Inverted-V chirped phased arrays of gain-guided GaAs/GaAlAs diode lasers
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Inverted-V chirped arrays of multiple quantum well GaAs/GaAlAs lasers were grown by
molecular beam epitaxy. These arrays consisted of seven gain-guided lasers whose stripe widths
decreased, from the central laser to the outermost ones, symmetrically. This structure makes it
possible to discriminate against the higher order array supermodes, which results in diffraction
limited beams with a single lobe directed perpendicular to the laser facet. Single lobed far-field
patterns, 3°—4° wide, were obtained from inverted-V chirped arrays operated up to 1.5 ,,,. The
supermode structure of these arrays was identified by studying their spectrally resolved near

fields.

Phase-locked arrays of diode lasers can produce single
lobed, diffraction limited beams directed normal to the laser
facet only if they oscillate in the fundamental array super-
mode.!? However, most phased arrays demonstrated thus
far exhibited double lobed beams,*>~* because of their tenden-
cy to oscillate in the higher order supermodes.' Recently,
we have shown theoretically that by employing certain non-
uniform array structures, it is possible to achieve efficient
discrimination against all the higher order supermodes.®’
More specifically, by varying the widths of the laser wave-
guides and, in addition, creating a proper gain distribution
across the array, one can select the fundamental array super-
mode. Single lobed, diffraction limited beams (though de-
flected from the facet normal) were indeed obtained from
linearly chirped gain-guided arrays of GaAs/GaAlAs lasers
grown by liquid phase epitaxy (LPE).® In the present letter
we report on the performance of symmetric, inverted-V
chirped arrays of gain-guided GaAs/GaAlAs lasers grown
by molecular beam epitaxy (MBE). These symmetrically
chirped arrays can oscillate in the fundamental supermode
and, therefore, emit diffraction limited, single lobed beams
that are directed normal to the array facet. The use of MBE
grown wafers in these nonuniform array structures is par-
ticularly effective because of the wafer uniformity. This uni-
formity makes it possible to produce the desired variation in
the propagation constants of the array channels®’ in a con-
trolled fashion.

The schematic cross section of the inverted-V chirped
array is shown in Fig. 1. The arrays were fabricated from
MBE grown multiple quantum well GaAs/GaAlAs wafers.
The following layer structure was grown on an n*-GaAs
substrate: 1.5-um Sn-doped Gag,Aly;As, n=>~2x 10"
em~? (cladding layer); four GaAs quantum wells, 200 A
each, spaced by three 220-A Gay, Al As barriers (active
region); 2-um Be-doped Gag,Aly;As, p~2x 10" ¢cm~—3
{cladding layer); and 0.2-um Be-doped GaAs, p~2X 108
cm ™ (contact layer). The seven laser stripes in each array
were defined by shallow proton implantation (80-keV pro-
tons, 3 X 10" em~? dose) through a photoresist mask. The
implanted regions penetrated down to about 0.7 um from
the surface of the wafer. The widths of the laser stripes varied
from 7 um at the central channel to 4 um at the outermost
channels, symmetrically, in steps of 1 um. The channel spac-
ing was 2 um. A single Cr/Au contact layer was used on the
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p side of the array, and AuGe/Au contact was used on the 7
side.

The variation in the widths of the channels in the
chirped array results in a variation of the (complex) propaga-
tion constant S of the guided optical mode in each channel.
This variation in 5, in turn, modifies the near-field patterns
of the array supermodes, compared to those in a uniform
array. In the inverted-V chirped array, the power of the fun-
damental supermode is concentrated in the central channels,
whereas the higher order supermodes are more localized in
the outermost channels.®” Since the gain in the active region
is larger under the wider laser stripes,® the fundamental su-
permode is expected to have higher modal gain (near thresh-
old). This combination of modal power redistribution, com-
pared to uniform arrays, and profiled gain results in the
preferred fundamental supermode oscillation.

A basic optical model was developed for the inverted-V

chirped array. Following the effective index method, '’ the y
component of the electric field can be written as £, (x,p,z,)
= F(x,y)& (yv)exp(ifz),where B is the propagation constant
and F depends weakly on y (see Fig. 1 for definition of the
coordinate system). For the case of weakly coupled channels,
we may write

E)=F0) 3 By ) ()

where £ (y) is a slowly varying envelope function and &, (),
! =1,2,---N, describe the lateral field distributions in each of
the & individual channels which are centered about y = y,.
It can be shown’ that & satisfies approximately the Helm-
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FIG. 1. Schematic cross section of the inverted-V chirped array.
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FIG. 2. Far-field patterns (in the junction plane) of an inverted-V chirped
array for various array currents, The threshold current was 7, = 250 mA.

holtz equation

d*&/dy* + [klely) —B*] %€ =0, (2)
where €{p) is a smooth function for which e(y,) = 8%/k 2, B,
being the propagation constant in the / th channel. (k, = 27/

A,, where 4, is the free-space wavelength.) Approximating
€(y) by a parabolic distribution,

€(y) = €(0) — (P /K 2)? (3)
the solution of (2) is
&,y)=H,(P""y) exp( — P'/? y*/2), (4a)

B2=k2e0)— 2v+ 1)P?2 vy =12,N, (4b)

where H, are Hermite polynomials. If the field distributions
&, do not change much with /, one can approximate the far-
field patterns of the supermodes by
%.(0)x&,0)H,[k, sin @ /P4

X exp[ — (k, sin 8)*/(2P 3], ()
where @ is the far-field angle (in the junction plane)and £ ,(6 )
is the far-field distribution of each individual array element.
Equations (4) and (5) show that, for an inverted-V chirped
array, the envelopes of the supermode near fields and the
supermode far-field patterns can be approximated by
Gauss-Hermite functions.

The inverted-V chirped arrays were tested under low
duty cycle pulsed conditions (200-ns pulses). The threshold
current was typically 200 mA for 250-um-long devices. Fig-
ure 2 shows the evolution of the far-field pattern (measured
parallel to the junction plane) of such an array as the pump-
ing level is increased. The far-field pattern consisted of a
single lobed pattern up to more than 1.5/, . The beam full
width at half-maximum power (FWHP) increased from less
than 3°at 1.1/, toabout4°at 1.57 1 . A remarkable property
of the beam shape (at these pump levels) is that virtually all
the beam power is contained within the main lobe, unlike the
situation in other ‘‘single lobed” radiation patterns de-
scribed previously.''="* This single lobed pattern is consis-
tent with the Gaussian far-field pattern of the fundamental
supermode predicted by Eq. (5). At higher excitation levels
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FIG. 3. Near-field patterns {in the junction plane of an inverted-V chirped
array for various array currents. The threshold current was /,, =250 mA.
The cross-hatched regions indicate the location of the laser stripes.

the beam divergence increased and additional structure ap-
peared beside the main lobe {see Fig. 2). This is due to the
excitation of higher order supermodes as discussed below.
The evolution of the near-field pattern (in the junction
plane) at increasing pump levels is shown in Fig. 3. Below
threshold, the spontaneous emission distribution mimicks,
approximately, the gain distribution across the array (at
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FIG. 4. (a) Spectrally resolved near-field photographs of an inverted-V
chirped array, at various array currents. The wavelength is 0.87 um. (b)
Near-field patterns of the four resolved supermodes observed at I = 1.87 ;.
The cross-hatched regions indicate the location of the laser stripes.
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threshold), and demonstrates how the stripe design serves to
tailor the lateral gain distribution so as to favor the funda-
mental supermode. Up to about 1.5/ ;,, the near-field intensi-
ty is localized in the central array channels. Assuming a
Gaussian far-field pattern with FWHP of 3°, Egs. (4) and (5)
imply that the envelope of the near-field pattern be a Gaus-
sian with FWHP of 7.6 um (4 = 0.9 um was used). This is
consistent with the patterns in Fig. 3. In this sense, the far-
field patterns of Fig. 2 (close to threshold) are diffraction
limited. At currents above 1.5/, , more power is seen to ap-
pear in the outermost array channels. This is due to the exci-
tation of higher order supermodes and is consistent with the
far-field broadening shown in Fig. 2.

Figure 4(a) shows photographs of the spectrally re-
solved near field of the chirped array, obtained at various
currents above threshold. Closer to the threshold, the array
lased in essentially a single longitudinal mode as well as in
the fundamental supermode. At higher currents additional
supermodes could be identified in the spectrally resolved
near field, as was deduced from their different spatial inten-
sity patterns and from their different frequencies. At
I=1.381,, four supermodes could be observed clustered
about the Fabry—Perot (FP) mode frequencies. Their mea-
sured spatial intensity distributions are shown in Fig. 4(b).
These supermode patterns have the general feature that the
lowest order ones are more localized in the array center, as
expected from the Gauss—Hermite approximate solutions in
(4). At least for the lowest order supermodes v =1 and
v =2, one can identify near-field envelopes which agree
qualitatively with those predicted by (4a). Note that the high-
er order supermodes appear at shorter wavelengths, in agree-
ment with (4b). The splitting between the supermode fre-
quencies, in units of the FP mode spacing, is 0.2 betwen
v=1and v=2and 0.1 betweenv=2andv=3orv=3
and v = 4. Using the value of 3° for the FWHP of the funda-
mental supermode far field, 4, =0.87 um, the effective
mode index equals to 3.4, and the measured diode length
L =150 um, Eq. (4b) gives a constant frequency splitting of
0.1 times the FP mode spacing. A better fit to the experimen-
tal data is obtained using a sech? profile for the gain distribu-
tion, instead of (3).

In the chirped arrays, the discrimination against the
higher order supermodes is achieved due to the larger over-
lap of the near-field pattern of the fundamental supermode
with the gain distribution. However, this discrimination is
maintained only at sufficiently low power levels at which
gain saturation effects are not important. At higher power
levels, the gain distribution becomes depleted in the array
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center due to stimulated emission into the fundamental su-
permode. This spatial hole burning results in the excitation
of the higher order supermodes, as was observed in the ex-
perimental results described above. The pump level at which
the higher order supermodes dominate depends on the pho-
ton density in the fundamental supermode which, in turn,
depends on the rate at which the envelope of the effective
dielectric constant €(y) [see (2)] changes across the array.
Clearly, a more moderate variation of € can postpone the
appearance of the higher order supermodes to higher power
levels and would also reduce the beam divergence of the fun-
damental supermode. This can be achieved, e.g., by using a
more moderate variation in the stripe widths. On the other
hand, a too small variation in €{y) would reduce the super-
mode discrimination at threshold [as obviously happens in
the limit of constant (), i.e., in the case of a uniform array?®).
Thus, the single contact chirped arrays should be properly
designed in order to achieve optimal performance. One pos-
sible way to avoid the appearance of the higher order super-
modes is to use separate laser contacts'* in order to modify
the gain distribution across the array at each power level, as
to maintain a fundamental supermode operation.
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