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The authors describe a gated quantum dot device called a single-photon pump that produces single
photons on demand through the controlled tunneling of individual electrons and holes. Simulations
using an InGaAs/GaAs dot show that two modes of operation are possible, with one mode
particularly attractive for quantum cryptography applications because it cannot produce more than

one photon per cycle. [DOI: 10.1063/1.2336616]

For a given mean photon number, a single-photon source
(SPS) produces pulses with a smaller ratio of multiple-
photon to single-photon pulses than a conventional source
which is governed by Poisson statistics. Such sources are
desirable for quantum key distribution systems, where secu-
rity is enhanced by encoding information only in single-
photon pulses since additional photons could be intercepted
with impunity. One attractive type of SPS is a single-photon
turnstile (SPT), which uses cyclical biasing across the p- and
n-type electrodes of a p-i-QD-i-n structure to produce
photons.1 This device uses electrical control of Coulomb
blockade in a quantum dot (QD) to allow sequential tunnel-
ing of an electron and a hole, which recombine to produce a
single photon. Realizations of this idea have used an etched
QD (Ref. 2) and an InGaAs/GaAs self-assembled QD,” with
the latter type of QD particularly promising since the quan-
tum efficiency is known to be high from photoluminescence
data. In addition, recent single-electron transistor experi-
ments demonstrate that individual electrons can be control-
lably tunneled onto InGaAs/GaAs QDs.*?

In this letter we introduce a device we call the single-
photon pump (SPP), shown in Fig. 1(d). The SPP consists of
an InGaAs/GaAs QD separated from n- and p-type layers by
intrinsic GaAs tunnel barriers, as well as a metallic gate ca-
pacitively coupled to the QD. As with the SPT, the forward-
bias voltage V of the SPP can be used to raise or lower the
energy of both electrons (in the n layer) and holes (in the p
layer) with respect to the corresponding QD energy levels.
Unlike the SPT, the gate voltage V, of the SPP can be used to
raise electron energies while lowering hole energies or vice
versa. This allows for two modes of operation, forward trig-
gered (FT) and gate triggered (GT), in which Coulomb
blockade is used to controllably tunnel an electron and a hole
onto the QD and thus generate a photon on demand. The
former is similar to that used for the SPT, while the latter has
a significant advantage that we quantify below.

Both modes can begin with V and V, biased such that the
device reaches equilibrium with one hole on the QD, as
shown in the band diagram of Fig. 1(a). Here the diagram is
schematic to show the individual QD levels more clearly, and
below we present the actual calculations. The electron addi-
tion energy for the QD is w,(N,,N,), where N, electrons and
N, holes are on the QD after the tunneling process. Similarly,
the hole addition energy is u;(N,,N;). Since the line u;(0,1)
is slightly above the Fermi energy of the p-type layer w,, a
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first hole can tunnel onto the QD. The lines corresponding to
an electron tunneling before or after the first hole, u,(1,0)
and u,(1,1), respectively, are above the filled states of the
n-type layer, so that these processes are not allowed at this
bias condition.

In the FT mode, V, is fixed and V is changed to allow an
electron to tunnel, as shown in Fig. 1(c). This is similar to
the operation of a SPT, but with additional tunability from V,
that can be used to optimize device behavior. An imperfec-
tion of this FT mode bias point is that after recombination
the empty QD is not stable. Another hole may tunnel inelas-
tically with the emission of a phonon6 as shown by the
dashed arrow, followed by elastic tunneling of another elec-
tron and emission of another photon. This process will pro-
duce additional photons as long as the device is held at this
bias condition.

In the GT mode, V is fixed and V, is changed to allow an
electron to tunnel, with a band diagram as in Fig. 1(b). The
salient feature of the GT mode is that the QD is stable after
recombination at this bias condition, as indicated by the
crossed-out arrow showing the forbidden hole tunneling pro-
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FIG. 1. Schematic band diagrams: (a) and (b) show gate-triggered (GT)
operation; (a) and (c) show forward-triggered (FT) operation. u, and w,, are
electron and hole addition energies. Device structure is shown in (d).
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cess. As a result the GT mode produces no more than one
photon per bias cycle. In the rest of the letter we present
quantitative simulations of both FT and GT operations for an
InGaAs/GaAs QD.

The addition energies for electrons and holes are

/"e(Ne’Nh)=8e(V’Vg)+(Ne_ 1)Je-e_Nh‘]e—h (121)

/u’h(Ne’Nh) = Sh(v’ Vg) - (Nh - I)Jh—h + NeJe—h’ (lb)

where €, and g, are the ground state orbital energies for
electrons and holes, and J,_,, J,;,, and J,,_, are the electron-
electron, electron-hole, and hole-hole Coulomb interactions.
In a typical InGaAs/GaAs QD these interactions satisfy
Jpn>J o >J,.., and the schematic levels in Fig. 1 are drawn
for this case. In order to simulate a typical quantum dot we
use J,,=28 meV, J,,=35 meV, and J;,_,=38.5 meV, with a
QD gap of ¢,—g,=1.27 eV offset by a 60/40 split from the
bulk GaAs band gap of E,=1.52 eV. We simulate the device
at zero temperature, which is applicable for thermal energies
much less than the ~5 meV barrier for producing errors at
our bias points.

The tunneling barriers are 15 and 20 nm thick above and
below the QD, respectively. The device is simulated with
negligible band bending and so the QD potential Vq, shifts
linearly with V. In addition, we assume that Vg, shifts lin-
early with V,, according to the geometric constant
1,=3Vqop/ dV,|y, which was found to be ~0.02 in a compa-
rable structure.*” The n- and p-type layers are degenerately
doped at 2 10'/cm? and 5 10'7/cm?, respectively, and
the effective mass is set to 0.067m, for electrons and 0.5m,
for holes.

To calculate the tunneling rates between the doped layers
and the QD, we use the three-dimensional to zero-
dimensional Bardeen tunneling formula’ with a Wentzel-
Kramers-Brillouin approximation. The effect of V, on the
band diagram is approximated as a quadratic potential be-
tween the p- and n-type layers that satisfies the boundary
conditions. Since quantitative theories for inelastic tunneling
are complex, we simply set the inelastic rate equal to 0.01
times the elastic rate for a particle at the Fermi energy of the
electron or hole reservoir. This accounts for single-phonon
emission similar to that found in GaAs resonant tunneling
diodes® for small energy losses and gives a high inelastic
tunneling rate for small barriers, as expected. The tunneling
and recombination events for the device operation shown
below are calculated by Monte Carlo simulation, using the
calculated tunneling rates and an electron-hole recombina-
tion time constant of 300 ps, which is less than the tunneling
times found in this simulation. Since electrons and holes do
not exit the QD through the opposite side from which they
tunneled on, the photon emission rate is related to the current
I by I'yy=1/e=6250 X1/ (fAs).

The stability diagram for the SPP is shown in Fig. 2. The
threshold for each electron tunneling process is marked with
a negatively sloped solid line, where w,=pu(N,,N}). Simi-
larly, the threshold for each hole tunneling process is marked
with a positively sloped solid line, where w,=pu,(N,,N)).
For holes, a dashed line above the solid line of the same
color indicates where the tunneling becomes only inelastic
for that process. For example, above the green solid line a
hole can tunnel onto an empty QD, and if the bias is also
above the red solid line an electron can subsequently tunnel.
After recombination, this process can repeat, causing a
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FIG. 2. (Color) Stability diagram for the SPP, showing dc current and
thresholds for tunneling processes.

steady-state current to flow. Above the green dashed line, the
valence band of the p-type layer Eyg, is greater than
#,(0,1), and the hole can only tunnel inelastically, which
reduces the current. The current is also reduced above the
brown line, since the electron generally tunnels before the
hole, and the hole must then tunnel inelastically. These four
lines create a parallelogram of relatively high current, where
both electrons and holes tunnel elastically.

Simulated operation in the GT mode involves switching
between points A and B in Fig. 2 by driving V, with the wave
form of period 7, shown in the upper panel of Fig. 3. The
cycle begins with no electrons or holes on the QD, where
t=0 1is chosen to be where the first hole can tunnel,
,=py(0,1), as point A is approached. The first hole tunnels
with a nearly constant rate of I',=110 kHz, giving an ap-
proximately Poissonian distribution for the probability Dy,
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FIG. 3. (Color) Wave forms used for GT mode between points A and B and
a FT cycle for points A and C (upper panel). Probability vs time for tunnel-
ing of the first hole and emission of first and second photons (lower panel).
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that the first hole tunnels during the first bias point of the
wave form, as shown in the lower panel of Fig. 3. As the
wave form switches to point B, it passes below the line u,
=u;,(0,1), where a first hole can no longer tunnel on, but if
there is a hole already on the QD it can tunnel off. Electron
tunneling is allowed when the line w,=pu,(1,1) is crossed.
For this wave form, the probability that the hole reaches the
QD before tunneling is turned off is 92% and the probability
that it reaches the QD but is not lost before electron tunnel-
ing turns on is 78%. Due to the fast electron tunneling rate,
I',=640 MHz, and the fast electron-hole recombination rate,
the first photon in the cycle is emitted quickly with a prob-
ability of 78%, as shown by D,.

The salient feature of the GT mode is that at the second
bias point, once a hole is no longer present due to tunneling
off the QD or recombination with an electron, neither an-
other electron nor hole can tunnel. Therefore, no more than
one photon can be emitted per bias cycle. To increase the
probability of emitting a single photon, the probability of
tunneling a hole onto the QD can be increased by increasing
the time spent at point A. Provided that the electron tunneling
rate is large compared to the hole tunneling rate, the prob-
ability of emitting a single photon can be increased further
by decreasing the probability that the hole tunnels off before
the electron tunnels on. This can be accomplished by (1)
decreasing the switching time between the two points or (2)
moving bias points A and B upward, but with a V below the
elastic-tunneling parallelogram, so that the time between
when a hole can tunnel off and an electron can tunnel on is
nearly zero.

For FT operation, we apply a wave form on V to switch
between points A and C. We start with no electrons or holes
on the QD and define t=0 when we pass below the green
dashed line, where EVB’p=,uh(0, 1), and elastic hole tunnel-
ing begins. I', is initially small due to the low density of
states near the band edge, and then rises to a constant value,
giving a slow rise in Dy, followed by an exponential decay.
As we switch back to point C and cross the line
Eyg ,=m;(0,1), holes can continue to tunnel on inelastically;
however, a hole on the QD will not tunnel off. As we pass
the line u,=u,(1,1), there is a 91% probability that a hole is
on the QD, and fast electron tunneling and recombination
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cause photon emission with the
(Dpn=0.91).

After the first photon is created at point C in the FT
cycle, another hole can tunnel (inelastically) followed by an-
other electron, thus producing two (or more) photons during
the cycle. With this wave form, the probability of a second
photon is 4.0% per bias cycle, which is the total D,y, shown
in Fig. 3. This error probability in the FT operation can be
reduced by spending less time at point C, although a time
comparable to 1/I",~2 ns would reduce the probability of
producing the first photon.

In an experiment, the output statistics of the GT and FT
modes for a device can be directly compared, since the out-
put photon coupling efficiency is nearly independent of the
bias point. In the GT mode, the second order correlation
function at the repetition period, gﬁ(r: Tp), reaches the the-
oretical maximum since all of the photons are emitted pre-
cisely at multiples of 7). In contrast, multiple-photon emis-
sion in the FT mode reduces the same quantity such that
gfé( 7=T,) /gfl;(rz T,)=0.90.

In summary, we have proposed a gated QD structure
called a single-photon pump and presented simulations of
two modes of operation. The gate-triggered mode is particu-
larly attractive since it cannot produce multiple photons in
one cycle. The forward-triggered mode, which is similar to
the operation of a single-photon turnstile, lacks this advan-
tage due to inelastic tunneling.

same probability
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