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DMACI (dimethylaluminum chloride) as aluminium source has shown promising potential to
replace more expensive and commonly used TMA (trimethylaluminum) in semiconductor
industry for atomic layer deposited (ALD) thin films. Here we modify the ALO; DMACI-
process by replacing the common ALD oxidant, water, by ozone that offers several benefits
including shorter purge time, layer-by-layer growth and improved film adhesion. We show that
the introduction of the ozone instead of water increases carbon and chlorine content in the A1,O3
while long ozone pulses increase the amount of interfacial hydrogen at silicon surface. These
are found to be beneficial effects regarding the surface passivation and thus final device
operation. Heat treatments (at 400 °C and 800 °C) are found to be essential for high quality
surface passivation similar to ALD Al>O3 deposited from conventional precursors, which is
correlated with the changes at the interface and related impurity distributions. The optimal
deposition temperature is found to be 250 °C, which provides the best chemical passivation

after thermal treatments.
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1. Introduction

Many semiconductor devices nowadays include highly insulating metal-oxide thin films to
allow smaller device dimensions and to prevent e.g. moisture from entering the devices. The
metal oxides are also useful in providing a high quality passivation of dangling bonds at the
semiconductor surface, which minimizes the recombination of the minority carriers and is
therefore beneficial for the semiconductor device operation.['?! Such devices include e.g.
photodetectors,! capacitors,[**! solar cells!® and transistors.!”) The main deposition technology
for metal oxides is atomic layer deposition (ALD) as it provides uniform coverage on complex
structures combined with a precise control of the film thickness.®?! In ALD, high quality
semiconductor-grade trimethylaluminum (TMA) is a commonly used aluminium (Al) source,
however, in large scale production devices like solar cells and consumer electronics, the price
of high-purity TMA may become an issue and therefore a lower grade TMA or even cheaper
chemical, dimethylaluminum chloride (DMACI), has become an interesting alternative for the

deposition of AO3 films.!'*1!

DMACI is an intermediate product in the TMA synthesis,'¥ and is a mixture of two other Al
precursors (AICL;!'>1®1 and TMAI'")), Therefore, DMACI-based ALD process is likely to show
features from its parent compounds, e.g. the impact of chlorine (Cl) content in the film. Indeed,
the first surface passivation results on DMACI based ALD Al,O3 have shown a comparable
passivation quality and even better thermal stability when compared with that of TMA.['! The

higher thermal stability is likely due to Cl present in the films.!'®)

The earlier work on DMACI has been relying on water as an oxidant in the ALD surface
reaction. Usually, water is preferred in the ALD process as being harmless, allowing simpler

deposition tool and providing a high quality of electrical passivation. However, water-based
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ALD processes have been reported to suffer from local film delamination after high temperature
heat treatments, 2! that is not acceptable for reliable operation of semiconductor devices.
Replacing water with ozone as the oxidant, has been shown to suppress such film delamination
in TMA-based process.?!??! Furthermore, the ozone molecule is less sticky than water in the
ALD system, thus being easier to purge especially in low temperature applications.!>*2° This
decreases the ALD cycle time and results in cost savings. Additionally, ozone has been shown
to create a more reactive silicon surface (SiOx layer) for the following reaction resulting in a
layer-by-layer growth during the incubation period of ALD,?*?] which has become important
in the semiconductor industry when reducing the dielectric thickness to less than 10 nm.[!833]
Finally, although some studies show superior quality of ALD films deposited by ozone process
with higher smoothness,**! lower leakage current,?>*¥ less defects and smaller flatband voltage
shift,®%! there are also contradicting results especially regarding the surface roughness*®! and
defect concentrations.*”]

Due to the contradicting results regarding differences of ozone over water in TMA process, it
is currently unknown whether DMACI-process would benefit or suffer from the use of ozone.
Here we studied the use of ozone as an oxidant in the DMACI based ALD Al>O3 process. The
growth and elemental distributions of ALO3 films were studied as a function of ozone pulse
length and growth temperature. Furthermore, the impact of the heat treatments on the film
properties were explored. Simultaneously, we studied the application of DMACI-ozone Al,O3
films for silicon surface passivation. Finally we discuss the correlation between the above
mentioned film properties and the electrical characterization results describing the passivation
quality. The results aim to provide insight in the passivation mechanism and optimal deposition

parameters.
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2. Results and Discussion

2.1 DMACI-ozone as an ALD process

In an ALD process the growth per cycle (GPC) is an important parameter describing the growth
of the film. If the GPC reaches a constant value after the incubation period of the ALD growth,
it is a sign that the growth is pure ALD.”! In our DMACI-ozone process, such GPC graph
measured using ellipsometer is presented in Figure 1 for samples deposited at 200 °C. From
the figure we obtain a saturated GPC value of 0.76 A /cycle if the ozone pulse time is 7 s or 20
s and we can see that the film growth is constant. Shorter pulse times resulted in non-uniform
film thickness, however, the pulse time may be radically reduced using more powerful ozone

generator.

The measured GPC is reasonable as compared to typical ALD Al,Os3 processest'’! and only
slightly lower than DMACI-water process (1.04 A/cycle) obtained under the same ALD
conditions.['') When compared to ozone-based ALD processes, the GPC obtained here is
comparable with TMAP®* (0.76 A/cycle at 200 °C) while it is two times higher than that of
AICL® (0.4 A/cycle at 300 °C). Although a longer ozone pulse in the ALD does not show a
clear increase in the GPC, it indeed lead to a better film with a small increase in refractive index

from 1.57 to 1.60 as measured in the as-deposited sample.
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Figure 1. A linear growth of Al2Os film as a function of the number of ALD cycles in DMACI-
ozone process. 7 s or 20 s ozone pulse time was used in the ALD at the deposition temperature
of 200 °C.

2.2. Ozone vs. water in DMACI-based Al203 process

Al>Os3 films typically contain many impurities in addition to pure aluminum and oxygen. Such
impurities may have a significant impact on the electrical film properties, GPC, and in our
application, the passivation of silicon surface. Table 1 compares the measured elemental
concentration and impurities present in the DMACI-based Al>O;3 film between ozone and water
ALD processes. Elemental composition of the films is determined by Time-of-Flight Elastic
Recoil Detection Analysis (ToF-ERDA) method.*®! We can see that the ozone-process leads to
higher carbon (C) and chlorine (Cl) concentration, which are more than tenfold and threefold,
respectively. This is in agreement with earlier reported TMA-ozone ALD Al>Os films, in which
ozone lead to higher C content than corresponding TMA-water process, 1 at.% as compared

with 0.2 at.%, respectively.B”]
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Table 1. A comparison of the elemental concentrations measured in the bulk of the Al,O3 films
between DMACI-ozone and DMACI-water ALD. 400 ALD cycles were deposited at 200 °C.

1 0
ALD recipes Elemental concentration (atom. %)
H C O Al Cl
DMACIl ozone | 4.1+0.4 | 1.4+0.2 5542 36+2 3.4+0.3
DMACI
water!!!] 4.5+0.4 <0.1 57+2 37£2 1.2+0.1

The results are also indirectly supported by ellipsometer and X-ray reflectivity (XRR)
measurements, i.e. the measured refractive index (1.57) and film mass density (2.8 g/cm?) are
lower with ozone process than with water process (1.60 and 3.0 g/cm?, respectively). The higher
amount of film impurities indicates that the reaction between DMACI and ozone is less
complete than DMACI-water reaction when the same deposition conditions are applied. This
may explain the differences observed in GPC. On the other hand, the film adhesion is found to
be better with the ozone process, i.e. we did not observe any blisters in the DMACI-ozone
process after thermal treatments, which is in agreement with the earlier study that showed

superiority of ozone over water regarding film delamination (in case of TMA-based process).[*?!

2.3. Effect of thermal treatment

ALD is considered a low temperature process but often after the film deposition, the sample
needs to undergo one or several high temperature process steps in the device fabrication
sequence. Sometimes such temperature steps can improve the film quality, sometimes they
degrade the film. In case of Al>O3, the optimal temperature to reach a high level passivation has
been around 400 °C.['% We selected two typical heat treatments, 400 °C and 800 °C referred as

LT and HT, respectively, to study their impact on the DMACI-ozone based Al>O3 films.
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We use minority carrier lifetime as a measure for the surface passivation. Typically lifetime
values close to milliseconds are needed for efficient semiconductor device operation, see e.g.
the correlation to solar cell conversion efficiencies in Ref. [10,39]. An additional measure of
interface quality includes interface defect density (Di¢), which describes how well the dangling
bonds at the interface are passivated and is often called as chemical passivation. Dj should be

thus minimized and Dj values below 1X 10" eV-lcm™ have been reported in case of high

quality interfaces.[*”) Third electronic parameter that is relevant for the surface passivation is
called negative charge density (QOr). It describes how efficiently the minority carriers are pushed
away from the surface and thus recombination minimized at the interface. Therefore it is often
called as field effect passivation. QOr should be maximized for the best performance and values

above 3 X 10'? cm™ are often targeted in thermal ALD process.[*”]

Figure 2 shows that the as-deposited sample presents only a poor passivation (lifetime around
5 ps) due to high Dy (3 X102 eV-'em™ ) and low O (2X10'"! cm™) value. The LT improves
the passivation, which is typical behavior for ALD Al,Os films. The HT step, on the other hand,
is often found detrimental for such films.['” In DMACI-ozone process, on the contrary, HT step
improves the passivation close to millisecond. CV measurement reveals that the enhancement
of passivation results from both better chemical and stronger field effect passivation, which is
similar behavior than reported earlier for the DMACI + water process.!!*! Thus, the qualitative
behavior is similar to the water process. The exact values should not be compared yet as we

will see they are impacted by the ozone pulse length and deposition temperature.
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Figure 2. The evolution of passivation quality of ALD Al;O;3 film with different thermal
treatments. The samples were measured right after ALD (AS), after anneal in N> at 400 °C for
30 min (LT), and after second anneal at 800 °C for 3 s (LT+HT). 100 ALD cycles were
deposited at 200 °C with 7 s ozone and 0.2 s DMACI pulse lengths.

Figure 3 shows the elemental depth profile of AlbO3 film for as-deposited sample with 7 s
ozone pulse (b) and after the heat treatments for both 7 s (c) and 20 s (d) ozone pulse lengths.
The main difference between the as-deposited and the heat treated samples is the lower impurity
hydrogen and chlorine content after the heat treatment. The chlorine is quite evenly distributed
over the film but for hydrogen and carbon some non-homogeneities can be observed. The

slightly different measurement parameters used for the samples in Figure 3.b) and d) forbid

additional conclusions from the shape of these two depth profiles.
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Figure 3. In ToF-ERDA measurements different masses can be separated by measuring time-
of-flight and energy for each recoil atom in coincidence. Elemental depth profiles of Al2Os3
films: b) as-deposited with 7 s ozone pulse time, c) after LT + HT treatment with 20 s ozone
pulse and d) after LT + HT treatment with 7 s ozone pulse. The histogram in a) corresponds to
depth profiles in c). The film was deposited at 200 °C with 400 ALD cycles. Note: because of
the sectional overlap of Al and Si at the Si/AL,O; interface in the histograms, the depth profiles
for Al and Si were plotted as one.

2.4. Effect of ozone dose in the ALD process

The role of the ozone pulse length in the ALD is studied further in this section to see if it has
impact on passivation and/or elemental distributions. First, Figure 4 shows the effect of ozone
pulse length on the passivation quality. After bare LT treatment increasing ozone pulse length
up to 20 s improves the passivation quality by providing better chemical passivation as seen
from reduced Di: (orange columns). A 40 s ozone pulse time shows no further increase in

passivation due to saturation of the ALD process. After LT + HT treatments the pulse length

9



WILEY-VCH

does not seem to impact much the chemical passivation but Dj remains quite low in all samples
(pink columns). Regarding the field effect passivation (Qr), the pulse length seems not to have
any influence. The HT treatment boosts the Or by more than 50% to the level of about 3.4x10!2
cm™ independent on the ozone pulse length. When compared to water-based DMACI process,
the passivation quality is comparable with the ozone process (lifetime in ms range). This also

applies to Dijtand Qr values, especially with 20 s pulse width.
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Figure 4. Passivation quality of samples deposited using different ozone pulse times. The
samples were measured after LT and LT+HT treatments. 100 ALD cycles were deposited at
200 °C. Note the logarithmic scale in y2 axis
Afterwards, the samples with 7 s and 20 s ozone pulse times are selected for element analysis
and the results are presented in Fig. 3¢) and d). The stronger hydrogen peak at the interface of

the 20 s sample could be related to the stronger oxidation of silicon surface with longer ozone

pulse time. The role of the hydrogen at the interface will be discussed in chapter 2.6.

2.5. Effect of ALD deposition temperature

ALD deposition temperature is known to have a strong impact on the deposited film properties.

Figure 5 shows the evolution of surface passivation quality at ALD temperatures ranging from

10
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150 to 300 °C when either LT or both LT and HT heat treatments are performed subsequently.
When increasing deposition temperature from 150 to 250 °C, a clear increase in the passivation
quality is seen due to the notable reduction of D and the optimal deposition temperature for
DMACI + ozone process is 250 °C. This is slightly higher than the normal passivation
temperature reported for TMA (200 °C).[*?! The result is in agreement with earlier observations
that Cl-based precursors with ozone typically allow higher growth temperatures than water-
based ALD.!'® This is because ozone processes do not suffer from the decreasing OH-groups

at the reaction surface when increasing the deposition temperature.[!3431

Similar to the TMA-based thermal ALD AlLO; passivation,*?! further increase in ALD
temperature to 300 °C will deteriorate the chemical passivation. The reason is believed to be
related to a lower amount of hydrogen present in the film and will be discussed later in the
paper. Regarding the field effect passivation, increasing temperature in ALD results in slightly
lower Qr at the interface, which can be explained by the shield effect of positively charged
interfacial silicon oxide layer formed at higher ALD temperatures.[**! Nevertheless, the
decrease in the field effect passivation is rather small. In general, the ALD deposition
temperature range between 200 to 250 °C results in the surface passivation quality that is

sufficient for most semiconductor devices.

11
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Figure 5. Passivation quality of samples deposited at various ALD temperatures. The samples

were measured after LT treatment or after LT + HT treatment. All samples experienced 100
ALD cycles with 20 s ozone pulse time.

We also studied the effect of ALD temperature on ALD growth and elemental composition as
shown in Figure 6. Figure 6a shows that the refractive index (RI) increases continuously with
temperature, from 1.56 at 150 °C to more than 1.64 at 350 °C. Similarly, the film density
increases from 2.7 g/cm?at 150 °C to 3.0 g/cm? at 250 and 300 °C. This increasing film density
has a connection to the concentration of impurities, which is in accordance with the results
shown in Figure 6.b. Increasing the ALD temperature is thus a straightforward way to improve
the DMACI-ozone Al>O3 refractive index and reduce the impurities in the film. The GPC
behavior, on the other hand, is not that straightforward as it has a minimum at 200 °C. The
sample deposited at 150 °C has lowest film density and highest impurity level but it results in

abnormally high GPC. This is an indication that the surface reaction at lower temperature is just

less complete.

12
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Figure 6. Influence of ALD temperature on (a) GPC and refractive index in as-deposited
samples (b) impurity (H, C, Cl) concentration measured after LT and HT treatment.

2.6 Discussion about the chemical passivation

As mentioned earlier Dj is used to quantify the quality of chemical passivation of the silicon
surface. Many studies have shown that the chemical passivation, and thus Dy, is affected by
the amount of hydrogen present at the silicon/passivation layer interface. For example, a high
quality thermal SiO> passivation can be further improved by annealing at H> ambient, which

reduces the interface defect density from 1 X 10'> cm™ to lower than 10'° cm™.[*! Regarding

thermal ALD AlbO3 deposited on silicon, a thin interfacial SiOx is formed during the first cycles
of the ALD! and it usually has a thickness around ~1-2 nm.!*647] At this interfacial SiOx layer
the silicon-hydrogen bonds determine the chemical passivation of the Al,O3 film [1041:48:4%]
Therefore, the elemental profiles and especially hydrogen profiles are valuable in understanding
the passivation mechanism provided by DMACI-ozone ALD AlOs process. However, it is
good to note that so called hydrogenation usually requires thermal energy to form Si-H bonds.
Therefore we cannot compare the H profiles of as-deposited and annealed samples (Figure 3)

to make conclusions about chemical passivation.

The XRR analysis made on DMACI-ozone ALD Al>O3 samples revealed a clear difference in

interfacial SiOy layers between different samples. As the thickness of the SiOx layer is quite

13
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thin (0.5- 1.2 nm based on the XRR analysis), it is hard to give exact quantitative values for the
thickness and the density. However, it is clear that both the SiOx layer thickness and the density
increased with longer ozone pulse and higher ALD deposition temperature.!?8] As the diffusivity
of hydrogen in SiO> is two orders of magnitude higher than that in A1O; at high temperature,!>”
hydrogen originating from the Al,Os film can diffuse through the oxide layer to the silicon

e,324%51 and form passivating Si-H bonds to

surface, accumulate near the SiOx/Si interfac
reduce the surface defect density. On the other hand, if the Al>O; film is not initially hydrogen-
rich, there is not enough hydrogen at the silicon/SiO; interface after thermal anneal to passivate

the dangling bonds. This was the case when the ALD deposition temperature was increased to

350 °C and as a result the passivation suffered from increased Di.

While hydrogen may diffuse from the Al203 towards the Si/SiO; interface during anneal, it may
also diffuse out from the film, which is called effusion. From the surface passivation point of
view, effusion is an unwanted phenomenon since it reduces the amount of hydrogen at the
S1/S10; interface and thus reduces chemical passivation. Normally, hydrogen effusion is more
severe with lower film density, which was the case in the sample deposited at 150 °C that
probably even contained voids.*®! Since the film density increases with ALD deposition
temperature and ozone pulse length, Al2O3 film most likely blocks the effusion of hydrogen
during heat treatment in all other samples. This may provide a possible explanation for the

hydrogen accumulation at the silicon/S10: interface.

3. Conclusion

A study on the DMACI and ozone -based ALD Al>O3 processes and their performance on the
passivation of silicon wafer is carried out. The DMACI-0zone process resembles TMA-ozone

process in reactant saturation condition, but with slightly lower GPC. Above 200 °C, increasing
14
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ALD growth temperature increases GPC and film density but also lowers the amount of
impurities in the Al2O3. Regarding composition of light elements present in the films, about
4.1% hydrogen and 3.4% chlorine is found in the as-deposited sample grown at 200 °C. Longer
ozone pulse time is found to lower the impurity concentration except the hydrogen at the

Si/AlLOs3 interface.

Surface passivation quality as a function of heat treatments, ozone pulse time and ALD growth
temperature is studied by monitoring the change in the effective lifetime, interface defect
density and negative charge density. In the case of DMACI and ozone -based ALD AlOs3
process a low temperature treatment at 400 °C for 30 min seems not to provide enough thermal
energy to activate the passivation while high temperature treatment (800 °C for 3 s) remarkably

improved the passivation by lowering the interface defect density and increasing the field effect.

Longer ozone pulse in an ALD is found to have a positive effect on the final passivation quality
probably due to higher interfacial hydrogen concentration. The increase of the ALD
temperature to 250 °C, is found to lead to better chemical passivation and higher film GPC. In
addition, DMACI-ozone process seems to solve the blistering problem of ALD ALO; films
during thermal treatments. The obtained results show that DMACI-ozone Al>O; process can be

used for efficient surface passivation for semiconductor devices.

4. Experimental Section

Double side polished 4” p-type semiconductor-grade Magnetic Czochralski-grown silicon
wafers with 400 um thickness, ~3 Q-cm resistivity and (100) crystal orientation were used as
starting material. The first process step was a short dip in a hydrofluoric (HF) acid solution to

remove the native oxide. Shortly after the HF-dip, the wafers were loaded into the TFS 500

15
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ALD reactor (Beneq) where AlO3 film was deposited on both sides of the wafers. The ozone
generator used in the experiments was Modular 4 HC (WEDECO GmbH) with an ozone peak
concentration at 168 g/Nm?®. The Al precursor, dimethylaluminum chloride (CH3),AIC1 (CAS
number: 1184-58-3), was purchased from Sigma-Aldrich and it was pulsed into the ALD reactor
by its own vapor pressure at 25 °C. The ALD cycle was performed using the following
sequence: DMACI (0.2 s) — N2 purge (3 s) — O3 (2-40 s) — N> purge (5 s). The substrate
deposition temperature varied from 150 to 350 °C. In the passivation study 100 ALD cycles

were made, which resulted in film thickness of 7 — 8 nm.

In order to study the tolerance of the thin films against the high temperature processes or to
activate the passivation, some wafers were annealed in nitrogen ambient at 400 °C for 30 min
in a tube furnace. Such relatively low anneal is referred as LT throughout the paper. Some of
the wafers were further annealed at high temperature in a Rapid Thermal Anneal (RTA) furnace
with a peak temperature of 800 °C for 3 s in nitrogen, where a contact thermocouple was used
to monitor the wafer temperature. Such high-temperature process is referred as HT in the paper.
The anneal time-temperature profiles were selected to simulate the PECVD SiNx capping or the

contact sintering (400 °C) or the rapid contact firing process through SiNy (800 °C).

To monitor the surface passivation quality, Quasi-Steady-State Photoconductance Decay
(QSSPC) method with a generalized mode was used to measure the effective minority carrier
lifetimes (tef).>?) The reported values are taken at the injection level of 1-10'> cm?. It is well
known that a high quality surface passivation requires both good chemical and field-effect
passivation.l'% These two passivation aspects were characterized quantitatively by so-called
interface defect density (Dit) and interface charge density (Qr), respectively. Such parameters
were measured with a corona capacitance-voltage (C-V) measurements by PV-2000

(Semilab).l>¥ The Dy and Or values were averaged over five measuring points on one wafer.
16
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The film thickness was measured by an ellipsometer (Philips Plasmos SD 2300) with 632 nm
wavelength. ALD films prepared with different temperatures were measured by X-ray
reflectivity (XRR) (Philips X'Pert) method to determine the film mass density. Elemental
composition of the films was determined by means of Time-of-Flight Elastic Recoil Detection
Analysis (ToF-ERDA) method using 10.2 MeV %Cu ion beam from the 1.7 MV Pelletron
accelerator of the Accelerator Laboratory of the University of Jyviskyld.[*®! This method
requires a film thickness greater than 10 nm for obtaining reliable depth profiles. Thus, 400
ALD cycles (~30 nm) were deposited on samples used for elemental analysis. This also has
been justified as the film thickness did not influence the passivation quality nor the CV results.

Similar thickness independency has been reported earlier for TMA-based ALD processes.

Acknowledgements

This work was funded by Aalto University, Tekes, Beneq Oy and Okmetic Oyj under the
Finland-China International R&D Cooperation project (ref. 1109/31/2012). This research was
undertaken at the Micronova Nanofabrication Centre, supported by Aalto University. Authors
from UJ acknowledge Finnish Centre of Excellence in Nuclear and Accelerator Based Physics
(ref. 251353) of the Academy of Finland. The authors thank Modanese Chiara for her assistance
in this work.

Received: ((will be filled in by the editorial staftf))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))

[1] J.H. Choi, Y. Mao, J. P. Chang, Mater. Sci. Eng. R Reports 2011, 72, 97.

[2] J.Na, M.-K. Joo, M. Shin, J. Huh, J.-S. Kim, M. Piao, J.-E. Jin, H.-K. Jang, H. J. Choi,

J. H. Shim, G.-T. Kim, Nanoscale 2014, 6, 433.
17



[3]

[4]

[5]

[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

WILEY-VCH

M. A. Juntunen, J. Heinonen, V. Vidhinissi, P. Repo, D. Valluru, H. Savin, Nat.
Photonics 2016, 10, 777.

R. Kotipalli, R. Delamare, O. Poncelet, X. Tang, L. A. Francis, D. Flandre, EPJ
Photovoltaics 2013, 4, 45107.

S. Duenas, H. Castan, H. Garcia, A. de Castro, L. Bailon, K. Kukli, A. Aidla, J. Aarik,
H. Méndar, T. Uustare, J. Lu, A. Harsta, J. Appl. Phys. 2006, 99, 54902.

T. Dullweber, J. Schmidt, /EEE J. Photovoltaics 2016, 6, 1366.

S.-H. Ko Park, M.-K. Ryu, H. Oh, C.-S. Hwang, J.-H. Jeon, S.-M. Yoon, J. Vac. Sci.
Technol. B, Nanotechnol. Microelectron. Mater. Process. Meas. Phenom. 2013, 31,
20601.

L. Niinistd, M. Nieminen, J. Pdivésaari, J. Niinisto, M. Putkonen, M. Nieminen, Phys.
status solidi 2004, 201, 1443.

J. S. Ponraj, G. Attolini, M. Bosi, Crit. Rev. Solid State Mater. Sci. 2013, 38, 203.

G. Dingemans, W. M. M. Kessels, J. Vac. Sci. Technol. A Vacuum, Surfaces, Film.
2012, 30, 40802.

S. Li, Y. Bao, M. Laitinen, T. Sajavaara, M. Putkonen, H. Savin, Phys. status solidi
2015, 212, 1795.

Y. Bao, H. Huang, Z. Zhu, J. Lv, H. Savin, Energy Procedia 2016, 92, 304.

K. Kukli, M. Ritala, M. Leskel4, J. Jokinen, J. Vac. Sci. Technol. A Vacuum, Surfaces,
Film. 1997, 15, 2214.

S. Pasynkiewicz, M. Boleslawski, J. Organomet. Chem. 1970, 25, 29.

J. Aarik, A. Aidla, A. Jaek, A. A. Kiisler, A. A. Tammik, Acta Polytech. Scand. Chem.
Technol. Metall. Ser. 1990, 195, 201.

L. Aarik, T. Arroval, R. Rammula, H. Méndar, V. Sammelselg, B. Hudec, K.
Husekova, K. Frohlich, J. Aarik, Thin Solid Films 2014, 565, 19.

R. L. Puurunen, J. Appl. Phys. 2005, 97, 121301.
18



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

WILEY-VCH

K. Kukli, M. Kemell, J. Koykké, K. Mizohata, M. Vehkamiki, M. Ritala, M. Leskela,
Thin Solid Films 2015, 589, 597.

F. M. M. Souren, B. Dielissen, X. Gay, R. Gortzen, X. Jiang, W. Ban, W. Shan, R.
Hoyer, X. Mao, X. Qu, in Proc. 28th Eur. Photovolt. Sol. Energy Conf., Paris, France,
2013, pp. 1251-1254.

T. Liidera, T. Lauermann, A. Zuschlag, G. Hahn, B. Terheiden, Energy Procedia 2012,
27, 426.

G. von Gastrow, S. Li, P. Repo, Y. Bao, M. Putkonen, H. Savin, Energy Procedia
2013, 38, 890.

S. Li, P. Repo, G. von Gastrow, Y. Bao, H. Savin, in 2013 IEEE 39th Photovolt. Spec.
Conf., IEEE, 2013, pp. 1265-1267.

J. Spiegelman, J. Sundquist, in 26th Eur. Photovolt. Sol. Energy Conf. Exhib., WIP,
2011, pp. 20-25.

M. D. Groner, F. H. Fabreguette, J. W. Elam, S. M. George, Chem. Mater. 2004, 16,
639.

P. S. Maydannik, T. O. Kédiridinen, K. Lahtinen, D. C. Cameron, M. Sdderlund, P.
Soininen, P. Johansson, J. Kuusipalo, L. Moro, X. Zeng, J. Vac. Sci. Technol. A
Vacuum, Surfaces, Film. 2014, 32, 51603.

S.S. Lee, J. Y. Baik, K.-S. An, Y. D. Suh, J.-H. Oh, Y. Kim, J. Phys. Chem. B 2004,
108, 15128.

A. Moldovan, F. Feldmann, M. Zimmer, J. Rentsch, J. Benick, M. Hermle, Sol. Energy
Mater. Sol. Cells 2015, 142, 123.

S. K. Kim, C. S. Hwang, J. Appl. Phys. 2004, 96, 2323.

S. C. Ha, E. Choi, S. H. Kim, J. S. Roh, Thin Solid Films 2005, 476, 252.

J. Niinist6, M. Putkonen, L. Niinisto, K. Kukli, M. Ritala, M. Leskela, J. Appl. Phys.

2004, 95, 84.
19



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

WILEY-VCH
K. Y. Gao, F. Speck, K. Emtsev, T. Seyller, L. Ley, J. Appl. Phys. 2007, 102, 94503.

L. G. Gosset, J.-F. Damlencourt, O. Renault, D. Rouchon, P. Holliger, A. Ermolieff, 1.
Trimaille, J.-J. Ganem, F. Martin, M.-N. Séméria, J. Non. Cryst. Solids 2002, 303, 17.
J. Kim, K. Chakrabarti, J. Lee, K. Oh, C. Lee, Mater. Chem. Phys. 2003, 78, 733.

H. B. Park, M. Cho, J. Park, S. W. Lee, C. S. Hwang, J. P. Kim, J. H. Lee, N. L. Lee, H.
K. Kang, J. C. Lee, S. J. Oh, J. Appl. Phys. 2003, 94, 3641.

J. B. Kim, D. R. Kwon, K. Chakrabarti, C. Lee, K. Y. Oh, J. H. Lee, J. Appl. Phys.
2002, 92, 6739.

S. D. Elliott, G. Scarel, C. Wiemer, M. Fanciulli, G. Pavia, Chem. Mater. 2006, 18,
3764.

G. von Gastrow, S. Li, M. Putkonen, M. Laitinen, T. Sajavaara, H. Savin, Appl. Surf.
Sci. 2015, 357, 2402.

M. Laitinen, M. Rossi, J. Julin, T. Sajavaara, Nucl. Instruments Methods Phys. Res.
Sect. B Beam Interact. with Mater. Atoms 2014, 337, 55.

H. Huang, J. Lv, Y. Bao, R. Xuan, S. Sun, S. Sneck, S. Li, C. Modanese, H. Savin, A.
Wang, J. Zhao, Sol. Energy Mater. Sol. Cells 2017, 161, 14.

G. Dingemans, N. M. Terlinden, D. Pierreux, H. B. Profijt, M. C. M. van de Sanden,
W. M. M. Kessels, Electrochem. Solid-State Lett. 2011, 14, H1.

G. Dingemans, F. Einsele, W. Beyer, M. C. M. Van de Sanden, W. M. M. Kessels, J.
Appl. Phys. 2012, 111, 93713.

G. Dingemans, M. C. M. van de Sanden, W. M. M. Kessels, M. C. M. Van De Sanden,
Electrochem. Solid-State Lett. 2010, 13, H76.

T. Nam, J.-M. Kim, M.-K. Kim, H. Kim, W.-H. Kim, J. Korean Phys. Soc. 2011, 59,
452.

D. K. Simon, P. M. Jordan, T. Mikolajick, I. Dirnstorfer, ACS Appl. Mater. Interfaces

2015, 7, 28215.
20



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

WILEY-VCH
M. L. Reed, J. D. Plummer, J. Appl. Phys. 1988, 63, 5776.

B. Hoex, S. B. S. Heil, E. Langereis, M. C. M. van de Sanden, W. M. M. Kessels, 4ppl.
Phys. Lett. 2006, 89, 42112.

F. Werner, B. Veith, D. Zielke, L. Kiihnemund, C. Tegenkamp, M. Seibt, R. Brendel, J.
Schmidt, L. Kithnemund, J. Appl. Phys. 2011, 109, 113701.

P. Saint-Cast, Y.-H. Heo, E. Billot, P. Olwal, M. Hofmann, J. Rentsch, S. W. Glunz, R.
Preu, Energy Procedia 2011, 8, 642.

G. Dingemans, W. Beyer, M. C. M. van de Sanden, W. M. M. Kessels, Appl. Phys.
Lett. 2010, 97, 152106.

Z. W. Peng, P. T. Hsieh, Y. J. Lin, C. J. Huang, C. C. Li, in Energy Procedia, 2015, pp.
827-831.

N. M. Johnson, D. K. Biegelsen, M. D. Moyer, V. R. Deline, C. A. Evans, Appl. Phys.
Lett. 1981, 38, 995.

R. a Sinton, A. Cuevas, Appl. Phys. Lett. 1996, 69, 2510.

M. Wilson, J. D’Amico, A. Savtchouk, P. Edelman, A. Findlay, L. Jastrzebski, J.
Lagowski, K. Kis-Szabo, F. Korsos, A. Toth, A. Pap, R. Kopecek, K. Peter, in 2011

37th IEEE Photovolt. Spec. Conf., IEEE, 2011, pp. 001748—001753.

21



