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Master-equation model of a single-quantum-dot microsphere laser
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We present a theoretical model for the electrically pumped single-quantum-dot microsphere laser. We solve
the master equation of the system and analyze the steady state and dynamical properties of the optical field,
such as output power, photon number fluctuation, and linewidth, for realistic experimental parameters. The
laser threshold power is several orders of magnitude lower than is currently possible with semiconductor
microlasers. A semiclassical approximation for the output power and laser linewidth is derived and compared
to the exact solution. Electrical pumping together with Coulomb blockade effect allows for the realization of
regular pumping in the system. We discuss the possibility for the generation of heralded single photons and of
sub-Poissonian laser lightS1050-294®9)05506-1

PACS numbg(s): 42.55.Sa, 42.55.Px, 42.50.Dv, 78.68v

[. INTRODUCTION of these equations, and the dependence of the mean photon
Single-at | d sinale-at h b number, the photon number fluctuations, and the linewidth
Ingle-atom 1asers and single-atom masers have been g, o pump rate are discussed for realistic experimental pa-

subject of intense theoretical and experimental study for S€Vameters. Due to the short lifetime of the excited QD states,

eral years. They represent the ultimate microscopic limit ofhich has to be overcome by strong pumping, self-
lasers and masers in the sense that the active medium co Genching 3] is a particular problem in the SQDL. We focus
sists only of a single atom. Whereas a theoretical treatmergn this problem and discuss its effect on the steady state
of lasers where both the atoms and the light field are quarproperties. In Sec. IV, we derive a semiclassical approxima-
tized usually requires approximatiofis|, an exact quantum tion for the mean photon number and the linewidth in steady
mechanical description is possible in the limit of a singlestate. Electrical pumping allows for precise control of the
atom. Theoretical models and numerical methods for differpumping process, which is a unique feature of this system. In
ent configurations were investigated in several paf2rg)]. Sec. V, we show how regular pumping can be implemented
Experimental realization of these model systems, thenthe SQDL. We discuss the possible generation of heralded
single-atom masef8] and the single-atom las¢B], were  single photons and of sub-Poissonian laser light.
used to explore fundamental aspects of light-matter interac-
tion. It was possible to demonstrate the generation of non-
classical states of the electromagnetic figld] and to study
the dynamics of this quantum system in defa]. The system under investigation is a single quantum dot
In semiconductor lasers, reducing the volume of the accoupled to a single mode of an optical cavith2]. Figure
tive medium and developing higQ-cavities was motivated 1(a) gives a schematic of the experimental setup. The active
by the desire to reduce the laser threshold. An ultimate mimedium consists of a single self-assembled InAs quantum

croscopic limit of semiconductor lasers is a single quantum
Microsphere (D) I\ InAs Dot
-GaAs

Il. THE MODEL

experimental realization of such a single-quantum-dot laser
(SQDL) was proposed recenti2]. In contrast to the ex-
perimental realizations of the single-atom maser and laser,
where dilute atomic beams were utilized, in the SQDL the
QD stays in permanent interaction with the laser field. In this
sense, it is analagous to the proposed ion-trap [d<gr p-GaAs

Apart from its character as a model cavity-QED system, T i-AlGaAs
the SQDL has possible applications as a laser with an ul- ‘ -AlGaAs
tralow threshold. Low thresholds are of great importance, for Dot Sample

.exf]‘mﬁ:e'.f?r ap?“gatltonstas low-power optical interconnects FIG. 1. (a) Schematic of the experimental setup for the single-
In highly integrated structures. aEuantum-dot laser. The active medium consists of a single InAs

dot (QD) coupled to a single mode of an optical cavity. An (a)
n

L

electron

hole &
.

In Sec. Il of this papgr, we describe our.theoretlcal mode uantum dot in a GaAs matrix. The optical cavity is a glass micro-
for the SQDL. We _der've_a master eql_Jat'on and show th phere, which is brought close to the sample surface. Light emitted
the model system is equivalent to an incoherently pUMpegom the dot couples into a whispering gallery mode of the sphere
four-level laser. Section Il presents the steady state 50|Ut'0”($epresented by the equatorial banth) Schematic energy-band

structure of the double-heterojunction resonant-tunneling structure

used for pumping a single quantum dot. Carriers tunnel one at a

*Also at NTT Basic Research Laboratories, Atsugishi, Kanagawatime from the doped GaAs reservoirs, through the intrinsic AIGaAs
Japan. barriers, into the isolated InAs QD.
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with the electric dipole, rotating-wave approximation,
Jaynes-Cummings Hamiltonian

H=—-#g(ac'+a'o). 2)

Here o=|B)(A| and o'=|A)(B| are the atomic lowering

and raising operators. The cavity mode is assumed to be
FIG. 2. Schematic level diagram of SQDL laser levels. The four"®Sonant with the lasing transition, and is described by the

levels are connected via ratBgc, Rpa, Rep, andRe, (electron boson annihilation and creation operataranda’.

and hole tunneling Spontaneous emission into nonlasing modes is  INncoherent pumping and relaxation of the QD levils

described by the ratR,g ;g is the QD-field coupling constant; and (J=A,B,C,D) are described by

k is the photon damping rate.

R

| | o  Laap=— 5 (|AXAlp+plAX A~ 2[B)(Alp| AXB|)
dot in a GaAs matrix. The optical cavity is a glass micro-
sphere, which is brought close to the sample surface. Light Rec
emitted from the dot couples into a whispering gallery mode - T(|B><B|p+p|B><B| —2|C)B|p|B){C|)
of the sphere.

In our model we assume electrical pumping with unity Rea
internal quantum efficiency, ignoring effects such as leakage - T(|C><C|p+p|C><C| —2|A)C|p|C)A]|)
current. One way to approach this ideal limit is to incorpo-
rate the QD into a double-heterojunction resonant-tunneling BD
structure, similar to that used to inject excitons into quantum - T(|B><B|P+P|B><B|_2|D><B|P|B><D|)
wells [14]. Figure ib) shows a schematic of an appropriate

energy-band structure. Carriers can tunnel from the doped Rpa

GaAs reservoirs, through the intrinsic AlGaAs barriers, into - T(|D><D|P+P|D><D|_2|A>(D|P|D><A|),
the isolated InAs QD. If an electrofiole) tunnels a second

electron(hole) requires a somewhat larger energy to tunnel, €

due to the Coulomb repulsive energy. The electtbale)
energy level in the QD is effectively shifted by a single elec-
tron (hole) tunneling evenfthin lines in Fig. 1b)]. If the P
shifted energy level lies above the Fermi level of thép) Liieig P=— E(aTap+paTa—2apa*). (4)
side further electror(hole) tunneling is prohibited. This is
known as the Coulomb blockade effect. Thus, only a single
electron and single hole can tunnel into the electron and hol
ground state of the QD. This state, a single hole and a singl
electron in the QD, is the upper laser stgie. The electron
and hole radiatively recombine, leaving the QD in the laser ,

ground statgB), i.e., no hole and no electron in the QD. a_pAA:_ig(pABaT—apBA)+(Lﬁe|d_ Rag)paat Reapce
There are two paths by which to pump the QD to the upper

laser state. Either a hole tunnels first, followed by an electron +RpAPDD »

tunneling event, or an electron tunnels first, followed by a

hole tunneling event. We denote the intermediate states g

and the field damping is given by the Liouville operator

The equations of motion for the projections @fon the
D levels p;;=(l|p|J) (1,J=A,B,C,D) are easily ob-
ained:

|one holé|zero electrop and |zero holé|one electrop as —PBB= ig(peaa—a’pap) + (Lies— Rec— Rep)pes
states|D) and |C), respectively. Thus, the system can be
described as an incoherently pumped four-level laser as de- + RagPAA»
picted in Fig. 2.

The coupling strength of the transition between lasing lev- d )
els|A) and|B) and the whispering gallery mode of the mi- Z1Pas= ~19(pasd@—apep) * (Lie=1)pas.
crospherdsymbolized as a circle in Fig.) 2s determined by (5)
the coupling constang. Incoherent pumping of the upper J
laser level via intermediate level€) and|D) is decribed by EPBA:ig(anAA—pBBaT)+(Lﬁe|d—r)pBA,

ratesRgc, Rca, Rep, andRp, . Finally, the rateR,g de-
scribes the combined effect of spontaneous emission of pho-
tons in modes other than the lasing mode and nonradiative
decay, andx is the damping rate of photons in the laser
mode.

The dynamics of the combined QD-field density majix
is governed by the master equation

“tPcc™ (Lfies—Rea)pcct Recpss

J
2t PoD= (Ltiels— Rpoa)Poo+ Reppes
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wherel’=1/2(Ryg+RgctRgp) + 1. I'' describes an addi- 60 . -
tional dephasing rate, which at higher temperatures is mainly A s ;
due to phonon scattering. v :
Similarly, the equations of motion for the projectionspof é 40|
on the Fock statepy y=(N|p|M) are 2 . .
=3 F
J : 20 f
EPN,Mz_lg(\/N"'lUTPN-#l,M—" \/NUPN—l,M g :
g 10F
—WMpym-10" = \M+1pym10) ok ,
« ] 1x10* 2x10* 3x10*
5 LIN+M)py = 2V(N+ 1) (M+1)pn-apm+a] pump rate Ry (MHz)
FIG. 3. Dependence of the mean photon numgEr in the
+ Lot PN,M - (6)

lasing mode on the pump rate for different photon damping rates
e(Ifrom bottom to top k=86,5,4,3.5 MHz), coupling strength
/(27)=31.8 MHz, and relaxation rafR,g=1500 MHz. Dashed
e(:urves are semiclassical approximations.

These equations could be generalized or modified in ord
to account for a different or more complicated level structur
of the system. Higher excited states of the QD might b

involved in a different pumping scheme, and would require, ;
additional intermediate states in the pumping system. CoheSOIVe Eq.(5). The steady state properties are most elegantly

Herived with the damping basis approa@]. In this ap-

eproach, Eq.(5) is expanded in eigenstates of the Liouville

operatorLseq. A recurrence relation can be derived, which

is effectively solved by the continued fraction method. A
Ill. STEADY STATE PROPERTIES discussion of the damping basis treatment of coupled

OF THE SINGLE-QUANTUM-DOT LASER density-matrix equations can be found in Rigf]. Dynami-

I;:al properties of the SQDL, such as the linewidth and the

In this section, we first consider realistic parameters fo ; . A .
?erelatmn function, are calculated by numerical integration.

our calculations, and then discuss the general steady staW o . ;
; : e verified our calculations by comparing the steady state
properties of the SQDL. In our model of the electrically esults derived by these two in)élepen%entgmethods y

pumped SQDL sketched in Fig. 1, we assume that thé Figure 3(solid lineg shows the mean photon number in

resonant-tunneling condition is satisfied simultaneously for lasi de for diff h q : h
electrons and holes. The electron and hole tunneling rates ap%e asing mode for di erent p ot_on amping rak_east €
ump rate is changed. The generic behavior foka# char-

determined by the design of the double-heterojunction struc?Y™P db . inth h b
ture, and depend on parameters such as tunnel barrier wid@f{€/2€d by an increase in the mean photon number up to a

and height, doping, and applied bias voltage. CalculationénaXimum value, followed by a monotonic decrease. This

based on the WKB approximation indicate that the ratio ofS€/-auenching[3] was also predicted for incoherently
electron tunneling rateRgc and Rp,) and hole tunneling pumped single-atom lasers. It is due to the destruction of the

rate (Rgp and Re,) is approximately 10 for equal tunnel coherence between the lasing levels by the strong incoherent

barrier widths, due to the larger hole effective mass. If th ump. The destruction of coherence can be interpreted in

bias voltage is changed, all rates are scanned simultaneousfz'rms of quantum measurement. A continuous measurement

thus, we assume that the relatioRac=Rpa~10R IS’ performed, determining wether the QD is in stater B.
=10Rgp remains valid. The pump rat&‘BBé:rangDé from gSO The decay ratd’ =1/2 (Rag+ Rgc+ Rgp) of the coherences
MHz to over 10 GHz. In the following, we refer tBge ~ PAB andpga in Eq. (5) can then be interpreted as the rate of

whenever we talk about the pump rate. We would like toIndIVIOILIaI measurements. . .
point out that the assumption of constant ratios of pump rateg_..-rhe threshold of the SQDL can be defined following
is not stringent and that it is straightforward to take into jork, Karlsson, and Yamamotpl7]. Laser threshold is
account a more general model, where the pump rates al
controlled individually. We will describe such a case in Sec.
V. However, the general behavior of the system under con
sideration is well described by the above assumptions.
Microsphere cavities can be made by melting the tip of a
optical fiber with a focused CQaser beani15]. Q values as
high as 3x10° have been observed for whispering gallery
modes in these spheres. In practi@yalues of 5< 10° can
be readily achieved. This corresponds to a photon damping (a'a)
rate of k=4 MHz for 960 nm radiation. Through time re-
solved photoluminescence experimelii§], the spontaneous which measures the relative strength of fluctuations in the
decay timeR,g in InAs quantum dots was found to be about photon number, is plotted in Fig. 4 for the same parameters
650 ps. Finally, in the system considered here, the QD-fields in Fig. 3. For largek, the Fano factor shows a similar
coupling constang) can be as large ag2w=33 MHz[12]. behavior as the mean photon number. A maximum of fluc-
With these parameters, we use two different methods téuations coincides with the onset of self-quenching. For

case of an optically pumped ion-trap la&8].

Irgached if the mean number of photons in the lasing mode is
one. At this point, stimulated emission overtakes spontane-
ous emission, and linear amplification is replaced by nonlin-
ear laser oscillation. As can be seen from Fig. 3, threshold
fan be reached for all values efconsidered.

The Fano factoF,

_ (a'aa'a)—(a'a)?

, )
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FIG. 4. Dependence of the Fano facteon the pump rate for FIG. 5. Calculated linewidth of the SQDL when the pump rate
different photon damping ratesc (from bottom to top « is changed. From bottom to top=4,5,6 MHz. The other param-
=6,5,4,3.5 MHz), coupling strength/(27)=31.8 MHz, and eters are the same as in Fig. 3. Dashed curves are semiclassical
relaxation rateR,g=1500 MHz. approximations.

smallerk, the photon number fluctuation curve is character-threshold. Thus, it is a good approximation to neglect the
ized by two maximum values close to the laser threshold anfleld damping operatak 4 in the equation for the polariza-
to the onset of self-quenching. Decreasirgresults in a tionspag andpga. At higher temperatures phonon scattering
wider separation between these two maxima, with a regiméeads to a large dephasing réfé. Thus, the expectation
of smaller fluctuation in between. The Fano factor outsidevalue{psg) can be adiabatically eliminated if the semiclas-
the cavityF,, and inside the cavityF are simply related by sical factorization of the density matrix is used. This reduces
Fou=1+2(F—1), if the intensity spectrum is Lorentzian Eqg. (5) to an effective two-level system:

[18]. We verified numerically that this is the case for the

2 2
parameters used. In contrast to theoretical predictions for in P._p FJFiP .
single atom lasers, sub-Poisonian statistieano factor be- r (Pa=Pe) r A K
low ong are not expected in the SQDL for realistic experi-
mental parameters. This is due to the much smaller ratio of -~ 2¢° PP 2 AR Pot RasP
coupling constanyg to spontaneous decay raRg in the AT T( A~ Pg)n T T TABJTATTBATE:
SQDL compared to single-atom lasers. (10)
We calculated the spectrum of the SQDL, which is de-
fined as Pg=—P,,
S(w)=f dt cog wt)g@(1), ) whereP, andPg are the p@t?abll|t|es of finding the QD in
0 state A and B, respectively,n is the mean photon number,

andRga=Rgc+ Rgp . The effect of the other QD levels in-

with the normalized first-order correlation function volved enters through the normalization condition
(a'a) Tr {a'ap} where we defined the weighting factarg, which can be

evaluated by inserting the steady state solutions Rer
Figure 5(solid lineg shows the linewidth for the same pa- =(pcc) andéf(poos- y @

rameters as in Fig. 3, and for the indicated photon damping 1o fight hand side of Eq(10) is identical to the rate

rates . The linewidth decreases with increasing pumpgqations for a semiconductor microlaser derived byrijo

power, marking the transi_tion from amp!ified sp.ontaneousand Yamamotd19] if (2g2)/T'(Po— Pg) is replaced by the
emission to laser oscillation. For sufficiently high pump ptical gain in the semiconductor and if the fractiBnof

rﬁtelg, §elff—qu:enching cau'seT. the'éinhe\'/vidth tﬁ igcrease UN¥hontaneous emission into the lasing mode out of the total
the limit of the empty cavity linewidth is reached. spontaneous emission is identified as

IV. SEMICLASSICAL APPROXIMATION ZQZ/F

=— . (12
In this section, we derive a semiclassical approximation 29%/T +Rag

for the mean photon number and the laser linewidth in steady ) ) _

state. This is particularly advantageous for larger photon Here, we are only interested in the steady state properties

numbers, where numerical integration becomes too time corff the single-quantum-dot laser. In this case it is possible to

suming. solve Eq.(5) in steady state, if the semiclassical factorization
We start with the exact Eq5). Due to the short lifetime  Of the density matrix is used. Thus, for larger photon num-

of the upper laser state in the SQDL, the pump rates have thers an approximation for the mean photon nunmrband the

be large and the photon storage time long in order to achievpopulationsP,, Pg, Pc, andPp can be derived by solving
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a quadratic equation. The dashed lines in Fig. 3 correspond
to the semiclassical approximation, which reproduces quali-

z

tatively the exact calculation. The approximation tends to ¥ 10°
overestimate the mean photon number by 10-15 % for the =2 1 10° 4
values ofx considered. 3 ¢ ] v

In Eq. (10), the self-quenching effect enters as a reduction & 1102 3
of optical gain when the pump rate is increased. First, if the § 10’ ] 5
effective pump ratdRg, is small compared t®,g, the op- 3 . 10" §
tical gain of the laser mode ¢/[1/2(Rag+Rgp)] 5 10 ;] B
~20%/(1/2R,g) is nearly a constant. Increasing the pump 3 | 10° o
rate increases the inversion, and thus the mean photon num- £ 10 ] é
ber due to stimulated emission. If the pump rate is further g » ;107
increased, the optical gain will decrease ofgg, becomes ¢ 10 1(')1 162 163'
comparable tdR,g. Since the active medium in a SQDhy pump current (pA)
definition a single QD is easily saturated, this decrease in
efficiency cannot be overcome by a stronger pumping once a (b)
critical pump rate is reached. Beyond this critical rate, which
defines the onset of self-quenching, the mean photon number 10’
decreases monotonically. It was pointed out in R&f.that 10°
this effect is particularly crucial in single-atom lasers be-
cause they must be pumped hard to produce a significant I 1o
amount of light. 2

We now derive a semiclassical approximation for the ~§ 10°¢
SQDL linewidth. Bjok and Yamamotd19] calculate the H 10° L
linewidth Avpywyy Of semiconductor microlasers using an =
equivalent electrical circuit model described in REZO]. 104 b
Following their approach, and inserting the optical gain of 1o . .
the SQDL, we find 10 102 10°

292 pump current (pA)
AVFWHM:E K— T(PA— Pg) |, (13 FIG. 6. Semiclassical approximation f¢a) the output power

and (b) the linewidth fork=4,3,2,1, and 0.5 MHz. Ifa) the

where P, and Pg are the semiclassical steady state resultQUtPut power is normalized te.

for the effective two-level system. In Fig. 5, we plot results

of the semiclassical approximation as dashed lines. At smallhe threshold fork=4 MHz corresponds to a current of
pump rates, the linewidth is broadened with respect to th22.4 pA, more than five orders of magnitude lower than the
empty cavity linewidth, due to the presence of the absorbingurrent record for a microcavity semiconductor laser of
material. In the limit Ry\g>Rgs, Pa—Pg reduces to 8.7 uA [21]. The maximum output power of 16.5 pW in
—1/wg, as can be derived from E(1L0), and we find for the this case can be increased to several nW by increasin@ the
linewidth at very small pump rate: of the optical cavity.

1 4g?
AVFWHM’0=E< K+ WBRAB)' (14) V. REGULAR PUMPING

In the electrically pumped SQDL, the Coulomb blockade

Due to the large coupling constant, this broadening is quiteffect together with resonant tunneling can be utilized to
significant, even if the absorber is a single QD. At very highcontrol electron and hole tunneling individually. Figure)7
pump rate, the QD is completely decoupled from the cavityshows the schematic energy-band structure when the
mode due to self-quenching, and thus the linewidth apfesonant-tunneling condition is satisfied for electrons and
proaches the empty cavity linewid#/27r. holes at different bias voltag&s Due to the Coulomb block-

We use the derived approximations for the mean photomde effect, one and only one electron tunnel¥ atV,, and
number and the linewidth to give a quantitative analysis ofone and only one hole tunnels ¥t=V, . In this case, the
the steady state properties of the SQDL for a wider range oevel scheme of the SQDL can be reduced to the three-level
photon damping rates. Figure 6 showdga) the normalized scheme shown in Fig.(8). Starting with the SQDL ground
output powerP,,/x={(n)i o and (b) the linewidth for « state|B) (no hole and no electron in the Qthe bias volt-
=4,3,2,1, and 0.5 MHz, which corresponds @=4.9 age is set to the electron resonant-tunneling condition, and an
x 108, 6.5x 10°, 9.8x 10%, 1.9x10°, and 3.9<10°, respec- electron can tunnelintermediate statéC)). Then, the volt-
tively. Above a photon number of unity in the lasing mode, aage is switched to satisfy the hole resonant-tunneling condi-
sharp increase in the photon number and decrease in thi®n, and a hole can tunné@ipper SQDL statgA)), followed
linewidth is observed. With increasin@ the onset of self- by the emission of a single photon. By modulating the ap-
guenching is shifted to higher pump rates, and there is @lied bias voltage betweev, andV,,, a single electron and
larger regime with a linear input/output power characteristica single hole can be injected per modulation perigdas
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(a) ’ -GaA

hole electron

V=V,

electron
hole

p-GaAs

FIG. 7. (8) Schematic energy-band structure of the double- (C)
heterojunction resonant-tunneling structure when the resonant- _
tunneling condition is satisfied for electrons and holes at different %
bias voltagesv=V, andV=V,,. (b) Schematic level diagram of
the SQDL laser in this situation. Periodic switching betwéén
=V, andV=V,, results in a periodic switching between the situa-
tions Rgc=0, Rca#0 andRc =0, Rgc#0.

long as the electron and hole tunneling rates are large com-
pared to the modulation frequendy=1/T. Thus, regular
pumping is realized. Another regular pumping scheme utiliz-
ing surface acoustic waves was proposed recef2Bj.
There are two operation regimes, depending on whether the
modulation frequency is smaller or larger than the photon i .
damping rate of the optical cavity. normalized time ¥T

In the first case, the photon damping rate is larger than the 1, g, second-order correlation functiagf? for different
modulation frequency. The mean photon number in the cavmodulation frequenciet (a) Bf=0.016¢, (b) Bf=0.05, (c) Bf
ity is much smaller than one, and the laser is far below=o 16« (d) gf=1.6x. For all curvesk=5 MHz, 5=0.016,
threshold. If, in this case, the spontaneous emission rate {§(27)=31.8 MHz, Rgc=10" MHz, andRag=1500 MHz. The
large compared to the modulation frequency, a single photofime is normalized tar = 1/f.
is emitted within each cycle. Thus, a stream of single pho-
tons with well regulated time intervals can be generated. Ex-
perimental evidence for such a single photon turnstile devic?
[23] was given recently24]. The device used in this experi-

) C e . i 2) i iv-
ment consists of an intrinsic quantum well as an active me: Figure 8 S_hOWS the calculate?) for fo!” different driv
dium in the middle of a mesoscopien junction. The ex- ing frequencied. All curves are normalized by the mean

periment was performed at 50 mK, where the CoulompPhoton number averaged over many peridd3he emission

repulsive energy between electrons or holes dominates ov&gte Of photons into the laser modeds if the ratesRgc and

thermal fluctuations. Turnstile operation in a SQDL setup,Rca @re larger than the driving frequendy In the upper
where a single QD is coupled to a highoptical cavity, is  CUrve: Fig. 8a), Bf is much smaller than the photon damp-

superior for two reasons. First, the Coulomb repulsive enind time lk. The photons in the laser mode are antibunched,
the probability to find a second photon succeeding a

ergy between electrons or holes is larger in a single QD€+ h ) ithi o h
because of its small size. Coulomb blockade and turnstil@1Ven Photon is zero within a time interval Furthermore,

operation is thus possible at higher temperatures. Second, thE0ton emission events occur at regular time intervals
s low-frequency limit, the SQDL runs in a turnstile mode.

spatial emission pattern and the spontaneous emission rat% S : .
are modified due to the presence of the optical cavity, which' he fluorescence light is a stream of single photons with well

allows for a better output coupling of the emitted light and a"®9ulated time intervals.
higher modulation freguency.p g g Whenf is increasedFig. 8b)—8(d)], the mean number of

In the second regime, the photon damping rate is smalldphotons in the laser mode starts to increase gfceecomes

than the modulation frequency. Photons can be stored in tHePMparable to or larger than 4/ The regulated phoéon
optical cavity, and lasing is possible. In order to demonstrat§tréam evolves into phase-coherent SQDL light. L)
the transition from phase-incoherent, heralded single-photofi¥nction finally approaches the steady state value calculated

emisson to phase-coherent laser light, we calculated the 0" @ continuously pumped three-level lageith one-half of
tensity autocorrelation functiog®® the pump ratewhich is plotted as a dashed line in Figd8

The dependence of the linewidth on the driving frequehcy
is shown in Fig. 9. The transition from phase-incoherent
g@=(a"a'(t)a(t)a)=Tr{aae 'apa'}, (15 single-photon emisson to phase-coherent laser light is ob-

s

1000 1500 2000

nd the linewidth of the emitted light via numerical integra-
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FIG. 9. Dependence of the linewidth on the driving frequehcy FIG. 10. Intensity squeezing spectrum outside the cavity for

f is normalized tox/ 8. (from top to bottom 7= 0.86, 0.87, and 0.89, which correspond to
g/(27)=47.7, 50.9, and 55.7 MHz, respectively. The photon

served as a linewidth narrowing. In the low-frequency limit damping ratex is 4 MHz, the decay in nonlasing modé¥\g

the linewidth is determind by the linewidth of the cavity =1500 MHz, andRgc=Rca=10" MHz. The frequencyw/(2)

containing an absorbing material. With increasing frequencys normalized tox.

the linewidth decreases and approaches the steady state li

width of a continuously pumped three-level laser.

In the calculation shown in Fig.(8), the electron and
hole tunneling rates are large compared to the modulatio
frequencyf =1/T. As mentioned above, this is the regime of
a regularly pumped laser, and the pump noise introduced i
very small. The situation is similar to a semiconductor in
constant current operatidr25], where the minority carrier
number is modulated freely by spontaneous emission, stimu-
lated emission, and absorption processes. However, for the e gave a theoretical model for the electrically pumped
parameters used in the calculation shown in Figl)8the  sjngle-quantum-dot laser. The model is equivalent to an in-
fraction  of emission(spontaneous and stimulajédto the  coherently pumped four-level laser. Laser oscillation can be
lasing mode out of the total spontaneous emission is MucBptained in this system for realistic experimental parameters.
smaller than one = 0.024). Thus, the noise introduced by As mentioned, it is straightforward to account for a different
spontaneous emission into nonlasing modes is large. Thisr more complicated level structure in this system. This
noise can be suppressed by increasing the photon numbggould be the case for the implementation of optical pump-
and thus stimulated emission, or by decreasing the spontangry which might be easier to achieve in a first experiment.
ous emission in other modes due to the geometry of cavityjowever, electrical pumping allows for precise control of
In order to demonstrate that sub-Poissonian light generatioghe pumping process via the Coulomb blockade effect. This
is possible in the SQDL, we calculated the intensity squeezgnique feature of the SQDL laser is very attractive for pos-
ing spectrum outside the cavifg6] sible applications, and allows for interesting experiments to
study a regularly pumped cavity-QED system.

fhis is also the case for the parameters used for the calcula-
ton in Fig. §d). With increasingy, a transition from super-
ﬁ’oissonian to sub-Poissonip® w)<1] light is observed. In
practice,» can be inreased by increasing tQevalue of the

ptical cavity and by increasing the coupling strengthe-
ween QD and the lasing mod&2].

VI. CONCLUSION

S(w)=1+4k

Re{ f:dtexp(iwt)(g(z)—(n>)/<n>“
(16)
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