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Influence of nonlinear gain and loss on the intensity noise of a multimode semiconductor laser
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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 (smalley saturable absorption in the quantum-wg@thnsverse-junction-stripdasers could explain the
larger (smalle) excess noise behavior observed in these 1ag8i€050-29479)06201-7

PACS numbg(s): 42.50.Ct, 42.50.Dv, 42.50.Lc

[. INTRODUCTION partition noise. The mode-partition noise is perfectly anticor-
related with the mode-partition noise in the collection of the
The quantum-mechanical description of semiconductorest of the modes. Thereby the mode-partition noise is can-
lasers led to the prediction of the possibility for intensity celed in the total intensity noise. Although the large anticor-
squeezed light generation in a constant current driven semielated noise in longitudinal modes was experimentally veri-
conductor lasef1]. The main aspects of the theory tell us fied, this model could not explain the excess noise observed
that the sub-shot-noise light is produced wifiemoise of the  in some lasers.
pumping process is very smalfompared to the shot noise It was suggested that it is the inhomogeneity and the non-
level) and (i) the laser is operating far above the threshold.linearity of the semiconductor gain medium which could re-
In this case, the noise characteristics of the total laser emisult in the excess noise when weak side modes are present
sion replicates that of the pumping process and is only lim{5] (these weak side modes carry large noise due to amplified
ited by the quantum efficiency of conversion from electronsspontaneous emissipnTo represent the inhomogeneity of
to photons. The noiseless pumping can be achieved in #he gain medium, Mariet al.[7] introduced a fitting term in
semiconductor laser pumped by a high-impedance constatite Langevin rate equation model. The fitting term caused
current source in a regime where the collectiwgécroscopi¢  small self-saturation of each mode by its own fluctuations.
Coloumb blockade is operative2]. Indeed, the intensity Although their calculations yielded higher noise when side
squeezed light was experimentally observed from a semicormodes were larger, the physical origin of the fitting term was
ductor laser which satisfied the two above-mentioned opemot clarified. This model was extended by Beckeal.[8] to
ating conditiond 3]. include nonlinear gain terms. The nonlinear gain could ex-
However, subsequent experiments on different types oplain asymmetry in the side mode intensities and noise with
semiconductor lasers revealed that not all semiconductor laespect to the main mode. However, this model could not
sers exhibited intensity squeezing when both conditions—elarify the physical origin of the self-saturation which re-
quiet pump and operation far above threshold—were satissulted in the excess noise in their calculations.
fied. Moreover, some solitary running semiconductor lasers In this paper we report numerical calculations of the in-
which did not show intensity squeezing could still producetensity noise of a multimode laser in which the nonlinear
squeezed light by using injection-locking or external gratinggain and the nonlinear loss are both included. The physical
feedback techniquegd,5]. These techniques suppress longi- mechanisms responsible for the nonlinear gain are the spec-
tudinal side modes in the lasing spectrum. This reduction inral hole burning and the gain modulation caused by beating
the intensity noise by suppressing side modes suggested thsft modes[9]. The nonlinear loss is introduced by saturable
it is the multimode operation which destroys squeezing irabsorbers present in the cladding region of a laser.
some semiconductor lasers. The assumptions made in the We obtained two conclusions from our calculations per-
original theory[1] were single longitudinal mode operation, formed with this model. One conclusion is that the practical
linear gain, and linear loss. Extension of the theory to mul-amount of the nonlinear gain does not enhance noise even if
timode operation still predicted intensity squeezing for thethe laser is oscillating in multiple longitudinal modes. This
total emission in all longitudinal moddg$]. The extended result follows from the conservation of energy. When a laser
model also predicted that due to the splitting of the commoris operating far above the threshold, electronic excitation cre-
gain among the different longitudinal modes, each individualated by the noiseless pump is either converted into the laser
mode has large intensity noise which is known as modeemission or lost in the internal absorption. The identical loss
for all longitudinal modes does not deteriorate anticorrelation
among longitudinal modes. Therefore, the mode-partition
*Also at NTT Basic Research Laboratories Atsugishi, Kanagawanoise should cancel out in the total intensity noise. The total
Japan. intensity noise in this case is independent of the relative
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intensities of the side modes. Then, the total intensity noisevhere Q= w;— wy, and a, is a dimensionless parameter
should only be limited by the quantum efficiency. The otherrelated to the slope of the gain curveat. The rate 14,
conclusion is that the nonlinear loss does enhance the totat 1/7.+ 1/7, contains the conduction band.j and the va-
intensity noise when side mode intensities are higher. Théence band £,) relaxation timesC;, /Cy is a factor arising
power in the main mode saturates the nonlinear losses mobm the spatial structure of the optical mod&,=1 if |
effectively for the main mode but less effectively for the side =k and zero otherwisey is the dipole moment matrix ele-
modes. This mode-dependent loss degrades the anticorrel@ent, « is the refractive indexkq is the group refractive
tion among the longitudinal modes. Consequently, the totaindex, andV,, is the optical mode volume. For a GaAs laser,
intensity noise is enhanced when side mode intensities arg=4.6x10"% cm. C;/Cy and a, are approximately
large. equal to 1 and 0, respectively. The coefficiefjtsdefine the
We used Langevin rate equations to compute intensitgelf-saturation and;; ,i #j, define the cross saturation of the

noise of a multimode semiconductor laser. In Sec. Il thegain by the photon field. Substitution of the characteristic
physical models for the nonlinear gain and loss terms used iparameter valuesr,,=0.1 ps, 7,=0.07 ps7,=0.2 ps, k

the rate equations are described. The method of solution of 3 4, and kg=4 in Eq. (2), results in {ooXVp=2.7
the rate equations is outlined in Sec. Ill. Calculation resultsx 10718 cn. This value is in reasonable agreement with

are presented in Sec. IV and discussed in Sec. V. In Sec. Ye value inferred from measurements of the self-saturation
we also compare the noise characteristics and the saturatigefficient[9].

loss for two types of lasers, namely quantum-w&IW) and The self-saturation and the cross gain saturation coeffi-
transverse-junction-stripel JS lasers. The experimental re- cients indicate that the gain at a lasing mode frequency is
sults on these two types of lasers support our model. slightly reduced because of the finite intraband relaxation

time of carriers. The amount of the reduction in the gain
depends not only on the power of that mddelf-saturatioh
Il. PHYSICAL MODELS FOR NONLINEARITY but also on the power of neighboring modgsoss satura-
jon). Beating between different longitudinal modes causes

lumped terms. We have incorporated nonlinear contributiongsc'"at'on. In the_camer density. Th's resqlts In a sma_ll
to both gain and loss, which depend on the laser intensity 0§symmetr|c contribution to the nonlinear gain. Note that in

photon density. The linear gain is modeled as a linear funct—he context of semiclassical laser theory, the gain suppres-

tion of the carrier number and a quadratic function of theS!oN 1S rgferred to as spec_trall hole burning and dyna_mlc
wavelength, i.e., variation in the carrier density is referred to as population

pulsation.

A |2 Linear loss comes from free-carrier absorption and scat-
GLi=Ai(N.—Np) =AO< 1—)\—) (N¢c—No), tering inside the cavity as well as leakage of power out of the

0 cavity at the end mirrors. Then, the total linear loss coeffi-

cient is@,= @iyt e, Wherea;y is the internal loss and,
is the external coupling loss coefficient. a,
=(1L)In(1/R{R,), whereL is the length of the cavity and
R;,R, are facet reflectivities. In addition, saturable absorp-

the gain coefficient, wherg; is spontaneous emission cou- tion cause_d by the deep trap !evels in the band gap has been
pling factor andrgis the spontaneous emission lifetime. We observed in AlGa_As materialg10,11. Deep traps, also

neglect asymmetry in the gain with respect to the peak Wavelfnown asDX centers, are formed by the lattice dgfect cre-
length. An asymmetric gain profile would only make quan_ated by impurity atoms. Commonly used donor impurities

titative change in the individual mode noise without affect-Such as Te [1(.)] and Si .[12] create' DX Cemers in
ing the fundamental qualitative behavior of the modeAIXGaﬂ*XAS' Wh_'Ch usually is the material of choice fof the
correlation and noise. For the nonlinear gain we adopt th&'2dding layers in GaAs lasers. The saturable absorption co-

following analytical expression derived by Agrawed al. efficient by theD X centersa,, derived from rate equations
[9]: [13] reads

In the rate equation model, gain and loss are included a

where subscripi and O refer to thdth longitudinal side
mode and the main mode, respectively, is the carrier
number(note that it is not carrier densjtyN, is the transpar-
ancy carrier numben is the wavelength, and;= g; /74, is

ds
Gr(w))=~G(wg) X Ln. e AP = T (ol ®

with the unsaturated loss coefficiest,= o Npx and the
saturation photon densitps=Ncowvn/Vovg. p is the
photon densityg, is the optical-absorption cross section of
the trap,o is the cross section of capturing electrons from
the conduction band into the traNyy is the density of the
prwoTin(Tet 7,) Gi(w)) DX centers,N:/V is the density of the conduction-band
= V. 2echikra G (wg) eIectron_s,vﬁ1 is the thermal velocity of the carriers in Fhe
m< €0t K Kg L0 conduction band, andj is the group velocity of the light in
the material.
x— K / 1+ addjcTe , ) To obtain the saturable loss for a longitudinal mode, we
(1+ 65 Cc| 1+(Qj7e)? assume that the saturation of traps comes mainly from one

Here the superscriptsk refer to the longitudinal modes)

is the angular frequency of a mode, amds the the photon
number(note that it is not photon densjtyThe gain satura-
tion coefficients(j are given by the following expression:
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dominant mode. This is a good assumption when the siderhere 1f,=a,v, is the total linear loss rate. Then, 7}/

modes are a few times smaller than the main mode and the (@ + ae)vy= 17+ 1/7,. On this basis, the Langevin

power in the main mode itself is a few times larger than therate equations for the carrier numbéy and the photon num-

saturation intensity. The standing wave optical field of theber n; in the ith mode (=0, +1 for the main and side

main mode results in the spatial variation of the saturation ofnodes, respectivelyare

traps inside the cavity. At the positions where the main mode dN N

intensity is minimum, absorption by the traps is locally large. c c s

Since different longitudinal modes have a slightly different a9t P~ T_Sp_EI A‘Ncn‘+A°N°2k Gk + TP+ %0

spatial profile, the average saturable loss for a side mode is

slightly larger than the saturable loss of the main mode. The +T, (8)

average saturable loss in a mode can be estimated by aver-

aging the local loss weighted by the spatial intensity distri- ﬂ: SN ag + ANG(M;+1)

bution of the modg13]. When the main mode intensity is dt o Tpltng/ng T

about two to ten times the saturation intensity, the saturable

absorption loss of the nearest side mode could easily be _ , 94 £l fe

about 10—20 % larger than the main mode loss. AONC; Gy + P+ 117 ©
The experimental value ofo, for Si doping in

Aly GayAs is o,~10 18 cm? and has negligible depen- WhereP is the pumping ratel’P, 'SP, andI'Stare Langevin

dence on temperature. On the other hang, for Si in noise sources for the carrier number due to fluctuations in the

values arer,~10 2% cn? ando,~10 %" cn? at 80 K and ~ Sion, respectively. Similarlyf?, f!, and f7 are Langevin
300 K, respectively. For the carrier densiti}N./V noise sources for the photon number due to fluctuations in

=10 cm 3, the saturation photon density ip~7 the gain, the internal loss, and the external coupling loss,
X 10* photons/cr and ps~7x 10 photons/cm at 80 K respectively.

and 300 K, respectively. We have not solved the rate equation for deep traps si-
multaneously with photon and carrier rate equations because
the dynamics of traps is much slower than the dynamics of
photons. The trap lifetime~10 ns) is three to four orders

of magnitude longer than photon lifetime=(L ps). The car-

In the following we briefly describe the ac analysis of raterier dynamics is of the same order as that of photons.
equations for three longitudinal modes, one main mode and The correlation functions for all these six noise sources as
two side modes symmetrically placed about the main modederived in Ref[6] are as follows:

Using Egs.(1) and (2) and approximations on some param-

I1l. NOISE ANALYSIS USING LANGEVIN
RATE EQUATIONS

eters mentioned in the preceding section, we rewrite the non- (FPIe(t’)) =0,
linear gain as follows:
<FSp(t)FSp(t’)>:5(t_t’)<Nc>/Tsp= (10
Ghii= —AoN¢ ikNk (4)
=~ AoNe2 iy (PHOTH)) = o(t=1) 2 (G+(GIH)(m),
o~ — - FOFI(t))=S(t—t")((G))+(GM)(n),
i~ Soo) 1+ 1+(Qich)2] (5) ( ) (G +(Gi"))(ny)
(FOF)) =8t =t} )/ 7io,, (1D

We also define linear gain of the side modes As_;

= Bl,—l/Tsp: mBO/Tsp: mA,. <fie(t)fie(t,)> = 5(t_t,)<ni>/7'e1
We assume that the nonlinear loss is saturated only by the

main mode. We use a spatially averaged value of the sat@nd the cross terms

rable loss in Langevin rate equations and define the averaged

expressions as follows: (SO == s(t—t)(GH+(G") (),  (12)
o where ( ) denotes ensemble average, and L/~ (i
Q=S (6) + agy)vg= Uiyt 17gy is the total internal loss rate. The

sl 1+ (ngy/ng)’ i/ A ,
0''ls remaining combinations of noise sources that have not been

av av included in the above list are uncorrelated. The pump fluc-
ag 1= ago(1+Aa), tuationT"P(t) is taken to be zero because of the assumption
of a noiseless pump source. Since bB{t) andfd(t) origi-

Wh(eerA‘:j Itsh the r_eIatwc(ej dlf_r_e;]ren?fe ”:. th? loss ?f éhe ?'d?hnate from the same source—fluctuations in the stimulated
mode an € main mode. 1he efiective 10ss rate due 10 g ission in which the loss of a carrier results in the emission

saturable absorber then reads of a photon and vice versa—these two noise sources are

1 a®a 1 ‘ perfectly anticorrelated.
sSU7P ar,i ( Steady-state values of the photon number in all three

_ = — , 7
7o 1+(ng/ng) 7, 1+(ng/ng) modes,(n;), were calculated from Eq$8) and (9) by sub-

=alvg=
) saj¥g9
Tsaj
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stituting zero for the time derivative term and noise terms. 120 :
The photon number noise was derived by performing small- G
signal ac analysis of the rate equations, employing the amo ~~~~~~~~~ \'(5’\”\ --------- R RRRRRRRRERE SERREEE
method used in Ref6]. In summary, variable decomposi- o NN ™\ maih mode noisé
tionsN;.=(N.)+ AN, andn;=(n;)+ An; were substituted in ‘q'; gol - . S
the rate equations. Then the resulting equations were linear- ¢ N RN
ized in fluctuating components and Fourier transformed. The '© S ONOREN.
Fourier analysis frequency was taken to be zero in our cal- Z %[ N NN
culations. This derivation gave fluctuations in the photon T S 9\\\\5
number inside the cavityAn; , which were then expressed in GN" A0p N "\';"('\ """"
terms of the photon field amplitudes; (n;=a?), asn T SN NN
:<ni>+Ani:<ai>2+2<ai>Aai or Ani=2(ai>Aai. The E 20F \\\\\\
noise in the photon flux outside the cavityy;, can be ex- 5 ToN .
pressed in terms aka; as follows[3]: Z ob RO i ..\.\,\.,.
total noise
1 NP fo 20 10 20 30 40
An= o) = NTe oy (13 Side Mode Suppression Ratio (dB)

FIG. 1. Intensity noise vs SMSR for the case with only linear
The second term in the above equation is the vacuum fielgain and loss. Noise was normalized by the shot noise. The spon-
reflected from the cavity mirrors. We then combined thetaneous emission coupling factog,, was varied as 4) 2
noise of all three modes in the output flux and calculated the<10 %, (B) 7.36x10°°% (C) 2.7x10°°% and (@) 1x10°*

total intensity noise. This corresponds to the noise which igvhile other parameters were fixed as the pumping Iélgl= 10,
measured in the experiments. the external quantum efficiency,=0.75, and the total linear loss

a,=120 cm .

IV. NUMERICAL RESULTS B. Results

A. Numerical parameters To elucidate the influence of the nonlinear gain and satu-

The parameters used in calculations wegg=1 ns, 7, rable Io_ss on Fhe _intensity noise, we started our analysis l:_Jy
=1 ps, ry=1.33 ps, andr,=4 ps. The pumping level calculating noise in the absence of both the nonlinear gain
was ten times the threshold. The relative gain paramater, and the saturable loss. Figure 1 displays that, as expected,
=B,1B,, was varied in the range 0.99-0.999 99 to changdotal intensity noise did not depend on the size of the side
the ratio of the power in the side modes with the power in thenodes(SMSR) but the noise of an individugimain mode
main mode. In the following we will refer to this ratio as the strongly depended on the SMSR. The total intensity noise
side-mode-suppression ratiSMSR. The value of3, was Wwas determined by the internal logsr the quantum effi-
either fixed as 2.810°° or varied in the range 1I® ciency and the pumping level. This value is referred to as
—10“ to change the mode-partition noise for the samethe quantum efficiency limit of the intensity noise. The noise
SMSR. For the self-saturation coefficients we ugggk V,,,  of the main mode was about 80 dB larger than the total
=2.7x10"*® cn?® [9] and deduced the remaining nonlinear intensity noise when SMSR was about 20 dB.
gain coefficients from Eq5). The optical mode volum¥/, In the next step, we repeated the calculations with only
was 6.2 10 '° cm®. The average unsaturated nonlinearthe nonlinear gain(Fig. 2) term. The total intensity noise
loss coefficiental’ was approximated asi'~o,Npy. The  remained insensitive to the SMSR. The total intensity noise
optical-absorption cross section ofaX center @) was and the main mode noise were the same as in the linear case
taken from measurements on,8la _,As doped with Si  (Fig. 1). Figure 3 shows noise when only saturable absorp-
[12], which is commonly used as donor impurity in the tion loss was included. In this case, the excess total intensity
Al,Ga_,As lasers. The measured value was, noise was present when the SMSR was small. The total in-
=10"'® cn? for 0.9 um laser light. This value was found tensity noise decreased and approached the quantum effi-
to be insensitive to the Si concentration and alloy composiciency limit as the SMSR was increased. Evidently, the satu-
tion change. It has also been observed that the concentratigable absorption enhances the total intensity noise when the
of the DX center (Npx) is almost the same as the concen- mode-partition noise is large. When we finally included both
tration of the Si dopant. To see the influence of the dopinghe nonlinear gain and the saturable loss in our calculations,
concentration on the intensity noise, we varied the value ofhe total intensity noise had the same dependence on the
Npx in the range 18 cm 3-10' cm 3 For Npx  SMSR as obtained with the saturable loss al(Fig. 4).
=10"" cm™2, if we assumeN./V=Npy, the saturation These results are in contrast with the common hypothesis
photon densityps~10'® mw/cn? at 300 K (for 0.9 um  that the gain nonlinearity increases the total intensity noise of
light). Then the average loss for the main modeaigo a multimode lasef8]. Our calculations show that nonlinear
~0.01 cml. We assumed the relative absorption param-gain does not enhance the total intensity noise of the laser. It
eter,Aa=0.09, which is close to the estimate obtained fromis the nonlinear loss which introduces excess noise into a
the physically reasonable parametgt4]. multimode laser.



PRA 59 INFLUENCE OF NONLINEAR GAIN AND LOSS ON THE ... 823

120 T T T 80 T
N : : : :
8100 ......... \\\\ .......... a70 ............ \\\\ ........ S
O « N [nainmode noise . B 6ol N {nainmode noise |
= N : ~ N
_________ RN N :
3 SN 5 3
o) RN U AN : re)
Z 60F \\\\\\2\\\ ........... Z
3 3
N 40 ......................... \\\\\\\ ....... N
— . D\\ N \ \\ —
m DO o \\\\ ..... m
E NONE S
2 2
(1] R R I -
- = 0_ ........
: total noise : total noi:se
_20 ! 1 H _10 i N N N
0 10 20 30 40 10 15 20 25 30 35 40
Side Mode Suppression Ratio (dB) Side Mode Suppression Ratio (dB)

FIG. 2. Intensity noise vs SMSR for the case with nonlinear FIG. 4. Intensity noise vs SMSR for the case with both nonlin-
gain and linear loss. The self-gain saturation coefficient ¥@s ear gain and nonlinear loss included. The spontaneous emission
=(1NV,)2.7x10718 (v, is the optical mode volume in chand  coupling factor, B,, was varied as A) 2x10°% (B) 7.36

other parameters were the same as in Fig. 1. X108, (C) 2.7x10°5 and ©) 1x10 * The self-gain satura-
tion coefficient wasZgo=(1NVy)2.7X10° 18 (v, is the optical
V. DISCUSSION mode volume in cr¥), the saturable loss coefficient waeg; ,

=0.5%x 10‘3ap, the relative excess saturable loss for the side

modes wa «=0.09, and the rest of the parameters were the same
The results presented in the preceding section can be ims in Fig. 1.

tuitively interpreted as follows. The nonlinear gain saturates

the conversion pf electronic excitation supplied via a qUie_Tmode-partition noise of each mode should still be perfectly
pump to the cavity mode photons. However, when the domizpiicorrelated with the rest of the modes, collectively. Hence
nant mode is far above threshold, photons either go out

the cavity in any of the cavity modes or get deleted equallyy, (o3| photons generated inside the cavity. Identical loss

from all the modes because of the linear loss. Since it is thefeor the modes does not affect this null contribution. There-
same gain which is shared by all the longitudinal modes, thg, e the total laser emission detected outside the cavity

should approach the quantum efficiency limit, being inde-

A. Effect of saturable loss

8 pendent of the SMSR. Alternatively, for intuitive under-

standing the fluctuations in the photon number of the

8 6 mode inside the cavityAn;, can be loosely defined &sn;

S =AnP+An{", where theAnP contribution is determined by

o 4 the pumping level and linear loss aa" is determined by

R the mode competition or the mode-partition noise. In this

(ZD 2 context, anticorrelation means tHgAn{"= 0. The noise ob-

- served outside the cavity with the external quantum effi-

D o ciency, 7., is thus 7,2;An;=7.2;AnP. This result is the

N same as that of a single mode laser for the same pumping

S, level.

§ However, the saturable absorber makes the loss of each

o longitudinal mode dependent on the power of the dominant

< -4 mode. When the main mode fluctuates to a higher power
level, the gain is reduced and consequently the emission in

-6 ; , ‘ ‘ ‘ all the modes decreases. This is the origin of the intensity
g 1 2 25 % % ® noise anticorrelation among the longitudinal modes. The
Side Mode Suppression Ratio (dB) fluctuations of the main mode also reduce the saturable loss
FIG. 3. Intensity noise vs SMSR for the case with linear gain©f the side modes. The reduction in the internal loss in turn
and nonlinear loss. The saturable loss coefficiefit,was varied ~ increases the output coupling efficiency of power in the side
as () 10%a,, (B) 0.5x10 %a,, (C) 0.25x 1{)73%, and Mmodes. This process partly compensates for the decrease
(D) 0.125x 10-3%, where a, =120 cm! was the total linear caused by the smaller gain. Since the nonlinear loss for the
loss. The relative excess saturable loss for the side modes wd8ain mode is heavily saturated by its large intensity, the
Aa=0.09, the spontaneous emission coupling factor Bgs 2.6  fluctuation in the main mode power has a negligible effect on
x 1078, and the rest of the parameters were the same as in Fig. its output coupling efficiency. Thus the fluctuation in the
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main mode power modulates the output coupling efficiencyof the photon flux. In this case loss of photons no longer is a

for the side modes but not for the main mode. Consequentlytruly independent event. Therefore the fluctuations in the

outside the laser cavity the overall anticorrelation betweemutput photon flux and the photons which are lag¢ call it

the main mode and the side modes becomes less perfetst photon flux are correlated. This correlation changes the

Therefore, the mode-partition noise does not cancel out wheimtrinsic anticorrelation among longitudinal mod@siginat-

all the modes are detected. ing from the shared gajrin the output photon flux and re-
When the laser is operating far above threshold andults in excess noise when the mode-partition noise is large.

pumping is noiseless, because of the conservative couplingollowing is a simple mathematical description for this ar-

between photons and carriers the total photon flux generategument. If we assume all modes have identical saturable loss

internally should be noiseless. However, some photons g€A «=0), the average rate of photon lodsst photon fluy,

lost internally (by absorption and scatteringnd only those ®,, may be expressed as

photons which escape the laser cavity are detected. One

might expect that these events are random and therefore con-g, _ D 1 n ia) n=S (i+ a; n

tribute Poissonian noise to the output photon flux measured ~ ' 4% \ 7y 7sd | 5\ Tine m[1+(ng/ng) ]/ "

in the experiments. Thus the total intensity noise would be (14)

limited only by the quantum efficiency. This assumption is

no longer valid for any loss which depends on the intensityThen the fluctuations in the lost photon flux®,, read

1 ay ) % Ang
AD, = —t— AN, — T A N
! 2]: (Tint Tp[1+(no/ns)] ! EI: Tp[1+(n0/ns)]2 Ns l

(i, @ 1w g
‘(rim*[lﬂno/ns)])Z AN g e 2 ™ 19

The first term in the above expression is proportional to the B. Comparison of two laser structures
noise of the total internally generated photahan; which with respect to the saturable loss

depends only on the pumping level. It should be insensitive  The numerical results can explain some of the differences
to the SMSR because the mode-partition noise in each modg the noise characteristics of different types of lasers. Spe-
gets canceled by the anticorrelated noise in the other modesifically we consider the difference in the behavior of
The second term is proportional to the internal noise in tharansverse-junction-stripg TJS9 and quantum-well(QW)
main mode, which is large when the side mode intensities aredge emitting lasers. A detailed comparison along with the
bigger. The negative sign of this term should be noted. Itmeasurements on two lasers will be published elsewhere
implies that the noise of the lost photon flux is anticorrelated 14]. Free-running TJS lasers usually exhibit squeezing in
with the main mode noise. the correct operating conditions. On the contrary, the inten-
This simple description was verified by more exact calcu-
lations using rate equatiori8) and(9). Figure 5 shows that
the noise of the lost photon flux is large when the SMSR is
large. The noise of the combined flux including the output
flux (the total external intensity noisend the lost photon
flux is also plotted in Fig. 5. The noise of the combined flux
is smaller than the noise of both the lost photon flux and the
output photon flux, which indicates that the noise of the lost
photon flux is anticorrelated with the noise of the output
photon flux. Again, we emphasize that it is the total external
intensity noise which is measured in an experiment. The ob-
served noise is larger than the quantum efficiency limit be-
cause of the deletion of the anticorrelated noise which is
carried by the lost photon flux. The noise of the combined
flux or internal photon flux is independent of the SMSR and : o :
is determined by the pumping level only. _ - ;_Ccim'j'"fd_"lﬂ‘ -

These calculation results imply that the so-called excess ‘1015 20 25 30 35 40
noise (noise higher than the quantum efficiency lijmtea- Side Mode Suppression Ratio (dB)
sured in many lasers stems from the nonlinear loss processes.
The amount of the excess noise depends on the strength of FIG. 5. Intensity noise of the lost photon flgsot-dashey the
the nonlinear loss and the intensity of the side modes. output flux (solid), and the combined flugdashedl vs SMSR.

15

—
[=]

3]

o

Normalized Noise (dB)
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sity noise of a typical free-running QW laser was found to bequantum efficiency limited squeezing in TJS lasers.

larger than the shot noise value. We obtained experimental evidence of the difference in
The first important difference between the two types ofthe saturable loss in these two types of lasers from their

lasers is in the current injection scheme. In a QW laser, thépectral characteristics. The saturable loss makes the side

active junction is in the growth plarfer epitaxial layeyand ~ mode suppression higher because the weaker modes suffer

the electric current is injected perpendicular to this plane byslightly larger loss than the stronger mode. It also causes

the cladding layer. This current injection scheme required@rger hysteresis in the tuning of the wavelength with tem-

heavy doping of the cladding layer. Doping concentrations of€rature and pump current change. _
~10" cm 3 are commonly used in the cladding layer of a 1€ Side modes in QW lasers are typically about 20 dB
QW laser. As we mentioned in Sec. II, donor impurities in Smaller than the main mode. On the contrary, side modes in

the cladding layer of AiGa, _,As lasers creat® X centers thbe TJS(;E}ser a;]e only 2 to Sth belolvv th% main mohde. we
which behave like a saturable absorber. observed large hysteresis in the wavelength tuning character-

Lo oo . . istics of several QW lasers. In contrast, TJS lasers did not
In a TJS laser, the active junction is a homojunction, per Q

pendicular(transversgto the growth plane, and the pump show any hysteresis characteristics.
current is injected parallel to this plane by the active layer
itself. The doping concentration of the cladding layers in a
TJS laser is typically=~10' cm 3. This is considerably In summary, we calculated the intensity noise on the basis
lower than QW lasers. Due to the higher doping levels of theof Langevin rate equations for a semiconductor laser with
cladding layer,DX center concentration in a QW laser is three longitudinal modes. We incorporated both nonlinear
higher than a TJS laser. The saturable absorption ByXa gain and nonlinear loss terms in our model. The mechanisms
center increases monotonically with the concentratioDX¥f  considered for the nonlinear gain are spectral hole burning
centers Npy). and population pulsations. The saturable absorption by the
The saturation photon density increases with the concer X center is included as the nonlinear loss mechanism.
tration of free carriers which can be trapped by these centers. Our calculations show that for a multimode laser the non-
In a QW laser, the free-carrier concentration in the claddindinear gain alone does not lead to the enhanced total intensity
layer, which injects carriers into the active junction, is simi- noise in comparison to the linear model. This is because the
lar to the doping concentration. On the other hand, part of theonlinear gain preserves the anticorrelation among the lon-
cladding layer of a TJS laser where the optical field spreadgitudinal modes. Hence, the mode-partition noise cancels out
is also a transversp-n junction. Since free carriers are de- in the total intensity noise.
pleted from this region, the concentration of the conduction- It is the nonlinear loss which leads to the excess noise
band electrons is significantly lower than the doping concenebserved in a multimode laser. In the case of saturable loss,
tration which is already an order of magnitude smallerthe fluctuations in the laser output are anticorrelated with that
compared to a QW laser. Consequently, the strength of satwf absorbed photons. The removal of this anticorrelated noise
rable absorption in a TJS laser should be more than twincreases the noise measured at the laser output. In the case
orders of magnitude smaller than in a QW laser. When weof QW lasers which show excess intensity noise, the noise
calculated noise using the amount of saturable loss estimatehhancement can be attributed to the higher saturable loss
from Si and the free-carrier concentration in these two typesrising from the higher concentrations BfX centers and
of lasers, results predicted excess noise in QW lasers but tHeee carriers in the cladding layer of these lasers.

VI. SUMMARY
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