized light output with a high OPSR value leads to an 
increase of the selectivity of the fundamental lasing mode in the 
VCSEL [21,31], which results in the observed narrowing of the 
spectral width. Furthermore, there is a significant red shift 
(around 1 nm) in the central wavelength of device A after 
electroplating, which implies the occurrence of both 
compressive strain and thickening of the cavity layer in the 
longitudinal direction in our VCSEL structure. The degree of 
strain in our device can be directly measured by the double-
crystal x-ray (DCXR) technique. In previous work, we have 
confirmed that the variation in the lattice constants (strain) as 
measured by DCXR before and after electroplating of the 
VCSEL is consistent with the results calculated from shifts in 
lasing wavelength and the ABCD matrix [21,29].   As can be 
seen in Figures 7 (b) and (e), there is a red shift of around 1.3 
nm in the central wavelength (849.7 to 851 nm at 3 mA). In our 
simulation, the 1.3 nm shift in lasing wavelength corresponds 
to a 0.17 % increase in the lattice constant in the longitudinal 
direction (compressive strain). 
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Figure 3. Measured L-I curves at <011> (black symbols) and <01 > (red symbols) orientations of (a) Device A and (b) Device B before and after the 
electroplating process. 
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Figure 4. Measured L-I curves and OPSR values vs. bias currents of device A before and after electroplating for devices with three different active area sizes 
(a) 30×50, (b) 30×60, and (c) 30×70 m2 
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Figure 5. Measured L-I curves and OPSR values vs. bias currents of device B before and after electroplating for devices with three different active area sizes 
(a) 30×50, (b) 30×60, and (c) 30×70 m2. 
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On the other hand, for device B with the same mesa size (30×60 
m2), the corresponding compressive strain is around 0.144 %. 
We can clearly see a minor difference in the compressive strain 
between these two axes (<011ത> and <011>).  In addition, the 
obtained strain values are close to the numbers typical for 
compressive strain in the InxGa1-xAs/AlxGa1-xAs MQWs of 850 
nm VCSEL, which is usually less than 1% [31]. We may thus 
expect that the increased compressive strain inside the active 
MQWs (In0.07Ga0.93As/Al0.3Ga0.7As) induced by the additional 
electroplated copper substrate, will further deform the valence 
subband structure, leading to a smaller hole effective mass, and 
enhance the material gain [32,33].  More theoretical work is 

underway to calculate the external anisotropic strain induced 
gain enhancement and to compare this with the polarization 
dependent loss and other mechanisms that have been observed 
in our demonstrated devices [34].  Figures 8 and 9 show the 
measured bias dependent electrical-to-optical (E-O) frequency 
responses of devices A and B, respectively. The high-speed E-
O performance of the fabricated devices was measured by a 
lightwave component analyzer (LCA), composed of a network 
analyzer (Anritsu 37397C) and a calibrated photoreceiver 
module (VI Systems: D50-1300 M)2, capable of covering an 
optical window from wavelengths of 850 to 1310 nm. The 
measured O-E -3dB bandwidths for this photoreceiver module 
at wavelengths of 850 and 1310 nm are around 27 and 24 GHz,  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
respectively. Here, the measured optical-to-electrical (O-E) 
frequency responses at 850 nm are selected for calibration 
during the de-embedding process for VCSEL E-O measurement. 
We can clearly see that there is a low-frequency roll-off (dip) at 
around 4 GHz in both devices before the electroplating process, 
but this is completely erased after electroplating. This kind of 
roll-off, commonly observed in the E-O responses of edge-
emitting semiconductor lasers with a thick active layer [23] and 
single-mode VCSELs [35,36], can be attributed to the carrier 
transport effect. Compared with the traditional VCSEL with a 
circular oxide aperture [35,36], the hole transit time induced 
low-frequency roll-off is more pronounced in our case, because 
the rectangular shape of the mesa leads to a more significant 
hole transit time from the p-contact located on the short side of 
the mesa to the light-emission aperture. As can be seen in Figure 
2, the effective aperture size for the case of a 30×70 µm2 mesa, 
can be as large as 45 µm on the BB’ axis, which in turn leads to 
a long transit time in the lateral direction. Nevertheless, the 
measured E-O frequency responses of both devices (A and B) 
show the elimination of low-frequency roll off after the addition 
of the copper substrate Such a significant improvement in the 
flatness of the E-O responses can be attributed to the 
enhancement of hole mobility (reduction of hole effective mass) 
and shortening of hole drift time in the InGaAs/AlGaAs based 
quantum wells under the influence of strain [33], which, in our  
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Figure 6. Measured (a) L-I curves (b) OPSR values vs. bias currents of device having circular Wo before and after electroplating process. 
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Figure 7. Measured bias dependent optical spectra of device A before and after electroplating for devices with three different active mesa 
sizes (a) 30×50, (b) 30×60, and (c) 30×70 m2. 
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case, originates from the electroplated copper substrate. The 
measured bias dependent optical spectra and E-O frequency 
responses of reference device with the circular mesa structures 
are given in Figure 10. As can be seen, there is a significant red 
shift in the central wavelength with the rectangular mesas. 
Furthermore, the measured E-O frequency responses under 
high bias current (> 9mA) become flatter after the electroplating 
process due to the strain induced enhancement of the hole 
mobility, as discussed above. This phenomenon may be 
attributed to the lateral carrier transport effect becoming more 
pronounced in the VCSEL with the larger aperture size under a 
high bias current Overall, by combining the external strain 
induced by the addition of the electroplated copper substrate 

with the rectangular or circular shape of the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
mesa, our VCSELs can simultaneously achieve polarized light 
output with flat E-O responses. This implies a lower RIN noise 
[13,14] and a better quality of eye-opening under large signal 
modulation, which will be discussed later. The measured eye-
patterns of device A are quite close to those of device B. Figures 
11 to 13 show the measured 25 Gbit/sec eye-patterns of device 
B (before and after electroplating) for three different active 
mesa sizes, as specified on the figures. Here, we adopt the same 
optics setup as for the E-O bandwidth measurement but replace 
the high-speed photo-receiver module with a different one (VI 
Systems: R50-1300), comprised of a p-i-n photodiode and 
limiting amplifier with a 3-dB optical-to-electrical (O-E) 
bandwidth of around 30 GHz The O-E converted signal is then 
fed into a sampling scope to record and analyze the eye patterns. 
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Figure 8. Measured bias dependent E-O frequency responses of device A before and after electroplating for devices with three different 
active mesa sizes: (a,d) 30×50, (b,e) 30×60, and (c,f) 30×70 m2. 
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Figure 9. Measured bias dependent E-O frequency responses of device B before and after electroplating for devices with three different active 
mesa sizes (a, d) 30×50, (b, e) 30×60, and (c, f) 30×70 µm2. 
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A 25 Gbit/sec non-return-to-zero (NRZ) electrical signal with a 
pseudo-random binary sequence (PRBS) length of 215-1 is 

generated through a pattern generator to drive our VCSEL 
during testing. We can clearly see that there are significant 
improvements of eye-pattern quality in terms of smaller timing 
jitter in all devices measured after performing the electroplating 
process. Figure 14 shows the measured RIN spectra of device B 
before and after the electroplating process under the optimized 
bias currents for clear 25 Gbit/sec eye-opening. During 
measurement, the thermal noise is carefully de-embedded. The 
shot noise can be neglected because it is so small under the 
photocurrent (< 1 mA) typically used during measurement.  For 
more detail about our RIN measurement setup please refer to 
[37]. As can be seen, the RIN of device B, with the electroplated 
copper substrate, is lower across a wide frequency range (near 
dc to 20 GHz) regardless of the studied device sizes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This can be attributed to the stronger polarized output light 
(larger OPSR) from device B than that from the reference 
devices without the electroplated copper substrate [13,14], as 
illustrated in Figures 3 to 5. The lower RIN and flattened E-O 
responses thus lead to the observed improvement in the 25 
Gbit/sec eye-opening. The measured 25 Gbit/sec eye-opening 
and RIN noise performance of the reference device with 
circular mesas, before and after electroplating, are given in 
Figure 15 for comparison. We can observe that although the 
reduction in RIN after electroplating process is not as 
significant as that of the rectangular mesa device due to much 
smaller change in OPSR as illustrated in Figure 6, a great 
improvement in 25 Gbit/sec eye-opening can still be achieved.  
This occurs because of the flattening of the E-O response seen 
in Figure 10. 
 

Figure 10. Measured bias dependent E-O frequency responses of devices with circular W0 (a) before and (c) after electroplating process. Measured bias dependent 
optical spectra of the same devices (b) before and (d) after the electroplating process. 

Figure 11. Measured 25 Gbit/sec eye patterns of device B under 6 and 8 mA bias currents and with a 30×50 m2 active mesa size before (a) - (b) and after (c) - 
(d) the electroplating process 
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Figure 12. Measured 25 Gbit/sec eye patterns of device B under 8 and 10 mA bias currents and with a 30×60 m2 active mesa size before 
(a) - (b) and after (c) - (d) the electroplating process. 

Figure 13. Measured 25 Gbit/sec eye patterns of device B under 10 and 12 mA bias currents and with a 30×70 m2 active mesa size before (a) - (b) and after 
(c) - (d) the electroplating process. 
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Figure 14. Measured RIN frequency responses of device B before and after electroplating for devices with three different active mesa sizes (a) 30×50, (b) 
30×60, and (c) 30×70 m2. The bias current is optimized for clear eye-opening 
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IV.  CONCLUSION 
 
A novel VCSEL structure for low RIN and high-speed 
performance with single polarized outputs is demonstrated.  By 
combining a rectangular shaped mesa with an electroplated 
copper substrate in our VCSEL, significant enhancements of 
the OPSRs, narrowing of the spectral width, and reduction of 
the RIN over a wide frequency range (dc to 20 GHz) can be 
realized due to the external strain induced by the composite 
GaAs and copper substrates. Furthermore, this strain also leads 
to the increase of hole mobility in our GaAs based active layers, 
which minimizes the pronounced transit time limited E-O 
bandwidth in our device structure and greatly flattens the E-O 
frequency responses. Overall, as compared to those of reference 
devices without the additional copper substrate, the lower RIN 
and flattened E-O frequency responses of our demonstrated 
VCSELs result in significant improvement in 25 Gbit/sec eye-
opening in terms of lower timing jitter, and larger eye-heights 
and widths. 
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