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Energy-transfer pumping of
semiconductor nanocrystals
using an epitaxial quantum well

light-emitting technologies—for example, displays, fluor-
escence tagging’, solid-state lighting and lasers*. An important
limitation for such applications, however, is the difficulty of
achieving electrical pumping, largely due to the presence of an
insulating organic capping layer on the nanocrystals. Here, we
describe an approach for indirect injection of electron—hole
pairs (the electron—hole radiative recombination gives rise to
light emission) into nanocrystals by non-contact, non-radiative
energy transfer from a proximal quantum well that can in
principle be pumped either electrically or optically. Our theor-
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As a result of quantum-confinement effects, the emission colour
of semiconductor nanocrystals can be modified dramatically by
simply changing their size"*. Such spectral tunability, together
with large photoluminescence quantum yields and high photo-
stability, make nanocrystals attractive for use in a variety of
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etical and experimental results indicate that this transfer is fast
enough to compete with electron-hole recombination in the
quantum well, and results in greater than 50 per cent energy-
transfer efficiencies in the tested structures. Furthermore, the
measured energy-transfer rates are sufficiently large to provide
pumping in the stimulated emission regime, indicating the
feasibility of nanocrystal-based optical amplifiers and lasers
based on this approach.
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Several programs worldwide (for example, ref. 5) emphasize the
need for efficient solid-state emitters in applications ranging
from displays and traffic signs to solid-state lighting. Semicon-
ductor nanocrystals are considered to be promising nanoscale
colour-selectable emitters that combine high (potentially 100%)
photoluminescence quantum yields with chemical flexibility and
processibility. Even in the form of a single monolayer they can
produce significant power outputs of the order of watts per cm®
(estimated for a nanocrystal packing density of 10'*cm ™2,
a radiative lifetime of 20 ns, and a moderate quantum yield of
20%).

One approach to nanocrystal-based, electrically pumped light-
emitting devices uses hybrid organic/inorganic structures, in which
the charges are delivered to nanocrystals through the organic
network and/or percolated nanocrystal subsystem®®. The perform-
ance of these devices is, however, limited by low carrier mobilities in
both the organic and nanocrystal components, and by the poor
stability of organic molecules with respect to photooxidation. Here,
we explore a novel, ‘non-contact’ approach to carrier injection into
nanocrystals using Forster-like non-radiative energy transfer from a
proximal epitaxial quantum well. As energy transfer relies on
Coulomb interactions rather than a direct wavefunction overlap,
it is not significantly inhibited by the nanocrystal capping layer, and
it can potentially allow for an efficient energy flow from a quantum
well to nanocrystals. In a real-life device, the quantum well can be
pumped electrically in the same way a common quantum-well light-
emitting diode is pumped. However, in this work we intentionally
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Figure 1 Schematic and optical properties of the hybrid quantum-well/nanocrystal
structure. a, The structure consists of an InGaN/GaN quantum-well heterostructure with a
monolayer of TOPO/TOP-capped CdSe/ZnS core/shell nanocrystals on top of it. Electron—
hole pairs generated in the quantum well can experience non-radiative resonant transfer
into nanocrystals by Forster-type, dipole—dipole interactions. The nanocrystals excited by
energy transfer produce emission with a wavelength determined by the nanocrystal size.
b, The emission of the quantum well (blue) spectrally overlaps with the absorption of the
nanocrystals (green). For CdSe nanocrystals with 1.9 nm radius, the emission wavelength
is around 575 nm (red). PL is photoluminescence.
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use pulsed optical excitation to study the dynamics of energy
transfer as well as the dynamics of other competing processes
such as carrier recombination in the quantum well.

The structure studied in our experiments is depicted in Fig. la.
It consists of an InGaN quantum well, on top of which is
assembled a close-packed monolayer of highly monodisperse
CdSe/ZnS core/shell nanocrystals using the Langmuir—Blodgett
technique. The nanocrystals were synthesized as described in refs
2 and 9 and consist of a CdSe core (radius = 1.9 nm) overcoated
with a shell of ZnS (~0.6 nm thickness), followed by a final
layer of the organic molecules trioctylphosphine (TOP) and
trioctylphosphine oxide (TOPO). These nanocrystals show effi-
cient emission centred near 575nm and a structured absorption
spectrum with the lowest 1S absorption maximum at ~560 nm
(Fig. 1b). Quantum-well samples were grown on sapphire
substrates by metal-organic chemical-vapour deposition'.
They consisted of a 20-nm GaN nucleation layer, a 3-um GaN
bottom barrier, and a 3-nm InGaN quantum well that was either
terminated with a 3-nm GaN top barrier (capped quantum well)
or remained uncapped. The concentration of In in the quantum
wells was 5-10%, which corresponds to an emission wavelength
of ~400nm (Fig. 1b). This wavelength is in the range of strong
nanocrystal absorption, which provides strong coupling of
quantum-well excitations to the absorption dipole of nanocrys-
tals, and should allow efficient energy transfer. To study energy-
transfer dynamics, we monitored the temporal evolution of
photoluminescence in the quantum well and the nanocrystals
using a time-correlated single-photon counting system that
provides ~30ps time resolution. The hybrid quantum-well/
nanocrystal structures were excited at 266 nm by 200-fs pulses
of the frequency-tripled output of an amplified Ti:sapphire laser.
The emission from either the quantum well or the nanocrystals
was selected using a monochromator. The dynamics measured
for quantum-well/nanocrystal hybrid structures were compared
with those in isolated quantum wells and isolated nanocrystal
monolayers assembled on glass substrates. All measurements
were performed at room temperature.

The interactions between the quantum well and the nanocrystal
monolayer can be described in terms of a resonant Forster-type
energy transfer''. The energy-transfer rate per quantum-well carrier
is strongly dependent on whether electrons and holes are free or
bound by Coulomb interactions into excitons. In the case of
excitons, the energy-transfer rate is independent of the density
of quantum-well excitations (#.y,), whereas in the free-carrier case,
the energy-transfer rate is proportional to #., (see Supplementary
Information). To distinguish experimentally between these two
cases, we measured the excitation-density dependence of photo-
luminescence in an isolated quantum well at t = 0 ps (Fig. 2). We
observe that at low pump powers this dependence is quadratic, and
it saturates at high excitation densities. The quadratic growth of
photoluminescence is characteristic of free-carrier bimolecular
recombination, indicating that electron-hole interactions in our
quantum-well samples are not sufficiently strong to produce bound
exciton states at room temperature. We also monitor the photo-
luminescence dynamics in the quantum well (Fig. 2b) and observe
that the photoluminescence decay is exponential and is character-
ized by a time constant range of 0.6—1ns that is independent of
pump power. This result indicates that the decay of photoexcited
carriers is dominated not by radiative recombination (characterized
by the density-dependent time constant 7 oc 1/1,) but by trapping
at defects, as is typically observed for InGaN quantum wells at room
temperature.

After establishing that quantum-well excitations are unbound
electron-hole pairs, we can analyse the energy-transfer rate, I'gy,
per quantum-well carrier using the following expression (see
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Supplementary Information):
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in which e is the dielectric constant, unc and pqw are the transition
dipole moments for the nanocrystal and the quantum well, respect-
ively, nxc is the surface density of nanocrystals, Nnc(fiw qw) is the
nanocrystal density of states at the quantum-well emission energy
hwqws d is the separation between the centres of the quantum well
and the nanocrystal monolayer, M is the sum of electron and hole
masses in the quantum well, T is the temperature,  is the in-plane
centre-of-mass momentum of the electron—hole pair in the quan-
tum well in units of #/d, and kg is the Boltzmann constant.
Assuming that the length of nanocrystal-passivating molecules is
1.1 nm, we find that d is 8.1 and 5.1 nm for capped and uncapped
quantum wells, respectively, which further results in transfer rates of
1.05ns™ " (capped quantum well) and 5.8 ns~ " (uncapped quantum
well) at a quantum-well carrier density of 1.8 X 10> cm™ % These
estimated energy-transfer rates are sufficiently high to compete with
carrier-decay rates (~1ns ') measured experimentally for our
quantum-well samples.
To measure directly the quantum-well-to-nanocrystal (QW-NC)
energy-transfer rates, we perform comparative, time-resolved

a
100 | &
2 }
5 a
. [0}
g 3
§ 2
> =
.% 3
..E [¢]
- 3
10 S
PR L L L PR SR |
10 100
Excitation density (uJ cm?)
b T T T T T
104 B
)
S 170 uJ cm=2
e}
&3 103 H]
2
‘@
c
Q
£
1021

NhM..
2 3
Time delay (ns)

Figure 2 Pump- and time-dependent emission from an isolated quantum well. a, The
photoluminescence intensity of the quantum well (squares) at zero time delay is plotted as
a function of pump fluence. The dotted line is a fit to the quadratic growth at low pump
fluences. b, Photoluminescence dynamics of the isolated quantum well measured at
different pump fluences.
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photoluminescence studies for hybrid quantum-well/nanocrystal
structures and isolated quantum wells. We observe that the presence
of the nanocrystal layer adjacent to the quantum well significantly
alters the quantum-well photoluminescence dynamics (Fig. 3a).
Namely, the quantum-well photoluminescence decay becomes
faster in the presence of nanocrystals, indicating an additional
relaxation channel for quantum-well excitations, which is most
likely due to QW-NC energy transfer (see the analysis below). This
nanocrystal-induced change in quantum-well dynamics becomes
more pronounced with increasing carrier density (compare traces
shown by solid and dashed lines in Fig. 3a). To quantify this
increase, in Fig. 3b we plot the additional initial decay rate
AT = T qw with NI Qw without Nc s @ function of 1, for structures
based on uncapped and capped quantum wells. We observe that in
both cases the AI" growth is linear with #,, but absolute values of
AT are approximately 4.4 times greater for the uncapped quantum
wells compared with quantum wells with a top barrier. Both of these
observations are consistent with the fact that the additional decay
rate AI' is due to QW-NC energy transfer. Forster modelling
(equation (1)) predicts that for the free-carrier case, the energy-
transfer rate should increase linearly with # ., which is exactly the
dependence observed experimentally. Furthermore, the increase in
the transfer rate in the case of the uncapped quantum well is
consistent with its strong dependence on the energy-transfer dis-
tance (I'gr ~ d~*). From the geometrical parameters of our
system, we estimate that the d dependence should result in a 5.5
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Figure 3 Experimental observations of QW-NC energy transfer. a, Normalized
photoluminescence dynamics of the isolated quantum well (black solid line) at

Nen =3 % 10'cm™2 in comparison with quantum-well photoluminescence dynamics
measured for the quantum-well/nanocrystal structure at n, = 3 % 10'cm ™2 (blue
solid line) and n g, = 10 x 10'2cm 2 (blue dashed line). b, The difference between the
initial photoluminescence decay rates measured for the isolated quantum well and the
quantum-well/nanocrystal structure (A" = I qw with Nc—I" qw without NC) VETSUS
quantum-well carrier density for samples based on the capped and the uncapped
quantum well. ¢, Time-integrated nanocrystal photoluminescence intensity versus pump
fluence for the nanocrystal monolayer assembled on a glass substrate and on top of a
capped quantum well.
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increased energy-transfer rate, which agrees well with the factor of
4.4 observed experimentally.

Further evidence for efficient QW-NC energy-transfer is
provided by the analysis of the photoluminescence from the
nanocrystal layer. The energy-transfer-induced outflow of car-
riers from the quantum well should result in a corresponding
increase in the emission of the nanocrystals. In our experimental
configuration, however, optical pumping directly generates car-
riers not only in the quantum well but also in the nanocrystals.
Therefore, to extract the energy-transfer-induced increase in the
nanocrystal photoluminescence, we perform a side-by-side com-
parison of photoluminescence data for hybrid quantum-well/
nanocrystal structures and a nanocrystal Langmuir-Blodgett
monolayer assembled on a glass slide. One such set of data
plotted as temporally integrated nanocrystal photoluminescence
intensity versus pump fluence is displayed in Fig. 3c. To account
for the difference in the nanocrystal packing densities for
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Figure 4 Carrier relaxation and energy-transfer processes in the hybrid quantum-well/
nanocrystal structure and a schematic of an electrically driven energy-transfer device.
a, The QW-NC energy transfer competes with radiative and non-radiative decay
processes in the quantum well. High-energy excitations created in the nanocrystals
through energy transfer rapidly relax (time constants 7, and 7y,) to the nanocrystal band
edge, which prevents backtransfer. Subscript e is electron and h is hole. b, An electrically
powered hybrid quantum-well/nanocrystal device that can be used to realize the ‘energy-
transfer colour-converter’ in the regime of electrical injection. It depicts an InGaN
quantum well sandwiched between bottom p-type and thin, top n-type GaN barriers with
attached metal contacts. The top contact only partially covers the quantum well and leaves
open space for assembling the nanocrystals.
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Langmuir-Blodgett films assembled on the quantum well and
the glass slide, we introduce a constant scaling factor, which
allows us to match photoluminescence intensities detected from
quantum-well/nanocrystal and glass/nanocrystal samples at low
pump powers, for which energy transfer from the quantum well
is negligible. The data indicate that at low pump fluences, both
types of samples show a similar photoluminescence pump
dependence. However, two traces show distinctly different beha-
viour at higher pump fluences, for which energy transfer starts
to play a significant role (Fig. 3b). Whereas emission from the
isolated nanocrystal layer saturates at ~20pJcm™ 2%, the nano-
crystal photoluminescence in the hybrid structure shows a steady
growth until ~80 uJ cm ™2 As a result of this delayed saturation,
the maximum nanocrystal photoluminescence intensity achiev-
able with the quantum-well/nanocrystal structure is four times
greater than the photoluminescence for the nanocrystal mono-
layer on the glass slide. All of these results indicate a strong
additional carrier inflow into nanocrystals as a result of energy
transfer from the quantum well.

Figure 4a displays the schematics of energy transfer along with
other relaxation processes in the hybrid quantum-well/nanocrystal
structures studied in this work. Following photoexcitation, carrier
thermalization, and cooling, the thermal distribution of free elec-
trons and holes is established in the quantum well. Quantum-well
carriers can decay either radiatively (time constant 7,,) or non-
radiatively (7,,), or experience energy transfer (7gy) into a nano-
crystal. Carriers generated in the nanocrystal by resonant QW-NC
energy transfer have significant access energies as measured with
respect to the nanocrystal bandgap. Extremely fast intraband
relaxation in nanocrystals (subpicosecond time scales)'>" rapidly
removes carriers from resonance with the quantum-well transition
and prevents backtransfer. In well-passivated nanocrystals, relaxed
electron—hole pairs recombine primarily radiatively with a time
constant of ~20ns, emitting a photon with an energy that is
determined by the nanocrystal size.

The efficiency of non-radiative QW-NC energy-transfer (9gr)
can be estimated from the expression: npr = 7, (7pr 4+ 7,) ', in
which 7, = (1/7 + 1/7,,) " is the relaxation time of quantum-
well excitations due to both radiative and non-radiative process.
Our experimental results for the uncapped sample indicate that
7.~ 0.6ns and 7gr = 0.5ns (for n., = 1.8 X 10"> cm™?), which
yields  gras high as 55%. We believe that nearly 100% efficiencies
can be achieved by improving the quality of the quantum wells (to
reduce non-radiative losses) and/or by optimizing the geometry of
the nanocrystal/quantum-well structure (by using, for example,
shorter nanocrystal surface-passivation molecules).

It is interesting that despite the additional step in the energy-
transfer process, the photoluminescence quantum yield of the
hybrid quantum-well/nanocrystal device (QYqw/nc) can be greater
than the original quantum yield of the quantum well. QYqw/nc can
be estimated from the expression QYqw/nc = QYnc (1 + 7gr/
7.)"". This expression indicates that if 7y << 7, the quantum
efficiency of the hybrid structure approaches that of nanocrystals.
This conclusion further means that even the use of InGaN quantum
wells with poor room-temperature quantum yields can produce
highly efficient hybrid devices.

It is illustrative to compare the efficiency of energy transfer
measured here with that expected for radiative energy transfer
(nret). The latter process is used in the traditional colour-
conversion scheme, and is based on the emission of a photon
from a quantum well followed by absorption/re-emission steps in
the phosphor material (nanocrystals in our case). For a close-
packed nanocrystal monolayer, nrer can be estimated from the
ratio of the nanocrystal absorption cross-section' to its geometrical
cross-section, which yields 7 rgr < 0.3%. This value is at least two
orders of magnitude smaller than the efficiencies measured experi-
mentally, indicating that the use of non-radiative energy transfer
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can significantly improve the performance of colour-conversion
devices.

In addition to applications as efficient colour converters, nano-
crystals have been considered promising building blocks for
colour-selectable optical-gain media in lasing applications*. One
complication associated with lasing applications of nanocrystals is
the requirement for extremely fast pumping that competes with
non-radiative Auger recombination, leading to very short (pico-
second) optical gain lifetimes'. So far, optical amplification and
lasing in nanocrystals has been achieved using optical excitation
with short laser pulses. Our estimations show that the ‘energy-
transfer pumping’ scheme studied here provides carrier inflow that
can in principle compete with non-radiative losses induced by
Auger recombination. The energy-transfer rate of ~2ns™'
measured for the uncapped quantum-well sample for
fepn = 1.8 X 10 cm™? results in a QW-NC carrier flux of
~3.6 X 10> cm ™ s~ ", For the nanocrystals of 1.9 nm radius studied
here, the Auger recombination time is ~50 ps, which corresponds to
a non-radiative carrier loss of 4 X 10**cm ™ s~ ! for a close-packed
monolayer. The latter value is comparable to the carrier inflow rate
provided by energy transfer from the quantum well, indicating the
feasibility of lasing in the energy-transfer pumping regime.

Although in this report we have studied optically pumped
devices, it should be possible to realize the energy-transfer pumping
scheme in the regime of electrical injection by combining nano-
crystals with an electrically driven InGaN quantum well. The design
of the quantum-well emitter in the ‘energy-transfer colour-
converter’ (Fig. 4b) can be similar to that used in conventional
InGaN light-emitting diodes, in which the quantum well is sand-
wiched between n- and p-doped GaN barriers with attached metal
contacts'®. Our preliminary studies indicate that we can fabricate
relatively high mobility, thin (2-3 nm), n-doped GaN layers that can
be used as top quantum-well barriers (adjacent to nanocrystals) in
electrically powered devices. The direct comparison of photolumi-
nescence dynamics in nanocrystals assembled on glass slides and n-
doped GaN layers (up to 2 X 10" cm ™ doping level) do not show
any noticeable quenching of nanocrystal emission in the presence of
a proximal, doped semiconductor. Furthermore, the doping of the
barriers is not expected to induce additional carrier losses in the
quantum well'”'®. All of these considerations strongly indicate
the feasibility of high-efficiency, electrically driven, hybrid nano-
crystal/quantum-well devices. ]
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High levels of atmospheric carbon
dioxide necessary for the
termination of global glaciation

Raymond T. Pierrehumbert
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The possibility that the Earth suffered episodes of global glacia-
tion as recently as the Neoproterozoic period, between about
900 and 543 million years ago, has been widely discussed'.
Termination of such ‘hard snowball Earth’ climate states has been
proposed to proceed from accumulation of carbon dioxide in the
atmosphere’. Many salient aspects of the snowball scenario
depend critically on the threshold of atmospheric carbon dioxide
concentrations needed to trigger deglaciation®®. Here I present
simulations with a general circulation model, using elevated
carbon dioxide levels to estimate this deglaciation threshold.
The model simulates several phenomena that are expected to be
significant in a ‘snowball Earth’ scenario, but which have not
been considered in previous studies with less sophisticated
models, such as a reduction of vertical temperature gradients
in winter, a reduction in summer tropopause height, the effect of
snow cover and a reduction in cloud greenhouse effects. In my
simulations, the system remains far short of deglaciation even at
atmospheric carbon dioxide concentrations of 550 times the
present levels (0.2 bar of CO,). I find that at much higher carbon
dioxide levels, deglaciation is unlikely unless unknown feedback
cycles that are not captured in the model come into effect.

Whereas the problem of initiation of a ‘hard snowball’ climate
state has received detailed attention®®, most current thinking about
deglaciation is based on highly idealized energy balance model
(EBM) calculations’, which offer an accurate treatment of clear-sky
radiation but neglect the seasonal cycle and fix cloud radiative
forcing at its present value. Although 0.12 bar of CO, is often quoted
as a representative deglaciation threshold, a closer reading of the
work yields a threshold of 0.29 bar based on Neoproterozoic
insolation (Fig. 2 of ref. 9). The same model but with slightly
different choices of parameters' achieves deglaciation at only 0.16
bar. Because of the weak logarithmic dependence of radiative
forcing on CO,, the EBM results consistently imply that the system
should be at least close to deglaciation at 0.2 bar of CO,.
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