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In this work, we demonstrate a novel high-power vertical-
cavity surface-emitting laser (VCSEL) array with highly
single-mode (SM) and single-polarized output perform-
ance without significantly increasing the intra-cavity loss
and threshold current (Ith). By combining a low-loss zinc-
diffusion aperture with an electroplated copper substrate,
we can obtain a highly SM output (side mode suppres-
sion ratio >50 dB) with a very narrow divergence angle
(1/€*: ~10°) under high output power (3.1 W; 1% duty
cycle) and sustain a single polarization state, with a polariza-
tion suppression ratio of around 9 dB, under the full range
of bias currents. Compared to the reference device without
the copper substrate, the demonstrated array can not only
switch the output optical spectra from quasi-SM to highly
SM but also maintain a close threshold current value (7th:
0.8 versus 0.7 mA per unit device) and slope efficiency.
The enhancement in fundamental mode selectivity of our
VCSEL structure can be attributed to the single-polarized
lasing mode induced by tensile strain, which is caused by
the electroplated copper substrate, as verified by the double-
crystal x-ray measurement results. © 2020 Optical Society of
America

https://doi.org/10.1364/0L.398896

High-power vertical-cavity surface-emitting laser (VCSEL)
arrays have recently been in great demand due to their applica-
tions for 3-dimensional (3-D) sensing [1-3]. Further increasing
the brightness of the VCSEL light source has become impor-
tant because of the sensing distance required for advanced
autonomous lidars and surveillance cameras which can range
from tens to hundreds of meters [3]. However, most of the
commercially available VCSEL arrays exhibit high multi-mode
(MM) behaviors with the 1/e* far-field divergence angle at
around 25°-30°. One of the most effective ways to significantly
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enhance the brightness is to build a VCSEL array of single-
mode (SM) VCSEL units [4,5]. Several VCSEL structures
for attaining higher SM power have been reported, including
zinc (Zn)-diffusion [4,5], surface relief [6], photonic crystal
[7], and anti-guide (leaky) cavity [8,9] structures. However,
it is necessary to incorporate extra intra-cavity loss into these
VCSEL structures to suppress the higher-order mode lasing
which usually results in an increase in the threshold current
(Zth) and degradation in the quantum efficiency, as compared
to those in reference [4-9]. Furthermore, the polarization states
of the output from these SM or MM VCSELs are usually not
stable under different bias currents [10-12]. In this study, we
successfully demonstrate a high-power 940 nm VCSEL array
structure, which can attain highly SM and single-polarized out-
put beams without increasing the intra-cavity loss and threshold
current. A narrow divergence angle (1/¢%: ~10°), high SM,
and a single polarization state can be sustained under the full
bias current range with a maximum output power of 3.1 W (1%
duty cycle and 5 A bias current). This excellent performance
can be attributed to the tensile strain induced by the integra-
tion of the electroplated copper substrate, also verified by the
double-crystal x-ray measurement results.

Interested readers can refer to our previous work for details of
the epi-layer structure and fabrication processes of the VCSEL
array [4,5]. Enhancement of the speed and power performance
has been reported for the VCSEL structure with electroplated
thick copper layers [13]. Here, the electroplating process is
performed to grow a copper substrate around 150 pm in thick-
ness on the n-metal contact (backside) of the sample, which
has 150 um thick »* GaAs substrate (after lapping) and 8 pm
thick active VCSEL cavity layers. Figures 1(a)-1(c) show top
views of the demonstrated single reference VCSEL and VCSEL
array and a conceptual cross-sectional view of the VCSEL unit,
respectively. The mesa size (W) and the spacing between neigh-
boring VCSEL units (D) in the 1 x 3 column are the same as
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Top-view of the (a) single reference VCSEL unit, (b) VCSEL array, and (c) conceptual cross-sectional view of the VCSEL unit in the

demonstrated array (W, / Wz /d:9.5/7.5/1.7 um). For clearness, (c) is not drawn to scale.
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Fig. 2.
CW bias currents (W, / W, /d:10.5/7.5/1.7 um).

(a) Measured CW L-I-V curve, (b) optical spectra, and (c) 2-D/1-D far-field patterns of a single-mode reference VCSEL unit at different

those of the VCSEL unit in the array, which hasa Wand D of
33 and 60 pm, respectively. The total number of light emission
apertures in our array is around 570 with a 1.7 x 1.7 mm?
active area. The x- and y-axes in Fig. 1(b) are defined for
1-dimensional (1-D) far-field pattern (FFPs) measurement,
which will be discussed later. The three key parameters: W,
Wo, and d, shown in Fig. 1(c), determine the mode charac-
teristics of the single device. Here, W and Wy represent the
diameter of the Zn-diffusion and oxide-confined aperture,
respectively; 4 is the Zn-diffusion depth. By properly opti-
mizing the relative sizes of these three parameters, the device
is able to achieve high SM performance under the full range of
bias currents in a 10 x 10 VCSEL array [4] at the expense of a
significant increase in the threshold current due to the increase
of internal loss (c;.). Figure 2(a) shows the measured light
output power (L) versus bias currents (/) and voltage (L-I-V)
curves of a single VCSEL fabricated with the same epi-layer
structure under continuous wave (CW) operation, produc-
ing highly SM performance at the full range of bias currents.
Figures 2(b) and 2(c) show the bias dependent output opti-
cal spectra and 1-D (x-axis)/2-D FFPs of such a device under
room temperature (RT) and CW operation. As can be seen,
although we can obtain nice FFPs with a narrow divergence
angle (1/e?: ~8°), the required threshold current (7th) must
be greater than 1.3 mA. This should result in a further increase
of the operation current in our large array. We thus choose a
single device structure (W, = 9.5 pm) with quasi-SM perform-
ance and a moderate /th value (~0.7 mA) when assembling
the array. The aperture size values for quasi-SM (W, /W /d:
9.5/7.5/1.7 um) and high SM (W, /W /d: 10.5/7.5/1.7 um)
devices are specified in the captions of Figs. 1 and 2, respec-
tively. Now, we compare the performance of our quasi-SM
VCSEL array after (array A) and before (array B) performing
the electroplating process for integration of the additional
copper substrate. Figure 3(a) shows the I-V curves of arrays A
and B measured under pulse mode (PM) operation (1% duty
cycle). Here, the current pulses, which are generated from the
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Fig. 3. (a) Measured PM (1% duty cycle) I-V curves of arrays
A and B. Measured L-I curves under (b) PM (1% duty cycle) and
(c) CW operation.

pulse current source (KEITHLEY 2461) have a 1 ms pulse-
width and a tunable duty cycle. The different values of duty
cycle for each measurement are specified in the figure caption.
We can clearly see that both arrays exhibit similar diode-like
I-V characteristics, which clearly indicates that the additional
electroplating process does not cause any degradation in the
performance of our VCSELs. Figures 3(b) and 3(c) show the
measured L versus I under PM and CW operation, respectively.
As can be seen, under CW operation, these two arrays (A and B)
exhibit the same L-I performance with the same threshold
current (/th) at around 0.3 A. On the other hand, under PM
operation, array A exhibits a slightly larger 7th (0.45 versus
0.38 A), less maximum output power (3.1 W versus 4 W), but
the same slope efficiency. The large difference in L-I character-
istics between CW and PM operation can be attributed to the
significant thermal effect that occurs in such large scale arrays
(570 units) under CW operation, which becomes the major
bottleneck to static performance in both structures. Figures 4(a)
and 4(b) show the bias dependent optical spectra measured
at different positions (A to E) for arrays A and B, respectively,

under PM operation. Here, in order to exclude the significant
thermal-induced red shift in lasing wavelengths of array A,
which will be discussed in detail later, array A has a smaller
driving current pulse duty cycle than array B (0.2% versus 1%)
during optical spectra measurement. During measurement, a

multi-mode fiber (MMF) with a ball lens tip is used to collect
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Bias dependent optical spectra measured at different positions on (a) array A and (b) array B under PM (A: 0.2%; B: 1%) operation.

The inset to (a) shows the bias dependent spectra measured under different duty cycles.

the light output from different locations on the array. We can
clearly see that after the integration of copper substrate units
into the VCSEL array, the output optical spectra from the whole
active area show significant switching from quasi-SM to highly
SM, with a side mode suppression ratio (SMSR) of over 50 dB,
from near the threshold up to the saturation output. Here, the
optical transverse side-modes are too weak to be detected by our
optical spectrum analyzer (ANDO 6315 A), which has a limited
dynamic range and wavelength resolution. In addition, as com-
pared to the spectra of array B, there is a significant blue shift in
the lasing wavelength of array A under a low bias current (1 A).
This can be attributed to the significant tensile strain induced
by the additional copper substrate. The tensile strain results in
a thinning of the thickness of the cavity layer and a blue shift of
the lasing wavelength can thus be observed (938 nm to 932 nm).
The package-induced strain will be discussed in greater detail
later. On the other hand, when the bias current increases, array
A exhibits a more pronounced red shift in the lasing wavelength
than that of array B. Such a phenomenon can be attributed to
the large difference in the thermal expansion coefficients of the
remaining GaAs and copper layers in the composite substrate
of array A. This, in turn, leads to a significant change in the
strain, cavity layer thickness, and lasing wavelengths when
the bias current (junction temperature) increases. The inset to
Fig. 4(a) shows the bias dependent spectra for array A measured
at different pulse current duty cycles (0.2%, 1%, and 2%). As
can be seen, highly SM performance can be sustained under
such a wide operation window, and the expected significant
red shift happens when the duty cycles (junction temperature)
increases. Figures 5 and 6 show the measured 1-D and 2-D
far-field patterns of arrays A and B under PM operation (same
duty cycle as 1%) but different bias currents. We can clearly see
that in contrast to array A, the Gaussian-like FFPs of array B can
be sustained only when the bias current is less than 3 A. The FFP
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Fig.5. One-dimensional (in the x-direction) and 2-D far-field pat-

terns measured under different pulse bias currents (1 to 5 A; 1% duty
cycle) of (a) array A and (b) array B.

starts to become doughnut-like with a shallow dip (<20%) in
the center of the pattern when the bias current is higher. On the
other hand, device A exhibits a perfect Gaussian-like FFP with
an extremely narrow divergence angle (1/¢%: <10°) under the
full range of bias currents, which reflects its excellent SM per-
formance, as shown in Fig. 4. From to the measured L-I curves
of both arrays (A and B), as shown in Fig. 3, we can understand
that the highly SM performance in array A is at the expense of a
slightly larger 7th (0.8 versus 0.7 mA) in each unit device than
forarray B Nevertheless, compared with the highly SM reference
sample fabricated only using the Zn-diffusion process, Fig. 2,
the unit device in array A can have a much lower /th (0.8 versus
1.3 mA), and the same highly SM characteristics. In addition,
the degradation in the maximum output power per unit device
which occurs in array A can be attributed to the spatial hole
burning effect [14] induced by the higher power density in the
center of its Gaussian mode. Such a significant transition in the
output optical mode spectra can be attributed to the significant
stress induced over the large active area in our VCSEL array by
the addition of the electroplated copper substrate. Figures 6(a)
and 6(b) show the double-crystal x-ray (DCXR) measurement
results for arrays B and A, respectively. Figure 6(c) shows the
measurement results for the bulk GaAs wafer for reference
(31.62°). As can be seen, compared with the array B, the diffrac-
tion peak of the fabricated array A shifts from 31.43° to 31.68°.
Such a shift indicates that the integration of the electroplated
copper substrate in array A pushes the internal strain shifts from
compressive (array B) to tensile (array A). Using Eq. (1) and the
measured diffraction angles, we can then obtain the change of
lattice constant in the direction of epi-growth [15] of our array
before (5.42 x 107°) and after (—1.69 x 107?) integration of
the copper substrate:

0
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Fig.6. Measured double x-ray traces of (a) array B, (b) array A, and
(c) reference bulk GaAs wafers.
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Here, « is the lattice constant of the bulk GaAs wafer, Az is
the amount of change in the GaAs lattice constant in the vertical
direction, and 6; and 6, are the measured diffraction angles
of the epi-layer and the substrate, respectively. The positive
and negative signs represent that the lattice constant is larger
or smaller than that of the reference GaAs substrate, respec-
tively. We can see that there is around 0.71% thinning of the
epitaxial layers after integration of the copper substrate. With
this information, we simulate the VCSEL reflectivity spectra
based on the ABCD matrix before and after performing the
electroplating process, as shown in Fig. 7 [16]. We can clearly
see that the etalon dip (lasing wavelength) shifts from 938 nm
to 932 nm, which is pretty consistent with the observed blue
shift (938 nm to 932 nm) in our measured optical spectra, as
shown in Fig. 4. The polarization states of most of the reported
VCSEL:s hop between two orthogonal orientations ({(110) and
(110)) with the change of bias current [10-12]. Figure 8 shows
the L-I curve of array A measured under different polarization
states obtained by using a polarizer. We can clearly see that array
A exhibits stable polarization states along the (110) orientation
under the full range of bias currents, producing a polarization
suppression ratio ({110) versus (110)) of around 9 dB, which
is much larger than that of SM reference (<1 dB), as discussed
in Fig. 2, without copper substrate induced tensile strain. Here,
we define the ratio between such two orientations as due to the
fact that they are perpendicular to each other and on the same
plane ({(001)). The enhancement of transverse mode discrimi-
nation in the Zn-diffused aperture of array A can be understood
as follows:

Letter

The existence of high-order transverse modes usually accom-
panies the higher-order polarization states so that the single
fundamental polarization state lasing in our array A can further
increase the loss of higher-order modes, thereby enhancing the
selectivity of the fundamental lasing mode [11]. In summary,
by combining low-loss Zn-diffusion apertures with tensile
strain induced by the electroplating of a copper substrate, we
can produce VCSEL arrays characterized by low /th, high SM,
FFPs with very narrow divergence angles, high available power,
and single fundamental polarization state output beam. The
demonstrated VCSEL array opens up new possibilities for fur-
ther enhancing the maximum ranging distance of time-of-flight
sensing systems at the 940 nm wavelength.
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