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We report on a method based on ion implantation and thermal annealing to fabricate silicon surface
textures for antireflection purposes. Modification to crystalline Si surfaces by hydrogen ion
implantation is a well known phenomenon, but the surface structures generated by H implantation
alone, typically of a low packing density and small aspect ratio, are not effective in suppressing light
reflection from Si. We show that coimplantation of hydrogen and argon, combined with thermal
annealing and oxidation, can result in an interesting surface morphology in Si crystals, yielding the
lowest light reflectance of �1% over a broad spectral range at various light incident angles. In
addition, lattice damage to crystalline Si generated by ion implantation is reduced or completely
removed by the annealing processes. Possible mechanisms for the formation of such observed
surface textures are discussed. © 2010 American Institute of Physics. �doi:10.1063/1.3515842�

A critical step toward an enhanced efficiency in sunlight-
to-electricity conversion through photovoltaic action is to
minimize the reflection of sunlight from the surface of solar
devices. This is of particular importance for solar cells based
on silicon crystals, the dominant material in today’s photo-
voltaic market. Si has a high refractive index, causing the
reflection of more than 35% of infrared-to-ultraviolet light
from a polished Si surface.1

Deposition of quarter-wavelength thin films is a common
approach to achieving antireflection of Si solar cells. But
these quarter-wavelength coatings reduce light reflection
only for a narrow range of wavelengths and incident angles.2

Better performance in antireflection has been achieved with a
higher level of sophistication in thin film deposition and ma-
terials processing, as exemplified by a multilayer graded-
index antireflection coating.3 A generally less sophisticated
method for enhancing light trapping in solar cells relies on
the formation of textured surface structures. Anisotropic wet
chemical etching to form pyramids in crystalline silicon is a
commonly used method for surface texturing,4 but it cannot
be extended for thin film solar cells due to the large dimen-
sion of the created textures. Recently, it has been shown that
creation of subwavelength surface textures resembling the
moth-eye structures, in the form of nanoarrays of inverted
pyramids5 or protruding columns,6 can result in a low reflec-
tivity ��5%� over a broad spectral range. However, the
fabrication of such surface texture structures still requires
multiple materials processing steps involving lithography,
masking, thin film deposition, and anisotropic etching of Si
with chemical solutions, reactive ions, and even femtosecond
lasers,7 which are neither adequate for large-volume produc-
tion nor economically viable.

The high production cost and the low manufacturing ca-
pacity in the fabrication of Si solar cells remain the obstacle
to their terrestrial applications.8,9 A potential solution to these
challenges is to capitalize on the tools and methods devel-
oped from the semiconductor industry for Si photovoltaics

production. In this Letter, we demonstrate that ion implanta-
tion, a well established technique in Si microelectronics fab-
rication, can be used to fabricate surface texture structures
suitable for antireflection applications in Si photovoltaics.

Hydrogen ion implantation is useful for surface texturing
due to the phenomenon of H induced exfoliation of Si
crystals.10–12 With a large H concentration present in Si, H
platelets are formed and act as the nucleation sites for the
generation of gaseous H2 during thermal annealing, which
could result in cracking or removal of Si materials as a result
of an internal pressure buildup. Figure 1 shows the evolution
of surface morphologies with annealing temperatures for a
Si�100� crystal �n-type, 10–20 � cm� implanted with 20
keV H ions to a fluence of 8.7�1016 /cm2. For the samples
implanted with H only, micron-size blisters appear on the Si
surface following annealing ��500 °C� for 75 min, and
many even pop off into craters. At 1100 °C, a significant
exfoliation of Si occurs, yielding micron-size hillock-like
structures sparsely distributed on the surface for the sample
implanted with H only. Atomic force microscopy �AFM� re-
veals that the height of these hillock structures is �200 nm,
suggesting that Si delamination occurs at a depth shallower
than the H concentration peak location, �270 nm below the
surface. Compared to an unprocessed Si surface, the light
reflection from such textured Si surfaces decreases but re-
mains above �20%. Apparently, both the density and the
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FIG. 1. �Color� Optical microscope images of Si surfaces for the
H-implanted samples �top panels� and the H and Ar coimplanted samples
�bottom panels� after thermal annealing at different temperatures for 75 min.
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aspect ratio of these surface textures are too low to be effec-
tive in suppressing light reflection.

Previous investigations have shown a strong effect of
coimplantation of light ion species such as helium or boron
on the surface blistering in H-implanted Si,11,12 but the role
of heavy ion �e.g., argon� coimplantation in the formation of
Si surface structures has not been clear. Following the H
implantation, some of our samples are further implanted with
90 keV Ar ions �projected range of �100 nm� at room tem-
perature to a fluence of 5.5�1015 /cm2. These samples ex-
hibit an increased density and smaller size of surface blisters
as compared to the case with the H implant only. Surface
blisters appear even at 400 °C and they do not pop off until
the annealing temperature is raised above 800 °C �see bot-
tom panels in Fig. 1�. At 1100 °C, an entirely different sur-
face morphology forms, which is characterized by intercon-
nected trench-like structures of up to 1 �m in depth and
1–2 �m in width �Fig. 2�a��, with both the density and as-
pect ratio being much higher than those for the surface tex-
tures generated by a single H implant.

While the concentration of implanted Ar peaks around
100 nm from the surface, the Ar implantation yields an amor-
phous layer extending from the surface to a depth of
�300 nm, close to the peak distribution of implanted H
ions, as determined with Rutherford backscattering/ion chan-
neling and nuclear reaction analysis �NRA�, respectively. For
assessment of crystal quality, RBS measurements are con-
ducted in the crystalline direction �channeling spectrum� and
at random incidence �random spectrum�. Crystal regrowth of
the amorphous Si �a-Si� via solid phase epitaxy �SPE� pro-
cesses occurs after annealing, as suggested by the reduction
in ion scattering yields in the channeling spectra. After an-

nealing at 1100 °C, the Si crystal quality has recovered that
of the virgin Si. This is also confirmed by cross-sectional
transmission electron microscopy �TEM� measurements �see
pictures in Fig. 2�b��, as evidenced by the vanishing of the
ring-shape patterns of electron diffraction, obtained near the
Ar ion range ��100 nm�, since these ring-type electron dif-
fraction patterns are characteristic of a polycrystalline struc-
ture. The SPE regrowth of a-Si in these samples is much
slower than that typically reported for a-Si, presumably due
to a large concentration of H, whose presence is known to
significantly retard the regrowth of a-Si.13

The marked differences in surface morphology between
the H-only implant and the H+Ar implant may reflect differ-
ences in the density and distribution of defects created in
these two situations. For the latter, there exist a large number
of structural defects which could readily trap H atoms to
form a high density of H platelets, leading to densely packed
surface structures. In contrast, for the samples implanted
with H only, the number of H platelets is much smaller due
to a smaller number of defects available for H trapping, and
averagely speaking, each H platelet should contain more H
atoms with a larger size. Upon annealing, these large plate-
lets would rapidly expand and even coalesce with neighbor-
ing platelets, yielding well separated surface structures of a
small density.

It is very interesting to notice that in the H and Ar coim-
planted samples, exfoliation of Si could occur at a location
much deep beyond the H concentration peak, as opposed to
the general observation of ion cutting close to the H concen-
tration peak location. This may be understood by considering
the effects of crystal stresses on the formation of H platelets.
The formation of H platelets is believed to involve the incor-
poration of H atoms in certain positions of the Si lattice, e.g.,
the bond-center position, which costs energy due to the gen-
eration of strains.14 Consequently, H platelets are preferen-
tially formed in the region with pre-existing stress, e.g., out-
of-plane tensile stress resulting from implantation-produced
vacancy and interstitial clusters.11,15

In the case with the H implant only, the location of the
maximum stress coincides with the peak distribution of lat-
tice damage, being actually shallower than the peak concen-
tration of implanted H ions in most cases.11,12,15 As the dam-
age level increases, the location of the maximum stress could
be shifted deep below the highly damaged region.15 The situ-
ation may become more dramatic if ion implantation creates
an a-Si layer, as in our case with Ar coimplantation. This a-Si
layer is critical to the modification of stress distributions in
the Si crystal, since plastic flow can occur in a-Si, causing
the relaxation of strains, and thus a significant reduction of
stress in the implanted region.16 In our samples with Ar
and H coimplantation, point defects produced by Ar implan-
tation could outdiffuse from the implanted region and accu-
mulate in the underlying crystalline Si, yielding the maxi-
mum stress at a location below the amorphous-crystalline Si
interface. Upon annealing, H atoms would preferentially trap
at this location, much deeper than the implanted H range
��270 nm�, resulting in Si eruption at a depth of �1 �m
below the surface.

Previous studies11,12 on coimplantation of light ions such
as He or B, where the amorphization of Si is unlikely to
occur, have not led to the peculiar Si surface morphology
observed in our case. This further emphasizes the important

FIG. 2. �Color� �a� AFM morphology of the H and Ar coimplanted sample
following annealing at 1100 °C for 75 min; �b� AFM line trace of surface
structures. Note that the ion cut occurs at a location much deeper than the H
concentration distribution; �c� RBS/ion channeling and TEM analysis of the
H and Ar coimplanted sample. Left TEM image: 1000 °C anneal; right
TEM image: 1100 °C anneal. The dashed line represents the depth distri-
bution of implanted H ions measured by NRA.
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role of the a-Si layer in the formation of high-density and
high-aspect-ratio surface textures required for effective sup-
pression of light reflection. Optical reflection measurements
for a wide range of light wavelengths and incident angles are
obtained using the reflectance probe technique. At low an-
nealing temperatures ��900 °C�, the reflectivity spectra for
normal incidence �Fig. 3�a�� display oscillatory features,
which possibly result from optical interference from the
amorphous-crystalline interface. From these reflectance data,
we can determine the reflection of the standard air mass 1.5
�AM1.5� sunlight by weighing the photon flux over the cor-
responding solar spectrum �e.g., Fig. 3�b��. The interference
effect becomes less pronounced as the a-Si layer thickness
decreases significantly after annealing at 900 °C. In the
meantime, light reflection is decreased by a factor of �2
compared to the unprocessed polished Si, consistent with the
appearance of a high density of craters on the surface. An-
nealing of the Ar coimplanted Si at 1100 °C causes a dra-
matic reduction in light reflection, i.e., being less than 5%
over a wide range of the solar spectrum. We have also found
that the diffuse reflection loss of this sample remains below
5%, only slightly greater than that of the polished virgin Si
��1%�. Therefore, the actual light transmittance is expected
to exceed �90% in the sample.

We can further reduce the reflectivity of this sample by
annealing it in a dry oxygen ambient to produce a thin sur-
face oxide, serving as a graded-index layer between the air
and Si �Figs. 3�c� and 3�d��. The total AM1.5 reflectivity

decreases with increasing surface oxide thickness up to
�155 nm, and it also maintains at a low level for a wide
range of incident angles �Figs. 3�e� and 3�f��. For the greater
oxide thickness �e.g., 195 nm�, the optical interference ef-
fects associated with the oxide layer may cause a slight in-
crease of the reflectivity in the visible range and a decrease
in the near-infrared spectrum. In our case, the 155 nm sur-
face oxide yields the lowest AM1.5 reflectivity, i.e., �2% at
normal incidence and less than 1% at large angle incidence.
This is comparable to and even exceeds the best records in Si
antireflection achieved with other methods.3–6

By varying the energy and fluence for Ar ions, we have
produced different a-Si layers with thickness either much
less or larger than 300 nm �the H concentration peaking of
�270 nm�, but these Ar implants do not yield the desired
surface textures as seen above. This is understandable, con-
sidering the shallow location for the maximum stress in the
case of a very thin a-Si layer, or the trapping of atomic H by
a variety of structural defects, which inhibits the growth of H
platelets large enough for accumulation of molecular hydro-
gen, in the case of a very thick amorphous Si layer contain-
ing the entire profile of implanted H ions.

In conclusion, we have developed an approach to fabri-
cating surface textures suitable for Si antireflection, based on
coimplantation of H and Ar combined with thermal anneal-
ing and oxidation. The key of this approach is attributed to
the production of an amorphous Si layer with optimal thick-
ness to shift the location of the maximum stress well beyond
the projected range of implanted H ions in Si. The lowest
reflectivity achieved by our method over the AM1.5 solar
spectrum is �1% for a wide range of incident angles. Future
work should focus on reducing the thermal budget required
for fabrication of effective antireflection texturing to enable
this approach viable for large-volume and low-cost produc-
tion of Si photovoltaic devices.
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FIG. 3. �Color� Data of light reflection from the Si samples coimplanted
with H and Ar ions: �a� reflectance spectra and �b� AM1.5 reflectivity for
different annealing temperatures, �c� reflectance spectra and �d� AM1.5 re-
flectivity of the 1100 °C annealed samples for different oxide thickness, and
�e� reflectance spectra and �f� AM1.5 reflectivity under different incident
angles for the 1100 °C annealed sample with a 155 nm oxide layer.
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