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Sub-Poissonian Photon-State Generation by Stark-Effect Blockade of Emissions
in a Semiconductor Diode Driven by a Constant-Voltage Source
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It is predicted that sub-Poissonian photons can be generated without recourse to pump control in a
tailor-made semiconductor diode. Monte Carlo simulations reveal that both photon noise and pump
noise are drastically suppressed by automodulation of bimolecule-recombination lifetime due to the
guantum-confined Stark effect and recharging effects. The noise of photon fluxes is reduced to below
the standard quantum limit even under constant-voltage operation. [S0031-9007(96)00090-7]

PACS numbers: 78.66.—w, 05.40.+j, 42.50.Dv, 73.40.Kp

Sub-Poissonian photon-state generation has been obrage recombination lifetime af,, = 1 nsec. Here and
served using semiconductor lasers [1] or light-emittinghenceforth, the subscript O denotes the average values of
diodes (LEDs) [2,3] driven by high-impedance constantphysical quantities. The high-density polarized charges
current sources [4,5]. The LED-mode operation is ofin the QW substantially screen the electric fidig ~
crucial importance for realizing robust ten-photon150 kV/cm with depolarization field,, ~ 80 kV/cm.
communication [6] because the pump current6 nA  The doping concentration in thre andp-type regions are
required to generate ten photons within 100 psec isletermined to make the average electron and hole popu-
far below the fundamental lowest threshold current fordations equalNy = Py ~ 100. The radiative recombina-
the onset of lasing [7]. Unfortunately, in such low- tion rateR is assumed to be bimolecular, i.&,= BPN,
current high-frequency regimes, a high source impedancehere B, P, and N denote the recombination coefficient,
(=1 MQ) would be shunted by the vacuum impedance ohole, and electron populations in the QW, respectively.
a large stray capacitance (even when the high impedandehe free electron-hole pair recombination presupposes the
is due to space charge effect [8]). Hence the generatioabsence of excitonic states which is justified by the lack
of sub-Poissonian photons by pump control in suchof electron-hole correlation due to complete screening of
extreme regimes is very hard to realize unless individuathe Coulomb potential within the QW plane by the high-
pump events could be regulated by using, for examplegensity electron-hole plasma [11].

Coulomb blockade and quantum confinement effects Consider that the tailor-made diode described above is
[9]. The schemes proposed in Ref. [9], however, are notlriven by a voltage sourcé), through an effective series
easy to implement in practice because they put stringenesistancer;, which is much smaller than the differential
upper limits on the device temperatur€ 1 K) and the input resistance of the diodg, as shown in Fig. 2(a). In
device size aside from electrodynamic environmentathe constant-voltage operation, it is essential to take into
effects such as stray capacitance and cross talks which aaecount the dynamics of the external circuit as follows.
haunting single-electron devices. Carrier transport in the present system occurs via three

This Letter proposes aump-control-freescheme for stochastic processes: (i) The pump event of one electron at
the generation of sub-Poissonian photons, in marked = r;, AN,; = 6(t — t;), produces positive and negative
distinction from all schemes reported so far [1-3,5,7—9]excess chargese in the n-side depletion layer and in
that presuppose quiet electrons. The present schemetlee QW, whered(r — ;) is a unit step function. This
based on automodulation of the bimolecule-recombination

lifetime due to the quantum-confined Stark effect (QCSE) Eo=150kV/ 30K
[10] and recharging effects characteristic of tmnstant- 0 ==
voltage operation of a semiconductop-i-n junction I -

diode. The proposed scheme allows us to generate e +/+¥

p-Alo.aGao.6As

Q

sub-Poissonian photons whose numbet0 is smaller le \6AS

than that of electron-hole pairs100 in the diode. -AlosGaoAs . GaAs Na=1.6X10""cm
The band diagram of oys-i-n junction diode is shown D coroir - zundoped)

in Fig. 1. The diode is designed in such a way that at Na=8.5x10""cm v/

30 K, for instance, a forward-bias voltage supplies an QW_-= ;)

injection current of 16 nA due primarily to tunneling
through the potential barriers to maintain high-density sta- Ey=150kV/cm

tionary elect!’on-hole pairs of0'? cm™ in the quantum  FiG, 1. Energy-band diagram of a semiconductor heterojunc-
well (QW) with areaS = Ny/10'> = 107'° cn? and av-  tion diode.
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~ Cow place Cgp, in EQ. (1) by Cqe and Cqw, and t;

- «Cdep.n; P, - p.p )

A éq* -y . by t; and 1, respectively. Note that electric charge

T ntype g “Ype Wy carried by the individual current spike, for instance,
g“’—‘?s_qR A (e/RsCaep,n) €XP{—(r — 1;)/R,C:}6(t — t;) is a fraction

Cepp ™ .
(a) P s of the elementary chargej.e., 6g. = (C;/Caep.n)e,

' ' I ' oqn = (Ct/cdep,p)ev or dq, = (CI/CQW)e <e. The

| B | b fractional charge transfer is caused by extremely small
recombination. . ' time displacement of carriers as a whole and therefore has a
b I Lo physical entity. The fractional charges;8q., *8qx,
‘ —\_\_ and =6¢,, which are supplied to the outside edges of
— — - the p- and n-side barriers, cancel the charges due to the
| : ;. tme ionized impurities as shown in Fig. 2(a), and each charge
_Ir-ﬂ—m—(—{_ transfer decreases the internal electric figlg. Hence,

the field Ey, is increased by pump and recombination

time events, while it is decreased by fractional charge trans-
®) fer, as illustrated in Fig. 2(b). The field increase (or
FIG. 2. (a) Diode connected to a voltage source throughjecrease) results in a decrease (or an increase) in the
a very small resistanc,; (b) schematic drawings of time recompination coefficient through changes in the overlap

evolution of recombination (solid lines) and electron-pump.
(dashed lines) and hole-pump (dash-dotted lines) events, whe tegral between the electron and hole wave functions

E. is the effective electric field in the QW, anB the Inside the QW B « M> = [(¢1.|$1m)I*) [10] as shown
recombination coefficient under the constant-voltage operationin Fig. 2(b).
The recombination rate is given [R(r) = B(1)P(z) X
N(1), where N(1) = No + 2, AN,;(1) — X ANy (1),

pump-induced charge dipole increases the electric fielt.lj)(t) = Po + X, AP;(1) = 24 ANw (1), and
mainly in the electron-localized regime of the QW and B() = B (1 oK 2. AN,i(1) Z 2. AP,;(1)
- —cKp———— — 1K

Events

Electric
Field Ein

Recombination Effective

Coefficient
BocM?

in the n-side depletion layer, pushing the electron wave No No
function toward then-side barrier. The pump-induced /

increase in the charging energy of the junction slightly M M) (2)
suppresses subsequent pump events (Coulomb blockade No No

of pump events). Similar dynamics associated with awvhere I1(¢') = i.(¢/) + i, (¢') + i.(¢)). In Eq. (2), K3
hole-injection event at = t;, AP,; = 6(t — t;), take represents the linearized response of Bieoefficient
place around the-side barrier. (i) When a spontaneous to external fields in the:- and p-side barriers,Ecx.,
photon-emission event occurszat= f, one electron-hole and E, for the fixed carrier populationpy, = Ny

pair in the QW disappears; AN, = —6(t — 1), and, and is given byKz = —{(eNy/€S)/Bo}{0B/dEexin +
therefore, the electric field:;, around the center of the 0B/dE,}. The coefficientsc., ¢,, and ¢, are
QW jumps up, as illustrated in Fig. 2(b), because theall positive and given byc, = —{(eNy/€S)/Bo}{0B/
annihilation of one electron-hole pair leads to a decreaseE.,,, + (eS/e)dB/IN}/Kp, c;, = —{(eNo/€S)/Bo} X

in the internal depolarization field. (iii) The electron- {dB/0Ec:, + (€S/e)dB/dP}/Kp, andc, = (No/Bg) X

and hole-pump and recombination events induce currefoB/dP + 0B/dN}/Kg. Obviously, they satisfyc, +
spikes in the external circuit which quickly recover thec, + ¢, = (6g. + 8g;, + 8q,)/e =1 which means
voltage drop across the diode. The diode can be viewethat the reduction of thé coefficient induced by one
as involving three series capacitors: the capacit@figg,  electron- and hole-pump event and recombination event
in the n-side depletion layer, the capacitanCg.,, in  is completely compensated for by associated rechargings,
the p-side depletion layer, and the effective capacitanceq,, g,, anddq,. The electron pump rate is described
Cow due to the polarized electron-hole pairs in theby [5]

QW, as shown in Fig. 2(a). These capacitors can be

designed to be nearly equélyep, ~ Cow ~ Caep,p With Rpump,e = Rpo€XQY — 7 ZAN,,,»(t)

a real diode structure. Under these conditions, the current i

; : ) .

induced by electron-pump events is described by n ref [I(t')/e]dt/j|. 3)

felr) = R, Cdepn Zexp{ £ /RCAO = 1), (1) 1pg pump rate is characterized by the relaxation time
' constant of then-side junctionr,, or the inverse cut-

where 1/C; = 1/Cgepn + 1/Cow + 1/Cqep,p. Simi-  off frequency for Coulomb bIockadélce , L., T =

lar expressions for currents,(r) and i, (¢), are given 1/Q. = e/r.ly = 1,0/r.No Wherer,q is the average re-

for hole-pump and recombination events, if we re-combination lifetime,r,c = 1/ByNy. Also, r, is given
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by r. = (8/3)e/m’e/Ny/hCqepn, fOr a triangular poten- larger than unity, the present mechanism dominates the
tial barrier at low temperature (i.ekgT << Fermi en- AR and, in other words, the fluctuation of tligecoeffi-
ergy of electrons in then-type region) [12], wheren;  cient dominated\R. Therefore in such a cas&g > 1,
and N, denote the electron effective mass and dopinghe QCSE blockade mentioned above effectively regulates
density in then-type barrier layer. The hole pump rate emission events.
is described by a similar expression characterized by We are interested in the relatively large number of aver-
rn, namely, Q.. From Eq. (2), the reductionAB =  age electron-hole pairs, for instand&, = P, ~ 100, to
—Byc,Kp/Ny, in the B coefficient induced by an emis- be free from the disadvantages of single-electron effects.
sion event is not completely recovered by the emissionHence quantum charge fluctuations on the junctions can
induced charge transfe$q,, AB = —(By/No)Kg(c, — safely be disregarded for almost any values of source
C,/Cqw) if ¢, > C,/Cqow ~ 1/3. The reduction inB  resistanceR, and tunneling resistanck; in the barriers
is expected to suppress subsequent emission events urtitl MQ in the present case), a,R; > (h/2me?)/
the recovery of theB coefficient is accomplished by the (Ny + 1/2) ~ 40 Q0. Electrons (holes) injected into
subsequent pump-induced charge transf@gs,andéq,, the QW are thermally equilibrated within a short time
as shown in Fig. 2(b) [recalt, + ¢, + ¢, = (6q. + ~1 psec in the conduction (valence) band [11]. Therefore
8qn, + 8q,)/e = 1]. The regulation mechanism based we can study the junction dynamics using a Monte Carlo
on automodulation of the bimolecule-recombination coefimethod that stochastically simulates pump and radiative
ficient through QCSE by the emission and pump eventsecombination processes [9]. Monte Carlo simulations
and step-wise recharging processes is the heart of thmn be performed by the use of Eq. (2) ®r= BPN,
present scheme, which we wish to cQICSE blockade Eg. (3), and the corresponding expression for hole pump
of photon emissionsOn the other hand, the reduction of rate. The coefficients relevant to the QCSE blockade are
electron-pump rate induced by one electron-pump eventletermined to b&p = 5, ¢, ~ 2/3, andc, ~ ¢, ~ 1/6
for instance,AN,;(r) = 1 in Eq. (3), is not completely by self-consistently solving the Schrédinger and Poisson
recovered by the pump-induced fractional charge transfegquations for a QW structure with thickness of 180 A
8g. < e. Similar dynamics associated with a hole-pumpand high density of electron-hole pair€)!?> cm™?2 in the
event and fractional charge transféy, < e take place presence of an external electric field of 150 kvh at
on the hole-pump rate. Therefore, the Coulomb blockada temperature less than or equal to 30 K. The values
of pump events, also, survives in the constant-voltage odor the coefficients sensitively depend on the potential
eration of the tailor-made diode. profile in the QW. For instance, a largéfs (~10)

Let us examine the linearized fluctuation of the recomwould be possible by properly designing the potential
bination rate to discuss more quantitatively the presenprofile [7]. The Q. and ., can be designed to be

regulation mechanism, Qeetro ~ Qeptr0 = Q70 = 10 with a real diode at
T =30 K.
AR = BON{(Z ANi(1) + D AP,;(1) Figure 3 shows the results of Monte Carlo simulations
i J for noise power spectra of photon flux, those of single

t
B / ;L ' (electron or hole) pump events, and those of total (sum
2%AN”‘(I)> * KB(] () eldr’ = ce Z ANpi(1) of electron and hole) pump events under constant-voltage

operation R; = R,/100). Consider first the case of no
- cp Z AP,i(t) — ¢, ZAN,W))}. (4) QCSE blockadeKy = 0). Both single pump events and
J k photon-emission events show 3 dB noise reduction at
In Eq. (4), the sum of the three terms inside the first setow frequencies because the diode forms a double bar-
of parentheses represents the usual self-feedback mech#r structure and each barrier serves as a high-impedance
nism. The sum of the four terms inside the second set afesistance for the other barrier. The noise reduction there-
parentheses represents the new regulation mechanism pfore occurs as a result of macroscopic Coulomb blockade
posed in the present work. The pump events themselvder pump events. However, the noise reduction is effec-
suppress the recombination rate in the present scheme, uinve only when a large number of photons are involved
like the usual mechanism. The recombination rate caior, equivalently, at the low-frequency regim@,r,o <
be recovered by the external recharging current consist). At higher frequencies, photon-emission events show
ing of the event-induced current spikef1(¢')/e]ldt’ =  noise greater than that of single pump events because of
[{li.(t") + in(t)) + i.(¢')]/e}dt’). In this respect, the the stochastic nature of each photon emission. Only at the
present scheme is essentially different from a previouslyimit of low frequencies the noise spectra of photons and
proposed one [7] in which pump events directly recoverelectrons (or holes) coincide as they should do in view of
the recombination rate and external charging processele conservation of the particle number.
do not affect the recombination rate at all and, as a The fact that the total pump noise féfz = 0 is at
result, pump regulation is still required for the regula-the standard quantum limit (SQL) level indicates that an
tion of emission events. In particular, whéf; is much  almost perfect correlation exists between electron-pump
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and hole-pump events. In fact, under constant-voltageier populations toP, = Ny = 10 by using a QW with
operation an electron (or hole) pump event is most likelysmaller area = 10~ !! cn? and withKz = 10.
to be followed by a hole (or electron) pump event. The If a constant-current sourceR( > R,) is available,
noise power spectrum of the total pump events shouldve can achieve further reduction in photon noise for
always be at the SQL level. each value ofKz. We have confirmed this by Monte
Consider next the effects of the QCSE blockade (i.e.Carlo simulations, although the feasibility of the constant-
Kp # 0). The noise power of single pump events de-current operation in a low-current & 16 nA), high-
creases with increasing the values Kf because for frequency () = 10 GHz) regime is highly questionable.
Kp # 0 electrons and holes in the QW polarize and ef- To summarize, the scheme proposed in this Letter
fectively form a capacitor. Thus besides two tunnel bar-opens a door toward mutual quantum manipulation of
riers the diode forms an additional dynamical capacitorelectrons and photons in the generation of sub-Poissonian
as schematically illustrated in Fig. 2(a). Consequentlyphotons from semiconductor diodes. By Monte Carlo
further noise reduction occurs compared with the cassimulations we have demonstrated that the QCSE block-
of only two tunnel barriers (i.eKp = 0). Another im- ade makes both electrons and photons quiet for a constant-
portant consequence of the QCSE blockade is that theoltage operation without the help of presupposed pump
noise power spectra of photon-emission events almost caegulation. These findings, in our opinions, merit further
incide with those of single pump events over a wider specexperimental and theoretical study.
tral range, implying that the QCSE blockade makesh This work was supported by a Scientific Research
electrons and photons quietin general, the frequency Grant-in-Aid (Grant No. 06245103) from the Ministry of
range in which the noise level of the photon emissionEducation, Science and Culture of Japan.
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