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Influence of nonlinear gain and loss on the intensity noise of a multimode semiconductor laser

Seema Lathi and Yoshihisa Yamamoto*
ERATO Quantum Fluctuation Project, Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305

~Received 22 June 1998!

We developed a model for the intensity noise of a multimode semiconductor laser which includes both the
nonlinear gain and the nonlinear loss. The nonlinear gain stems from spectral hole burning and population
pulsation. Saturable absorption by deep trap levels results in the nonlinear loss. We find that the nonlinear gain
alone does not enhance the total intensity noise above the quantum efficiency limit. The nonlinear loss,
however, does increase the intensity noise when longitudinal side modes have considerable intensities, and thus
explains the observed excess intensity noise. In this case the perfect anticorrelation among the longitudinal
modes is degraded, which in turn converts the mode-partition noise to the total intensity noise. We remark that
larger ~smaller! saturable absorption in the quantum-well~transverse-junction-stripe! lasers could explain the
larger ~smaller! excess noise behavior observed in these lasers.@S1050-2947~99!06201-0#

PACS number~s!: 42.50.Ct, 42.50.Dv, 42.50.Lc
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I. INTRODUCTION

The quantum-mechanical description of semiconduc
lasers led to the prediction of the possibility for intens
squeezed light generation in a constant current driven se
conductor laser@1#. The main aspects of the theory tell u
that the sub-shot-noise light is produced when~i! noise of the
pumping process is very small~compared to the shot nois
level! and ~ii ! the laser is operating far above the thresho
In this case, the noise characteristics of the total laser e
sion replicates that of the pumping process and is only l
ited by the quantum efficiency of conversion from electro
to photons. The noiseless pumping can be achieved
semiconductor laser pumped by a high-impedance cons
current source in a regime where the collective~microscopic!
Coloumb blockade is operative@2#. Indeed, the intensity
squeezed light was experimentally observed from a semic
ductor laser which satisfied the two above-mentioned op
ating conditions@3#.

However, subsequent experiments on different types
semiconductor lasers revealed that not all semiconducto
sers exhibited intensity squeezing when both condition
quiet pump and operation far above threshold—were sa
fied. Moreover, some solitary running semiconductor las
which did not show intensity squeezing could still produ
squeezed light by using injection-locking or external grat
feedback techniques@4,5#. These techniques suppress lon
tudinal side modes in the lasing spectrum. This reduction
the intensity noise by suppressing side modes suggested
it is the multimode operation which destroys squeezing
some semiconductor lasers. The assumptions made in
original theory@1# were single longitudinal mode operatio
linear gain, and linear loss. Extension of the theory to m
timode operation still predicted intensity squeezing for
total emission in all longitudinal modes@6#. The extended
model also predicted that due to the splitting of the comm
gain among the different longitudinal modes, each individ
mode has large intensity noise which is known as mo

*Also at NTT Basic Research Laboratories Atsugishi, Kanaga
Japan.
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partition noise. The mode-partition noise is perfectly antic
related with the mode-partition noise in the collection of t
rest of the modes. Thereby the mode-partition noise is c
celed in the total intensity noise. Although the large antic
related noise in longitudinal modes was experimentally ve
fied, this model could not explain the excess noise obser
in some lasers.

It was suggested that it is the inhomogeneity and the n
linearity of the semiconductor gain medium which could r
sult in the excess noise when weak side modes are pre
@5# ~these weak side modes carry large noise due to ampl
spontaneous emission!. To represent the inhomogeneity o
the gain medium, Marinet al. @7# introduced a fitting term in
the Langevin rate equation model. The fitting term caus
small self-saturation of each mode by its own fluctuatio
Although their calculations yielded higher noise when s
modes were larger, the physical origin of the fitting term w
not clarified. This model was extended by Becheret al. @8# to
include nonlinear gain terms. The nonlinear gain could
plain asymmetry in the side mode intensities and noise w
respect to the main mode. However, this model could
clarify the physical origin of the self-saturation which r
sulted in the excess noise in their calculations.

In this paper we report numerical calculations of the
tensity noise of a multimode laser in which the nonline
gain and the nonlinear loss are both included. The phys
mechanisms responsible for the nonlinear gain are the s
tral hole burning and the gain modulation caused by bea
of modes@9#. The nonlinear loss is introduced by saturab
absorbers present in the cladding region of a laser.

We obtained two conclusions from our calculations p
formed with this model. One conclusion is that the practi
amount of the nonlinear gain does not enhance noise eve
the laser is oscillating in multiple longitudinal modes. Th
result follows from the conservation of energy. When a la
is operating far above the threshold, electronic excitation c
ated by the noiseless pump is either converted into the l
emission or lost in the internal absorption. The identical lo
for all longitudinal modes does not deteriorate anticorrelat
among longitudinal modes. Therefore, the mode-partit
noise should cancel out in the total intensity noise. The to
intensity noise in this case is independent of the relat

a,
819 ©1999 The American Physical Society



is
e

to
Th

o
de
re

ot
a

si
th
d
n
lt

c.
ra

-

on
y
n
he

u-
e
v
n
ct
de
th

r

-

r,

e
tic

ith
tion

ffi-
y is
ion
in

es
all
in

res-
mic
ion

at-
the
ffi-

rp-
been

e-
es

e
co-

s

of
m

d
e

we
one

820 PRA 59SEEMA LATHI AND YOSHIHISA YAMAMOTO
intensities of the side modes. Then, the total intensity no
should only be limited by the quantum efficiency. The oth
conclusion is that the nonlinear loss does enhance the
intensity noise when side mode intensities are higher.
power in the main mode saturates the nonlinear losses m
effectively for the main mode but less effectively for the si
modes. This mode-dependent loss degrades the anticor
tion among the longitudinal modes. Consequently, the t
intensity noise is enhanced when side mode intensities
large.

We used Langevin rate equations to compute inten
noise of a multimode semiconductor laser. In Sec. II
physical models for the nonlinear gain and loss terms use
the rate equations are described. The method of solutio
the rate equations is outlined in Sec. III. Calculation resu
are presented in Sec. IV and discussed in Sec. V. In Se
we also compare the noise characteristics and the satu
loss for two types of lasers, namely quantum-well~QW! and
transverse-junction-stripe~TJS! lasers. The experimental re
sults on these two types of lasers support our model.

II. PHYSICAL MODELS FOR NONLINEARITY

In the rate equation model, gain and loss are included
lumped terms. We have incorporated nonlinear contributi
to both gain and loss, which depend on the laser intensit
photon density. The linear gain is modeled as a linear fu
tion of the carrier number and a quadratic function of t
wavelength, i.e.,

GL,i5Ai~Nc2N0!5A0S 12
l i

l0
D 2

~Nc2N0!,

where subscripti and 0 refer to thei th longitudinal side
mode and the main mode, respectively;Nc is the carrier
number~note that it is not carrier density!, N0 is the transpar-
ancy carrier number,l is the wavelength, andAi5b i /tsp is
the gain coefficient, whereb i is spontaneous emission co
pling factor andtsp is the spontaneous emission lifetime. W
neglect asymmetry in the gain with respect to the peak wa
length. An asymmetric gain profile would only make qua
titative change in the individual mode noise without affe
ing the fundamental qualitative behavior of the mo
correlation and noise. For the nonlinear gain we adopt
following analytical expression derived by Agrawalet al.
@9#:

Gnl~v j !52GL~v0!(
k

z jknk . ~1!

Here the superscriptsj ,k refer to the longitudinal modes,v
is the angular frequency of a mode, andn is the the photon
number~note that it is not photon density!. The gain satura-
tion coefficientsz jk are given by the following expression:

z jk5
m2v0t in~tc1tv!

Vm2e0\kkg

GL~vk!

GL~v0!

3
Cjk

~11d jk!Ck
S 11

11akV jktc

11~V jktc!
2D , ~2!
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whereV jk5v j2vk , and ak is a dimensionless paramete
related to the slope of the gain curve atvk . The rate 1/t in
51/tc11/tv contains the conduction band (tc) and the va-
lence band (tv) relaxation times.Cjk /Ck is a factor arising
from the spatial structure of the optical mode,d jk51 if j
5k and zero otherwise,m is the dipole moment matrix ele
ment, k is the refractive index,kg is the group refractive
index, andVm is the optical mode volume. For a GaAs lase
m54.6310229 cm. Cjk /Ck and ak are approximately
equal to 1 and 0, respectively. The coefficientsz i i define the
self-saturation andz i j ,iÞ j , define the cross saturation of th
gain by the photon field. Substitution of the characteris
parameter values,t in50.1 ps, tv50.07 pstc50.2 ps, k
53.4, and kg54 in Eq. ~2!, results in z003Vm52.7
310218 cm3. This value is in reasonable agreement w
the value inferred from measurements of the self-satura
coefficient@9#.

The self-saturation and the cross gain saturation coe
cients indicate that the gain at a lasing mode frequenc
slightly reduced because of the finite intraband relaxat
time of carriers. The amount of the reduction in the ga
depends not only on the power of that mode~self-saturation!
but also on the power of neighboring modes~cross satura-
tion!. Beating between different longitudinal modes caus
oscillation in the carrier density. This results in a sm
asymmetric contribution to the nonlinear gain. Note that
the context of semiclassical laser theory, the gain supp
sion is referred to as spectral hole burning and dyna
variation in the carrier density is referred to as populat
pulsation.

Linear loss comes from free-carrier absorption and sc
tering inside the cavity as well as leakage of power out of
cavity at the end mirrors. Then, the total linear loss coe
cient isap5a int1ae , wherea int is the internal loss andae
is the external coupling loss coefficient. ae
5(1/L)ln(1/R1R2), whereL is the length of the cavity and
R1 ,R2 are facet reflectivities. In addition, saturable abso
tion caused by the deep trap levels in the band gap has
observed in AlxGa12xAs materials@10,11#. Deep traps, also
known asDX centers, are formed by the lattice defect cr
ated by impurity atoms. Commonly used donor impuriti
such as Te @10# and Si @12# create DX centers in
Al xGa12xAs, which usually is the material of choice for th
cladding layers in GaAs lasers. The saturable absorption
efficient by theDX centers,asa, derived from rate equation
@13# reads

asa~p!5
as

11~p/ps!
~3!

with the unsaturated loss coefficientas5soNDX and the
saturation photon densityps5Ncscv th /Vsovg . p is the
photon density,so is the optical-absorption cross section
the trap,sc is the cross section of capturing electrons fro
the conduction band into the trap,NDX is the density of the
DX centers,Nc /V is the density of the conduction-ban
electrons,v th is the thermal velocity of the carriers in th
conduction band, andvg is the group velocity of the light in
the material.

To obtain the saturable loss for a longitudinal mode,
assume that the saturation of traps comes mainly from
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PRA 59 821INFLUENCE OF NONLINEAR GAIN AND LOSS ON THE . . .
dominant mode. This is a good assumption when the s
modes are a few times smaller than the main mode and
power in the main mode itself is a few times larger than
saturation intensity. The standing wave optical field of t
main mode results in the spatial variation of the saturation
traps inside the cavity. At the positions where the main mo
intensity is minimum, absorption by the traps is locally larg
Since different longitudinal modes have a slightly differe
spatial profile, the average saturable loss for a side mod
slightly larger than the saturable loss of the main mode. T
average saturable loss in a mode can be estimated by
aging the local loss weighted by the spatial intensity dis
bution of the mode@13#. When the main mode intensity i
about two to ten times the saturation intensity, the satura
absorption loss of the nearest side mode could easily
about 10–20 % larger than the main mode loss.

The experimental value ofso for Si doping in
Al0.4Ga0.6As is so'10218 cm2 and has negligible depen
dence on temperature. On the other hand,sc for Si in
Al0.4Ga0.6As strongly depends on temperature. The measu
values aresc'10226 cm2 andsc'10217 cm2 at 80 K and
300 K, respectively. For the carrier densityNc /V
51017 cm23, the saturation photon density isps'7
3104 photons/cm3 and ps'731014 photons/cm3 at 80 K
and 300 K, respectively.

III. NOISE ANALYSIS USING LANGEVIN
RATE EQUATIONS

In the following we briefly describe the ac analysis of ra
equations for three longitudinal modes, one main mode
two side modes symmetrically placed about the main mo
Using Eqs.~1! and ~2! and approximations on some param
eters mentioned in the preceding section, we rewrite the n
linear gain as follows:

Gnl,i52A0Nc(
k

z iknk , ~4!

z ik'2
Ak

A0
z00H 11

1

11~V iktc!
2J . ~5!

We also define linear gain of the side modes asA1,21
5b1,21 /tsp5mb0 /tsp5mA0 .

We assume that the nonlinear loss is saturated only by
main mode. We use a spatially averaged value of the s
rable loss in Langevin rate equations and define the avera
expressions as follows:

asa,i
av 5

as,i
av

11~n0 /ns!
, ~6!

as,61
av 5as,0

av ~11Da!,

whereDa is the relative difference in the loss of the sid
mode and the main mode. The effective loss rate due to
saturable absorber then reads

1

tsa,i
5asa,i

av vg5
1

tp

as,i
av/ap

11~n0 /ns!
5

1

tp

a r ,i

11~n0 /ns!
, ~7!
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where 1/tp5apvg is the total linear loss rate. Then, 1/tp
5(a int1ae)vg51/t int11/te . On this basis, the Langevin
rate equations for the carrier numberNc and the photon num-
ber ni in the i th mode (i 50, 61 for the main and side
modes, respectively! are

dNc

dt
5P2

Nc

tsp
2(

i
AiNcni1A0Nc(

k
z iknkni1Gp1Gsp

1Gst, ~8!

dni

dt
52

ni

tp
2

ni

tp

a r ,i

11n0 /ns
1AiNc~ni11!

2A0Nc(
k

z iknkni1 f i
g1 f i

l1 f i
e , ~9!

whereP is the pumping rate.Gp, Gsp, andGst are Langevin
noise sources for the carrier number due to fluctuations in
pump, the spontaneous emission, and the stimulated e
sion, respectively. Similarlyf i

g , f i
l , and f i

e are Langevin
noise sources for the photon number due to fluctuation
the gain, the internal loss, and the external coupling lo
respectively.

We have not solved the rate equation for deep traps
multaneously with photon and carrier rate equations beca
the dynamics of traps is much slower than the dynamics
photons. The trap lifetime ('10 ns) is three to four order
of magnitude longer than photon lifetime ('1 ps). The car-
rier dynamics is of the same order as that of photons.

The correlation functions for all these six noise sources
derived in Ref.@6# are as follows:

^Gp~ t !Gp~ t8!&50,

^Gsp~ t !Gsp~ t8!&5d~ t2t8!^Nc&/tsp, ~10!

^Gst~ t !Gst~ t8!&5d~ t2t8!(
i

~^Gi
l&1^Gi

nl&!^ni&,

^ f i
g~ t ! f i

g~ t8!&5d~ t2t8!~^Gi
l&1^Gi

nl&!^ni&,

^ f i
l~ t ! f i

l~ t8!&5d~ t2t8!^ni&/t lo,i , ~11!

^ f i
e~ t ! f i

e~ t8!&5d~ t2t8!^ni&/te ,

and the cross terms

^Gst~ t ! f i
g~ t8!&52d~ t2t8!~^Gi

l&1^Gi
nl&!^ni&, ~12!

where ^ & denotes ensemble average, and 1/t lo,i5(a int
1asa,i)vg51/t int11/tsa,i is the total internal loss rate. Th
remaining combinations of noise sources that have not b
included in the above list are uncorrelated. The pump fl
tuationGp(t) is taken to be zero because of the assumpt
of a noiseless pump source. Since bothGst(t) and f i

g(t) origi-
nate from the same source—fluctuations in the stimula
emission in which the loss of a carrier results in the emiss
of a photon and vice versa—these two noise sources
perfectly anticorrelated.

Steady-state values of the photon number in all th
modes,̂ ni&, were calculated from Eqs.~8! and ~9! by sub-



s
al
th
i-

ea
h

ca
o
n

e
he
th

l
r,
g

th
e

m

ar

a

e

d
s

at
n
in

o

m
m

tu-
by

ain
ted,
ide

ise

as
se
tal

nly

ise
case
rp-
sity
l in-
effi-
tu-
the
th
ns,
the

esis
of

r
r. It
o a

ar
pon-

s

822 PRA 59SEEMA LATHI AND YOSHIHISA YAMAMOTO
stituting zero for the time derivative term and noise term
The photon number noise was derived by performing sm
signal ac analysis of the rate equations, employing
method used in Ref.@6#. In summary, variable decompos
tionsNc5^Nc&1DNc andni5^ni&1Dni were substituted in
the rate equations. Then the resulting equations were lin
ized in fluctuating components and Fourier transformed. T
Fourier analysis frequency was taken to be zero in our
culations. This derivation gave fluctuations in the phot
number inside the cavity,Dni , which were then expressed i
terms of the photon field amplitude,ai (ni5ai

2), as ni

5^ni&1Dni5^ai&
212^ai&Dai or Dni52^ai&Dai . The

noise in the photon flux outside the cavity,Dr i , can be ex-
pressed in terms ofDai as follows@3#:

Dr i5
1

Ate

~Dai !2Ate

f i
e

2^ai&
. ~13!

The second term in the above equation is the vacuum fi
reflected from the cavity mirrors. We then combined t
noise of all three modes in the output flux and calculated
total intensity noise. This corresponds to the noise which
measured in the experiments.

IV. NUMERICAL RESULTS

A. Numerical parameters

The parameters used in calculations weretsp51 ns, tp
51 ps, t int51.33 ps, andte54 ps. The pumping leve
was ten times the threshold. The relative gain parametem
5b i /b0 , was varied in the range 0.99–0.999 99 to chan
the ratio of the power in the side modes with the power in
main mode. In the following we will refer to this ratio as th
side-mode-suppression ratio~SMSR!. The value ofb0 was
either fixed as 2.631026 or varied in the range 1026

21024 to change the mode-partition noise for the sa
SMSR. For the self-saturation coefficients we usedz003Vm
52.7310218 cm3 @9# and deduced the remaining nonline
gain coefficients from Eq.~5!. The optical mode volumeVm
was 6.2310210 cm3. The average unsaturated nonline
loss coefficientas

av was approximated asas
av'soNDX . The

optical-absorption cross section of aDX center (so) was
taken from measurements on AlxGa12xAs doped with Si
@12#, which is commonly used as donor impurity in th
Al xGa12xAs lasers. The measured value wasso
510218 cm2 for 0.9 mm laser light. This value was foun
to be insensitive to the Si concentration and alloy compo
tion change. It has also been observed that the concentr
of the DX center (NDX) is almost the same as the conce
tration of the Si dopant. To see the influence of the dop
concentration on the intensity noise, we varied the value
NDX in the range 1017 cm2321018 cm23. For NDX
51017 cm23, if we assumeNc /V5NDX , the saturation
photon densityps'1016 mW/cm3 at 300 K ~for 0.9 mm
light!. Then the average loss for the main mode isasa,0

av

'0.01 cm21. We assumed the relative absorption para
eter,Da50.09, which is close to the estimate obtained fro
the physically reasonable parameters@11#.
.
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B. Results

To elucidate the influence of the nonlinear gain and sa
rable loss on the intensity noise, we started our analysis
calculating noise in the absence of both the nonlinear g
and the saturable loss. Figure 1 displays that, as expec
total intensity noise did not depend on the size of the s
modes~SMSR! but the noise of an individual~main! mode
strongly depended on the SMSR. The total intensity no
was determined by the internal loss~or the quantum effi-
ciency! and the pumping level. This value is referred to
the quantum efficiency limit of the intensity noise. The noi
of the main mode was about 80 dB larger than the to
intensity noise when SMSR was about 20 dB.

In the next step, we repeated the calculations with o
the nonlinear gain~Fig. 2! term. The total intensity noise
remained insensitive to the SMSR. The total intensity no
and the main mode noise were the same as in the linear
~Fig. 1!. Figure 3 shows noise when only saturable abso
tion loss was included. In this case, the excess total inten
noise was present when the SMSR was small. The tota
tensity noise decreased and approached the quantum
ciency limit as the SMSR was increased. Evidently, the sa
rable absorption enhances the total intensity noise when
mode-partition noise is large. When we finally included bo
the nonlinear gain and the saturable loss in our calculatio
the total intensity noise had the same dependence on
SMSR as obtained with the saturable loss alone~Fig. 4!.

These results are in contrast with the common hypoth
that the gain nonlinearity increases the total intensity noise
a multimode laser@8#. Our calculations show that nonlinea
gain does not enhance the total intensity noise of the lase
is the nonlinear loss which introduces excess noise int
multimode laser.

FIG. 1. Intensity noise vs SMSR for the case with only line
gain and loss. Noise was normalized by the shot noise. The s
taneous emission coupling factor,b0 , was varied as (A) 2
31026, (B) 7.3631026, (C) 2.731025, and (D) 131024

while other parameters were fixed as the pumping levelI /I th510,
the external quantum efficiencyhe50.75, and the total linear los
ap5120 cm21.
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V. DISCUSSION

A. Effect of saturable loss

The results presented in the preceding section can be
tuitively interpreted as follows. The nonlinear gain satura
the conversion of electronic excitation supplied via a qu
pump to the cavity mode photons. However, when the do
nant mode is far above threshold, photons either go ou
the cavity in any of the cavity modes or get deleted equa
from all the modes because of the linear loss. Since it is
same gain which is shared by all the longitudinal modes,

FIG. 2. Intensity noise vs SMSR for the case with nonline
gain and linear loss. The self-gain saturation coefficient wasz00

5(1/Vm)2.7310218 (Vm is the optical mode volume in cm3) and
other parameters were the same as in Fig. 1.

FIG. 3. Intensity noise vs SMSR for the case with linear g
and nonlinear loss. The saturable loss coefficientasa,0

av was varied
as (A) 1023ap , (B) 0.531023ap , (C) 0.2531023ap , and
(D) 0.12531023ap , where ap5120 cm21 was the total linear
loss. The relative excess saturable loss for the side modes
Da50.09, the spontaneous emission coupling factor wasb052.6
31026, and the rest of the parameters were the same as in Fi
in-
s
t
i-
of
y
e
e

mode-partition noise of each mode should still be perfec
anticorrelated with the rest of the modes, collectively. Hen
the mode-partition noise does not contribute to the noise
the total photons generated inside the cavity. Identical l
for the modes does not affect this null contribution. The
fore the total laser emission detected outside the ca
should approach the quantum efficiency limit, being ind
pendent of the SMSR. Alternatively, for intuitive unde
standing the fluctuations in the photon number of thei th
mode inside the cavity,Dni , can be loosely defined asDni

5Dni
p1Dni

m , where theDni
p contribution is determined by

the pumping level and linear loss andDni
m is determined by

the mode competition or the mode-partition noise. In t
context, anticorrelation means that( iDni

m50. The noise ob-
served outside the cavity with the external quantum e
ciency, he , is thushe( iDni5he( iDni

p . This result is the
same as that of a single mode laser for the same pum
level.

However, the saturable absorber makes the loss of e
longitudinal mode dependent on the power of the domin
mode. When the main mode fluctuates to a higher po
level, the gain is reduced and consequently the emissio
all the modes decreases. This is the origin of the inten
noise anticorrelation among the longitudinal modes. T
fluctuations of the main mode also reduce the saturable
of the side modes. The reduction in the internal loss in t
increases the output coupling efficiency of power in the s
modes. This process partly compensates for the decr
caused by the smaller gain. Since the nonlinear loss for
main mode is heavily saturated by its large intensity,
fluctuation in the main mode power has a negligible effect
its output coupling efficiency. Thus the fluctuation in th

r

as

1.

FIG. 4. Intensity noise vs SMSR for the case with both nonl
ear gain and nonlinear loss included. The spontaneous emis
coupling factor, b0 , was varied as (A) 231026, (B) 7.36
31026, (C) 2.731025, and (D) 131024. The self-gain satura-
tion coefficient wasz005(1/Vm)2.7310218 (Vm is the optical
mode volume in cm3), the saturable loss coefficient wasasa,0

av

50.531023ap , the relative excess saturable loss for the s
modes wasDa50.09, and the rest of the parameters were the sa
as in Fig. 1.
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main mode power modulates the output coupling efficien
for the side modes but not for the main mode. Consequen
outside the laser cavity the overall anticorrelation betwe
the main mode and the side modes becomes less pe
Therefore, the mode-partition noise does not cancel out w
all the modes are detected.

When the laser is operating far above threshold a
pumping is noiseless, because of the conservative coup
between photons and carriers the total photon flux gener
internally should be noiseless. However, some photons
lost internally~by absorption and scattering! and only those
photons which escape the laser cavity are detected.
might expect that these events are random and therefore
tribute Poissonian noise to the output photon flux measu
in the experiments. Thus the total intensity noise would
limited only by the quantum efficiency. This assumption
no longer valid for any loss which depends on the intens
th
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of the photon flux. In this case loss of photons no longer i
truly independent event. Therefore the fluctuations in
output photon flux and the photons which are lost~we call it
lost photon flux! are correlated. This correlation changes t
intrinsic anticorrelation among longitudinal modes~originat-
ing from the shared gain! in the output photon flux and re
sults in excess noise when the mode-partition noise is la
Following is a simple mathematical description for this a
gument. If we assume all modes have identical saturable
(Da50), the average rate of photon loss~lost photon flux!,
F l , may be expressed as

F l5(
i

S 1

t int
1

1

tsa
Dni5(

i
S 1

t int
1

a r

tp@11~n0 /ns!#
Dni .

~14!

Then the fluctuations in the lost photon flux,DF l , read
DF l5(
i

S 1

t int
1

a r

tp@11~n0 /ns!#
DDni2(

i

a r

tp@11~n0 /ns!#
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Dn0
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ni

5S 1
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1

a r

@11~n0 /ns!#
D(
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1
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a r

@11~n0 /ns!#
2

Dn0

ns
(

i
ni . ~15!
ces
pe-
of

the
ere
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en-
The first term in the above expression is proportional to
noise of the total internally generated photons( iDni which
depends only on the pumping level. It should be insensi
to the SMSR because the mode-partition noise in each m
gets canceled by the anticorrelated noise in the other mo
The second term is proportional to the internal noise in
main mode, which is large when the side mode intensities
bigger. The negative sign of this term should be noted
implies that the noise of the lost photon flux is anticorrela
with the main mode noise.

This simple description was verified by more exact cal
lations using rate equations~8! and ~9!. Figure 5 shows tha
the noise of the lost photon flux is large when the SMSR
large. The noise of the combined flux including the outp
flux ~the total external intensity noise! and the lost photon
flux is also plotted in Fig. 5. The noise of the combined fl
is smaller than the noise of both the lost photon flux and
output photon flux, which indicates that the noise of the l
photon flux is anticorrelated with the noise of the outp
photon flux. Again, we emphasize that it is the total exter
intensity noise which is measured in an experiment. The
served noise is larger than the quantum efficiency limit
cause of the deletion of the anticorrelated noise which
carried by the lost photon flux. The noise of the combin
flux or internal photon flux is independent of the SMSR a
is determined by the pumping level only.

These calculation results imply that the so-called exc
noise~noise higher than the quantum efficiency limit! mea-
sured in many lasers stems from the nonlinear loss proce
The amount of the excess noise depends on the streng
the nonlinear loss and the intensity of the side modes.
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B. Comparison of two laser structures
with respect to the saturable loss

The numerical results can explain some of the differen
in the noise characteristics of different types of lasers. S
cifically we consider the difference in the behavior
transverse-junction-stripe~TJS! and quantum-well~QW!
edge emitting lasers. A detailed comparison along with
measurements on two lasers will be published elsewh
@14#. Free-running TJS lasers usually exhibit squeezing
the correct operating conditions. On the contrary, the int

FIG. 5. Intensity noise of the lost photon flux~dot-dashed!, the
output flux ~solid!, and the combined flux~dashed! vs SMSR.
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sity noise of a typical free-running QW laser was found to
larger than the shot noise value.

The first important difference between the two types
lasers is in the current injection scheme. In a QW laser,
active junction is in the growth plane~or epitaxial layer! and
the electric current is injected perpendicular to this plane
the cladding layer. This current injection scheme requi
heavy doping of the cladding layer. Doping concentrations
'1018 cm23 are commonly used in the cladding layer of
QW laser. As we mentioned in Sec. II, donor impurities
the cladding layer of AlxGa12xAs lasers createDX centers
which behave like a saturable absorber.

In a TJS laser, the active junction is a homojunction, p
pendicular~transverse! to the growth plane, and the pum
current is injected parallel to this plane by the active la
itself. The doping concentration of the cladding layers in
TJS laser is typically'1017 cm23. This is considerably
lower than QW lasers. Due to the higher doping levels of
cladding layer,DX center concentration in a QW laser
higher than a TJS laser. The saturable absorption by aDX
center increases monotonically with the concentration ofDX
centers (NDX).

The saturation photon density increases with the conc
tration of free carriers which can be trapped by these cen
In a QW laser, the free-carrier concentration in the cladd
layer, which injects carriers into the active junction, is sim
lar to the doping concentration. On the other hand, part of
cladding layer of a TJS laser where the optical field spre
is also a transversep-n junction. Since free carriers are de
pleted from this region, the concentration of the conducti
band electrons is significantly lower than the doping conc
tration which is already an order of magnitude smal
compared to a QW laser. Consequently, the strength of s
rable absorption in a TJS laser should be more than
orders of magnitude smaller than in a QW laser. When
calculated noise using the amount of saturable loss estim
from Si and the free-carrier concentration in these two ty
of lasers, results predicted excess noise in QW lasers bu
es
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quantum efficiency limited squeezing in TJS lasers.
We obtained experimental evidence of the difference

the saturable loss in these two types of lasers from th
spectral characteristics. The saturable loss makes the
mode suppression higher because the weaker modes s
slightly larger loss than the stronger mode. It also cau
larger hysteresis in the tuning of the wavelength with te
perature and pump current change.

The side modes in QW lasers are typically about 20
smaller than the main mode. On the contrary, side mode
the TJS laser are only 2 to 5 dB below the main mode.
observed large hysteresis in the wavelength tuning chara
istics of several QW lasers. In contrast, TJS lasers did
show any hysteresis characteristics.

VI. SUMMARY

In summary, we calculated the intensity noise on the ba
of Langevin rate equations for a semiconductor laser w
three longitudinal modes. We incorporated both nonlin
gain and nonlinear loss terms in our model. The mechani
considered for the nonlinear gain are spectral hole burn
and population pulsations. The saturable absorption by
DX center is included as the nonlinear loss mechanism.

Our calculations show that for a multimode laser the no
linear gain alone does not lead to the enhanced total inten
noise in comparison to the linear model. This is because
nonlinear gain preserves the anticorrelation among the
gitudinal modes. Hence, the mode-partition noise cancels
in the total intensity noise.

It is the nonlinear loss which leads to the excess no
observed in a multimode laser. In the case of saturable l
the fluctuations in the laser output are anticorrelated with t
of absorbed photons. The removal of this anticorrelated no
increases the noise measured at the laser output. In the
of QW lasers which show excess intensity noise, the no
enhancement can be attributed to the higher saturable
arising from the higher concentrations ofDX centers and
free carriers in the cladding layer of these lasers.
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