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on PERC technologies and get even closer 
to the theoretical single-junction efficiency 
limit, electrical losses in the contacted 
regions must be reduced.[3–5] Passivating 
contacts can help alleviate such losses by 
simultaneously suppressing the current of 
non-collected carriers to the contact, and 
by reducing recombination sites at the 
interface. Introducing a passivating inter-
layer between the metal/silicon interface 
provides a route to reducing the recom-
bination current density, J0,[6,7] thereby 
increasing device voltage.[3]

Passivating contacts have achieved some 
success to date, with the strongest can-
didates being polysilicon on top of thin 
silicon oxide layers (e.g., tunnel oxide pas-
sivating contacts (TOPCon) or poly silicon 
on oxide (POLO)) and amorphous silicon 
(a-Si) heterojunctions.[3,7,8] TOPCon is an 
efficient electron-selective contact but has a 

high thermal budget with temperatures around 900 °C needed 
to reduce the contact resistivity to acceptable levels.[9] An efficient 
hole-selective layer that can match or exceed the performance of 
the current electron-selective materials would be of consider-
able interest. The use of SiO2-based hole-selective contacts has 
so far failed to reach equivalent levels.[10,11] The most promising 
hole-selective contacting materials are p-type a-Si and silicon-
rich SiC, but conventional high-temperature Ag screen printing  
methods are not necessarily compatible with such contacts.[10]

Surface passivating thin films are crucial for limiting the electrical losses 
during charge carrier collection in silicon photovoltaic devices. Certain 
dielectric coatings of more than 10 nm provide excellent surface passivation, 
and ultra-thin (<2 nm) dielectric layers can serve as interlayers in passivating 
contacts. Here, ultra-thin passivating films of SiO2, Al2O3, and HfO2 are 
created via plasma-enhanced atomic layer deposition and annealing. It is 
found that thin negatively charged HfO2 layers exhibit excellent passivation 
properties—exceeding those of SiO2 and Al2O3—with 0.9 nm HfO2 annealed 
at 450 °C providing a surface recombination velocity of 18.6 cm s−1. The pas-
sivation quality is dependent on annealing temperature and layer thickness, 
and optimum passivation is achieved with HfO2 layers annealed at 450 °C 
measured to be 2.2–3.3 nm thick which give surface recombination velocities 
≤2.5 cm s−1 and J0 values of ≈14 fA cm−2. The superior passivation quality of 
HfO2 nanolayers makes them a promising candidate for future passivating 
contacts in high-efficiency silicon solar cells.
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1. Introduction

Crystalline silicon (c-Si) is the backbone of today’s photovoltaics 
industry, accounting for over 95% of current commercial pro-
duction.[1] Passivated emitter and rear cell (PERC) silicon solar 
cells are the industry standard, despite having the disadvan-
tage of metal electrodes directly contacting the silicon, thereby 
leading to trap-assisted recombination and hence, a reduction 
in collection of photogenerated charge carriers.[2,3] To improve 
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To facilitate significant charge carrier transport, films 
used for passivating contacts have to be substantially thinner 
(≪5  nm)[4,12] than those used for conventional passivation 
which is often tens of nanometers thick.[13–19] Depending on the 
film thickness, charge carrier transport is understood to be due 
to either quantum tunneling or via pinholes.[10,20,21] In addition 
to being thin, passivating contacts must also provide charge-
carrier selectivity[4,22,23] and have suitable optical properties.[24] 
The fixed charges responsible for field-effect passivation in 
dielectrics also yield carrier selectivity, with negatively charged 
films such as Al2O3 being favorable for hole-selective contacts,[4] 
and positively charged SiO2 being more suitable for electron-
selective contacts.[25] This type of selectivity arises from the 
charge-induced electrostatic potential modifying the charge car-
rier profile at the dielectric/silicon interface.

Dielectric coatings which have been shown to passivate c-Si 
effectively could provide a good starting point for the develop-
ment of passivating contacts. In most cases, surface passivation 
is realized by a combination of chemical passivation of dangling 
bonds and field-effect passivation to repel carriers away from the 
interface. SiO2—the most researched passivation layer for sil-
icon[26]—is commonly grown thermally or via plasma-enhanced 
chemical vapor deposition. SiO2 possesses positive fixed charges 
with a density of the order of ≈1011 q cm−2.[15,16,27–29] Al2O3 is 
known to possess negative fixed charges (≈1012–1013 q cm−2),[18,28]  
in contrast to many common dielectric passivating layers, 
which are positively charged.[30] Several recent studies have 
identified HfO2 as a potential passivating layer,[14,31,32] due to its 
high dielectric constant, thermal stability, and electrical proper-
ties.[19] HfO2 passivation studies have achieved a surface recom-
bination velocity (SRV) <10 cm s−1 (compared to <2 cm s−1 for 
SiO2

[26] and <1  cm s−1 for Al2O3
[18,28]) with film thicknesses of 

10–20 nm,[13,14,19,31–34] with the lowest SRV (1.2 cm s−1) reported 
by Gougam et al.[33] There are conflicting reports on the polarity 
of the fixed charge in HfO2 films,[13,14,19,31–34] with charge 
magnitude commonly reported to be in the 1011–1012 q cm−2 
range.[14,19,34]

This paper demonstrates that ultra-thin (<3  nm) oxides 
(SiO2, Al2O3, and HfO2) grown by atomic-layer deposition 
(ALD) can act as highly effective passivation layers. We con-
duct a detailed investigation to determine the optimal pro-
cessing conditions to maximize the passivation level, the charge 
polarity, and magnitude in each case. We find that thin HfO2 
layers provide excellent passivation while being processed at 
relatively low temperatures. Such ultra-thin HfO2 layers outper-
form ultra-thin Al2O3 films while also having negative charge 
polarity, suggesting they have potential for further investigation 
as potential hole-selective contacts in future passivating contact 
solar cell structures.

2. Results

Ultra-thin films of SiO2, Al2O3, and HfO2 were deposited at 
200 °C via ALD with O2 plasma from bis(diethylamido)silane, 
trimethylaluminum, and tetrakis(dimethylamido)hafnium 
precursors, respectively. In order to achieve films of 1–2  nm 
thickness, 20, 5, and 10 ALD cycles were performed for SiO2, 
Al2O3, and HfO2, respectively, based on reported growth rates 

(SiO2: ≈0.6 Å per cycle, Al2O3: ≈1.3 Å per cycle, HfO2: ≈1.1 Å per 
cycle).[35] We determined the thickness and stoichiometry of the 
films at the nm-scale using X-ray photoelectron spectroscopy 
(XPS), as other techniques such as ellipsometry are challenging 
to use accurately for such thin layers. Thickness determination 
was generally conducted on XPS spectra of annealed samples, 
except in the case of HfO2. HfO2 thicknesses were determined 
from spectra of as-deposited samples, as the photoelectron 
sampling depth for annealed HfO2 was found to be consider-
ably lower than the as-deposited case. This is discussed further 
in Section S1, Supporting Information. Representative XPS 
spectra of each film are shown in Figure 1, with survey scans 
shown in Figure  1a. Core level peaks in the survey scans are 
identified in Figure S2, Supporting Information.

The relative intensities of the overlayer peaks (Si 2p oxide 
in Figure  1b, Al 2p in Figure  1c, and Hf 4f in Figure  1e) and 
the substrate peaks (elemental Si 2p in Figure  1b,d,f) were 
used to determine film thickness. Si 2p signal corresponding 
to an oxide is observed for all three materials (as shown in 
Figure  1b,d,f), indicating the presence of an interfacial SiO2 
layer, which would be expected for dielectrics grown under 
these conditions.[13,18,36]

Thicknesses were determined via the thickogram method,[37] 
with parameters used in the calculation and the calculated 
thicknesses summarized in Table 1. Calculated thicknesses are 
2.2, 0.7, and 0.9  nm for SiO2, Al2O3, and HfO2. Thicknesses 
calculated using this method have an estimated uncertainty of 
±10%, based on the uncertainty in the attenuation length.[37] 
The thickness observed for SiO2 and Al2O3 is greater than 
would be expected from the expected growth rate, but SiO2 and 
Al2O3 layers of this thickness have previously been incorporated 
into passivating contacts,[38,39] with ultra-thin films contributing 
to good passivation.[39,40]

These thicknesses are within the range required for passi-
vating contacts[4] and we next assess the passivating ability of 
each coating. To activate the passivation, samples coated with 
SiO2, Al2O3, and HfO2 on both sides were annealed in a tube 
furnace at set temperatures between 350–700 °C in air. The 
resulting layers passivated silicon to varying extents, as demo
nstrated by post-anneal effective lifetime (τeff) measured via 
photoconductance decay shown in Figure 2. The figure also 
compares the ultra-thin layers to those of a more conventional 
thickness of 20 nm.

The injection dependence of the lifetime for thin SiO2 
(Figure 2a) is different from that of Al2O3 (Figure 2b) and HfO2 
(Figure 2c). For all annealing temperatures, thin SiO2 films pro-
vided only modest passivation, and are substantially worse than 
the other two. This is in keeping with other reports of ALD-
grown SiO2 films, such as the work of Dingemans et al., which 
reports ALD SiO2 films give rise to significantly higher SRVs 
than equivalent Al2O3 films.[43] SRVs for all thin films can be 
found in Table S4, Supporting Information. The trend in pas-
sivation quality with annealing temperature for ultra-thin coat-
ings is mirrored for thicker films, as demonstrated in Figure 2e.

The passivation level of thin Al2O3 exhibits a clear dependence 
on annealing temperature. There is also evidence for a change 
in the mechanism of passivation following annealing at tem-
peratures >500 °C, based on the differing shape of the lifetime 
curves. It is well established that thicker ALD Al2O3 films have 
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to undergo an “activation anneal” at ≈450 °C for good passiva-
tion to be achieved.[15,16,45] This is confirmed in Figure 2e, which 

summarizes τeff extracted at a carrier density of 1 × 1015 cm−3  
for ≈20 nm of Al2O3, annealed in the same temperature range. 
The passivation quality achieved for 20  nm Al2O3 films is 
several orders of magnitude greater than for ultra-thin films, 
with the effective lifetime achieved on annealing at 450 °C 
approaching the intrinsic lifetime limit, as demonstrated in 
Figure S3, Supporting Information.[46] This increasing passi-
vation quality with thickness is in keeping with reports on the 
thickness dependence of Al2O3.[18] However, at ≈0.7  nm thick-
ness, this activation only occurred on annealing at temperatures 
>500 °C. Hiller et al. report high-quality surface passivation is 
achievable for Al2O3 layers of this thickness, but this improved 
passivation was achieved via a rapid thermal anneal at 825 °C, 
and a subsequent forming gas anneal,[39] rather than the lower 
temperatures and air anneal used in this work.

The passivation level achieved with thin HfO2 is also strongly 
dependent on annealing temperature, as shown in Figure  2e. 
Although for Al2O3 there was a change in the injection depend-
ence of the lifetime curves with annealing temperature, there is 
no such change for HfO2. Hence it does not seem that there is 

Figure 1.  XPS spectra for 5 Ω cm n-type silicon wafers coated with SiO2, Al2O3, and HfO2. a) Survey scans; b) Si 2p peak from SiO2; c) Al 2p and d) Si 
2p peaks from Al2O3; and e) Hf 4f and f) Si 2p peaks from HfO2.

Table 1.  Parameters used in the thickogram calculation for film thick-
ness. I0 and Is are the relative intensities of the overlayer and substrate 
peaks, respectively. S0 and Ss are sensitivity factors, and E0 and Es are the 
kinetic energy of the overlayer and substrate peaks, respectively.

Parameter SiO2 (20 cycles) Al2O3 (5 cycles) HfO2 (10 cycles)

Io (overlayer) 2593.3 546.4 7993.1

Is (substrate) 3067.1 3397.6 2506.8

S0 0.772 0.505 7.12

SS 0.772 0.772 0.772

E0 [eV] 1383.4 1411.9 1469.5

ES [eV] 1387.9 1388.0 1387.2

Attenuation length of 
photoelectrons in overlayer 
[nm][41,42]

3.7 3.27 2.17

Calculated thickness [nm] 2.2 0.7 0.9
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a change in the mechanisms responsible for HfO2 passivation 
(i.e., chemical or field-effect) with annealing temperature. Effec-
tive lifetimes initially increase with annealing temperature, 
peaking at 450 °C before degrading. The increase in lifetimes 
between 350–450 °C coincides with previously reported crystal-
lization of the HfO2 film, although this was observed for thicker 

films and the relationship between crystallinity and passiva-
tion quality is debated.[13,31,32] The highest quality passivation 
was achieved at 450 °C, in keeping with other studies which 
report optimum passivation at temperatures between 
350–475 °C.[13,14,31] Above 450 °C, there is clear degradation of 
the HfO2 passivation quality. The trend in passivation quality 
with annealing temperature for ultra-thin samples is mirrored 
for thicker HfO2 films, as demonstrated in Figure  2e, with 
similar effective lifetimes achieved for samples of either thick-
ness. Previous work suggests that passivation quality should 
decrease with film thicknesses greater than ≈15  nm,[13,32] but 
here the two thicknesses achieve similar passivation.
Figure 3a compares τeff extracted at an excess carrier den-

sity of 1 × 1015 cm−3 as a function of post-deposition annealing 
temperature. Of all the thin films, the best performance was 
achieved with HfO2 annealed at 450 °C. Current passivating 
contacts often have to be fired at temperatures ≥900 °C to 
achieve reasonable passivation quality.[9] This work shows that 
it is possible to achieve good quality passivation with HfO2 
without needing to anneal at such high temperatures and 
without the presence of an a-Si heterojunction, hence providing 
a potential route to lower thermal budget processing while 
maintaining contact stability.

One way by which passivating contacts can achieve carrier 
selectivity is via the presence of fixed charge.[4] Consequently, it 
is necessary to understand the effects of any charge present in 
the ultra-thin films. The charge polarity can be assessed from 
the direction of shift under illumination when making surface 
photovoltage (SPV) measurements using a Kelvin probe setup, 
where negative surface photovoltage corresponds to negative 
charge, and vice versa.[47,48] Surface photovoltage data for all 
films studied here are shown in Figure 3b.

For all temperatures, both Al2O3 and HfO2 had negative 
surface photovoltage, while SiO2 had a positive surface photo
voltage after annealing ≥450 °C. The magnitude of positive 
charge in SiO2 is known to increase with thermal annealing,[12] 
so this observation is in keeping with results from the literature 
for ultra-thin films. Although the negative charge of Al2O3 and 
positive fixed charge of SiO2 are well-reported,[26] the polarity 
of the fixed charge within HfO2 is less clear. Several studies 
into ALD growth of HfO2 report the presence of fixed positive 
charge,[13,31–33] while others disagree.[14,19] Differing charge polar-
ities may be a consequence of the deposition conditions. Many 
reports on ALD-grown HfO2 involve thermal ALD, with positive 
fixed charges being observed using tetrakis(methylethylamide)
hafnium and trimethylhafnium precursors,[13,31,33] and nega-
tive charges being reported with tetrakis(dimethylamido)haf-
nium,[14] trimethylhafnium,[19] and hafnium tetrachloride[34] 
precursors. HfO2 deposited under our conditions has the same 
charge polarity as Al2O3, that is negatively charged. This agrees 
well with findings of Aubreit et al.[34]

The magnitude of the surface photovoltage can be indica-
tive of the quantity of charge present but results can be highly 
variable and dependent on both material properties and sur-
face defects.[34,49] Thus, we applied positive corona charging 
to characterize the negative fixed charge present in Al2O3 
and HfO2 more reliably. Applying extrinsic positive charge 
(Qcorona) via corona charging counteracts the built-in negative 
charges, thereby neutralizing the contribution of field effects, 

Figure 2.  Effective lifetime versus excess carrier density for ≈125 µm thick 
5 Ω cm n-type silicon wafers passivated with a) 2.2 nm SiO2, b) 0.7 nm 
Al2O3, and c) 0.9 nm HfO2. Effective lifetime curves are the average of 
five measurements. Comparison of effective lifetimes at an excess carrier 
density of 1 × 1015 cm–3 for SiO2, Al2O3, and HfO2 at film thicknesses of 
d) 0.7–2.2 nm, and e) ≈20 nm. Effective lifetime values are assumed to 
be accurate to ±8%.[44] Error bars for thick Al2O3 annealed at 600 °C are 
larger to account for sample inhomogeneity.

Adv. Mater. Interfaces 2022, 2201339



www.advancedsciencenews.com

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2201339  (5 of 9)

www.advmatinterfaces.de

reducing overall passivation quality, and decreasing effective 
lifetimes.[50,51] When the field-effect contribution is counterbal-
anced, only chemical passivation remains. Further charge depo-
sition then gives rise to new field-effect passivation and hence 
a minimum lifetime value is indicative of the built-in charge. 
The remaining τeff at the minimum is directly related to the 
level of chemical passivation.[52] A summary of Qcorona required 
to reach this lifetime minimum is demonstrated in Figure 3c, 
alongside results for two samples showing the impact of suc-
cessive corona charging on τeff. In both cases, successive corona 
treatment reduced the measured effective lifetime to near zero, 
suggesting very low levels of chemical passivation are present 
for samples prepared under these conditions.[52] Effective life-
time data as a function of corona charging Al2O3 and HfO2 at 
all annealing temperatures considered here can be found in 
Figure S4, Supporting Information. For the majority of films, 
once successive corona treatment reduced the measured effec-
tive lifetime to near zero, further corona charging resulted in 
new field effect passivation and hence increased τeff. However, 
for Al2O3 and HfO2 annealed below ≈450–500 °C, it was not 
possible to increase τeff with further corona charging once this 
minimum was reached, suggesting significant charge leakage. 
This is unlikely to be due to any crystallization which occurs for 
HfO2 at these temperatures,[13,14,31] as leakage is also observed 
for Al2O3, which does not crystallize at these temperatures. 
Due to this charge leakage, there is uncertainty in the absolute 
values of Qcorona required to reach a lifetime minimum, par-
ticularly at low annealing temperatures. Consequently, in this 
study, trends in Qcorona as a function of annealing temperature 
will be considered, rather than absolute values.

The level of corona charging required to neutralize each HfO2 
film followed a similar trend to the effective lifetime data shown 
in Figure  3a. This suggests the observed variation in passiva-
tion quality with annealing temperature is linked to differing 

levels of field-effect passivation. Annealing at 400–450 °C  
gave rise to the highest measured lifetimes (indicating quality 
of passivation), and also required the greatest extent of corona 
charge (6.0 × 1012 q cm−2) of all HfO2 samples before a τeff 
minimum was reached. This implies a negative fixed charge 
Qfixed within the dielectric of a similar magnitude, in keeping 
with previous studies, which report Qfixed values on the order of  
1011–1012 cm–2.[14,19,34]

Compared to HfO2, there is less agreement between effec-
tive lifetime and Qcorona trends with temperature for thin 
Al2O3 films, except for Al2O3 annealed at 650 °C, which cor-
responds to a maximum of both effective lifetime and Qcorona. 
Qcorona required to neutralize each Al2O3 sample range from 
7.2 × 1011–2.5 × 1012 q cm−2 and are generally lower than values 
for equivalent HfO2 samples. For thick dielectrics, Al2O3 is 
reported to have higher Qfixed levels than HfO2 (1012–‍1013 versus 
1011–1012),[14,17–19,34,53] but Figure 2d,e demonstrates that thin and 
thick Al2O3 films behave quite differently.

Based on both passivation quality and a reasonable level of 
fixed negative charge, HfO2 appears extremely promising for hole-
selective passivating contacts. In Figure 2, the passivation quality 
of ultra-thin and ≈20 nm films were compared, and the passiva-
tion quality found to be similar. This contrasts with the previous 
work of Cui et al. and Gope et al., who report an increase in SRV 
with films greater than ≈15 nm.[13,32] However, as we have so far 
only considered two extremes of thickness, it may be the case 
that different behavior is observed at intermediate thicknesses. 
In order to study the thickness dependence of HfO2 passivation, 
HfO2 was deposited on both the front and rear of silicon wafers 
at regular intervals of ALD cycles between 10 (corresponding to 
0.9 nm) and 170 (corresponding to ≈20 nm). All samples for this 
thickness variation study were annealed at 450 °C, the optimum 
annealing temperature for 0.9 nm films (Figure 3). Post-anneal, 
effective lifetimes were recorded, as shown in Figure 4a.

Figure 3.  a) Effective lifetimes τeff at an excess carrier density of 1 × 1015 cm−3. Effective lifetime values are the average of five measurements, and are 
assumed to be accurate to ±8%.[44]; b) surface photovoltage. Kelvin probe data are presented as the mean ± one standard deviation. For each sample, 
at least two locations are measured, and the reported SPV for each point determined is the mean SPV calculated for each darkness-illumination meas-
urement cycle. The error bars are the mean standard deviation of these measurements. c) Corona charging ≈125 µm thick 5 Ω cm n-type silicon wafers 
passivated with 2.2 nm SiO2 (green circles), 0.7 nm Al2O3 (purple squares), and 0.9 nm HfO2 (yellow triangles). c) Top: Effective lifetime as a function 
of Qcorona for HfO2 and Al2O3 annealed at the best performing temperatures (450 and 650 °C, respectively). Bottom: Qcorona at which τeff minima are 
reached for Al2O3 (purple squares) and HfO2 (yellow triangles) as a function of annealing temperature.
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Although 10 cycles of HfO2 gave the most promising results 
in Figure  3, further improvements in surface passivation can 
be made by increasing the number of cycles to 25 or 50. XPS 
analysis determined that 25 and 50 cycles correspond to a film 
thickness of 2.2 and 3.3 nm respectively.[37] Parameters used in 
this calculation can be found in Table S3, Supporting Informa-
tion. The calculated thickness for 50 cycles of HfO2 (3.3  nm) 
is lower than would be expected based on the growth rate of 
HfO2 via ALD under the conditions used in this work (≈1 Å 
per cycle). Based on the deposition rate of HfO2, the expected 
thickness of 50 cycles of HfO2 (≈5.0  nm) exceeds the attenu-
ation length of photoelectrons in HfO2 (2.17  nm). Hence, the 
thickogram method may not be appropriate for layers of this 
thickness.

The comparatively higher lifetimes recorded for silicon 
coated with 25 cycles of HfO2 relative to the 10 cycles of HfO2 
could be attributed to initial inhomogeneity in HfO2 growth. 
ALD of HfO2 is known to involve island-like growth at initial 
stages, although with increasing cycles this inhomogeneity is 
mitigated.[55] This could potentially explain the improved passi-
vation observed for silicon coated with 25 cycles of HfO2 relative 
to 10 cycles. Although island growth is (generally) problematic 
for passivation, for passivating contacts this is less of an issue, 
as island growth/pinholes can facilitate charge transport.[56]

Passivation quality can be quantified in terms of surface 
recombination velocity, SRV, defined according to:

W
SRV

2

1 1

eff bulkτ τ
= −







 	 (1)

where W is the sample thickness, and τeff and τbulk are the 
effective and bulk carrier lifetimes, respectively. Alternatively, 
passivation quality can be described using the recombination 
current density, J0, which is related to SRV by:[57]

J
N n

qn
b

i

SRV 0 2
= + ∆







 	 (2)

where Nb is the bulk dopant concentration, Δn is the excess 
carrier concentration, q is the elementary charge, and ni is the 
intrinsic carrier density of Si.

Effective lifetime data extracted at an excess carrier density 
of 1 × 1015 cm−3 were used to calculate upper-limit SRVs using 
Equation (1), while J0 values were determined from the injection-
dependent lifetime curves by the Sinton software around the 
same carrier density, using the Niewelt model.[46,54] The SRVs 
determined here for 25 and 50 cycles of HfO2 are similar to the 
best reported SRVs for passivation with thicker HfO2 films,[13,33] 
especially considering the impact of applying the newest model 
for intrinsic recombination.[46] Al2O3 passivation regularly 
achieves SRVs <1 cm s−1,[15] yet for thin films, HfO2 outper-
forms Al2O3, as shown in Table S2, Supporting Information. To 
maximize c-Si solar cell efficiency, J0 needs to be minimized,[4] 
with good passivating contacts generally having J0 values of 
≪10 fA cm−2.[4,20] Although the optimum J0 values calculated 
here based on the Niewelt model are marginally greater than 
10 fA cm−2, these results were obtained without any post- 
deposition hydrogenation, common for passivating con-
tacts.[3,9,12] Hence the determined J0 values suggest HfO2 has 
potential as a material for passivating contacts, and this is a 
topic of ongoing research.

The decrease in passivation quality above a certain thickness 
(here 50 cycles, corresponding to 3.3 nm) agrees with the pre-
vious work of Cui et al. and Gope et al.[13,32] Gope et al. observe 
that decreasing passivation quality with increasing film thick-
ness coincides with an increase in interface trap density (Dit).[32] 
In our work, the lifetime curves in each case have a similar 
shape, suggesting there is no significant change in the type of 
passivation (i.e., chemical or field effects) at play. The variation 
in effective lifetime with annealing must then be due to dif-
fering levels of each component.

This is further demonstrated through corona charging, 
the results of which are summarized in Figure 5. The Qcorona 
required to reach an effective lifetime minimum indicates 
the level of field-effect passivation present, where the value 
of said minima indicates the extent of chemical passivation 

Figure 4.  Data for HfO2 film growth with different numbers of ALD cycles on both sides of ≈125 µm thick 5 Ω cm n-type silicon wafer samples annealed 
at 450 °C. a) Effective lifetime versus excess carrier density, with the intrinsic lifetime limit[46] also shown. Effective lifetime curves are the average of 
five measurements. b) Effective lifetimes extracted at an excess carrier density of 1 × 1015 cm−3. Effective lifetime values are the average of five measure-
ments, and are assumed to be accurate to ±8%.[44] c) Calculated single-side J0 and upper-limit SRVs. The relative uncertainty of J0 is taken as 10%, based 
on the work of Kane and Swanson.[54] SRV error bars are based on relative uncertainties of lifetime measurements and wafer thickness.[44]
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present.[51,52] Successive corona charging of each sample 
was conducted, with the Qcorona required and τeff at the point 
where the intrinsic charge is counterbalanced shown in 
Figure  5b,c, respectively. For the majority of films, once this 
minimum was reached, further corona charging resulted in 
new field effect and hence increased τeff. Only the thinnest film  
(10 cycles/0.9  nm) suffered from substantial charge leakage, 
and it was not possible to increase τeff with further corona 
charging once this minimum was reached.

The greatest extent of negative charge was present for the 
thinnest (0.9 and 2.2  nm) HfO2 samples, whereas for thicker 
samples the level of built-in negative charge was similar. For 
these samples, Qcorona required was ≈1.4 × 1012 q cm−2, agreeing 
with the work of Gougam et al. who report similar values for 
films of equivalent thickness.[33] With increasing film thickness, 
there was an initial increase in chemical passivation, peaking 
at 50 cycles (3.3 nm). Beyond this point, chemical passivation 
initially decreased, followed by a second gradual increase. This 
gradual increase in chemical passivation at thicknesses above 
5  nm contrasts with the work of Gope et al., who observe 
decreasing chemical passivation when film thickness increases 
beyond 8 nm.[32]

3. Conclusions

This study determined the passivating qualities of ultra-thin 
layers of ALD-grown SiO2, Al2O3, and HfO2. HfO2 was found 
to offer very good levels of passivation despite nanometer level 
thicknesses, with an SRV of 18.6  cm s−1 achieved for films 
0.9  nm thick. Passivation can be improved by increasing film 
thickness to 2.2 nm, resulting in SRVs <2.5 cm s−1, among the 
best reported for HfO2 films. The passivation quality of HfO2 
is strongly dependent on post-deposition activation tempera-
ture, with the best performance arising from annealing in air at 
450 °C. The high-quality passivation achievable translates to low 
single-sided J0 values (14 fA cm−2), suggesting HfO2 has poten-
tial as a material for passivating contacts. As the passivation 
is achieved at temperatures <500 °C, this provides a potential 

route to reduce the thermal budget required for passivating 
contacts, by utilizing dielectrics grown by ALD. The HfO2 films 
grown in this work have been demonstrated, through surface 
photovoltage measurements and corona charging, to possess 
negative fixed charges on the order of 1012 q cm−2. Conse-
quently, the HfO2 nanolayers reported here show great promise 
for hole-selective contact implementations.

4. Experimental Section

Materials: Substrates for lifetime and Kelvin probe measurements 
were high quality, ≈125 µm thick, (100) orientation, 5 Ω cm, chemically 
etched n-type Czochralski silicon wafers. The ALD precursors 
used to deposit SiO2, Al2O3 and HfO2 were bis(diethylamido)
silane, trimethylaluminum, and tetrakis(dimethylamido)hafnium, 
respectively.

Sample Preparation: Silicon substrates were prepared following a 
previously reported chemical cleaning and etching procedure.[58] The 
final step in the cleaning process (immersion in 2% HF for 60 s) was 
modified to immersion in 1% HF/1% HCl for 5 min, as this has been 
found to improve passivation quality.[15] Coatings were grown via 
plasma-enhanced ALD using a Veeco Fiji G2 system with an external 
load lock. Films were deposited at 200 °C using O2 plasma. Growth 
rates per cycle were reported to be ≈0.6 Å (SiO2), ≈1.3 Å (Al2O3), and 
≈1 Å (HfO2).[35] Films were deposited on both sides of each wafer. A 
post-deposition anneal in air was performed for 30 min in a quartz 
tube furnace.

Characterization: XPS data were collected at the Photoemission 
Research Technology Platform, University of Warwick, using a Kratos 
Axis Ultra DLD spectrometer. Samples were mounted on a non-
magnetic, stainless steel bar using electrically conductive carbon tape. 
The base pressure of the XPS spectrometer was ≈1 × 10–10  mbar, and 
samples were pumped to below 1 × 10−6  mbar in the load lock before 
transfer. XPS measurements were performed using a monochromated 
Al Kα X-ray (1.487 keV) source. Measurements were conducted at room 
temperature and at a take-off angle of 90° with respect to the sample 
surface. The core level spectra were recorded by using a pass energy of 
40 eV from an analysis area of 300 µm × 700 µm. Fitting procedures to 
extract peak positions and relative stoichiometries were performed using 
the Casa XPS software suite, linear backgrounds, and mixed Gaussian–
Lorentzian (Voigt) line shapes. These were fitted and corrected using 
their corresponding sensitivity factors, taking the mean free path of the 

Figure 5.  a) Corona charging as a function of film thickness (ALD cycles). Effective lifetime values are the average of five measurements. b) Qcorona at 
τeff minimum as a function of film thickness. c) Minimum τeff following corona charging. Minimum τeff values are the average of five measurements 
and are assumed to be accurate to ±11%.[44] Estimated thicknesses determined by extrapolating from calculated thicknesses of 10/25/50 cycles of HfO2.
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photoelectrons and photoionization cross sections of these core levels 
into account.

Film thicknesses were determined via the thickogram method.[37] 
Thickness determination was generally conducted on XPS spectra of 
annealed samples, except in the case of HfO2. HfO2 thicknesses were 
determined from XPS spectra of as-deposited samples, due to the 
attenuation lengths needed to calculate thickness corresponding to 
as-deposited HfO2.[41] The impact of annealing HfO2 on recorded XPS 
spectra is also discussed in Section S1, Supporting Information.

Photoconductance decay lifetime measurements were performed 
at room temperature using a Sinton WCT-120 lifetime tester with a 
2  cm diameter coil. Measurements were performed using the quick 
decaying flash mode, except for low effective lifetime samples, which 
were measured using the slow-decaying flash. Results were averaged 
over five measurements. Lifetime measurements were made on 
5 × 5  cm samples, which were sufficiently large to avoid strong edge 
recombination effects.[59] Effective lifetime measurements were assumed 
to be accurate to ±8%.[44]

Passivation level can additionally be quantified in terms of a surface 
recombination velocity, SRV, defined according to Equation  (1). The 
bulk lifetime was determined by intrinsic (i.e., radiative and Auger) and 
extrinsic recombination. Intrinsic recombination was quantified using 
the parametrization of Niewelt et  al.,[46] taking photon recycling into 
account by assuming planar sample surfaces. Values of SRV reported 
here were upper limits as it was assumed for the evaluation that there 
were no sources of extrinsic recombination other than the surface. 
Values for the recombination current density (J0) were determined by the 
Sinton WCT-120 software (version 5.74) which uses an approach similar 
to that of Kane and Swanson, and has an uncertainty of less than 10%.[54] 
The samples were assumed to have identical films on both the front 
and the rear side. Hence single-side J0 values were obtained by dividing 
extracted J0 by 2.[9]

Contact potential difference (CPD) measurements were made 
with a KP Technologies SKP5050 Kelvin Probe with a 2  mm gold-
plated tip, based on the method of Baikie et al.[60] A Fiber-Lite DC-950 
Quartz Tungsten Halide lamp was used for surface photovoltage 
measurements. The light intensity measured at the sample location with 
a Thorlabs PM16-130 power meter was 12.22 W cm−2 at 635 nm. Surface 
photovoltage is defined as CPDillumination − CPDdark.

Corona charging was used to characterize the level of negative fixed 
charge in the dielectric films. A custom-built corona charge apparatus, 
similar to that described by Bonilla et al.[61] was used to deposit charge 
on the oxide thin films. The corona charge apparatus consisted of a sharp 
needle held at ≈7 kV and positioned 7 cm from the sample. Samples were 
subjected to 3.5 V for 5 seconds on either side. The charge deposition 
rate was determined according to the Kelvin Probe method of Bonilla 
et al.,[62] which demonstrated 5 s of corona charging corresponded to 
deposited charge Qcorona of ≈3.7 × 1011 q cm−2. Following each corona 
charge, effective lifetime was measured in generalized mode, and results 
averaged over five measurements. Effective lifetime measurements 
made under these conditions were assumed to be accurate to ±11%.[44]

Statistical Analysis: The results discussed in this paper were based on a 
total sample size of n = 48. (Thin = 8 × SiO2 samples, 8 × Al2O3 samples, 
8 × HfO2 samples. Thick = 6 × SiO2 samples, 6 × Al2O3 samples, 
6 × HfO2 samples. HfO2 thickness variation = 6 × additional samples.) 
Thicknesses determined from XPS data were assumed to be accurate 
to ±10%, based on the uncertainty in reported values of attenuation 
length.[37] All effective lifetime data presented were the average of 
five measurements. Effective lifetime measurements made under 
transient conditions were assumed to have an error bar of ±8%,[44] 
whilst those made under generalized conditions have an uncertainty 
of ±11%.[44] The relative uncertainty of surface recombination velocity 
was based on error propagation of relative uncertainty of lifetime 
measurements and wafer thickness (uncertainty = 1 standard deviation 
of measured thicknesses). J0 values were assumed to have an error 
of less than 10%.[54] Kelvin probe data were presented as the mean ± 
one standard deviation. For each sample, at least two locations were 
measured, and the reported SPV for each point determined was the 

mean SPV calculated for each darkness-illumination measurement  
cycle.
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