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Abstract — We study doping and metallization of black silicon
(bSi) boron emitters formed by ion implantation or diffusion. We
demonstrate that conformal metal layers can be deposited on bSi
by electron beam evaporation. Raman spectroscopy shows that
high boron concentrations (4·1019 cm-3) are obtained in bSi by ion
implantation, while maintaining emitter saturation current (J 0e)
below 20 fA/cm2 with Al2O3 passivation. In diffused bSi emitters,
doping increases to twice the values of planar substrates, reaching
values up to 7·1020 cm-3. Those doping values allow specific contact
resistivities down to (0.3  0.2) m·cm2 on boron-implanted bSi
surfaces with nickel or aluminum contacts.

measurements have been performed by CV measurements [10],
although they remain complex due to the need for maintaining
a contact with the nanowires. In this work, we utilize Raman
spectroscopy, which has the advantage of being a contactless
method. The first part of this paper focuses on doping
mechanisms in bSi structures and the second one on contact
performance.

Index Terms — black silicon, contact resistance, emitter, doping

The substrates were (100)-oriented magnetic Czochralski
phosphorus-doped silicon wafers with a resistivity of 3.4
Ohmcm and a thickness of 445 m. Black silicon was
produced by inductively-coupled reactive ion etching in a
SF6/O2 plasma at a temperature of -120 °C. Boron implantation
was performed at an energy of 10 keV and with a dose of 31015
cm-2. Then, a 20 min anneal was performed in N2 ambient at
temperatures of 950 °C and 1050 °C, followed by dry
oxidation for 20 min at the same temperatures. Boron
diffusions were performed at temperatures of 825 C and 975
C for 45 min with a solid source. The samples were then
dipped in a 5 % HF solution for two minutes. The boron-rich
layer was etched with low thermal oxidation (LTO) in pure O2
atmosphere at 650 C for 30 min, followed by another 5 % HF
dip for 2 minutes. In addition, planar reference wafers were
implanted and diffused using the same parameters.
Nickel contacts with thicknesses ranging from 100 nm to
400 nm were formed by e-beam evaporation at a rate of 0.1
nm/s and at an initial pressure of 6·10-7 mbar. The rate was
increased to 0.5 nm/s after a thickness of 200 nm was reached.
Aluminum contacts of 1 m were also deposited with e-beam
evaporation at an initial rate of 0.1 nm/s and annealed in
forming gas at 400 °C for 10 minutes. The nickel-coated
samples were measured before and after post-deposition
anneal. Annealing was performed at temperatures from 350 °C
to 450 °C during 30 seconds to three minutes in N2 ambient or
in forming gas. Specific contact resistivity was measured with
the transfer length method.
Raman spectroscopy measurements were performed at
wavelengths of 405 nm and 532 nm, corresponding

I. INTRODUCTION
Silicon solar cell surface nanostructures – also called black
silicon, or bSi – provide a definite advantage in terms of
reflectance reduction [1]. The efficiency of bSi front-side
emitter solar cells remains however poor due to three main
issues: 1) the high recombination due to large surface area [2],
2) the high Auger recombination caused by heavy diffusion of
dopants [3], and 3) the lack of conformality of metal contacts
due to the high aspect ratio of the structures [4]. While the
surface recombination issue can be solved by ALD Al2O3
passivation [5, 6], the two others still remain recurrent issues
with the standard emitter formation techniques. However,
alternative methods exist and could allow the fabrication of
performant bSi emitters without modification of the
nanostructures. For instance, ion implantation is a promising
doping technique for bSi, as it uses a fixed dopant dose and thus
allows better doping control than diffusion in bSi structures,
causing less recombination [7]. Electron beam evaporation
could constitute a solution for contact formation, as it allows
low deposition rates to produce conformal layers [8] and
ensures limited surface damage [9]. Here we study whether ion
implantation and electron beam evaporation can be combined
to fabricate metallized bSi emitters with limited recombination
activity and low contact resistance. In addition, doping is an
important parameter to consider when optimizing emitter
passivation and metallization, but it is typically difficult to
measure in bSi structures. Successful silicon nanowire doping

II. EXPERIMENTAL DETAILS

Carrier concentration (cm-3)

Sheet resistance provides information on doping, which
eventually indicates the potential for ohmic contact formation,
but it remains unclear whether measurements on planar Si and
on bSi are comparable. Additionally, doping can be measured
by electrochemical capacitance voltage on planar samples (Fig.
1), but measurements on bSi become complex and unreliable.
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On the other hand, Raman spectroscopy is a contactless
method that may help assessing the doping of bSi more
accurately and allow comparison with planar samples.
Examples of Raman spectroscopy measurements are shown in
Fig. 2. The broadening and asymmetry of the Si TO-LO Raman
peak can be related to the effective hole concentration via the
Fano effect [11].
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Excellent passivation results have been obtained in our
previous study with atomic layer deposited Al2O3 on implanted
bSi emitters annealed at 1000 °C and 1050 °C. An emitter
saturation current (J0e) of 20 fA/cm2 was reported at both
temperatures. Reasonably low J0e of 30 fA/cm2 and 110 fA/cm2
were measured in emitters diffused at 825 °C and 975 °C,
respectively [7]. Although this shows potential for integration
in front-side-emitter solar cells, it is essential to determine
whether such emitters also allow low-resistance contacts.
The corresponding sheet resistance values are summarized in
Table I. In diffused emitters, doping increases with
temperature, and consequently sheet resistance decreases. In
implanted emitters however, the dopant dose is fixed, and sheet
resistance remains stable once all dopants have been activated.
TABLE I
SHEET RESISTANCE OF PLANAR AND BLACK SILICON SAMPLES
Emitter formation
Sheet resistance (Ohm/sq)
planar
bSi
Diffusion, 825 °C
384 ± 1
260 ± 20
Diffusion, 975 °C
38 ± 2
21 ± 1
Implantation 950 °C
60 ± 1
200 ± 20
Implantation,1050 °C
56 ± 1
170 ± 5

Intensity (a.u.)

III. EMITTER DOPING

Fig. 1. Doping profiles measured by electrochemical capacitance
voltage of a) boron-diffused emitters on planar samples at
temperatures of 825 °C and 975 °C b) boron-implanted emitters on
planar samples after annealing at 950 °C and 1050 °C. The dash lines
indicate the absorption depth in silicon at wavelengths of 405 nm and
532 nm.
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Fig. 2. Example of Raman spectroscopy measurements on a) a bSi
sample diffused at 975 °C and b) a planar sample diffused at 975 °C.
The Fano fits are indicated by red lines.

As an optical method, Raman spectroscopy can only assess
the carrier concentration within the absorption length of the
excitation wavelength exc used. For exc = 405 nm, this
corresponds approximately to 100 nm. The results reported are
thus effective carrier concentrations, which are convoluted
along the whole corresponding absorption depth. In the case of
bSi, one expects light to be confined at the surface. Raman
spectroscopy provides information on the carrier concentration
much closer to the surface than in the case of planar substrates
and well below the absorption length of silicon. The effective
hole concentrations obtained by Raman spectroscopy at
different wavelengths are summarized in Fig. 3.
Effective hole concentration (cm-3)

approximately to an absorption depth of 100 nm and 1 µm in
planar silicon, respectively.
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Relatively high hole concentrations – that reflect doping
concentrations – are measured in all bSi emitters, which should
thus allow performant electrical contacts [12]. The doping
concentration measured in diffused bSi emitters is up to one
order of magnitude higher than in the implanted emitters.
In diffused emitters, the comparison between the two
excitation wavelengths indicates that doping at the surface (exc
= 405 nm) is higher than doping deeper in the bulk (exc = 532
nm) for both bSi and planar substrates. At a wavelength of 532
nm, regions of low doping are also probed during the
measurement, which is consistent with the low effective hole
concentration obtained compared to the measurement
performed at 405 nm. In addition, the diffused bSi samples
seem to exhibit higher carrier concentrations than their planar
reference at any given diffusion temperature.
Similarly in bSi implanted emitters, high hole concentrations
over 31019 cm-3 are detected. No clear variation in the hole
density is observed between bSi samples and their planar
reference or depending on implantation anneal temperature.
This is consistent with the fixed nature of the implantation dose.
IV. METALLIZATION AND CONTACT RESISTANCE
The doping and hole densities reported in section III suggest
that performant contacts could be obtained on bSi diffused and
implanted emitters. The following section studies the
conformality and specific contact resistivity of nickel (Ni) and
aluminum (Al) contacts and bSi. Nickel has a potential for
excellent adhesion and for low contact resistance on silicon,
acts as a copper barrier layer, and serves as a seed layer for
copper electroplating [13]. In addition, aluminum contacts were
also fabricated.
Fig. 4 shows that electron-beam evaporation allows
conformal coating of bSi; 250 nm of Ni deposited by electron
beam evaporation are sufficient to fully cover the structures.

Fig. 4. SEM images of bSi structures metallized by electron gun
evaporation with a) 100 nm of nickel and b) 250 nm of nickel. The
scale bars represent 1 µm.

Nickel can provide a low contact resistance on silicon after
formation of a silicide layer whose characteristics depend on
the temperature [14]. The NiSi phase is thought to provide the
lowest resistivity [15] and is usually obtained at very shorts
anneals (from 30 seconds to 3 minutes) in a temperature range
of 300 °C – 450 °C [16]. In this work however, post-deposition
annealing did not seem to improve the contact resistivity of
nickel. Fig. 5 displays the specific contact resistivity c in the
different bSi emitters depending on the diffusion or
implantation anneal temperature. The Ni samples were
measured without post-deposition anneal, except for one set,
which underwent annealing for 3 min at 400°C, as reported on
the graph. It appears that excellent values down to 0.3 m·cm2
are obtained with Ni contacts on bSi without post-deposition
annealing. It is possible that Ni annealing occured already
during the evaporation process that caused severe heating of the
samples for a long duration.
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Fig. 3. Effective hole concentrations measured by Raman
spectroscopy in diffused and in implanted emitters. Measurements
were performed at wavelengths of 405 nm and 532 nm. The
concentrations are effective values over the whole absorption depth,
which corresponds to approximately 100 nm at a wavelength of 405
nm and 1 m at a wavelength of 532 nm for planar silicon.
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Fig. 5. Specific contact resistivity c measured in implanted bSi
emitters at different implantation anneal temperatures. The results on
Ni samples are reported without post-deposition annealing unless
otherwise indicated. The Al sample was annealed at 400 °C for 10 min.

The implantation anneal temperature seems to affect the
specific contact resistivity, possibly through surface doping.
Although Raman measurements in Fig. 3 indicate a similar
effective doping in the first 100 nm at the surface after
implantation anneal at 1000 °C and 1050 °C, it is likely that the
higher annealing temperature of 1050 °C reduces surface
doping, thus causing high contact resistance. The value of 1 to
3 m·cm2 obtained with nickel after implantation anneal at
1050 °C can however be reduced to 0.3 m·cm2 with Al
contacts. Measurements on planar reference samples implanted
and annealed at 1050 °C indicate a very low specific contact
resistivity compared to bSi samples. This may be explained by
the high aspect ratio of bSi structures, causing shadowing and
thus lower doping or no doping at all in some of the grooves
between the spikes.

In diffused emitters, measurements were performed with a
different set of structures that caued higher uncertainty. Thus,
the specific contact resistivities measured ranged between 0,1
m·cm2 and 10 m·cm2.
V. CONCLUSIONS
We studied doping and contact formation bSi emitters. In bSi
diffused emitters, the hole concentration near the surface was
twice as high as in the planar references due to enhanced
diffusion. In implanted emitters, an effective near-surface hole
concentration of (4  1)1019 cm-3 was found both in planar and
bSi samples. Consistent with these values, we reported
excellent specific contact resistivities between 0.1 m·cm2 and
10 m·cm2 on black silicon emitters doped by boron
implantation and by boron diffusion. Those emitters can also be
efficiently passivated by ALD Al2O3 and display low emitter
saturation current, as shown in our previous study.
Consequently, both implanted and diffused black silicon
emitters offer promising perspectives for solar cell applications.
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