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EFFICIENT SURFACE PASSIVATION OF N-TYPE BLACK SILICON

Surface recombination losses significantly reduce the efficiency of black silicon (b-Si)
for solar cell applications. Surface passivation using suitable dielectric films can minimize
these losses. This paper reports the investigation on the passivation properties of the hafnium
dioxide (HfO,) film deposited on n-type b-Si surface via the atomic layer deposition method.
It is shown that in addition to efficient passivation, HfO, film reduces the reflectance of the
b-Si surfacein the wide spectral range.

Keywords: black silicon, solar cell, passivation, reflection, atomic layer deposition,
hafnium dioxide.

Introduction. Black silicon (b-Si) or silicon grass is a needle-like surface
where needles are made of single-crystal Si and have a height 0.3...10 um and
diameter 0.05 ...1.0 um. These surfaces can be fabricated by the reactive ion
etching (RIE) method, which exhibits some distinct advantages. First, it is a
reliable and reproducible, yet self-organized process that does not necessitate any
additionally applied mask. Second, the method |leaves the crystallographic intact
nanostructure surfaces free of chemical contaminations, in contrast, e.g., to
structures obtained by wet etching. Third, it cannot only be applied to poly- and
monocrystalline wafers, but also to amorphous or crystalline Si thin films.

The unusual optical characteristics make b-Si interesting for solar cell
applications as antireflection surfaces [1-4]. This is due to the needles of b-Si that
would multi-reflect the incident light and thus reduce the reflectance, leading to an
enhancement of absorptance.

Although an especially low surface reflection ratio has been achieved by b-
Si, the final energy-conversion efficiency of solar cells is not satisfied at present.
The main problems are as follows. The b-Si solar cells suffer from increased
surface recombination rates due to the larger surface area resulting in poor spectral
response especialy at short wavelengths. In addition, the huge internal surface of
the needles tends to be progressively oxidized or contaminated by impurities when
in contact with air. The only way to overcome these drawbacks is the effective
passivation and stabilization of the b-Si surface [5, 6].

Nowadays, some works demonstrate that excellent passivation of b-Si
surfaces can be achieved using aluminum oxide (Al20s) films grown viathe atomic
layer deposition (ALD) method [7-10]. The general advantage of the ALD method
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isthat it can be used for alarge area deposition and processed at alow temperature.
With ALD, good film quality, accurate thickness control and conformality are
achieved. In particular, ALD Al,Os-passivated b-Si has been used as a materia in
record breaking solar cells reaching efficiencies above 22.1% [10].

However, an Al,Os passivation film has negative fixed charges, which result
in an inversion layer on the n-type Si surface, causing short-circuit current loss due
to the parasitic shunting between this inversion layer and metal contact. Therefore,
the passivation quality provided by Al,Os on n-type Si surfacesis limited. The dual
layer stacks of SiO./Al;Os; and Al,Os/TiO; prepared by ALD have both been
demonstrated to passivate the n-type b-Si surfaces [11, 12] but a dielectric stack
requires separate reactors in production to account for different process
temperatures and avoid the risk of cross contamination.

This paper demonstrates the use of ALD hafnium dioxide (HfO,) films as a
novel candidate for n-type b-Si surface passivation. HfO; films have positive fixed
charges and this makes it very suitable for passivation of n-type Si wafers [13].
ALD HfO, was aso chosen for investigation due to its higher dielectric constant
(k~25) than that of the Al.O;s film (k~9), alarge energy band gap (~5.68 V) and
thermodynamic stability in contact with Si surface [14, 15].

Experimental details. The experiments were performed on double-side polished
Czochralski-grown phosphorus-doped Si wafers (100) oriented and of resistivity
3.0 2.cm. The wafer thickness was 440 um and the oxygen level was 8.0 ppma.

The b-Si layers on the front surfaces of Si wafers were fabricated by the RIE
method in a gas mixture of sulfur hexafluoride (SFs) and O, by the multi-cathode
RIE chamber (Fig. 1). The mixture SF¢/O; is non-toxic and easy to handle. The
process pressure was 55 mTorr and the gas flow rates were 75 cm/min and 40
cn/min for SFe and O, respectively. The samples were placed on the water-cooled
(23°C) bottom electrode that was powered by a 13.56 MHz RF generator. The etch
durations were kept constant at 10 min.
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Fig. 1. Schematic view of the RIE chamber
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After the RIE process, al samples were previoudy cleaned using the following
sequence of steps: 1) boiling in acetone to remove the presumable surface organic
contamination; 2) boiling in the NH3:H20,:H»0 (1:1:7) solution; 3) dipping into the
5% HF solution for 30 s. Rinsing in deionized water was performed after each step.

The HfO, films with a thickness of 40 nm were deposited on b-Si in a hot-
wall Picosun Oy Sunale R-200 ALD reactor (Finland) at an evacuation to about 1 mbar.
Pure nitrogen (99.999%) was used as a carrier gas and for purging the reactor after
each reagent pulse. The well-known TEMAH (tetrakisethylmethylamido hafnium (1V),
Hf[N(CHs)(CzHs)]4) + H2O precursor system was used [15]. TEMAH was delivered
into the reactor from the heated source at 100°C. The wafer temperature was 250°C.
The passivation films were activated by post-deposition in-situ annealing in N»
ambient for 50 min at 440 °C. The samples were taken out from the reactor after
cooling at room temperature. The thickness and refractive index of as-deposited
and annealed samples were measured by ellipsometry. Unetched planar wafers
(without b-Si) were coated as reference samples.

The cross-section and top-view morphology of the b-Si was observed by a
scanning electron microscope (SEM). The optical reflectance of the b-Si surfaces
was detected using a spectrophotometer T70 UV-VIS with an integrating sphere.
The charge carrier lifetime was characterized using the photoconductance method
in the transient mode (WTC-120 Sinton Instruments).

Results and discussion. Cross-section and top-view SEM images of the b-Si
surfaces with and without an ALD HfO; film are shown in Fig. 2.

The morphology of the b-Si surface without a passivation film (Fig. 2,a)
consists of dightly rounded needles with an average height of 400 nm and average
spacing of 150 nm. In Fig. 2,b, the HfO- film can be distinguished from the cross-
section as a lighter, narrow layer on top of the needles. It can be seen that the
needles have been coated perfectly conformal with a HfO, passivation film, no
blistering was observed after annealing on OH-terminated surfaces. Small changes
in the b-Si nanostructure height and shape can be seen, i.e. the needles become
shorter and denser. This can be attributed partly to the annealing of the films at 440 °C.

Thus, the ALD HfO; films precisely reproduce the morphology of the b-Si
surface without any voids or inclusions. As a result, a good chemical passivation
can be obtained.

80



a) b)

Fig. 2. SEM images of the b-S surfaces with (b) and without (a) ALD HfO, film.
The upper and the lower row display top-view and cross-section images, respectively.

Fig. 3 shows the minority carrier lifetimes as a function of injection level in
planar Si wafer and b-Si surface coated by a ALD HfO; film. These two samples
were fabricated using the identical ALD process.

The minority carrier lifetime is a relevant parameter of merit to estimate the
surface recombination and surface damage. As can be seen from Fig. 3, the lifetime
difference between the planar Si wafer and b-Si surface coated by an ALD HfO;
film is not significant and the measured lifetimes are in the 10°...10* s range.
Therefore, despite the high surface area of b-Si and the potential surface damage
induced by the RIE process, the passivation quality of HfO. on the b-Si surface is
comparable to its passivation quality on the planar Si wafer. The improved surface
passivation could be attributed to a reduction in the electrically active defect
density at the Si/HfO, interface. Hydrogen from the Hf O, bulk could diffuse to the
interfacial region and provide the chemical passivation of the dangling bonds,
reducing the defect related recombination rate [13]. Note aso that the obtained
carrier lifetimes by ALD HfO; films are comparable to that by ALD Al,Os films
[7-9].
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Fig. 3. Minority carrier lifetimes Fig. 4. Reflectance of the planar S
as a function of injection level in the wafer and the b-S surface with and without

planar S wafer and the b-S surface an HfO2 film
coated by ALD HfO; films

Reflectivity measurements of three types of surfaces (planar Si wafer, b-Si
surface with and without a HfO, film) are given in Fig. 4. Asiit is seen, the b-Si
surface achieves a reflectance below 10% in the whole visible spectrum, as well as
in the near UV and near IR regions. As a comparison, the reflectance of the planar
Si wafer varies between 30 and 50% in the same wavelength range. By applying
the ALD HfO; films on the b-Si surfaces, the reflectivity was decreased
significantly to a minimum of 0.2...0.4% at around 500 nm. At the 700...1000 nm
region of wavelength, the reflectance for the b-Si surface with and without a HfO,
film is similar; while at higher wavelength, the reflectance for the b-Si surface with
aHfO; film is alittle lower than the surface without a HfO; film. Thus, in addition
to the surface passivation, the ALD HfO; film further reduces the reflectance on
the whole spectral range relevant for the solar cell operation. This is in agreement
with the recent results, when the b-Si surfaceis coated with ALD AlOs films[7-9].

Conclusion. The increase in the surface recombination has always hindered
the application of b-Si in solar cells. Our invetigations show that the ALD HfO,
film can solve this problem by providing completely conformal coating and
excellent passivation on n-type b-Si surfaces. Besides, the ALD HfO; film reduces
the reflectance of the b-Si surface on the whole spectral range relevant for the solar
cell operation. The excellent surface passivation and low reflectance results prove
the potential of using the combination of the b-Si surface and the ALD HfO, film
in different photovoltaic devices. In particular, their application in the spectral
selective double barrier n-type Si photodetectorsis very actual [16].
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GQ.6. US4 UL3UYL, U.Iv. vIMUIEMBUL, U.U. L6REBYEY, U4, UBU2ELUN
N-Shb UGY UPLPSPNRUE UUUGIGY NP8 UMSNRLUYES TUUURIUSNRULC

Uwlbkpinipuyhtt JEpudhwynpdwi Ynpniunbibpp qqujhnpbt thnppuginud G ulb
uhihghnuth (b-Si) wpynitbwybnnipniup wphwghtt fEdkunutpnid jhpuntint hudwp: Uy
ynpniunbbpp Jupkih b ajugbgil dwtplingen wuuuhugbbing npnowlh diymuhs pu-
nuiptkpny: Zknmwgnugt) Eu n-nhwh b-Si-h dwlkplnyphtt wnndwbkpuughtt tunkgdw
Ubkpnyny unwugyus hwduhnivh Epljopuhnh (HFO2) punuiph wuwuuhjugdwt hunlnipniu-
ubpp: 8nyg L wnpyk), np HIO2 punubien, pugh wpynibw]tn yuuuhjugnithg, utfugbgunud &
uth b-Si-h dwlkpinyph winpunupdnidp uyknpuyht juyt nhpoypnd:

Unumbgpuyhll punkp. uli uhthghnud, wplught i edkin, wuuuhgugnid, wimpunup-
And, wnndwobpuught tunbgnud, hwduhnidh Eplopuhry:

I'.E. AMBA3SIH, C.X. XYJIABEP/ISIH, M.C. JIEBEJIEB, A.B. CEMYEHKO

IOPEKTUBHASA MNACCUBALIUS TIOBEPXHOCTHU YEPHOT'O KPEMHMS
N-THITIA

[Torepu, 00ycIOBIEHHbIE TOBEPXHOCTHOM PEKOMOHMHAIINEH, 3HAYUTEIFHO CHIDKAIOT
s¢pekTuBHOCTE YepHOro kpemums (D-Si) it mpuMeHEHHS B COJNHEYHBIX DJIEMEHTAX.
[MaccuBanms MOBEPXHOCTH C HCIOIB30BAHHEM OIPEACICHHBIX THANICKTPHICCKHUX IUICHOK
MOKET MUHMMH3HPOBATH 3TH TOTEpH. McClieIoBaHbl TACCHBUPYIONINE CBOMCTBA TIEHKH
muokcuma rapuus (HfFO,), maHeceHHO#M Ha TOBepXHOCTH D-Si N-THIIA METOIOM aTOMHO-
crnoeBoro ocaxaeHus. [lokasaHo, 4to, noMuMo >(dexTrBHON maccupaimy, mwieHka HfO,
CHIKAET OTPAXKEHUE MOBEPXHOCTH D-S B IMPOKOM CIIEKTPATIBHOM JHana3oHe.

Knrouesvie cnosa: depHbll KPEMHHH, COJHEYHBIN 3JIEMEHT, MACCUBALUS, OTPaXKESHHUE,
aTOMHO-CIIOCBOE OCaXICHHUE, THOKCH]T radHHs.
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