A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2024. Vol. 17. No. 3.1
HayuyHo-TexHunueckne sBegomoctun CM6IrMy. dusmnko-matematmyeckme Hayku. 17 (3.1) 2024

Conference materials
uUDC 621.383.51
DOI: https://doi.org/10.18721/IJPM.173.140

Gallium phosphide/black silicon heterojunction solar cells

E.A. Vyacheslavova'®, A.V. Uvarov', A.A. Maksimova " ?,
A.l. Baranov', A.S. Gudovskikh -2

! Alferov University, St Petersburg, Russia;
2 St. Petersburg Electrotechnical University "LETI", St Petersburg, Russia
H cate.viacheslavova@yandex.ru

Abstract. A new type of heterojunction solar cell based on gallium phosphide/black silicon
was considered. The nanostructured surface of black silicon (b-Si) was obtained by cryogenic
etching in a SF,/O, gas mixture. The average height of the »-Si structures varies from 1.4 to 2.1
um. The heterojunction was fabricated by low temperature method such as plasma-enhanced
atomic-layer deposition (PEALD). According to transmission electron microscopy, the thick-
nesses of the deposited GaP layer are fixed to be 30 nm. The layer consists of crystallites
aligned along the crystal lattice direction, as well as their twins. This thin GaP layer allowed
achieving a fill factor of 54.5% without transparent conductive oxide and with a test grid.
The use of GaP layer as an emitter a broadening of the external quantum efficiency spectrum
boundary in the short-wavelength region.
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Annoranmus. BBIT paccMOTpeH HOBBIM THIT TETEPOCTPYKTYPHOTO COJIHEYHOTO 3JIEMEHTa
Ha OCHOBe ¢ochuma Talaus/depHOTO KpeMHMsI. HaHOCTpyKTypupoBaHHAsl MOBEPXHOCTh
yepHOro kpemHusi (b-Si) ObL1a MmojydyeHa MyTeM KPUOTEHHOIro TpaBjieHUS B ra30BOM cMmecH
SF,/0,. Cpennaa Beicota cTpykTyp b-Si Bapbupyerca ot 1.4 mo 2.1 mxm. I'ereponepexorn
ObLI M3TOTOBJIEH C TIOMOIIBIO HU3KOTEMIIEpAaTypHOTO METO/Ma, TaKoTo KaK aTOMHO-
cioeBoe Tazmoxummuueckoe ocaxaeHue (ACITXO). CorinacHo maHHBIM TTPOCBEUMBAIOIIEH
BJIEKTPOHHOI MUKPOCKOITUHU TOJIIIMHA HAHECEHHOTO cI10sT (hochuma raanst coctanisieT 30 HM.
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Cioit coCTOMT U3 KPUCTAJUINTOB, BHIPOBHEHHBIX 110 HAIIPABICHUIO PEIIETKM, a TaKXKe MX
JIBOMHUKOB. DTOT TOHKMIA GaP cioif mo3Bovin 10CcTUYb (pakTopa 3armoiHeHus B 54.5% 6e3
MPO3payHOro MPOBOMASIIEIO OKCHAA U C MCIOJb30BaHUEM TeCTOBOI ceTku. Mcmosb3oBaHue
ciost GaP B kauecTBe sMuUTTEpa MPUBOAUT K PACIIMPEHMIO TPAaHWUBI CHEKTPAa BHEUIHEH
KBaHTOBOW 3((HEKTUBHOCTU B KOPOTKOBOJHOBOU OOJIACTH.
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Introduction

The future global electricity generation will be largely powered by renewable energy sources.
At the end of 2023, solar energy accounted for 73.1% of the renewable growth, with a capacity
of 1.419 GW [1]. The overall growing solar cell market is dominated by silicon (Si) due to its
availability, durability and cost-effectiveness. The technology of a solar cell production based on
the amorphous/crystalline (a-Si:H/c-Si) silicon heterojunction is the main concept for a highly
efficient Si solar cell. However, these heterojunction devices are limited by non-ideal optical
and electronic properties. To reduce optical losses, an antireflection coating is used, as well as
surface texturing (the formation of micron-sized pyramids). However, these approaches work
effectively in a narrow range of wavelengths and angles of incidence. One of the effective methods
of reducing optical reflectance in solar cells can be considered the use of a nanostructured black
silicon (b-Si). Black silicon is a modification of silicon surface with extremely low reflectivity
compared to the planar surface. The 5-Si has excellent optical properties like low light reflection
in both a wide wavelength range and incidence angles [2], and high absorption in the visible
and infrared wavelength range [3]. It is worth noting, in the cases of a heterojunction based on
b-Si, recombination at a nanostructured interface strongly affects efficiency. Gallium phosphide
(GaP) can be a promising candidate for the passivating emitter layer of heterojunction cell.
GaP has an indirect bandgap energy (2.27 eV) and a low lattice mismatch with Si, that provides
to low parasitic absorption [4, 5]. Due to these properties, a conception based on GaP/h-Si
heterojunction are an extremely promising solution for photovoltaic application.

Experimental section

Cryogenic etching (—150 °C) to obtain 5-Si structures was carried out using p-type (1—20 € - cm)
B-doped monocrystalline silicon (100). Before the etching process, the substrates were not cleaned
of the native oxide (SiO,). We used sulfur hexafluoride and oxygen (SF,/O,) mixture as process
gases. At the beginning, accidental etching of the SiO, (ions and fluorine radicals Fe) forms a
rough surface. Isotropic etching of the Si surface by Fe increases the roughness. Oxidation of
the surface by O- radicals protects the roughness as Si etching occurs. A SiO_ F passivating layer
is locally formed. Low temperatures and high oxygen content in the SF6/O (45/ 15 sccm) gas
mixture lead to the formation of high-aspect structures.

After the etching, the samples were cleaned using the Shiraki technology [6]. To form thin
GaP layers on the nanostructured b5-Si surface, the PEALD method was used at a temperature of
380 °C [7]. This process consists of the exposure of precursors with the substrate surface in one
assigned cycle. The cycle is repeated a set number of times. The trimethylgallium (TMG) metallic
compound and phosphine (PH,) gas were used as sources of Ga and P atoms. A pressure was
350 mTorr during deposition steps. The GaP layer was n-doped by silicon (SiH,/H, gas mixture).
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An aluminum (Al) layer was deposited on the backside of the samples to obtain ohmic contact.
Further, the annealing of gallium phosphide was carried out for 1 minute in the rapid thermal
annealing (RTA). The annealing temperature range was 600 to 700 °C. After that, a front contact
in the form of a silver grid (1x1 cm) was formed. Figure 1 shows the design schematic of the
GaP/b-Si heterojunction solar cell.

Test grid (Ag)

Back contact (Al)

Fig. 1. Structure of the GaP/b-Si heterojunction solar cell

The current-voltage curves were measured using a solar simulator (Abet Technology SunLite)
under AM1.5G and a Keithley 2400 electrometer with software control in a LabVIEW environment.
The total reflection spectra were detected using an AvaSpec SensLine spectrometer with an
integrating sphere. The external quantum efficiency (EQFE) values were carried out with SLS
M266 monochromator, a halogen lamp and a reference ¢-Si solar cell.

Results and Discussion

Surface morphology was characterized by a scanning electron microscopy (Supra 25 Zeiss).
According to SEM, the etched silicon wafers consist of high density of 5-Si structures (Fig. 2, a).
The average height b-Si varies from 1.4 to 2.1 pm.

Transmission electron microscopy (TEM) were used to study the structural properties of
the obtained GaP/b-Si structures. TEM images analysis showed that the GaP layer thickness
was 30 nm. The layer consists of crystallites aligned along the crystal lattice direction, as well
as their twins. The elemental composition was carried out directly in the TEM setup by the
energy-dispersive X-ray (EDX) spectroscopy studies. The elemental mapping analysis indicated
the uniform distribution of components (Ga and P) over the entire b-Si surface (Fig. 2, b). This
indicates that there is no deficiency of either precursors in the structure during deposition.

The current density-voltage (J—V) curves of the heterojunction solar cells based on b-Si are
shown in Figure 3, a. The measurements were obtained for an emitter coverage of ~80% using

Fig. 2. SEM image (a¢), HAADF STEM image and EDX-elemental mapping analysis (b) of the b-Si
coated with GaP. The bare scale is 1 pm
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an aperture (area = 16 mm?). The photovoltaic parameter values such as open circuit voltage
(V,¢), short-circuit current density (J.), fill factor (FF) and power conversion efficiency (PCE)
summarized in Table.

It is worth noting, samples were annealed at various temperatures (T,., = 600...700 °C) to
activate the phosphorus dopant. At 600—650 °C, there is no diffusion of phosphorus atoms into
the silicon substrate. At 700 °C, the phosphorus atoms start to diffuse into the silicon surface
layer, thereby improving the lateral conductivity. Thus, for a sample based on b-Si with a height
of 1.4 ym, an improvement in the J,. from 28.7 to 33.7 mA/cm? is observed during annealing
at 700 °C.
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Fig. 3. J—V characteristics (@) and EQFE spectrum (red line) (b) of the GaP/b-Si heterojunction solar cell

Photovoltaic characteristics of the GaP/b-Si heterojunction solar cells fable
. gﬁts,lum T..[Ccl | 1m0 | v mV] | J.[mAlm?] | FF[%] | PCE[%]
600 419 28.7 38.5 4.63
~1.4 650 463 30.2 46.5 6.5
700 without 464 33.7 49.6 7.75
~2.1 700 472 34.5 52.6 8.56
19 700 473 34.7 54.5 8.94
700 with 530 343 50.5 9.19

The best GaP/Si heterojunction cell based on 1.9 um height 5-Si show a good performance
achieving V. of 473 mV, J, of 34.7 mA/cm* and FF of 54.5% without transparent conductive
oxide and with a silver (Ag) grid pitch of 2 mm. A power conversion efficiency of 9% was
received. For the same solar cell with a layer of transparent conductive indium tin oxide (ITO),
the V. was 530 mV. The magnetron sputtering process was used to formation of ITO thin film.
However, there is a decrease in FF from 54.5% to 50.5% due to the shunt resistance.

Figure 3, b shows the total reflectance spectrum of black silicon coated with GaP. It can be
seen that sample has total reflectance below 5% up to 1050 nm. The EQF spectrum was measured
and is demonstrated in Figure 3, . The maximum FEQE value is 81.5% with shadowing with a
silver grid. We can observe in the short-wavelength region a significant advantage of the GaP over
a-Si:H on the EQF spectrum [8].
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Conclusion

We have fabricated and investigated the GaP/b-Si heterojunction solar cells for the first
time. The deposition of GaP layers on b-Si was carried out by the low temperature PEALD
method. The elemental mapping analysis indicated the uniform distribution of components
(Ga and P) over the entire black silicon surface. A GaP/h-Si solar cell efficiency of 9% was
demonstrated. The EQFE value is improving in the short-wavelength region through the lower
light absorption of GaP layer.
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