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The study presents the findings on photovoltage formation in solar cells subjected to pulsed laser excita-
tion. Transient photovoltage measurements reveal that the photoresponse comprises two components with
opposite polarities, expressed as U = U, + Uy The fast component, which mirrors the laser pulse profile,
arises from the heating of charge carriers by the incident light. In contrast, the slow component corresponds
to the conventional photovoltage generated through electron-hole pair creation. The detrimental effect of
hot carriers on the power conversion efficiency of perovskite solar cells can be alleviated by reducing band
bending near the charge transport layers or by adopting a multijunction cell architecture. This approach
enhances spectral utilization and minimizes thermalization losses.
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1. Introduction

Global electricity demands are fuelling the fast
growth of the renewable energy industry, and
along with it, the technological advances that
make these sustainable alternatives more depend-
able, efficient and cost-effective. One of the most
promising and environmentally friendly ener-
gy sources is electricity generated by solar cells
(SCs). Currently, nearly 90% of solar cells world-
wide are produced from silicon []. Therefore, it
is very important to further improve the perfor-
mance of silicon solar cells and reduce their cost.
The power conversion efficiency (PCE) of a sin-
gle-junction silicon SC reaches 27.6% [ﬁ]. How-
ever, it is significantly lower than the theoretical
Shockley-Queisser (S-Q) limit of 33.3% [H, H]. In
recent years, various technologies and methods
have been developed to improve the power con-
version efficiency of the silicon SCs, including
pyramid structures and anti-reflecting coatings.
To diminish bulk recombination, high quality sili-
con wafers are used for SCs fabrication. To reduce
surface recombination, surface passivation is em-
ployed [EI, H]. The PCE of a single-junction solar
cell is limited by the fact that only photons with

energy close to the forbidden energy gap are ef-
fectively used [H]. Higher-energy photons create
electron and hole pairs, and the excess energy is
transferred to carriers, which become hot carriers.
As a result, the hot-carrier thermoelectromotive
force U, is induced across a solar cell. The polar-
ity of U, is opposite to the polarity of the classi-
cal photovoltage resulting from the generation of
electron-hole pairs [H]. Therefore, light-induced
carrier heating reduces the power conversion ef-
ficiency of a SC [E]. For the first time, the ther-
moelectromotive force of hot carriers was ob-
served across a germanium p-n junction during
illumination with CO, laser radiation [E]. Later,
the thermoelectromotive force of the hot carriers
has been investigated in silicon [E], InSb [] and
GaAs p-n junctions [].

In 1982, Ross and Nozik suggested the idea
of a hot-carrier solar energy converter in which
the photogenerated hot carriers are extracted over
a narrow range of energies at a rate faster than they
dissipate energy to the lattice [@]. Theoretically,
the power conversion efliciency of such a con-
verter can reach 66%. Later, numerous theoretical
and experimental studies have been conducted on

the development of hot-carrier solar cells [].
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Despite the efforts of many scientists, hot-carrier
solar cells suitable for practical use have not been
developed to date.

A detrimental process in the utilization of hot car-
riers is the repeated scattering of hot electrons and
holes with phonons, ultimately leading to their relax-
ation back to the conduction and valence bands, with
their excess energy being dissipated as heat. There-
fore, the extremely short cooling time of hot carriers
in inorganic semiconductors is the main obstacle to
the development of hot-carrier solar cells. At room
temperature, the cooling time of hot carriers is on
the order of 1072 s [@]. The cooling time of hot carri-
ers in organic inorganic metal halide perovskite films
is longer, on the order of 10" s [@, El]. Therefore,
it was thought that lead halide perovskites are prom-
ising candidates for the development of hot-carrier
solar cells. Kahman and Loi noted that the power
conversion efficiency of approximately 50% appears
achievable if the hot carrier cooling time of 1 ns can
be attained [@]. Monte Carlo simulations show that
the hot phonon bottleneck effect may be the primary
mechanism responsible for the slow cooling in metal
halide perovskites [@]. The hot phonon bottleneck
effect arises from the non-equilibrium population
of longitudinal optical phonons under intense elec-
tron-hole pair generation by light. A recent study of
carrier dynamics in lead-free caesium tin halide per-
ovskites revealed a significantly prolonged hot car-
rier cooling process, lasting approximately 50 ps, due
to the hot phonon bottleneck effect and the forma-
tion of large polarons [@].

The second challenge in the development of
hot-carrier solar cells is to produce a contact ma-
terial with a narrow density of states at an appro-
priate energy level — energy selective contacts. To
avoid energy loss of the hot carrier, its extraction
time must be significantly less than the cooling
time [@]. Quantum mechanical resonant tunnel-
ling structures are most likely to satisfy the require-
ments of selective energy transmission over a small
energy range [@]. The hot-carrier photovoltaic cell
comprises an absorber region where photons are
absorbed, a resonant tunnelling quantum well act-
ing as a selective energy electron filter, and a collec-
tor region with a bandgap wider than the absorber
region. Measurements of current-voltage charac-
teristics showed that the observed photocurrent
during the illumination of the photovoltaic cell
with pulsed laser radiation indicates the presence

of hot carrier tunnelling current, which may in-
fluence the photovoltaic effect. The slow cooling
and highly efficient extraction of hot carriers were
noted in colloidal perovskite nanocrystals [@].
It has been reported that the hot electron extrac-
tion (up to ~ 83%) from MAPbBr, nanocrystalline
thin films at room temperature was reached using
a molecular semiconductor as an energy-selective
contact. However, an extremely thin absorber is not
suitable for the production of solar cells because they
absorb only a small portion of the light. Although
many researchers believe that creating a highly ef-
ficient hot-carrier solar cell is feasible and a worthy
goal to pursue [@], implementing this in practice is
very difficult and requires fundamentally new ideas.

In this paper, we present the results of investiga-
tions into carrier heating in Si and GaAs p-n junc-
tions induced by laser radiation, as well as the im-
pact of hot carriers on photovoltage formation in
perovskite solar cells.

2. Hot carriers in Si and GaAs p-n junctions

The investigated gallium arsenide p-n junction was
formed of a 6 ym-thick p-type layer with the hole
density 6 x 10" cm?, liquid-phase epitaxy-grown
on an n-type substrate with the electron density
4 x 10" cm™. To create the ohmic contact, a 2 ym-
thick p*-layer with the hole density 2.5 x 10" cm™
was grown upon a p-type layer. The AuGeNi al-
loy was deposited on the top and back surfaces of
the structure by thermal evaporation, and metallic
contacts were fabricated by the lift-off technique
followed by rapid thermal annealing. The p-n junc-
tion was illuminated from the epitaxial layer side
through the window etched in the p*-layer (Fig. m).
Transient photovoltage measurements were used
to study carrier heating by infrared laser radiation.
To observe the hot carrier effect in the p-n junction,
it is necessary to distinguish the thermoelectromo-
tive force of hot carriers from the classical photovolt-
age arising from electron-hole pair generation. To
this end, a short laser pulse with a duration signifi-
cantly shorter than the carrier recombination time
must be used. In the experiments, the Nd:YAG laser
with a wavelength of 1.06 ym and a pulse duration
of 15 ns, a repetition rate of 50 Hz and a maximum
pulse intensity of 1.1 MW/cm? was used. The tem-
poral behaviour of the photovoltage and laser pulse
in the nanosecond time scale was recorded by
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Fig. 1. The structure of the GaAs p-n junction solar cell.

an Agilent Technologies digital storage oscilloscope
DSO6102A. All measurements were carried out at
room temperature.

The temporal shapes of the laser pulse and
photovoltage across the GaAs p-n junction under
high 1.1 MW/cm? intensities of the laser radiation
are depicted in Fig. I The observed photovoltage
U consists of two components having opposite
polarities:

U=U+U,. (1)

Here U, is a fast component that follows the shape
of the laser pulse and is caused by the heating of
the charge carriers by light. The polarity of U, cor-
responds to the polarity of the thermoelectromo-
tive force of hot carriers []. The slow component

Fig. 2. The oscilloscope traces of the laser pulse
(green) and photovoltage (black) of the GaAs p-n
junction solar cell. The excitation laser power density
I_=1.1 MW/cm®. The red curve represents a fit based
on Egs. (1, 2, 5).

U, is the typical photovoltage resulting from elec-
tron-hole pair generation during illumination.
The dependence of the slow component on laser
intensity shows that the magnitude of U | increas-
es according to the square law (see Flg H) This
fact indicates that the electron-hole pair genera-
tion is determined by the two-photon absorption
because the single-photon energy of the Nd:YAG
laser is lower than the forbidden energy gap of
GaAs. Measurements of the fast component show
that U, linearly depends on the laser intensity at
low excitation levels (see Fig. H) At higher inten-
sities, the dependence of U, on the laser intensity
starts to be sublinear. The deviation of U, from
the linear law is an inherent feature of the ther-
moelectromotive force of the hot carriers in GaAs
[@]. This can be explained by the fact that carrier

Fig. 3. Variation of the hot-carrier thermoelectromo-
tive force U;and the classical photovoltage U, with
the normalized laser radiation intensity. The dashed
lines serve as visual guides for linear (~1) and quad-
ratic (~2) dependences.
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mobility and the diffusion coefficient decrease as
carrier energy increases.

At low laser radiation intensities, when the gen-
eration of charge carriers is negligible, the photo-
voltage exhibits only negative polarity, and it con-
sists of two components, the thermoelectromotive
force of the hot carriers and the electromotive force
due to lattice heating (see Fig. H). The hot carrier
thermoelectromotive force follows the laser pulse
and terminates with it. The following slow decrease
in photovoltage is due to the cooling of the lattice.
The lattice heating-induced electromotive force can
be reduced by shortening the laser pulse.

Temporal analysis of the photovoltage can be
performed to independently estimate the magni-
tudes of U, and U ,. Since the laser pulse duration
is much longer than the hot carrier cooling time,
the fast component of the photovoltage can be ex-
pressed as follows:

U(t) = K, x I(9). 2)

Here I(t) is the time-dependent laser pulse inten-
sity, which can be approximated as

I(t)=1_ (Lj exp[4(l—iﬂ, 3)
T T

where I_ is the peak intensity at t = 7, I = I(1),
and 7 is the laser rise time. The slow component of
the photovoltage U , () can be obtained from
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Fig. 4. Experimental trace of the photovoltage (black)
and the calculated fast component U, (red) using
Eq. (2) at a low laser excitation level. The green curve
represents the laser pulse.
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where U .= K x P(t),and 7 is the characteristic

decay time of Uph(t). The solution of Eq. (4) gives

—[1+i%}exp(—%)} (5)

Here a = (STph - T)/Tph and b = a/t. The values of
the coefficients K, and K| can be obtained from
the experimental magnitude of the photovoltage at
t=r1and t = t_, respectively. The ¢ _is defined by
dUph(t)/dt = 0 at the moment when t = ¢ _.

The calculated curve using Egs. (1-5) is shown
in Fig. . It is seen that the calculated curve co-
incides with the experimental photovoltage tem-
poral trace. In this way, transient photovoltage
measurements, along with the approximations
presented above, allow us to separate and quantify
both the hot-carrier effect and the electron-hole
pair generation-based components of the photo-
voltage induced across the p-n junction by short-
pulse laser radiation.

Experimental study of carrier heating in the sil-
icon p-n junction was carried out using an opti-
cal parametric oscillator generating wavelengths
from 1.43 to 4.8 um and is described in detail in
Ref. [E]. The investigated p-n junction was pro-
duced by chemical vapour deposition of epitaxial
p-type silicon on an n-type substrate. The hole
density was 6 x 10' cm™, and the electron density
was 2 x 10' cm™, respectively. Ohmic contact to
p-Si was formed by boron diffusion into a thin p*-
layer at 960°C temperature giving the hole density
8.5 x 10" cm™, and subsequent thermal deposition
of Al at temperature 320°C and annealing at 560°C
in argon atmosphere for 1 min. The Si p-n junc-
tion was illuminated from the epitaxial layer side
through the window etched in the p*-layer just like
in the case of the GaAs p-n junction (see Fig. ).

Oscilloscope traces of the laser pulse of 1.49 ym
wavelength and 25 ns duration and the photovoltage
across the Si p-n junction are depicted in Fig. E As
in the case of GaAs p-n junctions, the photovoltage
consists of two components - fast and slow - with
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Fig. 5. Oscilloscope traces of the laser pulse (green)
and photovoltage (black) across the Si p-n junction.
The red curve represents a fit based on Egs. (1, 2, 7).

opposite polarities. The shape of the fast component
follows that of the laser pulse and shares the polar-
ity of the hot-carrier thermoelectromotive force.
The slow component is the classical photovoltage
due to the generation of electron-hole pairs. Thus,
the optical heating of charge carriers leads to a re-
duction in a single junction solar cell efficiency.
Spectral measurements of the photovoltage
show that both U, and U, decrease with increas-
ing the wavelength of laser radiation (see Fig. H)
The behaviour of U is associated with the de-
crease of the two-photon absorption coeflicient
with the wavelength [@]. The slow component of
the photovoltage disappears if the wavelength be-
comes longer than 2.5 ym, i.e. the energy of two

Photovoltage (Vm)

Wavelength (ym)

Fig. 6. Variation of the hot-carrier thermoelectromo-
tive force U, and the classical photovoltage U, with
wavelength at laser power density I =0.25 MW/cm

photons becomes lower than the forbidden energy
gap of Si. In contrast to U |, the thermoelectromo-
tive force of the hot carriers does not disappear at
a longer wavelength because its magnitude is deter-

mined by the absorption coefficients of free elec-
trons and free holes [@].

3. Hot carriers in perovskite solar cells

The investigated solar cells were fabricated on
the basis of caesium-containing triple-cation
perovskite layers prepared by the spin-coating
method widely described in Refs. [38-4(]. Glass
substrates of 25 x 25 mm?® size coated with a fluo-
rine doped tin oxide layer (FTO) were used for
the synthesis of perovskite films. About a 30 nm-
thick layer of a compact TiO, was formed on
the substrates by spraying a solution composed
of titanium diisopropoxide (bis) acetylacetonate
(Ti(acac),0iPr,) and isopropanol (1:9 vol. ratio)
and sintering it for 15 min at 450°C on a hotplate.
After natural cooling for 6 h, the spin-coating
method was used to deposit a 150+220 nm-thick
layer of a mesoporous TiO, on the compact TiO,
layer. The mesoporous TiO, was formed by sin-
tering the layer in dry air for 30 min at 450°C.
The sample was then cooled down to 150°C and
immediately placed in a controlled atmosphere
glove box. The perovskite structures were grown
on mesoporous TiO, using the one-step precipita-
tion method from the prepared precursor’s solu-
tion. To deposit the perovskite layer on the formed
mesoporous TiO,, the sample was placed on
a centrifuge table, and 150 ul of the prepared
precursor’s solution was dropped with an Ep-
pendorf pipette. Then, the spin program - con-
sisting of two steps — was initiated immediately.
Before the end of the spin-coating programme,
150 ul of chlorbenzene was dropped on the sur-
face of the sample to remove the residual solution.
Subsequently, the samples were transferred from
the centrifuge table to a hot plate and annealed
in an inert atmosphere for 60 min at 100°C. After
annealing and natural cooling, a hole transport
layer — Spiro-OMeTAD - covering the perovskite
layer was formed. To measure the current-volt-
age characteristics of the formed perovskite cells,
Au contacts were applied by means of thermal
evaporation in the vacuum chamber of VAKSIS
PVD Vapor-5S Th. A schematic cross-section of
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Fig. 7. Schematic structure of the perovskite solar cell.

the perovskite solar cell and the contacts on the to
of Spiro-OMeTAD and FTO are presented in Fig. [/

The morphology and thickness of the formed
solar cell were examined using scanning electron
microscopy (SEM). Top-view and cross-sectional
SEM images of the perovskite layer are shown in
Fig. E The surface is seen to be flat, pinhole-free
and smooth, which is consistent with other reports
elsewhere [@, @]. The composition of the investi-
gated triple-cation perovskite layer containing cae-
sium was Cso.l(FA0.83MA0.17)0.9Pb(Io.83Br0.17)3'

A laser pulse of 7 ns duration and 532 nm wave-
length was used for illumination. Typical temporal
profiles of laser pulse and transient photovoltage
induced across a perovskite solar cell are depicted
in Fig. H It is seen that photovoltage consists of two
components, as previously observed in the case of
Si and GaAs p-n junctions. The duration of the fast
component aligns well with that of the laser pulse.
Its polarity coincides with that of the thermoelec-
tromotive force of hot carriers. Thus, it can be as-

sumed that the fast component of the photovoltage
arises as a result of free carrier heating by laser ra-
diation, and can be described by Eq. (2).

The thermoelectromotive force of hot carriers
arises in perovskite solar cells due to the existence
of energy band bending and the corresponding po-
tential barriers near the charge-transport layers.
The thermoelectromotive force of the hot carriers,
as in the case of Schottky junction, is directly pro-
portional to the potential barrier height of the band
bending close to the charge transport layers and to
the heating of the carriers [@, @]

T,
eU.=¢ x| 2 -1],
£ = (To ] (6)
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Fig. 9. Temporal shapes of the laser pulse (green)
and photovoltage (blue) of the perovskite solar cell.
The excitation laser power density I_ = 0.8 MW/cm’.
The red curve represents a fit based on Egs. (1, 2, 7).

Fig. 8. (a) Top-view and (b) cross-sectional SEM images of the perovskite layer.
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where ¢, is the potential barrier height of the band
bending, and T, and T, are the temperatures of
the hot carriers and the lattice, respectively.

The slow component is the usual photovoltage
arising due to electron-hole pair generation, and
its form can be expressed as [@]

exp| — |—exp| ——
Tt T]"CC

Uph (t) = UO 1 1 . (7)

Here U, represents the initial voltage, 7, denotes
the time constant associated with carrier transport
within the perovskite layer, and 7,__refers to the time
required for carrier recombination. The calculated
dependence of U, on time is depicted in Fig. .
The same figure shows the measured photovoltage.
It is seen that the measured photovoltage depend-
ence on time can be well described by Eq. (7). This
allows us to determine the transit time of the charge
carriers across the perovskite layer. The transit
time of charge carriers inside the perovskite layer
is mainly determined by the diffusion current with
the characteristic time constant 7, = d*/D, where D
is the bipolar diffusion coefficient and d is the film
thickness [@, @]. Knowing the transit time and
the thickness of the perovskite layer, the bipolar
diffusion coefficient of charge carriers can be de-
termined. For the perovskite layer with d = 982 nm
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Fig. 10. Oscilloscope traces of the laser pulse (green)
and photovoltage across the perovskite solar cell (blue).
The red curve is the fit of Up}1 calculated using Eq. (7).
Excitation laser power density I_=0.7 MW/cm”.

and transit time 7, = 108 ns, the bipolar diffusion
coefficient is 0.089 cm/s.
This value of D is typical for the spin-coated per-

ovskite layers [@, @, ].
4. Conclusions

The experimental investigation of photovoltage
formation in solar cells under pulsed laser excita-
tion was conducted. The transient photovoltage
measurements reveal that the photoresponse com-
prises two distinct components: the thermoelectro-
motive force generated by hot carriers and the clas-
sical photovoltage resulting from light-induced
electron-hole pair generation. In perovskite solar
cells, the magnitude of the hot-carrier thermoelec-
tromotive force is directly proportional to the po-
tential barrier height caused by band bending near
the charge transport layers. Carrier heating by light
reduces the conversion efficiency of solar cells since
the polarity of the hot-carrier thermoelectromotive
force opposes that of the classical photovoltage.
This detrimental effect can be mitigated by employ-
ing multi-junction solar cell architectures [@].
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Santrauka

Straipsnyje pateikiami fotojtampos susidarymo sau-
lés elementuose tyrimy rezultatai, esant impulsiniam
lazeriniam suzadinimui. Pereinamosios fotojtampos
matavimai rodo, kad fotoatsakas U saulés elementuose
susideda i$ dviejy prieSingo poliskumo dedamyjy: U, ir
U, Spartuji fotoatsako sanda lemia Sviesos kaitinami
kravininkai, jis atkartoja lazerio impulso forma, o léta-
sis sandas yra tipiné fotojtampa, atsirandanti dél elekt-

rony ir skyliy pory generacijos. Karstyjy kravininky
neigiama poveikj perovskito saulés elementy energi-
jos konversijai galima susvelninti mazinant energiniy
juosty uzlinkima $alia kravio pernasos sluoksniy arba
naudojant daugiasandirinius saulés elementy dari-
nius, kurie efektyviau iSnaudoja saulés spektra ir su-
mazina $iluminius energijos nuostolius.
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