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In laser structures where the active region consists of several quantum wells, non-uniform charge
injection can occur. We examine the consequences of non-uniform charge injection on gain,

threshold current, and linewidth enhancement factor. Non-uniform charge injection in a InP-based
multiple quantum well laser was considered in order to analyze effects on gain, threshold current,
and linewidth enhancement factor. We find that although the best values for gain, threshold current
and linewidth enhancement factor occur under uniform charge injection conditions, these

parameters do not suffer significant degradation under even highly non-uniform charge injection.

© 1996 American Institute of Physid$50021-89786)04721-4

I. INTRODUCTION The organization of this paper is the following. In the

Multiple quantum well(MQW) and strained MQW la- nexF section we d|scqss the structure examined and t.he for
. . ) . X ._malism used. In Section IIl, we present our results. Finally,
sers show improvements in material gain and differentia . .
we conclude in Section IV.

gain over conventional double heterostructure lasers, leading
to improvements in threshold current, modulation band-
width, and linewidth enhancement factor. In the design ofll. FORMALISM

long wavelength lasergsay operating at 1.5xm), Auger In this section we will discuss the laser structure used in

recombination is quite important at room temperature. Du%ur studies, present the phenomenological model used to
to the strong carrier density dependence of Auger recombiz '

. T hat th ior densitv in th simulate non-uniform injection and present the formalism
r?a“"” r_ate, itis |mpqrtant that the carrier gnsny n the aC+sed to examine the effect of non-uniform injection on laser
tive region,n;;,, at lasing be as small as possible. This can b

lished b ) . 1 hich h | erformance. Note that this paper does not address the ques-
accot;np 'Sf € ty usmg”anTﬁctllve region bW 'Cf "’}ls a"arg ion of how non-uniform injection occurs or what its depen-
number ot quantum wetls. 1he large numboer of Welis alloWSye e o the structure chosen, temperature, biasing, etc., is.

a larger optical confinement factor for the laser so that thgl(ve confine our studies to answering the question: If non-
gain per well needed to overcome losses becomes SMaAlniform injection occurs at varying degrees how important is
This in turn reduces,,. As a result MQW-based active it for the laser operation?
reggns arfl widely L:fe: n I?P-based 1"5‘5] s;l/stems.h The structure we choose for study is a zero-net strain 8
ecently, very high performance '_55“ asers have q 1.55um InGaAsP-InP MQW laser, with 80 A wells and
been demo_nstrated using an active region with 8, wells. Fa 00 A barriers, using 0.38% compressive strain in the wells
lasers designed for Ion_ger wavel_engths, the optimum wel nd 0.303% tensile strain in the barriéré. schematic for
number may b_e even higher. _An |mportar}t ISsue that has %he active region is shown in Fig(d. We assume in steady-
be ad?resset(:]lnfsuch Iglsbe_rs IS thde follﬁwmg.l S|rt1ce the Ia‘?’%'iate the injected electron and hole densities follow exponen-
operates in the forward bias mode where €1eclrons are Irg,, profiles which mirror each other with respect to the

Jethddf:ﬁn: tt::en."cf'di. anc(ij hol_eis fr?Imbthp-&de,_flt IS ex'th and p-injection sides. In our phenomenological model used
pected that the injection density will beé non-unitorm in the,, . represent the carrier densities by a form

active region when the well number is large. How important

are the effects of non-uniform injection? In this paper we Ni=NexpL(i—1)/Lq4 (1)
address the concern raised above. We examine the eﬁeCtS\%ereni is the number of injected carriers in thé well,
non-uniform charge injection on gain, spontaneous emissiog is the number of injected carrieta or p) in the first well
rate, threshold current density, and linewidth enhancemeni, ihen- or p-injection side L is the distance between from

factor. We find that with increasing non-uniformity, gain and o beginning of one well to the next, arg, is a decay
spontaneous emission rate decrease. Additionally, for i”rength. For uniform injectiorLq is infinity.

creasing injected carrier density, the linewidth enhancement ", a5ch case of uniform or non-uniform injection, we

factor under non-uniform charge injection conditions be-gpiain the gain and spontaneous emission rates for each in-
comes greater than that under uniform charge injectiong; iqual well by first calculating the bandstructure using a 4
However, the overall degradation of the laser in terms ofy 4 | . p Hamiltoniar? to describe the confined valence

threshold current density is rather minimal. band states; the conduction band is described using the para-
bolic approximation with an electron of effective mass
3Electronic mail: ramj@engin.umich.edu m*.3* The effect of strain due to lattice mismatch is
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FIG. 1. (a) Visualization of non-uniform charge injection into MQW struc-

electron massW is the active region widthe is the polar-
ization of the light,Py, is the optical matrix element, and
fe(ES(K) andf(E'ﬂn(k) are the distribution functions for elec-
trons and holes in the!" andm'" subbands with momentum
k and energie€; (k) and Eﬂ](k), respectively. To get the
total gain and spontaneous emission rates for a particular
case, then, we assume

8

gtot(ntotaE):igl a(n;,pi.E), (4)
8
RSptot(ntOt):iZl Rspi(ni i), (5

where gioi(Niot,E) is the total gain from all wells at total
carrier densityn.,, g(n; ,p; ,E) is the gain from the'" well
after summing over all subbands and convolving with a
Lorentzian to account for collision broadening due to carrier-
phonon and carrier-carrier scattering, dﬁg%m is the total

spontaneous emission rate from all wells.

In these lasers the quantum well width is less than 2
orders of magnitude smaller than the lasing wavelength.
Since the light experiences gain only in the well regions, we
characterize the laser optical gain by an optical confinement
factor per welll’,.

We approximate the threshold current density as

Jin=€[Angp+ Rsy(Nin) ]+ Ia(Nin), (6)

where ny, is the total three-dimensional threshold carrier
density, Rg,(nyp) is the total spontaneous emission rate at

ture and(b) normalized injected electron density distribution for an 8-well threshold A is the Shockley-Read-Hall non-radiative recom-
MQW laser for the uniform and non-uniform charge injection cases consid-bination coefficient, and,(ny,) is the Auger recombination

ered in this study, from tha-injection side.

current density at threshold. We assume at threshold stimu-
lated emission is negligible compared to spontaneous emis-
sion. In InP-based devices the CHHS process dominates the

included? After calculating both electron and hole density of Auger recombination rate. Hence, Auger recombination
states functions, the Fermi Golden Rule was applied and fofgkes the form

each well the subband-to-subband optical gain and spontane- 8

ous emission rates were obtaired:
47%e%h 1
NocmyWE (2)

gnm(ni ' Pi 1E):

X 2, |ePg(K)|28(EE (k) — En(K)—E)

[FE(ER(K)) +F(Eq(K)) 1], 2)
Rsp(ni,pi)ZJ'dE%#% fdk
X 2 [Pk [28(ER(K) ~ En(k) —E)
[F(ES(K) LT (ER(K))], (3)

whereg,m(Nn;i,pi ,E) is the optical gain at photon enerdy
from thei'" well with electron densityy; and hole density
p; from the n'" electron subband anch" hole subband,
Rsp(Nni,pi) is the spontaneous emission rate from iffe
well, e is the electron charg@ay is the refractive index of the
active regiong is the vacuum speed of lighty, is the free
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JA:eCA;l nthiptzhin (7

where C, is the Auger recombination coefficient, anrruq1i
and P, are the corresponding three-dimensional electron
and hole densities, respectively.

The linewidth enhancement factar, via the Kramers-
Kronig relations, is a measure of the resonance between the

differential gain spectrum and the peak of the gain spectrum,
and can be writteh

_ dygr(n)/dn

= Ay, (ny/dn’
where yr(n) and x,(n) are the real and imaginary parts of

the complex susceptibilities of the active region, respec-

tively. From the Kramers-Kronig relations, their derivatives
can be given ds

®

dy,(n) dg(n,E) AE/27

dn :Jd dn  (E—E,)2+(AE/2m)2 ©)
dxgr(n) dg(n,E) (E-E)

dn :JdE dn  (E—E)%+(AER27)?’ (10
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FIG. 2. Single well gain spectrum of the well closest to thimjection side FIG. 3. Total peak gain versus total injected carrier density for an 8-well
and the well closest to the-injection side forL4=783 A, and single well  quantum well laser for the uniform and non-uniform charge injection cases
gain spectrum of well under uniform injection. The slight irregularities in considered in this study.

the gain curves are a consequence of the numerical procedure and have no

noticeable effect on the quoted results.

E;,—E;,>E, 11
where E, is the lasing photon energ\E is the collision fn=fe (1D
broadening energy due to carrier-carrier and carrier-phonois satisfied for greater photon energies atrhiejection side

interactions, andig(n,E)/dn is the differential gain. well than at thep-injection side well withL4=783 A, since
the electron density-of-states is smaller. This is also shown
IIl. RESULTS in Fig. 2.

i . . i Using Eq.(4), we calculate the total peak gain versus
In this section we will present the results obtained for5| carrier density from all wells for the distributions plot-
various degrees of non-uniform injection. _ ted in Fig. 1b). We show the results in Fig. 3. We find that
_The decay length, 4, is used as a variable in our study {he total peak gain decreases as decay length decreases, al-
to introduce a nonuniform charge distribution. In this StUdy*though the variation in total peak gain between the different
we chose the decay length value such that the number Qfgcay lengths is only-10%. This can be explained via our
holes in then-injection side well(or the number of electrons  yhenomenological model. Following the discussion of the
in the p-injection side well is 20% (L4=783 A) of, 40% preceding paragraph, we expect the gain at the lasing energy
(Lg=1375 A of, or equal to [4=) the number of elec- g of the it well to be primarily dependent on the hole
trons in then-injection side well. We show the carrier dis- density of thei!" well. Our calculations show
tribution profile from then-injection side in Fig. tb). We
have found that the exponential profile appears to be &(Ni,pPi,Ei,Lg#0)+9d(Ng—i+1,Pg-i+1,E,Lg#0)
simple, yet good, approximation when compared to more _
rigorous simulations involving the carrier transport equations <29(La=0), (12)
and laser rate equatiofis. i.e., atE, the gain from any weli and its complementary
Under non-uniform injection, in some wells the electronwell 8—i+1 (since the electron and hole distributions mir-
density is larger than the hole density while in others the holeor each otherunder non-uniform injection is less than the
density is larger than the electron density. Since the holgain from any 2 wells under uniform injection. Hence, the
effective mass is much largé¢in this material systeithan  total peak gain under uniform injection is always larger. We
the electron effective mass, an increase in the number agxpect the difference between the uniform injection and non-
holes in a well will have a larger effect on the Fermi hole uniform injection cases to remain small even if the electron
distribution function than an equal increase in the number o&nd hole distributions do not mirror each oti&om their
electrons, due to the positioning of tffbole or electrop  respective injection sidgsasL 4= 783 A incorporates a large
guasi-Fermi energy level via the density-of-states functiondegree of nonuniformity.
Therefore, under non-uniform injection, we expect for a  Equations(3) and (5) enable us to calculate the total
given total carrier density thp-injection side well contrib- spontaneous emission rates for the different decay lengths.
utes significantly more to the total peak gain than theéWe show our results in Fig. 4. We find that the spontaneous
n-injection side wells. In Fig. 2, we show the gain-energyemission rate also is larger under uniform injection than non-
curves for the uniform injection case and for a non-uniformuniform injection, which follows from the discussion given
injection case I(4=783 A). In the non-uniform case we in the preceding paragraphs. Although we find that the total
show the gain-energy relation for the well closest to thepeak gain under uniform injection is larger, this result im-
n-injection side(wherep=0.2n) and for the well closest to plies a small difference in threshold current density for dif-
the p-injection side 6= 0.2p). The criteria for positive gain, ferent decay lengths.
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FIG. 4. Total spontaneous emission rate versus total injected carrier densifY 6. Linewidth enhancement factor versus total injected carrier density
for an 8-well quantum well for the uniform and non-uniform charge injec- or an g-well quantum well structure for the uniform and non-uniform

tion cases considered in this study. charge injection cases considered in this study.

From Eqgs.(6) and(7) we calculate the threshold current
density. We assume typical values farandC of 10% s7* Figure 6 shows the dependence of the linewidth en-
and 10 28 cmP/s, respectively. For the structure presented inhancement factorg, on total carrier densityn,,, for the
Section Il we calculatd’,,=0.0144. In Fig. 5 we show the distributions shown in Fig. 1. It is seen that at low injection
threshold current density),,, versus the cavity gain, that « increases a&, increases, while at higher levels of
I'wOiot, for both Ly=o andLy=783 A. We find that the injection « increases aky decreases. Since our calculations
difference inJy, between non-uniform and uniform injection show the lasing energishown on Fig. 7, E;, shifts only
is small, with uniform injection having slightly lower thresh- very slightly with increasing carrier densiifor the range
old current density. At lower levels of injection, with,;  considered in this studyby Egs.(10) and(11), the change
slightly greater than the transparency carrier density, we finéh linewidth enhancement factor must result from a change in
that under uniform injectiod,, will be smaller, because the the differential gain spectrum.
gain under uniform injection is greater while the spontaneous Figure 7 shows differential gain spectrums for
emission rates are approximately the same, with Auger ren,,,=1.8xX 10" cm 2 (« larger for uniform injectioh and
combination not as significant as at high levels of injection.n,,,=3.8x 10 cm™2 (« smaller for uniform injection We
At higher levels of injection, howeved,, becomes nearly see that at lower carrier densities the area under the uniform
the same for the two cases, due to the influencélpthe injection differential gain spectrum is greater than that of the
n;p? term in Eq.(7) which effectively lowers the Auger rate
for non-uniform injection, an¢?) the increase in the uniform
injection spontaneous emission rate.

2.5 : : : .
—L=0c0
16000 T T ,;; 20 -L=7834 ]
:U
& 14000 F —L=co0 1 o
é - Ly=7834 2 151l ]
< 12000 | ] £
2 o0 13 2
g 10000 | i ~_§ 1l n =1.8x10 cm e ]
< g .
= 8000 | ] ks
g E n, =38x10 cni?
el 4 L 0. N
g 6000 | ] 05 o
= - P wamene
2 4000 | ] T —
& 0 : ‘ . .
£ 2000 } ] 075 E o8 0.85 0.9 0.95 1
----------------- photon energy (eV)
0 s .
0 50 100 150

FIG. 7. Total differential gain spectrum for an 8-well quantum well struc-
ture for theL 4= 783 A and uniform injection cases, at two different injected
carrier densities. The slight irregularities in the differential gain curves are a
FIG. 5. Threshold current density versus total cavity gain for an 8-wellconsequence of the numerical procedure and have no noticeable effect on
quantum well structure for theq=783 A and uniform injection cases. the quoted results.
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non-uniform injection; thus, under uniform injection, is  studies show that concerns of non-uniform injection are not
greater. By the same reasoning, at higher injection levelserious.

under uniform injectiornx is less.
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