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ABSTRACT

The hot carrier cell aims to extract the electrical energy from photo-generated carriers before they thermalize to the band
edges. Hence it can potentially achieve a high current and a high voltage and hence very high efficiencies up to 65%
under 1 sun and 86% under maximum concentration. To slow the rate of carrier thermalisation is very challenging, but
modification of the phonon energies and the use of nanostructures are both promising ways to achieve some of the
required slowing of carrier cooling. A number of materials and structures are being investigated with these properties and
test structures are being fabricated. Initial measurements indicate slowed carrier cooling in I1I-Vs with large phonon
band gaps and in multiple quantum wells. It is expected that soon proof of concept of hot carrier devices will pave the
way for their development to fully functioning high efficiency solar cells.
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1. INTRODUCTION

The hot carrier solar cell is a solar energy converter that utilizes the excess thermal energy of photo-excited carriers to
generate DC electric power. Unlike conventional solar cells, the hot carrier cell maintains the hot carrier population by
inhibiting ultrafast cooling processes. The excess carrier energies above the respective band edges thus contribute to a
higher conversion efficiency than that of a conventional cell, which is restricted by the detailed-balance (Shockley-
Queisser) limit for a single junction cell to 33%. The hot carrier cell has a limiting efficiency of 66% for unconcentrated
sunlight rising to 85% at maximum concentration (46,200 suns), assuming ideal operation under detailed balance.

An ideal Hot Carrier cell would absorb a wide range of photon energies and extract a large fraction of the energy to give
very high efficiencies by extracting ‘hot’ carriers before they thermalise to the band edges. Hence an important property
of a hot carrier cell is to slow the rate of carrier cooling to allow hot carriers to be collected whilst they are still at
elevated energies (“hot”), and thus allowing higher voltages to be achieved from the cell and hence higher efficiency. A
Hot Carrier cell must also only allow extraction of carriers from the device through contacts that accept only a very
narrow range of energies (energy selective contacts or ESCs). This is necessary in order to prevent cold carriers in the
contact from cooling the hot carriers, i.e. the increase in entropy on carrier extraction is minimized.*

Fig. 1 is a schematic band diagram of a Hot Carrier cell illustrating these requirements.’
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Figure 1: Band diagram of the Hot Carrier cell: carriers remain at elevated temperature in the absorber and are extracted through
narrow band energy selective contacts at high voltage. ® The device has four stringent requirements: a) To absorb a wide range of
photon energies; b) to slow the rate of photogenerated carrier cooling in the absorber; c¢) To extract these ‘hot carriers’ over a narrow
range of energies, such that excess carrier energy is not lost to the cold contacts; d) to allow efficient renormalisation of carrier energy
in the absorber via carrier-carrier scattering.

2. SLOWING OF CARRIER COOLING

The energy dissipation of photo-generated carriers is a multi-step process. The inelastic scattering of carriers takes place
in the first few 10s of femtoseconds after their generation. This process normalizes momentum and leads to a distribution
of electron energies which can be described by a Boltzman distribution and a single high temperature, i.e. a thermal
population, and a separate (generally lower temperature) thermal population of holes.” Then on a longer timescale
(typically several picoseconds) carriers scatter inelastically with phonons, predominantly emitting optical phonons in a
series of discrete hops in each of which energy and momentum are conserved in the combination of electron and emitted
phonon. For polar semiconductors the major scattering process is with longitudinal optical phonon modes. These optical
phonons emitted by the excited carriers then interact with other phonons due to the anharmonic nature of the crystal
potential. Through various routes these over-populated optical phonons decay into low-energy acoustic phonons. The
final step is the transport of these acoustic phonons, macroscopically manifest as the heat dissipation to the environment.
The carrier cooling process can be slowed by blocking any of these three processes. Other processes, such as direct
emission of acoustic phonons and diffusion of optical phonons, are not significant for polar semiconductors.

The cooling of carriers by emission of optical phonons leads to the build-up of a non-equilibrium ‘hot” population of
optical phonons which, if it remains hot, will drive a reverse reaction to re-heat the carrier population, thus slowing
further carrier cooling. Therefore the critical factor is the mechanism by which these optical phonons decay into acoustic
phonons, or heat in the lattice. The principal mechanism by which this can occur is the Klemens mechanism, in which
the optical phonon decays into two acoustic phonons of half its energy and of equal and opposite momenta.® The build up
of emitted optical phonons is strongly peaked at zone centre both for compound semiconductor due to the Frohlich
interaction (strong quadratic dependence on momentum) and for elemental semiconductors due to the deformation
potential interaction (less strong linear dependence on momentum). The strong coupling of the Frohlich interaction also
means that high energy optical phonons are also constrained to near zone centre even if parabolicty of the bands is no
longer valid as is the case for high energy carriers well above the band minima.’ This zone centre optical phonon
population determines that the dominant optical phonon decay mechanism is this pure Klemens decay.

2.1. Phonon decay mechanisms

An optical phonon will decay into multiple lower energy phonons. The processes require the conservation of energy and
momentum. However, additionally, the principal decay path must be into two LA phonons only, which are of equal
energy and opposite momenta, via an anharmonicity in the lattice, this was suggested by Klemens ® and has been shown
to apply to a wide range of materials.
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2.1.1. Wide phononic gaps in III-Vs and analogues

For some compounds in which there is a large difference in masses of the constituent elements, there exists a large gap in
the phonon dispersion between high-lying optical phonon energies and low-lying acoustic phonon energies. If large
enough this “phononic band gap” can prevent Klemens decay of optical phonons, because no allowed states at half the
LO phonon energy exist. Indium nitride (InN) is an example of such a material with a very large phonon gap.

This prevention of the Klemens mechanism forces optical phonon decay via the next most likely, Ridley mechanism, of
emission of one TO and one low energy LA phonon. Such a mechanism only has appreciable energy loss (although still
much less than Klemens’ decay) if there is a wide range of optical phonon energies at zone centre. This is only the case
for lower symmetry structures such as hexagonal. For a high symmetry cubic structure, LO and TO modes are close to
degenerate at zone centre with a very flat dispersion and the Ridley mechanism is severely restricted or forbidden.
Unfortunately cubic InN is very difficult to fabricate precisely because of the large difference in masses that give it its
interesting phononic dispersion. In addition to the small dispersion in cubic structures dispersionless structures can be
achieved by engineering nanostructures.

Slowed cooling has been observed in some III-V compounds in which there is a large difference in atomic mass. This
has been shown in slowed carrier cooling for InN '° as plotted in Fig. 2, and for slowed carrier cooling in InP compared
to the small mass ratio GaAs,'" as discussed below in section 4. Analogues of InN with abundant elements, but also with
narrow E, are discussed below in Section 3.1.

2.2. Nanostructures for the absorber

Nanostructures are good options to fulfill the requirements of the hot carrier absorber. Two types of nanostructures have
been suggested: nanowell structure and nanodot structures. The nanowell structure has very thin layers of narrow band
gap materials stacked in layers separated by potential barriers, creating oscillating potentials for the electrons. The
electronic dispersion relations become flat for energies below the barrier height. This can potentially reduce the rate of
electron-phonon polar interactions.

2.2.1. Slowed carrier cooling in MQWs

Low dimensional multiple quantum well (MQW) systems have also been shown to have lower carrier cooling rates.
Comparison of bulk and MQW materials has shown significantly slower carrier cooling in the latter. Figure shows data
for bulk GaAs as compared to MQW GaAs/AlGaAs materials as measured using time resolved transient absorption by
Rosenwaks et. al. '* recalculated to show effective carrier temperature as a function of carrier lifetime by Guillemoles."
This clearly shows that the carriers stay hotter for significantly longer times in the MQW samples, particularly at the
higher injection levels by 1'% orders of magnitude. This is due to an enhanced ‘phonon bottleneck’ in the MQWs
allowing the threshold intensity at which a certain ratio of LO phonon re-absorption to emission is reached which allows
maintenance of a hot carrier population, to be reached at a much lower illumination level. More recent work on strain
balanced InGaAs/GaAsP MQWs by Hirst '* has also shown carrier temperatures significantly above ambient, as
measured by photoluminescence. Increase in In content to make the wells deeper and to reduce the degree of
confinement is seen to increase the effective carrier temperatures.'> And extraction of a small portion of this non-
equilibrium hot carrier population as a very small external current at low temperatures is demonstrated for a single
InGaAs QW by Hirst.'®

The mechanisms for the reduced carrier cooling rate in these MQW systems are not yet clear. However there are at least
three possible effects that are likely to contribute, more than one of which could well occur in parallel. The first of these
effects is that in bulk material photogenerated hot carriers are free to diffuse deeper into the material and hence to reduce
the hot carrier concentration at a given depth. This will also decrease the density of LO phonons emitted by hot carriers
as they cool and make a phonon bottleneck more difficult to achieve at a given illumination intensity. Whereas in a
MQW there are physical barriers to the diffusion of hot carriers generated in a well and hence a much greater local
concentration of carriers and therefore also of emitted optical phonons. Thus the phonon bottleneck condition is
achieved at lower intensity.

The second effect is that for the materials systems which show this slowed cooling, there is very little or no overlap
between the optical phonon energies of the well and barrier materials. For instance the optical phonon energy ranges for
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the GaAs wells and AlGaAs barriers used in '> at 210-285cm™ and 280-350cm™, respectively, exhibit very little overlap
in energy, with zero overlap for the zone centre LO phonon energies of 285 and 350cm™."” Consequently the
predominantly zone centre LO phonons emitted by carriers cooling in the wells will be reflected from the interfaces and
will remain confined in the wells, thus enhancing the phonon bottleneck at a given illumination intensity.

Thirdly, if there is a coherent spacing between the nano-wells (as there is for these MQW or superlattice systems) a
coherent Bragg reflection of phonon modes can be established which blocks certain phonon energies perpendicular to the
wells, opening up one dimensional phononic band gaps (analogous to photonic band gaps in modulated refractive index
structures. For specific ranges of nano-well and barrier thickness these forbidden energies can be at just those energies
required for phonon decay. This coherent Bragg reflection should have an even stronger effect than the incoherent
scattering of the second mechanism above at preventing emission of phonons and phonon decay in the direction
perpendicular to the nano-wells.

It is likely that all three of these effects will reduce carrier cooling rates. None depend on electronic quantum
confinement and hence should be exhibited in wells that are not thin enough to be quantized but are still quite thin
(perhaps termed ‘nano-wells’). In fact it may well be that the effects are enhanced in such nano-wells as compared to
full QWs due to the former’s greater density of states and in particular their greater ratio of density of electronic to
phonon states which will enhance the phonon bottleneck for emitted phonons. The fact that the deeper and hence less
confined wells in '* show higher carrier temperatures is tentative evidence to support the hypothesis that nano-wells
without quantum confinement are all that are required. Whilst several other effects might well be present in these MQW
systems, further work on variation of nano-well and barrier width and comparison between material systems, will
distinguish which of these reduced carrier diffusion, phonon confinement or phonon folding mechanisms might be
dominant.
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Figure 2: Effective carrier temperature as a function of carrier lifetime for bulk GaAs as compared to GaAs/AlGaAs MQWs: time
resolved transient absorption data for different injection levels, from Rosenwaks,'? recalculated by Guillemoles."* Also shown are
temperatures from transient absorption data for InN from Chen '° and indicative carrier temperatures based on long phonon lifetimes
for AISb and InP from Barman.*®

2.3. Hot Carrier cell absorber requisite properties

The above discussion allows us to estimate the major properties required for a good hot carrier absorber material. These

are listed below in approximate order of priority, although their relative importance may well change in light of future

research:

1. Large phononic band gap (Eo(min) - E; ) - to suppress Klemens’ decay, requires large mass difference between
elements.

2. Narrow optical phonon energy dispersion (E; - Eo(min)) — to minimise the loss by Ridley decay, requires a high
symmetry.

3. Small £, < 1eV — to allow a broad range of strong photon absorption.
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4. A small LO optical phonon energy (E;¢) — to reduce the amount of energy lost per LO phonon emission but not so
small as to increase the occupancy of LO modes unduly. E;q.exp(-E;o/kT)

5. A small maximum acoustic phonon energy (E; ). This maximises (Eo(min) - E; ) and is important if £, is also
small.

6. Good renormalisation rates in the material, i.e. good e-e and k-h scattering. This condition is met in most
semiconductors quite easily, with e-e scattering rates of less than 100fs. But it may be compromised in
nanostructures.

7. Good carrier transport in order to allow transport of hot carriers to the contacts.

8. Ability to make good quality, ordered, low defect material.

9. Earth abundant and readily processable materials.

10. No, or low, toxicity of elements, compounds and processes.

3. Hot Carrier Absorber: Choice of Materials

InN has most of these properties, except 4, 8 & 9, and is therefore a good model material for a hot carrier cell absorber.
However the abundance of In is very low, so it is difficult to see InN as a long term material suitable for large scale
implementation. Hence analogues of InN, which retain its interesting property of a large phonon band gap, are also being
investigated.

3.1. Analogues of InN

As InN is a model material, but has the problems of abundance and bad material quality, another approach is to use
analogues of InN to attempt to emulate its near ideal properties. These analogues can be II-IV-nitride compounds, other
nitrides or possibly oxides, large mass anion III-Vs, group IV compounds/alloys or nanostructures.

HA 1IIA 1B 1B [IIB IVB VB VIB
Be B C N (0]
______ Dy . |7 [
Mg P S
___________________ a |
Ca| Sc | Ti ! Cu | Zn As | Se
= 1. ' ]
_______ _'"T,:_T""" 2 Tttt
St | Y| i Ag-{~€d-1 In-{>Sn |>Sb | Te
“““ = o 1, [\ < T
Ba | La | Hf Au | Hg | TI Pb Bi Po
Er

Figure 3: Use of the periodic table to analyse possible analogue compounds of InN based on atomic mass combination and electro-
negativity.

3.1.1. II-IV-Vs: ZnSnN; ZnPbN; HgSnN; HgPbN

With reference to Figure 3, it can be seen that replacement of In on the III sub-lattice with II-IV compounds is
analogous and is now quite widely being investigated in the Cu,ZnSnS, analogue to CulnS,."*

ZnGeN can be fabricated '**” and is most directly analogous with Si and GaAs. However, its electronic band gap is
large at 1.9¢V. It also has a small calculated phononic band gap.' ZnSnN has a smaller electronic gap (1 eV) and larger
calculated phononic gap. 2**' It is however difficult to fabricate, and also its phononic gap is not as large as the acoustic
phonon energy making it difficult to block Klemens decay completely. HgSnN or HgPbN should both have smaller E,
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and larger phononic gaps. These materials have not yet been fabricated and have the problem that Hg has about half the
abundance of In and is toxic.*

3.1.2. Large mass anion:

Bi and Sb are heavy elements and hence their compounds with B and Al have large predicted phononic gaps.” BiB has
the largest phononic gap but AIBi, Bi,Ss, Bi,O; (bismuthine) are also attractive. AISb has a calculated and measured
phononic gap the same size as its acoustic phonon energy.>* It also has a very flat optical phonon dispersion that should
suppress Ridely as well as there being almost no chance of Klemens decay.”> ASb has a very high calculated phonon
lifetime probably because of its large phononic gap, similar to InP,*® which give the predicted large carrier temperatures
shown in Fig. 2. The electronic band gap of AlSb is 1.5¢V which, although indirect, makes it marginally suitable as an
absorber. These phonon properties, and the fact that it is of reasonably widespread use and can be made of reasonable
quality, make AISb reasonably attractive as a hot carrier absorber material. BSb has a larger elemental mass difference
giving it a very large phonon band gap more than twice the acoustic phonon energy, as calculated in 3D using an ab-
initio DFT approach,”’ sufficient to block Klemens decay completely if the material quality is high enough. It also can be
fabricated by co-evaporation and has a measured E, of 0.59¢V.* Its band gap is indirect and hence not ideal, but the
absorption coefficient remains high even out to 1700nm. Bi is a rare element with an earth abundance about twice that of
In, with Sb about five times In’s abundance.?? Nonetheless their large phonon gaps make particularly BSb and AISb
interesting to pursue further for proof of concept. A quantum well or quantum dot nanostructure of AISb/BSb would be
particularly interesting as it could combine phononic band gap and MQW slowed carrier cooling effects. Test structures
in related GalnAsSb/AlGaAsSb MQW systems have indeed shown potential for reduced cooling due to reflection of
phonons at interfaces.”

3.1.3. Transition metal nitrides:

The Group IITA nitrides LaN, YN and ScN have large elemental mass differences and would have been thought to have
large phononic gaps, but as they form in a NaCl structure rather than the zinc-blende structure of the Group I1IB nitrides,
they actually have zero phonon band gap.’*”' However the IVA nitrides of Hafnium and Zirconium have large predicted
and measured phononic gaps,” both bigger than their acoustic phonon energies. The phonon gap for TaN is reasonable
but not as large as its acoustic phonon energy. Hf and Ta are about the same abundance as Ge and As, with Zr 100x more
abundant and all are widely used metals.”> HfsN, also shows a large phonon band gap (although still too small to block
Klemens decay completely) * but also a narrow optical phonon dispersion — important to block secondary Ridley decay.
These nitrides can also readily be fabricated and have many existing applications, although the lack of stability of HfN in
moist air would need to be managed in a real application, probably by encapsulation. Interestingly both Hf\N; and Zr;N;
have zero electronic band gap, leading to the surprising conclusion that these semi-metals may be good absorbers for a
hot carrier cell.

The Lanthanides can also form III-nitrides. ErN and other rare earth nitrides can be grown by MBE. The phononic band
gaps of the Er compounds are predicted to be large, because of the heavy Er cation, but its discrete energy levels make it
not useful as an absorber, although the combination of properties in a nanostructure could be advantageous.

3.14. Group IV alloy/compounds:

All of the combinations Si/Sn, Ge/C, Sn/C or Sn/Si look attractive with large phonon gaps predicted in an approach
using perturbation DFT,” with that for SnSi particularly large and with a very flat dispersion, which should enable it to
suppress most phonon decay mechanisms. The predominantly covalent bonding, due to all the elements being group IV,
results in very little splitting of optical modes and hence flat dispersions, but also in relatively weak bonds that make true
stoichiometric compounds difficult to form. Unfortunately SiC, whether 3C, 4H or 6H, has too narrow a phononic gap.
Nonetheless GeC and SnSi are of significant interest and the former has been grown as a compound, although
stoichiometric quality is as yet not high.***

The IV-VI PbS also has a large mass ratio and is interesting, but its measured phonon dispersion shows an additional TO
branch that fills the phonon gap,** thus likely making it unsuitable for an absorber in bulk form. But initial modelling
indicates that phonon folding in a nanostructure could reflect these modes and give PbS nano-crystals a large phonon
band gap and hence potentially be highly suitable as an absorber.
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There are several other inherent advantages of group IV compounds/alloys all of which are associated with the four

valence electrons of the group I'Vs that result in predominantly covalent bonding:

a) The elements form completely covalently bonded crystals primarily in a diamond structure (tetragonal is also
possible as in BSn). However for group IV compounds the decreasing electronegativity down the group results in
partially ionic bonding. This is not strong in SiC and whilst it tends to give co-ordination numbers of 4, can
nonetheless result in several allotropes of decreasing symmetry: 4C, 4H, 6H. However, as the difference in period
increases for the group IV compounds, so too does the difference in electronegativity and hence also the bond
ionicity and hence the degree of ordering. For a hot carrier absorber this trend is in the right direction because it is
just such a large difference in the period that is needed to give the large mass difference and hence large phononic
gaps. All of GeC, SnSi, SnC (and the Pb compounds) have computed phononic gaps large enough to block Klemens
decay, and should also tend to form ordered diamond structure compounds.

b) Because of their covalent bonding, the group IV elements have relatively small electronic band gaps as compared to
their more ionic III-V and much more ionic II-VI analogues in the same period: e.g. Sn 0.15¢V, InSb 0.4eV, CdTe
1.5eV. In fact to achieve approximately the same electronic band gap one must go down one period from group IV
to III-V and down another period from III-V to II-VI: e.g. Si 1.1eV, GaAs 1.45¢V, CdTe 1.5¢V. This means that for
group IV compounds there is greater scope for large mass difference compounds whilst still maintaining small
electronic band gaps. A small band gap of course being important for broadband absorption in an absorber - property
3 in the desirable properties for hot carrier absorbers listed above.

c) The smaller E, would tend to be for the larger mass compounds of Pb or Sn. Which, to give large mass difference,
would be compounded with Si or Ge. This trend towards the lower periods of group IV also means that the
maximum optical phonon and maximum acoustic phonon energies will be smaller for a given mass ratio - the
desirable properties 4 and 5.

d) Furthermore, unlike most groups, the group IV elements remain abundant for the higher mass number elements —
desirable property 9 — in fact it is Ge in the middle of the period that has the lowest moderate abundance.” Property
10 is also satisfied because the group IVs have low toxicity.

3.1.5. Nanostructures:

The phonon dispersion of quantum dot (QD) nanostructures can be calculated in a similar way to compounds.® Their
phononic properties can be estimated from consideration of their combination force constants. Hence it is possible to
‘engineer’ phononic properties in a wider range of nanostructure combinations. Of the materials discussed above the
Group [Vs lend themselves most readily to formation of nanostructures instead of compounds due to their predominantly
covalent bonding, which allows variation in the coordination number. Therefore the nanostructure approaches of ® are
consistent with a similar description as analogues of InN, whether it be III-V QDs, colloidally dispersed QDs or for core
shell QDs.

4. Time Resolved Photoluminescence of Slowed Carrier Cooling

The effectiveness of InN as a hot carrier absorber material has still to be properly assessed because it is a very difficult
material to grow at reasonable quality, again due to the disparity in size of its constituent element atoms.** In addition
InN is predominantly grown as hexagonal wurtzite material rather than the more symmetric cubic zinc-blende structure,
although growth of cubic InN is possible.*® Some preliminary data on time resolved photoluminescence of InN are
shown in Fig. 4 and discussed below.

InP also has a large ‘phononic band gap’, approximately the same as its maximum acoustic energy, as shown in Fig. 4,
re-drawn from.”* Also InP predominantly forms as cubic zinc-blende material which is preferable as a hot carrier
absorber because of the consequent narrow range of its optical phonon dispersion. The electronic band gap of InP at
1.34 eV (925 nm) is significantly larger than the optimal hot carrier absorber band-gap but will nonetheless allow
absorption of a reasonable part of the solar spectrum. The similarity with the band-gap of GaAs at 1.45 eV (885 eV)
makes the comparison of time resolved photoluminescence measurements of this pair of semiconductors useful in order
to compare carrier cooling rates of hot carriers. Similar electronic band gaps mean that emission from fully thermalised
electron-hole pairs will be at about the same wavelength. This allows direct comparison of hot carrier relaxation plots
since for the same excitation wavelength carrier populations with similar temperatures are excited in both
semiconductors. Furthermore issues related to differences of calibration of the detectors and non-linear crystal or of
differences in chromatic losses of the optical setup are avoided.
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Figure 4: Phonon dispersion for InP showing the large phonic band gap between optical and acoustic modes, redrawn from.>*

Time resolved photoluminescence (TRPL) measurements comparing GaAs and InP have been carried out in earlier
work."" These data are repeated here in Fig. 5 to illustrate the effects of large phonon band gap on carrier cooling. Fig. 5
shows the TRPL spectra emitted by GaAs and InP, with the samples excited by a femtosecond laser pulse at 1.7¢V (730
nm). The PL signal is measured from the edge of the band gap to the excitation wavelength with a resolution of 1 ps.
The excited carrier density is quite high, 8.5 10" cm™ for both semiconductors.

After a fast redistribution over a broad range of energies, hot carriers start to relax towards the band-gap. Fig. 5 clearly
shows that carriers in InP thermalise with a longer time constant compared to GaAs. The slower carrier cooling can be
attributed to the suppression of the Klemens mechanism in InP due to the larger phononic band-gap that will thus lead to
a phonon bottleneck effect and slowed carrier cooling.

The photoluminescence spectra in Fig. 5 were used to fit hot carrier temperatures using a Boltzmann distribution. Fig. 6
shows the evolution of the hot carrier temperature as a function of time for both InP and GaAs. Calculated relaxation
constants are of the order of 500 ps for InP as compared to 200 ps for GaAs. This longer hot carrier lifetime is consistent
with the longer phonon lifetimes reported in.'' The excitation at 730nm is below the conduction band side valleys for
both materials, so there is no inter-valley scattering contribution to relaxation, but only I" valley thermalisation, this
makes the direct interpretation of slowed carrier cooling in InP valid. Relaxation behaviour for different excitation
energies has been investigated and exhibits more complex behaviour, as is reported in.!' Hence the evidence presented
here supports the supposition that the Klemens mechanism is suppressed in InP.

Also shown in Fig. 6 are temperature TRPL data for a sample of InN. These are very preliminary data as the
measurement is not yet properly calibrated, but the data do seem to indicate very high carrier temperatures of 1,000°C
for short timescales up to 40 ps that are consistent with the high carrier temperatures for InN found in '° as shown in Fig.
2. This helps to support the theory of reduced Klemens decay and hence slowed carrier cooling in InN as well as in InP.
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Figure 5: Time resolved PL spectra for bulk (a) GaAs and InP for 730 nm excitation wavelength redrawn from Clady et al. ' Carrier
densities are 8.5x1019 cm-3. The peak intensity (black arrows) can be seen to shift closer to the band gap (white lines) with time for
both materials, but that for InP stays further above the band gap and at higher intensity for much longer times than that for GaAs.

1200 \—— : : : : . . .
w
g 3 - InP
l’ -
3 L - GaAs
o 8001 i -
3 s
; f‘& f""'._q.
5 Ay iy,
§ :.._- \“"-'a- "
g - Ry
£ e, Tt
2 400 | e e
v".:'~..-
R NP
0 A 1 . 1 A 1 1 A
0 40 80 120 160 200

Time (ps)

Figure 6: Hot carrier temperature relaxation for bulk GaAs and InP, redrawn from Clady et al. '' [Excitation and carrier density are the
same as in Fig. 5.] Also shown in the top left are calculated (although incompletely calibrated) carrier temperatures from TRPL data
for InN, which indicate high carrier temperatures at short times.

5. Discussion and Conclusion

The Hot Carrier solar cell has the potential to achieve very high efficiencies in a device that is essentially a single
junction. Detailed balance calculations indicate limiting efficiencies as high as 65% under 1 sun and 85% under
maximum concentration. However a series of modelling developments has shown that as real material parameters are
introduced the predicted efficiencies decrease. What emerges is that maximisation of the thermalisation time constant for
hot carriers is critical to improved efficiency.

The carrier cooling mechanisms depend primarily on emission of optical phonons by cooling carriers, predominantly
electrons. Under some circumstances these optical phonons can be produced at such a high density that they cannot
decay away fast enough and a ‘phonon bottleneck’ is formed that allows the phonon energy to scatter back with the
electron ensemble thus re-heating it. Creating the conditions for this phonon bottleneck seems the most fruitful route for
significantly increasing the thermlaisation time constant.

Quantum well nanostructures exhibit such phonon confinement with significantly hot carrier temperatures. The reasons
for this are not completely clear but are affected by the restriction of hot carriers diffusing in the direction perpendicular
to the wells and by confinement of phonons in the wells. Prevention of decay of optical phonons into acoustic phonons is
another method for maximising phonon bottleneck. Materials with a large difference in acoustic and optical phonon
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energies can block this Klemens route for phonon decay. A number of materials are identified as having these properties
with the principle requirement that there is a large mass difference between their constituent atoms. Some of the most
promising are III-nitrides, especially InN, and their analogues, which include transition metal nitrides — of which HfN
and ZrN are most interesting - and group IV compounds — of which SnSi has the most impressive modelled properties.
Experimental demonstration of these effects are limited at present although time resolved photoluminescence
measurements of carrier temperature suggest that long hot carrier lifetimes are achieved in both InP and InN, both of
which have large phonon band gaps. There are encouraging signs that these properties will soon be demonstrated in
several material groups. Combinations of materials with large phonon band gaps in nano-well nanostructures offer great
potential to combine two slowing of carrier cooling mechanisms and hence achieve higher longer lived hot carrier
temperatures.
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