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Al, 05 films were deposited on n-type crystalline Si (c-Si) wafers by atomic layer deposition using AI(CH3 )3
and H,0 as precursors. Surface anti-reflectance and passivation performances were investigated. Average
reflectances between 2.8 and 4.2% were obtained for Al, 03 coated textured Si with Al, 05 thickness ranged
between 100 and 70 nm. Wide thickness window for low reflectance between 2.8 and 4.2% indicates its
potential anti-reflectance applications. A high minor carrier lifetime of ~4.5 ms is obtained for n-type c-Si
wafers passivated by 100 nm Al, O3 films, corresponding to an effective surface recombination velocity of
~4 cm/s. Wide annealing time window and wide annealing temperature window are addressed to obtain
good passivation performances with high minor carrier lifetime >3 ms. The passivation performances are
related to the released H atoms from Al-OH bonds and the formation of Al vacancies and O interstitials
within Al,03 films. Our results indicate that Al,O3 films show dual functions of anti-reflectance and
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1. Introductions

It is reported that excellent surface passivation is essential for
improving energy conversion efficiency in solar cells [1]. Recently,
Al,03 films have been received tremendous interests in photo-
voltaic communities [2-4]. Due to a high density of negative fixed
charges (Qgy) above 1012 cm~2 within Al, O3 layer, excellent field-
effective passivation performances have been observed on both
lightly and highly doped p- and n-type c-Si surfaces at a certain
doping range [4-8]. Moreover, due to the high densities of negative
fixed charges (Qsy) and low densities of interface defects (D;;), the
parasitic shunting effects are also overcome in p-type Si [9]. As the
excellent surface passivation is essential to improve the efficiency,
passivated emitter and rear locally diffused (PERL) or passivated
emitter and rear cell (PERC) concepts with dual Si surface effec-
tively passivated have been proposed|[1,10,11]. A high efficiency of
~23.2% has been reported by passivating front side boron emitter
with Al;Os3 films for n-type PERL cell [10,11]. At the same time,
effective anti-reflectance plays an important role for improving
efficiency in solar cells. Conventionally, SiNy layer is used as a front-
side anti-reflective layer in c-Si solar cells [ 12]. Average reflectance
is below 5%. It is reported that reflective index of Al,05 films is
~1.65 at wavelength of 630nm [13,14], suggesting its possibili-
ties for anti-reflective applications in c-Si solar cells. Though, Al, O3
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films with thickness below 50 nm have exhibited high passivation
performances on c-Si surface; anti-reflective properties of Al,03
films are needed to be discussed in detail. Moreover, studies on
physical origins for passivation performances of Al,03 films on c-
Si surface are also interesting. In this paper, both anti-reflective
properties and passivation performances of Al,03 films deposited
by atomic layer deposition (ALD) are studied. Though the deposi-
tion rate is not high in our case, a high deposition rate could be
addressed by using high speed spatial atomic-layer deposition sys-
tems [15]. In this contribution, we focus on good anti-reflectance
and passivation performances for the ALD deposited Al, 03 films. A
wide thickness window for average reflectance between 2.8 and
4.2% is observed. A high minority carrier lifetime of ~4.5ms is
addressed. Physical origins for the passivation performances are
discussed. The results here indicate that Al;0O3 films have a dual
function of surface passivation and anti-reflectance for potential
photovoltaic applications.

2. Experimental detail

Phosphorous-doped n-type Czochralski (Cz) single crystalline
Si (c-Si) wafers (Shiny-etched, (100)-oriented, 400 pm thick) were
used as substrates. For anti-reflective studies, c-Si wafers were tex-
tured by NaOH solution. Then, the substrates underwent a dilute
HCI solution dip followed by a dilute HF solution dip. A deion-
ized water rinse was adopted after each chemical dip steps. Al,O3
films were deposited on the textured c-Si wafers in a thermal NCD
200B ALD reactor at 200 °C with a 100 sccm background flow of N5.


dx.doi.org/10.1016/j.apsusc.2013.10.051
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2013.10.051&domain=pdf
mailto:lqzhu@nimte.ac.cn
dx.doi.org/10.1016/j.apsusc.2013.10.051

L.Q. Zhu et al. / Applied Surface Science 288 (2014) 430-434 431

Al(CH3)3 (TMA) and water (H,0) were used as precursors. A cycle in
the reactor consisted of two separate half-reactions. The first half-
reaction was consisted of a 0.3 s injection of TMA vapor followed by
7 s N, purge. While the oxidation step was consisted of a 0.1 s injec-
tion of H,0 vapor followed by a 7 s N, purge. Al,03 films were also
deposited on shiny-etched Si wafers for measuring thickness and
optical constants. Al,O3 films with thickness of 30, 45 and 60 nm
were also deposited on 30 nm SiNy coated textured Si for compar-
ison. To study passivation performances, 100 nm thick Al,03 films
were deposited on both sides of shiny-etched c-Si wafers at the
same condition. Post-deposition annealing (PDA) was performed in
a quartz furnace at different temperature for different time under
atmosphere ambient.

A cross-sectional morphology and top-view morphology were
characterized by field-emission scanning electron microscopy (FE-
SEM) for Al,03 coated textured Si. SEM surface morphology
characteristics were also performed for 100 nm Al,03 passivated
Si wafers (PDA at 350°C for 10 min and at 450°C for 2 min). No
blistering was observed (results not shown here). Spectroscopic
ellipsometry (SE) was used to obtain optical constants (n, k) and
thickness of Al,03 films. Reflectance spectra were obtained by
using AudioDev’s Helios LAB-rc system. Average reflectance was
calculated with wavelength ranged between 380 and 1090 nm.
Effective minority carrier lifetime (7.¢) was obtained on a Semi-
lab WT-2000PVN lifetime tester. The maximum effective surface
recombination velocity Seg could be calculated from tef using the
following equation [7]

w

Seff = 35—
2Teff

where W is the wafer thickness. Bulk minority carrier lifetime was
assumed to be infinite. Accordingly, the calculated Sqs value marks
an upper limit to the Sq¢. X-ray photoelectron spectroscopy (XPS)
measurements were carried out to study chemical bonds and chem-
ical composition of Al,03 films.

3. Results and discussions
3.1. Anti-reflectance performance

Anisotropic wet-chemical etching of c-Si in alkaline solution
leads to the pyramidal surface topography. Fig. 1 (a) shows a scan-
ning electron microscopy (SEM) image of surface morphology for
Al;03 coated textured Si surface. (111) oriented Si crystal planes
remain at the surface forming the pyramids [16]. Fig. 1 (b) shows
a SEM cross-sectional image of the Al;03 coated textured Si wafer.
Thickness of the textured surface is estimated to be ~3 um. An
Al,03 layer is obviously observed to be covered on the pyramids
with thickness of ~100 nm, consistent to the thickness obtained
from spectroscopic ellipsometry. The textured surface helps to
reduce optical average reflectance from ~29.4% before texturing to

~14.2% after texturing. Al, O3 over layer would reduce the average
reflectance further, as will be discussed below.

Spectroscopic ellipsometry (SE) has been employed to investi-
gate optical characteristics of Al,05 films. Fig. 2 (a) illustrates the
refractive index (n) and extinction coefficients (k) for as-deposited
Al;03 films with thickness of ~100 nm. Refractive index is mea-
sured to be ~1.65 at wavelength of 630 nm, similar to the reported
value [13]. Fig. 2 (b) shows absorption coefficient («) obtained by
a relationship, a =4mk/X, where X is the wavelength of a photon.
Optical band gap energy (Eg) is estimated to be ~6 eV with relation

ahy « (hv - Eg)z, where hv is photon energy [17]. Therefore, the
deposited Al,03 layer is transparent for photon with wavelength
above ~200 nm. The obtained results suggest that Al; O3 films could
be the potential anti-reflective layers in solar cells.

Fig. 3(a) shows the reflectance spectrum of Al,03/SiNy dual-
layer coated textured Si wafers. The thickness of SiNy layer is
~30nm. It could be seen that the reflectance decreases with
the increase of Al,O3 thickness (D). Fig. 3(b) shows the average
reflectance (1) as a function of D. When there is no Al,03 layer
on 30nm SiNy, the average reflectance is ~13.4%. After deposit-
ing 30 and 45nm Al,03 on 30nm SiNy, the average reflectance
decreases to ~8.9 and ~5.9%, respectively. The lowest reflectance
of ~4.6% is obtained by depositing 60 nm Al;03 on 30 nm SiNy.
Fig. 3(c) shows average reflectances (1) of Al,03 coated textured
Si wafers as a function of Al,03 thickness (D). For the bare tex-
tured Si, a high average reflectance of ~14.2% is obtained. After
depositing Al,0s3 films with thickness of ~30nm on the textured
Si, average reflectance decreases to ~10.6%. With the increase of
Al, 03 thickness, average reflectance decreases further. The lowest
average reflectance of ~2.8% is obtained for Al, 03 films with thick-
ness of ~100 nm on the textured Si. Fig. 3(d) shows the reflectance
spectrum of textured Si, 100 nm Al, O3 coated textured Si and 74 nm
SiNy coated textured Si. At shorter wavelength, the reflectance for
~100 nm Al,03 coated sample is a little higher than that for 74 nm
SiNy coated sample, while at longer wavelength, the reflectance
for ~100nm Al,O3 coated sample is a little lower than that for
the 74 nm SiNy coated sample. Such difference may be due to the
different refractive index between SiN, and Al,0s. Interestingly, a
near linear relationship between average reflectance (1) and Al,03
thickness (D) is obtained though the last two data deviate from the
linear relationship, as shown in Fig. 3 (c). Average reflectance would
decrease for ~0.12% when the thickness of Al;03 films increase
for 1 nm. Such linear relation is related to the optical path-length-
dependent optical wave transport across the air/Al,03/Si medium.
For standard SiNy (STD SiNy) coated textured Si obtained from pro-
duction line (Xinyou Photovoltaics Industry), average reflectance
(n)isranged between 2.5 and 5% with SiNy thickness of ~70 +£ 5 nm.
The thickness window is ~10 nm to obtain the good anti-reflective
performances for STD SiNy. For Al,03 coated textured Si wafers
here, thickness of Al, 03 films is ranged between ~100 and ~70 nm
with 1 ranged between 2.8 and 4.2%. Wide thickness window for

Fig. 1. (a) SEM top view images for 100 nm Al, 03 coated textured Si surface of a (100)-oriented c-Si wafer after anisotropical wet chemical etching leaving (111) planes. (b)

SEM cross-sectional images of the 100 nm Al, 05 coated textured Si.
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Fig. 2. (a) Optical constants (n, k) as a function of wavelength for as-deposited Al,0s films with thickness of ~100 nm. (b) « vs hv plot of as-deposited Al, O3 films. The inset
figure shows (ahv)!/2 vs hv plot. The intersection indicates the optical band gap energy (Eg) value.

low average reflectance suggests its potential anti-reflective appli-
cations for Al, 03 films in c-Si solar cells.

3.2. Passivation performances

For original n-type c-Si wafer, a low minority carrier lifetime
(Teff) of ~13 s is obtained, corresponding to an effective sur-
face recombination velocity (Sef) of ~1500 cm/s. After depositing
100 nm Al Os films, a higher 7.¢ 0f ~1.2 msis obtained, correspond-
ing to alower Se¢r of ~17 cm/s. The results show that effective minor
carrier lifetime is improved when Al,Os films are deposited on c-Si
surface. To study the full potential for surface passivation and ther-
mal stability of the Al,05 films, the lifetime samples were exposed
to post-deposition annealing (PDA) under atmosphere ambient.
Fig. 4 illustrates effective minority carrier lifetime (Tqf) and sur-
face recombination velocity (Sefr) of n-type c-Si wafers passivated
by 100 nm Al,O03. Fig. 4 (a) illustrates post deposition annealing
(PDA) temperature (T,) dependent passivation performances with
PDA time of 2 min. High level surface passivation performances

with 7o >3 ms and Ser <6 cm/s are obtained for T, ranged between
350 and 550 °C. While for higher PDA temperature, the passivation
performances degrade. The lifetime decreases to ~1.7 ms at 600 °C,
corresponding to Segr of ~12 cm/s. The results here indicate the wide
annealing temperature window for obtaining good passivation per-
formances.

Annealing time dependent passivation performances are also
studied for PDA temperature at 350 °C. Fig. 4 (b) illustrates minor-
ity carrier lifetime (7o) as a function of PDA time at T, =350 °C. For
short annealing time of 30s, a relative small lifetime below 2 ms
is obtained, corresponding to a relatively high S.¢ above 10 cm/s.
While for annealing time ranged between 1 and 5 min, a high life-
time ranged between 3.5 and 4.5ms is obtained, corresponding
to lower Sq¢r ranged between 5.5 and 4.5 cm/s. With the increased
annealing time above 6 min, the lifetime decreases to below 2.5 ms,
corresponding to Seg above 8 cm/s. Though such degradation, the
lifetime is still above 1 ms, and the S is still below 20 cm/s. The
results here indicate the wide annealing time window for obtaining
good passivation performances.
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Fig. 3. (a) Reflectance spectrum of Al,03/SiN, dual-layer coated textured Si wafers. Thickness of SiNy layer is ~30 nm. Al, 05 thickness (D) is ranged between 0 and 60 nm.
(b) Average reflectance (1) of Al03/SiN, dual-layer coated textured Si wafers as a function of D. (c) Average reflectance (1) for Al,03; coated textured Si wafers as a function
of D. A near linear relation is observed between 1 and D. (d) Reflectance spectrum of textured Si, 100 nm Al,03; coated textured Si and 74 nm SiN, coated textured Si.
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Fig. 4. Effective minority carrier lifetime (7.¢) and effective surface recombination velocity (Seg) of n-type c-Si wafers passivated by 100 nm thick Al,0s. (a) PDA temperature
(T,) dependent passivation performances with PDA time of 2 min. (b) PDA time dependent passivation performances with PDA temperature of 350 °C.

XPS measurements were performed to study passivation mech-
anisms. The wide-survey scan X-ray photoelectron spectra for
as-deposited Al,03 films and 550°C annealed Al,05 films are
shown in Fig. 5 (a). A series of peaks from Alyp, Alys, Cys, and Oy are
clearly observed. The C;5 peak at binding energy of ~285.0 eV arises
from the presence of hydrocarbon species at surface contamination
[18]. Fig. 5 (b) shows Al,, core-level XPS spectra. For as-deposited
Al, 03 films, two components are observed at binding energies of
74.6 and 76.6 eV, corresponding to O-Al-0 bonds and Al-OH bonds,
respectively. After PDA annealing, the component at 76.6 eV dis-
appears, while the peak at binding energy of ~74.6eV remains,
indicating the disappearance of Al-OH bonds during PDA process.
Fig. 5 (c) shows Oy core-level XPS spectra. For as-deposited Al,03
films, two components are observed at binding energies of 531.6

and 532.8 eV, corresponding to Al-O-Al bonds and Al-OH bonds,
respectively. After PDA annealing, the component at 532.8 eV dis-
appears, indicating the disappearance of AlI-OH bonds within the
Al; 03 films. Peacock and Robertson indicated that interstitial H in
Al,03 would act as a deep trap site for electrons [19]. It should be
noted here that some residual Al-OH bonds are produced during
ALD reaction between TMA and H, 0. During PDA process, the resid-
ual O-H bonds would be broken easily, resulting in the interstitial H
atoms within Al, O3 matrix. Such interstitial H atoms play an impor-
tant role in passivation performances. Firstly, such H atoms would
act as deep trap sites for electrons. Secondly, the released H atoms
would also arrive at Al O3 /Siinterface and passivate dangling bonds
at Si surface. At the same time, PDA annealing promotes the forma-
tion of Al vacancies and O interstitials within Al, O3 films, which also
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Fig. 5. (a) The wide-survey scan X-ray photoelectron spectra. (b) Alp, core-level XPS spectra. (c) Oys core-level XPS spectra from as-deposited and 550°C annealed Al;03

films.
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helps to the formation of high densities of negative fixed charges
within Al,03 films [20]. PDA annealing results in high densities
of negative fixed charges in the order of ~10'2/cm? within Al,03
films [21]. Such negative fixed charges provide a strong field-effect
passivation and high effective minority carrier lifetime (tef) [22].

4. Conclusions

In summary, Al,03; layers were deposited by atomic layer
deposition on n-type c-Si wafers. Surface anti-reflectance and pas-
sivation performances were studied. Average reflectance between
2.8 and 4.2% was obtained for Al,03; coated textured Si with
Al,03 thickness ranged between 100 and 70 nm. Passivation per-
formances were also investigated for 100 nm Al,03 coated n-type
c-Si wafers. A high minor carrier lifetime of ~4.5 ms is obtained,
corresponding to an effective surface recombination velocity of
~4 cm/s. Wide annealing time window and wide annealing tem-
perature window are addressed for obtaining good passivation
performances with minor carrier lifetime >3 ms. Such passivation
performances were related to the released H atoms from Al-OH
bonds and the formation of Al vacancies and O interstitials in
Al,;05 films. Our results indicate that Al,03 have dual functions of
anti-reflectance and surface passivation for potential photovoltaic
applications.
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