Physics of the Solid State, 2023, Vol. 65, No. 12

Development of technology for plasma-enhanced chemical vapor
deposition of boron phosphide at low temperatures
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In this work, boron phosphide was deposited on silicon substrates using plasma-chemical deposition at a low
temperature (350°C) for the first time. The following precursors were used: a gas mixture of diborane (B2Hg/H>)

and pure phosphine (PH3). The Raman spectra of the original samples showed broadened peaks at 450 cm

—1

and ~ 700 cm~! corresponding to amorphous boron phosphide. Annealing of the samples affected the structure of
the layers and led to partial crystallization; a peak of crystalline boron phosphide was detected at 823 cm™!.
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1. Introduction

Boron phosphide (BP) is a new material for use in
photovoltaics that has a number of attractive characteristics.
BP is chemically inert, resistant to oxidation at high
temperatures, has high thermal conductivity and mechanical
stability [1]. It was also theoretically shown that BP is one
of the most promising materials for creating transparent
conductive coatings of p-type, since it is an indirect band
gap semiconductor with a band gap of 2.1eV, while the
band gap for direct junction is 4eV, which implies low
optical losses [2]. Due to this, the use of boron phosphide to
create heterostructural solar cells (SCs) can help to increase
the short-circuit current compared to the use of amorphous
hydrogenated silicon (@-Si:H). On the other hand, the
negative (—0.3 £ 0.1eV) break of the valence band (AEy)
for the BP/Si interface [3] provides the necessary selectivity,
which makes boron phosphide an excellent candidate for
p-type selective contact without requiring an additional
indium tin oxide (ITO) layer. The efficiency of the p-
BP/n- Si/n-GaP structure calculated using the AFORS-HET
program can reach values of up to 28% [4].

The growth of boron phosphide on Si substrate can be
carried out by various methods: halide vapor phase epitaxy
(HVPE) at a temperature of 1030°C [5], chemical vapor
deposition (CVD) at 800—900°C [6], by metal-organic
chemical vapor deposition (MOCVD) at 850°C [7]. Also
sometimes the method of high-frequency (HF) reactive
magnetron sputtering at 450°C is used [8].

For most photovoltaic devices, including solar cells, low
layer deposition temperatures are preferred to reduce overall
production costs. In this paper, it is proposed to use
the plasma enhanced chemical vapor deposition (PECVD)
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method. This is a reliable industrial method that allows
the growth of electronic quality films at low temperatures
(250—400°C) over large areas.

In this paper the boron phosphide layers were grown
in Oxford Plasmalab 100 PECVD unit (13.56 MHz) on
crystalline silicon (100) substrates at a low substrate tem-
perature (350°C). The following were used as precursors: a
gas mixture of diborane (ByHg/H-2%) and pure phosphine
(PH3), which were subsequently diluted with hydrogen
(Hy) in the ratio 2/1/10. Deposition was carried out at
different plasma powers (20, 100, 200 W) at a constant pres-
sure of 1000 mTorr. The deposition process parameters are
given in the Table. The thickness of the layers was estimated
using Horiba PZ2000 laser ellipsometer with 632.8 nm He-
Ne source. Using scanning electron microscopy (SEM) in
Zeiss Supra 25 unit, the structural properties and surface
morphology of boron phosphide layers deposited on silicon
substrate were studied. SEM images of the sample at high
power 200 W (Figure 1) showed that the layer surface has
an uneven structure, which may be due to the effusion
of hydrogen that diffused into the Si substrate at high
deposition power, so in subsequent processes the power
was reduced to 100 and 20 W. A decrease in power led to
an improvement in the morphological properties of boron
phosphide films.

Parameters of the deposition process of boron phosphide layers

Power, W 20 100 200
Depositing time, min 30 20 20
Growth rate, nm/min 6.9 9.75 189
Thickness, nm 208 195 378
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Figure 1. Scanning electron microscopy images of boron phosphide layers on silicon substrate: a — 200, b — 20 W.
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Figure 2. Raman scattering spectra of boron phosphide layers on silicon substrate: @ — initial, » — after high-temperature annealing

at 700°C.

The compositional properties of the layers were studied
using Raman scattering spectroscopy. The measurements
were carried out using ENSPECTR R532 Raman spectrom-
eter with a 532 nm laser source, with an optimal integration
time of 3000 msec and averaging by 100 times.

Figure 2 shows the Raman scattering spectra of the initial
samples and after rapid thermal annealing of the structures
for I min at high temperature of 700°C in inert nitrogen
(N2) atmosphere in the Jipelec JetFirst 100 unit.

The Raman scattering spectra of all samples showed
broadened peaks at 450cm~! and ~ 700cm~! (Fig-
ure 2,a), corresponding to amorphous boron phosphide [9].
Also in all spectra there is a high-intensity response from

the silicon substrate at 521cm~!.  Annealing of the

samples affected the structure of the layers and led to
partial crystallization; a broadened peak of crystalline boron
phosphide was detected at 823 cm~! (Figure 2, 5) [10].

Figure 3 shows the characteristic electron energy loss
spectrum (EELS) of boron phosphide layer deposited at
power of 20W on the silicon substrate. Using this method,
the stoichiometric ratio of elements was estimated: the
proportion of boron is about 40% and phosphorus is
about 60%. The image obtained using Jeol JEM-2100F
transmission microscope shows the smooth and uniform
structure of the boron phosphide layer.

Thus, in this paper, boron phosphide was successfully de-
posited onto silicon substrates at low temperatures using the
plasma chemical deposition method. Scanning electron mi-
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Figure 3. Characteristic electron energy loss spectrum (EELS) of
boron phosphide layer (20 W) and transmission microscopy image
of the layer.

croscopy showed that the surface of the layer grown at high
plasma power has homogeneous structure, but decrease
in power leads to improved homogeneity. Measurements
of Raman scattering spectra showed that the initial layers
are amorphous, but rapid high-temperature annealing at a
temperature of 700°C led to partial crystallization of the
layers.
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