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ABSTRACT

The extraordinary properties of thin films result from their 2D structure, i.e. one dimension is
negligibly small when compared with the two others. Consequently, precise and well-estab-
lished fabrication methods are required to provide appropriate functionality of these materials,
such as hardness, resistance to mechanical stress, durability or chemical/electrical stability. In
this work, we present the potential of integrating a time-of-flight mass spectrometer (TOFMS)
with atomic layer deposition (ALD) for real-time control of thin film fabrication processes. This
technique provides parallel detection of all ionized molecules and ionized fragments, and there-
fore the limitations of commonly used quadrupole mass spectrometers are overcome. Further-
more, since the chemical data acquisition is conducted in situ, the results of applied deposition
parameters can be observed online allowing for immediate modifications as, for example, in
the case of process deviation from optimal or failure. The presented monitoring method is ex-
pected to be broadly applied in many deposition or etching processes, in which accurate chem-
ical composition and strict endpoint control are demanded, such as manufacture of microde-
vices (for new energy solutions and microelectronics), protective surface coatings, actuators,

sensors and for biomedical applications.

INTRODUCTION

Atomic Layer Deposition (ALD) is a type of Chemical Vapour Deposition (CVD), employing
self-limiting surface reactions of typically two gaseous reactants in sequential mode.!® There-
fore, it ensures precise control of the film thickness whether as a single layer or a multilayer
stack on planar as well as on porous substrates. Typical film thicknesses vary from several

angstroms to over 100 nm.* Moreover, it provides extreme surface conformality, uniformity
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and a lack of pinholes. Pure metals, oxides, nitrides, fluorides, sulphides, [I-VI and I1I-V com-
pounds can be grown with ALD.>>"!0 Therefore, this technique is broadly used in both, industry
and research centres. ALD-fabricated thin films are applied in microelectronics (for high-k di-
electrics'!', micro- and nanoelectromechanical systems, MEMS'%!* and NEMS'4), photovolta-
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ics*, in fabrication of Cu(In,Ga)Se: thin film solar cells!>!8

, dye-sensitized solar cells
(DSSCs)*!, organic photovoltaics*?°, organic light-emitting diodes (OLED)?*'"%, transparent
conducting oxides* (TCOs, such as Sn02**, ZnO*, Al:ZnO%, black silicon?’), anti-reflective
coatings®!2, coatings protecting against corrosion®®%’, thin film electroluminescent (TFEL) dis-
plays?, in semiconductor and energy conversion devices™*, in medical applications?!, for bat-
tery cycle life time improvement, as well as for fabricating dedicated model samples used for
developing and validating the potential of state-of-the-art characterization techniques’>3>.

Furthermore, two recent and also strongly developing sister techniques of ALD are molecular

layer deposition (MLD)***

of purely organic films and atomic layer etching (ALE). With the
combination of MLD and ALD?%*7 in one growth run, thin film materials were extended to
hybrid organic-inorganics which possess a higher degree of flexibility than the functionality
bearing pure inorganic compounds. This is desirable in flexible electronics, magnetics*®, vapor

3940 or lithium based silicon batteries*!, to name a few fields. Atomic layer

barrier applications
etching, based on self-limiting etch half-reactions by two or more sequentially supplied gases,
holds the promise of better etch uniformity on three dimensional surface topographies as well
as on large wafers compared to classic reactive ion etching*?.

The mechanical, electrical and thermal properties of materials in nano- and microscale are
determined by their composition, size and morphology. Therefore, the ALD (as well as MLD
and ALE) processes require accurate and reliable monitoring and characterization techniques

to ensure desired material functionality. In general, an initial state of an ALD process is well-

defined as commercial high-purity targets with specified chemical composition are commonly
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used. On the other hand, several post-mortem chemical characterization techniques, such as
Time-Of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)** Scanning Transmission
Electron Microscopy*’ combined with Energy-Dispersive X-ray Spectroscopy (STEM/EDX)
as well as Atom Probe Tomography (APT)*, can provide information on chemical structure of
deposited thin films in 3D with nanoscale resolution*’ . Furthermore, the nanometric depth
resolution can be reached with X-ray photoelectron spectroscopy (XPS) but in this case the
lateral resolution is in the order of several microns.>® However, information on chemical reac-
tions and chemical by-products, which occur from the surface reactions between the solid sub-
strates and gas precursors, is much more challenging to assess. Late detection of deposition
failures can have critical economic consequences during mass production of ALD thin films in
industry. Although the quality of thin films can be verified with the aforementioned post-mor-
tem techniques, the time required to conduct ex sifu material characterization, can vary from
several hours to several weeks. This mainly results from the demand of performing such meas-
urements under high- or ultrahigh-vacuum (HV and UHYV, respectively) conditions, the effi-
ciency of material sputtering with an ion beam (TOF-SIMS) and tedious sample preparation
(i.e. lamellas and tips)’'~>* with an additional instrumentation, such as focused ion beam (FIB)
in the case of STEM/EDX and APT. Therefore, in situ analysis is of particular importance for
monitoring the ALD growth characteristics and, consequently the quality of the thin films in
real time. So far, this was attempted by using various techniques, such as quartz crystal micro-
balance (QCM), spectroscopic ellipsometry (SE), Fourier transform infrared spectroscopy
(FTIR), optical emission spectroscopy (OES), synchrotron-based X-ray techniques and quad-
rupole mass spectrometry (QMS)>. However, none of these techniques provides complete in-
formation on the process chemistry. Furthermore, their operation functionality, reliability of

obtained data as well as application scope are usually significantly limited. For example, QCM

provides information on the deposited layer thickness. However, in this case deposition rates
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have to be known in advance, i.e. additional calibration measurements on sample cross-sections
have to be done. Besides, QCM sensors are very sensitive to temperature fluctuations, which
can lead to incorrect values of layer growth rates®®>’. Although SE provides information on
optical and electrical properties as well as thicknesses of deposited thin films, the data validity
and accuracy is determined by the applied optical modelling®®>°. FTIR measures vibration
modes of molecular bonds in a specimen, and therefore allows for detecting functional groups®.
On the other hand, atoms and monoatomic ions cannot be detected with FTIR as they do not
have chemical bonds, do not vibrate and, consequently, do not absorb infrared radiation. This
also implies that noble gases, such as He and Ar, cannot be measured with this technique. Fur-
thermore, homonuclear diatomic molecules, such as N2 and O2 do not absorb infrared radiation
due to their symmetry®'. These are significant limitations for studying the chemistry of ALD,
and thus processes in the deposition chamber, as N2 and Oz gases are the main components of
the atmosphere (and help indicating deposition chamber leaks and the vacuum level) and Ar is
often used as a process purge gas. OES shows potential for plasma-assisted ALD but allows
only electronically-excited species to be studied,’ meaning that ground species cannot be di-
rectly measured. The reported in sifu synchrotron-based X-ray techniques for monitoring ALD
can provide wide range of information (such as roughness, thickness, morphology, crystallinity,
etc.),® however the complete reconstruction of process chemistry is not possible. Among all
above mentioned techniques, QMS seems to have the highest potential for studying ALD pro-
cess chemistry as it measures mass-to-charge ratio, m/q, of ionized species, which allows in
principle any type of elements or molecules to be detected. However, in the case of QMS, only
one m/q can be probed at a given time, which implies either reduced amount of available m/g
values or low time resolution. Furthermore, for monitoring the process online, the chemical
products have to be known prior to the deposition and indicated for the data acquisition. This

implies that significant or novel phenomena might not be accessible. So far, in situ QMS has
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been employed for the identification of surface half-reactions in the thermal Al2O3 ALD pro-
cess®* ¢ the plasma AlO3 ALD process®’, GaS and AIS %% Sn as metal’’, TiN’! and
Ti(A)N®, 0-Fe2037?, Zn0>"?, and TiO2 7.

In this work, we present the potential of incorporating a time-of-flight mass spectrometry
(TOFMS) detector on the ALD chamber for the real-time study of the process chemistry and
the verification of the reproducibility of subsequent deposition cycles. Due to the operation
principle of TOFMS, i.e. complete mass spectra are acquired at given time intervals, all gener-
ated ions and ionized molecules can be detected (i.e. parallel detection). This gives a unique
opportunity of correlating the ALD substrates, by-products and products signals with the chem-
ical environment of the deposition chamber (i.e. residual gas signals and signals of purge gases).
Furthermore, since the TOFMS data is collected in sifu during the ALD process, the presented
solution can be used for immediate quality control of deposited thin films. Consequently, the
deposition parameters, such as precursor temperature, pulse and purge duration, etc., can be
adjusted promptly to ensure the designed architecture of the chemical structure and process
parameters. To the best of our knowledge, the successful application of TOFMS for in situ ALD
has never been reported before. The presented various types of data analysis approaches show
broad potential of TOFMS technique and can also serve as guidelines for monitoring other
deposition techniques (such as CVD, MLD and ALE). Furthermore, using in situ TOFMS can
help improving fundamental process understanding of current hot topics in the field of ALD,
such as spatial ALD’*"> (SALD, which requires high data acquisition frequency), selective
ALD’%" (demanding low concentration detection) and nanoparticle powder ALD*8!,

Therefore, TOFMS is expected play a dominant role in the field of in situ process monitoring
in the near future as it can be used in basic research (especially in material science and nano-

technologies) as well as industrial production lines of functional nano- and micro-devices.



EXPERIMENTAL

Materials

As mentioned, to the best of our knowledge, TOFMS has never been used before for studying
ALD processes in situ. Therefore, the first measurements were conducted using trimethylalu-
minium, Al(CH3)3 (TMA, 98 % purity, from Strem) and DI H20 as these two gas precursors
are commonly used for depositing Al203, a model ALD system. The chemistry of this process
has been broadly analysed in numerous studies (the overview can be found in ref.’) and served
for the evaluation of results presented in this work. Both precursors were delivered at room
temperature to the deposition chamber and 99.9995 % purity argon (from Air Liquide) was used

as the purging gas.

Methods

The ALD process was performed using a novel compact cluster system, SC-1 (from Swiss
Cluster AG, Thun, Switzerland), which combines ALD and PVD, and therefore enables fabri-
cating films with thicknesses varying from sub-monolayers to thousands of monolayers as well
as complex multilayer structures without breaking vacuum between subsequent ALD and PVD
depositions.

In this study, only the ALD module of the SC-1 was used. The ALD chamber was connected
to a semiconductor graded double-stage screw pump, iH600 (from Edwards Vacuum, Burgess
Hill, United Kingdom), which has 600 m*/h pumping speed and demands about 40 1/min of Na.
The substrate temperature was set to 120°C. The experiment consisted of 20 ALD cycles. Each
cycle included 50 ms pulse of TMA and a 30 ms pulse of H2O without Ar carrier gas, aiming
that only the gases of interest are introduced to the chamber. Unconventionally, the Ar flow

was stopped during pulsing the precursors (i.e. 250 ms before opening the precursor valve; the



Ar flow was initiated 50 ms after closing the precursor valve) to prevent further pressure in-
crease in the chamber and towards the TOFMS detector. It was also expected that this procedure
could provide better precursor efficiency as well as clearer mass spectra during the pulsing time.
However, the experiments can be also conducted in a standard flow-mode by modulating the
pressure towards TOFMS, and therefore reducing the Ar signal. Between the gas precursor
pulses, a 50 cm?/min (sccm) argon gas purge over 30 s was provided.

The ALD process chemistry was monitored using a process gas analysis TOFMS (pgaTOF,
model R with mass resolving power R = m/Am = 4000, according to the instrument specifica-
tion) from TOFWERK AG (Thun, Switzerland), consisting of an electron ionization (EI) ion
source (equipped with an open configuration single-channel ion chamber), an orthogonal ex-
traction system, single reflectron TOF analyzer (HTOF) and a multichannel plate (MCP) elec-
tron multiplier (from Photonis, USA). The modular structure of the SC-1 allowed the ALD
process chamber to be directly connected with the TOFMS ionization chamber using a stainless
steel tube mounted on a KF-25 flange of the SC-1, close to the substrate holder. The flow of
analytes to the TOFMS was adjusted using a manual leak valve connected to the metallic tube.
To avoid long response times of TOFMS to the dynamics of the ALD process, which can be
potentially caused by the large dead volume of the metallic tube, an additional pump was pro-
vided. This enabled for a flow increase of the analysed ALD process gas in the connecting tube,
which was set to approx. 4 sccm by a fixed aperture mounted on the inlet flange of the TOFMS
ionizer chamber. The TOFMS was equipped with an ion guide/filter directing the ionized atoms
and molecules from the ion source to the TOF analyser. The use of a high-pass filter allowed
for selecting the lower threshold of ion transmission. Furthermore, the applied filter comprised
notching technology, which allowed a user to attenuate ions of a selected mass from entering

the HTOF analyzer. In this work only the ions with 14 Th < m/g <590 Th were measured. The



lower threshold on the transmitted ions was set because only species with m/q > 14 are of in-
terest in the case of the ALD process of Al203, and therefore lighter ions were not analysed.
The transmitted ions were extracted orthogonally into the HTOF analyzer at 22.9 kHz. A wave-
form was recorded during each TOF extraction, and 2299 waveforms were averaged to form
one mass spectrum. The spectral rate was 10 Hz. The TOFMS was optimized to give maximum
sensitivity at average resolving power of R = 3000. The ionizer temperature was kept at 280 °C.
The ionization energy was set to 70 eV and 0.1 mA emission current was used. The data were
recorded in the non-proprietary hierarchical data format (HDFS5). The experimental setup is

presented in Figure 1.
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Figure 1. Experimental setup: a) the diagram and b) the picture of ALD+TOFMS system. The

ALD process is conducted using the SC-1 (Swiss Cluster, Thun, Switzerland) and the chemical

characterization is performed with pgaTOF (TOFWERK, Thun, Switzerland). Description in

the text.

10



RESULTS AND DISCUSSION

In ALD, the surface reactions between the sequentially introduced gas precursors and the
surface leads to the release of by-products. The chemistry and amount of these by-products
provide an important information regarding the ALD process, from the fundamental under-
standing of the reaction mechanisms, to the creation of monitoring protocols for reliable and
reproducible processes at an industrial scale. The TMA and H20 process has been extensively
studied for the last decades, nevertheless, every so often, there is new information regarding the
reaction mechanisms®**? that aids to provide a full picture of this complex process. In this work,
we study the continuous and parallel detection of all the gas molecules involved at every stage

of this process using TOFMS during the TMA-H20 process (Figure 2).

@' CH4 t)' H20

S A

Figure 2. Schematic illustration of a TMA-+H:20 deposition process and the parallel detection

of all the molecules involved in the process. In this example, TMA reacts with OH sites at the
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surface, forming CHa4, and after a purging step, the H20 reacts with the methyl surface, forming

mainly CHs in addition to secondary products such as AIOH(CH3)s.

Parallel detection of all ionized elements and molecules

The main advantage of integrating an in situ TOFMS detector with an ALD chamber is the
possibility of detecting all light and heavy species as well as simple elements and complex
molecules at the same time (parallel detection). Furthermore, the signal evolution of gas pre-
cursors, reaction by-products (assuming that their lifetime is longer than the detection speed of
the instrument), final products as well as the gases determining the chemical state of the depo-
sition chamber can be monitored easily and directly in real-time. Figure 3 shows the mass spec-
trum acquired during the entire duration of conducted ALD process consisting of 20 TMA-H20
cycles and the pump down time of the SC-1 instrument, which aimed at checking the vacuum
conditions and the residual gases in the chamber after the deposition. The signal ions were
observed in the entire predefined mass spectrum range (i.e. between m/q = 14 Th and 590 Th),
proving the detection of simple ions as well as complex ionized molecules. The signal peaks
measured at m/g= 72 Th and 18 Th, represent the gas precursors, i.e. AI(CH3)3 and H20, re-
spectively. The peaks observed at m/g = 14 Th, 16 Th, 28 Th, 32 Th and 40 Th are associated
with the state of the chamber atmosphere, i.e. N (and/or CH2), O (and/or CH4), N2, O2 and Ar
(purge gas), respectively. As mentioned, the latter one is a great advantage over FTIR spectros-
copy, which does not allow single atoms/ions as well as molecules composed of two identical
atoms (N2 and O2) to be detected. It is worth mentioning that N-related signal peaks (such as
N, N2, 12C!N) predominantly originate from the backflow of nitrogen supplied to the ALD
double-stage screw pump (see the Experimental section and the results presented in the next

section of this paper). The back flow of N-related species from the screw pump is predominant
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when there is no Ar flow into the chamber. The back flow, and thus the N-related species,
decreases as the Ar mass flow into the chamber increases.

Furthermore, the performed measurements confirm that CHs and AIOH(CH3)2 (peaks at m/q
=16 Th and 74 Th, respectively) are reaction by-products from the surface reactions between
the gas precursors TMA and H20 with surface adsorbates. This is consistent with results previ-

ously obtained experimentally®®#>% or theoretically using density functional theory (DFT) cal-

culation®*7 and recently by both.®*
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Figure 3. The mass spectrum acquired during the entire ALD process consisting of 20 subse-
quent series of TMA and H2O cycles: a) the full measurement range: the strongest signals were
observed in the case of process reactants having m/g < 290 Th, but heavier ions were also de-
tected, b) a chosen region of mass spectrum with assigned potential reaction substrates and by-

products. Note the logarithmic scale.

Monitoring the process chemistry in real time

The simultaneous acquisition of all generated ions during the ALD process allows for track-
ing the chemistry changes in real time without the necessity of specifying ions of interest (i.e.
the ions which have to be known in advance and/or are expected as potential process by-prod-

ucts) prior to a measurement. Furthermore, there are no constraints regarding the number of
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analysed ions. These are great advantages of TOFMS over commonly used QMS, which can
probe only a limited m/q range at the same time and requires defining ions of interest in advance.

In the case of the experiment presented in this study, the dynamics of an ALD Al2O3 process
(Figure 4) can be characterized based on main signal distributions, which correspond to the
TMA and H20 precursor pulses and corresponding by-products: CHs (m/g = 16 Th), H20 (m/q
= 18 Th) and Al (m/q = 27 Th) as well as the purging gas Ar (m/q = 40 Th) and N (m/q = 14
Th) from the back flow of the N2 supplied to the pump (this applies to the cases, where a dry
pump with N2 supply is required in the process). Furthermore, the signals of N and H20, which
do not drop to zero after the end of the ALD process, demonstrate the presence of residual gas
in the deposition chamber and/or in the metallic tube connecting the ALD process chamber with
TOFMS. Furthermore, as mentioned, the N-containing ions measured during the experiment
predominantly come from the backflow of the nitrogen delivered to the vacuum pump. This
statement is supported by the distribution of N signal, which always increases when the Ar
signal drops (i.e. reduced mass flow of Ar, meaning decreased pressure) between subsequent
TMA and H20 pulses.

In general, monitoring signal evolution in real time can deliver important information on any
process deviation from optimal or malfunction induced, for example, by sudden power loss,
temperature changes, valve malfunction back flows or gas leaks, which can potentially modify
the chemistry of the ALD processes. Divergence between the specified and the actual deposi-
tion conditions can have serious consequences, such as undesired contaminations, incorporation
of particles in deposited thin films and/or inhomogeneity, different values of growth-per-cycle
(GPC), and therefore potentially lead to different mechanical, electrical and thermal properties

of the fabricated materials, which ultimately determine their functionality.
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Figure 4. An in situ TOFMS integrated within an ALD chamber gives a unique opportunity of
monitoring the signal's time evolution of all elements and molecules participating in an ALD
process, including products and by-products. The H20 (blue line) and Al (red line) signals rep-
resent the gas precursors, whilst N (green line) and Ar (violet line) signals provide information
on the vacuum status of the deposition chamber. The time evolution of the 20-cycle deposition
process (a) and magnification of the first three TMA and H2O cycles (b) are shown. The

TOFMS data were normalized to 1 for better visualization. See also Figures 9 to 11.

Another important feature of using in situ TOFMS to monitor ALD processes is the possibil-
ity of verifying the reproducibility of subsequent cycles, resulting from the amount of delivered
gas precursors. Figure 5 shows the characteristic values of 2’Al signal distribution, i.e. the 2’Al
signal peak amplitudes measured, when TMA valve was opened, Saimax height@wrma (red points)
and their full widths at half maximum (FWHM), Saimaxwiagn@rma. The variations of these two
values indicate that the amount of delivered TMA precursor varied between the cycles. In this
case the average value of Saimax heigh@rma was 1.8+0.2 s (the error was calculated as a standard
deviation), which means approx. 11% discrepancy in this case. It is worth mentioning that the
significantly higher first Al signal peak results from the very first pulse of TMA. In this case,
most likely a larger volume of evaporated gas precursor is delivered compared to the volumes

delivered at subsequent pulses, which have less time to re-evaporate the same volume of gas in
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between consecutive cycles. Such an observation is one of the first immediate information about
the variation in the process in every cycle.

Although the ALD process is self-limiting by definition and the excess of the TMA precursor
does not induce an increase of GPC values, its deficiency can prevent achieving the complete
substrate surface coverage, especially when coating 3D complex geometries, as every cycle
would gradually increase the surface of the material, and thus increase the required amount of
precursor molecules. Furthermore, this can potentially lead to the layer mixing if more than one
thin film type is deposited.

The presented type of analysis can be performed for any number of precursors used during
the deposition process since mass spectra are acquired continuously and simultaneously using

TOFMS. Therefore, complex multilayer structures can be studied easily and efficiently.
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Figure 5. Comparison of Al signal peaks measured during the subsequent TMA injections. The
variations of peak height, Saimax,heighv@rma, and width, Saimax,wiam@rma, values can provide indi-
cations on the amount of delivered gas precursor, and therefore the reproducibility of subse-

quent ALD cycles.

Chemistry comparison of TMA and H20 pulses

The mass spectra represent the cumulative signal detected during a specified time of an ALD
process. Therefore, they are especially useful when the occurrence of specific species has to be
verified. This is particularly important in the case of elements, whose amount in a given chem-
ical system is extremely low and/or if their ionization efficiency is insufficient to represent their
signal evolution in time. Furthermore, the comparison of mass spectra, which were acquired
during two different cycles or two different pulses, can deliver important information on the
process chemistry.

Figure 6 shows the signal evolution curves for Al, H>O and Ar measured during the 10" ALD
cycle (i.e. the 10" TMA and the 10" H>O pulses). These signal peaks were chosen arbitrary in
the middle of twenty ALD cycles performed during the experiment as the most representative
for the analysis (i.e. they are not biased with the initial state of the ALD process chamber; see
the discussion explaining the difference between the 1% cycle and the following ones). Based
on the 2 s acquisition time of each peak (marked with beige rectangles in Figure 6a), the corre-
sponding mass spectra were generated for the 10" Al signal peaks measured at TMA and H20
pulses, Siotm_4i peak@rma and Siom a1 peak@H20, respectively (Figure 6b). Note that the actual TMA
pulse lasted 50 ms and H20 pulse lasted 30 ms (see the Experimental part). Therefore, the given
signal values also include the Ar purge time. The most significant differences between the two

mass spectra were observed for m/g < 110 Th. The direct comparison (Figure 7a) as well as the
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difference between the two curves, AS=S10tn_ai peak@rma-S10th_ai peak@m20, (Figure 7b) reveal sig-
nificantly higher Ar content in the case of TMA pulse. This was deduced based on the magni-
tude of peaks measured at m/q = 40 Th and 20 Th, which correspond to *°Ar™ and “°Ar** ions.
This is consistent with the fact that more Ar is injected to the chamber during TMA pulses as
the valve of TMA is opened for a longer time than in the case of H2O valve. Furthermore, most
of the complex ions generated during the ALD process were generated within the TMA pulse,
i.e. basically only the CH4 (m/g = 16 Th) as well as 'H'°0O" and 'H>'°0O" ions (m/q = 17 Th and
18 Th) were observed during the H20 pulse. This is consistent with the reaction mechanisms of

TMA and H2O with surface adsorbates® (see in the following sections of this paper).
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Figure 6. Results for the 10" TMA and 10™ H>O pulses: a) the signals of two subsequent pulses
were integrated over 2s of acquisition time (marked with beige rectangles) and b) the generated

mass spectra (note the logarithmic scale).
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Figure 7. Comparison of mass spectra obtained at the 10" TMA (red line) the 10 H20 (blue
line) pulses (a) and their difference, AS, (b) within mass range between 10 Th and 110 Th. The
ions dominantly generated during the 10" TMA pulse are marked with red circles and the ions

dominantly generated during the 10™ H2O pulse are marked with blue circles.

The presented comparison of mass spectra can be obtained for any step of the deposition
process. Therefore, it can serve for studying the chemistry at different timescales as well as for

validating the reproducibility and quality of the implemented protocols.

High mass resolution of TOFMS

The acquisition of ions having the same or very similar m/g values, is one of the major chal-
lenges of mass spectrometry due to the potential mass interference.’?3*% However, providing
sufficiently high mass resolution of a detector, many isobaric ions can be distinguished.

The nominal mass peak in a mass spectrum, represents a signal integrated over a m/g+0.5 Th
range. This means that ions of more than one element/molecule can contribute to the total meas-
ured signal. For example, the signal measured at m/q = 16 Th can be potentially associated with
160" and "*C'H4" ions at m/q = 15.995 Th and 16.031 Th, respectively. The m/q difference
between '°O" and '">C'H4" ions is Amcrs-0= 3.6x1072 Th, which means that the detector's mass
resolving power of approximately R = m/Am = 444 Th/Th is required to distinguish them. This
value is far below the TOFMS mass resolution specified by the manufacturer (i.e. m/Am = 4000
Th/Th) and, indeed, in the mass range 15.5 Th - 16.5 Th, two distinct signal peaks were meas-
ured (Figure 8). Furthermore, the significant difference between the amount of detected '°O and

12C'Hs ions in the case of TMA and H2O pulses can be observed. In the case of the 10" ALD
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cycle, approximately 4 times more ?C'Ha ions were detected during the TMA pulse compared
to the H20 pulse. The estimation of '°O ions is more difficult to assess as its signal peak overlaps
with the tail of '2C'Hs signal peak in the case of TMA. Figure 9 shows the signal evolution of
the ions measured at nominal m/q = 16 Th, '%0 ions and '>C'Ha ions. The data suggest that
12C"Hy ions are produced during both, TMA and H20 pulses.

The distinction between '°O and '>C'Hs ions is particularly important for understanding the
ALD Al203 process because the main by-product '>C!Ha, present in both TMA and H20 pulses,
determines the surface coverage reached in each pulse. Furthermore, the possible contribution
of 1°0, either by the process itself or a leak from the atmosphere, can interfere with the analysis

if both peaks are taken into account as one.

—10% peak@TMA, t = 546-548 s 10 peak@H,0, t = 576-578 s
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Figure 8. High mass resolution of TOFMS detector allows for distinguishing '*C'Ha4" ion from

180" ion signals. The curves measured for the 10™" ALD cycle are shown: the red and blue lines

represent data measured at the 10" TMA pulse and the 10" H20 pulse, respectively.
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Figure 9. Signal evolution of the ions measured at nominal m/g = 16 Th (a), '°0" ions (b) and

12C'H4" ions (c). In the case of 'O and '2C

'H4" signals, the signal integration ranges were

chosen based on the full width at half maximum (FWHM) of the two peaks presented in Figure

&. Note different scales.

Detection of TMA+H:20 process products

The surface reactions in the ALD deposition process of Al2O3 have been studied in more

detail in previous reports®®*>84 According to

of by-products, a TMA molecule reaching the

these works and focusing only on the formation

OH-terminated surface reacts as follows:
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xOH (s)+Al(CH3)s3 (g) — OxAl(CH3s)3x (s) +xCHa (g) (1)
with x=1, 2 or 3. Subsequently, the second half-reaction with H2O, when x=1 or 2, yields
OxAI(CH3)3x (s) + (3-x)H20 (g) — OxAl(OH)3x (s) + (3-x)CHa (g)  (2)

The main reaction product of both surface reactions is methane (CH4). Furthermore, Wer-
brouck et al.** have also identified a secondary reaction product during the water cycle, the
volatile HOAI(CH3)2 with m/q = 74 Th, using in situ quadrupole mass spectrometry. The reac-
tion pathway to the formation of that compound, was not completely revealed. However, the
performed density functional theory (DFT) calculations suggest cooperative effects of multiple
AI-CH3 surface groups to dissociate energetically favourably the impinging H2O molecule and
to supply the OH hydroxyl group to form volatile HOAI(CH3)s.

A distinct peak at m/g = 74 Th, corresponding to HOAI(CH3)2 was also observed in the mass
spectrum measured using in situ TOFMS in our study (Figure 3b). Furthermore, we observed
also a strong signal peak at m/q = 59 Th, representing HOAI(CH3) ions, whose signal evolution
in time shows a strong correlation with Al signal distribution (Figure 10). In this case, the lo-
cations of signal maxima for Al and HOAI(CH3) ions appear at the same time and correspond
to the TMA pulses. This observation can potentially indicate other cooperative mechanisms
leading to volatile Al molecules during the TMA pulse similar to the one proposed by Wer-
brouck et al.** during the water pulse and can be potentially responsible for the carbon contam-

ination in Al203 ALD deposits.
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Figure 10. Signal evolution of the expected TMA+H20 process products: HOAI(CH3) (m/g =
59 Th; the orange line) signal compared to the Al (m/g = 27 Th; the red line) signal. Data

normalized to 1 for better comparison.

High sensitivity of TOFMS: detection and accurate assignment of contaminants

The presence of contaminants in the deposition system constitutes an important issue in the
case of thin film fabrication as they can affect the ultimate properties of designed chemical
systems, especially in semiconductor industry where contaminant doping can drastically change
electrical film properties. The most common contaminants usually come from the deposition
chamber (for example, debris of the precursors used previously in the same reactor), substrates
(for example, inappropriate storage, cleaning and/or handling of wafers), process gas precursors
(decomposition or impurities) or purge gases. In the mass spectrum presented in Figure 3, var-
ious distinct peaks, which cannot be directly associated with TMA and H20 by-products, were
measured. One of them was observed at m/g = 79 Th. Knowing that the TMA precursor can
contain trace amount of C1 contamination (due to the synthesis process of TMA)®, in conjunc-
tion with a detailed comparative analysis of different signal evolutions allowed assigning this
m/q value to AICI(OH) ions (Figure 11). This is confirmed by the signal distribution at m/q =

96 Th, which corresponds to AICI(OH): ions.
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Figure 11. Detection of trace contaminants. The presence of Clz ions in the deposition chamber
was measured with TOFMS. Furthermore, the Clz signal peaks correspond to the TMA pulses,
i.e. are not observed during H20 pulses (a). Signal evolution at m/g = 79 Th (black line) was
assigned to AICI(OH) ions. This was confirmed by the comparable signal distribution of

AICI(OH):2 ions (m/g = 96 Th, pink line) (b). Data normalized to 1 for better comparison.

CONCLUSIONS

Due to their extraordinary mechanical, electrical, magnetic and optical properties, sub-nano-
metric and sub-micrometric thin films attract a lot of attention in many fields, such as microe-
lectronics, nanotechnology, biotechnology, medicine and others. Since the ultimate functional-
ity of thin films is determined by their chemical structure, appropriate and reliable process
monitoring techniques are demanded to ensure efficient fabrication of high-quality materials.
This is particularly important in the case of massive industrial production lines, where any pro-
cess failures can have serious financial consequences.

As presented in this work, integrating in situ TOFMS with an ALD system allows for parallel
detection of all ionized molecule fragments including the ionized parent molecules in real time.
Therefore, any process deviation from optimal or malfunction can be detected at an early stage,

and consequently the deposition parameters, such as precursor temperature, pulse duration and
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pressure in the deposition chamber can be corrected immediately to ensure deposition of the
intended architecture of the chemical structure. Furthermore, many of the downsides of the
other commonly used in situ techniques (such as QCM, FTIR and QMS) are overcome when
using TOFMS. This seems to make it superior for monitoring most thin film deposition pro-
cesses as the there are no limitations on the number of analyzed species and their type (single
ions or ionized molecules), the data acquisition is fast, non-intrusive and representative for the
entire deposition system (i.e. not limited to a small local surface fraction). Furthermore, the
chemical information is obtained directly, whilst other techniques often require dedicated cali-
bration procedures (for example usefulness of QCM measurements are determined by the
knowledge on deposition rates). However, despite the impressive potential of TOFMS, the
problem of distinguishing actual process by-products and products from the post-ionized spe-
cies remains an important issue. This can make studying the chemistry of novel thin films dif-
ficult, and therefore theoretical models as well as advanced simulations are required for basic
science. Furthermore, to evaluate the final thicknesses of the deposited layers either comple-
mentary techniques should be used together with TOFMS or specific methodology, which allow
the saturation levels to be recognized, should be developed.

Another important issues of combining in situ TOFMS with ALD are process kinetics and
process mechanisms. In general, TOFMS allows complete mass spectra to be acquired at very
high rates, i.e. 1 kHz in a standard acquisition mode (this value can be much higher under ded-
icated operation conditions). However, in our experimental setup, we opted for a non-invasive
configuration (preferred for a production setting) where the analyser is outside the ALD reactor
with appropriate flow restrictive hardware interface (bellow, valve, and apertures) to control its
input pressure. As such, TOFMS measurements capture the time scale of the system response,
which is composed of the surface reaction time, the transport of molecules to the surface and

the transport of reaction products to the TOFMS.
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In an ALD system gases react with all surfaces in the chambers and tubes. Therefore, during
our measurements we tried to keep the same temperature of the substrate, chamber walls and
the tube connecting the ALD chamber with TOFMS. However, using the current setup for eval-
uating a percentage of the reaction gases coming only from a sample surface and decoupling
the influences of other surfaces require additional dedicated experiments. This can be poten-
tially achieved, for example, by measuring TOFMS signal changes when varying sample tem-
perature (and keeping constant temperatures of other surfaces) and/or by significantly increas-
ing the surface area of the substrate by incorporating nanoparticles or nanotubes and comparing
the results to those obtained for a flat surface. The complexity of kinetics and process mecha-
nisms are too detailed and far beyond the scope of this work but they will be addressed in our
further investigations. Furthermore, it is worth mentioning that the TOFMS instrument can be
configured to allow for direct connection of the analyser to any reaction chamber.

While this paper clearly demonstrates the usefulness of in situ TOFMS analysis in an ALD
process, it is also expected that the same could apply to other deposition techniques such as
chemical vapour deposition as well as its plasma enhanced variants, and etch applications for
process optimization, monitoring and control with the important characteristic that end point
detection could be implemented for complex interfaces such as transitions involving binary,
ternary and quaternary alloys. Furthermore, the high acquisition speed will be particularly crit-
ical for sources operating in pulsed modes and processes involving deposition and etch of
nanolayered stacks.

Finally, the methods of analysing the TOFMS data presented in this work can serve as guide-
lines for verifying the reproducibility of subsequent deposition cycles, recognition of potential

contaminants and judging on the thin film fabrication quality.
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