Suppression of hot carriers by nanoporous silicon for improved
operation of a solar cell
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Abstract. The surface of a silicon solar cell is modified to improve its photovoltaic
characteristics. Nanostructured porous silicon layer is formed on a front n'-type
surface of a p—n junction by means of electrochemical etching accompanied by
illumination with a high-power light-emitting diode operating at the wavelength of
365 nm. Addition of the porous layer results in considerable increase in the
capacitive photovoltage across the p—n junction. This increase is shown to be
stipulated by reduced photonic losses due to anti-reflection coating effect of the
porous layer, as well as by decreasing adverse effect of hot carriers on the
photovoltage. Broadening of the spectrum of capacitive photovoltage towards the
short-wavelength region was observed. This finding is associated with the graded-
gap character of the porous layer and photovoltage formation across it as well as
with increased absorption of high-energy photons in the porous layer and resulting
weaker heating of free carriers.
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1. Introduction

Rapid growth of global energy demand stimulates growing contribution of solar power into global
power generation. Although photovoltaic energy presents important environmental advantages, it
is limited by relatively high cost of solar cells’ manufacturing [1]. As a result, researchers have
been working extensively to make the solar energy less costly. At present, about 90% of
worldwide solar cells are made from silicon [2]. The maximal conversion efficiency of single-
junction silicon solar cells produced in research laboratories reaches 26.6% [2], which is close to
the theoretical limit, 33.3% [3].

In the recent years, various technologies and methods have been developed for improving the
conversion efficiency of the silicon solar cells, including pyramid structures and anti-reflecting
coatings. In order to reduce bulk recombination, high-quality silicon wafers are used when
fabricating the solar cells. Moreover, surface passivation is employed to reduce surface
recombination [2—4]. It is worth noting that the conversion efficiency of any solar cell is
determined by efficient use of photons having the energies close to the forbidden-energy gap [5].
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The photons with higher energies also create electronhole pairs, and the excess energy turns photo-
generated carriers into hot carriers, thus causing a non-equilibrium distribution of carrier energies
higher than that of the lattice. Even in the most efficient photovoltaic devices, at least 40% of the
incident solar power is lost due to heat dissipation that occurs during thermalization of the hot
carriers [6]. To utilize somehow these losses, Ross and Nozik [7] have suggested an idea of hot-
carrier solar-energy convertor. Here photo-excited hot carriers can be extracted over a narrow
range of energy-selective contacts at a rate faster than that at which they lose their energy and
transfer it to the lattice. The theoretical efficiency of such a device can be very high, up to 66%.
Many theoretical and experimental works have been devoted to developing the hot-carrier solar
cells [8—12] because the theory shows that the maximum efficiency of these devices can reach
even 85%. However, the hot-carrier solar cells valuable for practical applications have not yet
been developed. The main obstacle in their progress is high thermalization rate of photoheated
carriers in the bulk region of semiconductor.

The impact of the hot carriers on photovoltage in nanoscopically thin hydrogenated p-i-n
amorphous silicon has been studied in Ref. [10]. The increase in the open-circuit voltage V.
occurring with increased photon energy has been explained by extraction of the hot electrons
generated near collector. Meanwhile, the observed decrease in the V. parameter taking place in
thick junctions has been explained by thermalization of the hot carriers and heating of the lattice.
Indeed, heating of a p—n junction causes formation of thermoelectromotive force, which has the
polarity opposite to that of the classical photovoltage [5]. As a consequence, heating of the lattice
decreases the conversion efficiency of the solar cells.

It is known [5] that the polarity of thermoelectromotive force of the hot carriers is also
opposite to that of the classical photovoltage. To reduce the influence of hot carriers on the total
photovoltage generated across a solar cell, a layered semiconductor structure can be used. A
graded-gap semiconductor layer grown over a p—n junction would decrease light-induced carrier
heating and extend the effectively used solar radiation spectrum, since the polarity of the
photovoltage across the graded-gap layer coincides with that of the classical photovoltage across
the p—n junction. In case of the silicon solar cells, this layer can be nanostructured porous Si (PSi)
formed by means of electrochemical etching. The first application of PSi as an anti-reflection
coating for the solar cells has been announced 38 years ago [13]. Since that time, different research
groups have tested different porous materials with the aim of improving the conversion efficiency
of photovoltaic devices [14—17]. It has been found [14, 15] that ~ 0.5 um-thick porous Si layer
placed upon a polycrystalline wafer yields in the effective reflectance coefficients lower than 5%
in the wavelength range 350—1150 nm. A remarkable boost in the conversion efficiency (by 20%)
has been achieved for the solar cells where the PSi layer is introduced [17]. A sponge-like
structure of porous silicon can cause quantum effects to play a fundamental role [18]. As a rule,
the bandgap of PSi is larger than that of bulk Si, due to the quantum-confinement effect.
Therefore, the absorption of high-energy photons by porous silicon decreases the heating of free
carriers and, hence, contributes to reduction of the negative influence of hot carriers on the
efficiency of solar cells. It has also been found that PSi with structured nanocones reveals less
optical absorption at the wavelengths ranging from 400 to 1000 nm [19]. Note that the graded-
bandgap PSi structure with nanocones can increase the efficiency of Si-based solar cells whenever
the polarity of the photovoltage operating across the graded-gap layer coincides with that of the
classical photovoltage across the p—n junction.

In this work we present the experimental results that elucidate the impact of the porous
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silicon layer on the photovoltage acting across the Si p—n junction. Moreover, we discuss possible
mechanisms that enhance the conversion efficiency and the peculiarities of our spectrally resolved
data.

2. Experimental

The p—n junction under test was produced with chemical-vapour deposition of an n-type epitaxial
Si layer (the thickness of 2.5 um) on a p-type silicon substrate. The electron density was equal to
6x10"" cm™ and the appropriate hole density amounted to 6x10'° cm . To form the ohmic contact
to p-Si, a thick additional p* layer (with the hole density 8x10" ¢cm ) was formed by diffusion of
boron at the temperature of 950°C, with subsequent thermal deposition of aluminium at 320°C and
annealing performed at 560°C in the Ar atmosphere for 1 min.

The nanoporous layer was synthesized on n-Si surface using an electrochemical etching. PSi
is formed on the surface of the n-type silicon only if the reaction zone is supplied with the holes
generated by illumination [20], which enables controlling the process of formation of the
nanostructured PSi layer during electrochemical etching. The electrochemical etching of the Si
surface was carried out in a transparent electrochemical cell with a Pt gauze electrode (see Fig. 1).

Sample

Electrolyte
UV filter Pt electrode

Fig. 1. The system used to form porous silicon.

The front n-surface of the p—n junction was illuminated, using a high-power light-emitting
diode operating at the wavelength of 365 nm. This provided a small effective optical depth (a few
nanometres) when generating electron—hole pairs at the front surface. The nanoporous silicon
layer was shaped using photocatalytic electrochemical anodic process exhaustively described
earlier in Ref. [21]. A 1:4 mixture of ethanol and a concentrated (49%) HF acid was used as an
electrolyte. The process was carried out in a galvanostatic mode at the current density kept

constant for 3 min. Fig. 2 shows a schematic structure of the sample thus produced.
Porous Si
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Fig. 2. Schematic view of p—n-junction solar cell with porous silicon layer.

The spectra of photoluminescence and capacitive photoelectromotive force were measured
before and after formation of the nanoporous layers. The measurements were carried out at the
Center for Testing of Photoconverters and Solar Batteries (V. E. Lashkaryov Institute of
Semiconductor Physics, National Academy of Science, Ukraine). The morphology and topography
of the porous layers were examined with a scanning electron microscope “Helios NanoLab 650
(FEI, Hillsboro, OR, USA) equipped with an energy-dispersive X-ray spectrometer “INCAEnergy”
(Oxford Instruments, Abingdon, UK).
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3. Results and discussion

Fig. 3 presents scanning electron microscope images of our porous-silicon structure fabricated
using photo-electrochemical etching of the n-Si surface, which has been illuminated with the
ultraviolet light at the current density equal to 40 mA/cm?”. The surface topography demonstrates
that PSi has a random structure (see Fig. 3a). A cross-sectional view of the PSi layer shown in
Fig. 3b indicates that the porosity is not homogeneous across the PSi layer, with the top of the

500 nm ——— p— L)) =
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Fig. 3. Scanning electron microscope images of PSi: surface topography (a) and cross-section of n-Si/PSi
structure (b). PSi is fabricated using photo-electrochemical etching of n-Si surface illuminated with ultraviolet
light at 40 mA/cm?.

The porosity and the thickness of the porous layer depend strongly on both the luminous
intensity @ at the front surface and the electric-current density in the electrolyte supported during
electrochemical etching. The dependence of the thickness dpg; of PSi layer on the electric-current
density J can be understood from Table 1a.

Table 1. PSi thickness dPSi obtained for different electric-current densities at the constant
luminous intensity ® = 8000 W/m’ (a), and PSi thickness dPSi obtained for different luminous
intensities at the constant electric-current density J = 40 mA/cm? (b).

(a) (b)
J, mA/cm® dpsi, pm &, W/m? dpsi, pm
20 1.09 980 0.3
30 1.7 2600 1.36
40 1.9 9090 2.14

It is clear that dpg; is not a linear function of the current density: it tends to become saturated
at stronger currents. The dependence of dps; on the luminous intensity is presented in Table 1b. A
high absorption coefficient (o = 1.2x10° cm™" at 365 nm [22]) and a small diffusion length of the
generated electron—hole pairs allow one to control both the porosity and the thickness of the PSi
layers by changing either the luminous intensity or the current density. Both the porosity and the
thickness of PSi layers increase with increasing luminous intensity and electric-current density.

It is known that the photoluminescence intensity increases with increasing porosity [23]. The
photoluminescence spectra of the n'-type silicon etched electrochemically at different current
densities are depicted in Fig. 4. The photoluminescence intensity becomes higher for the porous
layers formed under higher current densities, while the peak wavelength almost does not change
under this condition, being close to 660 nm. The photoluminescence observed by us belongs to a
so-called ‘S’ band, which is typical for electrochemically etched porous silicon [23].
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Fig. 4. Photoluminescence spectra of n* type silicon electrochemically etched at different current densities.

Photoelectric properties of the p—n junction have been investigated using a capacitive
photovoltage spectroscopy technique described in Ref. [24]. Spectral dependences of the
capacitive photovoltage across the Si p—n junction are displayed in Fig. 5 for the alternative cases
of presence or absence of the porous layer. It is obvious that the photovoltage is strongly
influenced by this layer. The increase in the capacitive photovoltage can be stipulated by at least
four different factors. (i) The PSi layer reduces the effective reflectance coefficient from 38% to
less than 5% [14, 15]. Then the anti-reflection coating effect of PSi supports the capacitive photo-
voltage by means of reduction of photon losses. (ii) The PSi layer makes the n” region of the p-—n
junction thinner, which works in favour of reduced recombination of photo-generated carriers.
(ii1) The nanostructured PSi layer leads to formation of a graded-gap structure, with a resulting
increase in the photovoltage across it (see the processes denoted as 1 and 2 in Fig. 6) [25]; having
the same polarity and being added to the classical photovoltage (see the process 3), the graded-gap
photovoltage can increase the total photovoltage. Moreover, the effective electric field of the
graded band of the nanostructured PSi layer accelerates photo-generated carriers (the process 2),
so that their transit time becomes shorter than the recombination time [25]. In this way, the photo-
generated carriers can travel through the porous n'-type layer and avoid significant recombination.
(iv) The absorption of high-energy photons in the nanoporous layer (see the process 1 in Fig. 6)
reduces the negative effect of the hot-carrier photovoltage with the opposite polarity (the process
4) on the net photovoltage across the Si p—n junction [5]. Diminution of the hot-carrier effect can
lead to extending of the solar-radiation spectrum effectively used in practice.

® with PSi layer
800 - —O—without PSi layer

Capacitive
photovoltage, arb.u.

. . I .
400 600 800 1000 1200
Wavelength, nm

Fig. 5. Spectra of capacitive photovoltage across silicon p-n junction without (open dots) and with (solid dots)
porous layer formed at 40 mA/cm? current density and 8000 W/m? intensity (see details in the text).
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Fig. 6. Physical processes producing different types of photovoltage in the nanoporous silicon-covered p-n
junction: 1 - generation of electron—hole pair by a high-energy photon, 2 - hole drift in the electric field of
graded-gap layer of PSi, 3 - classical generation-induced photovoltage, 4 — generation of electron—-hole pair by
a high-energy photon and the corresponding hot-carrier photovoltage across p—n junction, and 5 - rise of
photovoltage at the interface PSi / crystalline Si.

Fig. 7 shows the normalized spectral dependences of the photovoltage across our Si p—n
junction detected when the nanostructured PSi layer is present or absent. It is evident that the
above layer widens the photovoltage spectrum. The photovoltage in the short-wavelength region
is, most probably, stipulated by both appearance of the graded-gap photovoltage (the processes 1
and 2 in Fig. 6) and reduction of the negative hot-carrier effect. The additional hot-carrier
photovoltage available across the PSi/n-Si interface (the process 5) can be the reason for extending
spectrum in the long-wavelength region [26].
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Fig. 7. Normalized spectra of capacitive photovoltage across Si p—n junction with (solid dots) and without (open
dots) porous layer.

4. Conclusion

We have demonstrated that the nanoporous silicon layer formed on the front surface of the p—n
junction can improve the performance of silicon solar cells. Introduction of the porous layer into
the n'-type silicon by means of photocatalytic electrochemical anodic process increases the
magnitude of photovoltage across the Si p—n junction and widens its spectrum, if compared to the

layerless samples. More effective absorption of the high-energy photons and reduced negative
impact of the hot carriers on the photovoltage are supposed to be the reasons of this improvement.
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Anomauia. Ilosepxns KpemHIE8020 COHAUHOO enemeHma 6yna MOOUPIKO8aHa O NOANUEHHA
ii020 omoenexmpuunux xapaxmepucmux. Ha nepeouiti n'-muny nosepxui p—n nepexody 6ye
chopmosanuii HAHOCMPYKMYPOBAHUU WAD NOPUCTNO20 KPEMHIIO 3d OONOMO20I0 eNeKMPOXIMIUHO20
MpaGIeHHs, AKe CYNPOG0OACYEANOCA OCEIMACHHAM NOMYICHUM CEImI00i000M, WO npayioeas Ha
Oosoicuni xeuni 365 Hm. /Jo0asamns nopucmoeo wapy npu3eo0ums 00 3HAYHO20 30i1bUEHHS
emHicHoi pomonanpyau na p—n nepexoodi. Iloxkazano, wo ye 30inbuents 06ymoseieHe 3MeHUeHHAM
empam ¢HomoHnie HACAIOOK Oii NPOMUBOBIOOUBHOZO NOKPUMM NOPUCHIO20 WAPY, A MAKOIC
3MEHWEHHAM HECNPUAMIUS020 6NAUGY eapAYux Hociie Ha @omonanpyzy. Busaseneno, wo
PO3WUPEHHs CREKMPY EMHICHOI pomonanpyau 6 Kopomroxeunvosy obaacmo. Lle nos’szano 3i
6aPUZOHHUM XAPAKMEPOM NOPUCMO20 wiapy i chopmoeanoi pomoenekmpuiroi Hanpyeu Ha HbOMY
ma 30iNbUWeHHAM NO2TUHAHHS BUCOKOCHEP2EMUYHUX (OMOHIE Y NOPUCMOMY Wwapi ma 5K
pe3yIbmam 3MeHueHe HA2PIBAHHS BINbHUX HOCIIB.
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