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Abstract: Two-dimensional in-phase coherently coupled vertical cavity surface emitting
laser (VCSEL) array with high beam quality was fabricated by proton implantation. Indium–
tin–oxide (ITO) current spreading layer was employed to improve the uniformity of the
injection current. This makes a coherent array to operate in in-phase mode even in a
relatively larger scale. The appropriate thickness of ITO current spreading layer was
obtained by experiment (80 nm). The procedure of proton implantation defined array is
considerably simple and low cost. A 3� 3 in-phase coherently coupled array with 2.4� (1.28�
D.L.) of lobe beamwidth was achieved. It sufficiently demonstrates the advantages of the high
beam quality of the in-phase coherently coupled arrays. The output power of the array was
up to 4.5 mw under pulse-wave condition.

Index Terms: Coherently coupled VCSEL array, in-phase, high beam quality.

1. Introduction
Array integration is a method often used to obtain a high laser power output. Compared with the
traditional edge emitting lasers, the vertical cavity surface emitting lasers (VCSELs) get an increasing
interest due to the obvious advantages in the realization of two-dimensional integration [1], [2].
However, it is desirable to use coherence light sources with higher brightness rather than those only
with higher power in the application of imaging, optical interconnects, parallel optical signal process
and communication [3], [4]. Therefore, the arrays operating in in-phase coherently coupled mode are
preferred in order to get an on-axis angular narrow beam far field, even a near-diffraction-limited [5],
[6] beam quality so that the optical energy can be concentrated in the central lobe.

To achieve effective coherently coupled among the VCSELs in an array, a variety of methods have
been tried. The first report of coherently coupled VCSEL array came fromYoo et al. [7] through air gap
between VCSELs. After that, reflectivity-modulated VCSEL arrays [8] were proposed by etching
features in the DBR mirror. However, the out-of phase array modes were normally obtained by these
methods. Photonic crystal architecture and proton implantation can be combined [9] to make the
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elements in the array coherently couple in phase with a small scale (2� 2). The anti-guide effect can
be generated by the carrier induced index depression and the thermal lens for this proton implantation
array, with an approximate index step of 3� 10�3 � 4� 10�3 to keep a steady coupling among
element. However, when the scale is as large as 3 � 3, or higher, the array suffers from the non-
uniformity of injection current. The injection currents are insufficient in those elements far away from
the electrodes, which would delay in their lasing, even affect the coupling between the array elements
seriously. The patterning metal grid electrode [10], [11] can improve the uniformity of the injection
current. Nevertheless, the out-of-phasemodes or other adjacent modes will be in dominant due to the
absorption loss introduced by the metal electrode in the inter element region. In this case, the far field
shows twin-lobed on-axis null, inconvenient to fiber collimation and focusing. On the other hand,
cavity induced anti-guide structure array has a very strong mode selection capability due to the
inherent leak wave coupling mechanism. So the array can still work in an in-phase mode even if the
metal grid is applied to deal with the uniformity of injection current. 4 � 4 and 5 � 5 in-phase coupled
arrays have been achieved by Delai Zhou [12] and Lin Bao [13], respectively. However, secondary
epitaxial growth processes were used to get their cavity induced anti-guide structure, and the
performance of the array was very sensitive to the dimension of inter element region, leading an
increasing of fabrication complexity and cost. In this paper, two dimensional (2-D) coherently coupled
arrays of vertical cavity surface emitting lasers (VCSELs) were fabricated by proton implantation. The
procedure for the array is considerably simple and the cost is low. The appropriate thickness of ITO
current spreading layer was employed on the p-type top DBR to improving the uniformity of the
injection current. A 3 � 3 in-phase coherently coupled array was achieved with an output power of
0.36 mw and 4.5 mw under continuous wave and under pulse, respectively at room temperature.
The far field divergence angle is 2.4�, up to 1.28 � D.L.

2. Experimental Details
The VCSEL epitaxial structure with 850-nm emission wavelength was grown on an n-GaAs
substrate. The quantum well is GaAs and the barrier layer is Al0:3Ga0:7As. (This article is focused on
the coherently coupled array, so we employed the conventional quantum well. As to the 850 nm
emitting VCSELs, the AlInGaAs, InGaAsP strain quantum well and narrow InGaAs quantum well
can improve the differential gain in the active regions, thus resulted in both high speed and high
temperature characteristics.) The material contains 22.5-pairs of p-type top DBR and 34.5-pairs of
n-type bottom DBR, consisting of alternating Al0:9Ga0:1As=Al0:12Ga0:88As layers. The DBR doping
concentration is 3:5� 1018=cm3 and has a 1:9� 1019=cm3 concentration in the top ohmic contact
layer. All the array element dimensions are 6 �m� 6 �m. The inter element region was chosen to
4 �m to allowing for a single lasing fringe between array elements. Proton implantation was used
to define the apertures of the array. A schematic cross-section view of the array and the top view
of the mask are shown in Fig. 1. A thick silicon dioxide mask was formed by PECVD and ICP

Fig. 1. (a) Schematic cross-section view of the array and the top view of the mask. (b) Two kinds of
electrode: the square frame electrode and the grid electrode.
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etching. Then, the proton implantation was performed at a dose and energy of 1� 1015=cm2 and
315 kev, respectively. The array scale is 3 � 3. As shown in Fig. 1, two kinds of metal electrode
were prepared, the square frame electrode and the grid electrode. Three kinds of structure were
fabricated respectively, namely structure 1: square frame electrode and without ITO current
spreading layer; structure 2: metal grid electrode and without ITO current spreading layer; structure 3:
square frame electrode and with 80 nm ITO current spreading layer on the p-type top DBR.

3. Results
Fig. 2 is the near field profile of the three structures aforementioned. From Fig. 2(a), we can find that
the light intensity of the central element is very weak and the coupling among elements is
insufficient (without characteristic fringes between elements). This is caused by non-uniformity of
the injection current due to square frame electrode and lack of ITO current spreading layer in
structure 1. The injection current level is abnormally low in the elements away from the electrodes.
On the contrary, the grid electrode used in structure 2 [Fig. 2(b)] can offer the equal current to all
elements, insuring them lasing at the same time. However, because of optical absorption by themetal
in the inter element region, the fundament in-phasemode (only one fringe between the elements) was
depressed, and two fringes appeared instead between the elements, indicating an out-of-phase
couplingmode. Since the ITO current spreading layer was introduced in the structure 3, the uniformity
of injection current was greatly improved though the square frame electrode was used. Moreover,
there is only one fringe in the inter element region [Fig. 2(c)], a typically features of the fundamental
in-phase mode which can also be confirmed in the far field distribution shown in Fig. 6.

To describe the improvement of the uniformity of the injection current by ITO current spreading
layer, COMSOL was used to simulate the current distribution of structure 1 and structure 3. We
consider a position above the active region and below the peak zone of the proton implantation (e.g.:
Fig. 1 B-B0 position). Herein, the injection current flows from the beam aperture into the active region
and the bottom electrode is far from it. Consequently, the current is almost perpendicular to the B-B0

plane. Thereby, the B-B0 plane can be taken as an equipotential plane [14] and be equivalent to a
metal electrode. Each P-type DBR layer was treated as a homogeneous resistance. By applying a
voltage between the square frame electrode and the equivalent electrode, the current distribution in
the B-B0 plane can be simulated, as shown in Fig. 3. It can be seen that the array of structure 1 suffers
from the non-uniformity of injection current, especially in the central element. This would affect the
coupling between the array elements seriously. The calculated current density distribution of
structures 1 and 3 in the B-B0 plane along the A-A0 direction (see Fig. 1) is illustrated in Fig. 4, where
the sheet resistance of the ITO is taken as 30 ohm, a measured value. It can be seen that the
difference of current density between the central element and the elements close to the electrodewas
significantly reduced since the 80 nm ITO current spreading layer was introduced, which effectively
supported the coupling among elements. The uniformity of current distribution will be further improved

Fig. 2. Lasing near field images of the three kinds of structure. (a) Structure 1: square frame electrode
and without ITO current spreading layer at the injection current of 15.2 mA; (b) structure 2: grid electrode
and without ITO current spreading layer at the injection current of 16.5 mA; (c) structure 3: square frame
electrode and with 80 nm ITO current spreading layer on the p-type top DBR at the injection current of
14.3 mA.
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if the sheet resistance of current spreading layer can be reduced to 10 ohm (see the curve of
structure 30 shown in the Fig. 4). As can be seen in the inset of Fig. 6, the threshold currents of
structure 2 and structure 3 are 9.2 mA and 10.1 mA, respectively, implying the sufficient current
spreading in structure 3 thanks to the ITO layer.

The near field and far field distribution can be utilized to judge whether the output status is in-
phase, showing an on-axis maximum in the far field, or out-of-phase, showing twin-lobed on-axis
null. According to the near field experiment results shown in Fig. 2, only one fringe appeared in the
inter element region of structure 3, indicating a phase difference of 0 or 2� between the adjacent
element. Similarly, there were two fringes in the inter element region of structure 2, indicating a
phase difference of � or 3� between the adjacent elements [15]. FDTD-solution was used to
simulate the two situations. The distribution of the far field was simulated after setting the phase of
each element. The result is shown in Fig. 5. The circles represent emission degree from the normal
of laser facet. When the phase difference between the adjacent elements is 0 or 2�, the far field
patterns demonstrate an on-axis maximum [Fig. 5(a)]. When the phase difference between the
adjacent elements is � or 3�, the far field patterns demonstrate an on-axis null [Fig. 5(b)]. This
simulation result agrees well with the experiment result.

The far field distributions in one dimensional scanning of structure 2 and structure 3 are shown in
Fig. 6. It can be seen that the far field distribution of structure 3 and structure 2 are an on-axis
maximum and an on-axis null, respectively, corresponding to the in-phase and out-of-phase mode,

Fig. 3. Current distribution of the structure 1 in the B-B0 plane simulated by COMSOL. The color bar is
the normalized current intensity.

Fig. 4. Calculate current density distribution of structures 1 and 3 in the B-B0 plane along the A-A0

direction. The sheet resistance of the ITO is taken as 30 ohm and each P-type DBR layer was treated as
a homogeneous resistance.
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Fig. 5. Simulated far field (a) an in phase on-axis maximum far field and (b) an out of phase on-axis null
far field. The simulated distributions of the far field according to the near field experiment results shown
in Fig. 2(b) and (c). The circle represents emission degree from the normal of the laser facet and the
color bar is the normalized intensity.

Fig. 6. Far field distributions in one dimensional cross section scanning of structure 2 and structure 3 at
13.3 mA and 15.3 mA under CW at room temprature, respectively. The far-field lobe Full Width at Half
Maximum of structure 3 is 2.4� (1.28 � D.L.). The blue line is the far field distributions of an element of
the array. Inset: the P-I curve of structure 2 and structure 3 under CW at roomtemprature, the threshold
currents are about 9.2 mA and 10.1 mA, respectively.

Fig. 7. P-I curve of structure 3 under pulse wave condition with a duty cycle 0.2% and pulse frequency
100 Hz, respectively.
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respectively. It should be noted that the far field divergence angle of structure 3 is only 2.4�, up to
1.28 � D.L. and is far less than that of an element of the array (10�). This indicates the benefit of a
coherently coupled array operating in in-phase mode in order to acquire a smaller divergence
angle, even to the diffraction limit. In this way, the beam energy can be concentrated to obtain a
high brightness light source. Fig. 7 is the P-I curve of structure 3 under pulse-wave condition with a
duty cycle 0.2% and pulse frequency 100Hz, respectively. The output power of the array was 4.5mw.

4. Conclusion
3 � 3 in-phase coherently coupled arrays were achieved by improving the uniformity of the injection
current via ITO current spreading layer. The far field divergence angle is 2.4�, up to 1.28 � D.L. It
sufficiently demonstrates the advantages of the high beam quality of the in-phase coherently
coupled arrays. The output power of the array was up to 4.5 mw under pulse-wave condition with a
duty cycle 0.2% and pulse frequency 100 Hz, respectively. The metal grid electrode can make the
injection current more uniform and can suppress the non-resonant mode in the anti-guide array
structure. However, it can get the out of phase output mode almost time. The procedure of proton
implantation is also considerably simple and can be used as alternative to other array
implementations due to the low cost.
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