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Nonclassical light generation by Coulomb blockade of resonant tunneling
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We show that the Coulomb blockade of resonant tunneling in semiconductor heterojunctions creates
correlations between single-charge tunneling and single-photon emission events. %'hen driven by a
constant-current source, a mesoscopic p-i-i-i-n junction generates a regulated single-photon stream by
single-electron-to-single-photon conversion. Under constant-voltage operation, the photon stream gen-
erated by the junction is antibunched and sub-Poissonian. The single-electron charging energy of the
heterostructure has to exceed the width of the resonant subband and the characteristic energy of the
thermal fluctuations for these correlations to be observable.

I. INTRODUCTION

There has been considerable interest in ultrasmall tun-
nel junctions with capacitances small enough that the
single-electron charging energy (e l2C) exceeds the
characteristic energy (kT) of the thermal fluctuations at
low temperatures. ' When such a junction is driven by a
constant-current source, there will be a sequence of con-
tinuous uniform charging followed by discrete tunneling,
resulting in sawtooth oscillations of the junction voltage.
In the case of constant-voltage-driven two (or multi)
-junction systems, the tunneling events across the two
junctions are strongly correlated. This correlation results
in conductance oscillations and a periodic modulation of
the current-voltage characteristics. This effect in two-
junction systems has been observed experimentally.

Recently, semiconductor quantum-well and -dot struc-
tures have attracted increasing attention, as they provide
a medium where both Coulomb blockade and quantum
confinement effects are simultaneously important. Both
theoretical and experimental efforts have been focused
on the characteristics of the constant-voltage-driven
double-barrier n -i-i-i-n resonant-tunneling structures.
Possible implications of the Coulomb blockade of reso-
nant tunneling on quantum optics have not been con-
sidered so far, since photon generation by radiative
recombinations is negligible in the analyzed structures.

We have recently proposed a low-capacitance,
constant-current-driven p-p-i-n microjunction where the
Coulomb interactions regulate the electron-thermionic-
emission events from the n-type Al„Ga& „Aslayer into
the p-type GaAs layer. As a result of this regulation, the
junction voltage exhibits a sawtooth oscillation pattern,
with peak-to-peak amplitude e/Cd, and period e/I.
Provided that the radiative recombination with a hole
takes place in a short time scale compared to the charg-
ing time (e/I), the regulated single-electron-emission
events in such a scheme are converted into regulated
single-photon-emission events. Furthermore, if the rni-
crojunction is embedded in a microcavity structure
where practically all the spontaneous emission goes to a
single model of the radiation field, the scheme proposed
in Ref. 7 generates a single-photon stream.

In this paper, we study the Coulomb-blockade-induced
correlations between single-charge resonant tunneling
and single-photon generation events. The basic structure
that we consider is a p-i-i-i-n Al„Ga&,As-GaAs micro-
junction, where resonant tunneling of an electron and a
hole into the i-type GaAs layer will result in photon gen-
eration by radiative recombination. The principal result
of this paper is that light generated by such a microjunc-
tion is inherently nonclassical. We show that under
constant-current operation, the correlation between the
successive resonant-tunneling events results in regulated
junction-voltage oscillations, together with the generation
of a single-photon stream. Under constant-voltage opera-
tion, the photon-emission and resonant-tunneling events
are strongly correlated, even though there is not strict re-
gulation of the individual resonant-tunneling events. In
both cases, the generated photons are antibunched' and
sub-Poissonian, properties that cannot be explained by
conventional semiclassical theories that do not quantize
the free-radiation field.

Figure 1(a) shows the generic structure of the
p-i -i-i„-nAl„Ga, „As-GaAs heterojunction considered
in this paper. We choose the width L; of the i-type GaAs
layer to be 50 A and the impurity concentrations in the
n- and p-type Al„Ga, „Aslayers to be nD=7. 0X10'
and n„=8.0X 10', respectively. For a rnicropost diame-
ter of 2b =1.0 pm, the effective (undepleted) area of the
junction is A,fr=era =1.8X10 ' cm (2a =0. 15 pm).
Choosing a different Al concentration (y) in the undoped
i„-type A1„Ga& „Aslayer enables us to move the energy
of the conduction-electron and valence-hole subbands as
desired. For the assumed ionized-impurity concentra-
tions in the n and p layers, the Fermi level is well within
the conduction and valence bands, respectively. We esti-
mate the Fermi energy in the n layer (Ef„)to be about
0.002 eV above the conduction-band minimum, and that
in the p layer (Ef ) to be 0.0015 eV below the valence-

band maximum. We take the conduction-band discon-
tinuity between the GaAs and the Al„Ga, As layers to
be 0.22 eV. We also assume that the conduction-band en-

ergy of the i„-type Al Ga, As layer is 0.012 eV higher
than that of Al„Ga& „As layers. We will choose the
widths L;~ and L;„ofthe undoped i -type Al Ga& .„As
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and i„-type Al Ga, „Aslayers in accordance with the
requirements of the particular mode of operation.

Figure 1(b) shows the generic energy-band diagram of
the heterostructure, when the residual built-in potential
Vd

—VJ(t) is about 0.02 V. As a result of the transverse-
momentum conservation during the tunneling process,
resonant tunneling of an electron (hole) is only allowed
when the junction voltage is such that

Here, E«(E~„)denotes the conduction (valence) -band
minimum (maximum) energy of the n (p) layer. E„,,
(E„,h ) is the energy of the electron (hole) resonant sub-
band of the i-type quantum well and C„,(C,. ) is the
capacitance of the n i„-i-(pi~ i)-st-ructure.

In Sec. II, we analyze the dynamics of the heterojunc-
tion of Fig. 1(a) under constant-current operation. We
show that single-electron charging effects in this case re-
gulate the electron resonant-tunneling events from the n

layer into the i layer and result in nonstochastic sawtooth
oscillations of the junction voltage. It is assumed here
that L,. is much smaller than L,„and a relatively high
heavy-hole concentration is maintained in the i-type
GaAs layer. Provided that the radiative recombination is
fast compared to the single-electron charging rate I/e,
the junction in this regime will generate a regulated pho-
ton stream. '

The constant-voltage operation is considered in Sec.
III. In this case, L; and L;„arecomparable and large
enough that the electron and hole tunneling are small
compared to the radiative recombination rate. We show
here that it is possible to obtain a strict ordering of the
basic physical processes: Initially, the i-type GaAs quan-
tum well is empty and the junction voltage is set such
that only resonant electron tunneling is allowed. Tunnel-
ing of a single electron lifts the energy of the well by
e /C„;,which in turn blocks a second electron tunnel-

ing event and opens the channel for hole tunneling. After
a single-hole tunneling takes place, radiative recombina-
tion and further electron tunneling becomes possible. We
will show that the radiative recombination and resonant-
tunneling events are correlated in this case, even though
individual resonant-tunneling events are randomized by
the fast circuit recovery time (i.e., constant-voltage
operation). We discuss the analogy between this system
and the single-atom resonance fluorescence. Finally, in
Sec. IV, we discuss the limitations and possible extensions
into devices with smaller size.
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FIG. 1. (a) The detailed structure of the p-i-i-i-n
Al„Cza& „As-CxaAs microjunction. The unshaded regions are
depleted. (b) Diagram of the energy band when the residual
built-in potential is approximately 0.02 V.

II. REGULATION OF RESONANT TUNNELING
UNDER CONSTANT CURRENT OPERATION

In this section, we show that the resonant-tunneling
events in the p-i -i-i„-nAl, Ga& As-GaAs heterostruc-
ture of Fig. 1(a) can be regulated by the Coulomb interac-
tions. In order to simplify the dynamics, we choose a
very short iz layer width (l.; =20 A). In this limit, the
hole tunneling rate into and out of the i-type GaAs quan-
tum well is much larger than that of electrons and a
(high) constant-hole density is maintained inside this un-

doped layer (modulation doping). " Therefore, unlike the
n-i-i-i-n structures previously studied, ' resonant tun-
neling of an electron in the present case will be followed
by radiative recombination.

The scheme proposed in this section can be considered
analogous to a constant-current-driven double-barrier
(thick-thin) tunneling heterostructure: The resonant tun-
neling through the thin barrier is replaced by radiative
recombination in the present case. The (fast) tunneling
across the thin barrier (i.e., radiative recombination) is al-
lowed only after a (slow) tunneling event across the thick
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barrier takes place. By tunneling directly into the lowest
conduction subband, we can enhance the rate at which a
free-electron —hole pair decays into the lowest-energy ex-
citonic state, which subsequently (radiatively) recombines
in a very short time scale.

The physical principle underlying the Coulomb-
blockade effects in the present scheme is similar to that of
Ref. 7: If the capacitance of the depletion layer is such
that the voltage drop across the junction following a
single-electron resonant-tunneling event ( e /C„;)
exceeds several kT/e, then a second tunneling event is
blocked until the junction voltage is restored to its initial
value. Under constant-current operation, the junction
voltage increases monotonically (linear or quadratic, de-
pending on the system parameters) in time, with a
characteristic time scale e/I, where I is the magnitude of
the average current driving the junction. As a result, the
resonant-tunneling events occur regularly at time inter-
vals e/I and the junction voltage exhibits nonstochastic
oscillations. Provided that the electrons tunneled into
the i-type GaAs layer recombine fast compared to e/I,
the junction will generate a regulated single-photon
stream.

The length of the n (and/or p) -type Al„Ga, „Aslayer
[Fig. 1(a)] is important in the constant-current operation,
as this section of the structure provides the required
high-series impedance R, . For R, that exceeds 30 MQ,
this length should be more than 10pm. The width L,.„of
the i„layer determines the capacitance C„,and the
peak electron tunneling rate into the resonant subband.
Here, we choose it to be 410 A.

The Coulomb blockade in a microjunction requires
that the single-electron charging energy be large com-
pared to the characteristic energy of the thermal fluctua-
tions (e /C »kT) and that the magnitude of the source
resistance R, exceed the resistance quantum R&
=0.5It /e and e/[(I(t) )C]. An additional fundamental
requirement in the case of resonant tunneling is
e /C »A'(I + b,co), where I and b co denote the homo-
geneous and inhomogeneous widths of the lowest reso-
nant subband, respectively. When these three conditions
are satisfied, the resonant-tunneling events into the lowest
subband will be regulated. If the tunneling occurs into a
high-lying subband, an additional requirement for the re-
gulation of the tunneling events is to have a subband
spacing that exceeds the single-electron charging energy.

The tunneling rate for an electron originally in the n

layer into the i layer is given by"

kTm,*

2m A

bk =(k2«z —kz«, ) cos(kzL, . ) —(kz+K, «~)sin(kzL;),

+2m,'(E, E—„,)

(2b)

(2c)

+2m,*

«, (z) = E, ,„+E„,E,—
fi

z z
1/2

+(ED E„,—+e /2C„;)
in

(2d)

+2m,*(E, E;,——e /2C„;)
k2= (2e)

+2m,*
«2(z) = E~ E,+E—;,+e l2C„,—eVJ2(t)

+ [eV 2(t)+ e l2Cp; ]
ip

'
1 /2

Here m,' denotes the effective mass of a conduction-band
electron, which is taken to be independent of the Al con-
centration. E;, and E, refer to the conduction-band
(minimum) energy in the i and p layers, respectively.
ED E;, ( E—. .„) —gives the conduction-band
discontinuity between the Al„oa& As and GaAs
(Al Ga& As) materials. E, is the energy corresponding
to the longitudinal (z) motion of a plane-wave electron
(with longitudinal momentum k, ) incident on the n i„-
layer boundary and V z(t) is the part of the junction volt-

age that is spanned by the i~ layer. The expressions given

in Eqs. (2d) and (2f) are valid only when the width of the
n (p) depletion layer is small compared to L;„(L,). In
obtaining Eq. (1), the WKB approximation is used and it
is assumed that (1) the device is operated in the strong
tunneling regime

K) z dz))1
0

and (2) the electric field in between the p and n depletion
layers is small enough that we can take k2 to be indepen-

dent of z. Unless the z dependence is indicated, we take
K ( and «z to be the space-averaged value of «, (z ) and

«z(z), respectively. Within these approximations, only the
conduction-band energy E„,on the n side is a function of
the junction voltage V (t) and is given by

Qo Ef„—E,
X T E, ln 1+exp

where

k 2 +K22 4k 2 ~2 L.
T(E,)=,exp f «, (z)dz

dE, ,

(2a)

E„,=ED +e V (t) —e Vd,

where Vd is the built-in potential. Finally, we note that

Eq. (1) may be used to calculate the hole-tunneling rate
from the p layer into the i-type quantum well.

Equation (2a) predicts that when hk =0, the transmis-

sion coefficient T(E, ) will diverge. This resonance condi-
tion is given by
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k2K2 —k2K
tan(k2L; )=

kg +K)Kp
(3)

hk —il'rrt, '/A, (4)

where I is the homogeneous width of the resonance re-
sulting from the dephasing and the inelastic decay mech-
anisms as well as the tunneling process itself. The effect
of inhomogeneous broadening can be incorporated by
convolving the transmission coefficient of Eq. (2a} by a
Gaussian distribution of resonant subband energies. In
this work, however, we will assume that the inhomogene-
ous width of the subband is negligible compared to its
homogeneous width.

We will assume that the decay rate 1 is dominated by

In a quantum well with nonzero homogeneous broaden-
ing, the transmission coefficient given by Eq. (2a} is no
longer correct for incident electron energies that satisfy
Eq. (3). We assume that to correctly describe the dynam-
ics at or near resonance at very low temperatures, one
should modify hk by

the energy-relaxation rate of the subband into a (hot) ex-
citonic state by emission of a phonon. We will take this
rate to be 5X10' s ', corresponding to a decay time of
20 psec. We believe that this is a reasonable assumption
since total dephasing times well above 20 psec have been
demonstrated experimentally for high-purity GaAs sam-
ples. ' The rate at which a free electron in the lowest
subband recombines with a hole is determined by the
(slow) thermalization rate of a high-kinetic-energy exci-
ton into a k,„,& k „„,„heavy-hale exciton, as this is the
only excitonic state that is allowed to recombine radia-
tively. ' The excitonic recombination times (for excitons
with k,„,~ k~„„,„)are demonstrated to be as low as 10
psec (Ref. 14) and therefore do not impose any limitation
on the effective recombination rate. We assume that the
thermalization rate is such that the total eQectiue recom-
bination time in this sequential process at T =0.3 K is
150 psec. The direct recombination time of a free elec-
tron with a free hole is longer than 1 nsec and is, in gen-
eral, slower than this sequential process. '
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FIG. 3. The junction voltage as a function of time for a junc-
tion with a source resistance R, =300 MQ and a driving ideal-
voltage source V;„=1.53 V (e/(I) =1.5 ns) at T=0.3 K. The
pluses in the figure denote the accompanying radiative recom-
bination events.
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By investigating Eq. (3), we see that when k2 »~, & ~2,
the energy of the lowest allowed subband for the
conduction-band electron inside the i-type quantum well
is approximately given by

E;,+ (Am. IL; ) /2m, * .

For a well width of L; =50 A, this is approximately
E;,+0.2 eV. At T=0.3 K, with a source resistance of
R, =300 MO and a driving ideal voltage source of 1.53
V, the operating junction voltage and current are roughly
1.49 V and 0.1 nA, respectively. For this junction-
voltage level, the depletion-layer capacitance is approxi-
mately given by 5X10 ' F.

Figure 2 shows the resonant-tunneling rates into
(R, ,&„r„)and out of (R, ,&„b„k)the quantum well as a
function of the junction voltage for the given junction pa-
rameters. We see that the tunneling rate into the well in-
creases exponentially with the increasing junction voltage
for V &1.4905 V, Battens out at a value of 6X10' s
when 1.4905 & V & 1.492 V, and decreases exponentially

for V ) 1.492 V. The width of the resonant-tunneling
window is roughly given by Ef„—E, in this case, as the
width I of the resonant level is much smaller. The
back-tunneling rate R, ,&„b„kfor V &1.487 is a rather
slow function of the junction voltage and the functional
dependence is determined by the transmission coefficient.
For V~ 1.487 V, however, R, ,&„b„kdecreases exponen-
tially, due to the Pauli exclusion principle: The energy of
the quantum-well electron in this junction-voltage range
is smaller than Ef„+el2C and, therefore, the number of
available final states is greatly reduced.

We have chosen the i„-type Al Ga& As barrier width
such that the peak resonant-tunneling rate into the well is
not much larger than the energy-relaxation rate of the
quantum-well subband. By doing so, we suppress the
back-tunneling probability of an electron that has tun-
neled into the well. If this were not the case, the electron
would tunnel back and forth many times and create
high-frequency junction-voltage noise.

The simulation of the junction dynamics that we car-
ried out uses the Monte Carlo method and is very similar
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to the one used in Ref. 7. %e therefore skip the details
and refer the reader to that paper. As we have men-
tioned earlier, we assume in the simulation that the hole
density in the i-type GaAs layer is constant due to a bal-
ance of (fast) hole-tunneling rates R, h», r„andR, h, &, b„k.
Immediately following an electron-tunneling event, an
additional hole tunnels into the well so as to keep the net
charge density constant. Figure 3 shows the simulation
result of the junction voltage as a function of time, to-
gether with the accompanying photon-emission events.
The regularity of the junction-voltage oscillations is evi-
dent. The photon emission occurs in an average waiting
time of about 0. 1 Xe /( I( t ) ) = 150 psec.

Figure 4(a) shows the spectrum of the junction voltage,
where up to the fourth harmonic of (I(t) }/e can be
clearly observed above the background noise. The num-
ber of observed harmonics can be regarded as a measure
of how well the tunneling events are regulated. In the
case of junction voltage, the determining factor is the ra-
tio of the average waiting time for tunneling (r,„„„}to the
single-electron charging time [e/(, I (t) ) ]. In the limit of
very large peak tunneling rates

(c}

C0
CP
C

C0 2-

iae0
0

N
C0
0

[R,~„&»(I(t)) /e]

and under constant-current operation, the average wait-
ing time for the erst tunneling event would approach the
average waiting time r„=kT/e /C(, I(t) }/e obtained in

Ref. 7. In this limit, ~,„„„willbe determined by the larger
of the ~„and the energy-relaxation time of the resonant
subband. In the limit of low peak tunneling rates, the
waiting time is determined by the peak resonant-
tunneling rate itself. The case of Fig. 3 is somewhere in
between these limits and the (observed) average waiting
time is about 50 psec. Figure 4(b) shows the spectrum of
the generated photon Aux: Only the first and second har-
monics are above the background-noise level in this case,
since the presence of an additional stochastic process
(thermalization followed by radiative recombination) in-
troduces additional jitter.

Figure 4(c) shows the autocorrelation function A (t) of
the generated photons: The fact that A (t) is far below 1

for t (e/(, I(t) } is an indication that the photon stream
is antibunched and strongly sub-Poissonian. The peaks
at the integer multiples of e/(, I(t)) indicate that addi-
tional information about the photon-emission times is
available: in the case of a photon stream generated by a
constant-current-driven microj unction, we know not
only the total number of photons emitted in a certain
time interval, but also the precise emission time for each
photon.

The dependence of the junction-voltage oscillations on
the magnitude of the source resistance, the shunt capaci-
tance, and temperature was analyzed in detail in Ref. 7.
As the two systems are qualitatively similar in terms of
their dependence on these parameters, we chose not to
reproduce those results here. The principal result of that
analysis is that e /(C„;+C,) »kTand

R, & e/[(I(t) }Cd,p ]

are required for the regulation of junction-voltage oscilla-
tions. It was also shown in Ref. 7 that the average I-V
characteristics of a constant-current-driven p-p-i-n junc-
tion is modified due to the single-electron charging
effects. The same conclusion applies to the heterostruc-
ture of Fig. 1(a); however, obtaining a general analytical
expression is significantly harder.

III. CONSTANT-VOLTAGE OPERATION

N

E
0z

3 4 5

time (normalized to eil)

FIG. 4. (Continued).

The diSculty in manufacturing microstructures with
high source impedances at the junction-voltage oscilla-
tion frequency I/e stimulated research on the demonstra-
tion of the Coulomb-blockade effects under constant-
voltage operation. It has been shown both theoretically
and experimentally that correlations between successive
resonant-tunneling events in a constant-voltage-driven
multijunction system result in conductance oscillations
and a Coulomb-staircase structure in the average I-V
characteristics. In this section, we show that single-
electron (hole} charging eFects will result in correlations
between the resonant-tunneling and photon-emission
events in constant-voltage-driven p-i-i-i-n semiconductor
heterostructures. As a result of these correlations the
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generated photons are antibunched and sub-Poissonian.
When the width L; of the i layer is increases such

that the capacitance of the p-i -i section of the hetero-
structure becomes comparable to that of the n-i„-isec-
tion, the hole-tunneling rate R,„„,(into the well) will be-
come comparable to that of an electron. We use Eq. (1)
to calculate R, h, &, for a heavy hole, after replacing the
conduction-band parameters with those of the valence
band. We assume that the conduction- and valence-band
discontinuities have a ratio of 3:2 for all values of Al con-
centrations of interest. Increasing the band gap of the
Al Ga& As layer increases the relative energy of the
hole subband with respect to E&~ (i.e., ~E„,„E&~—

) and
decrease ~E„,, Ef„—~, provided that ED+E, ,„)E~,
This feature not only allows us to move the electron and
hole subbands as desired, but also reduces the R, ,&„
( =R, ,i„&„)by introducing an additional barrier for elec-
tron tunneling. The circuit recovery time R,C„,is much
shorter than the other time scales and in practice a con-
stant voltage is maintained across the junction at all
times. As a result of this, back-tunneling of both elec-

trons and holes is virtually eliminated, irrespective of the
peak tunneling rates.

For the ideal operation, the electron and hole subband
energies should be chosen such that the peak tunneling
rate into the hole subband is obtained at a junction-
voltage value that is e/C„,larger than that required for
the peak tunneling rate into the electron subband. The
Fermi energy as measured from the conduction- or
valence-band minima should also be small compared to
e /C„; and e /C;: This will guarantee that only
electron or hole tunneling (not both) will be important at
any given junction voltage. One then sets the junction
voltage to the value that results in the highest-electron
resonant-tunneling rate. During the waiting time for
electron tunneling (r,„„,=R, ,i'„~„k)the hole-tunneling
probability is negligible. After an electron tunnels, the
energy of the well is increased by e /C„, and further
electron tunneling is strictly blocked, even though the
junction voltage quickly recovers to its original value.
Now that an electron is present in the well, the junction
voltage required for peak hole tunneling is decreased by
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respectively. All rates are normalized to I„„„.
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3 MQ, the circuit recovery time R,C„,is shorter than all
the other relevant time scales. Figure 5(a) shows the
electron- and hole-tunneling rates as a function of the
junction voltage when the number of electrons (n,&„)in
the well is equal to that of holes (nh», ): The peaks in the
tunneling rates are separated by about e/C„, After an
electron tunneling takes place (n„„=nh,&, +1), the tun-

neling rates are shifted in opposite directions, as shown in
Fig. 5(b). By choosing V,„=1.490 V, we can resonantly
enhance either the electron (n„„=n„„,) or hole

(n„«=nh„,+1) tunneling, while suppressing the other.
Figure 6 shows the result of the simulation of junction

voltage and photon emission at T=O. 3 K: The principal
result here is that electron- and hole-tunneling events are
sequential and are strongly correlated with the photon-
emission events. Each hole- and electron-tunneling event
creates a voltage spike. Although the generated photon
stream is not regulated (due to the stochastic nature of
the individual tunneling events once the blockade is lift-
ed), it is antibunched due to the average waiting time re-
quired for another sequence of tunneling events to occur.
Figure 7(a) shows the autocorrelation of the photon
stream generated by a sample junction. The value of the
autocorrelation is clearly below unity for approximately

—+wait ~~ t, elec-peak ' ~~ t, hole-peak

1.482
0.0 1.0 2.0 3.0 4.0

time (norm. to the aver. waiting time)

FIG. 6. Junction voltage as a function of time for R, =3 MQ,
T =0.3 K, and V;„=1.490 V. The voltage spikes are associated
with electron- and hole-tunneling events. The pluses denote the
accompanying radiative recombination events.

about e /C„;and, therefore, hole-tunneling probability
is resonantly enhanced. After the single-hole tunneling
takes place, the junction is back to its original state, as
the electron and the hole in the well neutralize each other
and no longer affect the junction dynamics. This sequen-
tial nature of the electron and the hole-tunneling events
result in "antibunching"' of tunneling events; the tun-
neling events are no longer Poissonian and there is a
"dead" period after each electron (hole) tunneling, during
which the junction waits for a hole (electron) tunneling.
The radiative recombination inside the i-type GaAs layer
can only occur if there is at least one electron and one
hole. Provided that the recombination rate is fast com-
pared to the peak electron- or hole-tunneling rates, the
antibunching of the tunneling events is transformed into
an antibunched photon field. The degree of antibunching
is well measured by the intensity autocorrelation function
3 ( t }of the photon stream. '

In the numerical simulation, we assume that L;~ =620
A and L;„=580A. With the chosen source resistance of

indicating that photon-emission events are anticorrelated.
Figure 7(b) shows the corresponding photon-stream spec-
trum, where the normalization is with respect to a Pois-
sonian photon stream with the same number of average
photons. For frequencies below ~„,';„the spectrum is
below the shot-noise limit, indicating the sub-Poissonian
nature of the generated photon stream.

It has been demonstrated by Kimbel, Dagenais, and
Mandel' that resonance fluorescence from a single two-
level atom is antibunched: Following each photon emis-
sion by an excited-state atom, there is a dead period in
fluorescence. This is due to the simple fact that the atom
is now in the ground state and it has to be repumped into
an excited state before it is allowed to fluoresce once
again. We believe that our scheme is analogous to a
two-state atom, where excited-state fluorescence is re-
placed by hole tunneling, and repumping is replaced by
electron tunneling. The antibunched fluorescence in our
case is a by-product of the antibunched tunneling events
and has no effect on the junction dynamics.

As can be deduced from Fig. 6, the "spikes" in the
junction voltage caused by electron-hole correlations car-
ry information about the associated photon-emission
events. This information can, in principle, be extracted
by simultaneous measurement of the photon number and
the junction voltage.

IV. DISCUSSION

A limitation of the heterostructure of Fig. 1(a}, espe-
cially under constant-current operation, is that there is a
time delay between the regulated single-electron tunnel-
ing events into the i-type GaAs quantum-we11 subband
and the photon-emission events from the excitonic
recombination. This time delay, as mentioned before, is
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FIG. 7. (a) The autocorrelation function of the photon stream generated by the junction when R, =3 MQ, T=0.3 K, and

V;„=&.490 V, and (b) the associated spectrum. The spectrum is normalized to that of a Poissonian photon stream.

primarily due to the time it takes for a free electron to re-
lax down to the lowest-energy excitonic state. Radiative
recombination from an excitonic state is enhanced by a
factor proportional to the ratio of the coherence area of
the quantum-well exciton to n.as (where as is the Bohr
radius of the exciton), due to the correlation between the
electron and hole sites. ' ' The direct tunneling rate into
an excitonic state is smaller than that of a subband by at
least the same ratio, and is therefore negligible in the case
of quantum wells. As the lateral dimensions become on
the order of the Bohr radius of an exciton, however

0
(a ~as,&, ,„,=100 A), the distinction between a free-
electron —hole state and an excitonic state disappears. "
In this quantum-box limit, one can simultaneously con-
vert the resonant-tunneling events into photon-emission
events by utilizing the fast, direct recombination rates of
the electronic states into which tunneling occurs.

The generation of single-photon states of a given
radiation-field model from the device proposed here will

only occur if the spontaneous recombination is directed
by a microcavity structure, in which the heterostructure
of Fig. 1 is embedded. Such a microcavity structure may
also be used to enhance the direct recombination rate of

the free-electron —hole pair. In principle, this is an alter-
native method to achieve fast recombination rates, re-
quired for high average current [(l(t) ) ] operation. Fi-
nally, the tunneling events in this work are assumed to be
instantaneous. Provided that the tunneling time' is
short compared to the energy-relaxation time of 20 psec
and the average waiting time for tunneling, this assump-
tion is well justified.

The principal result of this paper is the demonstration
of the possibility of single-electron-to-single-photon con-
version using the Coulomb blockade of resonant tunnel-
ing. Under constant-current operation, the generated
photon field is a single-photon stream, which may be con-
sidered a "strongly antibunched photon-number state. "
The antibunching property exists under constant-voltage
operation as well. To the best of our knowledge, this is
the first prediction of nonclassical photon generation by
constant-voltage-driven semiconductor heterojunctions.
We believe that this result will prove to be useful in op-
toelectronic communications technology in the future, as
it provides a link between the emerging fields of single
electronics' and photonics. The key concept applies
ideally for quantum devices with lower dimensions.
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