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Abstract

We propose a novel concept for a semiconductor-based single-photon detector for quantum information processing,
which is capable of discriminating the number of photons in a light pulse. The detector exploits the charge transport by a
surface acoustic wave (SAW) in order to combine a large photon absorption area (thus providing high photon collection
efficiency) with a microscopic charge detection area, where the photo generated charge is detected with resolution at the
single electron level using single electron transistors (SETs). We present preliminary results on acoustic transport
measured in a prototype for the detector as well as on the fabrication of radio-frequency single-electron transistors (RFSETs) for charge detection. The photon detector is a particular example of acousto-electric nanocircuits that are
expected to be able to control both the spatial and the spin degrees of freedom of single electrons. If realized, these
circuits will contribute substantially to a scalable quantum information technology.
Keywords: Photon counting detector, surface acoustic waves

1. Introduction
Single photon emission and detection are of paramount importance for quantum information processing and quantum
communication. Recent developments in these fields have lead to new requirements for single photon detectors. One of
them is the ability to discriminate the number of photons in a light pulse with sensitivity down the single photon level.
These detectors find applications in the areas of quantum cryptography1, optical quantum computation2,3, and quantum
metrology4,5. In order to meet the photon discrimination requirement, novel schemes using single electron transistors
(SETs)6, cryogenic avalanche devices7,8 and atomic vapor9,10 have recently been proposed, each with advantages and
drawbacks. For instance, the avalanche and atomic vapor schemes suffer from high dark count rates, which may
constitute a noticeable (~10%) fraction of the total counts. New schemes for discriminating detectors are therefore being
sought after.
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SETs are particularly appealing to use in discriminating single photon detectors due to their ability to measure charge at
the single electron level. Maximum sensitivity requires that the photogenerated electrons and holes are brought
sufficiently close (within 1 µm) to the input electrode of the SET in order to generate a high electrostatic potential6. This
requirement restricts the size of the photon absorption area resulting in poor photon collection efficiencies. If, in
contrast, the absorption area is increased (e.g. to 10×10 µm2) in order to provide high photon collection efficiency, the
sensitivity will be sacrificed to a significant degree. This trade-off between a large absorption area and strong carrier
concentration hinders the achievement of the high quantum efficiencies (of approximately 99%) required for the most
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demanding applications of single photon detectors in quantum information processing.

Figure 1: (a) Schematic diagram and (b) side view of the acoustic single-photon detector on a (Al,Ga)As multilayer structure.
The detector uses a surface acoustic wave (SAW) generated by an interdigital transducer (IDT, 15) to transport carriers,
photo generated in the absorption area (1), towards single electron transistors (SET, 8 and 9). The electrons (4) and holes (2),
photo generated in (1), are spatially separated by the electric field generated by metallic gates (2 and 3). The carriers then
drift in the SAW field towards the electron (6) and hole (7) collection areas, where the charges are detected by SETs. (b) The
distribution of carriers during the transport, where they concentrate underneath the guides11.

In this manuscript, we present a novel concept for combining a large photon absorption area with the high charge
sensitivity provided by SETs, based on the transport of charge by surface acoustic waves (SAWs)11. Surface acoustic
waves are elastic vibrations propagating along a surface. In piezoelectric materials (such as the GaAs based structures
that will be used here), these waves carry a mobile piezoelectric potential in addition to the strain field. The
piezoelectric potential allows for the electrical generation of SAWs using interdigital transducers (IDTs, see Fig. 1)
excited by a microwave field. In addition, the mobile piezoelectric potential can trap and efficiently transport
photogenerated electrons and holes in semiconductor structures. The unipolar transport of carriers by a SAW is an
essential feature for the operation of the proposed single-photon detector. Using SAWs, the photon absorption area,
where electrons and the holes are generated, can be made sufficiently large in order to provide a high photon collection
efficiency. The photogenerated carriers are spatially separated by metal gates and by the SAW’s piezoelectric field and
then transported by the SAW towards microscopic charge detection areas, where they are efficiently detected by SETs.
The optical properties of the absorption region can be optimized in order to ensure a high photon absorption efficiency
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without sacrificing the charge detection efficiency. Thereby, this scheme eliminates the trade-off6 between the
sensitivity of the charge detection and the photon collection efficiency.
A schematic diagram of the acoustic single-photon detector fabricated using (Al,Ga)As layered structures is illustrated
in Fig. 111. The photons impinging on the absorption area (2) [located inside a SAW beam generated by an IDT(15)] are
absorbed in a GaAs layer sandwiched between two (Al,Ga)As barrier layers [Fig. 1(b)]. The photo generated electrons
(4) and holes (5) are then attracted towards the positively (2) and negatively (3) biased guides. Simultaneously, they are
transported by the SAW piezoelectric field towards the detection areas (6,7), where the positive and negative charges
are accumulated and subsequently measured using RF-SETs designed for high frequency operator (8 and 9). In the
design shown in Fig. 1, carrier detection is performed by a SET in the gap between two sections of the electron (hole)
guide. The gap represents a potential barrier that electrons (holes) transported by the SAW are unable to cross. The
height of the potential barrier can be adjusted by a voltage applied to the second section of the guides (10 and 11). When
the charge measurement is completed, the voltage on the second guide sections 10 (11) is made more positive (negative)
to allow for the transfer of electrons (holes) through the gap towards the drain contacts 12 (13). The charge detection
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areas are then ready for the next measurement. The number of electrons (holes) detected by the SETs is equal to the
number of absorbed photons. An ammeter (14 in Fig. 1) can optionally be used for weak CW light fluxes.
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Figure 2: Mask layout of the detector prototype. Regions of different colors correspond to different photolithographic masks.

An acoustic single-photon detector based on the diagram of Fig. 1 is presently under development under a European
consortium involving six research groups. In this manuscript, we review the present status of this project by presenting
the fabrication steps for a prototype of the detector (Sec. 2), where the photo generated carriers are detected using an
ammeter. The light absorption properties and the distribution of acoustic field in these devices are discussed in Secs. 2.1
and 3.1, respectively. Preliminary photon detection measurements carried out using optical and electrical methods are
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presented in Secs. 3.2 and 3.3, respectively. Finally, the use of RF-SETs for carrier detection as well as the fabrication
of SET prototypes on GaAs are described in Sec 4. The main conclusions are summarized in Sec. 5.

2. Fabrication of detector prototypes
In order to investigate the carrier transport properties of the single-photon detectors, we have fabricated the simple
prototype illustrated in Fig. 2, where the charge generated by photon absorption is detected either optically using
photoluminescence (cf. Sec. 3.2) or electrically measured by an ammeter (i.e., the prototype structure is similar to the
one in Fig. 1, but without the RF-SETs). The prototype has metals gates to direct the electron and hole fluxes towards
the n- and p-type doped collection areas. The prototype (cf. Fig. 2) development included (i) the design of the layer
structure of samples to optimise the light absorption, (ii) the growth of the (Al,Ga)As layer structures using molecular
beam epitaxy (MBE), (iii) the fabrication of the charge collection areas (with n and p contacts to the GaAs channel),
interdigital transducers and metal guides using photolithography as well as (v) their characterisation using optical and
electrical techniques.

2.1. Optimisation of light absorption
The (Al,Ga)As layers for the detector were deposited using molecular beam epitaxy on an undoped (100) GaAs
substrate. The layer structure [see Fig. 3(a)] includes an active, 452 nm-thick GaAs transport film sandwiched between
two Bragg mirrors formed by stacks of AlAs and (Al,Ga)As layers. The complete structure forms an asymmetric optical
microcavity with a 10 nm-wide spectral band with low reflectivity centered at 805 nm. Within this band, the GaAs
cavity concentrates the incident light inside the active GaAs layer, thus significantly increasing the photon absorption.
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Figure 3: (a) Layer structure and (b) reflectivity spectra measured at different temperatures. The reflectivity values were
normalized to that of an Al film. The cavity structure creates a region of minimum reflectivity centered at 805 nm (at 10K).
The reflectivity at low temperatures also shows the excitonic features of the GaAs active layer (sharp lines at 818 nm) as well
as a step at 760 nm, which is associated with the bandgap of the Al0.1Ga0.9As layers of the Bragg mirrors.
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The design of the layer structure in Fig. 3(a) was carried out by optimizing the thickness and number of layers, using a
computer code based on a standard transmission matrix method. The lower Bragg mirror consists of 15 periods of AlAs
and Al0.1Ga0.9As λ/4 layers producing a reflection band centered around 805 nm. The upper mirror is formed by only
two layers with thicknesses optimized to reduce the total reflection and, simultaneously, enhance the absortion in the
2λ GaAs cavity. The use of an Al0.1Ga0.9As alloy with band gap of approx. 760 nm (at 10K) ensures that the mirrors do
not absorb the incident light around the resonance energy of the cavity. Finally, since the cavity has been designed for a
resonance energy slightly above the GaAs band gap, it also reduces the probability of recombination during acoustic
transport of electron-hole pairs, thus increasing the transport efficiency. Figure 3(b) shows reflectivity spectra measured
on the layer structure of Fig. 3(a) at different temperatures. The reflectivity values were normalized to the reflectivity of
an Al film. The cavity structure creates a region of minimum reflection centered at 805 nm (at 10K): Here,
approximately 93% of the incoming photons are absorbed in the active GaAs layers. The reflectivity spectrum measured
at low temperatures also shows the excitonic features of the GaAs active layer (sharp lines at 818 nm). The excitonic
character of the GaAs features was confirmed by photoluminescence measurements (not shown here). The low
temperature reflectivity also shows a step at 760 nm, which corresponds to the bandgap of the Al0.1Ga0.9As layers used
in the Bragg mirrors.

2.2. Photolithographic fabrication
The detector prototypes of Fig. 2 were fabricated using contact photolithography according to the following five steps,
which are illustrated in Fig. 4 [denoted as (a) to (d)]:
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Figure 4: Fabrication steps for the detector prototypes on semi-insulating GaAs substrates.

-

In the first step (a), the mesa region containing the active layer was defined by etching the surface layer in
order to define the electron-hole transport region. The etching process removes about 400 nm of the sample
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using a wet chemical solution. The mesa formation is intended to reduce the leakage current from the metal
contacts by reducing the thickness of the active GaAs layer.
-

In the second step (b), the p-type contact to the active layer was fabricated by wet etching the contact areas to a
depth of about 140 nm. An Au-Be metal layer was sputtered and selectively removed using a lift-off process;

-

In the third step (b), the n-type contact was processed in a similar way as for the p-type contacts, except for the
use of an AuGe metal film instead of AuBe;

-

In the fourth step (c), the insulator gate close to the p- and n-type contacts were defined using a polyimide
insulating film. This gate was employed to reduce the barrier for carrier capture by the n- and p-type contacts.
The polyimide was deposited using spin coating and subsequently annealed at 65 oC;

-

In the final fabrication step (d), the metal layers for the IDTs, guides, and gates were defined using a lift-off
metallization process. The metallization consists of evaporated layers of titanium, aluminium, and titanium
with thicknesses of 10 nm, 50 nm, and 10 nm, respectively. In some samples, the gates were subsequently
coated with a 50 nm thick Au film to facilitate the bonding of the pad connections. The smallest structures in
the metallization process were the fingers of the IDTs. We have used split-finger IDTs designed for an acoustic
wavelength λSAW = 5.6 µm. The finger width was, in this case, equal to λSAW/8 = 0.7 µm

3. Assessment of the detector properties
3.1. Distribution of acoustic fields
The single photon detector requires strong SAW fields to ensure an efficient carrier transport from the generation to the
charge detection areas. Defects in the transport path as well as acoustic reflections on the borders of the mesa and metal
gates can disturb the acoustic beam and reduce the transport efficiency. To investigate these effects, the distribution of
the acoustic field in the detector prototypes was probed using a microscopic scanning interferometer with a spatial
resolution of approximately 1µm. The interferometer delivers a signal proportional to the time-averaged amplitude of
the vertical component uz of the acoustic displacement12.
The lefts panel of Fig. 5 compare a reflection micrograph of the active detector area (upper plots), with the spatial
distribution of the acoustic field (lower plots). These measurements were carried out on a sample processed using only
the last Al metallization step illustrated in Fig. 4(d) (i.e., without the mesa etch, contacts, and polyimide layers).
The SAW was generated by a split-finger transducer designed for a wavelength of 5.6 µm. The SAW wave fronts
appear as fine vertical lines in the interferometric plots with a spatial repetition period corresponding to the SAW
wavelength. The SAW beam shows little divergence and has a width corresponding closely to the aperture of the IDT.
The acoustic amplitudes are slightly lower in the Al metal gates than in the surrounding (Al,Ga)As material. Except for
that, the gates do not significantly affect the distribution of the acoustic fields. The small impact of the Al gates is
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attributed to the low acoustic contrast ratio between the Al film and the (Al,Ga)As material, which leads to negligible
acoustic reflections. Note, in contrast, that defects in the SAW path can lead to large field disturbance. One example is
provided by the defect marked as D in Fig. 5(c). A careful analysis of the figure shows that the acoustic shadow cone
created by the defect significantly reduces the field in the region from -500 to -350 µm.
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Figure 5: Spatial distribution of the acoustic field (lower plots) recorded in the areas indicated in the upper micrographs. The
acoustic field is represented in terms of the amplitude of the vertical component uz of the particle displacement. The right
panels were recorded in a sample processed according to the steps in Fig. 4, where gates were coated with a 50 nm thick Au
layer. The processing of the sample on the left panel included only the last Al metallization step of Fig. 4d.

The acoustic reflections also depend critically on the choice of the metallization material. The lower right panel of Fig. 5
displays the acoustic field in a prototype processed following the steps in Fig. 4. In addition to the Al metallization, the
gates were in this case also coated with a 50 nm thick Au film to improve conductivity and facilitate wire bonding of
the external pad connections. The strong contrast in acoustic impedance between Au and (AlGa)As enhances reflections
at the gates, thus significantly disturbing the field distribution. In particular, they lead to the formation of a standing
acoustic field between the guides (at x~-100 µm), which can reduce the acoustic transport efficiency. Furthermore, the
acoustic amplitudes are strongly suppressed beyond the polyamide gate situated just before the doped contacts (at x~300
µm). This acoustic absorption can also have a deleterious effect on the efficient collection of carrier by the n- and p-type
contacts, which are located right after the gate. These results show that the selection of metallization material may have
a significant impact on the acoustic field distribution.

3.2. Optically detected transport
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Optical assessment of the acoustic transport of carriers was carried out using spatially resolved photoluminescence
(PL)13. This technique maps the light emission induced by the recombination of photogenerated electrons and holes
along the SAW transport path.
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Figure 6: (a) Optical micrograph of the detector prototype as well as photoluminescence images recorded (b) in the absence
and (c) in the presence of a surface acoustic wave. The incident laser creates electron-hole in the area indicated by G.

The samples were mounted in a cryostat with feed-throughs for the radio-frequency excitation of the acoustic
transducers. The measurements were carried out at low temperatures (~10 K) using a confocal microscope with
illumination and detection areas with a diameter of approx. 2 µm. The continuous radiation from a Ti:sapphire laser
(λL= 765 nm) was employed as the excitation source. The PL emitted along the SAW path was collected by a
microscope objective, spatially filtered using a band pass filter, and imaged with a resolution of approx. 2 µm using a
CCD camera.
The PL measurements were performed on a simplified prototype including only the metallic gates (i.e., only the last
metallization process in Fig. 4 (d) ). The SAWs were excited by applying radio-frequency power levels between -20 dB
and 15 dBm to the IDT. Figure 6(a) displays an optical micrograph of the sample area showing the metal guides and the
semitransparent metal areas (dashed lines). The SAW propagates from the top to the bottom of the diagram. In the
acoustic transport measurements, the incident laser creates electron-hole pairs in the area indicated by G in Fig. 6(a).
The PL image of Fig. 6(b) recorded in the absence of acoustic excitation shows a wide spot with a radius determined by
the diffusion of the photoexcited excitons away from the illumination area. When the acoustic wave is turned on [Fig.
6(c)], the PL close to G reduces significantly. In addition, a strong photoluminescence is observed far away from the
generation point G due to the recombination of carriers transported by the SAW. Note that most of the recombination
now takes place near the gates denoted as n and p, which are placed perpendicular to the SAW path. These metal gates
screen the SAW piezoelectric potential, thereby stopping the transport. Carriers accumulate in the region before the
gates, thus leading to an enhanced recombination region extending towards the generation spot
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Figure 7: (a) Optical micrograph and (b-c) photoluminescence images recorded while applying guide voltages of opposite
polarities to control the acoustic transport. The applied voltage changes the recombination pattern of transported carriers.
The incident laser creates electron-hole in the area indicated by G.

Figure 7 shows preliminary results demonstrating the control the electron and hole transport using the lateral metal
guides. In these experiments, we have applied voltages of different polarities to the metal guides [Figs. 7(b) and 7(c)].
Note that the areas of strong photoluminescence changes with the polarity of the applied voltage, thus indicating that
they can control the carrier flux during transport. The mechanism for the gate control of ambipolar transport of electrons
and holes is presently under investigation. One possible explanation for the voltage-induced shift of the PL intensity
relies on the preferential trapping of one type of carriers underneath the gates induced by the applied voltage. Due to
their lower mobility, holes are more susceptible to trapping than electrons. In that case, the accumulation of hole close
to the negative contacts generates a space charge region, which screens the SAW field. According to this model, an
enhanced PL is expected close to the hole trapping location (i.e., close to the negative gates), in agreement with the
results in Fig. 7

3.3. Electrically detected transport
A preliminary assessment of the detector operation was carried out by measuring the current collected at the n- and ptype contacts using an ammeter. These electrically detected transport measurements were carried out at 15 K using a
split-finger IDT operating a 540 MHz to generate a SAW with a wavelength of 5.6 µm. Figure 8 shows the current
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collected at the n-type (In) and p-type (Ip) contacts as a function of the rf power PRF applied to the IDT (see Fig. 8). The
side gates were held at voltages of 0.1 and –0.1 V, respectively, and the polyimide gates were short-circuited to the
neighboring p- and n-type contacts. The gate leakage currents (Ign and Igp) are also plotted in Fig. 8. The carriers were
generated by a pulsed laser beam with a wavelength of 805 nm (i.e., close to the minimal reflectivity in Fig. 2(b)) . After
the application of the SAW, the currents collected in the contacts vary slowly with time, an effect attributed to charge
trapping and gate leakage. To capture this behavior, each current measurement in Fig. 8 was carried out during an
interval of 20s before the RF power was changed. It can be noted that In and Ip have approximately the same amplitudes
and opposite signs, as expected for the collection of equal numbers of electrons and holes. For low RF powers, however,
there is considerable leakage from the side gates. Under these conditions, the carriers are not efficiently transported by
the SAW and accumulate below the gate electrodes. The mechanisms behind the leakage, including the effects of
pinholes in the upper Bragg mirror, are presently under investigation.
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Figure 8: Dependence of the current collected at the n-type (In) and p-type contacts (Ip) on the RF power PRF applied to the
IDT. The measurements were carried out by recording the currents for 20 s before changing PRF. Ign and Igp denote the
leakage currents for the n- and p-type guides, respectively.

4. Single electron transistors (SETs)
In the final version of the detector, the photogenerated charge will be detected by two metallic Single Electron
Transistors (SETs). Each SET consists of two tunnel junctions connected in series via a metallic island, which is
situated above the area to which the photo generated charge has been transported by the SAW. SETs are extremely
sensitive electrometers14 and sensitivities of the order of single

µe

Hz have recently been demonstrated 15,16. To

make the detector sufficiently fast, the SETs are operated in the RF-mode 17 which makes them substantially faster. An
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RF-carrier signal is reflected by an LC resonant circuit (tank circuit) in which the SET is embedded. Maximum speeds
achieved are above 100 Mhz. However there is a trade of between speed and sensitivity and these respective record
parameters can not be reached in the same device. The balance between the speed and the sensitivity is made by
changing the quality factor, Q, of the tank circuit. The bandwidth of the RF-SET is given by fBW = fC/2Q , where fC is the
frequency of the RF-carrier signal. A lower Q gives a wider bandwidth but a less sensitive device, whereas a higher Q
gives a lower bandwidth and a better sensitivity. A system optimized for sensitivity typically gives sensitivities δq of
the order of 10

µe

Hz and bandwidths of 15 MHz. The carrier frequency for this detector is planned to be 350

MHz.
The time it takes to detect a single electron is given not only by the bandwidth of the RF-SET but also by the time it
takes to obtain a specified Signal to Noise Ratio (SNR). Ideally, we want to have a reasonable SNR say 5. The SNR is
⎛ SNR ⋅ δq ⎞ 2 . Here,
given by SNR = κe τ meas = 5 which results in a measurement time of τ
=
⎜
⎟
meas
⎝ κ⋅e ⎠
δq

κ

is the fraction of the

electron charge sensed by the SET, which depends on the coupling capacitance between the small carrier collection area
and the SET. Typically this coupling factor can be of the order of up to 10%. For the typical sensitivity of

µe

Hz

we can expect to reach a NSR of 5 for a measurement time of approximately µs.

RF

1e

le+

Figure 9. Two RF-SETs coupled to the same tank circuit in such a way that the signals add if an electron arrives to the left dot
and a hole arrives to the right dot.

In order to reduce the dark count rate for the detector, we aim at developing a differential RF-SET, which will
simultaneously measure both the electron and the hole generated by the photon. This coincidence measurement will
allow us to drastically lower the dark count rate. This can be done using two parallel coupled SETs connected to a
common tank circuit and tuned in anti-phase with respect to the gate voltage as suggested in 18. The circuit is shown in
figure 9. In this scheme, the conductance of SET1 increases when an electron arrives, whereas SET2 is tuned to the
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opposite point on its transfer function so that its conductance increases if a hole arrives. This type of differential
operation of an RF-SET has recently been demonstrated at JPL 19.
So far, most metallic SETs are fabricated on silicon, and as a first step in the development of SETs for these detectors,
we have fabricated a number of SETs on GaAs. A SEM micrograph together with the current voltage characteristics of
one such SET is shown in figure 10. The charging energy of this sample, EC = e2/2CΣ , corresponds to a temperature of
4K. This gives us good hope that we will be able to operate the detector at pumped helium temperatures, ~1.5K.

—1

-2
-3

Vb [mV]
Figure 10. a) A SEM micrograph of a single electron transistor (SET) fabricated on a GaAs substrate. b) The current voltage
characteristics of an SET fabricated on a GaAs substrate. The different traces are taken at different gate voltages,
demonstrating the large modulation of the SET. The data is taken at 300 mK. EC/kB ≈ 4K.

The performance of the RF-SET in the presence of a SAW will be studied and optimized. The SAW may influence the
RF-SET through its electrical field or mechanical displacements. The most obvious problem could be a saturation of the
sensitive RF-SET circuitry by a strong SAW signal. However, the resonant frequency of the RF-SET circuit is not
related to the SAW frequency, and it should be possible to filter out unwanted SAW interference.

5. Conclusions
We have introduced a new approach for discriminating single photon detection, based on the combination of carrier
transport by a SAW and charge detection by SETs. Initial results were presented for a prototype for the detector, where
the photons are absorbed in a microcavity formed by an active layer of GaAs surrounded by two Bragg mirrors and
detected by an electrometer. The sample was grown by molecular beam epitaxy and the detector structures, including
the IDT for SAW generation and the metal guides for carrier transport, were fabricated by optical lithography and wet
chemical etching. Preliminary results for carrier transport using optical (spatially resolved photoluminescence) and
electrical techniques show the acoustic transport of photo generated electrons and holes towards the n- and p- type
contacts. The efforts towards the development of SETs on GaAs have also been described. Here, we have shown the
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feasibility of single charge detection at temperatures of up to 1.5~K. In the future, the SETs will be integrated into the
detector prototype to allow for detection sensitivity down to the single photon level.
We thank M. Höricke for the deposition of the MBE layer as well as W. Seidel, E. Wiebick, and H. Kostial for the
assistance in the fabrication of the detector structures. This work is supported by the “ACDET II" project within the
European Union.
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