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Lateral Current Injection Lasers: Underlying
Mechanisms and Design for Improved
High-Power Efficiency
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Abstract—The lateral current injection (LCI) laser—a promis-  which possesses an intrinsic compatibility with optoelectronic
ing technology for enabling optoelectronic integrated circuits integration as well as the potential to enable devices with
and photonic devices with novel functionalities—is studied by new functionalities [4], is that of lateral current injection

comparison with conventional vertical injection devices. Fully LCh | LCl | b . lati
self-consistent two-dimensional (2-D) simulations of lateral and (LCI) lasers. asers may be grown on semi-insulating

vertical lasers reveal physical effects unique to the lateral in- Substrates and with highly resistive cladding layers for interde-
jection class of devices. We find that 1) strong lateral carrier vice isolation and minimal free-carrier absorption. By inviting

confinement is critical to efficient LCI laser operation, even if differentiation of the laser structure in the lateral direction as
the active region is wide, in view of ambipolar effects, 2) current | 45 the vertical sense, lateral current injection liberates a

paths in parallel with the active region, even if they consist of tial d f freed for the d | t of |
high-bandgap intrinsic material, may nevertheless admit signif- new spatial aegree ot ireedom for the development of novel,

icant parasitic leakage even at moderate injection levels, and integrable devices. In the LCI laser, vertical and lateral device
3) a straightforward, but powerful, solution to the problem of designs are fully or partially decoupled: for example, if the
premature roll-off in lasing efficiency may be achieved via heavy flow of carriers is in the direction parallel to the quantum
cct;ntact_doplng without significantly increasing modal free-carrier wells, the vertical structure of multiquantum well active and
absorption. cladding regions may optimized for improved modal gain,

Index Terms—OEIC'’s, optoelectronic integration, semiconduc- modal differential gain, and far-field profile without hindering
tor device modeling, semiconductor lasers. the transport of carriers.

The lateral current injection family of devices has so far
|. INTRODUCTION achieved only moderate success through predominantly em-
rRirical trials [5]-[10]. The state of LCI laser theory has only

ITH the benefit of countless iterations of experime : ) . .

. . . ; .__recently progressed from virtual nonexistence to one in which
informed by continual improvements in theoretica X

. o X . a number of phenomena unique to LCI lasers have been
understanding, edge-emitting semiconductor laser diodes hﬁye

been fashioned which exhibit sub-mA threshold currents [1 entified: 1) an inherent asymmetry in the lateral carrier

. ) ST Rtensity distribution due to the electron-hole mobility disparity
double-ended differential quantum efficiencies in excess ﬂl] [12], 2) a premature degradation in performance due
90% [2], and, recently, an extrapolated3 dB modulation ' ' P 9 P

bandwidih_under continuous wave (CW) operation of 43 & TSI e BEARERLE R SO owers
GHz [3]. The benefits of high performance are offset b P 9 gh op b

. . . : ive rise to shortened recombination times [12], and 3) the
the disadvantage of design constraints which have resul : . :
often (though unintentionally) low degree of lateral carrier

from principally one-dimensional structural development: the . . . .
. : L . confinement in experimental structures [13]. An important
vertical dimension is the most elaborately variegated spatja . . L .
. : actor whose effects remain to be studied quantitatively and in

degree of freedom in contemporary semiconductor lasers,

L . sufficient generality is the combined impact of higher current
Because structural variations may be so finely controllé " .
; S S . ensities and larger voltage drops in LCI lasers compared to
during epitaxial growth, the principal axes of carrier flow

. : X tpe traditional VCI devices.
carrier capture, and optical mode confinement are parallel

L : here lacks a coherent, generalized perspective on the
the direction of growth. A consequence partly of technological I . . .
uantitative importance of the preceding effects in determining

considerations and partly of inertia, this limitation hinderg]e performance of LCI lasers. We seek herein to address
flexibility of design and compatibility with multifunctional this shortcoming by consideriné in-depth the operation of a

optoelectronic integration. : : .
. - _ particular set of laser structures which are technologically
A family of semiconductor lasers which is less well un:

derstood than conventional vertical-injection (VCI) lasers, bb’%tere.’s“”g and _physu_:ally reveah_ng. we apply_ fully _self-
consistent two-dimensional (2-D) finite-element simulation to

Manuscript received February 25, 1998. This work was supported by tl%ser diodes of the VCI a”?' LCI paradlgms_. By StUdy'nQ the
Ontario Centre for Materials Research, Nortel Technology, and the Natiof@tter understood VCI family at the same time, we provide a
Sciences and Engineering Research Council of Canada. __benchmark relative to which we may assess our new insights

The authors are with the Department of Electrical and Computer Englneer—t th tial phvsical hani ina th ti
ing, University of Toronto, Toronto, Ont., M5S 1A4 Canada. Into the essential physical mechanisms governing the operation

Publisher Item Identifier S 0733-8724(98)07401-5. of OEIC-compatible lateral current injection lasers.

0733-8724/98$10.001 1998 IEEE



SARGENT et al: LATERAL CURRENT INJECTION LASERS 1855

m p-type InP I: undoped InP
|:| n-type InP - undoped Ing Gag 40A80.86F0.14

T T 018um T 08w

current

blocking

1.1 pym 1.1 um
@ (b)

Fig. 1. Semiconductor laser structures considered in this work. The (a) vertical and (b) lateral current injection laser studied have ideatical acti
region composition and volume, electrical and optical materials parameters, and contact and background doping levels. Only the placement of doped
regions and contacts is changed.

current
blocking

II. METHOD in the Appendix. We include loss associated with intraband

We consider herein the case of related semiconductor lasgPSOrption in addition to mirror loss. _
operating at 1.3:m. We have chosen a simple bulk active We have refrained from introducing phenomenological fac-
region laser because the structural simplicity of the devid@™S—for example,‘scattering loss” or “intrinsic loss,” or Auger
lends itself to a distillation of the fundamental physical ef‘fect@comb'nat'On coeﬁlc;]gnrt]s higher than those. usually obtained
which we wish to highlight; because experimental reporpsy measurement—which are often_added In an attempt to
are available for similar devices in both the VCI [14] an@chleve agreement between theoretical predictions and exper-

LCI [10] paradigms; and because while there are clear! ental measurements of threshold current and lasing effi-

important differences between bulk and technologically mo ency. As a result, our quantitative results are optimistic,

important quantum-well lasers, our findings translate at aappropriate only under idealized conditions. However, all of

qualitative level from the former case to the latter. If thglgl Cor:jdtao?s are d_erl\ieg dby Cgmpa”r_‘g tr':_e (?per?tl?n of
LG laser dosig prnips wricn we eborate heren il S0 LG, e%rs Stuted nder 2 e St of e
applied to multiquantum well structures, the benefits of log- P - Sur gu ) 9 i ’

. . ._and comparison with experiment could readily be made by a
threshold carrier density and suppressed Auger recombination . .

) . . . -simple scaling from the ideal to the real case fmst facto

may be realized, leading to further improvements in device ) - :
characteristics. introduction of the requisite phenomenological factors.

. . o : As evidenced in the following section, a number of com-
The device structure considered is illustrated schematlcallgtin intrinsically 2-D effects which distinauish the VCI and
in Fig. 1. We indicate in the Appendix that the known or ag- 9 Y 9

sumed materials properties [15] of the lasers whose operatlocr:lI devices, and which would not have been brought out by

is treated herein. The vertical injection laser of Fig. 1(a) is gf model _that was either one—dlmensm.nal (1-D) or not fully
Self-consistent, were revealed using this approach.

the buried-heterostructure type; a current blocking mechanism
(e.g., p-n-p-n structure) prevents current from circumvent-
ing the active region. It was found previously that current
leakage in such a laser is instead dominated by overbarrieMVe begin by reporting on the output measures of practical
leakage of electrons from within the active region [16]. |gignificance: relationships between current, voltage, and output
contrast, the minimally doped top cladding layer of the LcPptical power. Fig. 2 shows the calculated optical output per
laser of Fig. 1(b) represents a potential leakage path unddget, differential quantum efficiency, voltage, and differential
high forward bias. We discuss in Sections Ill and IV thé&esistance, all as a function of current, for the vertical and
consequences of these assumptions and address thereirl@iggal devices. Differences in these results between the two
important issue of carrier leakage around the active region $vices immediately raise a number of issues meriting in-depth
the LCI laser as well as considering overbarrier leakage 'fivestigation.
both devices. _ - o ) o

We study physical device operation by solving selfd. Higher Initial Efficiency in Lateral Current Injection Laser
consistently Poisson’s equation, the electron and holeThe higher initial differential quantum efficiency in the
continuity equations, the optical wave equation, and theCl laser is a consequence of a difference in modal free
photon rate equation in two dimensions [17]. We includearrier absorption between the lateral and vertical devices. The
in our model spontaneous, stimulated, Shockley—Read—H#lhction of the optical mode which overlaps with the doped
and Auger recombination. In order to facilitate comparisotontact/cladding regions is ten times greater in the vertical
with previous studies of conventional VCI lasers, we usgejection case than in the lateral case. This arises because
the gain—carrier density relationship [16], [18] indicatedhe vertical dimension of the high index region is usually

lll. RESULTS
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Fig. 2. (a) Optical power output per facet and total differential quantum efficiency, (b) voltage, and (c) differential resistance of verticaralnd lat
current injection lasers.

substantially less than an optical half-wavelength inside tigéves rise to a further decrease in the ambipolar diffusion
medium, whereas the lateral dimension is generally mut#ngth, reduced mode-gain overlap, and a further deterioration
greater. In the structures considered, the component of moitatifferential quantum efficiency.
free carrier absorption due to the contact regions is ten timesMe may envisage a number of physical effects which
higher as a result. The differential optical output efficiency isould conspire to reduce the differential quantum efficiency
proportional toc,/a,, + a;, where «,, is the mirror loss in lateral injection lasers. We describe these and then proceed
and «; accounts for other loss effects such as scattering amdconsider their relative importance.
free-carrier absorption. Intraband absorption is responsible for1) Reduced Lateral Gain-Mode Overlagis the recombi-
the difference in calculated initial quantum efficiency seen ifation time decreases with increasing optical power, the degree
Fig. 2(a). of lateral carrier density asymmetry increases. Because holes
Irrespective of the quantitative importance of this initiagre generally much heavier than electrons in unstrained II-
efficiency improvement, the preceding results highlight ong semiconductor materials, the peak of the lateral carrier
important general feature of the LCI family of devices. Whegjstribution is at the P-i junction. In contrast, the maximum of
a new spatial degree of freedom is released, a numberygé |ateral optical mode distribution is in the lateral middle of
design features which are mutually constraining in the vertic@e intrinsic active region. This effect is illustrated in Fig. 3, in
injection case become decoupled in the lateral case. In fiich carrier density (to which the local optical gain is taken
vertical injection paradigm, the direction of current injectiofy e proportional in the bulk active region laser considered)
and of tightest optical confinement are the same and Repotied against lateral position for increasing output pow-
optical mode therefore overlaps vertically with regions qfs \whereas the carrier and gain distributions change with
heavily doped cladding material. In the lateral injection Casfﬁcreasing current, the optical mode profile remains fixed in
the direction of injection and of tightest confinement ar§trongly index-guided devices.
orthogonal, and the resulting design flexibility affords the 2) Superlinear Dependence of Recombination Rate on Car-
possibility of'c'reating a device with agreater initial differential; Density: Because the asymmetry of the carrier density
quantum efficiency and lower capacitance. distribution grows with increasing optical power, the higher

A number of similar benefits arise V\_/hen consideration Roments of the carrier density distribution would increase
extended to more advanced laser devices. For example, é@/

. . . ®n if the average carrier density were to remain constant.
mode-confining SCH region of an LCI multiquantum-wel 9 y

: . . As aresult, recombination mechanisms characterized by super-
laser may be engineered to be essentially free of carrigrs . . . .

: . . . inear dependencies on the local carrier density—mechanisms
affording reduced free-carrier absorption and associated wave-

length chirp under direct modulation. In addition, since carriec\ég%wh include bimolecular (spontaneous) and Auger recom-

in the LCI laser are injected directly from heavily dope Ination—contribute to higher “parasitic” recombination cur-

contacts into the quantum wells, the frequency-damping effegf?ts n the deV'C?' . . ) .
associated with ambipolar drift-diffusion in the SCH of a* 3) Sublinear Qam—(;arner Density Dgpendech th”?‘,
vertical injection laser [19] may be reduced. actor oceurs in devices w_hose active regions exhibit a
sublinear dependence of gain on carrier density. In a bulk
active region laser with an approximately linear gain-carrier
density relationship, if the optical intensity were approximately
It was shown previously [12] that LCI lasers whose contacpnstant over the width of the active region, then as the
separations exceed their carrier ambipolar diffusion lengdarrier density nonuniformity increased above threshold,
exhibit a lateral carrier distribution asymmetry which leadg constant average carrier density would be sufficient to
to a reduced overlap between the optical mode profile anthintain zero net round-trip gain. However, in a quantum-
the local material gain distribution. It was further seen that atell laser with a sublinear gain-carrier density relationship,
high optical powers, the increased rate of stimulated emissiarmore nonuniform lateral carrier density distribution would

B. Lower Differential Efficiency Under High Bias
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Fig. 3. Evolution of lateral carrier density profile required to sustain lasing oscillation in (a) vertical injection and (b) lateral injecties.dBwiclateral
mode profile is shown in order to indicate both the origins of the spatial hole burning in each device and also to suggest the reduction in the overlap
integral between the local gain and optical mode profile which constitutes the modal gain.

VCI LCI
108 v T v T v T v T \ T T T T 10°
— Shockley-Read-Hall —— Shockley-Read-Hall
------- spontaneous ==c--s- gpontaneous
- --- Auger ---- Auger
10% - ? 102
stimulated stimulated
10' | . 10°
%\ 100 --------------------------------------------------------- Tasianienumpaninnannd Illllllllvl.l>llI:Ill:l:l:l'l_[l.{l_!l. 100
€
o
3 10" . 4 40
2 | 1402
10 : electron and hole leakage not electron leakage 10
: visible on scale shown.
103 § . 1 103
: hole leakage
10—4 n i . i N { . A { L 1 " { N 10-4
0 10 20 30 40 0 10 20 30 40
optical power (mW) optical power (mW)

(@) (b)

Fig. 4. Development of recombination and leakage components of current with increasing output optical power for (a) vertical and (b) lateral current
injection devices.

necessitate an increased average carrier density in ordebitwation current components with increasing optical power)

sustain lasing oscillation. is a consequence of mild spatial hole burning, illustrated in
The importance of the first two effects as a function dfig. 3(a).

optical power is revealed in Fig. 4 for the vertical and lat- There is a more pronounced increase in the total rate

eral injection lasers. The vertical injection laser exhibits apf nonstimulated recombination in the case of the lateral

proximate “carrier density pinning” above threshold; a smaihjection laser [Fig. 4(b)] as a consequence of the increased

deviation from this (indicated by the slight increase in recontarrier density nonuniformity [Fig. 3(b)]. Since the rate of
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Fig. 5. Breakdown of leakage current components in (a) vertical and (b) lateral injection lasers in terms of whether carriers are injected int® the act
region and then suffer overbarrier leakage, or whether they circumvent the active region altogether.

Shockley—Read—Hall recombination is proportional to the cathrough the forward-biased P(InP, 2E18 T — N(InP,
rier density, the increase in SRH recombination current witE15 cn 3) junction in the cladding material; or such that
optical power indicates that the average carrier density in tfglectrons, holes} present in the active region, but not yet
active region is increasing above threshold. This is symfecombined, are caused to overflow into the {P, N} contacts.
tomatic of the first effect described above wherein reduc&gcause the LCl laser does not incorporate a current-blocking
overlap between the lateral spatial profiles of local gain af@echanism, leakage around the active region, rather than
fundamental optical mode necessitates an increase in the teigrbarrier leakage of carriers already captured into the active
number of carriers in the active region if lasing is to peegion, dominates the leakage current contribution, as seen in
sustained. Fig. 5. This parasitic effect is made more severe in the LCI
In view of the superlinear dependence of their recomp@ser for two reasons: 1) a large voltage is required to achieve

nation rates on the local carrier density, currents associafed!Ven output power, as seen in Fig. 2(a) and (b) and 2) the
with spontaneous and Auger processes increase at a fa&lP |0];j:jhe clrosks—sectlonhal area of exEoIsed r;\]ctlve region to
rate than the SRH recombination current [Fig. 4(b)]. Theﬂ1e cla téng ea aé]_e pat ;’;\re_a ItS _muzl: etshs;[ _ant#nltjy. .
increase is a consequence of the combination of reduced mod&rqm © preceding analysis 1t 1S clear that In the devices

i : . . _gonsidered herein, the principal source of performance dete-
gain overlap and increased higher order moments (e.g., in

e . N . .
case of spontaneous recombination) associated with a mrlorat|on at high injection levels in the LCI relative to the
nonuniforrﬁ: carrier densitv distribution V€1 device lies in a difference in parasitic leakage currents.

) y ' . Since the severity of this effect is closely linked to the higher
The mechanisms described above account for a relat|vc]=,

low initial roll-off in diff il ici h sistance of the lateral injection device, and in view of the
slow initial roll-off in differential quantum efficiency shown role of the voltage-current relation in governing device heating,

in Fig. 2(a) for the LClI laser. A change in the rate of efficienc%e now proceed to examine the physical origins of voltage

roll-off occurs at higher currents and suggests that a néyc,mylation in the vertical and lateral injection lasers.
efficiency-decreasing mechanism takes over. It is seen in

Fig. 4(b) that this mechanism is an increased flux of leakage

electrons into thep-contact, following which the electronsC. Underlying Physical Origins of Current-Voltage

recombine nonradiatively with holes in the bulk semiconduct&nd Leakage Characteristics

or at the metal-semiconductor contact. We show in Fig. 6 band diagrams at zero bias, threshold,
In the LCI laser considered, carrier leakage may be suahd 40 mW/facet output power for the VCI and LCI lasers. It

that carriers circumvent the active region entirely, flowing clear from examination of Fig. 6 that an appreciable portion
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Fig. 6. Band diagrams for vertical and lateral injection lasers at zero bias, threshold current, and at 40 mW/facet output power.

of the differential bias applied in the evolution from thresholdf real devices. To quantify these effects, we divide each
to 40 mW/facet output power lies across the intrinsic actidaser into segments across which we monitor the applied
region of the device, while this effect is much smaller in theoltage as a function of current as indicated in Fig. 7. In
VCI case. Fig. 8, we follow the evolution of these additive voltage
Also evident in the band diagrams is a difference in the rab@mponents with current; in Fig. 9, we focus in on the
of increase of the potential across the depleted p-i heterojuderivative of the quantities of Fig. 8, namely, the series
tion (a vertical junction in the VCI case and a lateral one ibomponent differential resistances. In calculating and plotting
the LCI case) under increasing bias current. As the densitye component differential resistances of Fig. 9, we use not the
of current passing over a heterojunction rises, the voltagmal current, but instead the current injected into the active
drop across the depletion layer also increases. This voltaggion. In this way we isolate voltage and leakage effects.
accumulation, which occurs principally at the p-side barriefCalculating differential resistance in terms of total, rather than
increases essentially as the logarithm of current density fojected, current would mislead by suggesting an artificially
large current densities (see, for example, [16]). For the sahoav differential resistance in the LCI laser case in view of
current injected into the active region, theurrent density its more severe leakage effects.) The differential resistances
in the LCI laser active region considered is about six timdseated herein may therefore be considered to appertain to
greater than in the VCI laser because of the sixfold decreake active region in isolation from its surrounding, potentially
in the cross-sectional area available for injection in the LQ&aky, cladding layers.
case. In view of the preceding logarithmic relation, we expect For both vertical and lateral lasers, the voltage across the
the differential resistance associated with this voltage acdd-i hterojunction is constant above threshold; in contrast, the
mulation to be somewhat less than twice that of the verticabltage across the P-i heterojunction rises much more rapidly
injection laser. A further source of differential resistance liea the LCI laser case than the vertical injection case. The
in the buildup of voltage across bulk semiconductor contactsltage drop across the active region of the VCI laser is
or tubs. very nearly pinned above threshold while it continues to grow
Having presented these effects qualitatively, we wish noabove threshold in the LCI case. These issues are further
to determines which have the greatest impact on the operatimought out if we consider the differential resistance curves.
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were so thin and which had such a low total confinement
factor that a high average carrier concentration was needed
to sustain lasing operation, giving rise in turn to a very

short recombination time and reduced ambipolar diffusion

length.

With carrier density asymmetry and nonpinning effects kept
under control, we found that another effect—leakage around
the active region—was the dominant source of a moderate
performance roll-off at high biases. This leakage mechanism
- {7 - - is characterized by the turn-on voltage of the parasitic p-i-n

pi Vi Via n diode which is in turn a function of the bandgap of the leaking
Fig. 7. Division of voltage drops across a laser (either vertical or Iateraﬁﬁ]aterial (InP in the case considered). This leakage mechanism
into components associated with bulk majority carrier resistive o V)  in the LCI laser considered was particularly severe 1) because
current-dependent heterojunction voltage drops-;. Vi-- ). and ambipolar of jts higher resistance (due mainly to higher P-i junction and
arift-difusion (V). intrinsic active region differential resistances) such that for

a given current through the active region a higher voltage

The continued development of the P-i heterojunction potentighpeared across the parallel leakage path and 2) because of
dominates the differential resistance of the VCI laser, while thge larger ratio of leakage path cross-section to active region
combination of this potential plus that across the active regiogfss-section in the LCI laser.
is responsible for the higher differential resistance in the LCl These predictions as to the expected behavior of LCI
laser case. As expected, the LCI laskri heterojunction |asers are confirmed by comparison with experimental results.
differential resistance is typically less than twice that of theor example, in a study of lasers with differing contact
vertical injection case; thédV/dI) o (1/I) dependence is a spacings (1.5 and 4.6m) but otherwise identical structures
consequence of the logarithmic dependence of junction voltgue], the threshold current was increased by a factor greater
on current discussed above. than the fractional increase in active region volume, and

The gradual decrease in the resistance of the active regifie pulsed-mode differential quantum efficiency rolled off
itself is a consequence of the increase in the average cargermuch lower optical powers in the case of the wider
density in the active region with increasing bias. The differegtevice. This marked difference in the performance of the
tial resistance above threshold in a region in which ambipolgtherwise identical devices may be attributed to the impor-
diffusion dominates is given approximately by the expressiqnce of carrier density nonpinning effects in the device

[20] whose active region width exceeded the carrier ambipolar
Lpat, 1 diffusion length. Another experimental LCI laser [5], this
i~ "Area G + pp)n” (1) one with a narrow active region (0.bom wide), achieved

. . ) _higher power operation since it did not suffer the same
As the bias increases, gain-mode overlap deteriorates, ah_'gt?.%rier density asymmetry effects. Its pulsed-mode lasing
average is needed to sustain laser oscillation, and the d'ﬁgfﬁciency nevertheless deteriorated above 60 mA. The highly

ential resistance of the L_CI laser decrease; gradua}lly. _reported series resistance for this device would imply that
Also worthy of comparison are the quantitative dlf‘ferentlaél large voltage had accumulated by this point across the

resistance values associated with bulk conduction through the., cladding region parasitic path, giving rise to the ob-
P-contact. Close to the metallic contact and far from the activg o4 roll-off in pulsed-mode efficiency. Another experi-
region, the cross-sectional P-contact area seen in the verti ntal device [21], this one incorporating doped current
and lateral injection cases are similar. On the other hand%ﬁding layers abové and below the active region forhybrid”
the active region itself, the cross-sectional area for injecti

. . v six ti | tor the LCI | i urrent injection, motivated an in-depth examination [11] of
IS approximately six times less for the aser consl eresis more complex leakage effects. In sum, it would appear that

This current constriction effect accounts for the approximate, X0 of the physical effects considered in this work—carrier

two tlmes. larger differential resistance associated with t%nsity asymmetry and current density/voltage accumulation
P-contact in the LCI laser case compared to the VCI Case'phenomena—have indeed been manifest in previous reported
experimental works.

Having revealed through a combination of theory and ex-

The preceding results point to useful generalizations as periment the qualitative and quantitative importance of these
the operation and performance of LCI lasers. By choosingmn@echanisms, we may consider ways in which to rectify the
device structure with an active region which was both thidkeakage problem. First, we may reduce the total LCI laser
and narrow, we succeeded in keeping those effects assalgvice resistance. This has the benefit of reducing the leakage
ated with reduced mode-gain overlap to an acceptably lawrrent as well as the resistive heating, the latter factor
level. Some previous experimental LCI laser trials [5]-[10having revealed its importance in experimental comparisons
have suffered more severely from such effects because tloycontinuous wave versus pulsed L-I characteristics [5]-[10].
employed either 1) active regions which were much widdte LCI laser resistance was seen in Fig. 9(b) to be a
than the ambipolar diffusion length or 2) active regions whictesult predominantly of P-i heterojunction voltage build-up

IV. DISCUSSION
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Fig. 10. (a) Differential quantum efficiency, (b) voltage, and (c) differential resistance of three different LCI lasers. Thick continuous diteethderCl

laser considered previously herein; thin continuous lines refer to this same device with its active region width reduced by a factor of two; akeinttimelsr

refer to the same device as considered previously, with the original active region width @l .fiut with the p-contact much more heavily doped at 1E19
cm—3. Itis seen that the leakage problem revealed in this work is effective addressed using either the active region narrowing or the P-contactadaing appr

combined with the ambipolar differential resistance of the
active region.

V. CONCLUSIONS

Aided by self-consistent simulations of vertical and lateral

~ The rate of voltage accumulation across the P-i heterojungjection lasers, we have arrived at a number of new insights
tion may be slowed by increasing the doping of the P-contagiig the physics and design of LCI lasers.

as derived analytically in [16]. The critical features is the 1)
doping right at the heterojunction (effectively within a Debye
length of the heterojunction), so that the approach sometimes
employed in vertical injection lasers of a downward grading
of the doping as the heterojunction is approached would not
achieve the purpose of lowering this resistive contribution.
Fortunately, the optical mode will usually be well confined

in the lateral direction, so that there is only a small degree
of overlap between the lateral optical mode profile and thez)
region of proposed heavy doping.

The intrinsic active region resistance may be lowered by
increasing carrier mobility and decreasing the length of the
conduction path [see (1)]. Mobility improvements may be
achieved by the use of a strain-compensated multiguantum
well active region in which the heavy hole—light hole mass
degeneracy is broken, resulting in reduced heavy-hole effective
mass [22]. Path length may be reduced to within the practical
lithographic limitations.

We show in Fig. 10 simulation results from our study of
a laser with a heavily doped p-contact and an active region
width of 0.55 pm, a width regime accessible via precise
optical lithography. Either of these solutions gives rise to an 3
essentially flat differential efficiency above threshold up to 100
mMA current, as well as reduced bias voltages and differential
resistances.

Another approach to reducing the effects of leakage current
which circumvents the active region is to increase the resis-
tance of the parasitic path. This may be achieved either by
doping InP with Fe in order to introduce traps which inhibit
conduction, or by using a wider bandgap cladding material
(such as oxidized semiconductor or dielectric). An additional
approach is to regrow contacts such that electrical contact is
made solely to the active region and not to the parasitic path
responsible for lateral leakage, thereby reducing the effective4)
cross-sectional area for leakage.

It might seem on first consideration that with injecting
contacts separated by a distance on the order of an
ambipolar diffusion length, most electrons and holes
would recombine in the active region even without the
benefit of carrier-confining heterojunctions. In fact, in
the ambipolar regime, high-mobility electrons readily
reach the opposite contact and electron leakage will be
severe unless strong carrier confinement is introduced.
It might appear that with high-bandgap intrinsic material
in parallel with the LCI laser active region, parallel
leakage through cladding layers should be minimal. This
is true at threshold, where the voltage applied across
the active region and parasitic paths is slightly greater
than that corresponding to the active region bandgap.
However, because of higher current densities in LCI
lasers, the above-threshold differential resistance of the
active region is typically much higher than in vertical
lasers. For this reason, voltage may rapidly accumulate
across the parasitic path above the lasing threshold so
that parallel leakage causes the lasing efficiency to drop
drastically at low or moderate powers.

) Since p-n-p-n current blocking structures are not readily

realized in the lateral injection scheme, other solutions
to the leakage problem must be found. Perhaps para-
doxically, one straightforward but powerful solution to
the problem of early leakage onset is to increase the
contact doping. At first this might seem ineffective, for it
increases access to both carrier paths (both active region
injection as well as parallel leakage) equally. In fact,
since increasing the contact doping lowers the hetero-
junction differential resistance under high injection, the
total active region differential resistance is reduced and
the onset of substantial parallel leakage postponed.

It might appear that the strategy frequently adopted
in vertical injection laser design of grading doping
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