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Abstract

We report on a process to form micron-scale inverse cones in crystalline silicon without any
masking steps using a selective, low temperature (<175°C) plasma process. The selectivity of
the process originates from the use of a H, plasma that preferentially etches away
amorphous cones, formed as a result of epitaxial breakdown, leaving the surrounding
crystalline material behind. Efficient etching is realized by pre-coating the reactor walls with
hydrogenated amorphous silicon oxide (a-SiOx:H) to prevent any chemical transport of silicon
towards the substrate. The etch depth of the amorphous cones is linked directly to the time
of exposure to plasma. When densely packed, such structures exhibit useful optical
properties, such as specular reflectance as low as 2% (with the sample appearing visibly black
in the high density and fully etched regions) and iridescence (in regions of partial etching).
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1. Introduction

Low temperature (<500°C) epitaxial growth of crystalline silicon (c-Si) is a promising technology for
applications such as photovoltaics and flexible electronics. It can be achieved by multiple vacuum
deposition methods, including molecular beam epitaxy (MBE) [1], hot-wire chemical vapour deposition
(HWCVD) [2] and plasma-enhanced CVD (PECVD) [3-5]. In particular, the use of PECVD allows one to



perform epitaxy at temperatures as low as 175°C, and produce films with a variety of doping properties
and sharp doping profiles [6-9].

A common property amongst these low temperature techniques is the manner in which growth
proceeds when the epitaxy fails, or “breaks down”. Epitaxial breakdown typically begins at a point (or
rather, many discrete points), and the layer growing on top of the breakdown point (a) is fully
amorphous, without any crystalline component, and (b) grows faster than in the surrounding area,
resulting in a buried, inverse cone structure (as shown in Figure 1). The reasons behind the initial failure
have been attributed to stress and to hydrogen accumulation [2,3,10,11], but such structures are
common to all low temperature epitaxial growth techniques.

2.65 um

Figure 1: lllustration of epitaxial breakdown indicating amorphous cones embedded in c-Si epitaxial layer; (a) 3D
schematic and (b, c) SEM images showing the top and cross-sectional views.

The inverted cones have been previously confirmed to be fully amorphous through multiple
complementary techniques [11]. If these amorphous cones were to be removed, one would be left with
a series of conical holes or “inverted cones”. Similar structures (“inverted pyramids”, produced by
patterning and etching a surface) are widely recognized as a very efficient light-trapping structure for
crystalline silicon solar cells [12—16], although slightly less efficient structures (“pyramids”) are used in
practice due to their ease of fabrication [17,18].

In this work, we aim to exploit the structures resulting from epitaxial breakdown by demonstrating a
strategy to selectively etch away the amorphous cones while leaving the crystalline areas relatively
untouched. We do so using a low temperature (<175°C), selective H, plasma process that etches
amorphous silicon material faster that its crystalline counterpart.

2. Experimental Methods

Sample Processing: The samples were prepared as described in Ref [11] under conditions resulting in
epitaxial breakdown. After cleaving, the samples were irregularly shaped, but approximately 25 mm x
10 mm in size. Native oxide formed on these samples as they were stored in ambient conditions for
several months. This is an interesting aspect from an industrial point of view as it indicates that the
developed process does not require particular attention with respect to the storage of the epitaxial
layers (such as in a glove box or N; ambient). The etching processes were done in a custom-made RF-
PECVD reactor [19] with walls coated in either hydrogenated amorphous silicon (a-Si:H) or hydrogenated
amorphous silicon oxide (a-SiOx:H). Before the selective etching process, samples were exposed to a
brief SiF4 plasma to remove the native oxide. The main selective etching process was a pure H; plasma,
which is known to be selective between crystalline silicon and a-Si:H, etching the latter at a rate up to 10
times faster than the former [20]. The PECVD reactor is designed so that samples can be rotated in and
out of the plasma zone after stabilization, allowing one to perform a process on the chamber walls to



which the sample is not exposed, without breaking vacuum. Samples can also be placed on the radio
frequency (RF) electrode, subjecting them to a higher ion bombardment energy level. The range of
experimental conditions used is presented in Table 1.

Table 1: Parameters involved in three-step selective etching process.

Step 'I;emp. Gas Flows Power Pressure Tin'le
(°C) (sccm) (mW/cm?) (Torr) (min)
Reactor wall a-Si:H 175 H, / SiHs = 100/ 30 18 0.15 10
" | pre-treatment a-SiogH | 175 Hy/SiHa/CO;=400/1.5/10 96 1 15, 25
2 | SiF4 plasma 120/175 SiF4=20 60 0.2 3
3 | Hyplasma 120/175 H, =500 180/300 0.2/0.5/1 10, 18, 45

Characterization Techniques: Scanning electron microscopy (SEM) observations of the samples were
carried out on a HITACHI S-4800 microscope with a field emission source at 10 kV or 20 kV and 5 A
(using the upper detector). For cross-sectional images, samples were either cleaved after processing (to
see the cross section for a central part) or observed on an edge. An Agilent Technologies Cary 5000
series spectrophotometer was used to measure the specular reflectance at 10° with respect to the
sample surface normal.

3. Results and Discussion

3.1.Effect of reactor wall coating

A first set of experiments were done to measure the role of the reactor wall coating on the etching
process. Two different reactor wall coatings were used: a-Si:H and a-SiOx:H (deposited from a mixture of
SiH4 and CO,, Table 1). Such processes would have coated the walls with 30 - 75 nm of a-Si:H or a-SiOx:H.
After the brief SiF; plasma to remove native oxide from the epitaxial layer, the H, plasma process was
performed at 1 Torr, for 45 minutes, and at a temperature of 175 °C.

Figure 2(a) and (b) show SEM images of the sample surface when the reactor walls were coated with a-
Si:H. It can be seen that the etching process does not have a significant impact on the dome-like
structures that indicate the presence of the epitaxial breakdown points. A roughening of the surface of
the dome is observed in the zoomed-in image in Figure 2(b) but etching was negligible. Conversely,
Figure 2(c) and (d) show the results when the same etching process was performed on a sample where
the reactor walls were coated with a-SiOx:H. Viewed from above (Figure 2(c)), the amorphous dome has
been etched away, and hollow inverse cones begin to appear. The cross-sectional view shown in Figure
2(d) confirms this observation. In this case the process was stopped before the bottom of the cone was
reached, so one can still see the amorphous section at its bottom.



Figure 2: SEM images of surfaces after etching when reactor walls are coated with (a, b) a-Si:H and (c, d) a-SiOx:H.
No etching of the amorphous part is observed in (a, b) while cones are partially etched in (c, d) which show the top
and cross-sectional view of the inverse cones, respectively.

The difference between these two results underlines the selectivity of H, plasma to the surface being
etched. The a-Si:H on the walls of the reactor is so readily etched by the H; plasma that when a
significant amount of the wall is covered in this material, it can contribute enough growth precursors to
incite growth on other surfaces (such as the substrate). This process has been called chemical transport
[21], and typically results in nanocrystalline silicon growth [22] (a material which also then resists H;
plasma etching better than a-Si:H [23]). This is presumably the process occurring in Figure 2(a) and (b);
chemical transport from the walls to the substrate is preventing the etching of the amorphous cones.
However, both c-Si and a-SiOy:H are resistant to H, plasma, and therefore do not contribute to chemical
transport. In this case (Figure 2(c) and (d)), the amorphous cones can thus be effectively etched away.

Cross-sectional images of the cones before and after etching (such as in Figure 3) demonstrate the
selectivity of the H, plasma between a-Si:H and c-Si, that is, the large difference in etching rate. The
half-angle of the cone increases from 16° before etching, to 19.3° after etching. Assuming an isotropic
etching process, and that the etching process was stopped immediately once the bottom of the cone
was reached, one can derive a formula relating the cone half-angles before (6;) and after (85) etching to
the relative etching rate, n, given asn = tan Gi/cos(ef — 6;). Using the values of angle from Figure 3,
one obtains an etching rate ratio of ~17 for the plasma conditions used herein. This value can be
compared to the value of ~10 claimed in Ref [20], indicating that some anisotropy is present in the
process (which is also suggested by the slight outward curve of the sidewalls in Figure 3b.



Figure 3: Cross-sectional SEM images of (a) amorphous cone before etching, and (b) inverted cone after etching.

Furthermore, the stability of silicon oxide in an H, plasma is underlined by the images of the etched
cones in Figure 4. For this sample (with a medium density of cones, 31 cones /100 pm?), a lacework-like
covering over the holes can be seen which is more evident from the zoomed-in image in Figure 4(b). This
appears to be the residual oxide from the amorphous cones that was incompletely etched by the initial
SiF4 plasma. The fact that this thin lacework remains after the H, plasma exposure underlines how
resistant silicon oxide is to H, plasma, and why it is therefore so effective when used as a wall coating to
prevent chemical transport (as discussed for Figure 2).



Figure 4: (a) and (b) SEM Images showing lace-like films remaining over the top of etched holes.

3.2.Influence of plasma parameters

To explore the effect of process plasma parameters on the effect being studied, three different
pressures and two temperatures were employed. Figure 5 shows the variation in the extent of etching of
amorphous inverted cones for total pressures of 0.2, 0.5 and 1 Torr. The data points in Figure 5
represent mean depth of etching in central region of the samples and hence the corresponding error

bars are calculated. Note that the height of dome-like structures (~200 nm) on top of the amorphous
cones has not been considered.

Pressure: The depth of etching of the amorphous cones increases with the duration of exposure to H,
plasma. Error bars indicate the variation in etch depth on each sample near the center of the sample.
Etch rates between 0.4 and 1.1 nm/s are observed. Similar etch depths are observed for the samples
that underwent plasma treatments at 0.2 and 0.5 Torr. An etch depth of 1 um is observed at 1 Torr after
45 min, which is 300 nm less than the average etch depth at 0.5 Torr,but with greater uniformity, as
indicated by the error bars. Overall, in the range explored, the process pressure does not dramatically
impact the etching rate at constant temperature and for samples placed in the sample holder. However,
the process pressure can have other, more detailed effects. For example, reducing the pressure tends
to reduce the amount of lace-like films of residual oxide from the top of etched cones.
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Figure 5: Variation in the etch depth (in the middle region) as a function of time for the different pressures used.
All the data points correspond to a process temperature of 175°C except for the point highlighted with orange
circle which represents 120°C. Etch depth of the sample placed directly on the bottom RF electrode is highlighted
by the green circle.

Temperature: In contrast, process temperature influences the rate of selective etching more strongly. A
reduction in temperature from 175 °C to 120 °C approximately doubles the etch rate, as exhibited by the
sample circled in orange in Figure 5. This may be caused by a reduction in diffusion of hydrogen within
the sample, accompanied by an increase in the flux of atomic hydrogen from the plasma [24].

lon Bombardment Energy: The data point marked with a green circle in Figure 5 represents the sample
that was placed directly on the bottom RF electrode instead of the sample holder, and so was subject to
a greater ion bombardment energy during the process. Images of this sample, as well as the one placed
on the grounded sample holder during the same process, are presented in Figure 6. The images have
been aligned vertically so that the initial surface of the wafer (before epitaxy) is at the same vertical
position. As the samples were the same initial thickness, one can note a loss of etching selectivity in this
case, as ~ 500 nm of the crystalline part of the epitaxial layer is also etched due to an intense
bombardment by incoming hydrogen ions (most likely Hs*). An increased amorphous layer etching rate
of 0.67 nm/s is achieved for this sample (compared to the sample co-processed but placed in the sample
holder), at the cost of a loss in selectivity.



(a) Sample holder | (b) RF Electrode

Figure 6: Cross-sectional SEM images of co-processed samples placed (a) on the substrate holder, and (b) on the RF
electrode.

3.3.Sources of non-uniformity

Two sources contribute to an aerial non-uniformity in the outcome of the process: initial density of
cones, and proximity of cones to the edge of the substrate. The initial density of cones is determined by
the epitaxial breakdown process, and varies from 4 cones / 100 um? (fig. 7b) to 78 cones / 100 pm?
(fig.7d) for the samples used in this study. Because epitaxial breakdown was an undesired result from
another study [11], no particular effort was made to control the density of breakdown points (and the
resulting cones). In addition to this non-uniformity from the initial samples, of more importance is an
observed dependence of the etching rate on proximity to the edge of the sample, as this source of
inhomogeneity may be process parameter dependent. Examples of both of these sources of
inhomogeneity are presented in Figure 7, showing the top-view images in the central region and edge of
the sample. Two types of areas are shown, having either a low (4-6 cones / 100 um?) or high (64-78
cones / 100 pm?) density of etched amorphous cones



Figure 7: SEM images showing inhomogeneities in process outcome. (a) and (c) are for areas with low initial cone
density and at the sample centre (a, 6 cones / 100 um?) or at the edge (c, 4 cones / 100 um?). Subfigures (b) and (d)
are for areas with high initial cone density, at the sample centre (b, 64 cones / 100 um?) or at the edge (d, 78
cones/ 100 pm?).

The etch depth is higher for the cones along the edge (~ 2.2 um) than in the middle region (~ 1.3 um)
(Figure 7a vs 7c, and Figure 7b vs 7d). This can be seen from the size of the black spot (which
corresponds to the bottom of the etched part of the cone), but has also been quantified using cross-
sectional SEM images (not shown here but provided in the graphical abstract of the manuscript as an
example). Furthermore, as the proximity to the edge changes, the profile of the holes as observed from
above changes too, and facets of inverted pyramids appear, most clearly seen in Figure 7(b). The density
of cones does not seem to affect the etch rate or faceting of the holes as much as proximity to the edge,
suggesting some micro-loading effects [25]. In an extreme case, when cones are exposed to the H,
plasma from the side (such as when a sample is cleaved and the edge of a cone is exposed from the
side), even a solitary cone will be etched away completely. Nevertheless, the process still remains very
selective, etching the amorphous material much more quickly than the surrounding crystalline volumes.

3.4.0ptical properties of samples after etching

Reflectance measurements: The areas containing etched, inverted cones display optical properties that
are immediately obvious to the naked eye. In areas where a high density of inverted cones is present
and etching has been done almost to completion, the optical reflectivity of the surface is notably
reduced, and the sample appears "black". However, this feature only appears when the surface is
almost completely composed of etched cones, and so some discussion on areal cone density is
warranted.



Taking the half-angle of the inverted etched cone tip as 85 (measured as 19.3° in Figure 3), then the
surface area filled by the cone "base" will depend on the film thickness, t, and can be estimated as
Asyry = ntztanZHf. This expression can be inverted to estimate the density of cones necessary (for a
given t) to achieve complete surface coverage, Nfy;; = 1/7Tt2tan29f. To take into account the fact that
the cone bases will be round (as opposed to hexagons, which would be able to fill the surface without
overlap), we must add an additional factor of 27r/(3\/§), giving the expression

Nfull = 2/3\/§ tztanZHf

Using the value of as 6= 19.3° from Figure 3, this becomes Nyy; 1920 = 22/(7t2). For the film
thicknesses used in this work (2.2 um), we obtain the value of Ny, = 65 cones/100 um?. This value (and
the equation used to calculate it) assumes a perfect, hexagonally close-packed arrangement for the
cones, and does not account for the fact that the cones will be randomly placed. However, it does give a
useful order-of-magnitude value for comparison. For example, in fig. 7b, almost this exact density of
cones is present (64 cones / 100 pm?). However, due to the random placement of the cones, many flat
areas can still be observed. In fig 7d, the random placement of cones is compensated by a greater
density (78 cones / 100 um?), and the remaining flat areas are fewer.

The optical reflectivity of the high density ( > 65 cones/um?2) etched regions has been quantified though
specular reflectance measurements, presented in comparison to a bare crystalline Si wafer (Figure 8).
The reflectance is as low as 7% and 2% in the visible range for samples exposed to H;, plasma for 45 min
at 1 Torr and 0.5 Torr, respectively, which corresponds to a reduction in reflectance between 25-45 % as
compared to a bare c-Si wafer. Since the etch depth is higher at 0.5 Torr (as shown in Figure 4), the cone
is more completely etched, and a higher light trapping is expected as the horizontal surface from which
reflection could occur is minimized.

One possible domain where such a property could find an application is in improving the light trapping
properties of the surfaces of photovoltaic devices. However, for this application, the use of a 2.2 um
epitaxial layer with > 64 cones/ 100 um2 may not be optimal. Current, state of the art crystalline silicon
devices use 150-180 um thick wafers, with texturing using pyramids with heights between 5-10 um. In
the future, thinner wafer technologies would aim for thinner textures [26], requiring a thinner epitaxial
layer when using the technique described in this paper. To enable the use of a thinner epitaxial layer,
one would need to increase the density of initial breakdown points (as explained above). Rather than
rely on spontaneous epitaxial breakdown as done in this study, intentionally disrupting the initial phase
of epitaxy would be a better strategy. This could be done with an external surface treatment, or by using
an initial pulsed plasma process allowing large particles to escape and deposit on the surface [27] to
interrupt epitaxy. For example, by increasing the density of epitaxial "interruption" points to 800 per
100 um? (as displayed in the results of [27]), the required thickness of epitaxy becomes only 620 nm,
and the technique becomes compatible with ultra-thin crystalline silicon cells [26]. Furthermore, by
intentionally interrupting epitaxy, one would not need to rely on using epitaxial conditions designed to
cause breakdown [11], and could aim to produce the highest possible quality of epitaxial layer.
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Figure 8: Specular reflectance response of bare c-Si wafer and etched inverted cone epitaxial layers. Offset
observed at 750 nm is due to the grating calibration of the equipment.

Iridescence effect: Samples having undergone a partial etching of the amorphous, inverted cones show
a different optical effect, namely iridescence, changing color upon changing the angle of view or
illumination. This can be seen in Figure 9(a), and is the result of interference effects due to reflections
from two flat but parallel surfaces i.e. the crystalline surface of the epitaxial layer and flat-bottomed
region of the partially etched cones (schematically shown Figure 9(b)). This is an unusual phenomenon,
as surfaces displaying iridescence typically do so due to thin-film interference effects or diffractive
elements. In the samples presented herein, the uniform etching of the inverted amorphous cones (and
their flat surfaces before complete etching) provides the path length difference necessary for
interference, and therefore iridescence.

Samples displaying such properties are obviously not optimized for light trapping applications, but this
unusual effect could be used as an in-situ measure of process completion. Such structures could also be
useful in sensing, as the iridescence is caused by a path difference through air, and if the volume of the
holes were filled with another substance, the optical response would change. For either of these
applications, the equation for optimal surface filling for light-trapping would no longer be appropriate,
and a cone density giving a surface filling of ~50% would be optimal. In this case, for the sparser cones,
the equation for round surface structures could be used, giving

— 2 2
Nopt,iridescence - 1/27tt tan ef
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Figure 9: (a) Iridescence (images for four different angles of white light illumination) on plasma etched epitaxial
breakdown sample and (b) schematic illustration of the interference effect due to surface texturing.

4. Conclusions

By selectively removing amorphous silicon cones formed by epitaxial breakdown during the growth of a
c-Si layer, we have demonstrated the formation of randomly placed, micron-scale inverted cones with
densities as high as 78 cones / 100 pm?. The selective removal of the amorphous cones occurs due to
the much faster etching rate of a-Si:H than c-Si by a low-temperature (175°C) H, plasma process. The
pre-coating of the reactor walls plays a vital role; in particular, etching is not achieved when the reactor
walls are covered in a-Si:H (which is the case immediately after epitaxial growth) due to it being readily
etched by the H, plasma, and leading to chemical transport of silicon onto the sample surface. This can
be prevented by pre-coating the reactor walls with a-SiOx:H (without the sample present in the reactor),
preventing re-deposition, and allowing the selective removal of the amorphous cones. The samples used
required no special storage conditions after epitaxy, and were stored in ambient conditions for months
before etching, showing that native oxide formation does not prevent one from etching the amorphous
cones using this process. Reducing the process temperature from 175 °C to 120 °C results in a faster
etching of amorphous cones. A non-uniformity of the process is observed due to microloading, as
partial etching is observed in the central region while fully etched cones are observed at the edge.

Two interesting optical effects are observed: light trapping/anti-reflectance for fully etched, densely
spaced cones, and iridescence for partially etched, sparser cones. A reflectance as low as 2% has been
achieved within the regions of highly dense etched cones (> 65 cones / 100 um?). The optimal cone
density for each of these two applications will be different, and approximate equations to calculate



these optimal densities have been provided. These effects could find applications in photovoltaics or
sensing.
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