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Abstract— We report the design, fabrication, and character-
ization of lateral current injection (LCI) lasers made using a
single etch-and-regrowth followed by selective dopant diffusion.
Devices are characterized electrically and optically from 10 to
300 K. Using the recently developed theory of the LCI laser,
the threshold current, spontaneous efficiency, and stimulated
efficiency are related to physical mechanisms that underlie the
operation of this promising family of devices. We explore the
prospects for LCI lasers to enable monolithic photonic integrated
circuits and functional optoelectronic devices.

Index Terms— Integrated optoelectronics, semiconductor de-
vice fabrication, semiconductor device modeling, semiconductor
epitaxial layers, semiconductor heterojunctions, semiconductor
lasers.

I. INTRODUCTION

EMICONDUCTOR lasers, in which current is injected lat-
S erally, have previously been recognized as promising can-
didates for enabling optoelectronic integration [1]-{7]. Func-
tional optoelectronic devices, such as capacitively wavelength-
tunable laser-transistors, have also been proposed, based on
lateral injection [8]. By using the lateral direction, a degree
of freedom little explored in conventional vertical injection
devices, LCI lasers permit greater flexibility in electrical and
optical design. In the LCI laser of Fig. 1—a low-chirp, directly
modulated, high-speed laser—the vertical structure may be
designed for maximum optical confinement, improved far-
field, and high differential gain since the progress of laterally
injected carriers is not impeded by high, thick, numerous
barriers [8]. LCI lasers, by lending themselves to planar
integration on semi-insulating material [5], permit reduced
parasitic capacitance and facilitate interdevice isolation. The
planar geometry lends itself naturally to microstrip transmis-
sion line interconnection [9]. Reduced chirp associated with
free-carrier induced refractive index modulation is a further
consequence of reduced doping near the active region.

LCI laser development has lagged behind vertical injection
laser evolution because of a lack of theoretical investigation
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Fig. 1. High-speed LCI laser. Doping is minimal throughout the struc-
ture so that capacitance, free-carrier absorption, and chirp associated with
free-carrier refractive index modulation are minimized. The vertical het-
erostructure—wells, barriers, confining heterostructures and cladding—may
be optimized for maximum differential gain, without hampering even injection
of carriers throughout the MQW active region.

and informed experimental exploration. Recent studies of LCI
laser operation have revealed new effects central to LCI laser
performance and unique to this class of lasers. These include
the impact of ambipolar drift-diffusion in the presence of
stimulated recombination [10]; the necessity of lateral carrier
confinement even when injectors are separated by distances
greater than the ambipolar diffusion length [11]; and the
role of reduced active region series differential resistance in
postponing the onset of current leakage through a parasitic
path in parallel with the active region [12].

II. DESIGN AND PROCESSING

The epitaxial structure used in this investigation was grown
on Fe:InP via low-pressure metal-organic chemical vapor
deposition. Ten 55-A undoped 1.5% compressively strained
GalnAsP wells were clad by 200-A 1.25Q p-doped (8 x 107
cm™—?) barriers. This multiqguantum-well (MQW) active region
(with room-temperature PL peak at 1585 nm) was clad above
and below by current guides [6], 500-A-thick layers of the
same composition and doping as the barriers. This structure
was sandwiched between 0.5-um undoped InP cladding layers.

1041-1135/98$10.00 © 1998 IEEE
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Fig. 2. Transverse cross section. Processing sequence for etched, regrown,
and Zn-diffused type-converted LCI laser. (a) SiO2 deposition and patterning;
dry-etch InP-GalnAsP to below MQW. (b) N-type overgrowth. (c) Zn
diffusion for selective type conversion. (d) Metallization.

By modeling the effect of ambipolar drift-diffusion of
electrons and holes in the presence of stimulated recombina-
tion, it was found that a pronounced lateral carrier density
nonuniformity will degrade the performance of LCI lasers
by lessening the overlap between the fundamental lasing
mode and the lateral gain profile [10]. This is aggravated
above the lasing threshold: the carrier lifetime decreases as
stimulated emission increases, the ambipolar diffusion length
decreases, the nonuniformity of the carrier density increases,
and the differential quantum efficiency decreases further. A
number of remedies informed by these theoretical studies were
incorporated into this structure.

 Compressively strained quantum wells were used to re-
duce the heavy-hole effective mass and increase thereby
the mobility of the limiting carrier.

« Current guiding layers [6] and doped barriers were intro-
duced for “hybrid” injection of carriers—predominantly
lateral injection aided by some vertical carrier flow-—into
the active region. P-type guides were used to enhance
injection of holes, the limiting carrier.

 Compressively strained quantum wells were also used
in aid of reducing parasitic recombination effects (e.g.,
Auger recombination).

« Many quantum wells were used for a high-confinement
factor low threshold carrier density. Parasitic effects (e.g.,
Auger recombination and carrier leakage) were thereby
minimized.

The processing sequence is depicted in Fig. 2. Strong lateral
carrier confinement, essential for high-performance operation,
is achieved by etching followed by regrowth of a higher-
bandgap material. Etch-and-regrowth trials on bulk InP mate-
rial were used to achieve a planar morphology. In preparation
for selective type conversion on one side of the ridge, pattern-
ing of the PECVD SiO, was followed by an O, plasma and
an etch in dilute HF. Zinc diffusion was carried out at 450 °C
in a semi-sealed container using a solid zinc source.

I1I. RESULTS

A large voltage was required to pass current through the
fully fabricated devices. Secondary ion mass spectroscopy
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Fig. 3. Comparison of temperature evolution of measured: (a) threshold
current, (b) spontaneous efficiency, and (c) stimulated efficiency with heatsink
temperature under 1-x5/0.1% pulsed excitation in 1- and 2-pm-wide active
region devices.

(SIMS) revealed that the zinc diffusion front extended to a
depth of 0.8 um (ie., to the depth of the bottom quantum
well). However, SIMS also revealed an unintended spike in
the silicon doping level at the regrowth interface. The silicon
doping spike, which reached a peak value of 3 x 10'® cm™3,
was not compensated during Zn diffusion of the future p-
contact, resulting in a p-n-p-n structure. Because a large
voltage was required to flatten this barrier, only pulsed-
mode lasing was observed at room temperature. Furthermore,
paralle]l leakage through the undoped cladding layers above
and below the active region may be aggravated by the large
voltage required to turn on the active region p-n-p-n electrical
structure.

The dependence of threshold current, spontaneous effi-
ciency, and stimulated efficiency are given in Fig. 3 for devices
with 1- and 2-pgm-wide ridges.

IV. DISCUSSION

First-order mode lasing may be favored over fundamental
mode lasing in an LCI laser if the lateral gain profile is
strongly nonuniform [7]. For this effect to account for the
characteristic of Fig. 3(c), the threshold ambipolar diffusion
length would have to drop to below its room temperature
value at temperatures of 50 K and below. The ambipolar
diffusion length L may be written L2 = Dr, where the
ambipolar diffusivity D is given by D = (2D,/1 +b), D,
is the electron diffusivity, the electron-hole mobility ratio b
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is given by b = pe/up, and p. and pp are the electron and
hole mobility. In typical III-V semiconductors, b ranges from
10-20, so that D ~ 2D, where D, is the hole diffusivity.
If spontaneous emission dominates at threshold, the ambipolar
diffusion length at the lasing threshold L., my be written,

pn(T)
llfh(Tref)

where Ly (cefy 18 the ambipolar diffusion length at a reference
temperature Tpes-

The low-temperature hole mobility in GalnAsP drops below
its room temperature value as ionized-impurity scattering
becomes dominant at low temperatures [13]. From (1), the
ambipolar diffusion length also drops below its room tem-
perature value, the lateral gain nonuniformity becomes more
severe, and lasing on the first-order mode is anticipated.
The 1-pm-wide device exhibits consistent fundamental mode
operation from 10 K to 300 K, with a continuous decrease
in stimulated efficiency below 70 K. The overlap between the
single-humped, laterally centered fundamental mode and the
nonuniform, asymmetric lateral gain profile decreases as the
ambipolar diffusion length drops at low temperatures.

Further confirmation of lateral gain nonuniformity is ob-
tained by comparing the evolution of threshold current in
1- and 2-um-wide devices {Fig. 4(a)]. The 2-um device ex-
hibits a discontinuous jump in the dependence of threshold
current on heatsink temperature commensurate with switching
between fundamental and first-order mode lasing; the 1-pm
device exhibits a smooth temperature dependence.

To assess further the impact of diffusion of zinc into the
active region, we obtained continuous-wave subthreshold elec-
troluminescence spectra for a selection of devices. The spectral
peak for the narrow active region device is shifted to a longer
wavelength, and the spectrum of the narrow active region
device is broader. We may explain these observations with
reference to preferential intermixing of group-III sublattice
atoms by diffused Zn, which causes a red-shift in the emission
spectrum. In 1-ym-wide devices, much of the active region
material may have been intermixed due to diffusion of Zn
beneath the ridge, since the lateral diffusion distance is to be
comparable to the vertical diffusion distance.

Two technological aspects require further improvement
for this approach to LCI laser fabrication to result in high-
performance, room-temperature, continuous-wave devices.
The silicon spike at the regrowth interface must be reduced
so that it may be compensated in the type-conversion process.
Damage to and intermixing of the active region during type-
conversion must also be reduced. This could be achieved by
careful optimization of the two-dimensional diffusion of zinc
in the doped heterostructure in question; or by implanting a
nonintermixing, low-mass species such as beryllium for type
conversion.

Lateral injection of current may aid in enabling functional
optoelectronic devices—active optical sources with a non-

Ly ~ Lth(ref) e))

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 10, NO. 11, NOVEMBER 1998

monotonic dependence of output on input, devices which
exploit basic physical interactions in the semiconductor struc-
ture. The p-n-p-n device realized herein has the potential to act
as a light-activated thyristor which could be switched between
its on and off state by the application of an incident optical
signal, possibly of a different wavelength. This device could
act as an integrated optical switch or wavelength converter.

V. CONCLUSION

LCI lasers grown on semi-insulating substrates were fab-
ricated using a single etch-and-regrowth step followed by
selective dopant diffusion. This technique permits the forma-
tion of large, abrupt heterojunctions for strong lateral carrier
confinement while simplifying processing by reducing the
number of overgrowth steps. Further technological tailoring
of key processes—preparation, regrowth, and type conver-
sion—should enable the development of high-speed, low-
chirp, integrable, functional lasers.
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