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Beam steering in implant defined coherently coupled vertical cavity surface emitting laser (VCSEL) arrays is
simulated using the FDTD solution software. Angular deflection dependent on relative phase differences among
elements, inter-element spacing, element size and emitted wavelength is analyzed detailedly and systematically.
We design and fabricate 1x 2 implant defined VCSEL arrays for optimum beam steering performance. Electroni-
cally controlled beam steering with a maximum deflection angle of 1.6° is successfully achieved in the 1x2 VCSEL
arrays. The percentage of the power in the central lobe is above 39% when steering. The results show that the
steering is controllable. Compared with other beam steering methods, the fabrication process is simple and of

low cost.
PACS: 42.55.Px, 61.72.uj, 42.25.Ja

Beam steering is important for a wide range
of applications,[' ! including signal processing, dis-
play, laser scanning and free-space interconnection.
Mechanical methods limit steering speed, sizes and
lifetime.[*"] Non-mechanical methods are more sen-
sitive and more reliable, which are very important
for laser radar application. To achieve the goal, sev-
eral methods have been proposed. In-plane liquid
crystal devices with a separation structure realized
beam steering.[/] Output-beam scanning and switch-
ing characteristics in lasers were achieved via sepa-
rately controlled twin-stripe electrodes.l”) Beam di-
rection was controlled via semiconductor lasers using
two-dimensional photonic crystals with triangular air
holes.[!]

A new method to achieve beam steering is via
coherently coupled vertical cavity surface emitting
laser (VCSEL) arrays. An independent injection cur-
rent into every element varied the relative phase be-
tween elements and caused electronic beam steering
in the far-field profile. The coherently coupled VC-
SEL arrays were fabricated by the proton implanta-
tion process.[’ '] The beam steering in implant de-
fined VCSEL arrays was firstly reported by Lehman
et al.l'”l Johnson et al. analyzed the phase extraction
from a phase array.'”] It should be noted that the
deflection angle and the beam quality in steering are
affected by many array parameters. It is therefore im-
portant to understand the influence of these parame-
ters on steering characteristics. There are few, if any,
studies discussing the optimization of VCSEL arrays
for beam steering in this respect. In this work, we
study the effect of relative phase difference between
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elements, inter-element spacing, element width and
emitted wavelength on deflection angle, divergence
and side lobe intensity. We use the FDTD solution
software to simulate the far-field variation of coher-
ently coupled arrays. In addition, we design and fab-
ricate 1 x 2 implant defined coherently coupled VC-
SEL arrays. Novel contacts are designed to make the
current injection controllable into each element. The
maximum deflection angle is 1.6°. Controllable and
highly coherent beam steering is achieved successfully.
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Fig. 1. Schematic structure of a 1 x 2 VCSEL array for
beam steering.

In the implant defined VCSEL arrays, the refrac-
tive index is affected by both thermal and carriers.
Thus the index profile across the active region varies
with the current injection. Therefore, the phase of
each element can be controlled by the current injec-
tion separately. A schematic structure of a 1 x 2 beam
steering VCSEL array is shown in Fig. 1. To investi-
gate properties of beam steering in the VCSEL arrays,
we use FDTD solution software based on the finite dif-
ference method to simulate beam steering. The model
consists of DBRs and the active region. The size of
the model is the same as actual devices. The virtual
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light sources in each element are set to be of Gaussian
distribution, emitting from the active region into top
DBRs. The perfect matched layer (PML) boundary
condition is employed.

Fig. 2. Simulated far-field profiles of 1x2 arrays with dif-
ferent element phases.

Firstly, we investigate the angular deflection de-
pendent on the relative phase difference (¢). In the
simulation, the size of the element (w) is 6 pm x 6 pm
and the inter-element spacing(s) between elements is
4 um. The emitted wavelength A is set as 850nm. The
simulated far-field profiles of 1 x 2 arrays of different
phase differences are shown in Fig. 2. The greater the
relative phase difference between the two elements is,
the larger the shifted angle in the far-field profile is.
An in-phase coupled far-field profile appears when the
elements are of the same phase. When the phase dif-
ference is above 90°, there are two lobes in the far-
field profiles apparently. An out-of-phase mode oc-
curs when there is 180° phase difference between ele-
ments. The deflection angles and the intensity ratio
between lobes in far-field profiles versus the relative
phase difference between elements are carried out in
Fig. 3. From this date, the deflection angle varies lin-
early with the relative phase difference. The inten-
sity ratio between the main lobe and the side lobes
reaches a maximum of 2.05 while the two elements are
in-phase with each other. The intensity in side lobes
increases when there is a relative phase difference be-
tween elements and therefore the intensity ratio de-
creases, which indicates that the angular deflection
lowers the intensity contrast.

Inter-element spacing is an important factor influ-
encing angular deflection in far-field profiles. In this
simulation, the size of the element is 6 ym x 6 pm and
the emitted wavelength is 850 nm. The phase differ-
ence between the elements is fixed to a constant of 90°.
Figure 4(a) shows the simulated 1D far-field profiles

with different inter-element spacings. It shows that
the peak of the far-field profile shifts to the left when
the inter-element varies from 2 pim to 6 um. From this,
we may conclude that the angular deflection decreases
with increasing the inter-element spacing. Therefore,
to achieve a larger angular shift in the far-field pat-
terns at a fixed phase difference between elements, de-
creasing inter-element spacing between elements is re-
quired. However, in the practical fabrication process,
a very small inter-element spacing is hard to achieve
because of the inaccuracy in etching and lithography.
With the improvement of the fabrication process, it
is possible to compress the intensity of side lobe in
the future. In addition, the modal properties depen-
dent on inter-element spacing must be accounted for
in the VCSEL array design. According to our pre-
vious results, the in-phase mode is radiated as the
inter-element spacing is from 2 um to 4 pm.[”] Thus
the inter-element spacing was chosen as 2 um for con-
sidering both the steering angle and the array mode.
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Fig. 3. Deflection angle and intensity ratio between lobes
in far-field profiles versus the relative phase difference be-
tween elements.

The far-field profiles dependent on the width of el-
ements are also simulated as shown in Fig.4(b). The
center-to-center distance is a constant of 10 pm. The
emitted wavelength is 850 nm and the relative phase
difference is 90°. It is clear that the increase of the
element width just reduces the intensity peak of side
lobes, and makes no change to the steering angle. En-
larging the element width can concentrate more power
in the central lobe. It is important to lower the inten-
sity of side lobe power to increase the distinguishing
ability. However, for a single VCSEL emitter, enlarg-
ing the width typically makes the higher-order mode
radiate. It is necessary to keep a fundamental mode
operation in elements to achieve in-phase mode in the
coherent arrays. Thus the width of the elements is
chosen as 7 pm in our experiment to lower the inten-
sity of side lobes and to avoid a higher-order mode to
be radiated from each element. The far-field profiles
dependent on emitted wavelength analysis was also
undertaken, as shown in Fig.4(c). The inter-element
spacing is kept to be 4 um and the size of the ele-
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ment is 6 um x 6 pm. It is obvious that the peak of
far-field profiles shifts to the right while the emitted
wavelength increases. Increasing wavelength is an al-
ternative to obtain a larger deflection angle. Table 1
summarizes the deflection angle varying with different
array parameters.
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Fig. 4. (a) Simulated 1D far-field profiles of arrays with
different inter-element spacings, (b) widths of elements,
and (c) emitted wavelengths.

We fabricated the implant defined VCSEL arrays.
The epitaxial structure with 850 nm wavelength was
grown on a good uniform n-GaAs substrate by men-
tal organic chemical vapor deposition (MOCVD). The
structure consists of 22.5 pairs of p-type top DBRs
and 34.5 pairs of n-type bottom DBRs. The quantum
well is GaAs and the barrier layer is Alg3Gag 7As.
The concentration in the top layer is 1.9 x 109 /cm3
to form ohmic contact. The process used to form an
implant-defined VCSEL array was as follows. Firstly,
thick SiO, was deposited on the surface of the wafer
using PECVD. The proton implantation resist masks
were made by inductively coupled plasma etching.
The peak implant damage is usually designed to occur
somewhat above the quantum wells to avoid excessive
damage to the active medium. A 315keV proton im-
plantation with a dose of 1 x 10'®/em?® was employed
for the VCSEL array. To avoid ion channeling during

implantation, the samples were inclined by 7° from
normal. To electrically isolate an element from the
other element, multiple stacked implants with succes-
sively decreased energy were made. Next, the proton-
implantation resist masks were removed. A novel con-
tact was designed to make possible the control of cur-
rent injection into each element separately. The novel
contact consists of an Au nano layer and separated
Ti/Au electrodes. The Au nano layer was used to
form the current route from electrodes to elements.
Finally, AuGeNi/Au was deposited on the GaAs sub-
strate to form the cathode.
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Fig.5. The P-I-V curves of (a) left element and (b)
right element with current injection to only one element.
Insets: corresponding near-field profiles, showing sufficient
isolation between elements.

The current-voltage-power characteristics of two
elements with respective current injections (I, and
Ig) are shown in Fig.5. The corresponding near-
field profiles measured by a CCD camera are shown
in the insets. It can be seen that the injected cur-
rent was restricted to its aperture, indicating that ef-
fective isolation between the elements was achieved.
The resistance between the left and right contacts is
about 1.6 x 10°€. The threshold of the left element
is 2.25mA. The series resistance of the left element
is 101.31 Q2 under the current of 4 mA. The threshold
of the right element is 2.75 mA. The series resistance
of the right element is 101.78 Q2 under the current of
4mA. The two elements were initially designed to be
the same. The difference may come from misalign-
ments during photolithography and non-uniformity in
the etching process. Thus the peak of the far-field
profile may not be on-axis because of the difference
between the two elements. By independent current
injecting into each element, the peak location of the
far-field profile can be varied.

Table 1. Deflection angle variation with different array parameters.

w = 6 um, A = 850nm, ¢ = 90°,
Inter-element spacing (pm)
2 4 6

Array parameters

s =6pum, A =850nm, ¢ = 90°,

w=6pm, s =4um, ¢ =90°,
element width (pm) wavelength (nm)
6 7 850 1150 1450

Deflection angle (deg) 1.25 1.55 1.8

1.55 1.55 1.55 1.55 1.9 2.3

Figure 6(c) shows the schematic of the experimen-
tal setup for near-field and far-field measurements.
The device was driven under continuous conditions
by two separate current sources. Near-field and far-

field profiles were measured for current values Iy, and
Ir injected into the left and right contacts. When
I, = 3.9mA and Ig = 4.1mA, a generated in-phase
coherently coupled near-field profile and far-field pro-

034202-3


http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol.35, No.3(2018) 034202

file are shown in Figs.6(a) and 6(b), respectively.
There is one dominant lobe in the far-field profile. The
full width at half maximum (FWHM) is only 2.4°.
The intensity of central lobe is above 1.77 times as
high as that of any subsidiary lobes. Approximately
44.6% of total power is localized in the central lobe.
This indicates that the two elements have nearly equal
phases.

CCD camera

Power supply Laser beam profiler

~“White screen

(©) VCSEL array

Fig. 6. Current injected to both the elements producing
coherent (a) near-field profile and (b) far-field profile. (c)
Schematic diagram of experimental setup.

3.6mA §§ 3.9mA 4.3mA

Fig. 7. Measured far-field profiles of the 1x2 arrays under
different combinations of current values.
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Fig. 8. Defection angle, power in central lobe and inten-
sity ratio between lobes in far-field profiles versus Ig — Ig,.

Then we investigated the function of beam steer-
ing of the 1x2 coherently coupled arrays. The peak

of far-field profiles can be varied via independent cur-
rents injected into each element. The current (Ir)
injected into the right element varies from 3.5mA to
4.5mA. The current (I,) injected into the left ele-
ment maintains a constant of 3.9mA (1.71;,). The
measured far-field profiles of the array under different
combinations of current values are shown in Fig. 7. It
can be observed apparently that the beam moves in
two directions. When Iy is above 4.1 mA, the peak of
the central lobe in the far-field profile moves towards
the right. When Iy is below 4.1 mA, the peak of the
central lobe in the far-field profiles moves towards the
left. The results indicate that the control of beam
steering is achieved successfully. The deflection angle
of the peak of the central lobe in the far-field profile
versus Ig — I, is shown in Fig. 8. The deflection angle
is nearly linear with Igx — I;,. The trend is the same
as the simulated results in Fig.3. When Ig — Iy, is
0.2mA, the far-field angle deflects 0°. The peak of
the far-field profile appears on-axis, which is emitted
perpendicular to the surface of the wafer. The inten-
sity ratio between the central lobe and the side lobe
is also shown in Fig. 8. The intensity ratio of the cen-
tral lobe to the side lobe is 1.77 to 1 when Ig — I, is
0.2mA. When Ig — Iy, is 0.8 mA, the deflection angle
reaches a maximum of 1.6°. The intensity ratio of the
central lobe to the side lobe is 1.09 to 1. This indicates
that the beam quality becomes worse when the angu-
lar shift happens. The full-width at half-maximum of
the central lobes keeps between 2.4° and 2.7° when
steering happens. The power in the central lobes ver-
sus Ir — Iy, is also shown in Fig. 8. Between 39% and
46% of total power is concentrated in the central lobes.
The results show high power in the central lobe with
low divergence, which is desirable in practical steering
application.
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Fig. 9. Measured spectra of the right element at different
currents. Inset: measured spectrum of the left element at
3.9mA.

Figure 9 shows the measured spectra of the right
element at different currents using the optical spec-
trum analyzer (AQ 6370c). The spectrum of the left
element at 3.9mA is shown in the inset. The peak
wavelength is 846.48 nm. It can be seen that the right
element emits at a smaller wavelength than that of
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the left element when the current to the right element
is lower than 3.4mA. Similarly, if the current in the
right element is larger than 3.4 mA, the emission from
the right element is at a longer wavelength than that
of the left element. The emission spectra in the two
elements are equal when the current in the right ele-
ment is 4.1 mA and the current in the left element is
3.9mA. At this moment, the coherence between the
elements is the strongest, which is also obtained from
the tested far-field profiles. With the increase of the
relative current difference between the elements, the
coherence decreases. It is possible that some transi-
tions occur from coupled mode to independent modes
in each element.

In summary, we have proved that to obtain a larger
deflection angle, except for a larger relative phase dif-
ference, decreasing inter-element spacing and increas-
ing emitted wavelength are both needed. The width
of elements can only impact the percentage of the to-
tal power concentrated in the central lobe. We design
and fabricate implant-defined coherently coupled ver-
tical cavity surface emitting laser arrays according to
the simulated results. Novel contacts are designed to
make currents inject into each element independently.
This proves that the beam steering in the coherently
coupled arrays is continuous and controllable. The
maximum deflection angle in far-field profiles of the
1 x 2 arrays is 1.6°. The array can maintain a stable
and narrow divergence beam, which is desirable for

steering applications.
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