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The ALD process emissions and the associated chemical reaction mechanism inside the
ALD of Al,O3 system are studied and reported.
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The ALD process emissions and the associated chemical reaction mechanism inside the
ALD of Al,O; system are studied and reported. In gaseous emissions, 3.33 Vol.% of CH,
and 6.45%102 Vol.% of C,Hg are found. Net peak emissions of aerosols are found between
1x10° and 1x10*#/cm? and net total emissions of 25 cycles are in the range of 6.0x10° and
2.5x10° particles. Most aerosols are determined as ultrafine particles with diameter smaller
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than 100 nm. Purging time has significant impacts on emission concentrations but no effect
on size distribution. Both main and side chemical reactions are observed in the ALD system.
X-ray photoelectron spectroscopy (XPS) shows that besides O-Al which represents the
existence of Al,Oj;, significant amount of C-containing by-products are also generated.
Chemical bonds observed in C-containing resultants are C-H, C-O and C=0. Main reactions
can be considered stable to a certain extent, while side reactions accelerate along internal
tubes and finally exceed the speed of main reactions near the outlet of the ALD
system.These results could help understand the potential environmental impacts of ALD

nanotechnology and guide the technology’s sustainable scale-up in future.

Introduction 18

19
In recent years, Atomic layer deposition (ALD) has found2®
broad array of industrial applications  includi2g

semiconductors, > solar cells,>* polymers,>*® and catalyst.” I
nature, ALD operates by alternating exposure of a substrate 23
two or more precursors in a cyclic manner. Advantages of ALD)
include: 1) thickness of ALD film can be controlled at atom@&
scale; 2) deposition can be made on complex surfaces; 2§
uniform, conformal and pinhole-free nano-scale thin films c2iy
be fabricated. ALD technology can be used to deposit a wi@g
variety of materials. Usually ALD of Al,Oj; is studied as tR®
model process of ALD technology. In this process, Al,O; th3§
film is usually obtained through a binary reaction of H,O aid
Trimethylaluminum (TMA) with a typical growth rate of 139
per cycle.® The overall reaction in ALD of ALO; can B3
34
35

described as:
2A1(CH3)3+3H2O9A12O3+6CH4 AH= -376kcal

This journal is © The Royal Society of Chemistry 2013

ALD is a self-limited process and only a small portion of the
precursors loaded into ALD chamber is deposited on the
substrate, while a large portion is discarded as wastes and
emissions. ° Past ALD research was focused on ALD
technology development. There are few researches on ALD
process emissions and its relevant environmental impacts. As
per the reaction mechanism in ALD process, theoretical
emissions are TMA, Al,O;, CH; and some intermediate
reactants. Once released into atmosphere, they can generate
certain environmental impacts and also pose potential risks of
exposure to both occupational and public health. For instance,
CH, is a flammable and a major greenhouse gas.'® Global
warming potential of CH, is 25 times higher than that of CO,,
so it has a much larger greenhouse effect.'' Intake of Al,Oj
through human exposure could cause a series of neuro-toxicity
diseases, impairment of
psychomotor reaction and disorder of emotional balance.'” As a

including reduction of memory,

nano-manufacturing process, ALD of Al,O; also produces
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significant amount of aerosol emissions. Aerosols with high3®
concentrations can cause adverse effects on human health. 1t40
well known that particles smaller than 10 pm are able 4d
penetrate alveolar region of lung. Ultrafine particles, smallé2
than 100 nm, can penetrate membranes of respiratory systeéh3
enter blood and finally arrive in brain through circulatofil
system.'>'* While the ALD of Al,O; process emissions are 45
grave concerns because of their potential adverse effects on tA€
environment and human health, however, there is no scientidld
study so far conducting on the process emissions and the behid8
mechanism from ALD nano-manufacturing process. This pap4f
is to report our experimental results on the ALD proce58
emissions and the findings on the associated chemical reacti&il
mechanism. The results may facilitate understanding of tb
potential environmental impacts of the ALD nanotechnolo9g
and guide its sustainable scale-up for future large-scddéd

industrial applications. 55
56
Experimental Methods 57
58
Instrumental Setup and Sample Collection 59
60
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Figure 1. Schematic of Al,O; ALD system (Savannash 100,

Cambridge Nano Tech Inc.). 76

Figure 1 is a schematic of the ALD system (Savannash 102)7
Cambridge Nano Tech Inc.). Two precursors: H,O (ultrapure
grade) and trimethylaluminum (TMA, Strem Chemicals Inc,

were exposed into the reaction chamber alternatively, §
diaphragm ALD

(Swagelok). ALD reactions are performed in cycles. One cyclé

S
controlled by two individual valvesl
of ALD reaction has four basic steps: (1) pulse H,O into
reaction chamber; (2) purge the chamber to remove extra H,Q;
(3) pulse TMA into reaction chamber; (4) purge the chamber to
remove extra TMA. TMA is an extremely flammable chemidb
and will ignite spontaneously when come in contact with a86
Therefore, exposure of TMA in air must be avoided.' In 087
experimental tests, exposure time of both H,0O and TMA w88
fixed at 0.015 s and purging time was set in the range betwe&9
4 and 20 s. 20 sccm of N, was used as carrier gas to fld30

through the system constantly. A stop valve was installed beld3d

2| J. Name., 2012, 00, 1-3
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the reaction chamber to help control gas flow. Stop valve and
ALD valves were operated by compressed air. An inner disk
heater embedded in the reaction chamber and heating jackets
for other components were used to provide appropriate
temperature to the system. In this study, temperature inside the
reaction chamber was set at 200 °C. ALD valves and exhaust
system including stop valve and pipeline were heated to 150
°C. Neither TMA nor H,O needed to be heated; so cylinders of
two precursors were placed in room temperature. A vacuum
pump (XDS 10, Edwards Vacuum, Inc.) was installed at the
end of the exhaust pipeline to provide a low pressure (about 0.4
torr) to the whole system and pump out the extra precursors
from the chamber.

The ALD process emissions and the emission generation
mechanism are systematically investigated along the exhaust
pipeline of the ALD system. 10 pieces of Si wafers are prepared
as sample holders to collect chemical resultants within the ALD
exhaust pipeline. Their locations are labeled in the schematic of
instrumental setup in figure 1. Sample 1 locates in the center of
the reaction chamber. Sample 2 and 3 are placed in the exhaust
pipeline above the stop valve, and sample 4-9 are placed below
the stop valve. Sample 10 is placed at the pump outlet under
ambient temperature. Purging time between two pulses was set
at 8 s. In this study, these silicon samples are exposed to the
same ALD process reactions. In order to improve the efficiency
of particle collection, particles emitted from vacuum pump are
also collected on a piece of TEM grid (TED PELLA, INC.,
Prod No. 01824) by aerosols sampler (TSI 3089), where
charged particles deposited on a piece of conductive grid
through electric field.

Emission Analysis

Aerosols emitted from ALD reaction were measured directly at
outlet of pump without pre-treatment. Concentration of aerosols
was measured by ultrafine condensation particle counter
(UCPC, TSI 3776). Size distribution was obtained using a
scanning mobility particle sizer (SMPS, TSI 3936) which
consists of an electrostatic classifier (TSI 3080) and UCPC.
Detailed
information. In this experiment, five different purging times

instrument setup is described in supporting
were used at 4s, 8s, 12s, 16s and 20 s to study their effects on
the ALD process emissions.

Gas emissions were collected at the outlet of pump by a sealed
Swagelok gas cylinder and analyzed in the ORS lab (Oneida
Research Services Inc.). Purging time between pulses was set at

8 s, the same as Si wafer analysis.

Analysis of Chemicals Deposited on Si Wafer

Because Si wafer was not transparent, reflection method was
selected for UV-Vis spectroscopy measurement (light source:
DT 1000CE, Analytical Instrument Systems, Inc.; detector:
SD2000, Ocean Optics, Inc.). A piece of clean Si wafer was
used as background and its reflection was set at 100 %.

X-ray photoelectron spectroscopy (XPS, HP 5950A ESCA
Spectrometer) was used to determine functional groups of

This journal is © The Royal Society of Chemistry 2012
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depositions. Concentration of each element was provided by
energy-dispersive X-ray spectroscopy (EDS, QUANTAX EDS,
Bruker Corp.).

Results and Discussion

Gaseous Emissions

Analysis of the gaseous emissions shows the existence of N,
CH,4, H,O and C,Hg. Concentration of each component is listed
in table 1.

Table 1 Concentrations of Each Component in Gaseous Emission.

Component Concentration inALD
Emission(Vol.%)
N, 94.61
CH, 3.22
H,O 1.99
C,He 6.45%107

N, has the highest concentration at 94.98 Vol.% because it is
used as carrier gas to flow through the system consistently. The
ALD system is airtight. Though compressed air is used to
operate stop valve and ALD valves, it is not introduced into the
system. Both N, and compressed air are in dry grade, so 1.86
Vol.% of H,O is from extra H,O precursor only. CHy, the
theoretical gaseous resultant, has concentration of 3.10 Vol.‘%,2
which is close to the lower good flammability limit of CH, at33
Vol.%." 6.01x102 Vol.% of C,Hg is also found in the gaseodé
emission. In the ALD reaction of TMA and H,O, a smaAP
amount of Al-Al is commonly observed in XPS data. This peglg
is ably reduced by replacing H,O with Os.'® Methyl radicdy

CHje can be generated by reacting TMA with AL'7 They 238
highly reactive and form C,Hg easily. 39
40

Aerosol Emissions

41

Aerosols emissions from the ALD of Al,O; reactions, includiég
net peak emission and net total emissions of 25 cycles, 43
shown in figure 2. 4

45
46
2.7x10° 3x10*
& = Net Total Cmission 4 7
2.4x10°% ® Nt Peak Emission
* r2x10° _ 48
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Figure 2. Net peak emissions of aerosols and net total emission of
cycles of ALD reaction measured at pump outlet.
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Figure 3. (A), (B), (C), (D) and (E) are results of size distribution of
aerosols emitted at 5 different purging times: 4, 8, 12, 16 and 20 s,
respectively.

Net peak emission of aerosols is in the range of 1.0x10* and
2.6x10* #/cm’. The emission decreases with the increase of
purging Average global
continental boundary layer was detected in the range of 1x10°

time. aerosol concentration at
to 1x10* #/cm®."® So concentration of aerosols emitted by ALD
reaction is 3 to 10 times larger than the average concentration
and thus is a significant source of air

pollution. Concentration of net total emissions is in the range of

of global aerosols,

6.0x10% and 2.5x10° particles. Net total emissions also decrease
with the increase of purging time. Since pulsing time of each
precursor is fixed at 0.015 s, the amounts of precursors injected
into the reaction chamber per cycle are the same. The drop of
total emission at large purging time indicates that more
precursors are adsorbed in the ALD pipeline. Once deposited
by precipitation, the surface of pipeline will have a larger
tendency of further deposition. These precipitations
accumulated along ALD pipeline will lower the heat transfer,
prevent gas flow and decrease energy efficiency.'®*

Though purging time shows a great influence on the number
concentration of aerosol emission, it has limited effect on size
distribution, as shown in figure 3. Size distribution of aerosols
locates in the range between 10 and 300 nm regardless of
purging times varying from 4 to 20s. Most aerosols are ultrafine
particles smaller than 100 nm.

UV-Vis Analysis of Chemicals Deposited on Si Wafer

J. Name., 2012, 00, 1-3 | 3
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To identify the side reactions in the ALD system and identify
the emission mechanism from ALD of Al,O3; process,
components and chemical properties of ALD emissions and the
samples installed along internal pipeline are investigated using
UV-Vis reflection spectra, XPS and EDS.

100
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Figure 4.UV-Vis spectra of the 10 samples inside ALD system.

Figure 4 is the UV-Vis reflection spectra of the 10 samples
between 300 and 1000 nm. A piece of clean Si wafer is used as
background and its reflection is set at 100 %. By defining clean
Si piece having the first type of UV-Vis spectrum (A), the
spectra of the 10 samples can be divided into 3 types: (B), (C)
and (D). Type (B), having the smallest reflection at about 350
nm, is observed on sample 1, 2, 4, 5 and 6. Type (C), showing
smallest reflection at about 450 nm, is found on sample 3, 8 and
9. (D) is the result of sample #10 collected on the outlet of
pump. The optical bandgap of ALD Al,O; film is determined at
6.4 £ 0.1 eV, so it is transparent above 200 nm.2"?2 Howevqm
all of the samples in figure 4 show significant reflection drog
indicating that chemicals other than Al,O; have been generat (g
and emitted into atmosphere. Reflection curves of sample 1,%,
4, 5, and 6 decrease gradually from sample 1 to 2 and 4 to 6,
respectively with similar spectrum shape. Continuous reflection
drop indicates increase of film thickness on Si wafer. Sample 4
is the first sample below the stop valve. Because there is no
instrumental component impeding the flow between sample 4
and 9, gas flow is more stable in this region than in the pipeline
above stop valve. The shape of reflection curves starts 4
change from sample 7 and become stable at 8 and 9. Sample48
is installed above the stop valve but has a similar spectrum add
and 9. Reason of this phenomenon is due to the disruption
the stop valve between the sample 3 and 4. Precursors a
retarded by it and thus react for a longer time. The change
spectrum curve observed on sample 3, 8 and 9 indicat
generation of chemicals that are different from those observ
on (B). Sample #10, collected at the outlet of pump, has mu
higher reflection. Therefore, the mount of emissions of AL
reaction is limited, and most of resultants are adsorbed on t
inner wall of the system as precipitations.

59
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XPS Analysis of Chemicals Deposited on Si Wafer
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Figure 5. XPS data of Carbon. (A), (B), (C) and (D) are correlated
with the four types mentioned in figure 4.
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Figure 6. XPS data of Oxygen. (A), (B), (C) and (D) are correlated
with the four types mentioned in figure 4.
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Figure 7. XPS data of Al. (B) and (C) are correlated with the two
types mentioned in figure 4.

Chemical compositions of the four groups of samples are
measured by XPS. XPS spectra between 0 and 900 eV is shown
in figure S2 in the Supporting Information. Figure 5 and 6
illustrate detailed C and O spectra, respectively. (A), (B), (C)
and (D) are the four types of samples mentioned in figure 4.
Peaks of C in (B), (C) and (D) are about 3 to 4 times higher
compared with that of (A), indicating that significant amounts
of C-containing by-products have been generated by ALD
reaction. C in (B) exists in the form of C-C/C-H (283.2 eV), C-
O (284.8 eV) and C=0 (287.2). Meanwhile, three peaks are
found in the peak of O: Al-O (530.1 eV), C-O (531.3 eV) and
C=0 (532.5 eV). Sample (C) also contains C-C/C-H (283.5

This journal is © The Royal Society of Chemistry 2012
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eV), C-0 (285.0 eV) and C=0 (287.6 €V) in the peak of C abd}
Al-O (530.3 eV), C-O (531.4 eV) and C=0 (532.4 eV) in thd
peak of O. However, relative intensity of C-O and C=0 in (6p
are higher than that in (B). Four peaks of C are observed 57
sample (D): C-C/C-H (283.6 eV), C-O (285.3 eV), C=0 (28758
eV) and C-F (290.0 eV), where C-F is exhausted by Tefl&9
membrane inside Edwards XDS 10 pump. O in sample (D) 68
found containing Si-O-Si (531.3 eV), C=0 (531.8 eV), Si#l
(532.3 eV) and C-O (533.1 eV).”® Al deposits on the type (B2
and (C) is found as Al-O and Al-Al. The results of Al collecté®
on sample (B) and (C) are shown in figure 7. A small amount 68
Al-Al is commonly observed in the reaction of TMA and H,65
and can be reduced by replacing H,O with O;.'®** Becaub6
efficiency of aerosol collection on Si wafer is limited ab®d
density of aerosol distribution is relatively small, no Al 68
observed on sample (D) by XPS. 69
Neither H,O nor N, contains C, so TMA is the only source ¢0
C. Decomposition of TMA on Si (100) wafer has bedi
observed incompletely. > Since the peak of C-Al is nd2
detected, all the TMA has participated in either main or sidd
reactions.”**” Reactions of TMA and —OH are able to generalé
intermediate  reactants  (-O)(-OH)AI(CH;), and (-O)AS
OH)AI(CH;).2** 0-0 bond is not stable and alkyl peroxide h#é€
been found decomposable into ketone and alcohol.*® Besidéy
generating C,Hg, CH3ze can react with ROR and generate CH§
and RORe, where R represents alkyl groups.®' These radical®
can contribute to the formation of C-containing by-produc&0
Since no gas with m/z above 45 is observed, C-O, C=0 and 81
H containing chemicals are all emitted as aerosols at outlet 82
83
84
85

the pump.

EDS Analysis of Chemicals Deposited on Si Wafer

Measurements of atomic concentration of the 10 samples a8
also accomplished by EDS. The results are listed in table S1 in
the Supporting Information. Among these 10 samples, samples
4 to 9 locate in a relatively stable region. Sample 4 has higher
concentration of carbon but its UV-Vis spectrum and XPS data
are similar with other samples in type (B). This phenomenon is
due to the stop valve installed between sample 3 and 4. C is
detected on all the samples, indicating that side reactions are
found all over the system. Concentration of Al from sample 5 to
9 does not change significantly, while concentrations of C and
O both increase gradually. Therefore, reaction that generates
Al O3 is stable to a certain extent, while side reactions that
generate C-containing chemicals accelerate along the pipeline.
At the lower part of system, where sample 8 and 9 are placed,
there are more C-containing chemicals generated than Al-
containing chemicals. EDS measured on particles collected on
TEM grid shows that 4.40+1.00% of Al, 3.31+1.07% of C,
83.46£16.11% of Cu, 4.96+0.96% of F and 3.86+0.74% of O
are containing in emitted particles.

Conclusions

Both gaseous emissions and aerosols from ALD of Al,O3
process are investigated and reported. In the measurement of

This journal is © The Royal Society of Chemistry 2012

gaseous emission, CH, and C,H¢ are found generated by ALD
reactions, where CH, is the second concentrated component in
the gaseous emission. Large amounts of aerosols that are 3 to
10 times more concentrated than average global aerosols are
generated. Most of them are in the ultrafine range with diameter
smaller than 100 nm. Purging time has no effects on aerosol
size distribution, but significantly impacts the total net emission
of aerosols. In a longer purging time, more aerosols are
adsorbed
measurements of samples collected along ALD exhaust system

on system pipeline as precipitation. Series
reflected the emission generation mechanism from both main
and side chemical reactions. Aerosols emitted from the ALD
reactions have both Al-containing and C-containing
compounds, where C-containing compounds are generated
through side reactions. XPS shows that chemical bonds,
including C-H, C-O and C=0, are contained in by-products.
The main reactions can be considered stable to a certain extent,
while side reactions accelerate and exceed the speed of main

reactions at the last three samples.
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