flux amplifier or transducer. Figure 5b illustrates how the pump can
be used to demagnetize a sample". The left-hand frame shows the
flux trapped in our sample after the application and subsequent
removal of H . =40e at 8K (H,=0). An in-plane field,
H, = 350e, was then applied, driving the sample into the vortex
chain state (middle frame). Finally, the in-plane field H), was slowly
removed and, as the JVs were swept out of the sample they dragged
the PVs with them, leaving a demagnetized sample (right-hand
frame).

Magnetic irreversibility in layered superconductors is known to
be suppressed by the application of either a.c.*”” or d.c. in-plane
magnetic fields. The movie images shown in Fig. 5¢ yield insights
into the latter situation, where H, has been increased from 2 Oe at
fixed H, = 35 Oe at 81 K. We find that PVs preferentially penetrate
along the 1D vortex chains (left hand and middle frames), and only
propagate into the inter-chain spaces if the chain density becomes
saturated (right-hand frame) as explained in Fig. 2 legend. It seems
that the PV stack structure induced by the JV currents weakens the
interaction with quenched sample disorder, and the mobility of PVs
along the 1D chains is considerably higher than in the inter-chain
spaces. Magnetization loops measured with the scanning Hall probe
retracted from the sample surface confirm this conclusion, and
reveal a marked suppression of the irreversibility in the presence of
JVs (H, # 0).PV penetration in this regime is known to be limited
by electromagnetic surface barriers'’, which will be slightly lower
where JVs intercept the edges, owing to the superposition of
Meissner and JV currents. Hence PVs preferentially enter at the
sample edges along JVs where surface barriers are lowest, and then
show a much higher mobility along the 1D vortex chains. Ul
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Cavity polaritons, the elementary optical excitations of semicon-
ductor microcavities, may be understood as a superposition of
excitons and cavity photons'. Owing to their composite nature,
these bosonic particles have a distinct optical response, at the
same time very fast and highly nonlinear. Very efficient light
amplification due to polariton—polariton parametric scattering
has recently been reported in semiconductor microcavities at
liquid-helium temperatures®'. Here we demonstrate polariton
parametric amplification up to 120 K in GaAlAs-based microcav-
ities and up to 220 K in CdTe-based microcavities. We show that
the cut-off temperature for the amplification is ultimately deter-
mined by the binding energy of the exciton. A 5-pm-thick planar
microcavity can amplify a weak light pulse more than 5,000 times.
The effective gain coefficient of an equivalent homogeneous
medium would be 10’ cm™. The subpicosecond duration and
high efficiency of the amplification could be exploited for high-
repetition all-optical microscopic switches and amplifiers. 10’
polaritons occupy the same quantum state during the amplifica-
tion, realizing a dynamical condensate of strongly interacting
bosons which can be studied at high temperature.

A semiconductor microcavity is a photonic structure designed to
enhance light—matter interaction. The cavity photons are confined
between two mirrors, and resonantly interact with the excitonic
transition of a two-dimensional semiconductor quantum well
(Fig. 1). In the strong-coupling regime, the normal modes of the
system are the cavity polaritons, which are half-exciton, half-photon
quasiparticles'. The energies of the two polariton modes anticross
when the energy difference between exciton and photon modes is
varied (Fig. 1). The minimum polariton splitting measures the
strength of the coupling. Owing to their excitonic content, polar-
itons are subject to Coulomb interaction and give rise to strong
optical nonlinearities. At the same time, owing to the photon
component, the curve of polariton energy dispersion versus in-
plane wavevector is very steep, meaning that it is quite sensitive to
the excitation angle (Fig. 1). A small number of states can be excited
at a given angle, and quantum degeneracy (more than one polariton
per state) is achieved with relatively low excitation densities. The
bosonic statistics strongly enhances some particular scattering
processes, provided that the density is kept below the critical
value where the bosonic behaviour of excitons breaks down owing
to the appearance of the fermionic nature of electrons and holes,
which make up the excitons'. The scattering from an incoherent
exciton reservoir into polaritons can be stimulated by the occupa-
tion of the final state"” and give rise to a polariton laser'. If, as in
our case, coherent polaritons are injected into the cavity, the
phase-coherent final-state stimulation (termed parametric ampli-
fication) can be much more efficient than in the incoherent
case’™,
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To investigate the coherent regime, polaritons are resonantly
excited by a pump laser pulse on the lower-polariton dispersion
curve® (Fig. 1). The excitation angle is chosen to allow energy and
momentum conservation for the scattering between two polaritons,
one into the lowest-energy state (with in-plane wavevector k = 0)
and the other into a higher-energy state (2E; = E, + Ey; has to be
fulfilled, where E; is the energy of a pump polariton injected with an
in-plane wavevector k). A weak probe beam (the ‘signal’), injected
perpendicular to the cavity (8 = 0), stimulates the scattering into the
lowest-energy state at the bottom of the dispersion curve (k = 0).
This non-degenerate wave-mixing process can also be seen as
optical parametric amplification. The exciton content makes the
polariton—polariton interaction very efficient’, and gains of up to
100 on the probe beam have been reported at liquid-helium
temperatures’. The spontaneous relaxation of a few pump polar-
itons into the lowest-energy state can also trigger parametric
scattering under continuous-wave optical pumping and without
an external probe’ . In order to exploit this nonlinear phenom-
enon in practical devices, one of the challenges is to demonstrate the
polariton parametric process at high temperatures.

We show here that engineering the sample structure in order to
maximize the exciton—photon coupling greatly increases the para-
metric polariton amplification, giving optical gains up to 5,000. The
amplification survives at high temperatures, up to 220 K in the CdTe
microcavity, approaching room temperature and allowing the
design of several possible devices. We find that in the structures

Lower
polariton

4 GaAs QWs

mirror mirror

/| N

——
M2 AlAs cavity

Figure 1 Principle of the pump—probe optical set-up and sample characteristics.

a, Sketch of the polariton energy £ versus the incidence angle 6 of the exciting light. The
corresponding in-plane wavevector k of the excited polariton is given by k = (w/c) Sind,
where w is the light frequency. The parametric polariton—polariton scattering process is
also depicted. b, Angle-resolved pump—probe configuration. ¢, GaAlAs-based sample
structure, with three stacks of four quantum wells (QWSs). The 7-nm-wide GaAs wells are
separated by 3-nm-wide AlAs barriers. The Bragg mirrors consist of alternating

Gag gAlg 2AS/AlIAs N/4 layers. The solid line depicts the qualitative behaviour of the electric
field intensity in the cavity. Another sample was prepared with nine stacks of wells' (36
wells). In the CdTe-based sample, six stacks of four wells each are placed at the six
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we considered, the cut-off temperature of the parametric gain scales
linearly with the binding energy of the exciton.

The polariton splitting in microcavities is proportional to the
square root of the oscillator strength of the excitonic transition, and
can be increased by inserting a large number of quantum wells into
the cavity. Here we consider GaAlAs-based and CdTe-based micro-
cavities grown by molecular-beam epitaxy. The 3N CdTe-based
cavity contains six stacks of four quantum wells, at the antinodes
of the electric field, giving a 25-meV low-temperature polariton
splitting. In the GaAlAs-based microcavities, a few quantum-well
stacks are also placed in the dielectric mirrors (distributed Bragg
reflectors), at positions corresponding to the maxima of light
intensity" (Fig. 1). With this arrangement, the exciton also couples
to the light field penetrating the mirrors, giving large polariton
splittings—15.3 meV (12 quantum wells) and 20 meV (36 wells)—
in spite of the lower excitonic oscillator strength of the GaAlAs-based
structures compared to CdTe-based structures. In all three samples,
the polariton anticrossing is observed up to room temperature.

The pump-probe measurements presented here are taken in
reflection geometry: the sample is illuminated by transform-limited
250-fs-long pulses from a mode-locked Ti:sapphire laser with an 80-
MHz repetition rate. A mechanical goniometer allows us to vary the
pump angle while keeping constant the pump—probe delay; the
weak probe beam hits the sample nearly at normal incidence. To
avoid a non-uniform excitation, the centre of the probe spot on the
sample is spatially selected by a pin-hole.

b Substrate
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antinodes of the electric field inside a 3\ cavity. The 24 5-nm-wide CdTe wells are
separated by 6-nm-wide CdMgg¢Te barriers. Alternating \/4 layers of CdMgg¢Te and
CdMng 05 Te act as cavity mirrors. d, The cavities are wedge-shaped, so that by varying the
position on the sample the cavity energy also varies. By tuning the cavity energy (G) with
respect to the excitonic energy (X, which is instead almost constant), the anticrossing of
the polariton energies is observed. The polariton energies (filled circles) for the GaAlAs
sample are measured from the linear reflectivity spectra, while the exciton and the cavity
energies (open circles) are extracted from the data with a two coupled oscillators model.
LP, lower-polariton energy; UP, upper-polariton energy; Egap, minimum polariton splitting.
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The probe beam is greatly amplified (Fig. 2)—by a factor of up to
5,000 in one of our GaAlAs-based samples, a gain nearly two orders
of magnitude higher than in previous reports®. The strong line
appearing in the gain spectra is narrower than the lower polariton,
and lies between the energy of the unperturbed polariton and that of
the cavity mode. Because the interaction between co-polarized
polaritons (through their excitonic components) turns out to be
repulsive, the whole polariton branch is shifted towards higher
energies, and the gain spectrum peaks on the high-energy tail of the
unperturbed polariton absorption line’. The maximum gain occurs
at the angle corresponding to the inflection point of the dispersion
curve of the lower polariton, where the energy and momentum
conservation for the parametric scattering is most easily satisfied.
The width of the angular resonance depends on the broadness of the
energy distribution of pump polaritons, and is therefore related to
the polariton spectral linewidth. The curve of gain versus pump
power shows a sharp threshold, typical of stimulated scattering.
Close to threshold, the probe gain can be increased by a factor of 10
by increasing the pump power by less than 50%, a highly desirable
feature for an optical switch device.

Using the parameters of the experiment, we calculate that each
probe pulse populates each state with approximately 100 polaritons
(details on how to count the available polariton states are given in
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Figure 2 Main features of parametric gain: high efficiency, spectrally narrow lines,
angular resonance and pump-power threshold. a, Gain spectra for different temperatures
in the GaAlAs-based (12 wells) and CdTe-based samples. When the temperature
increases, the polariton mode gets broader because of the thermal dephasing and
consequently the gain peak gets smoother, broader and less intense. The energy of the
polariton, and consequently that of the parametric gain, varies with temperature, as it
follows the bandgap thermal redshift. The maximum gain occurs when the cavity mode
energy is lower than the exciton energy by about half the polariton splitting. b, Angular
resonance: in the CdTe sample, the maximum gain occurs at a higher angle than in the
GaAlAs sample (the polariton splitting is larger) and the angular resonance is broader
owing to the broader polariton line. ¢, The power dependence of peak gain (the highest
value extracted from the spectra at the resonance angle) shows a threshold and then
saturates at high powers. 4 = 10" photons per cm? per pulse. The temperature is 77 K for
the GaAlAs sample, 150K for the CdTe sample. The threshold is reached at lower
fluences in the GaAlAs sample owing to the lower number of wells inside the cavity and the
smaller excitonic oscillator strength. Inset, the gain (normalized to its maximum value) is
reduced by raising probe power (data are for the CdTe sample at 7= 90K; for other
samples and temperatures, similar behaviour is found).
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ref. 8). The parameters used for this estimate are the probe-beam
angle spread (0.5°) and the probe photon density injected into the
cavity (2x 10° photons per cm? per pulse). When the gain is 5,000,
the light intensity emitted in the probe direction after the para-
metric amplification is 2,500 times that absorbed from the probe:
this is because the gain peak is approximately twice as narrow as the
polariton. The resulting occupancy of the lowest-energy state is of
the order of 10° polaritons per state. Even taking only 20% of the
exciton fraction for each polariton, more than 10,000 excitons are in
the same state. The device thickness along the growth direction is
about 5um, so the amplification would correspond, if directly
expressed as an effective material gain, to an impressive coefficient
of 10" cm™.

The parametric gain in the cavities featuring large polariton
splittings is robust enough to survive up to 125K in the GaAlAs
samples and up to 220K in the CdTe sample (Fig. 3). We note that
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Figure 3 Temperature dependence of parametric gain. a, Peak gain versus temperature
for the different samples. The CdTe cavity is designed to match the exciton energy at high
temperatures; below 77 K, exciton—photon resonance is no longer achieved. The
measurements are taken for the same pump fluence for both GaAlAs samples, but owing
to the greater threshold for the 36-well sample, at low temperatures the gain is lower than
in the 12-well sample (the pump fluence needed to saturate the gain in the 36-well
sample could not be achieved with our laser). b, Cut-off temperatures for the gain in
different materials as a function of the exciton binding energy (lower x axis, filled circles).
The broken line is a linear fit to the data. The inverse logarithmic slope of the last points on
each curve has the same dependence on the binding energy. The vertical dotted lines
mark the typical exciton binding energies in ZnSe- and GaN-based quantum wells. In
contrast, the cut-off temperature seems not to scale with the line broadening owing to the
exciton—phonon coupling (upper x axis, open circles). The phonon broadening at the
cut-off temperature is the product of the number of phonons in the lattice (determined only
by the temperature and the phonon energy, 36 meV in GaAs, 21 meV in CdTe) times the
exciton—phonon coupling coefficient (13.8 meV in GaAs, 15 meV in CdTe).
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the gains of the two GaAlAs samples (one with 12 wells, and one
with 36) show a very similar cut-off temperature, although the two
samples have different polariton splittings. (The cut-off tempera-
ture is defined as the temperature at which the gain falls to 1, the
highest possible operation temperature for the device.) This feature
indicates that beyond a certain point the cut-off temperature does
not rise any more with the polariton splitting, and is limited by
some intrinsic parameter of the material. The CdTe sample, having a
polariton splitting only 25% larger than that of the GaAlAs samples,
sustains the parametric amplification up to almost twice the
temperature. What is very different in the two materials is the
exciton binding energy—that is, the energy separating the quasi-
bosonic bound exciton states from the fermionic continuum of
unbound electron—hole pairs. In the 7-nm-wide GaAs quantum
wells, the exciton binding energy is about 13.5 meV, whereas in the
CdTe wells it is about 25meV. As a check of the binding-energy
dependence, we repeated the experiment on an InGaAs-based
microcavity with a 5-meV exciton binding energy, and found that
it only shows gain up to 50K. The dependence of the cut-off
temperature on the exciton binding energy appears to be linear.
This indicates that the cut-off temperature is related to the dis-
sociation of polaritons or excitons into free carriers. In the linear
regime this process does not significantly alter the optical response,
as the polariton peaks are still well resolved at the cut-off tempera-
ture and the polariton splitting is reduced by only 10% with respect
to the low-temperature value. The presence of fermionic free
carriers has instead a marked effect on the nonlinear regime, as
the parametric amplification critically depends on a limitation on
the occupancy per state and on the degree of coherence of the
polaritons”.

We note that the cut-off temperature scales linearly with the
exciton binding energy in GaAs and CdTe microcavities, whereas it
does not seem to depend on the phonon parameters (Fig. 3). The
optical phonon energy and the matrix element of the exciton—
phonon interaction strongly depend on the material parameters,
and are expected to contribute to the efficiency of thermal dissocia-
tion of polaritons. Further investigations of other structures with
larger exciton binding energies will help to understand the exact
effect of the exciton—phonon interaction on the parametric gain.
Suitable materials for such studies are some II-VI compounds, such
as ZnSe, which have exciton binding energies as high as 40 meV
(ref. 16). Furthermore, the exciton binding energy (in sufficiently
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Figure 4 The probe reflectivity spectrum of the CdTe sample as a function of the pump—
probe delay, showing the ultrafast dynamics of the parametric gain.
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narrow wells) can be made larger than the optical phonon energy (as
in CdTe), thus greatly suppressing the thermal ionization process.
We expect GaN-based semiconductor compounds to attract atten-
tion in the future, owing to their very high oscillator strengths'”'.
Efforts at present are concentrated on the growth technology of
nitride compounds in order to improve the sample quality and
achieve strong coupling in microcavities. The strong-coupling
regime at room temperature has already been demonstrated in
organic microcavities'**, with large polariton splittings of around
100 meV. Even if the coherence time of optical excitations in such
compounds is very short, the low material costs and simple sample
preparation will encourage studies of ultrafast polaritonic nonlin-
earities.

The time dynamics of the parametric amplification can be
explored by delaying the probe pulse with respect to the pump.
The amplification lasts as long as pump and probe polariton waves
are simultaneously inside the cavity, leading to ultrafast dynamics
(Fig. 4). Moreover, the polaritons injected by the pump escape from
the cavity within a few picoseconds after the excitation, so that a
device based on polariton parametric amplification could have a
very fast recovery time, with a physical limit for the repetition rate in
the terahertz range. Further, because the light of the amplified probe
pulse comes from a collective coherent polariton state, control of the
polariton wavefunction inside the cavity by means of optical pulses
could result in complete and ultrafast control of the amplitude,
phase and spectral shape of the emitted light.

The massive occupation of the lowest-energy polariton state can
be also seen as a dynamical condensation of polaritons. In compari-
son to the Bose condensation of atoms, polariton condensation
occurs for strongly interacting particles’, at higher densities (the
ratio between the particle spacing and their radius is of the order of
10 for polaritons and about 1,000 for atoms), with a much stronger
coupling with the environment (a typical loss rate in microcavities is
10"s™!, compared to 10°s™" for atomic systems): most notably,
polariton condensation occurs at temperatures of the order of 100 K
instead of 10 K. Semiconductor microcavities therefore offer the
possibility of studying at 100K the non-classical states of matter
realized in dynamical condensates. O
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Hierarchical self-assembly

of metal nanostructures

on diblock copolymer scaffolds
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Self-assembly is emerging as an elegant, ‘bottom-up’ method for
fabricating nanostructured materials'®. This approach becomes
particularly powerful when the ease and control offered by the
self-assembly of organic components is combined with the
electronic, magnetic or photonic properties of inorganic
components>>’, Here we demonstrate a versatile hierarchical
approach for the assembly of organic—inorganic, copolymer—
metal nanostructures in which one level of self-assembly guides
the next. In a first step, ultrathin diblock copolymer films form a
regular scaffold of highly anisotropic, stripe-like domains'*"2.
During a second assembly step, differential wetting guides diffus-
ing metal atoms to aggregate selectively along the scaffold,
producing highly organized metal nanostructures. We find that,
in contrast to the usual requirement of near-equilibrium condi-
tions for ordering”>", the metal arranged on the copolymer
scaffold produces the most highly ordered configurations when
the system is far from equilibrium. We delineate two distinct
assembly modes of the metal component—chains of separate
nanoparticles and continuous wires—each characterized by dif-
ferent ordering kinetics and strikingly different current—voltage
characteristics. These results therefore demonstrate the possibi-
lity of guided, large-scale assembly of laterally nanostructured
systems.

Two important, competing, issues for the assembly of inorganic
materials on organic scaffolds are high density and selectivity. In the
case of scaffolds formed by copolymer domains (Fig. 1), preferential
wetting of one of the copolymer blocks by metal will selectively
aggregate the metal inside the corresponding domain'*'>. However,
simple coalescence of dense metal nanoparticle aggregates into the
overall shape given by the boundaries of the selected copolymer
domain—similar to that observed for water droplets filling out a
narrow hydrophilic strip’—has not been achieved so far. This is
because of the large surface energies of metals, exceeding those of
copolymers by orders of magnitude. Consequently, metal-metal
bonds will overwhelm metal-polymer bonds and, except for very
small metal concentrations, the final configuration will be a large,
spherical metal aggregate that completely ignores the polymer
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scaffold and mitigates selectivity. Thus, under equilibrium condi-
tions even highly elongated, anisotropic polymer scaffolds may not
be able to guide self-assembling metal particles into wire-like
nanostructures. But here we show how non-equilibrium processes
can induce, and stabilize, recognition of complex patterns provided
by a nanoscale scaffold.

The particular, asymmetric polystyrene-block-poly(methyl-
methacrylate) (PS-b-PMMA) diblock copolymer that we used
forms parallel cylindrical domains of PMMA, with a repeat spacing
of 50 nm, surrounded by PS. Sample fabrication followed a two-
level self-assembly process. First, spin-casting of the copolymer
from solution to a thickness equivalent to one repeat spacing, and
subsequent annealing, produced a thin film consisting of laterally
alternating domains'"'* (Fig. 1). Control over the domain curvature
and orientation is possible, for example by applied in-plane electric
fields'™'%, but was not the focus of the work described here. Instead,
we consider the copolymer domain pattern as a given scaffold, and
focus on the second assembly step, in which a small amount of metal
(of nominal thickness 0.5-12 nm) was thermally evaporated onto
the copolymer film, and the metal atoms were allowed to diffuse'”".
During this second step, the template morphology does not change
as long as the molecular mass is sufficiently high that the order—
disorder temperature is not reached".

For a wide range of metals and small deposited amounts (film
thickness typically <0.6nm, depending on the metal and the
deposition rate), selective decoration of one of the two copolymer
domains is already apparent immediately after metal deposition
(Fig. 2a). We observed this behaviour for Au, Ag, In, Pb, Sn and Bj,
with Au and Ag preferring the PS domain, and In, Pb, Sn and Bi the
PMMA domain. In each of these cases, the preferred domain
becomes the scaffold. Selectivity of nearly 100% is achieved by
warming the system in an inert gas atmosphere to a temperature
that is above the copolymer glass temperature, but below the point
at which the template pattern disintegrates (< 300°C for PS-b-
PMMA) (Fig. 2b). Inside the preferred domain, this leads to a
coarsening that increases both the size and the separation of the
nanoparticles while the metal also diffuses into the domains,
perpendicular to the film plane''. With the exception of Ag,
depositing larger amounts of metal does not fill out the domains.
Rather than coalescing into continuous, elongated structures of
high aspect ratio, the material ignores the template and ‘jumps the
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Figure 1 Transmission electron microscopy (TEM) image of ultrathin diblock copolymer
film. The PS-b-PMMA copolymer (total molecular mass, 84,000; PS molecular mass,
60,000; polydispersity, 1.08; Soxhlet-extracted with cyclohexane to remove excess
homopolymer PS in the diblock copolymer as obtained from Polysciences, Inc.) was spin-
cast from solution to obtain a film thickness corresponding to the bulk repeat spacing, L.
Spin-casting onto amorphous SisN, membrane substrates® allowed direct investigation
by TEM without sample removal. The sketch shows a cross-section of the resulting film
morphology. The striped domain pattern spontaneously forms as a consequence of phase
separation between the two copolymer blocks, and provides the first level in a hierarchy of
self-assembly levels. Image contrast results from electron-beam irradiation-thinning of
the PMMA domains, which therefore appear lighter.
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