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Poisson photons may be converted into sub-Poisson (amplitude-squeezed) photons by the action
of an electron current configured in an external feedback loop. The generation mechanism in-

volves single-photon transitions so that the source can be made arbitrarily sub-Poissonian. Non-
linear optics is not invoked. A useful configuration involves a photon emitter illuminating a
detector-source combination in a closed-loop system. T~o solid-state implementations of the
detector-source combination are suggested.

PACS numbers: 42.50.—p, 72.80.Ey, 73.40.6k, 79.80.+w

It is by now well known that nonclassical light can be
generated in the laboratory. Such light may exhibit a
variety of exotic properties including sub-Poisson pho-
ton statistics, '2 antibunching3 (sub-Poisson photon
statistics and antibunching need not necessarily accom-
pany each other ), and squeezing. Sub-Poisson light
is also called amplitude-squeezed light.

The use of an external feedback system6 for the gen-
eration of sub-Poisson light was first suggested by ex-
periments in which feedback was used to produce
sub-Poisson electrons. 7 9 Both the experiment of
Walker and Jakemana and the experiment of Machida
and Yamamoto9 involved laser (Poisson) photons il-

luminating a photodetector and an electronic negative
feedback path from the detector to the source. In the
former experiment the feedback directly controlled the
photons at the output of the laser, whereas in the latter
experiment the feedback controlled the current at the
input to the laser. Nevertheless, the principle in-
volved in the two experiments is the same. 6 Unfor-
tunately, these simple configurations could not gen-
erate usable sub-Poisson photons since the feedback
current is generated from the annihilation of the in-
loop photons. However, under special circumstances
an external feedback system can be used to produce
sub-Poisson photons, such as when correlated photon
pairs are available'o '2 or a quantum nondemolition
measurement may be made. '3 The resultant light may
only be weakly sub-Poissonian in such cases because
these multiphoton processes involve a series of detec-
tions andlor a weak nonlinear effect.

In this Letter we propose a new approach for the
conversion of Poisson photons into sub-Poisson pho-
tons via single-photon transitions There does .not ap-
pear to be any fundamental limit that would impede

the technique from being used to produce an arbitrari-
ly intense cw light source that is also arbitrarily sub-
Poissonian. It makes use of the action of an electron
current configured in a feedback loop. Consider, for
example, an optical system in which a photon emitter
illuminates a detector-source combination, in a
closed-loop circuit. Two alternative configurations are
shown in Fig. 1. The character of the photon emitter
is immaterial; we have chosen it to be a light-emitting
diode (LED) for simplicity, but it could be a laser. 6 In
Fig. 1(a) the photocurrent derived from the detection
of light from the LED photon emitter is negatively fed
back to the LED input. It has been established both
theoretically and experimentally9 that, in the absence
of the block labeled "source, " sub-Poisson electrons
will flow in a circuit such as this. This conclusion is
also generally valid in the presence of this block,
which simply acts as an added impedance to the elec-
tron flow. Incorporating this element into the system
critically alters its character, however, since it permits
the sub-Poisson electrons flowing in the circuit to be
converted into sub-Poisson photons by means of elec-
tron transitions. The key to the achievement of this
effect is the replacement of the detector used in other
feedback configurations with a structure that acts
simultaneously as a detector and a source. The elec-
trons simply emit sub-Poisson photons and continue
on their way. In the absence of the feedback path, of
course, the electrons would simply emit Poisson pho-
tons. Thus, the introduction of the electron feedback
converts Poisson photons into sub-Poisson photons.
The configuration in Fig. 1(b) is similar except that
the (negative) feedback current modulates (gates) the
light intensity at the output of the LED rather than the
current at its input.
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FIG. 1. Generation of sub-Poisson photons by means of
negative feedback. The feedback produces sub-Poisson
electrons in the detector-source which, in turn, generate
sub-Poisson photons. (a) Negative feedback modulating the
photon-emitter input current. (b) Negative feedback modu-
lating the photon-emitter output light. Navy lines represent
photons; solid lines represent electron current. ~f signifies
the feedback time constant.

In Fig. 2 we illustrate two possible solid-state
detector-source configurations. The basic structure
consists of a reverse-biased p+ i n+ d-io-de where the
p+ and n+ heavily doped regions have wider band
gaps than the high-field, light-absorbing and -emitting
i region. This arrangement ensures both high quan-
tum efficiency at the incident photon wavelength (to
which the p+ window layer is transparent) and high
collection efficiency (due to the waveguide geometry)
for the light generated by the electrons drifting in the i
layer. An edge-emitting geometry is therefore ap-
propriate. To maximize the collection efficiency,
some of the facets of the device could be reflectively
coated. Two light-generation schemes are explicitly
considered here: single-photon dipole electronic tran-
sitions between the energy levels of the quantum wells
[Fig. 2(a)1 and impact excitation of electroluminescent
centers in the i region by drifting electrons [Fig. 2(b)].

In the first scheme [Fig. 2(a)], the i region consists
of a layer in which the incident photons are absorbed
(detection region) and an adjacent quantum-well re-
gion in which photons are generated by sequential
resonant tunneling (source region). Capasso, Moham-
med, and Cho have recently demonstrated the
sequential resonant tunneling of electrons through a

FIG. 2. (a) Band diagram of the quantum-well detector-
source. The energy of the incident photon emitted by the
LED is denoted ttcoo. The absorbing region (detection re-

gion) is of Ga047In053As or GaAs, typically I p, m thick. In
the source region, the wells a-. e Ga047In053As or GaAs in the
thickness range 150-300 A. The barrier layers are of
Al04&ln052As (in the case of Ga04qln053As wells) or AIAs (in
the case of GaAs wells) and should be in the thickness range

o
20-So A to achieve tunneling times & 1 psec. Photons of
energy tao32 are emitted via transitions from level 3 to 2.
The p+ and n+ wide-gap regions are of A448In052As (or
AlAs). The interface between the i and n+ regions is com-
positionally graded. (b) Energy-band diagram of a detector-
source with electroluminescent centers that are impact excit-
ed by energetic photoelectrons, emitting photons with ener-
gy~~i

quantum-well superlattice consisting of 35 periods of
A104sln052As (140 A) and Ga0471no 53As (140 A).
The observation of this effect, first predicted in 1971
by Kazarinov and Suris, '5 has been made possible by
the remarkable quality of superlattice structures re-
cently achieved by the molecular-beam-epitaxy growth
technique.

The structure presented in Fig. 2(a) is similar to that
previously used in the resonant tunneling experi-
ment. ' The reverse-bias voltage applied to the detec-
tor is adjusted such that the potential-energy drop
across the superlattice period (barrier plus weil) is
equal to the energy difference between the bottom of
the third and first subbands of the quantum wells.
Such discrete subbands (which have momentum
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dispersion in the plane of the layer) arise from size
quantization perpendicular to the layers when the elec-
tron de Broglie wavelength is comparable to the well
thickness. ' Under such bias conditions electrons un-

dergo resonant tunneling into the third energy level of
the quantum wells and the device current exhibits a
peak due to the enhanced tunneling probability. Once
the electron finds itself in the third energy level, it re-
laxes by the emission of either phonons or infrared
photons.

The relative probability of these two processes is an
important parameter of the system because a nonradia-
tive decay represents random deletion and this reduces
the sub-Poisson character of the generated light. '7

The most important nonradiative process is scattering,
by intersubband optical phonons, of the electron locat-
ed at the bottom of the third energy level. This results
in the electron finding itself in the n = 2 subband after
the emission or absorption of a phonon. (Once the
electron has scattered to the second subband it nonra-
diatively relaxes to the bottom of the ground-state
subband. ) The intersubband optical-phonon-assisted
electron transitions are much stronger than the
acoustic-phonon-assisted transitions and have a rate
which is typically several orders of magnitude greater
than the radiative spontaneous emission rate from the
n=3 to the n=2 level (this is estimated to be
=10~-108 sec ' at a wavelength h. =10 p, m, in the
140-A well structures considered in Ref. 14). This ra-
diative transition is dipole in nature and the emitted
light is polarized normal to the plane of the layers.
These photons cannot be reabsorbed by ground-state
electrons since E3 —Ez&E& —E, . Indeed, this dipole
transition has recently been observed in absorption
between the ground and first-excited states of quan-
tum wells. '8

The probability that an electron undergoes a radia-
tive transition (i.e. , the radiative efficiency) q, at the
emission frequency (E3—Eq)/k can nevertheless be
increased substantially by quenching of the optical-
phonon-assisted transition. This may be accomplished
by an appropriate increase of the well thickness there-
by making the energy separation E3 —E~ smaller than
the optical-phonon energy ( = 35 meV), in which case
the device would emit in the middle infrared wave-
length region. Another method to increase the radia-
tive efficiency is to apply a magnetic field perpendicu-
lar to the layers. In the presence of the magnetic field,
the electron states in the plane of the layer become
quantized resulting in a manifold of discrete Landau
levels. This total quantization of the electron wave
function dramatically reduces the available density of
states for scattering, thus quenching the intersubband
transitions. Recent experiments by Ryan et al. ' have
indeed shown that, in the presence of a perpendicular
magnetic field, the energy relaxation rate of an

electron-hole plasma in quantum wells is reduced by
many orders of magnitude. Although it is difficult to
estimate precisely the radiative efficiency obtaina-
ble with the selective quenching of optical-
phonon-assisted intersubband transitions and/or with
the application of an external magnetic field, we ex-
pect that values between 0.01 and 0.1 should be
achievable. We have applied the standard four-
level-system rate equations to estimate that 1—10 nW
of infrared power at a wavelength ~ 10 p, m should be
achievable for a photocurrent =10 5 A. Another
suggested configuration, making use of electro-
luminescent centers impact excited by energetic pho-
toelectrons, ~o is presented in Fig. 2(b). The use of a
superlattice configuration in the i region could be use-
ful in the enhancement of the impact-excitation proba-
bility ~'

The ability of configurations such as these to gen-
erate sub-Poisson light requires a number of interrela-
tions among various characteristic times associated
with the system. Specifically, the condition)) 7',„,7'„,p must be obeyed, where v~ is the feedback
time constant, 7,„ is the transit time of the electrons
and holes through the structure, and r„,p is the
response time of the detector-source. This condition
ensures that the detector-source response is fast
enough to be properly integrated by the feedback cir-
cuit. It is also required that T )) 7~, where T is the
counting (integration) time of the external detector
that monitors the sub-Poisson light. This ensures that
the photons are monitored for a time that is sufficient-
ly long for the negative feedback to act on the rate of
LED photon emissions. Finally, it is also required that
T)) ~„wh ree 7„ is the spontaneous-emission life-
time of the radiative transition. This assures that the
photon emissions will be captured in the proper count-
ing time interval. z ~z

An estimate of the degree to which a light source is
sub-Poisson (amplitude squeezed) is provided by the
ratio of the photon-number variance to the photon-
number mean (Fano factor), F„(T)=Var(n)/(n).
For sub-Poisson light, the condition 0» F„(T) & 1 is
obeyed; the closer F„(T) is to zero, the more sub-
Poissonian is the light. The mechanism for the gen-
eration of sub-Poisson light described in this Letter
can be characterized by a sub-Poisson electron count-
ing process e, each event of which independently gen-
erates a random number of photons M in the source.
The overall photon-number Fano factor F„(T) can
then be represented in terms of the Fano factor for the
electron number F, ( T) and the Fano factor for the
source random variable Fjit ( T). The relationship
1S17,22

F„=(M) F, + F~,

where (M) is the average number of photons generat-
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ed in the source by each electron.
For the case at hand it is reasonable to assume that

the source random variable is Bernoulli distributed in
each stage of the device, 22 with the probability of an
electron giving rise to a photon denoted q, N. o gen-
erality is lost by consideration of the multilayer super-
lattice case, which consists of m independent stages.
The source statistics will then take the form of a bino-
mial random variable with (M) = my, and Var(M)
= in', (1 —q„). In the presence of random deletion
arising from other factors (e.g. , finite geometrical
photon-collection efficiency, absorption, external
detection) and background or dark photons, these
results remain valid upon the replacement of g, by the
quantity gp, where g is the overall quantum efficiency
from electrons to detected photons and P is a factor
representing the admixture of independent dark
and/or background events. '7 In that case, F„will be
the Fano factor for the detected photons. (It may be
useful to operate structures such as those discussed
here at reduced temperatures to assure that P = 1 and
to enhance the resonant tunneling current. ) Equation
(1) then provides

F„—1 = gP [inF, —I ]. (2)

From Eq. (2) it is evident that sub-Poisson behavior
may be discerned when F, ( I/m However, the
lowest Fano factor is achieved when in=1. In this
case, the photon counting process is simply a randomly
deleted version of the electron counting process so
that Eq. (2) reduces to its usual familiar form. 2'7 22

Numerical estimates can be obtained for the degree
of sub-Poisson behavior that is expected to be observ-
able for the two structures discussed here, on the as-
sumption that P —1. For the superlattice device, q
will be the product of the quantum efficiency of the
externaI detector (gq = 0.8), the geometrical collection
efficiency of the emitted sub-Poisson photons (ga
=0.5), and the radiative efficiency (q„=0.1). From
the experiment of Machida and Yamamoto9 we esti-
mate that F, =0.2 (which is principally limited by the
quantum efficiency of the detector in the detector-
source combination). Thus, for this particular super-
lattice structure, Eq. (2) provides an overall Fano fac-
tor F„=0.968 for the detected sub-Poisson photons.
The estimated Fano factor for the electroluminescent
structure falls in the same range. These estimates pro-
vide a significant potential improvement over the
value observed in the space-charge-limited Franck-
Hertz experiment. 2 Lower values of the Fano factor
can be achieved in structures that exhibit higher radia-

tive efficiency. As indicated earlier, there is no funda-
mental limit that impedes this scheme from being used
to produce an arbitrarily sub-Poissonian cw light
source of arbitrarily high intensity.
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