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Figure 11.2: 2D plots of the detection efficiency. (a), for single photons (λ=532 nm,

I/Ic =0.8). The white area corresponds to missing data (b), for single electrons (bias

current I/Ic=0.35, electron energy Ee=30 keV). (c), same map as (b) with I/Ic=0.85

and Ee=20 keV. (d) Zoom of figure c for a 1 × 1 μm2 area. A square shown in (c)

indicates the relative scale and orientation of (d).
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tron detection efficiency maps with NbN wires of 500 and 1000 nm widths [147].

However, the present NbTiN detector covers a larger area and offers a better

efficiency with fewer inhomogeneities.

In both figures 11.2b-c, one observes sharper details than in fig. 11.2a. This

is expected as electron microscopy has a much better spatial resolution than

optical microscopy. In order to evaluate our resolution, we present in figure 11.2d

a 1×1 μm2 image of the detection efficiency taken in the conditions of fig. 11.2c.

The plot directions make an angle of 60o with respect to the wire direction. It

reveals the inner structure of the detector via a small modulation of the detection

efficiency (0.05 modulation, compared to an average efficiency of 0.85). The

period of the modulation corresponds to the pitch of the meander structure. In

order to estimate over which typical distance a single nanowire can detect, we

fit a cross-section of figure 11.2d with a set of gaussians centered on the wire

centers. It gives a characteristic width of 220 nm (FWHM), of the same order as

the wire size and inter-wire separation. This makes it very difficult to deconvolute

the intrinsic resolution of our instrument from the detector profile. Nevertheless

it allows us to claim that it is of the order of 100 nm. We also observed that

for electron energies Ee ≤ 10 keV, the resolution is degraded (to about 850 nm

FWHM) and one can no longer distinguish individual wires. We attribute this

loss of performance to charging effects on the substrate which degrade the SEM

resolution.

Figure 11.3a summarizes our results for η as a function of I/Ic and Ee. For

Ee ≥ 10 keV, η increases with I/Ic until it reaches a plateau for values larger than

0.4. Moreover, the plateau value decreases with increasing electron energy. Our

results suggest that the characteristic size of the normal region created by the

electron as it impinges on the detector does not depend much on Ee. This fact

is in good agreement with previous studies that showed that the mean electron

energy loss ΔEe is of the order or 100 eV for the impinging electron energy

range we have explored [150]. Moreover, one has ΔEe = S × λin, where λin
is the inelastic mean free path of the electron and S is the stopping power of

the material, which is well described by the Bethe formula [151] or empirical

variations of the latter [152, 150]. To a first approximation S = f(Ee)/Ee and

λin = g(Ee)×Ee where f and g are slowly varying functions. As a consequence,

the first inelastic collision in the detector happens deeper for high energy electrons

and is less likely to trigger a transition of the nanowire, explaining the decrease

of η with increasing Ee. The low efficiency at Ee = 5 keV (60%) is not consistent

with this model. We think it arises from charging effects at the detector surface

that are also responsible for the degradation of the resolution of the 2D-plots at

this energy.
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Figure 11.3: (a) Electron detection efficiency for different values of bias current and

electron energy. The beam position is fixed and close to the center of the active area.

(b) Cross-section of the detection efficiency map of fig. 11.2c (log scale). The fall of

detectivity at the edge of the active area is fitted by a double gaussian (dotted blue

lines: individual gaussians, solid red line: sum) with characteristic lengths l1 = 330 nm

and l2 = 1450 nm respectively. (c) Plot of l2 as a function of the electron energy Ee.

At high energy (≥ 10 kV), it is in good agreement with Monte-Carlo simulations of the

mean radius of exit for backscattered electrons [149].
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Evidence of the detection of backscattered electrons is provided by the cross-

section of the efficiency map of fig. 11.2c, presented in figure 11.3b. We observe

shoulders for the detection efficiency signal at the border of the detector, proving

that it is still possible to detect electrons impinging at distances larger than the

SEM resolution. A double gaussian fit at the edge for different cross-sections, both

horizontal and vertical, gives two average characteristic lengths l1 = 330(40) nm

and l2 = 1760(230) nm, with a ratio in amplitude around 80:20. We attribute

the first length to the intrinsic resolution of our apparatus. It is convoluted

here with the finite step size of the SEM beam for this experiment (200 nm). We

attribute the second length scale to the detection of backscattered electrons. This

distance is consistent with Monte-Carlo simulations of the electron trajectories

that predict a mean distance between the entry and exit points of lMC = 1320 nm.

This distance depends strongly on the energy of the incident electron. We present

in figure 11.3c a comparison of l2 and lMC for different values of Ee. At low energy,

the distance lMC is of the order of or lower than the apparatus resolution degraded

to 500 nm. We only observe a single gaussian. At larger energies, above 10 keV,

the agreement between experiment and simulation is very good.

11.1.4 Conclusions

In conclusion, we have operated a fast and efficient single electron counter us-

ing a superconducting nanowire. We show an efficiency close to unity. Its low

noise, short dead time and high timing accuracy makes this device interesting in

situations where a cryogenic environment is available. Optimizing further these

devices for the specific purpose of electron detection can certainly improve fu-

ture performances. For example, a thin conducting layer on top of the nanowire

can reduce the charging effect and improve the efficiency for low energy elec-

trons (≤ 5 keV). For high energy electrons, increasing the superconducting layer

thickness will improve the performances. Fabricating the devices over a thin

membrane would avoid backscattering. Arrays of such devices, could provide

an imaging system for electrons with a time resolution below 60 ps [47] and a

pixel size below 10 μm. Those figures could significantly improve the technologies

presently used for example in ultrafast electron microscopy [153].
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Chapter 12

Conclusions, future directions and

applications

As mentioned in the introduction, the following requirements for a (single) photon

detector are important:

1. Efficient over a large wavelength range, independent of polarization

2. Low noise

3. Short dead time

4. Low timing jitter

5. Photon number resolution

6. Large array

In this section I will summarize the current status as described in part 1 of this

thesis and what can be done to improve this.

(1) We have fabricated NbTiN on an oxidized silicon substrate. It shows a

peak efficiency of 34 % at a wavelength λ = 1200 and in this thesis sensitivity

over a large wavelength range, from λ = 700 nm to λ = 1700, is presented.

We have also measured single photon sensitivity at shorter wavelengths (with

light emitting diodes, at λ=285, 365 and 405 nm). This is illustrated in figure

12.1. Steps have been taken to increase the efficiency further. The most limiting

factor is the absorption efficiency, calculations have shown that NbTiN on DBRs

have twice the absorption efficiency with respect to NbTiN on oxidized silicon.

However the first devices showed low efficiencies, below 1%. Constrictions in

the wire have been identified as the source for the low efficiency. Improving the

smoothness of the dielectric layers would probably solve the issue of constrictions

and higher efficiencies are expected. The intrinsic efficiency of NbTiN is clearly

135
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Figure 12.1: UV sensitivity of SSPDs. It is measured using light emitting diodes at

the given wavelength. The dark count rate during this measurement was ∼ 500 cps.

As the illumination was free space a precise efficiency is hard to calculate, but is close

to an expected value of 10%. A linear fit clearly demonstrates single photon efficiency.

dropping for wavelengths larger than 1000 nm. We have used another material

(NbSi) to improve this effect. We expect larger hot spots in a NbSi nanowire

than those in NbTiN, because the superconducting gap energy is smaller, and

thus more Cooper pairs are broken when a photon is absorbed. We report a

relative increase in efficiency for longer wavelengths, optimizing the geometry is

needed to fully make use of this approach. As photons can be used to transfer

information, which is often encoded in the polarization state of light[15], so it is

inconvenient if the detection process is polarization dependent. We have shown

that a spiral geometry removes the polarization dependence of SSPDs. We have

also taken steps to improve the technique of fiber coupling. A fiber coupled device

greatly improves the user friendliness, opening a wide range of applications (see

next section).

(2) SSPDs made of NbTiN on oxidized silicon show a very low intrinsic dark

count rate, especially when it is cooled down to temperatures below 4 K. In the

literature sources of this intrinsic dark count rate have been identified. Further

investigation is needed to use this knowledge to decrease the intrinsic dark count

rate.

(3) We have shown that the dead time of SSPDs is approximately 10 ns. It is

dependent on the kinetic inductance of the wire and the impedance in the circuit.
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Following [26] we have confirmed by fabricating shorter wires that decreasing the

kinetic inductance shortens the dead time. When the dead time is decreased

further it will at some point be limited by thermal time scales (cooling time

∼100 ps). It is however expected that before this limit is reached by reducing the

electrical dead time (kinetic inductance, impedance of the readout circuit) the

resistive spot after absorption will become stable and the device will latch [24].

Until this issue is resolved dead time of SSPDs will be limited to a few ns.

(4) During this thesis work we took steps to decrease the timing jitter related

to components in our setup. We have taken the timing jitter down to 60 ps.

(5) We have tried to resolve photon number by increasing the input impedance

of the amplifier as suggested in Ref. [85]. We measured the voltage pulse height

as a function of the number of photons absorbed in the device. We did not find

a convincing correlation between the pulse height and photon number. Recent

literature [77] suggests that with this method it is not possible to resolve the

photon number because if two hotspots are formed simultaneously at different

locations along the nanowire, the total energy dissipated in both hotspots will

result in a combined resistance of the two hotspots that is approximately equal

to the resistance of an individual hotspot.

(6) We have shown a preliminary proof of principle to extend a single pixel

detector to a multi pixel device without the need for a complete readout circuit

per pixel. Connecting different pixels in serial and parallel offers two approaches

which could preserve high count rates, provide spatial information and maintain

the same complexity for readout interfaces as is the case for a single or at most

two SSPDs. The experimental results for arrays based on our methods, confirm

the potentials of SSPD arrays for imaging. As the only limit on the length of

transmission lines in series structures is set by uncertainty in the time delay

between pulses, reducing the timing jitter will enable shorter transmission lines,

with the ultimate limit of no transmission line. Another approach is capacitive

readout, which also relaxes the need for large bandwidth amplification.

Implementation in different experiments (part 2 of this thesis) has shown

that SSPDs are indeed useful devices for research laboratories. In table 12.1

a comparison to other single photon detectors is made. It can be seen that

for applications in the (near) infrared, superconducting detectors are the best

option, because the InGaAs APD has a low efficiency, high dark count rate and

a long deadtime. Comparing TES with an SSPD it is noted that although the

TES has a high efficiency, SSPDs are easier in use, and have much better timing

properties. In the visible range of the spectrum the Si APD has a higher efficiency,

however, SSPDs can still be preferred when timing properties are important for

the application.
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Detector Operating Operating QE DCR Deadtime Timing

wavelength T jitter

Si APD 400-1100 nm Room 90% 1·103 100 ns 500 ps

InGaAs APD 800-1700 nm Room 10% 1·105 100 ns 500 ps

TES 300 nm- 10 μm 100- 99% 1·105 100 ns - 100 ns

300 mK 10 μs 100 ns

SSPD 300 nm- 10 μm 4 K 30% 1·102 10 ns 60 ps

Table 12.1: Detector comparison.
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12.1 Applications

Quantum cryptography

Cryptography is already used since ancient times to transfer messages in a secure

way from a sender (conventionally called ’Alice’) to a receiver (’Bob’) without

anyone else (’Eve’) to read the message. One of the first examples is the use of

transposition ciphers, which rearrange the order of letters in a message. Of course

one needs a key to de-rearrange the order or decipher the message. It is shown

that for total security, a key as long as the text is needed for encryption. There-

fore, a common used method to generate a key is based on the factorization of

two numbers, leading to a public key and a private key (i.e. the RSA algorithm).

To break the key, computer power which grows exponentially wit the length of

the key, is needed, so it is relatively easy to get the required security. How-

ever, things changed with technology proposals based on quantum mechanics. In

principle, a quantum computer can use Shor‘s algorithm to factorize numbers,

and the amount of quantum computer power required only grows linearly with

the length of the key. In addition, the idea of quantum cryptography is intro-

duced, a method which allows Alice and Bob to determine whether the channel is

eavesdropped. One needs a channel through which quantum information can be

sent. Quantum information for transport over long distances is most conveniently

coded in single photons, so single photon sources and single photon detectors are

required. In theory this method is 100% reliable, but sets requirements on the

technology which can (and for some will) not be reached. For example, a channel

without loss will not exist: this requires error correction, giving Eve the oppor-

tunity to stay hidden. In depth reviews of quantum cryptography can be found

in [15, 154, 155]. Here I will describe what requirements can be set for single

photon detectors. The non perfectness of single photon detectors lie in limited

efficiency, dark counts and dead time.

These limitations impose bounds on the secret key rate. Limited efficiency

causes losses and the rate cannot scale with the distance better than the trans-

mittivity of the line and on the achievable distance where losses are so large that

the signal is lost in spurious events, the ’dark counts’. The dead time also limits

the rate. A bound on the dark count rate can be derived as follows: the detection

rates must be written as

Rn = Rn,p +Rn,d (12.1)

where Rn,p is the contribution of detections and Rn,d is the dark count rate.

There are two differently contributing error mechanisms. The errors on the line

are introduced only on the photon contribution, while the dark counts always
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give an error rate of approximately 1/2. If the error rate per bit exceeds 1/4,

there is no way to create a secure key. With such an allowed error rate simple

intercept-measure- resend attack causes Bob and Eve to share (approximately)

half of Alices bits and to know nothing about the other half; hence, Bob does not

possess information that is unavailable to Eve, and no secret key can be distilled.

From 12.1 it follows that

Rn,p > Rn,pd (12.2)

and with non perfect transmission efficiency this constraint becomes: Ncr >

2Ndc/η with Ncr the measured count rate, Ndc the dark count rate per detector

and η the efficiency.

Furthermore, double clicks in detection devices, resulting from dark counts,

cannot be simply ignored, as this would open up a security loophole. A simple at-

tack exploiting this loophole goes as follows: Eve intercepts the photon, measures

the polarization state and resends a pulse containing a large number of photons

in the detected polarization. If Bob measures in the same basis as Eve, he will

receive a single detector click, about which Eve has full information. If Bob

measures in a different basis, he will almost always receive double clicks, which

he discards. Therefore Eve has perfect information about all signals retained by

Eve, allowing her to break the QKD scheme.

In summary, the higher the efficiency and the lower the dark count rate, the

better security over larger distance can be obtained. In 2007 a quantum key

distribution experiment with a 42 dB channel loss using SSPDs was performed,

succeeding in a record distance of 200 km.

Loophole free Bell experiment

The Bell inequality experiment[156] is at the heart of quantum mechanics. This

experiment was performed for the first time with photons emitted from a laser

by Aspect et al. [157]. However, so far all reported Bell experiments suffer from

so-called ”loopholes”, imperfectnesses in the experiments, which could be used

to explain the results with a local realistic theory.

The two main loopholes are: locality loophole and detection loophole. The

locality loophole occurs when the distance between the local measurements is

too small to prevent communication between one observers measurement choice

and the result of the other observers measurement. In other words the detectors

should be separated in space more than light can travel within the measurement

time. A promising candidate for closing the locality loophole are optical photons,

where good polarization analyzers exist and spacelike separation can be achieved.
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In fact, the locality loophole has been closed by Weihs et al. [158]. However,

thus far, all Bell experiments with photons suffer from the detection loophole

[159]. The imperfect efficiency of photodetectors makes the results of all these

experiments compatible with local realistic models. It turns out that the efficiency

needed for ruling out a local realistic explanation is dependent on the dark count

rate: for ∼ 1% dark counts, the efficiency needed is 83 % and for a very low dark

count rate 69 %. [160] Massive particles (i.e. ions) are much easier to detect,

efficiencies can be close to 100%, so in this system the detection loophole has

been closed [161], however they are extremely difficult to separate, so in this

experiment the requirements for the locality loophole are not met. Given the low

dark count rate and short dead time of SSPDs, they are a good candidate to use

in a loophole free Bell experiment, provided that an (overall) efficiency will be

reached of 69 %.

Quantum computation

In 2001 a paper published by Knill, Laflamme, Milburn showed that quantum

computation was possible with single photons as quantum bits and linear opti-

cal elements, such as polarizers, waveplates [6]. Quantum computing with linear

quantum optics, has the advantage that the proposed quantum bits (the photon)

are potentially free from decoherence: The quantum information stored in a pho-

ton tends to stay there. This same fact introduces the difficulty that photons do

not naturally interact with each other, and in order to apply two-qubit quantum

gates such interactions are essential. Cross-Kerr nonlinearities can be used to

induce a single-photon controlled-NOT operation. However, naturally occurring

nonlinearities are many orders of magnitude smaller than what is needed for the

purpose of quantum computation.

An alternative way to induce an effective interaction between photons is to

make projective measurements with photo-detectors. Knill, Laflamme, and Mil-

burn constructed a protocol in which probabilistic two-photon gates are tele-

ported into a quantum circuit with high probability. Subsequent error correction

in the quantum circuit is used to bring the error rate down to fault-tolerant levels.

Initially, the KLM protocol was designed as a proof that linear optics and projec-

tive measurements allow for scalable quantum computing in principle. However,

new experiments in quantum optics, demonstrating the operation of high-fidelity

probabilistic two-photon gates, followed. As pointed out in [105] two photon gates

based on projective measurements are probabilistic, meaning that a percentage

of the operations fail, which could lead to an exponential need for resources.

However the KLM gate provided a success rate which could be made higher than
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50%, so the resources time can be scaled linearly with the number of gates. The

only element which was needed, and to date is unavailable, is a high efficiency

photon number resolving detector. Photon number resolving is needed because

the exact number of photons in a mode has to be known. This also means that

the efficiency has to be high because otherwise the number of photons detected

is less than the actual number. In the original paper efficiencies close to 100 %

are needed for the implementation, with error correction this requirement has

become less severe.

Medical imaging

Medical imaging refers to observation of (parts of) the human body. Nowadays

techniques are Röntgen photographs, CT scans and magnetic resonance imaging

(MRI). These techniques all have their disadavantages and imaging based on

(visible) light would be more convenient. Although the human body is absorptive

and scattering, it is slightly transparent. For example fast bursts of optical energy

(laser pulses) are either randomly scattered (losing their coherence) or absorbed

as they travel through a media, however, across short distances, a few photons

keep their coherence and pass through in straight lines without being scattered.

These coherent photons are commonly referred to as ballistic photons. As SSPDs

are sensitive to low light levels, they are a potential candidate for this application.

Imaging techniques cannot rely on a single pixel detector, although the object

can be scanned by scanning the laser, faster operation and a higher resolution

is achieved with a detector array. In this thesis steps have been taken towards

an array of superconducting single photon detectors. This has to be developed

further to fabricate a real device.
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Summary

Superconducting single photon detectors

Superconducting single photon detectors (SSPDs) are sensitive, fast and low

noise single photon detectors. They consist of a long superconducting wire and

the operation principle is based on the formation of a normal state after ab-

sorption of a single photon. The work in this thesis has been focused on: (1)

Improving the properties of SSPDs (2) Implementation in experiments.

In 2001 researchers at the Moscow State Pedagogical University showed that

a (part of a) strip of superconducting material turns into the normal state af-

ter absorption of light. By running current through the wire they could extract

voltage pulses. They showed that the frequency of voltage pulses scales linearly

with the intensity of the light absorbed a clear signature of single photon detec-

tion. They also showed that the dead time, the time it takes before a second

photon can be detected, is low compared to existing single photon detectors (i.e.

InAs Avalanche Photodiodes). This promising proof of principle was the starting

point of this thesis. The aim of this work was to improve the properties such that

the SSPD is competitive with existing technologies and to demonstrate that the

detector indeed meets requirements for implementation in experiments.

The key requirement for implementation in experiments is a high system de-

tection efficiency. System detection efficiency (SDE) means the chance that a

photon is detected after entering the system of a detector (usually an optical

fiber), i.e. the SDE consists of the coupling efficiency between the optical fiber

and the active area of the SSPD, the chance of absorption and the intrinsic ef-

ficiency. At the time the work of this thesis started, the SDE was low (<1%),

because the active area was too small and coupling to a fiber was not demon-

strated. In addition, the absorption efficiency could be improved and also for

longer wavelengths the intrinsic efficiency dropped severely. Furthermore, in opti-

cal experiments information is often coded in the polarization state of the photon.

The absorption efficiency in a long meandering wire is polarization dependent,

which is inconvenient for this type of experiments.

In this thesis we have shown that it is possible to fabricate SSPDs made of
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NbTiN on a silicon substrate (chapter 3), with an active area of 12x12 μm. The

large active area enabled coupling to an optical fiber. We have demonstrated

two techniques: (1) mechanical coupling (chapter 4, 8 and 9), (2) coupling by

an optical fiber sleeve, enabled by the silicon substrate (chapter 3). In addition

we have demonstrated that a silicon dioxide/silicon interface acts as a reflector,

improving the absorption efficiency and we have taken steps to improve the ab-

sorption efficiency towards unity by fabricating the SSPD on a distributed Bragg

reflector (chapter 4). The geometry of a straight wire has been adjusted such

that the absorption efficiency has become polarization independent (chapter 5).

We have also fabricated an SSPD from a low superconducting gap material, to

increase the intrinsic efficiency in the infrared (chapter 6).

During the course of this thesis, work has also been performed on the read

out of SSPDs. This has been motivated by the fact that the SSPD has to be read

out by large bandwidth amplifiers. Scaling a single SSPD to an array requires

a different read-out approach. We report (chapter 7.1) experimental results of

two multiplexing methods (series and parallel) and their combination for multi-

pixel single photon detection. The first method offers simultaneous readout of

all pixels resulting in higher count rates, whereas the second provides efficient

implementation for larger arrays. A larger number of detectors was implemented

within a matrix by combining both types of arrays inheriting all the advantages.

In all cases the readout circuitry complexity was significantly decreased. Another

approach to scale to large arrays is to couple the SSPD to a capacitor, equivalent

to the well known CCD chips (chapter 7.2). A capacitor keeps the created voltage

for a longer time, relaxing the need for a high bandwidth amplifier. By gating

the detector, the reduced timing resolution can be regained. Additionaly, gating

allows filtering of scattered light in time. For the sake of directly measuring the

resistance of the hotspot the SSPD was read out with a high-electron-mobility

transistor (HEMT) (chapter 7.3). If the input impedance of the amplifier is higher

than the resistance of the hotspot (Rhs), the pulse amplitude is proportional to

Rhs. We utilize an in-situ HEMT to increase the input impedance and are able

to distinguish between photon and dark counts, however no clear correlation

between photon number and output pulse amplitude has been found.

In the second part of this thesis experiments with SSPDs are described. A

typical quantum optics experiment is antibunching of photons emitted from a

singe photon emitter. It is also the ultimate proof that SSPDs are single photon

detectors. This experiment is described in chapter 8. As single photon emitters

a single InAsP quantum dot embedded in a standing InP nanowire is used. A

regular array of nanowires was fabricated by epitaxial growth on an electron-

beam patterned substrate. Photoluminescence spectra taken on single quantum
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dots show narrow emission lines around 1.2 μm. SSPDs enable us to measure the

second order correlation function as well as cross correlations. Clear antibunching

is observed (g(2)(0) = 0.12). Furthermore we have identified a biexciton-exciton

cascade and two excitonic charge states.

The antibunching as described in chapter 8 is typically demonstrated with a

Hanbury-Brown-Twiss setup where incoming light is split by a beam splitter and

sent to two detectors resulting in anticorrelation of detected events. In a purely

classical interpretation of this effect, photons are regarded as indivisible particles.

However, this interpretation evokes the false impression that a beam splitter is

necessary to prove non-classicality of light. In chapter 9 we demonstrate single

photon statistics measurements from a quantum emitter with only one detector.

The SSPD has a dead time shorter than the coherence time of a colour center

in diamond. No beam splitter is employed, yet anticorrelations are observed,

enforcing a quantum mechanical interpretation.

Another implementation of SSPDs consists of the detection of single surface

plasmon polaritons (chapter 10). Surface plasmon polaritons (plasmons) have the

potential to interface electronic and optical devices. They can prove extremely

useful for integrated quantum information processing. Here we demonstrate on-

chip electrical detection of single plasmons propagating along gold waveguides.

The plasmons are excited using the single-photon emission of an optically emit-

ting quantum dot. After propagating for several micrometers, the plasmons are

coupled to a superconducting detector in the near-field. Correlation measure-

ments prove that single plasmons are being detected.

Finally (chapter 11) we have shown that SSPDs also detect single electrons

with keV energy emitted from the cathode of a scanning electron microscope

with an efficiency approaching unity. The electron and photon detection effi-

ciency map of the same device are in good agreement. We also observe detection

events outside the active area of the device, which we attribute to sensitivity to

backscattered electrons.
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Samenvatting

Supergeleidende enkele photon detectoren

Supergeleidende enkele foton detectoren (SSPDs) zijn gevoelige, snelle, enkele

foton detectoren met weinig ruis. Ze bestaan uit een lange supergeleidende draad

en de werking is gebaseerd op de formatie van een normale toestand na het

absorberen van een enkel foton. Het werk in dit proefschrift focust zich op (1)

Verbeteren van de detectoren (2) Implemetatie in experimenten.

In 2001 onderzoekers aan de Moscow State Pedagogical University lieten zien

dat (een deel van) een strip supergeleidend materiaal verandert in de normale toe-

stand na het absorberen van licht. Door het sturen van stroom door de draden

konden ze voltage pulsen verkrijgen. Ze lieten zien dat de frequentie van de

voltage pulsen lineair schaalt met de intensiteit van het licht, een duidelijk sig-

naal voor enkele foton detectie. Ze lieten ook zien dat de dode tijd, de tijd

nodig voordat een tweede foton kan worden gedetecteerd, is kort vergeleken met

bestaande enkele photon detectoren (d.w.z. InAs Avalanche Photodiodes). Dit

veelbelovende proof of principle experiment was het startpunt voor dit proef-

schrift. Het doel van het werk was het verbeteren van de SSPDs zodanig dat ze

kunnen worden gemplementeerd in experimenten.

De belangrijkste voorwaarde voor implementatie in experimenten is een hoge

systeem detectie efficintie (SDE), de kans dat een foton wordt gedetecteerd na

het binnenkomen van het detectie systeem (meestal via een optische fiber). De

SDE bestaat uit de koppelingsefficintie tussen de optische fiber en het gevoelige

deel van de SSPD, de kans op absorptie en de intrinsieke detectie efficintie. Aan

het begin van dit proefschrift de SDE was laag, omdat het gevoelige deel te

klein was, en koppeling met een optische fiber was nog niet gedemonstreerd.

Verder kon de absorptie efficintie worden verbeterd en ook de intrinsieke efficintie

voor lange golflengtes was laag. Verder, in optische experimenten informatie

is vaak gecodeerd in de polarisatie van het foton. De absorptie efficintie in a

lange meanderende draad is polarisatie afhankelijk, wat onhandig is voor dit

type experimenten.

In dit proefschrift hebben we laten zien dat het mogelijk is om SSPDs te
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fabriceren van NbTiN op een silicium substraat (hoofdstuk 3) met een gevoelig

oppervlak van 12x12 μm. Het grote gevoelige oppervlak maakt koppeling met een

optische fiber mogelijk. We hebben twee technieken laten zien: (1) mechanische

koppeling (hoofdstuk 4,8 en 9), (2) koppeling door een optische fiber sleeve,

mogelijk gemaakt door het silicium substraat (hoofdstuk 3). Verder hebben we

laten zien dat het silicium dioxide/silicium oppervlak zich gedraagt als een spiegel,

wat de absorptie efficintie verbetert en we geprobeerd om de absorptie efficientie

verder te verhogen door de SSPD te fabriceren op een distributed Bragg reflector

(hoofdstuk 4). De geometrie van een rechte draad is zodanig aangepast dat

de absorptie efficintie polarisatie onafhankelijk is geworden. (hoofdstuk 5) We

hebben ook een SSPD gefabriceerd met een lage supergeleidende gap, om de

efficintie voor langere golflengtes te verhogen. (hoofdstuk 6)

We hebben ook gewerkt aan verschillende uitlees schema‘s voor SSPDs. Dit

is gemotiveerd door het feit dat de SSPDs uit moeten worden gelezen door ver-

sterkers met een grote bandbreedte. Het opschalen van een enkele SSPDs naar

een matrix van SSPDs vereist een andere uitlees benadering. We rapporteren

(hoofdstuk 7.1) experimentele resultaten voor twee multiplex methodes (serie en

parallel) en de combinatie voor multi-pixel SSPDs. De eerste methode geeft geli-

jktijdige uitlezing van alle pixels, resulterend in hogere tel frequenties en de tweede

methode geeft efficinte implementatie voor grote matrices. Een aantal detectoren

zijn gemplementeerd in een matrix door het combineren van beide methodes,

wat de voordelen van beide oplevert. In alle gevallen was de complexiteit van het

uitlees circuit verminderd. Een ander benadering voor het opschalen naar grote

matrices is het koppelen van een detector aan een condensator, equivalent aan

CCD chips (hoofdstuk 7.2). De condensator houdt het gecreerde voltage langer

vast, waardoor het uitlezen van meerdere detectoren makkelijker wordt. Door het

gaten van de detector de gereduceerde tijdsresolutie kan worden teruggekregen.

Voor het meten van de hoogte van de voltage puls een high electron mobility

transistor (HEMT) is gemplementeerd. (hoofdstuk 7.3) Als de load weerstand

groter is dan de weerstand van de detector na foton absorptie hangt de hoogte

van de puls af van deze weerstand. Een HEMT is gebruikt om de load weerstand

te verhogen en we kunnen dark detecties van foton detecties onderscheiden, maar

er is geen correlatie gevonden tussen pulse hoogte en het aantal fotonen.

In het tweede deel van het proefschrift experimenten met SSPDs zijn beschreven.

Een typisch quantum optics experiment is antibunching van fotonen uitgezonden

door een enkele foton emitter. Het is ook het ultieme bewijs dat SSPDs enkele

foton detectoren zijn. Als enkel foton emitter wordt een InAsP quantum dot in

een InP nanodraad gebruikt. Een matrix van nanodraden is gefabriceerd door

epitaxiale groei op een door electron-beam beschreven substraat. Photoluminis-
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centie spectra genomen op een enkele quantum dot laten smalle emissie lijnen zijn

rond 1.2 μm. SSPDs maken het mogelijk correlatie functies te meten. Duidelijke

antibunching is geobserveerd (g(2)(0) = 0.12). Verder hebben we een biexciton-

exciton cascade en twee exciton toestanden gedentificeerd.

De antibunching beschreven in hoofdstuk 8 wordt altijd gedemonstreerd met

een Hanbury-Brown-Twiss setup waar inkomend licht wordt gesplitst door een

beam splitter en naar twee foton detectoren verzonden, resulterend in een anticor-

relatie tussen detecties. In een puur klassieke interpretatie van dit effect worden

fotonen beschouwd als ondeelbare deeltjes. Echter, deze interpretatie geeft de

verkeerde impressie dat een beam splitter nodig is voor het bewijzen dat licht

niet klassiek is. In hoofdstuk 9 laten we een enkele photon statistiek meting zien

van een enkel foton emitter met slechts een detector. De SSPD heeft een dode

tijd korter dan de coherentie tijd van een NV centrum in diamant. Geen beam

splitter is gebruikt, toch worden anticorrelaties geobserveerd, wat een kwantum-

mechanische interpretatie geeft.

Een andere implementatie van SSPDs bestaat uit het detecteren van enkele

surface plasmon polaritons (SPPs). SPPs zouden de interface kunnen zijn tussen

elektronische en optische toepassingen. Hier demonstreren we on-chip detectie

van enkele SPPs in een SPP-geleider van goud. De SPPs worden gexciteerd

door enkele fotonen. Na het propageren over enkele micrometers worden ze gede-

tecteerd door een SSPD in het nabije veld. Correlatie metingen bewijzen dat

enkele SPPs worden gedetecteerd. (hoofdstuk 10)

In hoofdstuk 11 hebben we laten zien dat SSPDs ook enkele elektronen kunnen

detecteren, die keV energie hebben en worden uitgezonden door de kathode van

een scanning electron microscoop. De detectie efficintie is vrijwel 100%. De

elektron en foton detectie efficintie uitlezing van dezelfde detector zijn in goede

overeenstemming. We observeren detecties buiten het actieve gedeelte van de

detector, wat we wijten aan de detectie van teruggekaatste elektronen.
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