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Modulation Bandwidth Reduction in Broadband High Speed Semiconductor
Lasers due to Optical Confinement Factor Variation
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ABSTRACT

A reduced effective ditferential gain is shown for the first time to arise in diode lasers by including the variation of the confine-
ment factor with carrier density. This effective differential gain, and not the material gain, is the parameter which actually deter-
mines the resonance frequency and therefore the modulation bandwidth of diode lasers. For bulk lasers with short cavity length
and thin active layer, the effective differential gain can be significantly reduced. The modulation of the confinement factor with
carrier density can also adversely effect the differential gain of quantum-well lasers if the confining layer thickness is too thin and

the threshold carrier density is too high.
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[. INTRODUCTION

The change in optical confinement factor
with carrier density has been proposed to
explain the gain overshoot (1)-(2], and near
field displacement (3) in ultrafast pump-
probe experiments on semiconductor quantum-
well optical amplifiers. It has always been
assumed that the optical confinement factor
(I') dose not change with the injected carrier
density N, although it is well known that the
refractive index changes with N. In this
paper, we describe this overlooked factor. the
variation of T with carrier density. A
reduced effective differential gain is shown to
arise in semiconductor lasers when the varia-
tion of T' with carrier density is taken into
account. This effective differential gain. and
not the material gain. is the parameter actu-
ally determined from conventional measure-
ments of the differential gain. This new term
is in addition to the static reduction in I’
with carrier density, and can significantly
reduce the resonance frequency and modula-
tion bandwidth of diode lasers. For bulk
lasers with short cavity length and thin
active layers, the modulation bandwidth can
be significantly reduced. It is shown that the
variation of I' with carrier density can also
adversely effect the modulation bandwidth of
quantum-well lasers if the confining layer
thickness is too thin and the threshold carrier
density is too high.

I. REDUCED EFFECTIVE DIFFERENTIAL
GAIN IN DIODE LASERS DUE TO CON-
FINEMENT FACTOR VARIATION

The resonance frequency and modulation
bandwidth of a semiconductor laser are well

known to be proportional to the square root

of the differential gain dg/dN. Therefore, we
describe the modulation bandwidth reduction
of diode lasers by showing the reduced effec-
tive differential gain when the variation of
confinement factor with carrier density is
considered.

The rate equations describe the interplay
between the photon density and the carrier
density in the active region of a semiconduc-
tor laser. We first derive the expression for
the resonance frequency using the rate equa-
tions, assuming that the dependence of T
with carrier density dI'/dN is nonzero. The
rate equation for the carrier density N of a

single mode laser is given by :

WL RN ~e S (NEN-eS (1)
where [, is the bias current, g is the elec-
tronic charge, and V is the active layer vol-
ume. Rp is the total recombination, vg is the
group velocity, S is the cavity photon density
of the laser, and g is the material gain. € is
the gain suppression parameter (assuming
that the gain is suppressed by an amount ¢
S). The rate equation for photon density S is
given by :

i‘%‘- = v JJ(Ng(N)(1 —eS)S—v,arS+R, (2)

where @ p is the total optical loss, and R, is
the spontaneous emission into the guided
modes. By ignoring the contribution of Ry, a
small-signal analysis of (2) under the condi-
tionsof I=I, + § ;and S=8, + & S yields :

_43_:5: = ”K{ N A 5N“1"(Nb)g(Nb)58$}Sb 3)

and

d*8S _  ( d(Neg(N) d5N
dt U‘{ dN dt 0

~ RN N3 s,
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Nb and Sb are the steady state carrier den-
sity and photon density, respectively. The

carrier rate equation (1) gives :

AN _ 1 _dXNe(N).
dt ~ {rc P [Lr?f\ifi & S”}@N (5)

- Ug[( Nb)é’( Nh)é\s

where differential carrier lifetime v, is
defined as 1/r, = 2R/?N. Using d®N/dt from
(5) and N from (3), (4) can be written as :

%ﬁi + 7%6—;—‘2 +widS = driving term (6)

The resonance frequency « 4 is given by :

wf= o}, TN &(ND( 55 S )

and the damping rate ¥ by :

e TL o, N,,)(g,%) SetuLAND(NeS, (8)

e,

where the effective differential gain is

defined as :
(__dg_) _ de(N) | &N dn(N) (©)
dN eff dN I(Nb) dN

Above lasing threshold, the carrier density
is clamped. Therefore. N,=N, and g(N,) can
be written as g(N,) = (dg/dN)p..(N.;,-Ny)
where (dg/dN),.. is the material differential
gain, Ny, is the threshold carrier density. and
N, is the carrier density at transparency.
Thus,

(—gfg\")c/jz (g%)mz [ I+ (N”‘—N“)vg'—]%’%m 19

This is the central result of this work.
Since d//dN is negative, the second term in
(9) and (10) always reduces the effective dif-
ferential gain with respect to the true mater-
ial differential gain. It is important to note

that simply including the effect of carrier

2724

density on the static value of I'(that is I”
(Np)) is not sufficient:. the new factor d/7/dN
must also be included. The damping factor 7
(8) is predominantly determined by the non-
linear gain term (4).

Therefore,
Y = Vgr(Nb)g(Nb)t Sb (11)

The K-factor, defined as K = y/f02 (4) is
then given by :

_ 47 4rte
I VA ) 1

The K-factor is important in that it sets
the upper limit to the maximum 3-dB band-
width: (f3-48)max = 8.8/K (5], (6). Note that

the resonance frequency f; (and therefore.

the modulation bandwidth of the laser) and -

the K-factor are all governed by this effec-
tive differential gain (dg/dN).s. In the fol-
lowing (sections I and ) we show that
(dg/dN) . is significantly reduced for bulk
and quantum-well lasers for certain cases.
The details of the above analysis are given in

Appendix |.

. MODULATION BANDWIDTH REDUC-
TION IN BULK SEMICONDUCTOR LASERS

An analytical formula for d/7°/dN can be
derived for the case of bulk semiconductor
lasers: the confinement factor I' can be

approximated for bulk lasers by (7) :

_ ¥

“TvD "
where

D= 2r dind o\ 1/2

=T (ns—n; (14

Here, n, and n; are the indices of the
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active and cladding layers, respectively, and
d is the active layer thickness. Using (13)
and (14), we calculate a closed form expres-
sion for the reduction in the effective differ-

ential gain :

&ND ar

EN) ar_ an 11 dn

I(N)) dN = 424 (ny—n)® #ny dN

{15

The derivation of (15) from (13) and (14) is
given in Appendix 1. The analysis of (15)
requires accurate value of carrier-induced
index change dny/dN. The values of the carri-
er-induced index change necessary for this
calculation are measured very accurately by
an injection-reflection technique in combina-
tion with carrier lifetime data (8).

In (15), the total optical loss a; is given by
ap = | + (1/L)In(1/R), where L is the cavity
length and R is the facet reflectivity. Note
that (g/r)(dr'/dN) increases as the cavity

Table |. The parameters used in the calculation of (g/
MN(dL/dN) (15)

Parameterl Value Unit
Active layer thickness 0.1,0.15, 0.2 #m
Active layer width 2.0 4m
dg/AN 3x10™ em’?
@ 20x(1-IN+130xI"  cm®
Reflectivity 0.32 -
Index step(N=0) 0.26 -
Wavelength 1.3 #m

Table 1. The device parameters and results of the car-
rier-induced index changes

(Pump laser Probed laser  Active layer

wavelength wavelength volume of probed Ongy=
(em) (um)structure  laser(um’)
1.533 1.545/bulk  275%1.8%0.21 -6.1x10™(N)**
1.533 1.307/bulk  275%1.5%0.15 -9.2x10°(N)*"
1.313 1.307/bulk  275x1.5%0.15 -1.3x10™(N)*®

Reduction in dg/dN (x107® cm?)

and active layer thickness decrease. Fig. 1
shows the magnitude of (g/I'}(dI'/dN) (15)
versus cavity length for lasers with various
active region thickness. The parameters used
in this calculation are listed in Table I. The
value of dny/dN is obtained from the result of
the carrier-induced index change measure-
(8].
The internal loss is calculated from the rela-

ment which is summarized in Table I

tion a; = ayx (1-I')+ a,, X T' where 2, and a,,
are the losses in the cladding and active
layer. respectively. It is clear that the reduc-
tion in differential gain can be substantial
for the laser with short cavity length and
thin active layer thickness. The effect of (g/
I'){(dT'/dN) on the resonance frequency is
shown in Fig. 2. The difference between the
resonance frequency with (g/I')(dr/dN)=0
and the resonance frequency with reduced
effective differential gain is more than 2GHz
for the laser with short cavity length and
thin active layer thickness. Therefore, when
the effect of confinement factor variation is
considered. the maximum allowable 3-dB

modulation bandwidth of the laser decreases

1.0

acltive region thickness
0.8 | — oz 0

- = ().iﬁ)lll]

s el = 0.2,
0.6 |
0.4 ¢+
0.2 +
0.0 i L 1 4. .\

0 100 200 300 400 500

Cavily length (um)

Fig. 1. The reduction in effective differential gain ver-
sus cavity length using (15). The parameters
used are listed in Table |.
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by more than 3GHz (from the well-known
relation fyp = 1.55f)) in the regimes where
the bandwidth is not limited by electrical

parasitics of damping.

V. MODULATION BANDWIDTH REDUC-
TION IN QUANTUM-WELL (QW) SEMI-
CONDUCTOR LASERS

Fig. 3 shows the energy diagram of the
conduction and valence bands of a single QW
laser structure. A well and confining layers
are shown. The function of each layer is well
known and will not be discussed here. It is
well established that the dynamics of carriers
related to carrier transport in the confining
layers and carrier capture and emission in the
quantum-well can substantially degrade the
modulation response in QW lasers with wide
confining layers (9). [10). Here, we propose
an independent effect which may also reduce
the modulation response of QW lasers. We
assume that the variation of the carrier den-

sity in the well dN, produces a variation in

fy_with no_reduction n dg/dN (d=0 1um)

active region thickness

—-d = Ol

= d o= UZpgm

0 4 L. n A

Cavity length (prm)

Fig. 2. The reduction in resonance frequency versus cavi-
ty length due to the reduced effective differential

gain. The solid line shows the resonance frequen-

cy with no reduction in differential gain for the

laser with active layer thickness of 0.1sm
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the index in the well and confining layers,
and a variation in the confinement factor 8I",
I' is calculated by the usual manner by con-
sidering the index profile shown by the solid
line in Fig. 4. The change in the confinement
factor is determined by recalculating 47" for
the new index profile shown by the dashed
lines in Fig. 4. The change in index in the
well &n, and confining layers 0n,,, (differ-
ences between solid lines and dashed lines)
due to a change in the carrier density in the
well &N, and in the confining layer &N
need to be determined in order to calculate
dinI"/dN, [(see (10)). This requires the knowl-
edge of the carrier-induced index change,
dNon/dNeonr and dn,/dN, at the lasing wave-
length (1.53#m). An accurate calculation of
the magnitude of dinI"/dN, requires detailed
knowledge of the carrier-induced index
change of the confining layer at wavelength
(well wavelength) displaced from the confin-
ing layer bandgap and the index change of
the well at lasing wavelength. Moreover. the

index change for a much wider range of car-

Contining Layer Wadth

<_IA, Well
el L,
InD - = — - me— /7 N ]
GalnAsl’ (ay = 1.1%4m)

The energy diagram of the conduction and
valence bands of a single quantum-well laser
structure.
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rier density than has been previously mea-
sured (11) is required. In (8), a new tech-
nique for the accurate measurement of these
previously unavailable quantities is given. We
find for the first time that the index change
is sublinear in carrier density (8) in accor-
dance with a theory (12). and that the index
change is significantly smaller for wave-
lengths displaced from the bandgap than for
the bandgap wavelength as expected (see
Table 1). Our results for dn/dN (at bandgap
wavelength) agree quite well with (11) and
(13]) at low carrier densities of 1x10* cm™and
3x 10" cm”, respectively. We used Table II for
calculating the factor dinl/dN,,.

For the sake of simplicity, we neglect the
complicated nonsteady state behavior and
detail spatial distribution of carriers in the
confining and quantum-well layers (3}, (9],
[10).‘ We assume that a single Fermi-level
describes the carrier distribution in the quan-
tum-well and confining layers. The depen-
dence of the change in the carrier density in
the confining layer éN,,, on the change in ¢
N, is needed. The carrier densities in the

well and confining layer are calculated by the

Index Sy
X

dncont

-~ ng

Fig. 4. The index profile of a single quantum-well
laser. Carrier injection into the confining and
quantum-well layers causes a reduction in the
index (dashed lines).

following procedure: It is found that only one
subband exists in the quantum-well from the
analysis of time-independent Schr dinger
equation with appropriate quantum-well
boundary conditions. If the carrier density in
the well is specified, the Fermi level E; is
then given by

Ef = kT In(e"™em-1 ) (e

Here. N, is given by 472kTm.*/(xL,h%
where m.’ is the electron effective mass, L, is
the well width, and h is the Plank’s con-
stant. The carrier density in the bulk confin-
ing layer is obtained from E; by (14] :

NcanI':NcFI/Z( (E[c"d Ec)/kT (17)

where N, is the conduction band density of
state for bulk material, and F;, is the

Fermi-Dirac integral which is given by :

-2 ("___ &
Fe®O=r [ Troce—p 09

where §{ =(E.~ 4E)/kT and & =(E-4E,)/kT.
and 4E. is the conduction band offset

between the quantum well and the confining

(dg/de)ea /{dg/dN W) maveial

N (x 10™an®)

Fig. 5. The reduction of effective differential gain due
to the dependence of confinement factor on car-
rier density. The confining layer widths (one
side) are 500, 1000, and 2000A. The well width
is 100A. The number of well is one. The solid
line is the predicted ratio if dn/dN =2.8x10°
em’® is used.
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layer. Therefore, the carrier-induced index
changes 0n, and dn.,, can be obtained from
Table [ with N, and N, calculated from
(16) and (17).

Fig. 5 shows the ratio of the effective dif-
ferential gain versus the material differential
gain as a function of threshold carrier densi-
ty for different confining layer thickness in a
1.53um wavelength single quantum-well laser
with a 1.15#m wavelength confining layer.
Here, N = 7.11x10" c¢cm’ 4E, = 0.5 Eg.
and L, = 100 . Note that the ratio decreases
with well carrier density N, and increases
with confining layer thickness. This effect
can significantly reduce (dg/dN)., and the
modulation bandwidth if the threshold densi-
ty is high and the confining layer width is
thin. The solid line is the predicted ratio for
the laser with 500 confining layer width if
the carrier-induced index change dn/dN =-2.8
10" cm® (given in reference [11)) is used
for describing the index change in the confin-
ing and quantum-well layers. As expected.
the effect is overestimated at high carrier
density. Note that our result and carrier
transport mechanism [9) produce opposite

effect with regard to the dependence of mod

1.0 ey
5 £ . o 500A
5 g9 LSS TN o 1amA
2 Co%e T+, + 2000A
3 °5% ty
{ 0.8 o LI +++
fo 00 .o e
he) 0.7 Oo . +
= L]
3 o e
= L o .
3 06 o te
5 o,
w  05F °
E Q

04 1 1 L A 1 9

0 2 4 ¢ 8 0012 14

N (< 10%an)

Fig. 6. The reduction of effective differential gain due
to the dependence of confinement factor on car-
rier density. The confining layer widths (one
side) are 500, 1000, and 2000A. The well width
is 100A. The number of well is three.
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ulation bandwidth on confining layer thick-
ness. However, both mechanisms degrade the
modulation bandwidth of QW lasers if N,, is
high. Fig. 6 shows the result for a QW laser
with three wells. In this case, the effect
isexpected to be less important because N, is
expected to be appreciably smaller than the

case of single well.

V. CONCLUSION

We have included for the first time the
variation of the confinement factor with car-
rier density, and shown that it cannot simply
be reduced to the static dependence of I” on
carrier density. From the small signal analy-
sis of the rate equations taking into account
the variation of I' with carrier density. a
reduced effective differential gain for bulk
semiconductor lasers, particularly those with
short cavity lengths or thin active layers is
obtained. The variation of I' with carrier
density can also adversely effect the effective
differential gain of single quantum-well
lasers with high threshold carrier densities
and narrow confining layer. It is less impor-
tant for multiple-quantum-well lasers unless
the threshold carrier density is very high.
The square root of the reduced effective dif-
ferential gain leads to a proportional decrease
in the resonance frequency, and in the
regimes where the bandwidth is not limited
by electrical parasitics of damping, to a pro-
portional decrease in the modulation band-
width.

APPENDIX |
SMALL SIGNAL ANALYSIS OF RATE EQUA-

TIONS INCLUDING THE VARIATION OF CON-
FINEMENT FACTOR WITH CARRIER DENSITY
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This Appendix presents the small signal
analysis of the carrier and photon density
rate equations when the confinement factor is
considered as a function of carrier density.

The rate equations are given by :

I
a “b RN =, [INgN (1 —eS)S (A

= v L (Ng(N1 -S)S—v,a-S+R,, (A2)

where N is the carrier density, I, is the bias
current, g is the electronic charge, and V is
the active layer volume. Ry is the total
recombination rate, v, is the group velocity,
S is the cavity photon density of the laser,
and g is the carrier density dependent gain.
is the gain suppression parameter (assuming
that the gain is suppressed by an amount €
S). ap is the total optical loss and R,, is the
spontaneous emission into the guided modes.
The rate equations are solved assuming the

small signal solutions :

S(» =S, + 850 (A3)
I =1, + S

where N, S,. and [, are the dc bias condi-
tions, and 6N(t), 08(t), and &I(t) are the
small signals. In a steady state (when N is
pinned at N, (N,)), (Al) and (A2) becomes :

I
q—{’, —Ry{(Ny) v LAN)E(N)(1 ~£S,)S,=0 (A4)

vl ANDE(N)(1 =658, ~v,a7S,+ R, =0 (A5)

Now, assume R, = 0 and g(N,)>g(N,)eS,.

Then

{v,,f'(Nb)g(Nb) - Ve “T}Sb ={ (A6)

The small signal analysis of (A2) gives :

%S = vA(Npg(N)1—€S,) —as}dS

A Ng(N)
+ vg[ N N
eS,,é‘N]S,, (AT)

From (A6) and g(N,)»g(NpeS,., (A7)

becomes :

'?ts = ”e{ dIKMg(M_aN I(N.,)g(N,,)eas]s,, (A8)

and the second derivative of 8S with respect

to time is :
DA =v{ dXNN) _dsN
ar < dN dt (A9)
~I(N,)e(Nye dﬁs}
The carrier rate equation (A1) gives :
dr
AN _ g RN oy NN
—e8)3S +o,{-E TN oy
— AN 5,605, (A10)

Since I, is constant., d(I,/qV)dt is zero.
Using the definition of carrier lifetime (i.e.
1/t, = aR/3N) and g(N,)»g(N,)eS,. (A10)
becomes :

(A1D)
~v (N, e(N,)SS
From (A8),
A N)e(N) - déS
3N=[ v~ s,,] [ 45
+0,IUN,)g( Ny)edSS, ] A1)
Thus. (A11) becomes :
dSN _ d(N)g(N) o 17!
dr T TR wT N Sb] x
2729
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[ &S

it + v JUN)g(N)SSS, 7{

v AN e(N)3S (A13)

where

b

AITNGN) )
dN ,,}

Using (A13). (A9) becomes :

_(fgs_:wﬂ[ d8S

0 T v (NN Jedss, ]

-y f'(N,,)g(N,)s d(%
(A14)

— U';Z,ﬂ]vh)i,’( l\rh).dﬁﬁ%(wl 8SS,

Here, v,/ (N,)g(N,)e88S, term is negligible,

therefore. (A9) becomes :

dzas 1 .,
P {T‘; +v,

ddS = 1_)2'1—( Nh)g( Arh) ,{Z(ILZO\Q\"S’.(L\D);

ﬂfv—dbﬁ(&l Syt v JANYe(Ny)

8]

In simple expression.

d‘ss
dr

—{%ﬁmgas:o (A16)

+y
The damping rate ¥ is given by

ye- Lﬂ, [‘(Nb)< d\/) St o ANDg(N)eS, (A1)

Note that the first two terms in {(A17) are

small comparing with the nonlinear gain term

(the third term). The resonance frequency v,

is given by :

@} = v:I(N,) g(Nh)( dN) s, (A18)

2730

where Lhe effective differential gain is

delined as -

d - &N g1
(), =% Ry 2ot (A19)

The K-factor can be obtained by dividing
(A17) by (A18). and is given by :

47 4r°e
K= 7 + -
el UJ(Nh><7;v) (A20)

(A18) to (A20) are the central results of

this derivation.

APPENDIX 1

DERIVATION OF EXPRESSION (15) FROM (13)
AND (14)

The optical confinement factor of bulk

semiconductor lasers can be approximated by

. ’
where
_ 2 2 12
D= - d(ns—ny) (A22)

Differentiating (A22) with respect to carrier
density N gives :

dr_ dbdp dny _ AD' o np

aN — dD dn, dD ©+D wi-nl (A23)
any
dN

LJSing ar = F(Ng)g(Ng),

g(Ny) ar _ar dr (A24)

IXN,) dN 1IN AN

Substituting (A21), (A22). and (A23) into
(A24) gives :

&N) gr _ Aar 1 ", dn,
TTUNY dN T TRE (ng—n)? (myta)t dN (A25)
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By applying the approximation. n,/(n,+n;)?
= 1/4n,. (A25) becomes :
ap’ 1 1 dny

&(Ny) dr 2
N — R 7T T T 6
TNy dN = 42d Crpen® my AN A28

Here, k;, = 27/4 is used.
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