Phase-locked semiconductor laser array with separate contacts
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A new monolithic phase-locked semiconductor laser array has been fabricated. Employing two-
level metallization, each of the eight elements in the array has a separate contact, thus making it
possible to compensate for device nonuniformities and control the near-field and far-field
patterns. Threshold currents are approximately 60 mA for each 5-um-wide laser in the array.
Phase locking has been observed via the narrowing of the far-field pattern. Experimental results
are compared to those obtained from the same arrays operated with all the lasers connected in

parallel.

PACS numbers: 42.60.By, 42.60.He

Coherent combination of the power of several semicon-
ductor lasers operating on the same substrate has been the
subject of an intense research effort in recent years.'”'” The
motivation for phase locking is the need, in some applica-
tions, to obtain higher power levels than those available from
a single semiconductor laser in a stable radiation pattern.
The coherent (versus incoherent) combining has the added
advantages of narrowing the spatial extent of the radiation
pattern in the array plane and also potentially maintaining a
narrower output spectrum (since all the phase-locked lasers
have the same spectrum). In all the devices demonstrated so
far, all the lasers of the array were electrically connected in
parallel, i.e., a single contact was applied to the whole array.
In recent work, where interaction between only two lasers
was investigated'' each laser had its separate contact.

There are several advantages to constructing an array
such that each laser can be addressed—and hence driven—
separately and independently of the other lasers in the array.
In such a configuration uniform radiation from all the lasers
can be achieved—if needed—even when there exist nonuni-
formities among them. More generally, a separate contact of
each laser means an additional degree of freedom in the de-
sign of the array and makes it possible to investigate the
various aspects of the phase-locking mechanisms. This can
provide a better insight into the physics of coherent interac-
tion between lasers. Finally, the current distribution among
the lasers can be tailored to produce a predetermined far-
field pattern and even beam steering.'>"*

It is clear that because of the close spacing (~ 10 ym)
between the lasers of the array which is needed to achieve
efficient phase locking, two-level metallization technology is
required in a separate-contact array with three or more ele-
ments. In this letter we report primarily on the fabrication of
an eight-element monolithic array semiconductor injection
lasers, each with its own contact, and on initial tests made on
groups of lasers within it.

The array structure is shown schematically in Fig. 1.
The eight elements of the array are stripe contact lasers, iso-
lated from each other by proton bombardment (in some de-
vices isolation was obtained by etching). The stripe width is
about 5 um, and the center-to-center spacing between adja-
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cent lasers is 9 um. Using two-level metallization, separate
contact is provided to each laser, as shown in Fig. 1, thus
making it possible to apply different currents to each laser in
the array.

Fabrication of the device starts with liquid phase epi-
taxy (LPE) on an n*-GaAs substrate. The grown layers are
n-Al,,Ga,,As (2um), n-GaAs active region (0.25 um),
p-Al, ,Ga, ,As (1.5um), and a p*-GaAs (0.3 um) cap layer.
Groups of eight parallel CrAu stripes are deposited with
liftoff. The width of each stripe is 4-5 um, and the center-to-
center spacing is 9 m. Separation between adjacent stripes
is provided via either proton bombardment (energy: 120
keV, dose: 3 10'* cm ™) or wet chemical etching (H,SO,:
H,0,: H,0, 1:1:8). Next, a SiO, layer is evaporated and con-
tact holes are etched through it using standard photolitho-
graphic techniques. The second level of metallization (CrAu)
is deposited and the contact pattern defined by etching. The
last processing phase includes the standard steps of wafer
lapping, AuGe/Au deposition for the n-side (substrate) con-
tact, alloying and cleaving of individual devices. Typical
lengths of individual devices are about 250 pm.

The devices were operated under low duty cycle pulsed
conditions. Typical threshold currents of individual lasers in
the array are 60 mA. By varying the current through each
laser, the near-field and far-field distributions are controlled.
Due to limitations of the available testing station, groups of
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FIG. 1. Schematic structure of the separate contact array.
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FIG. 2. Near-field pattern of a group of four elements of the array: (a) all
four lasers operating; (b, (¢} three lasers operating; {d) two lasers operating;
[e) all four lasers connected in parallel and fed through one current source.

up to four lasers only in an array were tested simultaneously.
Testing of more than four elements simultaneously is now
under way. Figure 2 shows several near-field patterns ob-
tained from a typical group of four lasers in an array. In Fig.
2(a) all the lasers are lasing, and the current levels are adjust-

1) th

522 Appl. Phys. Lett., Vol. 43, No. 6, 15 September 1983

ed to yield as homogeneous distribution as possible. It
should be noted again that the center-to-center spacing
between the lasers is 9 gm. In Figs. 2(b} and 2(c) different
groups of three elements are lasing, and in Fig. 2(d) the cur-
rents are adjusted so that only the two lasers at the edges of
the group emit light. Figure 2(a) should be contrasted with
Fig. 2(e}, which shows the same array operated with all four
lasers connected in parallel and fed through one current
source. The nonuniformity among the lasers is clearly seen:
the lasers in the left side of the array are above the lasing
threshold, while the two right-most lasers are well below the
threshold. This figure clearly demonstrates the benefits of
being able to control each laser independently.

As noted earlier, phase locking among the lasers should
manifest itself in the narrowing of the spatial extent of the
far-field pattern in the array plane. Figure 3{a) shows a pho-
tograph of the far field of a typical laser in the array operat-
ing by itself. The relevant dimension is the horizontal one,
being in the plane of the array. (The fringelike appearance in
the vertical dimension is an artifact of the measurement set-
up.'’) The angular extent of the beam corresponds to about
8. Figure 3(b) shows the far field obtained when all the four
lasers in the array are operating. It is evident that the far-
field pattern has been significantly narrowed to about 2°.
This should be compared with the theoretically calculated
value® of 1.3°. When the array operated with all the lasers
connected in parallel, i.e., simulating an array with a single
contact, the far field is narrower than that of a single laser,
but more than twice as wide as the 2° width achieved before.
This can be understood also from Fig. 2(e) which shows the
nonuniform near field of the array under these conditions.

By changing the distribution of drive currents through
the individual lasers in the array, it is possible to operate in
the antiphase mode (i.e., adjacent lasers oscillating with a
phase difference of 7 radians) so that the resultant far-field
pattern has the typical double-lobed feature, as shown in Fig.
4. The separation between the two peaks is 7°. which corre-
sponds to an array with a separation of 7.2 um between adja-
cent elements. The discrepancy between this value and the
contact separation of 9 um might be due to either displace-
ments of the laser’s filaments with respect to the center of the
stripe contacts (note that there are only four elements in this
array, so the effects of one closer pair can dominate over the

FIG. 3. Far-field patterns: (a) one laser; (b}
four lasers operating as a separate contact
array.
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FIG. 4. Far-field pattern of an array with lasers operating in antiphase.

effects of pairs that are more widely separated), or deviations
of the phases between adjacent lasers from the nominal value
of 7 radians. Some error might also result from the angle
measurement tolerance of the experimental setup. Figure 4
demonstrates the flexibility in controlling the far-field radi-
ation pattern of separate-contact arrays.

In conclusion, we have demonstrated the possibility of
operating a monolithic semiconductor laser array where
each laser has a separate contact. While requiring the more
complex two-level metallization technology, applying a sep-
arate contact to each laser provides an additional degree of
freedom in monolithic array design, which is used, for exam-
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ple, to compensate for device nonuniformities and control
the near-field and far-field patterns. Furthermore, such an
array can be employed as a versatile tool in investigating the
basic physical mechanisms of phase locking among semicon-
ductor lasers.

The research described in this letter was performed
jointly by the Jet Propulsion Laboratory and the Applied
Physics Department, California Institute of Technology,
under contracts with the National Aeronautics and Space
Administration, the Office of Naval Research and the Na-
tional Science Foundation.
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