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The theory of quantum mechanics was developed at the begin-
ning of the twentieth century to better explain the spectra of 
light emitted by atoms. At the time, many people believed that 

physics was almost completely understood, with only a few remaining 
anomalies to be ‘ironed out’. The full theory of quantum mechanics 
emerged as a completely unexpected description of nature at a fun-
damental level. It portrays a world that is fundamentally probabilistic, 
where a single object can be in two places at once — superposition — 
and where two objects in remote locations can be instantaneously 
connected — entanglement. These unusual properties have been 
observed, and quantum mechanics remains the most successful the-
ory ever developed, in terms of the precision of its predictions. Today, 
we are learning how to harness these surprising quantum effects to 
realize profoundly new quantum technologies.

Quantum information science1 has emerged over the past several 
decades to address the question of whether we can gain new function-
ality and power by harnessing quantum mechanical effects through 
storing, processing and transmitting information encoded in inher-
ently quantum mechanical systems. Fortunately, the answer is yes. 
Quantum information is both a fundamental science and a progeni-
tor of new technologies, and already several commercial quantum key 
distribution (QKD) systems are available, offering enhanced security 
by communicating information encoded in quantum systems2. It is 
anticipated that such systems will be extended to quantum commu-
nication networks, providing security based on the laws of quantum 
mechanics. Perhaps the most profound (and distant) anticipated 
future technology is the quantum computer, which promises expo-
nentially faster operation for particular tasks1 such as factorizing, 
searching databases and simulating important quantum systems. 
Quantum metrology3 aims to harness quantum effects in the meas-
urement process to achieve the highest precision allowed by nature, 
and quantum lithography uses quantum states of light to image fea-
tures smaller than the wavelength of light used4.

There are a number of physical systems being investigated for the 
development of these future technologies1, but those involving quan-
tum states of light seem likely to play a central part. Light is a logi-
cal choice for quantum communication, metrology and lithography, 
and is a leading approach to quantum information processing (QIP). 
Photonic quantum technologies have their origin in the fundamen-
tal science of quantum optics, which itself has been a testing ground 
for the ideas of quantum information science. For example, quantum 
entanglement was tested experimentally using photons generated from 
atomic cascades in the 1970s and early 1980s5,6. Later, the nonlinear 
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process of spontaneous parametric down-conversion (SPDC) was 
shown to be a convenient source of pairs of photons7 for such fun-
damental experiments and for generating quantum states of a bright 
laser beam — ‘squeezed states’8. SPDC has been used for many fun-
damental quantum information tasks, including quantum teleporta-
tion9,10. Similarly, the interaction of single photons with single atoms 
in an optical cavity — cavity quantum electrodynamics (QED) — is a 
rich field of fundamental science with major applications in photonic 
quantum technologies11. Although we don’t know exactly what form 
future quantum technologies will take, it seems probable that quan-
tum information will be transmitted in quantum states of light, and 
that some level of information processing will be performed on these 
states. It also seems clear that if we are to realize these technologies we 
will need to constantly exploit the latest developments in the field of 
conventional photonics.

secure communication with photons
Transmission at the speed of light and low-noise properties make pho-
tons extremely valuable for quantum communication — the transfer-
ring of a quantum state from one place to another12. A quantum bit 
(or qubit) of information can be encoded in many different degrees of 
freedom such as polarization, spatial mode and time. Manipulation at 
the single-photon level is usually straightforward; for example, using 
birefringent waveplates in the case of polarization encoding (Fig. 1).

This ability to transfer quantum states between remote locations 
can be used to greatly enhance communication security. Any meas-
urement of a quantum system will disturb it, and we can use this 
fundamental fact to reliably detect the presence of an eavesdropper. 
Several commercially available QKD systems operate on this prin-
ciple2. These QKD systems currently rely on attenuated laser pulses 
rather than single photons — an approach that has been shown to be 
sufficient for ‘point to point’ applications2. However, attenuation of 
these weak laser pulses through transmission in fibres or free space 
currently limits the range of such systems to hundreds of kilometres. 
The advanced state of our modern communication systems owes 
much to the erbium-doped fibre amplifier for its ability to amplify 
optical signals as they propagate over long distances of optical fibre. 
Unfortunately, amplification of a quantum signal is not so straight-
forward because measurement of the quantum state of the signal 
destroys the information (the same disturbance that allows detec-
tion of an eavesdropper). A major challenge is to realize a quantum 
repeater that is able to store quantum information and implement 
entangling measurements. Ultimately, sophisticated quantum 
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networks will probably require nodes that have small-scale versions 
of the quantum information processors described below.

Quantum information processing
The requirements for realizing a quantum computer are conflict-
ing: scalable qubits — two-state quantum systems — must be well 
isolated from the environment, but they must also be initialized, 
measured and controllably interacted to implement a universal 
set of quantum logic gates13. Despite this great challenge, many 
physical implementations are being investigated, including systems 
based on nuclear magnetic resonance, ions, atoms, cavity quan-
tum electrodynamics, and solid-state and superconducting mate-
rials. Over the past few years, single photons have emerged as a 
leading approach14.

A major difficulty for optical QIP is the realization of two-qubit-
entangling logic gates. The canonical example is the controlled-
NOT (CNOT) gate, which flips the state of a target qubit only if the 
control qubit is in the state ‘1’. This is the quantum analogue of the 
classical XOR gate. Figure 2a outlines why this operation is difficult 
for photons. The two optical paths that encode the target qubit are 
combined at a 50%-reflecting beamsplitter, and the output is then 
combined at a second beamsplitter to form a Mach–Zehnder inter-
ferometer. The logical operation of this interferometer by itself is to 
leave the photon unchanged, as the classical interference of the sin-
gle photon in the interferometer results in the target photon exiting 
with the same state it entered with; that is, |0〉 → |0〉; |1〉 → |1〉. If, how-
ever, a π phase shift is applied inside the interferometer (such that 
|0〉 + |1〉 ↔ |0〉 − |1〉) the target qubit undergoes a ‘bit-flip’ or NOT 
operation |0〉 ↔ |1〉. A CNOT gate must therefore implement this 
phase shift if the control photon is in the ‘1’ path. Unfortunately, 
however, no known or predicted nonlinear optical material has a 
nonlinearity strong enough to implement this conditional phase 
shift, although progress has been made with single atoms in high-
finesse optical cavities11,15, and electromagnetically induced trans-
parency has also been considered as a possible scheme16.

In 2001, a surprising breakthrough showed that scalable quan-
tum computing is possible simply by using single-photon sources 
and detectors, and linear optical networks17; that is, an optical non-
linearity is not required. This is known as the KLM scheme after 
its inventors Knill, Laflamme and Milburn, and it uses additional 
auxiliary (or ‘ancilla’) photons that are not part of the computa-
tion but enable a CNOT gate to function (Fig. 2b). The control and 

target qubits, together with two auxiliary photons, enter an optical 
network of beamsplitters — essentially a multipath nested interfer-
ometer — where the paths of the four photons combine and thus 
allow quantum interference to occur (Fig. 2c). The control and tar-
get photons emerge at the output of this network, having had the 
CNOT logic operation applied to their state, conditional on a single 
photon being detected at both detectors. This detection event occurs 
with a probability P < 1 — the rest of the time a different detec-
tion pattern is recorded and the gate fails. The success probability 
of this non-deterministic CNOT gate can be boosted to near-unity 
by harnessing quantum teleportation9,18 — a process whereby the 
unknown state of a qubit can be transferred to another qubit. The 
idea is to teleport the control and target qubits onto the output of a 
non-deterministic gate only after the successful detection event has 
indicated that the gate has succeeded19.

Although this KLM scheme17 was possible in principle, the large 
resource overhead arising from the non-deterministic interactions 
and the difficulty of controlling photons moving at the speed of light 
made a practical implementation daunting. This situation has changed 
over the past several years14, owing to the experimental proof-of-
principle demonstrations of two-20–23 and three-qubit gates24, simple-
error-correcting codes25–27 and small-scale quantum algorithms28,29, 
as well as theoretical schemes that dramatically reduce the consider-
able resource overhead30–33 by applying the previously abstract ideas 
of cluster state (or measurement-based) quantum computing34, and 
their experimental demonstration35,36.

Even with these advances, the resource overhead associated with 
non-deterministic gates remain high. An alternative approach is 
to interact photons deterministically through an atom–cavity sys-
tem11,37,38, which can be configured to implement arbitrary deter-
ministic interactions39,40. There may, however, be a pay-off between 
the resource overhead and the susceptibility to errors. Irrespective 
of which approach is chosen, the realization of multiple high-fidel-
ity deterministic single-photon sources remains a major challenge. 
In the demonstrations described above20–29,35,36, single photons 
were generated by SPDC: a bright ‘pump’ laser is shone into a non-
linear crystal that is aligned such that a single pump-photon can 
spontaneously split into two ‘daughter’ photons while conserving 
momentum and energy. Multiplexing several (waveguide) SPDC 
sources41 could provide an ideal photon source. Alternatively, sin-
gle atom or atom-like emitters such as semiconductor quantum 
dots could be used, and these show potential for emitting a string 
of photons pre-entangled in a cluster state42, as well as for nodes in 
quantum networks, discussed below.

Quantum metrology and lithography
All science and technology is founded on measurement, and improve-
ments in precision have led not only to more detailed knowledge but 
also to new fundamental understanding. The quest to realize increas-
ingly precise measurements raises the question of whether funda-
mental limits exist. Because measurement is a physical process, one 
may expect the laws of physics to enforce such limits. This is indeed 
the case, and it turns out that explicitly quantum mechanical systems 
are required to reach these limits3.

Interferometers have found application in many fields of sci-
ence and technology, from cosmology (gravity-wave detection) 
to nanotechnology (phase-contrast microscopy), because of the 
subwavelength precision they offer for measuring an optical phase 
φ (Fig. 2d). However, the phase sensitivity is limited by statistical 
uncertainty, for finite resources such as energy or number of pho-
tons. It has been shown that using semi-classical probes (coherent 
laser light, for example) limits the sensitivity of Δφ to the standard 
quantum limit (SQL) such that Δφ ∼ 1/√N, where N is the average 
number of photons used43–45. The more fundamental Heisenberg 
limit is attainable with the use of a quantum probe (an entangled 
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Figure 1 | encoding and manipulating a qubit in a single photon.  
a, A qubit — a quantum ‘bit’ of information — can be encoded using the 
horizontal (|H〉) and vertical (|V〉) polarization of a single photon. b, An 
arbitrary state of a qubit can be represented on the Bloch sphere (known 
as the Poincaré sphere in optics). Examples of diagonal (D), anti-diagonal 
(A), right circular (R) and left circular (L) are shown. c, A half-waveplate 
(λ/2) can be used to rotate the qubit’s polarization. d, A polarization-
encoded qubit can be interconverted to a path-encoded qubit through a 
polarizing beamsplitter (PBS).
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state of photons, for example) such that Δφ ∼ 1/N (refs 3,45) — this 
is referred to as quantum metrology.

The Heisenberg limit and the SQL can be illustrated with refer-
ence to Fig. 2d. Here, we use the quantum state |10〉AB to represent a 
single photon in mode A and no photons in mode B. After the first 
beamsplitter, this photon is in a quantum mechanical superposition 
of being in both paths of the interferometer: (|10〉CD + |01〉CD)/√2. 
After the φ phase shift in mode D, this superposition evolves to the 
state (|10〉CD + eiφ|01〉CD)/√2. After recombining at the second beam-
splitter, the probability of detecting the single photon in mode E is 
PE = (1 − sinφ)/2 (which is just classical interference at the single-
photon level). Determination of PE can therefore be used to estimate 
an unknown phase shift φ. If this experiment is repeated N times then 
the uncertainty in this estimate is Δφ ∼ 1/√N — the SQL — arising 
from a Poissonian statistical distribution (the same limit is obtained 
when a bright laser and intensity detectors are used).

If, instead of using photons one at a time, we prepare the maxi-
mally entangled N-photon ‘NOON’ state (|N0〉CD + |0N〉CD)/√2 in the 
interferometer, then this state will evolve to (|N0〉CD + eiNφ|0N〉CD)/√2 
after the φ phase shift. From this state we can estimate the phase 
with an uncertainty of Δφ ∼ 1/N — the Heisenberg limit — which is 
an improvement of 1/√N over the SQL. Beating the SQL is known 
as phase super-sensitivity46,47. Interference experiments using 
two-48, three-46, and four-photon states49,50 have been demonstrated, 
giving rise to a detection probability of P ∝ sin(Nφ). Observation 
of such ‘λ/N’ fringes, with a period N times shorter than a con-
ventional interferometer for light of wavelength λ, is called phase 
super-resolution46. It has been demonstrated, however, that 
phase super-resolution can be observed using only semi-classical 
resources47. Observation of λ/N fringes, therefore, does not guaran-
tee quantum-enhanced phase sensitivity, and so precise accounting 
of resources is required51.

The closely related idea of quantum lithography involves using 
quantum states of light, such as the NOON state, to harness the 
‘reduced de Broglie wavelength’ to lithographically define λ/2N-sized 
features4. Significant challenges include achieving arbitrary two-
dimensional patterns and realizing N-photon-sensitive photoresists. 
For quantum metrology, it is important to consider whether the 
phase to be measured is fixed (but unknown) or time varying, and 
therefore requiring a high-bandwidth measurement. A recent break-
through showed that the requirement of complicated entangled states 
could be replaced by an increased measurement time52, which is use-
ful for the case of a fixed but unknown phase. In contrast, gravity-
wave detection involves measurement of a time-varying phase, which 
can best be addressed by the continuous variable (CV) approaches 
described below.

Quantum technologies with bright laser beams
The same nonlinear crystal used in SPDC can be used to determin-
istically create quantum states of a bright laser beam. The variance in 
the generalized amplitude x and phase p of a light beam are bound by 
the quantum uncertainty relation ΔxΔp ≥ ħ/2. The output of a laser 
has Δx = Δp, whereas a ‘squeezed’ state of light has Δx ≠ Δp. Squeezed 
states are composed of a beam that is a superposition of only even 
number of photons and an entangled two-mode squeezed vacuum. 
Such squeezed states can be used as an alternative to the discrete 
two-level qubit encoding described above. As with single photons, 
quantum entanglement for CV photonic quantum technologies can 
be created in several degrees of freedom of light — the most common 
is amplitude and phase quadratures8, but other methods involve the 
polarization53–55 and spatial modes56.

Continuous variable quantum communication can be regarded 
as the quantum analogue of conventional coherent communica-
tion, where information is encoded in coherent states of light (laser 
light). The essence of CV quantum communication is an ‘optimum 

measurement’, projecting the encoded states onto some entangled 
basis states and so allowing a channel capacity with optimum classi-
cal (conventional) coding57. The realization of this measurement can 
be regarded as QIP, and thus CV quantum communication and QIP 
are inseparable. Furthermore, because the processing must include 
coherent states of light, this measurement is CV QIP. Quantum 
metrology schemes using adaptive homodyne measurement58 have 
also been demonstrated59. This type of ‘quantum feedback and con-
trol’ is becoming a powerful tool for quantum metrology.

The most fundamental component of CV photonic quantum tech-
nology is CV quantum teleportation10,60,61. The fidelity F of CV tel-
eportation is directly determined by the amount of squeezing r of the 
quantum entanglement resource, giving F ≤ (1 + e–2r)–1. Squeezing is 
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Figure 2 | An optical cNoT gate. a, Schematic of a possible realization 
of an optical CNOT gate, which requires the control photon to induce a 
π phase shift on the target photon if the control photon is in the ‘1’ state. 
b, Schematic of the KLM scheme to implement a CNOT gate without 
an optical nonlinearity. The control and target qubits are combined with 
auxiliary (or ‘ancilla’) photons in a linear optical network consisting of 
mirrors and beamsplitters. The CNOT operatation is then applied to the 
control and target qubits, conditional on a single photon being detected 
at each detector. This operation relies on quantum interference at a 
beamsplitter. c, Two photons arriving simultaneously at a beamsplitter 
(left) both leave in the same output mode with certainty, because the 
probability amplitudes of detecting a photon at A and B destructively 
interfere (right). d, A Mach–Zehnder interferometer (left). A single photon 
is incident on the first beamsplitter, after which it is in a superposition 
of both paths of the interferometer. A phase shift ϕ is applied, and the 
probability of the photon leaving in mode E, PE, is dependent only on this 
shift (right). The sensitivity with which the phase shift can be measured is 
related to the gradient of the interference fringe.
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typically quantified by the reduction in noise level of the squeezed 
variable below the unsqueezed shot noise value, and is measured in 
decibels. Achieving strong squeezing is experimentally challenging 
because losses destroy the even-photon nature, and also because an 
infinite level of squeezing is not physically possible as it would require 
an infinite amount of energy (that is, an infinite number of photons). 
In 2006, 7 dB of squeezing was achieved62, beating the longstanding 
record of 6 dB (ref. 63) using periodically poled KTiOPO4 as the non-
linear medium in a subthreshold optical parametric oscillator cavity. 
This was increased to 9 dB through an improvement in phase sta-
bility in the homodyne measurement64. In 2008, 10 dB was achieved 
with a monolithic MgO:LiNbO3 optical parametric oscillator65, which 
corresponds to a teleportation fidelity of 0.91. In actual teleportation 
experiments a fidelity of 0.83 has been achieved66, equivalent to 7 dB 
of effective squeezing.

The advantage of QIP with single-photon qubits is the near-unit 
fidelity of operations; however, the lack of a strong optical nonlin-
earity at the single-photon level means that the success events must 
be selected after the processing (as described above), making this 
method slow. In contrast, the advantage of QIP with CVs is the 
deterministic or unconditional nature of processing, but its major 
disadvantage is the non-unitary fidelity of the processing, owing to 
the fact that achieving an infinite amount of squeezing is impossible. 
Hybridization of qubits and CVs for photonic QIP may therefore be 
desirable for the realization of QIP with unitary fidelity and a high 
success rate.

encoding in ‘schrödinger kittens’
A squeezed vacuum created by SPDC is a superposition of even 
numbers of photons. When either one or two photons are subtracted 
from it, the resulting state is a ‘Schrödinger kitten’ — a superposition 

of coherent states of opposite phase | ±α〉C ≡ |α〉 ± |−α〉, where α ∼ 1 
(ref. 67). These ‘kittens’ are almost orthogonal to each other and can 
therefore be used as logical qubits such that |0〉L = |−α〉C; |1〉L = |+α〉C. 
Because the states | ±α〉C are CV states, this can be regarded as hybrid 
qubit–CV QIP. These Schrödinger kittens have been demonstrated 
in the lab68–70.

Squeezing bandwidth is the most important factor for handling 
these kittens. This is because the avalanche photodiodes typically 
used for the photon subtraction have a much wider bandwidth 
than that of the squeezer, and thus the bandwidth of the kittens is 
the full bandwidth of the squeezer. To handle them, therefore, the 
bandwidth of QIP must be broader than that of the kittens. More 
generally, the bandwidth determines the speed of QIP. Because a 
cavity is typically used to enhance nonlinearities and thus achieve a 
high level of squeezing, the system bandwidth is limited by the cav-
ity bandwidth, which is usually ~100 MHz at most. For broadband 
quantum teleportation and QIP, therefore, a cavity should not be 
used — an alternative is to use a waveguide to enhance the non-
linearity, which has been performed with waveguided, periodically 
poled LiNbO3 (ref. 71). The bandwidth of squeezing and entangle-
ment in this case is only limited by the bandwidth of the phase-
matching condition, which is in principle around 10 THz.

Finally, single photons can be created through single-photon 
subtraction from a weakly squeezed vacuum, or from so-called pho-
ton pairs by removing one of the photons to leave a single remain-
ing photon. Again, to handle single-photon polarization qubits, the 
bandwidth of QIP should be broader than that of the single photons. 
Thus, if the bandwidth is broad enough, polarized-photon qubits 
can be handled in a CV context. This is also the hybridization of 
qubits and CVs, the first step of which was recently demonstrated 
through CV teleportation of Schrödinger kittens created using pho-
ton subtraction72.

Generalized quantum teleportation
The concept of quantum teleportation has been extended to general-
ized quantum teleportation73,74 for both qubit and CV regimes, which 
can be applied to off-line QIP (where the input mode is not directly 
processed). Figure 3a shows pre-existing entanglement between the 
input |ψ〉 and an ancilla, followed by measurement and feed-forward 
(that is, a simple operation based on the measurement results). An 
example is shown in Fig. 3b, in which the ancilla is a specific state 
Û|c〉, where the unitary operation Û is the one we wish to apply to 
the input. The crucial advantage of the scheme is that the difficulty 
of operation is confined to the state preparation of the ancilla, as 
the fidelity of teleportation itself is rather high. Thus, the unitary 
operation does not need to be applied and instead it is enough to 
apply the operator to a particular state |c〉, which is much easier than 
for the case of an arbitrary input. There are two important quantum 
gates that make use of this scheme: a universal squeezer75,76 and a 
cubic phase gate77, in which the ancillae are a squeezed state and a 
cubic phase state, respectively. The universal squeezer76 and a quan-
tum non-demolition entangling gate with the squeezers78 have been 
demonstrated. Here, the quantum non-demolition entangling gate 
is the CV version of a CNOT gate, which is also very important for 
CV QIP.

Another key application of generalized quantum teleportation is 
one-way quantum computation with cluster states, both in the qubit 
and CV regimes34,74 (Fig. 4). The essence of the scheme is ‘general-
ized measurement’, as shown in Fig. 3c. The difference between the 
schemes in Fig. 3b and Fig. 3c is that the ancilla in Fig. 3c is always 
in the state |p = 0〉 (an eigenstate of p̂ with an eigenvalue of zero). 
Measurement in Fig. 3c is generalized as Û†p̂Û, which corresponds to 
projection onto eigenstates of the operator Û†p̂Û.

The scheme of Fig. 3c can be cascaded, as shown in Fig. 4a. In 
this case, a special entangled state of many optical beams can be 
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Figure 3 | Generalized teleportation and its applications. a, Generalized 
quantum teleportation. An input |ψ〉 in the upper mode is ‘teleported’ to 
the lower mode. Here, the gate functions as either a CNOT gate for qubits 
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computation with cluster states. The measurement is generalized as Û†p̂Û.
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prepared, and this is referred to as a cluster state (Fig. 4b). By mak-
ing a measurement on Ûi

†p̂Ûi at each mode (optical beam) accord-
ing to the desired operation and feeding the results forward, the 
desired output state of Û3Û2Û1|ψ〉 can be achieved. Measurements 
on Ûi

†p̂Ûi are therefore analogous to software — the desired outputs 
can be attained simply by changing these measurements. Towards 
this goal, in 2008 an efficient method of generating multimode CV 
cluster states was proposed79. The CV cluster states shown in Fig. 4 
have also been generated experimentally80,81.

photonics for quantum technologies
Our ability to generate, control and detect light has been driven by — 
and now permeates — all fields of human activity from communica-
tion to medicine. Generating, detecting and manipulating quantum 
states of light (including single photons and squeezed states) is more 
challenging than for standard laser beams, but many techniques can 
nevertheless be adapted from the rich field of photonics. There are 
two significant challenges for quantum optical circuits. First is that 
imperfections in the processes used for single-photon generation 
degrade quantum interference of two or more photons. Second is the 
fact that optical nonlinearities are generally very small or negligible at 
the single-photon level, making it difficult to achieve the interaction 
between two photons (as is required for non-trivial two-qubit gates).

The impressive proof-of-principle demonstrations of photonic 
quantum technologies described above have mostly relied on large-
scale optical elements (such as beamsplitters and mirrors) bolted to 
room-sized optical tables, with photons propagating through air. In 
addition, single-photon qubit approaches have relied on unscalable 
single-photon sources and detectors. For both single-photon qubit 
and bright CV approaches there is now the need to develop high-
performance sources, detectors and optical circuits that are ideally 
integrated on a single optical chip. For single-photon approaches it 
is also desirable to realize a strong optical nonlinearity at the single-
photon level, whereas for CV approaches an integrated high-band-
width squeezer is desirable.

These tasks lie at the interface between quantum optics, device 
fabrication and photonics. In this respect, the mature field of phot-
onics has much to offer the relatively young field of optical quantum 
technologies. There are already important examples, including pho-
tonic quantum circuits on a silicon chip82, high-efficiency photon-
number-resolving detectors83, semiconductor-cavity–quantum-dot 
single-photon sources84 and photonic crystal quantum-dot-based 
single-photon nonlinearities85. We now take a brief look at recent 
developments in these areas.

integrated quantum optical circuits
A promising approach to miniaturizing and scaling optical quantum 
circuits is to use an on-chip integrated waveguide, which was devel-
oped primarily for the telecommunications industry but has been 
used for stable time-bin interferometers in QKD demonstrations at 
1,550 nm (refs 86,87). Such an approach promises to improve per-
formance because spatial mode matching, which is crucial for clas-
sical and quantum interference, should be nearly perfect in such an 
architecture. Recently, silica-on-silicon waveguide quantum circuits 
were fabricated and used to achieve quantum logic gates with high 
fidelity82 (Fig. 5a,b).

Integration of controlled phase shifters in integrated interferom-
eters has been used to control single-photon qubit states, manipulate 
multiphoton entangled states of up to four photons and demonstrate 
on-chip quantum metrology88 (Fig. 5c). An integrated quantum opti-
cal circuit consisting of several one- and two-qubit gates was recently 
used to perform a compiled version of Shor’s quantum factoring algo-
rithm on a chip89.

An alternative fabrication technique based on direct laser writing 
has been demonstrated90. It promises rapid prototyping, fabrication 

of high-density three-dimensional devices in material systems 
that do not lend themselves to conventional lithography, and also 
provides great control over the transverse spatial mode, which is 
important for low-loss coupling to sources and detectors. A hybrid 
fabrication approach using direct writing with UV lasers has also 
been demonstrated91. Waveguide squeezers have been used to create 
entangled beams for CV systems71. A number of challenges remain 
to be addressed, including low-loss interfacing with sources, detec-
tors and optical nonlinearities, further miniaturization, fast switch-
ing and reconfigurable circuits (through the electro–optical effect, 
for example).

detectors
A detailed discussion of photodetectors for quantum technologies 
is beyond the scope of this review; here we outline some of the key 
points. Because photodiodes have quantum efficiencies of nearly 
100% for visible and near-infrared wavelengths, balanced homo-
dyne detectors with photodiodes are near-ideal quantum detectors 
for CV systems. It is known, however, that universal quantum com-
putation is impossible using only squeezed states of light, linear 
optics and homodyne detection92. To get the universality of CV 
QIP (and also of qubit QIP), we need a higher-order nonlinearity 
that can be obtained through the measurement-induced nonlin-
earity described above, in which photon counting is essential for 
both CVs77 and qubits. Furthermore, it may be possible to ‘synthe-
size’ a powerful nonlinear measurement using quantum feedback 
and control. One example is the adaptive homodyne measurement 
described above. It seems clear, therefore, that qubit, CV and hybrid 
approaches will all require single-photon detectors. Commercially 
available silicon avalanche photodiodes have an intrinsic quantum 
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efficiency of ~70% at 800 nm but, like photomultiplier tubes, are 
unable to resolve the number of photons in a pulse, which is a key 
requirement of many QIP applications.

Significant progress has been made in the development of 
high-efficiency photon-number-resolving detectors83 based on 
superconducting nanowires, avalanche photodetectors and other 
technologies, but the development of these detectors still remains a 
key nanophotonics challenge.

semiconductor-based single-photon sources
Many quantum technologies, including QKD and photonic-qubit-
based quantum computation and networking93,94, require sources of 
single photons on demand. Ideally, such a source should have a high 
efficiency (that is, a photon should be emitted and collected in each 
excitation cycle), a very small probability of emitting more than one 
photon per pulse (measured by the second-order coherence func-
tion), and should produce indistinguishable photons at its output. 
These three parameters are critical for almost all QIP applications, 
although some QKD protocols such as BB84 do not require indistin-
guishable photons.

The basic idea used to generate single photons on demand is very 
simple: a single quantum emitter (such as a quantum dot, an atom, a 
molecule, a nitrogen vacancy centre in diamond or an impurity in a 
semiconductor) is excited with a pulsed source, after which spectral 
filtering is applied to isolate a single photon with the desired proper-
ties at the output95. For example, an optical or electrical pulse would 
generate carriers — electrons and holes — inside a quantum dot; 
these carriers can occupy only discrete energy levels resulting from 
quantum confinement and the Coulomb interaction in a quantum 
dot. When such carriers recombine, they produce several photons of 
different frequencies, and spectral filtering can be used to isolate a 
single one.

Although multiphoton probability suppression is already small for 
a single, isolated quantum emitter excited using the above methods, 
single-photon efficiency and indistinguishability are poor because 
photons are emitted in random directions in space, and dephasing 
mechanisms are strong. However, both efficiency and indistinguish-
ability can be improved by embedding a quantum emitter into a cav-
ity that has a high Q factor and a small mode volume, enhancing the 
spontaneous emission rate of the emitter relative to its value in bulk 
(or free space) as a result of its coupling to the cavity mode (known as 
the Purcell effect). In this case, the external out-coupling efficiency is 
improved by increasing the fraction of photons coupled to the cavity 
mode that are redirected towards a particular output where they can 
be collected. In addition, as a result of the Purcell effect, the radiative 
lifetime is reduced significantly below the dephasing time, increasing 
the indistinguishability of emitted photons and the possible repeti-
tion rate of the source. This improvement occurs as long as the radia-
tive lifetime is well above the carriers’ relaxation time between the 
higher-order excited states and the first excited state (a ‘jitter time’ of 
the order of 10–30 ps in self-assembled InAs/GaAs quantum dots). 
Through this approach, single photons have been generated with 
high efficiency and indistinguishabilities of up to 81% by optical84 and 
electrical excitation of quantum dots in micropillar cavities96. Such 
incoherent excitation techniques have a maximum indistinguishabil-
ity of the order of 90% by using the Purcell effect to tune the radiative 
lifetime between the jitter and dephasing times. An indistinguishabil-
ity of 90% was recently reported for a single-photon source based on 
resonant optical excitation of a single quantum dot weakly coupled 
to a micropillar cavity97. In this case, the jitter time limitation is over-
come because carrier relaxation from higher order states is bypassed, 
but dephasing still affects the performance of the source.

Achieving perfect indistinguishability necessary for quantum 
computing, however, remains a challenge. To overcome this, cav-
ity quantum electrodynamics (QED) and resonant excitation of 
the strongly coupled quantum-dot–cavity system could be used98. 
The field of solid-state cavity QED has experienced an exponential 
growth in recent years, and it is highly likely that we will see solid-
state single-photon sources with perfect indistinguishability in the 
near future.

strong single-photon nonlinearities on-chip
One of the greatest challenges in photonic QIP is achieving nonlinear 
interaction between two photons, which is needed for non-trivial two-
qubit quantum gates and quantum non-demolition measurements of 
photon number99. This is a result of the fact that optical nonlineari-
ties are very small at the single-photon level. In the past, the largest 
nonlinearities have been realized using single atoms strongly cou-
pled to resonators100,101 and atomic ensembles102. However, the field 
of solid-state cavity QED has recently seen rapid progress, including 
the demonstration of the strong coupling regime in photolumines-
cence103–105 and coherent probing of the strongly coupled quantum-
dot–cavity system106,107. It has also recently been shown that the same 
magnitude of nonlinearity can be achieved in an on-chip configura-
tion with a strongly coupled quantum-dot–nanocavity system108 — 
inside a photonic crystal nanocavity containing a strongly coupled 
quantum dot, one can currently achieve a controlled phase (up to 
π/4) and amplitude (up to 50%) modulation between two modes of 
light at the single-photon level. Finally, photon-induced tunnelling 
and blockade have also been demonstrated in a solid-state system109, 
which makes the solid-state cavity QED systems comparable to their 
counterparts in atomic physics, in terms of the achievable strength 
of interaction110.

Solid-state cavity QED systems offer many advantages over atomic 
cavity QED systems in terms of their scalability, on-chip architec-
ture (Fig. 6), miniaturization, higher speeds resulting from smaller 
mode volumes, and the fact that quantum emitters do not need 
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Figures reproduced with permission from ref. 88, © 2009 NPG.
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to be trapped. Despite these advantages, the inhomogeneous broad-
ening of solid-state emitters and their handling at cryogenic tempera-
tures still pose challenges.

Several solutions to these problems have been proposed, such as 
alignment techniques for photonic crystal resonators to randomly 
distribute self-assembled quantum dots111, the tuning of cavities 
over the whole chip by digital etching112 or gas condensation113, 
local tuning of cavities by photorefractives114 and local tuning of 
quantum dots by temperature115,116 or an electric field117,118. Many 
groups are also working on nitrogen vacancies in diamond to attain 
room-temperature operation119,120, but their coupling to photonic 
structures is challenging and so a strong coupling regime has yet 
to be achieved.

Researchers are also investigating quantum emitters that are com-
patible with telecommunications-wavelength operation, but many of 
these have properties that are inferior when compared with the emit-
ters (quantum dots or nitrogen-vacancy centres) operating at shorter 
wavelengths. For this reason, frequency conversion techniques at 
the single-photon level have been proposed and developed in recent 
years121, including an on-chip demonstration in a periodically polled 
lithium niobate waveguide geometry122.

On the other hand, atomic systems are also moving towards 
chip-scale realizations based on, for example, silica microtoroid 
geometries15. Photonic approaches not only allow for a more com-
pact realization of QIP proposals, but also enable much smaller cavity 
mode volumes and higher coupling strengths between the emitters 
and the cavity field, thus leading to much stronger coupling regimes 
(and thus higher operating speeds) than previously achievable with 
larger scale resonators.

Future outlook
We have just witnessed the birth of the first quantum technology 
based on encoding information in light for QKD. Light seems des-
tined to have a central role in future quantum technologies, including 
in secure networks and QIP. So far, qubit and CV QIP have largely 

been investigated separately — with much progress in each — but 
many hurdles must be overcome before the ultimate goal of universal 
QIP can be achieved. Combining these approaches may allow us to 
take advantage of both regimes, particularly with respect to the power 
of off-line schemes based on quantum teleportation.

As we have seen, approaches to optical quantum technologies 
are beginning to adopt state-of-the-art developments from the field 
of photonics. In the near future we will probably see the develop-
ment of photonic quantum technologies driving the development of 
photonics itself. Many challenges also remain in solid-state photonic 
quantum technologies. As mentioned above, indistinguishable single 
photons on demand have yet to be demonstrated, but as a result of 
the recent breakthroughs in solid-state cavity QED we can expect 
developments in this area in the near future. Furthermore, although 
controlled phase shifts have been demonstrated between two optical 
beams at the single-photon level, to reach a full π phase shift we must 
enhance the cavity QED effects and integrate several of the demon-
strated elements. Finally, for these ‘building-blocks’ to be used in 
functional quantum computers and repeaters, we may also need local 
quantum memory nodes — it is critical, therefore, to combine the 
demonstrated efficient photonic building-blocks with techniques for 
manipulating solid-state qubits.
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