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Turnstile Device for Heralded Single Photons: Coulomb Blockade of Electron
and Hole Tunneling in Quantum Confined p-i-n Heterojunctions
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We show that if a double-barrier mesoscopic p-i-n heterojunction is driven by an alternating
voltage source, then Coulomb blockade and quantum confinement effects together can suppress
the quantum fluctuations usually associated with electron and hole injection processes in semicon-
ductors. It is therefore possible to generate heralded single-photon states without the need for a
high-impedance current source. Since the frequency of the alternating voltage source determines the
repetition rate of the single-photon states and the magnitude of the junction current, the present
scheme promises high precision photon-flux and current standards.

PACS numbers: 42.50.Dv, 03.65.Bz, 73.40.Kp, 79.40.+z

It is well known that the photon pairs (signal and idler)
generated by a parametric down-conversion process have
strong quantum correlations in their emission times, mo-
menta, and energies [1]. These entangled states of light
have been applied to various nonlocal quantum interfer-
ence (EPR) experiments [2] and quantum cryptography
[3]. If an idler photon is detected at a certain time and
position, we know that a signal photon exists at a con-
jugate position [1]: This is considered as single-photon
state generation. However, the generation timing of the
photon pairs (and therefore the single photon state) in
parametric down-conversion is completely random. Ab-
sence of information about the photon generation times
imposes certain limitations to the range of applications
of the photon pairs. The ultimate quantum control of the
photon generation process could only be achieved when
a well-defined number (n > 1) of photons are generated
at arbitrarily short time intervals, with a deterministic
dwell time between the successive (n) photon generation
events. For n = 1, the result would be heralded single-
photon states with complete information about the gen-
eration times of individual photons. Such a nonclassical
optical source could open up a new field of single photon-
ics, where the electrical-to-optical information transfer
takes place at the lowest possible energy limit.

In this Letter, we propose a method to generate her-
alded single-photon states with a well-defined generation
timing (clock), using a mesoscopic p-i-n heterojunction
driven by an alternating (ac) voltage source. We have
previously shown that a regulated single-photon stream
could be generated using a mesoscopic heterojunction
driven by a high-impedance constant-current source [4,5].
Constant-current operation in mesoscopic systems [6]
however, is very hard to demonstrate in practice, as
the electromagnetic environment puts a stringent upper
limit on the real part of the source impedance [given by
R,(f) > Rq = h/2e? for frequencies f < e2/2kC, where

C is the capacitance of the junction] [7]. From an exper-
imental point of view, it is therefore essential that the
requirement of a high source impedance is removed.

The single-photon turnstile device analyzed here does
not require a high-impedance constant-current source:
Using an ac-voltage source together with a dc bias, we
can control and separate (in time) the electron and hole
resonant tunneling events into the undoped i-GaAs quan-
tum well (dot) so that a single electron-hole pair is in-
jected in a given cycle. Both Coulomb blockade and
quantum confinement effects are essential for proper op-
eration. The radiative recombination of the injected
electron-hole pair is assumed to take place in a short
time scale. Provided that the junction is embedded in
a single-mode microcavity structure, a regulated single-
photon stream (i.e., heralded single-photon states) with
a repetition rate equal to the frequency of the applied ac
voltage fac, and a time jitter (ultimately) given by the
spontaneous emission time 7;,4 can be generated. Exten-
sion to the generation of heralded multi (n > 1) photon
states can simply be achieved by using n identical junc-
tions in parallel. By modulating the ac drive, the pro-
posed device can be used to reliably encode information
at the single-photon level. Because of the determinis-
tic transport and recombination of a single electron-hole
pair per cycle, the analyzed scheme could also provide
an alternative to the previous current standard propos-
als [8-10].

The energy-band diagram of the mesoscopic p-ip-i-in-
n AlGaAs-GaAs heterojunction that we analyze is illus-
trated in Fig. 1. If the junction voltage V;(t) is well below
the built-in potential Vi [Vii — Vj(t) > kT, the car-
rier transport in such a structure takes place by resonant
tunneling of electrons and holes through the undoped i,
and i,-AlGaAs barrier layers, respectively. The injected
electron-hole pairs then recombine radiatively in the i-
GaAs layer. We assume that the width of the i-GaAs
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FIG. 1. The energy-band diagram of the p-ip-i-in-n Al-
GaAs-GaAs heterojunction, with (a) and without (b) the ap-
plied voltage pulse. For V; = V; (V; = Vb + AV), the Fermi
energy of the N- (P-) type AlGaAs layer is at least €2/2Cy;
(€2/2Cy:) higher (lower) than the energy of the quantum-well
electron (hole) subband.

quantum well is small enough that the energy separa-
tion of the quantized subbands well exceeds the single
electron (hole) charging energy of the GaAs Coulomb is-
land and that resonant tunneling into a single conduction
(valence) subband need to be considered. The resonant
tunneling of an electron or a hole is allowed only when
the junction voltage is such that

Ejp —€*/2Cn; > Eres e > Epc — €2/2Cn;  (electrons)
(1a)

and

Etp+€%/2Cp; < Eresn < Epy +€2/2C,; (holes) . (1b)

Here, Eres,e (Fres,n) is the energy of the electron (hole)
resonant subband of the i-GaAs quantum well (or dot);
E,. and E,, are the energies of the conduction and va-
lence bands in the n- and p-type layers, respectively,
and Ef, and Ey, are the Fermi energies in the corre-
sponding layers. Cy; and Cp; are the capacitances of the
n-in-i and p-ip-i regions, respectively. The energies in
Eq. (1) are determined by the applied junction voltage
V;(t) = Vo + v(t), where v(t) = 0 (0 < t < Ty/2); and
v(t) = AV (Tae/2 < t < Tpe = f'). The impurity con-
centrations on both n and p sides should be small enough
that Ef, — Epc =~ €2/Cp; and Ep, — Efp ~ €2 /Ch, since
we want to be able to turn the tunneling of a particu-
lar carrier on and off by applying a voltage pulse whose
magnitude is on the order of (but larger than) the single-
charge charging energy. Finally, we assume that the Al
concentrations in the two barrier regions are chosen in-
dependently so as to guarantee that peak electron and
hole resonant tunneling occurs at (significantly) different
values of the applied junction voltage.

We choose the dc-bias voltage (Vp) so that the elec-
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FIG. 2. The electron (I'tunn,e) and hole (Ttynn,n) tunneling
rates as a function of the applied junction voltage, before and
after electron and hole tunneling events. The tunneling rates
are normalized to ['raqa. Qi denotes the charge of the i-GaAs
Coulomb island.

tron tunneling is resonantly enhanced when v(t) = 0.
The applied square voltage pulses [v(t) = AV] enable
the resonant hole tunneling, while blocking electron tun-
neling due to the second inequality in Eq. (1a), i.e., by
quantum confinement. A second tunneling event of the
same carrier during the time interval where the junction
voltage remains unchanged is blocked by Coulomb block-
ade. Therefore, only one electron and one hole can tunnel
into the i-GaAs layer within a single cycle of the applied
ac voltage. Assuming that the radiative recombination
occurs in a time scale short compared to the period of
the ac voltage, a single photon is generated in each cycle
with a probability approaching unity. If, in addition, the
heterostructure is embedded in a micropost cavity [11] or
photonic band-gap structure [12], then the photons are
spontaneously emitted into a single mode of the radiation
field.

If the fastest resonant tunneling rate is chosen on the
order of the radiative recombination rate, then the small-
est tunneling resistance will be determined by the in-
equality Tyynn = R:Cq ~ Trad = 10 psec. For a junc-
tion capacitance of C4 = 10~!6 F, this inequality gives
R; > 10° Q. These simple orders of magnitude imply that
the quantum charge fluctuations on the junction can be
safely neglected, as R; > Rg [13]. We can therefore
treat the charging of the junctions classically, and sim-
ulate the junction dynamics using a semiclassical Monte
Carlo method that incorporates the resonant tunneling
and radiative recombination processes as random quan-
tum jump events. This method has been detailed pre-
viously [4]. The calculation of the quantum mechanical
resonant tunneling rates uses the procedure described in
Refs. [5] and [14].

Figure 2 shows the electron and hole tunneling rates
before and after an electron tunneling event, for the cho-
sen layer widths of L, = 470 A, L, = 580 A, and
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L; = 50 A of the i, ip, and ¢ layers, respectively. At
a junction voltage of 1.985 V (Vp; = 2.0 V) and tem-
perature T' = 0.1 K, the electron tunneling is resonantly
enhanced and takes place in an average waiting time of
I‘;}nn,e =~ 3.0, (= 3.07rsa). Following a single electron
tunneling, the junction voltage is quickly restored to its
initial value of 1.985 V, and at this value, a second elec-
tron tunneling event is forbidden by Coulomb blockade,
since the energy of the Coulomb island is increased by the
injected electron. The hole tunneling remains negligible,
irrespective of the electron tunneling events.

‘We assume that the applied ac voltage v(t) has a period
Tac = 30I‘;h. The square pulses within a given cycle
last for 151";}1, with a peak voltage of AV = 0.007 V.
We see from Fig. 2 that a hole tunneling is resonantly
enhanced in the presence of the square pulse (V; = 1.992
V), when Q; = —e. After the hole tunneling which takes
place in approximately I‘t'ul,m’h = 0.61";%1, the Coulomb
island becomes neutral (Q; = 0) and the hole tunneling
is forbidden by Coulomb blockade. As a second electron
tunneling is enabled during the rising edge of the square
pulse, the average electron resonant tunneling time has
to be long compared to the turn-on time of the voltage
pulse.

Figure 3 shows the result of our simulation of the junc-
tion dynamics using the Monte Carlo method. We choose
the period of the ac voltage such that both the electron
and hole tunneling occur with very high probability dur-
ing the time intervals in which they are allowed. The pho-
ton emission events follow the hole tunneling in a very
short time interval. We can consider the ratio of the
period of the photoemission events to the jitter in the
single-photon generation time as a quality factor Q for
the generated single-photon stream. For a source with
a time-independent generation rate, this ratio is unity
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FIG. 3. The junction voltage as a function of time shown
together with the accompanying photon emission events. The
voltage spikes correspond to electron or hole tunneling events.
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(Poisson limit). In the proposed device, the quality fac-
tor is given by the ratio of T,c to Tra4, provided that the
peak hole tunneling rate satisfies I'tynn,p > T'raq. For
the parameters of Fig. 3, @ = 30. If the temperature
is kept low enough to avoid secondary tunneling events
in a single cycle, we can increase the quality factor arbi-
trarily by increasing T,.. Finally, we note that as long as
Ttunn,eTac > 1, the electron tunneling rate has no effect
on the device performance (i.e., on the Q factor).

The spectrum of the generated photon stream, which
is shown in Fig. 4, exhibits a squeezed background noise
extending to min[[yynn h,'rad]/27, together with non-
stochastic peaks at integer multiples of f,c, indicating
regulation with the clock of the ac-voltage source. Prior
to this work, the squeezed background noise was pre-
dicted and demonstrated only for p-n junctions driven
by a high-impedance constant-current source [15]. The
second-order correlation function of the photon stream
obtained by inverse Fourier transforming the spectrum
of Fig. 4 exhibits peaks at integer multiples of T, with
negligible amplitude in between the peaks [5]. Physically,
this indicates that following a photon emission event at
7 = 0, the probability of emitting others at the inte-
ger multiples of T, is enhanced, whereas in between,
it is strongly suppressed. The generated light field has
accurate information on the photon emission times: In
contrast, each photoemission time is almost completely
random for a photon-number or number-phase squeezed
state [16].

The idea utilized in this proposal is in many ways
similar to the frequency locked turnstile device proposed
and demonstrated in Ref. [8]: By controlling the electron
tunneling processes in a normal-tunnel junction system,
Geerlings et al. were able to demonstrate experimentally
that the generated current is to a high degree determined
by the frequency (f) of the applied source, through the
relation I = ef, as each cycle contributes to one and only
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FIG. 4. The spectrum of the generated heralded sin-
gle-photon states. The nonstochastic peaks in the spec-
trum indicate regulation of the photon generation pro-
cess. The squeezing of the background noise extends to
min[rtunn,h; Frad]/zw-
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one electron transfer through the turnstile device. By uti-
lizing the presence of two different types of carriers (elec-
trons and holes) and quantum confinement properties, we
were able to simplify the geometry considerably for our
application (as compared to Ref. [8]). The single-photon
turnstile device proposed here can also be used as a cur-
rent standard, with properties and limitations similar to
those of [8,9], for a junction with similar capacitances.
The fluctuations in the current are primarily caused by
the missing tunneling events, for the ideal square-pulse
operation that we used in our simulations. Additional
charge tunneling, whether it is caused by finite turn-on
time of the ac-voltage pulse or the thermal fluctuations,
will also be important in practice. Finally, we note that
the accuracy of a current standard based on the ana-
lyzed scheme can be made arbitrarily high by choosing
an appropriate T,; that would in average cancel out the
contributions from the additional and missing tunneling
events.

The large penetration depth of the carrier wave func-
tions in semiconductor heterostructures should make it
possible to use wider barrier layers and therefore achieve
smaller capacitances for a given junction size, as com-
pared to metal-insulator-metal junctions used in Ref. [8].
For the effective junction diameter 2a = 300 nm used in
the simulation, the capacitance is approximately given
by 4 x 10~Y7 F: This value is more than an order of mag-
nitude smaller than the value predicted by Ref. 8] for a
junction of similar size, implying that a higher operat-
ing temperature and ac-drive frequency should be pos-
sible. Based on the predicted junction parameters, we
estimate an accuracy of about 10~2 at an operating fre-
quency of 1 GHz, for a voltage-pulse turn-on time of 5
psec and Ft_u}rm’e = 100 psec. By reducing the junction
size, the operating temperature can be increased to 3 K,
without considerably sacrificing the accuracy. The up-
per value of the ac-drive frequency f, is determined by
fac € T'rad € 1/RQC, and can therefore be increased by
decreasing the radiative recombination time. This can be
achieved by utilizing the vacuum-field enhancement in a
microcavity structure [11].

Even though we have considered perfect square pulses
in our analysis, the proper operation of the proposed
turnstile device only requires that the turn-on time of
the applied voltage pulses be short compared to the peak
electron resonant tunneling time (I',.)- An alterna-
tive approach would be to apply short Gaussian pulses,
with a pulse width Tpuise that satisfies 'eunn,hTpulse > 1
and Tpylee K Ft’ul,m,e < T,c. It is also important to note
that the regulation of the tunneling events in the ana-
lyzed device does not require quantum confinement in
the transverse directions.

In summary, we proposed a method to generate a

highly nonclassical photon state, without the need for a
high-impedance constant-current source. The analyzed
scheme relies on both the Coulomb blockade and the ex-
istence of quantized conduction (and valence) subbands.
This voltage-biased single-photon turnstile device also
promises high precision photon-flux and current stan-
dards.
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