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ABSTRACT

Hot-carrier solar cells offer the opportunity to harvest more energy than the limit set by the Shockley-
Queisser model by reducing the losses due to the thermalization of photo-generated carriers. Previous reports
have shown lower thermalization rates in thinner absorbers, but the origin of this phenomenon is not precisely
understood. In this work, we investigate a series of ultrathin GaAs absorber layers sandwiched between
AlGaAs barriers and transferred on host substrates with a gold back mirror. We perform power-dependent
photoluminescence characterizations at different laser wavelengths from which we determine the carrier
temperature in four absorber thicknesses between 20 and 200 nm. We observe a linear relationship between
the absorbed power and the carrier temperature increase. By relating the absorbed and thermalized power,
we extract a thermalization coefficient for all samples. It shows an affine dependence with the thickness,
leading to the identification of distinct volume and surface contributions to thermalization. We confirm that
volume thermalization is linked to LO phonon decay. We discuss the origin of the interface-related
thermalization, showing that the effect of LO phonon transport is negligible. Overall, this work sheds new light
on thermalization processes in ultrathin semiconductor layers and introduces a method to compare the
performance of hot-carrier absorbers.

efficiency limit comes from the mismatch between a

1. INTRODUCTION broadband solar illumination, and the fixed bandgap of the
semiconductor used to absorb this solar radiation. Photons

Conventional single-junction solar cells are limited in ~ With an energy lower than the bandgap cannot be absorbed,
efficiency by the Shockley-Queisser model’, at about 41%  While high-energy photons can be absorbed, but all the
under full concentration for an optimal bandgap. This energy above the bandgap is lost through so-called
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thermalization. Hot-carrier solar cells (HCSCs), with an
efficiency limit around 85% under full concentration?, offer
the opportunity to solve this issue. Still, to date, only a few
complete devices have been fabricated®>. Among these, the
most convincing example showed a maximal efficiency of
11% at room temperature®, far below the limit set by the
Shockley-Queisser model.

Two specific elements are required for a HCSC. The first
is an absorber with a low thermalization rate, resulting in
electrons and holes at a higher temperature than the lattice.
The second is energy-selective contacts®=®, which allow for
the isentropic extraction of these hot carriers. Although
understanding the selective contacts is crucial for reaching
the highest efficiencies, a simple barrier implemented as a
semi-selective contact could already give a substantial
efficiency increase from hot carriers®. Therefore, the main
challenge lies in the ability to reduce the thermalization rate
in the absorber and generate a steady-state hot-carrier
population.

In bulk polar materials such as GaAs, the excess energy
of electrons is mostly released as LO phonons through
elastic scattering known as the Fréhlich interaction®.
Electrons can also re-absorb LO phonons, meaning the
electron-LO phonon system conserves energy. The energy
loss then comes from the anharmonic decay of LO phonons
into acoustic phonons!! (mainly through Klemens and Ridley
mechanisms). The result of these interactions creates a non-
equilibrium LO phonon distribution?*3,

When a thin absorber is sandwiched between two
barrier layers, thermalization can also occur through the
interfaces. One such mechanism is thermionic emission,
where carriers with more energy than the barrier height can
escape from the absorber. This mechanism is employed for
thermionic cooling applications, where the carrier
temperature in the absorber is lowered by extracting high-
energy carriers'*1>. Although it is sometimes dominant in
hot-carrier absorbers?®, its effect can be mitigated by using
barriers with a bandgap much larger than the absorber.
Another mechanism thought to be of influence is the
transmission of LO phonons through the interfaces, which
can be reduced by using absorber and barrier materials with
different LO phonon energies (like GaAs and AlAs)Y’.

Initial studies have shown that the thermalization rate
was strongly reduced in quantum wells compared to bulk
absorbers'®1°, while recent works have focused on the
mechanisms occurring in complex multiple quantum well
structures?®=?2, Despite these advances, the reason why the
thermalization rate is lower in quantum systems is still
debated.

Although quantum confinement certainly plays a role,
part of this reduction can purely be ascribed to having a

thinner absorber. This is because the number of LO phonon
decay channels scales with the absorber volume?3. Other
identified thermalization mechanisms include Auger effect?,
although it is significant only for carrier concentrations
above 101° cm™3 in GaAs®>.

In this work, we investigate the impact of the absorber
thickness on thermalization in a range where the absorbers
behave like bulk materials (no quantum confinement). We
fabricate simple barrier-absorber-barrier heterostructures
with GaAs absorbers of different thicknesses and compare
the power-dependent photoluminescence measurements
for each sample to identify the main thermalization
mechanisms in thin absorbers.

In section Il, we introduce ultrathin heterostructures
transferred on a host substrate with 4 different GaAs
absorber thicknesses between 20 and 200 nm. They are
characterized by room-temperature photoluminescence
(PL) with two different laser wavelengths of variable
intensity. We present a method to extract the carrier
temperature in ultrathin devices with optical resonances.

In section Ill, we present the temperatures determined
for all samples at different laser wavelengths and intensities.
We observe a linear relationship between the absorbed
power and the carrier temperature increase so that we can
extract a proportionality coefficient for all samples.

In section IV, we discuss the experimental results. We
relate the proportionality coefficient to a thermalization
coefficient Q, by defining a relationship between absorbed
and thermalized power. By comparing the thermalization
coefficient obtained for different thicknesses, we identify
separate  volume and surface contributions to
thermalization. The volume thermalization seems to
correspond to the LO phonon decay mechanism, while we
exclude the transmission of LO phonons through the
barriers as a possible surface thermalization mechanism.

In section V, we conclude on the main results of this
study and their perspectives to enhance hot-carrier
phenomena in solar cells.

2. METHODS

We fabricated four samples, with GaAs absorbers of
thicknesses 20, 50, 100, and 200 nm (Figure 1(a)). The
samples are epitaxially grown by metalorganic vapor-phase
epitaxy, then bonded to a silicon wafer through gold-gold
bonding. Finally, the growth substrate is removed by
chemical etching. The whole fabrication process, from the
epitaxial growth on GaAs to the final device, has been
reported previously?®. For each sample, the absorber layer
is sandwiched between 2 wider-bandgap AlypsGagsAs
barriers of about 90 nm thickness (Figure 1(b)). The purpose
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of these barriers is to confine the carriers in a well-defined
volume and limit the power outflow from the absorber
through thermionic emission. The exact thickness of the
barriers can vary due to partial etching and oxidation during
the process (we determined it previously for each sample?®).
The gold layer used for the bonding also plays the role of a
mirror and ensures high thermal conductivity. This design
makes the sample as simple as possible to analyze with PL.
Indeed, since there is no substrate and the barriers have a
wide bandgap, only the absorber will emit light in the
spectral region of interest (between 1.35 and 1.6 eV). Also,
minimizing lattice heating leads to a more accurate
measurement of the carrier temperature, since we can
assume the lattice remains at room temperature even under
intense illumination.

AlysGag sAs barrier 90nm  H{s) e}

2.02eV 0.33 eV
GaAs Absorber 20-200nm [
1.42 eV
AlysGag sAs barrier 90nm AlGaAs Gahs AlGaAs
Barrier Absorber Barrier
$0.27 ev

BT

Figure 1: (a) Structure of the samples measured in this study. A
GaAs absorber is sandwiched between two AlpsGao sAs barriers
with a higher bandgap. The structure is bonded to a silicon
substrate with a gold layer to limit lattice heating. (b) Simplified
band diagram of the barrier-absorber-barrier structure, along
with the bandgaps and band offsets. The electron and hole
energy distributions are represented in blue and red, respectively.
The vast majority of the carriers in the absorber do not have
enough energy to escape to the barriers through thermionic
emission.

To compare the measurements for different absorber
thicknesses, we need to consider the fraction P, (in
W.cm™2) of the incident laser power P,. (in W.cm™?)
which is absorbed in each of them:

Paps = Araser X Pines €]

where A q.r is the absorptivity of the GaAs layer at the
laser wavelength. A4, was determined previously?® for
each sample by fitting absorptivity measurements with a
transfer matrix method? 2. We consider Ajgser IS
independent of the incident power, because the laser
energies considered are far above the bandgap.

To determine the carrier temperature in the absorber as a
function of the absorbed power, we measure the PL
spectra at room temperature under laser illumination of
increasing intensity in the four samples. We consider two
laser wavelengths of 532 and 638 nm corresponding to

photon energies of 2.33 and 1.94 eV, respectively. These
energies are significantly higher than the absorber bandgap
(1.42 eV), such that we can expect a significant part of the
incident power to be thermalized. The photons emitted by
the 638 nm laser have less energy than the barrier bandgap
(2.02 eV). Photocarriers are thus generated only in the
absorber, which is not the case for the 532 nm laser (more
detail on how this impacts the estimation of the absorbed
power in Supplementary Information). Thanks to these two
different lasers, we will be able to analyze the wavelength
dependence of thermalization. The series of spectra
obtained for the 200 nm-thick GaAs absorber with the 532
nm laser is shown in Figure 2.

10% ——P_,_=9076 W.cm™
abs™ .

| — = -2

P ps=5448 W.cm
= -2

10%2 | P ps=4594 W.cm
J - -2

|~ P,,,=3256 W.cm

- -2
Pabs-1676 W.cm
- -2
Pabs—868 W.cm
- -2
— Pab5-459 W.cm

¢, (arb. units)

- ]
—Pabs-178 W.cm

1.35 1.4 1.45 15 1.55 1.6
E (eV)
Figure 2: PL spectral photon flux (in arbitrary units) as a function
of the photon energy, acquired at different absorbed powers for
the 200 nm-thick GaAs absorber sample with a 532 nm
illumination. The laser spot size is about 19 um in radius (see
Supplementary Information).

The PL spectral photon flux (in s™l.m™2.eV~1) of a
semiconductor with a Lambertian emission profile follows
the generalized Planck law?

s =0 e (51 @

where E is the photon energy, A(E) is the absorptivity of
the GaAs layer (considered independent of the emission
angle), h is the Planck constant, c is the speed of light, kg is
the Boltzmann constant, u is the chemical potential of the
radiation and T is the temperature of the radiation. In the
Boltzmann approximation, Eq. (1) becomes

E
B(E) ~ KA(E)E? exp (—ﬁ) 3)

where K is a parameter independent of the photon energy
(it depends on the absorber thickness and illumination
conditions but has no impact on the carrier temperature
determination). If electrons and holes are at the same
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temperature, then T is also the temperature of the carriers.
If electrons and holes are at different temperatures, Eq. (2)
is still valid, with T related to the temperature of the carrier
populations3%31, We will consider here, as is usually assumed,
that the carrier temperatures are the same. The same
analysis could be conducted for different electron and hole
temperatures.

A simple way to extract the carrier temperature T from
PL measurements is the slope method?°. This method
assumes the absorptivity is independent of E on a certain
range above the bandgap to extract the temperature
directly from the slope of the PL spectrum in logarithmic
scale in that range. However, in the ultrathin systems
considered here, Fabry-Perot resonances appear between
the front interface and the back mirror?®. These resonances
result in strong absorption variations that can lead to
significant errors in the carrier temperature assessment.

We have proposed an alternative method to extract the
temperature in thin heterostructures3?, where we consider
the ratio between the PL spectra obtained at two different
laser fluences labeled 1 and n. Assuming the absorptivity at
a given energy is independent of the absorbed power, we
have

(a) 10°

107~ %

qﬁn/@l

10"

10°
1.35 1.4 145 15 155 1.6
E (eV)

én(E) 1 1
In (¢1(E)> = (kBTl kBTn) E + cste. 4)

The high-energy slope of this ratio gives directly the
temperature of the carriers. This approach is as simple to
implement as the slope method, but presents the extra
advantage of removing the influence of the absorption
variations with E . Also, both these methods are much
simpler to apply than a full fitting* of Eq. (2) since there is
no need for an absolute calibration of the
photoluminescence intensity, and there is only one
parameter to fit.

The PL ratios are shown in Figure 3(a), for the PL spectra
of the 200 nm-thick GaAs absorber presented in Figure 2.
The temperature determination is about twice more
accurate with the ratio method than with the slope method
for the 200 nm absorber case (Figure 3(b)).

This method can be used as long as A(E) is independent
of the absorbed power. Close to the bandgap, intensity-
dependent band filling occurs, which means the
temperature needs to be determined sufficiently far above
the bandgap (in our case, above 1.53 eV).

------ Ratio method
------ Slope method

0 A P S
0 2000 4000 6000 8000
Pyps (W.cm™2)

Figure 3: (a) PL ratios ¢, /¢, in log scale as a function of the photon energies, for the PL data of the 200 nm-thick GaAs absorber with
the 532 nm source, shown in Figure 2. The high-energy slope of these curves can be fitted following Eq. (4), from which we can extract
the temperature for all absorbed powers. (b) Carrier temperature increase as a function of absorbed power, for the ratio method (in
blue) and the slope method (in red), with error bars. The error on the temperature determination is about twice lower when
considering the ratio method. (The points for the slope method are slightly shifted horizontally to make the comparison easier).

3. RESULTS

Using the PL ratio method, we determine the carrier
temperature increase as a function of the absorbed power
for all samples, and both lasers (see Supplementary

Information for the uncertainty -calculation for the
temperature and the absorbed power). We show the results
for both lasers in Figure 4 (except for the 20 nm absorber
with the 638 nm laser, not shown due to large uncertainties).
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Figure 4: Carrier temperature increase T — T} determined from the ratio method as a function of the absorbed power P, for the
different GaAs absorbers thicknesses (a) for a 532 nm laser illumination. (b) for a 638 nm laser illumination. For all wavelengths and

thicknesses, we observe a proportionality between both quantities.

The first thing to be noted is that the temperature
increase is relatively modest, always below 100 K in all
samples, within the power range considered. Therefore, we
are at the onset of the generation of hot carriers. Because
the power range is higher with our 532 nm laser, the
temperature increase with the 638 nm laser is even more
limited, down to about 20 K. Still, because the error is small,
we can confirm that for each sample and laser wavelength,
we observe hot carriers. To the best of our knowledge, this
is the first time that hot carriers have been measured after
transferring the epitaxial layer onto a host substrate, an
important step for the effective utilization of hot carriers in
devices.

A remarkable feature of all the measurements in Figure
4 is that the inferred carrier temperature increases
proportionally with the absorbed power P,,;. We can
translate this observation into a linear relationship

Pabs = Qabs(T - TL)r (5)

where T is the carrier temperature, T, is the lattice
temperature, and Qg (in W.cm™2.K™! ) is the
proportionality coefficient between power and temperature
increase. The factor Qs is analogous to the thermalization
coefficient Q defined by Le Bris et al.>3, who first observed
similar linearity. In the discussion, we will justify why we
modified the relationship between thermalized power and
carrier temperature increase compared to that reference.
To get a better hot-carrier absorber, Qs should be as small
as possible so that we can generate hot carriers with

relatively low incident power. We extract a coefficient Qs
for every sample and laser wavelength (Figure 5).

This coefficient depends on the absorber thickness and
decreases with the absorber thickness: for the same
absorbed power, the carrier temperature is higher in
thinner absorbers (Figure 5). This result agrees with the
general argument made by Le Bris et al. that the
thermalization rate should decrease in thinner absorbers?.
Another key observation is that Q,;s depends on the laser
wavelength: it is higher for longer wavelengths. Part of the
reason for this will be explained in the discussion, section
4.1, which will lead to an improved definition of the
thermalization coefficient Q.

400
532 nm laser
= 300F {; 638 nm laser
L= ¢
|
S 200¢
5 ({)
S 100
0 L 1 L L
0 50 100 150 200

Absorber thickness (nm)
Figure 5: Proportionality coefficient Q¢ as a function of the
absorber thickness for both laser wavelengths. Qs increases as
the absorber thickness increases and is higher for a longer laser
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wavelength. The data for both lasers are slightly shifted along the
horizontal axis to improve visibility.

4. DISCUSSION

4.1. Relation between absorbed and thermalized power

In the previous section, we observed a linear evolution
of the carrier temperature increase with the absorbed
power P,,s . To analyze the relationship between
thermalized power P;;, and carrier temperature, we first
need to express Py, as a function of P, . Le Bris et al.
previously assumed33, for simplicity, that all the absorbed
power should be thermalized (P, = P,js). but we would
like to revisit this hypothesis.

The thermalized power is the amount of power
dissipated by photo-generated electrons and holes before
they recombine. “Because interband recombination rates
(both radiative and non-radiative) tend to be much slower
(typically in nanoseconds) than electron-phonon scattering
rates (typically in picoseconds), the processes of
thermalization and recombination can be considered
independently.” The absorbed power is dissipated entirely
through a combination of interband recombinations P, ¢er
and thermalized power Py, leading to the detailed balance
equation

Pavs = Pinter + Pen- (6)

Under a laser illumination, all electron-hole pairs are
generated with the same energy Ejgsr - Let us call the
average energy dissipated through interband
recombinations (E;,ser). Py, can be expressed as a function
of the absorbed power:

E —(E;
Pth — laser ( lnter)PabS. (7)

Elaser

This model assumes that the Auger effect and impact
ionization are negligible and that the mechanisms related to
interband recombinations are independent of those of
thermalization. These interband recombinations can be
divided between radiative and non-radiative
recombinations.

On one hand, because hot electrons and holes each have

an average kinetic energy of ; kgT (3D system), the average
energy of non-radiative recombinations should be

(Einter)nrad ~ EG + ?’kBTr (8)

where E; = 1.424 eV is the bandgap of GaAs at room
temperature.

On the other hand, the average energy of radiatively
recombined photons, assuming step absorption and in the
Boltzmann approximation, is

(Einter>rad ~ EG + kBT- (9)

This value is different from Eq. (8) because of
momentum conservation (not every electron can recombine
radiatively with every hole). Here, we will assume that non-
radiative recombinations dominate, as is typically the case,
and thus consider Eq. (8). Moreover, carrier heating is
relatively low in our experiments. Therefore, we can
consider T = T, in Eq. (8) to obtain a proportionality
between P, and Pg,s, independent (to a first-order
approximation in T — T}) of the carrier temperature:

Elaser - (EG + 3kBTL)
Py =

Pabs- (10)

Elase‘r

From Egs. (5) and (10), we define a thermalization
coefficient

Q — Elaser - (EG + 3kBTL)

Qabs' (1 1)

Elaser

such that

Pep = Q(T = Ty). (12)

Q is independent of the carrier temperature, at least for
a small temperature increase. The thermalization
coefficients obtained for both lasers are shown in Figure 6.
The ratio between the values obtained for both lasers is

Q(638)
03D " 1.23 + 0.52. (13)
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Figure 6: Thermalization coefficient Q as a function of the
absorber thickness for both laser wavelengths. Q increases as the
absorber thickness increases and is slightly higher for a longer
laser wavelength (within error bars). The data for both lasers are
slightly shifted along the horizontal axis to improve visibility.

The thermalization coefficients are similar, slightly
higher for the lower laser energy (with a large error bar). We
will suggest a possible reason for this in the following
sections.

4.2. Thermalization coefficient as a function of absorber
thickness

In the previous section, we gave a broad definition of
thermalization (all the power dissipation which is not
related to interband recombinations). Now, we want to
identify the possible mechanisms for thermalization, i.e.
how the extra energy initially given to the carriers is
dissipated. In GaAs, as mentioned in the introduction, the
carriers interact mostly with the LO phonons, in an elastic
manner, such that an equilibrium can be considered
between the two populations. Therefore, thermalization
corresponds to either high-energy electrons or LO phonons
being dissipated from where they are generated, which can
take 3 different forms (Figure 7). The first is the decay of
optical phonons within the volume where carriers are
generated, corresponding to a power dissipated per unit of
volume p¢y, . The second is the escape of either high-energy
carriers or LO phonon through the interface, or their decay
at the interface, corresponding to a power dissipated per
unit of surface Py, 5. The last is the escape of either

electrons or LO phonons laterally outside of the incident
spot, where they then decay, corresponding to a power
dissipated P,y ;4¢. The LO phonons being generated close to
the center of the Brillouin zone (because the photocarriers
are located there), their wave vector is very short, and their
lateral diffusion is negligible relative to the spot size.
Moreover, the area from which we measure a PL signal is
roughly the same as the laser spot size (see Supplementary
Information), indicating no significant lateral carrier
diffusion. Therefore, we will assume that Ilateral
thermalization can be neglected.

Barrier

2 S

Piniat Pt 1at

S S ms?

Barrier

Figure 7: The power which is thermalized in the absorber can
follow three paths. The first is thermalization within the volume
of the absorber p;p, y,, which in GaAs is understood to originate
mostly from LO phonon decay. The second is thermalization
through (or at) the interfaces Py, s, which is for example the case
of thermionic emission. The last is the lateral diffusion of either
electrons or LO phonons Py, 4; away from the laser spot, which
we consider negligible.

We now look at how the thermalization coefficient
varies with the absorber thickness (Figure 8). We observe for
both laser wavelengths an affine relationship between
thermalization coefficient and thickness, which does not go
through the origin. We interpret this by writing

Q =dqy + 20s, (14)

where g, (in W.cm™2. K l.nm™! ) is the volume
thermalization coefficient and Qg (in W.cm™2.K™1) is the
surface thermalization coefficient of the sample series.
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Figure 8: Thermalization coefficient Q as a function of the absorber thickness. (a) For the 532 nm laser measurement. (b) For the 638 nm
laser measurement. In both cases, we observe an affine relation between both quantities, which allows us to define surface and volume

contributions to thermalization following Eq. (14).

Eq. (14) confirms the idea that there are two
components to thermalization (Figure 7), such that

Pin = Deny X d + 2Py . (15)

The first is proportional to the absorber thickness,
related to a thermalization process occurring within the
absorber volume, while the second is independent of the
thickness and attributable to a thermalization process
occurring through the interfaces between the absorber and
the barriers. The factor 2 in Eq. (14) isintroduced so that Q;
corresponds to the thermalization through one GaAs-
AlGaAs interface, both being assumed identical. Eq. (14)
furthermore indicates that both the volume and surface
thermalization mechanisms are proportional to the carrier
temperature increase, at least up to T —T, = 100K.
Experimental values for these thermalization coefficients for
both laser wavelengths are reported in Table I.

532 nm laser

638 nm laser

qy (W.cm™2, K™t nm™1)

0.20 £ 0.07

0.20+0.13

Qs (W.cm™2.K™1)

6.4+ 3.2

10.8 £ 6.9

Table I: Volume and surface thermalization coefficients obtained
from analyzing the variations of the thermalization coefficient
with the absorber thickness (Eq. (14)) in the GaAs sample series,
for both laser wavelengths.

Very interestingly, we obtained the same volume
thermalization coefficient for both lasers. Regarding the
surface thermalization coefficient, it appears to be slightly
higher with the 638 nm laser, although the uncertainty is
large. The higher thermalization coefficient observed for the

638 nm laser (Figure 6) thus seems to originate purely from
a larger thermalization at the interfaces.

For this sample series, the contribution of gy, and Qg is
comparable for absorber thicknesses between 30 and 50 nm.
Thicker absorbers are dominated by volume thermalization,
while thinner ones mostly dissipate the power through
surface thermalization. Ultrathin absorbers may therefore
show high thermalization rates if the surface contribution is
large.

We gave some examples of volume and surface
thermalization  mechanisms in  the introduction.
Thermalization through LO phonon decay should be the
dominating thermalization mechanism within the absorber
volume. Thermionic emission is a typical case of surface
thermalization, where the high energy electrons escape
through the barriers, decreasing the average energy of the
carrier in the absorber. LO phonon transmission through the
interface is another possible source of surface
thermalization. In the rest of the discussion, we will look at
several of these mechanisms, to see if they can explain the
linear relation between thermalized power and
temperature increase and if the experimental values are
compatible with theoretical models.

4.3. Origin of volume thermalization

In this section, we show that the volume thermalization
component is consistent with LO phonon decay. We assume
that electrons interact only with the LO phonons, as is
commonly considered in GaAs34. The thermalized power
density p, (in W.cm™3) is the integral over the wave
vectors q of the LO phonon population that decays into
acoustic phonons per unit of time, times the LO phonon
energy:



AlP

Publishing

1 9
Deny = % X V—Bﬂf d3qa—{(q)ELo(q), (16)

where n, is the density of atoms in GaAs (in cm™3), V is the
volume of the first Brillouin zone, f is the occupation
number at wave vector q, and E; , is the energy of the wave
vector. The factor 1/2 arises because there is 1 LO phonon
branch in the first Brillouin zone of a fcc lattice for 2 atoms
in the real-space Wigner-Seitz cell®>. The integral runs over
the first Brillouin zone, such that [[[ d®q = V. For a fcc
lattice, the volume of the Brillouin zone is

Vy = 4 x (27”)3 (17)

where a is the lattice parameter of GaAs. We define the
2
wave vector module |gg| = 7" such that Vg = 4 x |qp|3.
In the relaxation time approximation, we can write3

of _F@— fou(@

ot @ (18)

where 7 is the lifetime of the phonons, f is the non-
equilibrium phonon density and f;, is the Bose-Einstein LO
phonon distribution at lattice temperature, independent of
the wave vector:

feq = fpp(T}) = (19

exp (IZLTQL) 1

Because only the phonons with a low wave vector can
couple with the electrons, we consider the Einstein model
where the phonon energy is independent of its wave vector.
For simplicity, we also assume that all phonons have the
same lifetime3® 7(q) = 1,4, such that

pov =222 [[[ealr@ -l @0

2 110

Not all LO phonons couple with photocarriers. LO
phonons with a large wave vector cannot be generated
during hot-carrier thermalization and thus remain at
equilibrium. We consider as an approximation that only the
LO phonons with a wave vector with a module lower than a
certain value |gqx| are coupled with the electrons. We also
assume that these phonons are at the same temperature as
the electrons. There is also a minimum wave vector |q,,in|
such that phonons with a small wave vector are also not

coupled with the electrons, but it can be neglected because
|@min!® < |q@max!®. The phonon number then follows one
of two Bose-Einstein distributions:

_ (fee(T) if[q] < |@maxl
flo = { B;BE(TL) otherwise 2D

The thermalized power density is then obtained by
developing the integral in Eq. (20) in spherical coordinates,
leading to

TNnoELo
Pty = 7
’ 6

3
e (T) = fon (T ("’"““") . @2
lqg|

Tro

If the temperature of the carriers is much higher than
that of the lattice, then we can neglect the second term in
the brackets. In the Boltzmann approximation, we then
recover the expression derived by Le Bris et al.33. For small
temperature increases like those we observe (less than
200 K for a lattice temperature T, = 300 K), the variation
of phonon occupancy is very well approximated by a first-
order Taylor expansion around T — T, = AT

fee(T) — fpe(T,) = B X AT, (23)

with

Bo  P(R)

e () -]

(24)

This leads to the expression

3
T fngELo (lqmax|>
== AT. (25)
Peny 6 T lgsl

Eq. (25) could explain the linear relationship we observe
between thermalized power and temperature increase,
provided the other quantities are independent of the
temperature. We can express the volume thermalization
coefficient

— EﬁnOELO <|qmax|>3. (26)

= 6 T lgsl

Most of the parameters in Eq. (26) are well known in
GaAs and are independent (at least to a first-order
approximation) of the carrier temperature. We consider
ny = 4.4210%2cm™3, E;; =36.1107%3eV, 1,0 = 3.5ps
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and |gg| = 1.11 108 cm™. The proportionality factor § =
2.0 1073 K1 is obtained directly from E;, and the lattice
temperature T, = 296 K (Eq. (24)). The main uncertainty
comes from the fraction of phonon modes coupled with the
electrons, related to the wave vector |qmaxl .- We can
estimate its value using the volume thermalization
coefficient g, determined experimentally (Table 1):

|@max] ~ 3.3 £ 0.4 x 106 cm™2. (27)

|@max! is relatively small compared to |qgl|, verifying
that only a small fraction of the phonon modes are coupled
to the electrons. We want to check whether this order of
magnitude for g,,,4 is coherent with the distribution of non-
equilibrium phonon densities. We assumed that the phonon
occupation number follows the Bose-Einstein distribution at
the carrier temperature for the phonon modes coupled with
the electrons, while it is equal to the equilibrium distribution
for uncoupled modes. In reality, there is no such sharp
distinction between coupled and non-coupled modes, and
the distribution with |q| should be smoother.

We simulate the non-equilibrium distribution of
phonons following the work of Tsai3* (Figure 9). The overall
shape of the distribution does not change much as we
change the carrier temperature between 300 and 400 K, so
we can assume that |qmqx| is independent of the incident
power to a first-order approximation. The thermalization
coefficient is thus also independent of the laser wavelength,
as observed experimentally. The experimental value we
determined for |q,,4x| agrees with the wave vector at which
the modeled non-equilibrium distribution strongly
decreases. This meaning LO phonon decay is likely to be
responsible for volume thermalization. The precise
calculation of the power thermalized in this way requires the
knowledge of the chemical potential of the carriers, and will
be the object of a future publication.

5 0.55 — F e
- | T=400 K| |
g .» ——T=380K| |
5 0.5: ........................................ T=360 K j
E » T=340K| |
B .45 [rss————"" —T=320 K|
= [——T=300K]|
504/
£ 0.35] f |
L fup(T

= | . :fss( L)
= 03 : :

10° 108 |9maxl 107 108

LO phonon wave number (cm™!)
Figure 9: Non-equilibrium LO phonon distribution for a lattice
temperature T, = 300 K and a carrier temperature T varied
between 300 and 400 K. The dashed lines are the distributions
introduced in Eq. (21): the modes with a wave vector smaller
that |qmax| (determined experimentally in Eq. (27)) follow a
Bose-Einstein distribution at the temperature T. The continuous
lines are the non-equilibrium distributions as calculated from
Tsai®* for a Fermi level for the electrons 30 meV below the
conduction band. Only the electron contribution to
thermalization is considered. We see that the non-equilibrium
distributions decrease around the experimentally-derived value of
|@max|, independently from the carrier temperature.

4.4. Possible origins of surface thermalization

The surface thermalization coefficient corresponds to
energy loss from the electron-LO phonon system, at or
through the absorber interfaces. We will show here that it
does not originate from the transmission of LO phonons into
the barriers.

Because optical phonon dispersion curves are nearly flat
close to the zone center, their group speed is small
compared to that of acoustic phonons, so that their
transport properties are usually neglected. However, since
we are concerned only with LO phonons and because our
absorbers are very thin, the contribution of LO phonon
transmission to hot-carrier thermalization should be
assessed. We assume that a fraction 9(q) of the incident LO
phonons are transmitted through the interface. The power
flow of LO phonons through the interface with the barrier is
calculated similarly to the volume thermalization through
LO phonon decay, where we now need to consider the
speed of LO phonons along the direction normal to the
interface v,. The power which is transmitted to one of the
barriers writes

Pins = 55 f f EgI@D[f @) — fou @]Ero (@, (@), (28)

10



AlP

Publishing

where the integral runs over the wave vectors in the first
Brillouin zone satisfying v,(q) = 0. Again, we assume that
the phonon energy is independent of the wave vector and
that phonons with a wave vector of modulus lower than
|@max| are at temperature T, while the others remain cold.
We also consider the linear expansion around AT such that

E 1
Pus =970 x a7 x - [[[ @as@@, @9

where the integral now runs over the half-sphere of radius
|@max! and v,(q) = 0. This value admits an upper limit,
provided 9(q) = 1 for all wave vectors:

E 1
Peps < LIOZ 2 x AT x V_fﬂ- d*q v,(q). (30)
B

The integral expression can be developed in spherical
coordinates with v, = v cos ¢, leading to

|| #av.@ == f @, GD

The LO phonon speed is to a first approximation (|q| <
|gg|) proportional to the wave vector:

ow
V(@) = 5 =~ a0 xa (32)

where w; is the frequency of LO phonons. We can get an
analytic expression for a, by considering the dispersion
relation in the absence of polar interactions:
E Mg M,
@y = 2 (g2, (33)
h 2(IWGa + MAS)Z

where M, and My, are the atomic masses of Ga and As,
respectively, and a is the lattice parameter of GaAs. As
mentioned, this description ignores the polar nature of GaAs,
which results in separate LO and TO dispersion relations
with phonon energies different from the one derived in Eq.
(33) . Itis possible to fit a, from experimental or numerical
data, but the variety of models and the small curvature
mean there is necessarily a lot of uncertainty. We will thus
consider the value obtained in Eq. (33) as an order of
magnitude for this calculation.

Overall, the upper limit for the power thermalized by LO
phonon transport through an interface is

T

|qmax|>3
Pis < — aofnoELol |< AT. (34)
ths =35 0BN0E Lo Gmax EN

As for the LO phonon decay term, the LO phonon
transmission appears to be proportional to the temperature
increase AT, which stems from the linear expansion of the
difference in the occupation functions. The surface
thermalization coefficient thus has an upper limit

3
T |G max!
Qs = 3_2aoﬁ”0ELo|Qmax| ( |;n:T ) . (35)

We consider for |qmax| the value determined from the
experimental volume thermalization coefficient (Eq. (27)),
leading to

Qs < 9.4 x 1072 W.cm™2.K ™. (36)

This value is more than one order of magnitude smaller
than the experimental measurements. Moreover, the LO
phonon energies of GaAs and AlpsGagsAs differ
significantly®’, such that the transmission coefficient 9 is
expected to be much lower than 1. Therefore, it seems like
the contribution of LO phonon transmission to
thermalization can be considered negligible here. This
important result means that as long as the experimentally
measured surface thermalization remains significantly
higher than in Eq. (36), there is no need to engineer a
phonon mismatch between the absorber and barrier
materials.

The principal remaining candidate for surface
thermalization is the thermionic emission of electrons over
the barriers”438_ Thermionic emission agrees qualitatively
with the observation that the surface thermalization
coefficient is higher for the longer laser wavelengths. Indeed,
a longer wavelength will lead to more photocarriers
generated for the same absorbed power, which should lead
to a higher chemical potential in the absorber. Moreover,
the 638 nm laser, contrarily to the 532 nm laser, does not
have enough energy to excite carriers in the barriers, such
that the chemical potential in the barriers should be lower
for the longer wavelength. Therefore, the thermionic power
flux from the absorber to the barriers should be higher with
the longer laser wavelength. As a consequence, the
thermalization coefficient should increase with the laser
wavelength, which is what we observe experimentally. An
in-depth analysis of the PL spectra to determine the
chemical potentials is required to determine whether
thermionic emission is indeed the principal reason for
surface thermalization.
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Other possible origins for the thermalization coefficient
involve LO phonon or electron scattering events at the
interface. These terms are especially difficult to estimate, as
they depend on defect states between the absorber and the
barrier. What we can say at this stage is that there is
significant thermalization through the interfaces in this
sample series, especially for ultra-thin absorbers where it
dominates the LO phonon decay volume process.

5. CONCLUSIONS

We reported power-dependent PL characterization of
ultrathin  heterostructures with two different laser
wavelengths at room temperature. The samples considered
are GaAs absorbers of four different thicknesses between 20
and 200 nm sandwiched between AlGaAs barriers,
transferred onto a host substrate. The simplicity of this
series provides a way to shed light on hot-carrier
thermalization mechanisms and constitutes a step towards
the fabrication of more complex hot-carrier solar cell
designs.

We considered a PL ratio method to extract the carrier
temperature in these ultrathin layers with relatively low
uncertainty. We observed a linear relationship between the
absorbed power and the temperature increase of the
carriers in all samples, enabling the extraction of a
proportionality coefficient Q. By relating absorbed and
thermalized power, we determined a thermalization
coefficient Q for all absorber thicknesses and laser
wavelengths.

We obtained an affine relationship between the
thermalization coefficient and the absorber thickness. From
this relationship, we identified two distinct thermalization
mechanisms. The first mechanism is a volume effect
proportional to the absorber thickness, attributed to LO
phonon decay. The second mechanism is a surface
contribution independent of the absorber thickness, which
highlights the importance of the interfaces in the hot-carrier
thermalization. Although its exact origin remains unclear,
we confirmed that LO phonon transmission through the
barriers is negligible so that there is no need to consider the
barriers’ LO phonon energy as a design criterion.

Overall, the definition we provided for the
thermalization coefficient will be helpful to compare the
quality of hot-carrier absorbers across different materials
and experimental setups. Furthermore, our approach can be
applied to identify surface and volume thermalization
contributions in any material. This work also emphasizes the
crucial importance of developing ultrathin absorbers as well
as the need to consider their interfaces carefully. These
ultrathin absorbers could eventually enable high-efficiency

hot-carrier solar cells, provided high absorption can be
maintained. This absorption enhancement requires the
implementation of advanced light trapping schemes, for
which promising experimental results were achieved in 25
and 200 nm-thick GaAs layers3%40,

Future work includes a more advanced fit of the PL data
to extract the chemical potential in the absorber and
determine more accurately the contributions of LO phonon
decay and thermionic emission. It will also be of interest to
investigate quantum confinement of carriers in ultrathin
absorbers and its impact on thermalization.

SUPPLEMENTARY MATERIAL

See supplementary material for a detailed analysis of the
error on the determination of the carrier temperature and
the thermalization coefficient.
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