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Abstract—\We investigate the modal gain seen by transverse- in InGaAsP-InP MQW laser diodes causes QW recombination
electric (TE) and transverse-magnetic (TM) modes of bulk and |gsses to increase with rising injection current above threshold.
multiquantum-well (MQW) lasers given a nonuniform distribution 1056 |osses result in a degradation of the internal differential
of active region carriers. We find that the dependence of modal . . . S .
gain on the nonuniformity of carrier profile differs for TE and efficiency. Nonuniform carrier distribution inside the cavity has
TM modes. This experimentally observable phenomenon is pro- been proposed to lie at the origin of unusual chirp behavior of a
posed as a measure of carrier density nonuniformity. We discuss four-electrode bistable distributed Bragg reflector (DBR) laser
the importance of the confinement picture for TE and TM modes, [4]. In sum, in the presence of a nonuniform distribution of

in the generalized presence of some asymmetry, in assuring injec-" . ) L . o
tion-level-independent polarization insensitivity in semiconductor ggln pro.v|d|ng.c.arr|ers, threshold culrrent IS |ncr.eased,. external
lasers and optical amplifiers. differential efficiency decreases with decreasing stimulated
Index Terms—Modal qai ol " I i lifetime above threshold, and a degraded modal gain results in
gain, multiple quantum well, nonuniiorm .
carrier distribution, semiconductor laser, semiconductor optical worsened dynamic performance.
amplifier, TE polarization, TM polarization. The subject of nonuniform carrier density distributions has at-
tracted significant attention in the 1990’s. Eisenstein and Tessler
[5] presented a rate equation model to predict the carrier den-
sity distribution among the wells based on carrier capture/es-
SE'VHCONDUCTOR lasers have been known for twaape times. Maciejket al.[6] presented a model which, by ac-
ecades now to benefit from the use of multiple quantugbunting for two-dimensional (2-D) carrier injection in a gain-
wells (MQWs). Specific advantages include: coupled DFB MQW laser with locally etched QWs, showed that
+ enhanced differential gain associated with reduced (2-Bybrid (combined lateral and vertical) injection of holes could
density of states, which can in turn be applied to achievirg: used to lessen interwell nonuniformity and enhance perfor-
a high modal differential gain and high direct-modulatiomance.
bandwidth; Li et al. employed a spatially- and spectrally-resolved
» reduced threshold current as a result of suppressionr¥ar-field imaging of unstable resonator semiconductor lasers
Auger recombination achieved via band-structure engb measure lateral refractive index variation [7]. The tech-
neering; nique allowed for the measurement of index changes due to
* higher characteristic temperature. nonuniform carrier distribution, providing a possible indirect
The advantages and opportunities associated with MQWsyte toward the measurement of carrier density nonuniformity.
are accompanied by challenges. Perhaps of greatest conceffhis technique may not be sufficiently sensitive or permit
the fact that, in a system with many wells separated by spatiadfyffficiently high resolution to allow independent measurement
thick or energetically high barriers, injected nonequilibriungf individual QW refractive indices and carrier densities.
carriers may become nonuniformly distributed among the while the mechanisms underlying the problem of interwell
wells [1], [2]. In view of the sublinear relationship betweerarrier density nonuniformity have been clarified via numerical
optical gain and carrier density, taken together with the Sprodeling, the phenomenon remains to be observed directly via
perlinear relationship between nonradiative recombinatigxperiment. Whether carrier density nonuniformity among the
rates and carrier density, the nonuniform carrier distributiqel|s is indeed the chief mechanism responsible for observed
militates against high-performance laser operation. Piprek apskformance degradation cannot be resolved conclusively in the
coworkers [3] have found that nonuniform carrier distributioabsence of experimenta| measures of the degree of nonunifor-
mity. The resulting lack of confidence as to the key mechanism
responsible for performance degradation impedes device per-
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gain-providing carriers. We use simplified analytical calculax is given by

tions and numerical simulations to predict the direct impact )

of interwell carrier nonuniformity and observable amplified o2 _ (2 (n? — n2) — k2 (5)
spontaneous emission/gain spectra associated with TE and TE(TM) A 120 e TR(IM)

TM modes of a waveguide and an MQW laser. In Section || . _ i _ _
ilﬁor simplicity, we approximate the carrier density profile in the

simplified models for polarization-dependent modal gains ) _ ) binolar diffusi / ith ;
bulk and MQW lasers are presented. In Section Ill, we repdd£tive region using an ambipolar diffusion equation with an ef-
flgcnve recombination time!

the results of numerical calculation, focusing on the nonunifo
mity dependence of optical modal gains of both polarizations. dn  n
The ratio of TE-to-TM modal gain is also discussed, and we dz T (6)

-
find that it is possible to detect the degree of nonuniformity of ) ) ) o

carrier distribution experimentally by measuring the TE/TNrOr this equation to apply exactly, the ambipolar diffusion length
modal gain ratio. must be a constant in space. This is evidently an approximation

in the real physical scenario within a laser active region, but
it does capture the possibility of a nonuniform distribution on

[I. MODELS s : ! _ .
carriers and gain. Solutions to this equation take the form of
A. Bulk even and odd hyperbolic functions
We begin with a simplified model which distills the essential
features of the physical system in question. We later consider the n(Z) = Yeven cosh(2/L) + Yoaa sinh(z/L) 7

complex case of separate confined heterojunction (SCH) MQW hich Z is th biolar diffusion lenath and i lated t
lasers and semiconductor optical amplifiers (SOAS) in more dg-Which L 1S the ambipolar diffusion length and 1S refated to
tail. the am_blpolaerlffuswlty and the effective recombination time
We start by considering a three-layer slab waveguide in Whigﬁs\%dmg tOL. = Dr. I fined to th i . .
an active region layer with the width dfis sandwiched between en carrers are well confined fo the active region, as in
two cladding layers. The refractive indices arein the active a double-heterostructure laser, the carrier density profile may

layer andn, in the cladding layer. For symmetric TE and TMaccurater be written [9]

modes,'the one'—dimensic.)nal transverse electric (and magnetic) ) — Jr [cosh(z/L) -1 sinh(z/L) @®
modal field profiles are given by [8] = 2¢L |sinh(d/2L) b+ 1 cosh(d/2L)
cos </€Tc_l> em@=d/2) > /2 where./ is the recombination current density anid the elec-
‘ 2 tron/hole mobility ratioy,, /i,
E(H), = C1c™=* { cos(kyz), lz] < d/2 Modal gain is conventionally viewed as the product of con-

d finement factor and bulk gain. In the presence of a nonuniform
cos <km§> /D w < —d/2  carrier distribution, and, therefore, a nonuniform gain distribu-
(1) tion, itis necessary to return to a more fundamental definition

where [10]
1/2 d/2
dwp / Gou(n)n1 | Ey|? dx
¢ o (g)re ="
1= B - 1/2 TE — s
[1 + Su; k;d + <%) <%) COSQ(kxd/2):| Nm/ |Ey|? dz
T 2 -0
for TE modes (2a) and o2
and > an/d gbulk(n)nl[|Ea;|2 =+ |Ez|2] dx
—d/2
<4w51> {(g)r™m = i3 ! = 9)
C, = k.d / n1|Em|2da:+2/ na|Ep|? dx
sin k,d €1 1/2 —d/2 d/2
[1 + 3 ; + <—> <—d> COSQ(/Cmd/Z):| . .
£ €2 @ where N,,, = k./(2r/A) is the mode index and, =
for TM modes (2D) k. /(ew)H, andE. = i/(ew)(dH,/dz) are thez- and z-di-

rected electric fields of the TM modéx, is the only electric
field component of the TE mode aifd, is the only magnetic
field component of the TM moderg and gty represent the

d d d
aTE; = u_i <ka;_TE§> tan <ka;_TE§> (3) modal gains of TE and TM polarizations, each of which in turn

The eigenvalue equation for the TE mode is

. IThus, we neglect in this subsection the exact configuration of the continuous
and for the TM mode is carreier density profile in the simultaneous presence of Shockley—Read-Hall,
d d spontaneous, Auger, and stimulated recombination. Instead, we focus on the
2, ot . approximate result which yields analytically direct results. The approximation
= /%J;_TM tan | & . (4)

aTMT = — : : P
™ is good for small to moderate nonuniformities.

2 z_TM5

2
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depends on the local carrier densityx). For bulk material, electric field. For simplicity, we neglect the effect of leakage
good fitting results can be obtained to the functional form  current, a mechanism which has been explored in detalil
elsewhere [11].

We solve a single carrier rate equation, in contrast with
the coupled set of equations for electrons and holes used by
Tessler and Eisenstein. Since the specific origin of carrier
density nonuniformity is not the focus of this work, we
use this approximation to simplify computation herein. The
i approximation is justified on physical and also quantitative
B. Multiple Quantum Wells grounds. Qualitatively, the carrier distribution is dominated

We employ a simplified version of the carrier injection anddy the lower-mobility carrier — heavy holes in pertinent
capture model of [5] in order to determine the distribution afompound semiconductors. Quantitatively, we have compared
carriers among a number of QWs. In our simplified model, thbe calculated carrier density distribution among QWSs using
carrier density is treated as the sum of two populations: 3-@ur simplified model with the results of Tessler and Eisenstein,
(unconfined, uncaptured) and 2-D (quantum confined, capturdifding good agreement in all cases considered in this work.
carriers. Each population is distributed in space: 3-D carriers dre evolution of nonuniformity of carrier distribution with cur-
described using continuity equations, and the 2-D populationrent injection observed in our simulation is also in agreement
treated separately in each well. The resulting set of equationsvith Tessler and Eisenstein’s work.
written The recombination rates in bulk material and QWs are treated

by taking account of the effects of Schockley—Read-Hall

gbulk(ﬂ) = CL(ﬂ - ﬂtr) (10)

whereaq is the material gain coefficient and, the transparency
carrier density.

k) k) 9P t (SRH), spontaneous, and Auger recombination
2 pate,ty =2 (D20 poe B
ot dx dx ) 5
—Rz—-R,=0 (11) Rp =APg(x, t) + BPg(x, t) + CP3(z,t)  (15)
dPg, Rg; = APy, + BP3. +CP}. 16
—dtQJ =R.; — Rg; — G(Pg;)S (12) @ @ < o7 (16)
ds 5 S whereA is the Shockley—Read-Hall recombination coefficient,
- Z[FJG(PQJ’)S +IvBrG;) - T (13) B the bimolecular recombination coefficient, atidhe Auger
J recombination coefficient.
J=q [_Dg Pg <_C_l7 t) We employ phenomenological capture and escape times as
dx 2 per the methods of other authors [12], so that the net carrier
d . IS g
Py <_§7 t) B(—dj2, t)} - L (14) capture rateR.; is given by
PBj PQj j I .
Equation (11) is the continuity equation for the 3-D carriers, R,; =< 7. . = ° € [wo — WY,y + W] (17)
whereD is the ambipolar diffusion coefficient, the ambipolar 0, T ¢ [a;é — WA, 37]1 + W]

mobility. Pg is the 3-D carrier concentratio®} g the bulk re-

combination rateRz,. the net capture rate into the wells, aid wherer, andr. are, respectively, the carrier capture time from

is the electric field. 3-D to 2-D and the carrier emission time from 2-D to 3-D.
Equation (12) is the rate equation for the quantum-confinedIn (17), the;jth well is located betweeny andx{ and is of

(subscriptQ) carriers, in whichPy; is the 2-D carrier density width W9, The rangery, — W7 to =] + W is defined as the cap-

in the jth well. The net carrier capture rate into tfth well is ture rangePg; is the average 3-D carrier density in the capture

R.;. Rq; is the recombination rate in thi¢h well, andG(P,,) range defined as

is the gain at the lasing energy and is a function of the local o

carrier densities in the QW. It may generally be a function both 1 Rl

of carrier density and photon density (due to gain compression). Ppj = SWI /T

At low photon density, i.e., current injection in the vicinity of its h

threshold value, the photon density dependence of the gain nfaé gain in thejth well is related logarithmically to the carrier

Pg(z) de. (18)

(J)'_w'j

be neglected. density according to [8]
Equation (13) is the rate equation for the photon denSity
The first term on the right-hand side of (13) is the sum of contri- B Fy;
butions of stimulated emission and spontaneous emission cou- G(Pgj)=g0|1+In P (19)

pled to the lasing mode from the various wehsis the frac-
tion of spontaneous emission coupled to the lasing mBdis, wheregy is the material gain coefficient aéhe ! is the trans-
the bimolecular recombination coefficient, angis the photon parency density. Our model takes account of polarization-de-

lifetime. pendent gain which arises due to the influence of strain on ma-
Equation (14) is a definition of ambipolar current densityrix elements and band structure. In our simulations, we account
which, at positiont = —d/2, provides a boundary conditionfor the influence of strain through the use of different gain versus

connecting injected current density with carrier density arghrrier dependencies for TE versus TM modes.
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Fig.2. Normalized carrier distribution profiles at different ambipolar diffusion

lengthsL. From top to bottomL = 1.0, 0.70, 0.5,and0.25 gym. The curves
ave been normalized so that the carrier density at the leftmost point is always
unity.

Fig. 1. Normalized TE and TM mode intensity profiles in the active region
the three-layer slab waveguide, assuming 1.55 ym,n, = 3.6, n, = 3.0,
p1=p=1,d=0.4 pm.

The TE (TM) modal gain is entirely analogous to the bulkange from a few nanoseconds under low injectior # ps in

active region case: the presence of fast stimulated recombination due to high gain
) and photon density [14]. For hole mobilities in the range 50-75
A Py, PN cm?V~—1s7! in doped InGaAsP material [15], diffusivities will
Z”lgOTE <1 +1n <?0>> | Ey (o)W lie in the rangeD = (KT'/¢) x 1 = 1.3-1.95 cm?s~t and hole
(9)1E = i=1 = (20) diffusion lengths, therefore, fror100 to 500 nm. Thus, there
Nm/ |E,|? dz will exist regimes of operation and device structures in which
—oo strong nonuniformities exist, and, under different circumstances
and as shown in (21), at the bottom of the page. and structural choices, there can exist a high degree of unifor-

mity. In Fig. 2, we plot the carrier density distribution in the
. EFEECT OENONUNIEORMITY OF CARRIER DisTRiIBUTION  @ctive region of the three-layer slab waveguide for four choices
ON MODAL GAIN of ambipolar diffusion lengttL. In order to quantify the nonuni-
formity of carrier distribution, we define the normalized nonuni-
A. Bulk formity NU as
In this section, we focus our consideration of bulk laser be-
havior on relating a generalized measure of the degree of carrier n? — (m)?
density nonuniformity (hence gain nonuniformity) with the po- NU="——" (22)
larization dependence of the modal gain. Our analysis is not lim-
ited in its applicability to single-mode devices; the methods afidie averaging of. or »? is performed over the spatial extent of
equations put forth herein make it possible to consider the intéfe active region. We show in Appendix A that the normalized
action of a gain profile with an arbitrary mode profile. In ordeponuniformity NU is approximately linear witd/ L whend/ L
to provide a concrete and technologically relevant example, Vgeless than 1.5:
let A = 1.55 um, ny = 3.6, no = 3.0, uy = puo = 1.0, and 1 d
d = 0.4 pm[13]. The normalized mode profiles associated with NU = 55 L (23)
the TE and TM modes are shown in Fig. 1. The TE mode, which
has a confinement factétry = 0.90, is more localized to the  To illustrate the influence of the carrier nonuniformity on TE
center of the active region than the TM mode, which has a caamd TM modal gains, we plot in Fig. 3 the TE and TM modal
finement factod 1y = 0.818. gains as a function aVU by fixing the recombination current
The electron/hole mobility rati¢b) is taken to be 15. Since densityJr and the active layer thicknegsind varying the diffu-
electron mobility is much higher than hole mobility, the valusion lengthL. Itis apparent from Fig. 3 that TE and TM gains are
of the hole diffusion length given byD)'/? provides a good influenced differently by the changing degree of carrier density
estimate of ambipolar diffusion length. Carrier lifetimes canonuniformity. In order to bring out any such relative changes,

N
> Nomsgonse (141 (52 )) (1B () + 1B ] w9
i=1
(g)rm = * o = (21)
/ n%|Ex|2da:+2/ n2|F,|? dx
—d/2 /2
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Fig. 3. TE and TM modal gains as functions of the nonuniformity of carririg- 4.  The ratio of TE and TM modal gains as a function of the nonuniformity
distribution. Active layer thicknesé = 400 nm, arg = aty = 3.0 x  Of carrier distribution. Active layer thickness = 400 nm, arg = arm =
1072 m 2,7 = 9x 10°°S ny,. = 1.0 x 102 m~2 [16], andJx = 3.0 X107 m~2,ny, = 1.0 x 10** m~? [16], andJx = 7.7 x 10° A/m?.

7.7 x 106 A/m?.

we plot in Fig. 4 the ratio of TE to TM modal gain as a function Upper Cladding
of NU. Barrier
In order to ensure a fair comparison, we fixed the recombina- Quantum well #1

tion current density but changed the ambipolar diffusion length
in our simulations so that the carrier nonuniformity is inten-
tionally modified while the average carrier density in the active
region remains constant. The relative evolution of TE versus
TM modal gains apparent from Figs. 3 and 4 comes from the Quantum well #10
changing shape of the gain distribution relative to the mode pro- Barrier

file. The broader TM mode samples the outer reaches of the
active region; the TE mode is more localized to the center of
the active region and, as such, samples the portion of the active
region which becomes more depleted of carriers as the carffi@ 5. Schematic diagram of a 10-QW structure used in the simulations. The
_nonuniformity inc_reases. As a consequence, the T_E modal 9¢ 'Vg:?;?e‘fg hj ?itgl 252%00”.'054?5%2533?"3 ?Sggnflg%if)sfomniﬂfe}he

is degraded relatively more than the TM modal gain as the Caidth of a single QW ig¥7 = & nm.

rier distribution in the active region becomes more nonuniform.

The ratio of TE-to-TM modal gain in the presence of a uniform fak de sh dak . fil
gain distribution is equal to conventionally defined TE to TMPresence of a known mode shape and a known gain protiie, we

confinement factor ratiél'r/T'ra = 1.1) since the gain dis- may obtain the resulting TE/TM modal gain ratio, as illustrated

tribution can, under this scenario, be taken out from the integ?ﬁove' In reality, the mode shape may be influenced by a combi-

of (9). The deviation of this ratio increases with growing carri a“‘?” dOf garlln-gwdlpra and gree-czrneaplasma(-jmdgced r?If rac-
density nonuniformity. The experimentally measurable quanti € Index change. Thus, the mode shape and gain profiie in-
ence one another mutually. The parametric relationships de-

(TE/TM modal gain ratio) therefore contains information abo din thi K make it ible to tak i istent
the degree of carrier density nonuniformity. Our results for tH&/€d In this work make It possible to take sefi-consistent ac-

bulk case are illustrative, in the conceptually simpler bulk (cor‘f—oun_t of these combined effects in order_ to_ obtain the compre-
tinuous carrier density distribution) case, of the physical phgEmSIVe above-threshold laser characteristic.
nomenon presented throughout this work. We find later in this .
work that the quantitative influence of nonuniformity effects arg- Multiple Quantum Wells
much greater in the more mathematically and conceptually com\We consider for illustrative purposes an MQW structure
plex case of an MQW active region. (Fig. 5) which consists of ten QWs and eleven barrier layers.
We have focused our attention on the impact of gain nonufiihe total active region thickness, effective index, and outer
formity along a single specific 1-D axis. Nonuniformity can poeladding layer refractive indices are the same as for the bulk
tentially exist along both transverse dimensions. In the laterdtive region case considered in the preceding section.
direction, it may result from hole burning connected with spa- Calculated and experimental Auger coefficients for In-
tially varying stimulated emission whose rate is proportional t8aAsP—InP MQWs intended for 1.55n operation have
the local photon density. In the vertical (thinner) direction, it iseen found to depend on the details of the active region
most strongly linked with the injection of carriers of dramatistructure [17], varying between 18 and 10727 cnm-s~!. For
cally differing mobilities from opposite sides of the active reguantitative calculations in the present work, we employ the
gion. If desired, the effects of these mechanisms acting aloregombination rate parameters obtained by Chugtray. [18]
orthogonal axes could readily be included simultaneously: &nd given in Table I. The distribution of carrier density among
the effective index approximation, this would be proportionghe QWs is calculated employing (11)-(19) with physical
to a product of influences along the two basis directions. In tlygiantities given in [5] and [19]-[22] and also listed in Table I.

Lower Cladding
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TABLE | 1.52
MATERIAL PARAMETERS USED INMQW CALCULATIONS =
= °
: Yy
- - - : 7 ‘T 1.48
Ambipolar diffusion coefficient D =0.0005 m/s 8o \
]
=
Ambipolar mobility 10.01 m%/Vs g 144
< L
—— 7 g
Capture time z=1x10""s E
- . 1.4 ; :
Escape time 7=3x10""s 000 010 020 030 040  0.50
— - Nonuniformity of carrier distribution
Photon lifetime 7=2.1x10" s y
. — g 1 Fig. 7. TE/TM modal gain ratio as a function of nonuniformity of carrier
SRH coefficient 4=11x10"s distribution in the MQW structure
Bimolecular coefficient B=1x10"m’s
a function of current injection for this range of carrier lifetimes.
Auger coefficient C=11x10%¥m%s The resulting impact on the full device is bounded by these ex-
treme cases.
Spontaneous-emission factor 7 =5x10° QW gain is anisotropic, with the TM-mode gain arising from
conduction-band to light-hole transitions, and the TE-mode gain

See A dix I arising mostly from heavy-hole transitions. In agreement with
See Appendix Il [25], we take the ratio of TE to TM material gain coefficient in

(19) to bE(FQw’_Tl\qggE)/(FQW’_TEQEM) = 150/100.

E’ 0.5 We show in Fig. 7 the calculated ratio of TE to TM modal
g g 04 ./-;'ﬂ' gain as a function of carrier nonuniformity. We vary the injected
2503 % current density while keeping the average carrier density among
EEo02 the wells constant. As in the bulk active region case, the ratio of
’:_::: B 0.1 % TE to TM modal gain decreases with increasing carrier density
§ 0 ‘ ‘ nonuniformity among the wells. The TE modal gain is more de-
0 40 80 120 graded than the TM modal gain when the carrier density nonuni-
Current (mA) formity is increased, as in the bulk case depicted in Fig. 4. Com-

Fi N o garing to the bulk active region case, the change of TE to TM
g.6. Nonuniformity of carrier distribution in the ten quantum wells structur . . . . T . L.
as a function of current injection. Solid dot: using carrier lifetime which i§nOdal gain ratio at higher carrier distribution nonuniformity is
around 200 ps; Solid square: using carrier lifetime of around 750 ps; Sofidore significant in the QW case. This can be attributed to the
triangle: using intermediate carrier lifetime;. different behavior of the linear (in the bulk case) and the loga-
rithmic (in the QW) gain versus carrier density functions.

Using the numerical values given above, we calculate the car\We have thus found a typical change in TE/TM modal gain of
rier distribution profile under different injected currents. We olthe order of 1% as carrier density nonuniformity evolves. It has
tain a strongly nonuniform distribution of carrier among QWgreviously been found experimentally that gain can be measured
(shown in Fig. 6), with the most extreme pile-up of carriers ode within better than 0.14% [26]. While a single polarization will
curring on the p-cladding side of the active region from whictsually dominate the lasing spectrum above threshold, careful
the less mobile type of carrier is injected. measurement permits simultaneous monitoring of the evolution

In a semiconductor amplifier, another significant nonunifoef modal gain of both lasing and nonlasing TE and TM modes
mity in the carrier distribution will be observed along the lonafter the onset of lasing. This has been reported experimentally
gitudinal extent of the amplifier cavity. This effect may exist inn both bulk [27] and QW [25] lasers. The facet reflectivity of
semiconductor lasers—particularly those with strongly asyra-semiconductor amplifier is much lower than that of a cleaved
metric facet reflectivities [23]—but is particularly apparent irsemiconductor laser, and the photon lifetime in the cavity much
amplifiers in which photons experience a single pass of theduced, as discussed in Appendix B. We obtain results similar
cavity in view of the very low facet reflectivities employed. Atto those shown in Fig. 7 using a low photon lifetime of a typical
the input facet, the photon density and stimulated recombinatisemiconductor optical amplifier.
rate are low. The carrier lifetime is thus a maximum at the input The nature of the spatial relationship between photon and
facet, and the carrier density distribution the most uniform. Thgain profiles can either aggravate or attenuate the injection level
opposite situation arises at the output facet, at which the phottependence of the TE/TM modal gain ratio. We consider in
density is high, the stimulated recombination rate a maximuifig. 8 the impact of displacing the position of the peak of the
the effective carrier lifetime is short, and the carrier distributioaptical mode from the vertical center of the waveguide toward
maximally nonuniform. The carrier lifetime in a typical semi-one of the cladding layers. Such an offset may be significant
conductor amplifier has been measured to be in a range betwparticularly in ridge waveguide devices in which the waveguide
200-750 ps [24]. We plot in Fig. 6 the carrier nonuniformity amode senses the nonequivalence of the upward and downward
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o 1.7 1) Obtaining maximally direct measures of the evolution
F | Low carrier density High carrier density of internal carrier density distributions in semiconductor
= +—— _— > . .
£ . quantum optoelectronic devices. To date, these effects
= NU=0.10 ">~ ﬁ have been studied directly only via modeling, with their
'é "7‘ importance in real experimental observation of perfor-
s / = mance degradation being the subject of speculation rather
E NU=0.21 than definitive demonstration.
= : —1.25 ‘ ‘ 2) Reducing injection level dependence of polarization in-
60 40 20 0 20 40 60 sensitivity in MQW SOAs.
Off-centre shift (nm) 3) Increasing, as desired, polarization sensitivity and polar-

ization variability in polarization-bistable functional op-

Fig.8. TE/TM modal gain ratio as a function of off-center shift under different toelectronic devices [28].
degrees of carrier distribution nonuniformify,U’ = 0.1 and0.21. Off-center

shift is the offset of the optical mode peak of both polarizations from the center

of the waveguide. For negative (positive) shift, the optical mode peak is pushed APPENDIX A

into the side with low (high) carrier density, corresponding to the contact from L . . . .
which electrons (holeg) grg injected. g ponding Derivation of relation ofV{/ and diffusion lengthl in bulk
active region.

— - _ NU is defined in (22), where
directions. As seen in Fig. 8, when both modes are pushed in

the direction of the higher carrier density (p-injector, positive — 1 d/2 9

offset) side of the active region, the injection level dependence " =a /_d/Q(”(x)) dz

of the modal gain ratio is decreased. When the mode is offsgi

toward the higher gain QWSs, most of the modal gain occurs 1 [4/2

near the (symmetric) centers of the modes, and the sensitivity n= P / n(x)dx. (A1)
of the polarization dependence to changing nonuniformity is re- —d/2

duced. On the other hand, if the mode is offset toward the low@fe substitute only the first term in (8) into the integration, which

carrier density (n-injector, negative offset) side of the active rgould be much simpler but does not affect the correctness of our
gion, more of the modal gain comes from sampling the tails @bnclusion

the mode profiles. Since it is in the tails that the mode profiles
differ most, the injection level dependence of the modal gain n(z) = Jr7 {M} (A2)
ratio is amplified. 2eL | sinh(d/2L)
These results are of use in designing SOAs in which polaz 4 \ve obtain (A3), shown at the bottom of the page, where
ization-independent operation is desired and must be preseryed ;-
in the face of either changing bias levels or dynamic reSPONSeg sing the approximation of® = 1 +  + 22/2 4+ 23/6 +
to time-dependent inputs. If the waveguide and active region alri/%, (A3) would be simplified to
designed for polarization independence at a given bias level, thi
effect will best be maintained over a range of levels of operation NU 1 (A4)

~
~

if the waveguide is designed such that both TE and TM modes 23 *
are offset from the vertical center of the waveguide in the dire

tion of the hole-injecting contact. the approximation is valid & < 1.5.

APPENDIX B
V. CONCLUSION ) . i
The electron capture time is typically. ~ 1 ps, and the

~We have investigated TE and TM modal gains under carriggtio of . versusr. is structure- and bias-dependent [5]. The
distribution profiles with varying degrees of nonuniformity. Aratig increases with barrier height and decreases once the carrier
nonuniform carrier distribution in either a bulk or an MQW aCqensity exceeds 26 m—3 at which point QW charging effects
tive region degrades the modal gain seen by each polarizatig.ome significant. For simplification of the calculations in this
There exist differences in the dependence of TE versus Tﬁ\é\pern and 7, are fixed to be $107° s and k1072 s

modal gain on carrier density nonuniformity. We have ShOV"r'éspectively. The photon lifetime, is given by
that this effect is attributable to the differences in the spatial

mode profiles associated with the two orthogonal polarizations. 1 e/ n 1 I 1 (A5)
Our results find application in the following areas. oo \ 2l "\ RiRy ) )
NU. — V(€ +e727) +dz(e” — e*) + 422 — 16(e” + e=7) + 30 (A3)

4(6.7:/2 _ e—m/?)
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Given the intrinsic optical los&; = 3000 m~!, the cavity [16] N. K. Dutta, “Calculated absorption, emission, and gain in

length! = 400 z:m, the group index.; = 3.6, and facet power '1”58702630-28A30-6P0-4v" J. Appl. Phys. vol. 51, pp. 6095-6100,

reﬂeC“V'ty of a cleaved semiconductor lager andfz; = 0.32, [17] J.Wang, P. von Allmen, J. P. Leburton, and K. J. Linden, “Auger recom-

T, = 2.1x 10712 s, bination in long-wavelength strained-layer quantum-well structures,”
For a semiconductor amplifier, the facet power reflectivity _EEE J. Quantum Electronvol. 31, pp. 864875, 1995.

is much lower than that for a laser. The typical value of the

[18] J. Minch, S. H. Park, T. Keating, and S. L. Chuang, “Theory and experi-
ment of In_, Ga.As,P._, and In_._,Ga,Al ,As long-wavelength

facet reflectivity ; and R,) is around 0.01% [24], yielding strained quantum-well laserdZEE J. Quantum Electronvol. 35, pp.
7 — 0.46 x 10~12 g 771-782, 1999.
[19] J. R. Hayes, A. R. Adams, and P. D. Greene, “Mobility of holes in the
quaternary alloy InGaAsPElectron. Lett. vol. 16, pp. 282-284, 1980.
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