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Abstract - This study demonstrates a novel method for measuring hydrogen diffusion in
monocrystalline silicon. We deposit hydrogen-lean silicon films on one side of
monocrystalline silicon substrates, and hydrogen-rich Al.Os films on the opposite side.
Hydrogenation is then activated by annealing at 450 °C. After diffusing through the
substrate, hydrogen is trapped in the deposited silicon films, where its concentration is
measured via sub-band-gap photoluminescence spectroscopy, calibrated by comparison
with secondary ion mass spectrometry data. By modelling the time-dependent change in
the hydrogen concentration in the silicon films, we can determine the hydrogen diffusivity
in crystalline silicon.

Introduction

Hydrogen is an important element for passivating bulk defects in monocrystalline silicon solar cells.
Hydrogen diffusion usually occurs during annealing of hydrogen-rich films such as silicon nitride
(SiNx:H) and aluminium oxide (Al.Os), passivating defects at both interfaces and within the wafer
bulk. Existing studies on hydrogen diffusivity report a very large range of values, with differences of
up to 3 to 4 orders of magnitude at a given temperature * 2. Herein, we propose a new method to
study the hydrogen diffusion based on detection via micro-photoluminescence (PL) spectroscopy.

Methodology

We deposit hydrogen-rich silicon films on one side of a monocrystalline silicon substrate. Thermal
annealing is carried out to remove hydrogen and make the films hydrogen-lean. We then grow
hydrogen-rich films on the opposite side, as shown in the asymmetric structure in Figure 1.
Hydrogen diffusion is activated by annealing at 450 °C. Hydrogen diffuses through the
monocrystalline silicon substrate, and is trapped by defect states in the hydrogen-lean silicon films.

At cryogenic temperatures, strong sub-band-gap PL signals are emitted from the deposited silicon
films with the presence of hydrogen, with an increasing PL intensity as the hydrogen concentration
increases, as will be evidently demonstrated in this study. This approach allows rapid and non-
destructive measurements of hydrogen concentrations compared to secondary ion mass
spectrometry (SIMS) Bl We employ this technique to detect increasing PL intensities due to
hydrogenation, and hence extract the hydrogen diffusivity.
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Figure 1. Schematic of hydrogen diffusion experiment
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Experimental work

We deposited PECVD amorphous silicon films, with a thickness of 60 nm, on Cz phosphorus-
doped silicon wafers with either a thickness of 150 ym and 1.8 Q+cm resistivity, or a thickness of
350 uym and 2 Q<cm resistivity. Firstly, annealing at 550 °C and 600 °C for different durations was
carried out for some samples to achieve different hydrogen concentrations in the films, as
measured by Time-of-Flight SIMS. A longer annealing duration or higher temperature results in a
lower hydrogen concentration. These samples were also measured at -190 °C using a confocal
micro-PL tool equipped with a 405 nm excitation wavelength. We maintained the same
experimental conditions for micro-PL measurements and repeated twice for two sets of samples
experiencing the same annealing treatments. A correlation between the hydrogen concentration
from SIMS and the average PL intensity was then established, allowing us to convert the
measured PL intensities into hydrogen concentrations.

The remaining samples were annealed in a quartz tube furnace at 600 °C in N2 for 30 min to effuse
the hydrogen out of the films, making them hydrogen-lean, as confirmed by the SIMS
measurements. The samples were then deposited with 25 nm thick Al,O3 using plasma assisted
ALD on the opposite side. Annealing was then performed for different durations at 450 °C. During
this annealing process, re-hydrogenation occurred due to hydrogen diffusion through the
monocrystalline silicon bulk, and trapping in the deposited silicon films. The concentration of
hydrogen in the silicon films was measured as a function of annealing time by micro-PL as
calibrated by the SIMS measurements.

Results and discussion

As shown in Figure 2 (a) and (b), micro-PL reveals decreasing PL spectra from the amorphous
silicon layers for samples subject to annealing for increasing durations at 550 and 600 °C. We sum
all the PL data points emitted from 1150 to 1350 nm, and all the hydrogen concentrations within
the silicon films measured by SIMS, excluding the values affected by surface contamination. Figure
2 (c) shows a logarithmic fit to correlate the PL intensities and the hydrogen concentrations
measured by SIMS.
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Figure 2. (a) PL spectra and (b) SIMS profiles of amorphous silicon films subject to different
annealing conditions. Note that the PL spectra are shown by taking the average of two
measurements. (c) Logarithmic fit for the hydrogen concentrations versus PL intensities.

Two sets of hydrogen diffusion data were acquired for the 150 and 350 ym thick samples at

450 °C. We use an implicit finite difference method to model the hydrogen diffusion process by
assuming different hydrogen diffusivity values as an input . Some modelled curves are displayed
in Figure 3 (a) and (b) with varying diffusivities, allowing a range of hydrogen diffusivity values to
be extracted that fit the time-dependent curves reasonably well. This results in the same hydrogen
diffusivity values for the two substrate thicknesses, as expected, giving confidence in the results.
This work reveals the hydrogen diffusivity at 450 °C is between 3.5x107 and 7x107 cm?s?, which is
less than 4.2x10%cm?s™ reported by Van Wieringen and Warmoltz ¥, and larger than 5.3x10°
cm?s described by the model proposed by Ichimiya and Furuichi @,
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Figure 3: Fitting time-dependent hydrogen concentration curves assuming different

hydrogen diffusivities for the (a) 150 ym thick substrate, and (b) 350 ym thick substrate at a
temperature of 450 °C.
Future work

This abstract proposes a new method to study the hydrogen diffusion in monocrystalline silicon.
More annealing experiments will be conducted to determine the hydrogen diffusivity at different
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temperatures. Meanwhile, the charge states of hydrogen and their impact on the diffusivity in this
work are still unclear. The final presentation will show a comprehensive study of hydrogen diffusion
in monocrystalline silicon, as compared to other studies.
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