Eq. (15) is attained at £ =0.01, 0.018, and 0.024 um for
o =50, 75, and 100(eV) ™!, respectively. These results are
illustrated in Fig. 3, where we have graphed (£,,),, vs ¢ for
this laser. Similarly if o = 100(eV)™', I' =0.3 (for t=0.1
um),a, = 10ecm ™', R, = R, = 0.32, then L must be greater
than 38 um.

Several other restrictions apply in comparing Eqgs. (11)-
(15) with experimental observations. First, if the waveguide
is not exactly symmetrical, the mode becomes cutoff before ¢
attains zero, that is '—0 for ¢ > 0, such that I,; — o at some
small positive value of z. All the equations, but (13), are valid
for the nonsymmetric waveguide. In addition for very thin
active regions 7, may not be constant and lastly quantum
well effects'® become important for active region thicknesses
below about ¢ = 0.04 um. Under those circumstances the
exponential form of the absorption edge, from which our
results were developed, is no longer an adequate description.

In summary, by using a simple expression for the band-
to-band absorption of the active region material in a diode
laser we have formulated an equation for the modal gain and
employed that result to derive simple formulas for threshold

current density and lasing wavelength as functions of the
device parameters, including active region thickness, laser
length, etc.
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InGaAsP/InP undercut mesa laser with planar polyimide passivation
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An undercut mesa laser is fabricated on an » " -InP substrate using a single step liquid phase
epitaxy growth process and a planar structure is obtained by using a polyimide filling layer. The
lasers operate at fundamental transverse mode due to a scattering loss mechanism. Threshold
currents of 18 mA and stable single transverse mode operating at high currents are obtained.

PACS numbers: 42.55.Px

Recently, a novel mass transport technique has been
utilized for fabrication of low threshold InGaAsP/InP laser
diodes.’? This technique, which was first reported in Ref. 1,
consists of selectively etching an undercut mesa structure
and then creating a buried waveguide by filling the undercut
region with mass transported InP. It has also been reported®
that a terrace mesa structure with similar undercut, but
without the mass transport process also yielded low thresh-
old lasers. Here we report an undercut mesa structure on an
n*-InP substrate where the undercut regions are filled with
SiO, and polyimide* polymer layers. The use of polyimide in
optoelectronic circuits was first suggested® for the fabrica-
tion of interconnection waveguides on top of InP wafers.
This work demonstrated the potential importance of this
material for integrated optoelectronic circuits. Here, we in-
corporated the polyimide layer in the laser structure to form
a very strongly index-guided laser. In such a waveguide, the
transverse modal behavior is controlled by the scattering
loss mechanism. This has been reported by several authors®’
for GaAs lasers and this is also observed in our results.
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The advantages of using the polyimide material are that
it can withstand the high-temperature treatment required
for contact annealing and that it forms planar layers with
excellent adhesion, which are also free of pin holes and
cracks and are mechanically tough and environmentally re-
sistant. Also this layer can be photolithographically pro-
cessed before final curing. Some grades of the polyimide ma-
terial (e.g., Pyralin 2555) have considerable amounts of
optical absorption. It is of the order of 2040 cm ' for 1.3-
1.2-um wavelengths, respectively (depending also on curing
conditions).

AuZn/Au CONTACT
POLYIMIDE LAYER

$i0, ~LAYER
—m\\uw

InGaAsP
T n" SUBSTRATE

AuGe/Au CONTACT

FIG. 1. Schematic structure of an undercut mesa laser.
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FIG. 2. SEM photomicrograph of the laser cross section. Scale is 1 zm.

)

It has been experimentally observed that when the un-
dercut region near the InGaAsP active layers is filled with
this grade of polyimide, the lasers exhibited hysteresis in the
light-current characteristics and showed bistable operation.
The absorption at the sides of the waveguide can be practi-
cally eliminated by using a SiO, intermediate layer, or by
using optical grade polyimide (Pyralin 2566) which has
much lower optical absorption at this spectral range.

The schematic structure of the undercut mesa laser is
shown in Fig. 1. It is made with a single step liquid phase
epitaxial (LPE) growth process. Three layers are grown on
an n*-InP substrate: n*-InP (tin doped to 2X 10® cm ™),
InGaAsP (undoped), and P-InP (Zn doped to 2x10"
cm ). After growth, a shallow Zn diffusion is performed.
Two V grooves are etched using Br-methanol etching
through Si,N, stripe openings in the [011] direction. The
InGaAsP layer between the two V grooves is then selectively

o
T

FIG. 3. Light vs current characteristics
for an undercut mesa laser with a 2000-
A-thick intermediate SiO, layer.

POWER (mW/FACET)
-

n
T

1 1 L
0 20 30 a0 by
CURRENT (ma)

404 Appl. Phys. Lett,, Vol. 42, No. 5, 1 March 1983

> In=25ma
=
(%2}
&g o 241,
=
2 1215
w 81n FIG. 4. Far-field patterns for the un-
2 a, dercut mesa laser.
< 0.5
e 21
4
|
-25 o 25
LATERAL ANGLE (degrees)

undercut using the staining solution KOH:

K;Fe(CN):H,0, 1:2:6.

The undercut etching is stopped when the quaternary
layer is about 1-1.5 gm wide. Then, a 8i0, layer is deposited
by chemical vapor deposition (CVD) and the polyimide layer
is deposited by spinning. These layers are photolithographi-
cally removed from the p-contact area (see Fig. 1). Following
curing the polyimide layer at 400 °C, the p and n contacts are
made by conventional techniques. A scanning electron mi-
croscopic (SEM) photomicrograph of the laser cross section
isshown in Fig. 2. After thinning, the wafer is cleaved but the
cleaved crystals are still held together by the polyimide film.
The small laser wafers are then separated by cutting the po-
lyimide film using a blade that is inserted from the substrate
side.

Light versus current characteristics are shown in Fig. 3.
These lasers have threshold currents in the range of 20-30
mA for 250-um cavity length and the lowest threshold cur-
rent observed was 18 mA for this cavity length. The thresh-
old currents are somewhat higher than those reported for
mass transport lasers'? and for the terrace mesa laser.” The
reason may be due to the considerable scattering loss from
the sidewalls of the symmetric waveguide which is enhanced
by the large difference in the index of refraction between the
active layer and the cladding SiO, layer (n~1.5). The scat-
tering from the sidewalls creates a distinct pattern in the far-
field distributions as shown in Fig. 4. The scattering pattern
does not change as optical power is increased. Fundamental
mode operation prevails because scattering losses are much
lower than for higher order modes.® Figure 4 shows stable
fundamental mode operation up to ] = 241 ;, . A typical tem-
perature dependence of the threshold current is shown in
Fig. 5, showing 7, = 78 °K at room temperature. The T,
values are somewhat higher than for buried heterostructure
lasers because leakage current is eliminated in the present
mesa laser.

When absorbing grade of polyimide (Pyralin 2555) was
used for filling the undercut of the waveguide (without an
intermediate SiO, layer), lasers with hysteresis in the light-

K8 o
//T~/7BK’ FIG. 5. Temperature depen-

oF dence of the threshold current
for an undercut mesa laser.
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FIG. 6. (a) Light vs current characteristics for a laser with a Pyralin 2555
polyimide layer and no intermediate SiO, layer. (b) Light response (lower
trace) for a current pulse (upper trace) with superimposed on-off trigger
pulses. Horizontal scale: — 100 ns/div; current scale: 20 mA/div.
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current characteristics were obtained as shown in Fig. 6(a).
These lasers are bistable for currents within the hysteresis
loop. Bistable operation is shown in Fig. 6(b) where the light
pulse is triggered on and off by small pulses that are superim-
posed on the current pulse. The noise spectrum of these la-
sers was measured using a fast InGaAs PIN diode. No pulsa-
tion could be observed at a frequency range of dc 2 GHz.
Measurement of the optical spectrum showed single longitu-
dinal mode operation up to 1.6/ ,,. Further details and dis-
cussion of the bistable lasers will be presented in a later publi-
cation.

In conclusion, undercut mesa lasers have been studied.
Fabrication of the lasers is simple and requires only one LPE
growth step similar to the first step in buried heterostructure
laser fabrication. A planar structure is obtained by the use of
a filling polyimide layer. Stable fundamental transverse
mode operation and relatively high T, are obtained for these
lasers.

This work was supported by the Office of Naval Re-
search and by the Air Force Office of Scientific Research.
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