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Microscopic model of semiconductor laser without inversion
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From a microscopic set of equations which takes into account spontaneous emission into lasing mode, we
derive a macroscopic quantum model of low-threshold semiconductor lasers that includes the parabolic band
structure, Pauli blocking of the injection current, and the carrier distribution dependence on the temperature.
This model confirms the predictions of lasing without inversion and inversionless intensity squeezing, that
were previously made by Yamamoto and co-authors on the basis of a semiclassical two-level approach. In
addition, our analysis demonstrates the existence of an optimum temperature value that minimizes the injection
current necessary to obtain lasing and intensity squeezing.
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[. INTRODUCTION conductor lasers can be suppressed below the shot noise
level (intensity squeezingonly well above the laser thresh-
The concept of lasing without inversidhWI) has often  old [7—9]. This high-pump condition contrasts with the re-
been proposed in connection with three- or four-level atomiauirement of small losses and heating, but the trade-off dis-
systems involving a field trapped state that interacts withappears if inversionless lasing is accompanied by intensity
external coherent radiation as well as with an incoherengqueezing at low pump level. This possibility was confirmed
pump[1]. This approach, however, seems to be in disagreepy the well-known analysis of low-threshold semiconductor
ment with the fundamental idea that lasing must develop as Risers carried out if4]. The research was based on a semi-
self-organizing process that creates a coherent field startingassical two-level rate equation model, which deals with the
from an incoherent energy pump, without the need of any,gise by using classical Langevin forces and takes into ac-
external source of coheren®,3]. The following question  ont spontaneous emission into the lasing mode by means
therefore arises: In the absence of any external coherengg ine phenomenological paramef@f10], which is the ratio

isS i i i ina? - .. . .
source, 1S Inversion md_eed necessary for Iz_ismg. If the a5t the spontaneous emission rate into the lasing mode to that
swer Is positive there V.V'" be no way to ohtain laser 9ENeras 1o free space. Such a model, while providing a clear under-
tion in all those materials that do not allow for population ’

inversion. In the opposite case it will be possible, at least instandmg of the physical nature of thresholdless lasing, un-

certain conditions, to achieve lasing even from inversionlesgwo'dalbly misses several quantum aspects of the problem
media. such_ as, fo_r exar_np_le, the pump bl_ogklng induced by_ the
In [4] it was pointed out that LWI may be obtained from Pauli exclusion prlnuple. In addition, it is un_able to take into
a semiconductor device, under the constraint that a sufficier@ccoUNnt some important features of semiconductor lasers,
fraction of spontaneous emission enters the lasing mode. AUch as the band structure and the dependence of the carrier
close relation between lasing without inversion and low-distribution on the temperature. Moreover, the results de-
threshold lasing was also demonstrated. Low-threshold lagicribed in[4] deviate from the semiclassical limit of a rigor-
ing has been intensively studied in recent years both thed®us quantum-mechanical model of thresholdless lasing in a
retically [5] and experimentally6] for several kinds of laser, System of two-level atoml1].
such as vertical cavity surface emitting semiconductor lasers All of these considerations make the generalization of the
(VCSELSs, heterostructure diode lasers, microdroplets, highthresholdless semiconductor laser model originally presented
Q Fabry-Peot microcavity lasers, and microsphere lasers.in [4] a topical theoretical problem. However, a complete
Threshold reduction in semiconductor lasers is very imporguantum-mechanical analysis unavoidably presents a level of
tant for practical applications, since it helps to decrease theomplication much higher than that of the basic two-level
injection current and thus to reduce energy losses and themodel. In particular, it is quite difficult to carry out a micro-
mal heating. Also, the reduction of intensity noise in the lasescopic analysis of the thresholdless semiconductor laser
beam would be highly desirable for the purposes of informakeeping all its features and, in the meanwhile, presenting the
tion transmission and elaboration in optical networks, but itresults in a reasonably compact form, so that they can be
is well known that intensity noise in quietly pumped semi- employed in practical applications. The aim of this paper is
to present research that consolidates and extends the results
of [4], with an effort to keep the basic quantum equations as
*Electronic address: Protsenk@stk.mmtel.ru simple as possible. It is well known that a considerable
TElectronic address: Martino.Travagnin@Pirelli.com source of difficulties when dealing with a quantum-
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mechanical description of semiconductor lasers is carrier- dA . o

carrier interaction. Technically, this interaction can be taken ——=—[k+i( Q=) ]A=i>, gf o +Fa, (1a)
into account by means of a hierarchy of coupled equations dt k

[12], an approach unavoidable when one deals with many-

body effects like nonlinear excitonic emission or secondary g, _ S . .
emission after very short pulse excitatifi8]. On the other ar = LrTi(e= ) ]oktigA(Net nn— 1) +F5,,
hand, the influence of carrier-carrier interactions on the noise (1b)
properties of semiconductor lasers is still an open question:
summarizing and commenting on the results published in
several papers[14]), the authors of15] point out the dif-
ficulty of handling the memory effects arising from the non-
equilibrium Green function that solves the many-body prob-
lem, and admit that these effects are usually neglected. In — Y a(Nok— F ) +i(gF Al — grorfA) + F o
[16—19 carrier scattering was taken into account by means “

of a damping term in the microscopic equation for the carrier (10
distribution, and it was concluded that it does not affect ei-

ther the intensity or the phase noise spectrum. In a very (N, fok ~ ~
recent paper the standard macroscopic Yamamoto approach at 7;;% N—(l—ﬂek)(l—nhk)—
was employed very fruitfully to analyze the possible coexist- P

ence of squeezing and thermal noj4€]. Our research and

that described if19] are in many respects complementary, X X Nedniti > (9F ATo—gofA) +FR .

since they study the impact on squeezing of carrier tempera- K K ‘

ture and of thermal noise, respectively. Another basic as- (1d)
sumption of the present paper is the spatial homogeneity of

the laser under investigation. As a first approximation such @ Egs.(1) «, y, andy, are the cavity field decay rate, the
limitation holds for small area devices, but it prevents thepolarization relaxation rate, and the relaxation rate of carriers

study qf the spatial cohere_qce of spontaneous emiSSiOlE'oward the Fermi-Dirac quasiequilibrium distributidr,,,
whose impact has been clarified by the research reported Véspectively;() is the empty cavity mode frequenay,s the
[15]. asing mode frequencyy, is the frequency associated with

| In th'riipaﬁsr V\t/erpires?nttarggar}trum ?r?algnsilsr of th_rgshol he radiative recombination oflawave vector electron-hole
€ss semiconductor 1aser starting 1ro € microscepc, pair, andg, is the light-material coupling constant, with the

(raesuoai\t/ii(rjlsm r?:eﬁlggt;%rgcsmﬁfq\ﬁga% saert] dOf rglézgt(;":; dimensions of l/timef,, andN,=Z,f,, represent the dis-
q P o P tribution and the total number of carriers in the pump source,

Fhe formal derivation of quantum _rate.equations by takingrespectively while the pump parametgy is determined by
into_account spontaneous emission into the laser mOd?he macroscopic parameters of the electric circuit that drives

which was previously neglected. The derivation of the quans o |aser.

tum macroscopic rate equations is shown in Sec. Il, and in ~ A . .
Sec. Il the dependence of the coupling efficiengyn the The termXng Ny / 7, represents nonradiative recombi-

laser parameters is described. In the following Sec. IV thehation, while the ternEnenp/ ¢, represents spontaneous
laser stationary state is determined, and in Sec. V the zerdgadiative recombination of carriers into all the field modes
frequency intensity noise is found. The results are summaexcept the lasing one. We stress that the té?ﬁ{flekﬁhk/Tg{;n
rized and discussed in the final Sec. VI. Our estimations argoes not include the spontaneous emission into the lasing
made for parameter values typical of microcavity VCSELS,mode, because this particular contribution is taken into ac-
because of the great importance of these lasers for informaount by the Hamiltonian part of Eqél). In the previous
tion technology applications. analysis[16—1§ spontaneous emission into the lasing mode
was neglected, because the focus was on the system station-
ary and noise behavior well above the lasing threshold. Now
Il. THE MACROSCOPIC RATE EQUATIONS we refine that model by considering spontaneous emission
In this section we derive the operatorial rate equationd© the lasing mode and investigating its effects. With this

that describe a single-mode semiconductor laser, taking in3m We determine ET? time derivative of the cavity photon
account the contribution of spontaneous emission into th@umber operator=A'A,

lasing mode. Our starting point is the set of microscopic
operator equations introduced [h6—18 for the laser field di dAt. . dA

A, the material polarization,, the electron and hole distri- dt dt dt @
butionsn,, (a=e,h), and the total carrier populatioN,,
=3,N. To each one of these operators is associated and use Eqgs(la,d to obtain the macroscopic dynamical

Langevin noise ternra, O=A,ay,n,N,, so that the re- equations that contrdl and the carrier number in the active
sulting set of equations reads volume:

NeNhk

dn,, fox . = . 1 1
T ZYpN—p(l—nek)(l—nhk)— —t

nr TSD

1 1
T om
Thr Tsp
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di e e dR, .

az_ZKIJFIEk: (Re—RO+Fi, (33 Wz_(KJF y+i 8 R 119l ?T (Neg Np— 1)
dNa_ 2 fpk 1-h 1—7 N 1 _ilgk|zﬁekﬁhk+|§|§k. (11
dt 7P K N_p( e (1= Np) — T_m @

which makes it apparent th&, evolves at the rate -+ y. We
. £ g o now recall that in semiconductor lasers in the cw regime the
XEK neknhk_lzk (Re—Ry) + FR,» (3b) polarization decay rate and the carrier scattering rates
are by far larger than all the other rates, namely, the field
where we have defined the photon number noise operator decay rate, the pump rate, and the nonradiative, spontaneous,
and stimulated emission rates. This allows us both to elimi-
Fi=FarA+ATFa (4) nate R, adiabatically and to assume intraband quasiequilib-
rium, so that from Eq(11) we obtain, neglecting <1y,
and the field-medium coupling operator

=il ®(Fert Fr= 1) —ilo Ferf it Fr,

Re=0xotA. (5) Re= oy
k

k

(12

We remark that, due to the conservation of total carrier num-

ber SN =S .., the scattering term proportional tg, is The intraband quasiequilibrium carrier distribution follows
not pregent in Eq(Sb). Fermi-Dirac statistics and is determined by

Note that the set of Eq$3) is incomplete, since the dy-

namical evolution of?k depends on the material polarization 3 (N )= 1 (13)
oy, which in turn depends on the carrier distributing, . To AT + elBak maNV (kD)
obtain a closed set of equations, we take the time derivative
of Eq. (5), whereT is the carrier temperaturdg the Boltzmann con-
X . A stant, ancE ,=#%2k?/(2m,), m, being the effective carrier
d_Rk:g ﬂAJF&Td_A ©6) mass. The chemical potential,(N,) is determined by the
dt 7K dt kdt )’ relation
and use Eqs1a,b to obtain . ~
No=2 fa. (14
aR U k
W:_(K+7+|5K)Rk_||gk| I (Nek+Npk—1) o _ _ _
Substituting Eq(12) in Egs.(3), we obtain a set of equations
_ wmina that involves only the macroscopic operatbrand N, :
~igk> g otow +FR. (7)
K’ R
| . 2y o -
. . - = + 2 + _
In the above equation, we have defined gi = 2x! Zk y2+55|9k| I(fext Frk—1)
5k=Q—wk (8)
v 2 gdfdnt Bt Ba (158
and introduced the noise operator T 5& K el E TR
E- —auEl AL oTE- .
Fr=0k(F; At o Fa). €) an, for . i 1 o
. gt = 72 N (L e Fro = —+ 0 2 Faidne
Let us now examine the term, gy, ofoy that appears in P o Tsp
Eq. (7), and note that the relative phase of the operaiqrs 2y e 2y ,
and o, with k’ #k changes randomly witk andk’, so that _Zk 7/2+52|9k| fekfhk_Ek e §2|gk|
the contribution to the overall sum arising from the terms K k
like ofoy . averages to zero. We therefore obtain XT(Fert Fre— 1) +FR —Fa, (15b)
> O} 0L =gE 0Lo =0} Neink (100  where we introduced the macroscopic noise operator
k/
ol idantit T = A Fa Fat
where the operatorial identity, o=ne, has been em- Eazid K k (16)
ployed. By using Eq(10), Eq. (7) takes the form RO y+isy X y—i6¢
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We remark that the macroscopic set of E@kb) is closed, Under the assumption expressed by Edg) we obtain
since the carrier distributiof, is determined by the total L
carrier numbeN,, via Eqs.(13) and (14). T N=(}.)V=f.(N)= 22
For the sake of simplicity, from now on we will assume (fe=(Tnd=Td(N) 1+ elEx—#N)V/ (kgD * @)
that electrons and holes have the same massiven by the
average whereE,=#2k?/(2m).
Let us now definers, as the total spontaneous emission
m=(me+my)/2, (17 time in the semiconductor material, which spans a typical

] . _ range of 1-3 n§4]. It can easily be verified that the variation
and define the total carrier number operator and the relativgs |g, |2 with k is much smoother than the variation of the

noise operator as Fermi-Dirac distribution, so that in the summations appear-
L ing in Egs.(20d,8 we can substitutkg,|? by |go|?, wheregg
N=(Ne+Nn)/2, (183 is the light-material coupling coefficient for a transition from
. . . the bottom of the conduction band to the top of the valence
FR=(Fg *+Fg,)/2. (180  band, i.e., fork=0. In agreement witf20], the coupling
efficiency 8 of spontaneous emission into the lasing mode is
We therefore obtain from Eq$15) given by
di N e oa P 2|gol*r.
Gr= - 2kd ol B i P, (199 p=— (23)
di Thus, we can rewrite the spontaneous emission time rate in
—=A-B"-B°m—Bm_gi+Fy—Fg, (19p the collection of all the field modes except the lasing one in
dt terms of 8 and 7,
where the following definitions have been introduced: 1 1-8
i . (24)
- fok - - Tsp Tsp
A=y 2 (1= fad (1= T, (209
P

By means of Eq(23) and Eq.(24), we obtain from Eqs(20)
the expectation values

T B
B ET_; fekfhk! (20b) A f ‘
" A=(A)=y,> T=(1-1)?, (259
k Np
~ 1 A A
Bom=— > foifne, (200 . 1
S K B"=(B")=— 2 f, (25b)
nr
- 2y P
B'M= 2 ok 20 . 1-
Ek y2+65|9k| ekl hk (200 Bom= (fom - B S g2, (250
sp Kk
g=> 2y |9k A(Ferct Fr—1). (208 BIm=(g'm _EE L2 (250)
R =( >_Tsp = L,

Let us summarize the meaning of every symb/?ol:repre— -~ B

sents the pumB"" the nonradiative recombinatioB?™ the 95(9)27._ Ek: L(2f = 1), (259
spontaneous emission in all the other field modes except the P

lasing oneB'™ the spontaneous emission in the lasing modewhere

andg the laser gain. ,

Y
L=
Ill. THE CONTROL PARAMETER B K ’}/2+ 5&

(26)

The expectation values of the operators relative to th

§s the dimensionless Lorentzian function &f.
photon and the carrier number are, respectively, of

| E<’|‘>, (219 IV. THE STATIONARY STATE

R The stationary values of the photon number in the laser
N=(N). (21  cavity and of the carrier number in the active volume are
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determined by the stationary solution of the semiclassical
system of equations

dl
—dt=—2K|+g|+Blm, (273 _
8
S
OI—N=A—B“’—B°'“—B'm—g| (27b E
dt ! E

which was obtained from Eq$19) by taking the expectation
values of the operators and factorizing them. The stationary
valueNg; of the carrier number can be obtain numerically, by T B T . K
solving the nonlinear equation 10% 10" 10° 10" 10°
Injection current (uA)

(A—B""—-B°"-B'™)(2k—g)—B'™g=0, (29

. . . . b
which follows from Egs.(27a,b by setting the time deriva- ©
tives to zero and eliminating the photon number. Ohge
and thereforef (Ng,) is known, the stationary photon num- < 3 ™ B=0.1 IS
ber is given by = ol et -
R
A—B"—ROM_ Blm g oL i
o
ls= g (29 §
kA
The valueA, of the pumping threshold, as determined by = r T
semiclassical laser theo§semiclassical” thresholyl can be poo B f?;g?_\\:____.
found by setting =0 in the stationary Eq.27b): o --_.I___I.IZI;ZZZ;ZZZIZZIZ‘____I____.____I___‘____
50 100 150 200 250 300

Ay =B""+B°M+B'M (30)
Temperature (K)
In order to better characterize the deviations from semiclas-

. . . . FIG. 1. (a) Stationary photon number for,,=3 ns, average
sical behavior we introduce the ratio @ : yp . P verag

massm=0.09m,, my being the free electron mass, active volume
25x10 2 cem?, y=102 st Ny=N, fo=f,, «x=10" s L
_ i _ A The circles indicate the threshold determined according to the con-
r= = . (31 " ;
Ay B4 BOMyBIM dition I,=1. (b) Temperature dependence of the lasing thresholds
indicated by the circles ifa).

The injection current is given b
: g y and the plot is on a linear scale. By inspecting Fi@) dne

J=eA, (32 can clearly identify a critical point, i.e., a value offor
which the slope of ;(r) abruptly changes. The critical point
wheree is the electron charge. is always well defined, even whef is close to 1; it ap-

In Fig. 1(@ we have plotted on log-log scale; as a proaches 0 ag—1, and 1 as3—0. This abrupt change in
function of the injection current, for a temperature of 300 K the laser behavior may be identified as a phase transition
and three different values ¢, and the other parameter val- taking place as the parameters varied.
ues typical of VCSEL421]. The solid lines correspond to Looking back at Fig. (a) and comparing it with Fig. @)
negligible nonradiative recombinations,(— ), while the  we can see that the definition of threshold accordinf4io
dashed lines correspond tq, = 207,. This figure is similar ~ suffers from two major drawbacks: the first one is that it
to Fig. 1 of[4], and the intersections with the lilg,=1 depends on the arbitrary assumptiqp=1, and the second
correspond to the lasing thresholds, according to the definiene is that ag3 approaches 1 it does not mark any appre-
tion adopted in that paper. Figurébl shows the temperature ciable change in the laser behavior. Both these problems are
dependence of these thresholds, in the egse 2075,. One  removed if one refers to the pumping parameterstead of
can observe that fgg=0.1 there is an increase of the thresh-the injection currend.
old for small temperatures, and a minimum that indicates the Figure Zb) displays the normalized inversigii(2«) as a
optimum temperature~80 K) to achieve lasing with the function of r. One can see that far<l the inversion is
lowest possible injection current. We found that a minimumnegative, forr=1 it is zero, and only for>1 does it be-
exists also for 0.£4<0.9, while for 3>0.9 the lasing come positive, for every value @. The gain clamping con-
threshold becomes almost independent of the temperaturedition g=2« is satisfied for —«. The fact thar =1 marks

In Fig. 2(@) we have represented the stationary photorthe zero inversion point is another advantage of introducing
number versus the normalized pumglefined in Eq.(31).  the parameter. Comparing Fig. &) with Fig. 2(b) we con-

The parameters are the same as those employed in@g. 1 clude that the critical value of is situated in the region
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he) e N __/—4
o 7 = VoM PR
N = SN _,__M\ _______ —1
® e B . Sy
£ 5 4 \\ ______________________________
3 ] s |~ |
g
J 5] S
e | T
. T=300K O T £
n 1 L 1 L
1.0 15 20 25 - ﬁ=0'9< ]
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FIG. 2. (a) Stationary photon numl_)eirst as a function of the 0 50 100 150 200 250 300
normalized pump parameter The notation and the parameter val-
- . . . Temperature (K)
ues are the same as in Figall (b) Normalized inversiom/(2«) as
afunc_:tion o_f the normalized pump The valuer =1 corresponds to FIG. 3. (a) Stationary photon numbdr, as a function of the
zero inversion for any value g8. injection current] for 7,,= 20, and two different values g8. Al

the other parameters are as in Figg)1The points corresponding to
I+=1 are indicated by boxes, those corresponding to our definition
f the laser threshold by empty circles, and those corresponding to
ero inversion by full circles(b) Temperature dependence of the
lasing threshold indicated by the empty circlegah (dashed lines

and of the injection current corresponding to zero inversion, indi-
CFated by the full circles irfa) (dash-dotted lings

without inversion, even though fg8=0.1 the critical value
of r is very close to 1.

However, we recognize that even though the laser ma\Z
exhibit a phase transition at the critical valuerothis is of
no help in the experimental determination of the lasing
threshold as8 approaches 1. Indeed, whitecan easily be
derived from the theoretical model, it cannot be extracte
directly from the experimental data. To help in the experi-  Figure 3b) shows the temperature dependence of the
mental identification of the threshold also for |aSing Withoutthresh0|d determined according to F|q_aB(dashed |ineb
inversion, we propose the approach described in Fi@h, 3 and the injection current at zero inversifot-dashed lings
which was also independently adopted[i9]. Let us pro-  The temperature dependence of the injection current at zero
long the linear behavior dfsy(J), which is characteristic of inversion, not shown in Fig.(®) or Fig. 4b) below, is the

'St>h1’ Ito the ik?terﬁefdtio_Phwitlhstzbo, afndhdefine thiz.po;lnt res:ame as in Fig. ®). With the lasing threshold defined ac-
as the lasing threshold. The number of photons at this thresh-_ . : : . . :
old is given by the intersection of the vertical segment with ording to Fig. ), we do not have lasing without inversion

) for B=0.1 in the whole temperature range examined, while
the |5 curve. One can see that the threshold, according t0 : - g g )
this étefinition, is close to the end of the intermediate reggi]onWe h_ave I f_orﬂ—_O.Q. Th's n (_:ontrast with Fig. (b), which

of the I4(J) curve between the nonlasing regidamall predicts lasing without INVersion even fﬁr=0.1_.

slope and the “full-strength” lasing regioflarge slopg On For the purpose of comparing our model with tha{ 4}

the contrary, the threshold defined by the conditign=1 W€ note that Eqs27) can be formally reduced to equatlzons
and indicated in Fig. @) by the squares, corresponds to the Similar to Egs.(2) and (3) of [4] by setting in Eqs(27) fi
very beginning of the intermediate region. The definition=~ fx andL,~1. Such approximations are valid at least in the
adopted in[19] and here has the advantage that it can bdow-temperature limit and for low enough threshold current.
easily derived from the experimental data, it corresponds téndeed, for low temperaturé§~fk, and nonzero contribu-
Is+>1, and thus it is less affected by noise. It fails only in thetions to the sun¥,Lf, come only fromk<kg, wherekg is
limiting case of negligible nonradiative processgs— « the wave vector corresponding to the quasi-Fermi level. If
and B very close to 1, wherig(J) becomes practically a we now take into account that the cavity mode frequeficy

straight line starting from 0. is bounded by} <Q <4+ wy_, where() is the band gap
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FIG. 4. (a) Zero-frequency intensity noise as a function of the
injection current]. Full circles correspond to zero inversion, empty
circles to squeezing thresholth) Temperature dependence of the
squeezing thresholds indicated (& as empty circles.

frequency, one can estimatéﬁs&ﬁz(ﬂg—ka)z. The

PHYSICAL REVIEW @6 013801

dN

dt

N N

s sp

2p

E)(N—Nt)l. (34b)

Yo~

To conclude, we have shown that, using the approximations
fﬁ%fk andL,~ 1, the microscopic Eq$27) can be replaced

by a set of equations very similar to Eq®) and(3) of [4],

with the only difference of an extra factor 2 in the stimulated
emission term. A set of equations identical to E(#) is
reported in[19].

V. THE ZERO-FREQUENCY INTENSITY NOISE

To calculate the zero-frequency intensity noise we go

back to Eqs(19), and separate the operatbrandN into the
mean value and a fluctuating part:

=1+, (359
N=N+ 5N. (35b)

Then we linearize Eqg19) with respect tosl and 5N and
obtain

dsi . C s a
or =~ (2x—9)dl +(B{'+1gy) N+ Fi+Fg,
(363
d ) nr om Im
g = 901~ (—An+BY+BY™+ B+ Igy)
x SN+Fg—Fa, (36b)

where Qy meansdQ/JdN. The field intensity fluctuations

smaller the threshold current, the smaller will be the popula-d1°tin the output laser field are linked to the photon number
tion in the conduction band, the quasi-Fermi level, and confluctuations inside the cavity by the relation

sequently the teerg—ka)Z. Therefore one can, in prin-
ciple, satisfy the conditiod2< 5§< ¥?, and accordingly set

S1°U=2k 681 —Fj. (37)

Ly=1 in a laser with small enough threshold current. Sup- ) ) _
posing this is the case, and neglecting pump blocking, wdaking the Fourier transform of Eq&36), setting the Fourier

obtain
A=vy,, (333
B"~N/7r"", (33b
B°™~(1— B)N/7°P, (339
B'™~ BN/ 7P, (330
9~(2B/7°P)(N=Ny), (33¢

whereN=2,f, and 2N;=Z2,L,. We therefore obtain from
Egs.(27)

di

dt

2
2KI+—'B(N—Nt)I+£N,
Sp P

T

(343

component frequency to zero, resolving the resulting set of
linear algebraic equations with respect to the zero-frequency

Fourier component ofi, and inserting the result into Eq.
(37), we obtain
5191 ,=[(2k—g)(— Ay +BY +BY"+ B+ Igy)
+g(1gn+BN] 1 g(— Ay+BY+BYMF
+2k(— An+BY + By Fa+2x(1gy+ B FR].
(38)

From the stationary state solution of Eq®7), it can be
noted that if spontaneous emission in the lasing mode is
neglected thery becomes equal to and consequently in

Eq. (38) 2« disappears from all the coefficients that multiply
the noise operators.
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If thermal photons are neglectédtherwise se¢l19]) the  carrier distribution. Our analysis confirms that a low-
only significant noise diffusion coefficients take the formsthreshold VCSEL may operate without inversips]. We
(see Appendix an@i17]) used the fractiom3 of spontaneous emission that enters the

lasing mode as a control parameter, and fixed the total spon-
2Dji=2«l, (398 taneous emission time;, to a value in the range commonly
8 reported in the literature. The specific valuesfand 7,
P _ NIy depend on the particular configuration of the VCSEL cavity,
2D#r Tsp Ek L{l(A=2het2f)+fid, - (39D and they can be calculated by taking into account the density
of the cavity field modes and the solid angle available for
2D{R=EA+B"+BOM, (390  spontaneous emissig@2,23.

We investigated the temperature dependence of the laser
where& must be set equal to zero under the assumption of ¢éhreshold, determined according [té] as the injection cur-
quiet pump. With the help of Eq$38) and(39) we find that  rent corresponding tds,=1. We found that there exists a
the zero-frequency noise, normalized to the shot noise levglarticular temperature that minimizes the lasing threshold

2«l, is [see Fig. 1a)], at least if8 is not too close to 1. FoB~1
the threshold essentially does not depend on the temperature.
(8101 810U 0) As mentioned ir(4], the lasing threshold can be defined
S(0=0)=—% 17" only approximately, because the intermediate region that
separates the nonlasing from the lasing regime enlarggs as
=[(2k—g)(— An+BY+BY"+ B +1gy) approaches 1. However, as shown in Fi¢g)2a clear-cut

transition point can be identified if instead of the injection
current we use the dimensionless pump paranmetgefined

as the ratio between the pump rate and the semiclassical
threshold. Another advantage of introducing the normalized

+g(lgn+BiM]72x | g%(— Ay +BY +BYM?

" ZKB(_A + B4+ BOM)?2 pumpr is that the valueg =1 separates, for all the parameter
Tsp NTENCTEN values, the regions with negative 1) and positive (
2 >1) inversion; see Fig.(®). We can therefore suggest that,
k as soon ag is different from zero, the laser undergoes a
X 2_ - - . . , : =
Ek Lk( 2l 2het 1+ I phase transition without inversion for a well-defined critical
value ofr. Further investigations of this inversionless phase
2k transition would be very interesting.
- Imy2 nr om
+ [ (Ign+BN)"(EA+BY+B )}' (40 Since the pump parametercannot be extracted directly

from experiments, it is not possible to use it in practice for a

Figure 4a) displays the zero-frequency intensity noise de-definition of the lasing threshold. On the other hand, we
termined by Eq(40) as a function of the injection current, remark that the threshold defined [i#] corresponds to the
under the assumption of a quiet pump. The values of all th&ery beginning of the intermediate regifsee Fig. 8], and
parameters and the notation are the same as in Fay.Hor  that it may be difficult to identify precisely the injection
the caser,, =207, the empty circles indicate the squeezing current corresponding th,=1, because of the noise in the
threshold, i.e., the value of the injection current at which thdasing mode. This is why we proposed, in accordance with
noise goes below the shot noise level. The full circles mark19], to identify the lasing threshold as explained in Figa)3
zero inversion points. It can be seen that squeezing takeSuch a threshold corresponds ltig>1, so that it is less
place for positive inversion whe=0.1, while there is affected by noise and can easily be found from experimental
squeezing without inversion foB=0.9 and8=0.99. The data. We calculated the temperature dependence of this
temperature dependence of the squeezing thresholds is pldfreshold and found again the possibility of lasing without
ted in Fig. 4b). A comparison between Fig.() and Fig.  inversion; see Fig. ®).
4(b) reveals that the temperature behavior of the squeezing For the purpose of comparison of our microscopic model
threshold is similar to that of the lasing threshold. In particu-and the model studied if4] we considered the low-
lar, we find that, if 8 is not too big, there is an optimum temperature limit. In such a case the equations that follow
temperature at which squeezing can be obtained for a minfrom the microscopic model can be reduced to a form very
mum value of the injection current. A8 approaches 1, the similar to the equations ([ﬂ—], and identical to the equations

squeezing threshold becames essentially independent of t9é [19].
carrier temperature. We also studied the zero-frequency intensity noise for the

case of a noiseless pump. Our model confirms that there can
be intensity squeezing even in the case of lasing without
inversion, if only the value of is sufficiently close to 1; see

In this study we derived the macroscopic dynamical equaFig. 4@). We calculated the temperature dependence of the
tions of a VCSEL, starting from a microscopic model thatinjection current that corresponds to the shot noise level, and
takes into account spontaneous emission into the lasinge found that there exists an optimum temperature at which
mode, pump blocking, and the temperature dependence sfjueezing takes place for a minimum of the injection current,

VI. CONCLUSIONS
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as shown in Fig. é). In connection with the results dis- ('A:N (t)IA:N (t"))=2Dg § ,6(t—t"). (A30)
played in Fig. 4, we recall that because of pump blocking the @ o’ a’al
zero-frequency intensity noise does not decrease down to
zero for diverging injection current, but reaches an

asymptotic value determined by several laser parameters 2D -
[16—18. However, the noise-increasing effect of pump 7

he procedure outlined ifL7] leads to

1o = 2yferfnt A= Bifeifne= 2 vferfnk,

Tk

blocking has been found to be negligibly small for current (Ada)
values as small as those corresponding to the circles in Fig. o _ _ _
4. We can therefore conclude that the temperature depen- 2D, =2y (1=Ted (1= Frid = At Bifeidfn
dence of the squeezing threshold evidenced in Rig). does

queezing " ~29(1~f (1~ i), (Adb)

not depend on pump blocking.

In a forthcoming paper our microscopic model will be
generalized for the study of the noise properties of multi
mode semiconductor lasers, on the basis of the approa
shown in[24].

where the terms proportional to, andB, can be neglected
“with respect to those proportional #9 and intraband quasi-

uilibrium has been assumed. The diffusion coefficients
2Dj; and Dxg, linked to the correlation functions

It is a pleasure to acknowledge stimulating discussions . .
with L. A. Lugiato. I.E.P. gratefully acknowledges support (Fa(H)Fa(t"))=2Dggé(t—t’), (A5b)

from the ESPRIT LTR Project ACQUIRE and the Scientific

Center for Applied ResearddINR, Dubna, RussjaThe re-  can be found from the definitions &% andFg by using the
search was carried out in the framework of a PAIS project ofexpressions of the diffusion coefficientsD2ta, 2Daat,
INFM, of the MADESS Il project of CNR, and of the EC ZD&E‘}k’ and D&k&l' In the end, the only important noise
network VISTA. diffusion coefficients turn out to be

APPENDIX: THE NOISE DIFFUSION COEFFICIENTS 2Dji=2«l, (A6a)
The diffusion coefficients of the field operators are deter-

mined by the noise correlation functions 2y
2D|ié=2k Taz|gk|2[|(1_fek_fhk+2fekfhk)+fekfhk]i
k

(FADFA()=2Darad(t—t"), (Ala) 7 (AGb)
(FAFAL))=2D4ara(t—t"), (Alb) ¢ 11
2DRR= Evp (1= fe(1—fr+| —+ —
and neglecting thermal photons they &8¢ NN PN, ¢ i o Top
2DATA= 2k, (A2a)
ATA XE fekfhk: §A+ Bnr+ Bom. (AGC)
2Djat=0. (A2b) “

For an analysis that does not neglect the noise effects ofn€ parametef has been addeex post factand takes the
thermal photons, the reader is referred 16]. As shown in ~ Values¢=1 and¢=0 in the cases of Poissonian pump noise
[17], in a semiconductor laser the only other significant noisétd & noiseless pump, respectively. The diffusion coefficients

diffusion coefficients are R:t. , 2D -, and Dy & 2Djr and Dy, respectively determined by the correlations
U'k()'k' U'k(fk' a a/’
which are related to the noise correlation functions N ,
(Fi(t)Fa(t"))=2Dra(t—t"), (A73)
(Far(OF; (t)=2Dg1; s(t—t"), (A3a) o
(FR(DFa((t"))=2Dyro(t—t"), (A7b)
<F‘;k(t)F‘}I(t )>:2D3k‘}I5(t_t ), (A3b) are proportional tac/y<1 and can be neglected.
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