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High-frequency acousto-electric single-photon source
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We propose a single optical photon source for quantum cryptography based on the acoustoelectric effect.
Surface acoustic waves~SAWs! propagating through a quasi-one-dimensional channel have been shown to
produce packets of electrons that reside in the SAW minima and travel at the velocity of sound. In our scheme,
the electron packets are injected into ap-type region, resulting in photon emission. Since the number of
electrons in each packet can be controlled down to a single electron, a stream of single-~or N-! photon states,
with a creation time strongly correlated with the driving acoustic field, should be generated.

PACS number~s!: 42.50.Dv, 72.50.1b, 78.60.Fi, 73.40.Kp
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Single-photon states at optical frequencies provide
ideal resource for quantum communication and informat
processing@1#. The recent demonstration of teleportation@2#
using entangled photon pairs generated by parametric do
conversion is an example. In addition, there are propo
and experimental schemes to use single photons for quan
computation@3,4#, but the most important and experime
tally relevant application of single-photon sources is in
cure optical communications using quantum cryptograp
protocols@5#. No true, unconditional, single-photon sourc
exist at optical frequencies, so other sources are used. P
metric down-conversion is used in conditional schem
where detection of one member of the pair determines
space-time location of the other. Highly attenuated cohe
light approximates an unconditional source and is used
current optical implementations of quantum cryptograp
However, weak coherent states may contain any numbe
photons, with an average of less than one, rendering pre
quantum cryptographic implementations insecure@6#.

At the single-photon level, the statistical fluctuations of
electromagnetic field can be described in terms of the va
tion and correlation in the detection times of individual ph
tons @7#. The distribution of detection events in a countin
time for a coherent field is described by a Poissonian dis
bution about the mean. A thermal field has super-Poisso
fluctuations that correspond to the detection events ten
to occur together or ‘‘bunched.’’ Light with sub-Poissonia
noise is nonclassical, and has detection events with a m
regular spacing—the photons are ‘‘antibunched.’’ Fluctu
tions cannot be reduced below the classical, or shot-no
level using any conventional optical components, but can
reduced by a method known as squeezing@8#. However, this
has so far produced only small effects and seems to h
limited application. The absolute limit for sub-Poissoni
light is equally spaced detection events, corresponding
highly correlated emission events in the source. For s
light, the intensity fluctuations are zero, although the ph
fluctuations are maximal.

The suppression of noise on a current of electrons is r
tively easy to achieve since the strong Coulomb interac
between electrons assists in regulating electron flow and
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trolling current fluctuations. The noise on a macroscopic c
rent can be reduced below the shot-noise level by sim
passing the current through a resistor or current junction@9#.
In mesoscopic devices, where the electron wavelength
comparable to the dimensions of the device, the electro
properties are determined by quantum mechanics. Recen
vances in this field have meant that Coulomb blockade ef
devices, zero-dimensional systems through which the flow
electrons is regulated at the single-particle level, can be r
ably and routinely made@10#. Complete control over the
flow of the electrons is sought by metrologists for curre
and capacitance standards@11#.

Control of the electron flow is the key to creating both
current standard and a single-photon source in the solid s
Indeed, the first proposal for a source of heralded pho
states@12# employed the single electron-hole turnstile, bas
on a current standard system@13,14#. This proposal was re-
alized recently@15#. We propose a method of producin
single-photon states utilizing the acoustoelectric effect. S
face acoustic waves~SAWs! propagating on a piezoelectri
substrate are accompanied by a traveling wave of elec
static potential within the crystal. Free charge, for example
two-dimensional electron gas~2DEG!, interacts with the po-
tential @16#, and an acoustoelectric drag current is creat
Previous work has shown that a current quantized to a h
degree of accuracy is obtained by further confinement of
2D acoustoelectric current with a split gate or quantum po
contact~QPC! @17#.

In the single-photon source we propose, a SAW is crea
by application of a microwave signal to a series of interdi
tated transducers@17#, and it propagates toward a later
n- i -p junction~Fig. 1!. A lateral junction could be fabricated
through the use of back gates to induce the electron and
gases, by ion implantation or by amphoteric doping of
nonplanar substrate@18#. Within the 2DEG, the SAW elec-
trostatic potential can be screened by the mobile charge
in the vicinity of the QPC, where the charge density is low
the SAW amplitude increases and can be sufficient to t
electrons in the SAW potential minima and carry the
through the QPC. Propagation of a sufficiently power
SAW through a QPC, biased beyond the conductance p
©2000 The American Physical Society03-1
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off, confines the electrons to a series of quantum dots,
size determined by the SAW wavelength~of the order 1mm!
and the channel geometry, moving at the velocity of sou
~of the order 103 ms21 in III-V semiconductor materials!.
The small wavelength of the SAW means that the Coulo
energy of the dot formed in each SAW minimum is lar
enough to ensure that the number of electrons per do
constant. Although the dot size is a continuous function
the gate voltage that defines the QPC, the number of e
trons per dot has a steplike dependence on the gate vo
due to the gaps in the energy spectrum induced by the C
lomb interaction. Therefore the current induced by the SA
through the one-dimensional~1D! channel is also a steplik
function of gate voltage with the value of the current on t
plateau quantized asI 5Ne f, whereN is the number of elec-
trons per quantum dot and the SAW frequencyf is of the
order GHz. Quantization of the acoustoelectric current
duced by the SAW in a 1D channel has been observed@17#.
The SAW pump used in that work is shown schematically
Fig. 2 along with a typical experimental dependence of
induced current on the gate voltage. It differs from the pu
shown in Fig. 1 in that here the electrons are transfer
between twon-type regions formed in a GaAs/AlxGa12xAs
heterostructure. Quantized plateaus in the current are s
corresponding to the transfer of 1,2,3 . . . electrons per SAW
cycle. The first plateau is the flattest, and allows for the
termination of the quantized current value with a precision
50 ppm@17#. Recent measurements@19# of the absolute ac-
curacy of the current on this plateau indicate that the de
tion of the experimental current from the exact value
I 5e f is related to the plateau flatness and is of the sa
order as the precision. Thus SAW pumps with an operatio
frequency around 3 GHz and an absolute accuracy aro
1024 are now available. Note that, as far as the single e

FIG. 1. ~a! Schematic of the single-photon source.~b! The con-
duction~CB! and valence-band~VB! edge profiles across then- i -p
junction and recombination.
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tron transport in the 1D channel is concerned, the setup
Figs. 1 and 2 are identical; therefore, the techniques de
oped earlier can be used, and the same performance o
SAW electron pump may be anticipated. The accuracy of
current quantization, or the accuracy of the electron inject
rate, will influence the rate at which both missing and ad
tional photon emission events occur.

Beyond the split gate in the single-photon source~Fig. 1!,
the insulating channel connecting then andp regions widens
and the dots become wires along the minima of the SA
potential. The transition between then andp regions must be
sufficiently slowly varying in energy to ensure that the ele
trons continue to be confined by the SAW potential. Previo
experiments have shown that a SAW potential of 30 m
gives a good quantized current@17#. Assuming this SAW
potential and a linear potential drop between then and p
regions of 1.5 eV, this requirement can be satisfied with ai
region of length several tens of microns.

The quantized current is then injected into thep region
where the screening of the SAW potential by the mob
holes ensures that each electron is free to recombine ra
tively with a hole, producing a photon with a waveleng
determined by the bandgap of the semiconductor and
Fermi energy of the hole gas. The degree of screening ca
calculated in terms of the 2D conductivity@16#. For our pur-
poses it suffices to estimate the maximum possible redi
bution of the holes under the action of the SAW potential.
2D hole distribution of the formrh5r0e2 ikx,wherek is the
SAW wave vector andx is the direction of propagation of th
SAW, gives rise to an electrostatic potential within the pla
of the 2D hole gas~2DHG! of ch5rh /@e0k(e11)#, where
e0 is the vacuum permittivity ande is the dielectric constan

FIG. 2. ~a! Pictorial representation of the mechanism respo
sible for the plateaus in the acoustoelectric current; electrons
captured from the 2DEG by the SAW potential minima and mo
in packets through the split gate.~b! The acoustoelectric current a
a function of split gate voltage showing the plateaus in the curr
to occur at integer multiples of the SAW frequency.
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of the material~12 in GaAs!. By equating this potential to
the SAW potential of 30 mV, the charge density required
completely screen the SAW within the 2DHG is calculat
to be 1010 cm22. Since a typical 2D carrier density is gen
erally at least an order of magnitude higher than this, it i
good approximation to neglect the SAW potential with
both then andp regions of the device.

The recombination process, to a first approximation, i
Poisson point process with a single rateg. If N electrons are
injected into thep region, the state of the optical field in th
output mode at timet after injection is

r~ t !5 (
n50

N S N
n De2ngt~12e2gt!~N2n!uN2n&^N2nu. ~1!

This will only produce a perfect number state ifgt@1. The
time-dependent probability for stateum& is then given, for
m<N, by

p~m,t !5S N
mDe2~N2m!gt~12e2gt!m. ~2!

It is therefore necessary to work in a regime such tha
T is the period between successive injections of electro
gT@1. Note that the operation of all suggested sing
photon sources, including our own, is limited by the unc
tainty in the photon emission time, determined by the to
recombination rate, and by missing photon emission eve
which may arise from nonradiative recombination process
However, photoluminescence measurements of minority
rier recombination rates in high quality remotely dop
GaAs quantum well samples have shown that radiative
combination dominates, and that the radiative recombina
time g21 is of the order 100 ps@20#. Depending upon the
level of accuracy required by the application@5#, it may be
necessary to increase eitherg or T ~or both! in order to sat-
isfy the above inequality.T can be made greater than on
SAW period either by electrically gating the quasi-on
dimensional channel in synchronism with the SAW fie
allowing a single electron to pass only everyM cycles of the
SAW field or, similarly, by using a gated currentY splitter
@21# that allows an electron from the quantized current
enter thep region only everyM cycles of the field~Fig. 3!.
~Note that reducing the SAW frequency is not a possibi
as a longer wavelength SAW would not produce a w
quantized current.! The accuracy or acceptable rate of eve
when more than one photon is emitted per electron injec
cycle limits, through Eq.~2!, the maximum electron injection
rate. For example, assuming a recombination time of 100
and an accuracy requirement of less than one multipho
emission event in 106 „i.e., @12p(1,t)#<1026

…, Eq. ~2!
gives the maximum injection frequency to be 0.72 GHz~or
the maximum injection current of 115 pA!. For a typical
SAW frequency this would require the electron injection ra
T21 to be reduced by a factorM,10. This accuracy condi
tion also requires that the probability of the two-electr
injection events should not exceed the same level (1026 in
the above example!.
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Another proposal for a single-photon source employ
the acoustoelectric effect has been given@22#. In this device,
electron-hole pairs are generated optically and confined
wires along the minima and maxima, respectively, of t
traveling potential wave created by the SAW. The dev
also comprises a special kind of dot, the function of which
to sequentially capture from the SAW potential, as t
charged wires pass the dot, one of each type of particle
can then recombine. The main drawbacks of this device w
discussed by the authors in their paper: operation relies
the quantum dot having certain postulated properties, wh
may not be possible in practice, and the capture process
probabilistic one.

Both the electron-hole turnstile device mentioned ear
@12,15# and the photon source we propose here are base
previously proven techniques and well established tech
ogy. However, the operating frequency of all demonstra
single electron current sources based on the Coulomb bl
ade~including the electron-hole turnstile@15#! has been lim-
ited, by the probabilistic and slow process of tunneling, to
maximum value of around 10 MHz@23#. This is more than
two orders of magnitude lower than the frequency of de
onstrated SAW single electron pumps@17#. Thus on the basis
of achieved repetition rates, it might be anticipated that
SAW source has the potential to produce a higher pho
flux, although improvements in growth and fabrication tec
niques and device design could produce dots with com
rable operating frequencies. Note that the projected per
mance for the electron-hole turnstile employed in Ref.@15#
was estimated@12# to be within a 1% accuracy at an opera
ing frequency of 1 GHz.

It is also important to note that the current experimen
operational temperature of the SAW electron pump is 5–7
compared with 50 mK for the electron turnstiles, such th
closed cycle cryogenic systems can be used in practical

FIG. 3. The electron injection rate to thep region may be re-
duced by using a currentY splitter where the voltage applied to th
gate~inset! determines which branch of theY splitter is taken.
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plications of the source. However, since the Coulomb blo
ade has already been demonstrated at higher tempera
future turnstile devices may have operating temperatu
similar to those of the SAW source. The SAW photon sou
can also be used for the generation ofN-photon states, eithe
by using several QPCs simultaneously or simply by bias
the QPC such that the quantized current isI 5Ne f. Control
over the generation time, repetition rate, and mode struc
of the N-photon pulses means that optical delay line te
niques can be employed to create product states of m
modes. Such states could then be entangled by a varie
linear and nonlinear optical processes for testing predicti
of quantum information theory.

As a source for quantum cryptography, it is not essen
that the proposed device produce a single photon for ev
injected electron. The protocols currently used are not dep
dent on detecting every photon sent from source to rece
because only photons received are used to establish
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shared key, although if too many photons are lost or fail
be sent, the bit rate for the channel may be unacceptably
Furthermore, failure to generate a photon in every cycle
failure to detect every photon that is generated, will not p
vent the observation of a very strong correlation between
SAW frequency and the detected photons. Thus experim
that demonstrate a strong temporal correlation between
tected photons and the SAW pump are still possible even
low recombination rates and low detector efficiencies.

In summary, we have proposed an alternative method
generate single-photon states at optical frequencies. I
hoped that the scheme is flexible and fast enough~in terms of
repetition rates! to meet the requirements of quantum optic
cryptography@5#. This source could also be used for fund
mental tests in quantum mechanics and could provid
brightness standard.
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