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Thermal atomic layer deposition of Sn metal using SnCl; and a vapor phase

silyl dihydropyrazine reducing agent

Eric C. Stevens,® Moataz Bellah M. Mousa,® and Gregory N. Parsons®
Department of Chemical and Biomolecular Engineering, North Carolina State University, 911 Partners Way,
Raleigh, North Carolina 27695

(Received 6 September 2018; accepted 30 October 2018; published 20 November 2018)

This work explores a novel, thermal atomic layer deposition (ALD) process to deposit tin metal at a
low temperature. The authors employ 1,4-bis(trimethylsilyl)-1,4-dihydropyrazine (DHP) to reduce
SnCly on silicon substrates. The authors explored a range of temperatures between 130 and 210 °C
to determine the ALD window, which was found to be 170-210 °C. The authors show that this
process yields a growth rate of ~0.3 A per cycle at 190 °C. Furthermore, X-ray photoelectron
spectroscopy results showed that the film impurities are reduced for depositions within the ALD
window. The reaction mechanism was explored using in situ mass spectrometry and in situ quartz
crystal microbalance (QCM). Within the ALD temperature window, the QCM results showed
a saturated mass gain during the SnCl,; exposure and a net mass loss during the DHP dose.
Consistent with the QCM results, in situ mass spectroscopy data indicate that the DHP exposure
step removes surface Cl via formation of volatile trimethylsilyl chloride and pyrazine by-prod-
ucts, effectively reducing the oxidation state of surface-bound Sn. This work is the first thermal
Sn metal ALD process to be reported in literature and the oxidation/reduction chemistry presented
here may be applied to other metal precursors, increasing the applicability of metal ALD use in

industry. Published by the AVS. https://doi.org/10.1116/1.5055212

I. INTRODUCTION

Tin is an intriguing metal that boasts various applications
spanning multiple fields. For example, Sn has been proposed
as a candidate material for confinement modulated gap nano-
wire transistors.'* Electronic structure calculations' suggest
that when Sn is confined in nanowire structures less than
5nm diameter, it undergoes a transition from semimetal to
semiconductor, thereby providing an alternative approach to
atomic scale transistor scaling.

Tin is also used as an anode for lithium ion batteries.®
Key advantages include an exceptionally high gravimetric
capacity (959 mAhg™"),* a good electrical conductivity
(9.17x10*Scem™),> and a high Li-ion diffusivity
(5.9x 107" cm?s™").> The major drawback for Sn anodes is
the large volume expansion (~225%) upon Li-ion insertion,
leading to a loss of electrical contact and physical cracking.’
This drawback can be addressed by controlling the metal film
thickness,® nanostructure,”” and morphology.'®!" Typically,
Sn films are deposited on anodes by either electroplating'' or
physical vapor deposition'” but the increasing need for 3D
battery architectures and porous anode scaffolds'? challenges
the coating limits of these techniques. The ability to deposit
conformal Sn thin films by a thermally driven atomic layer
deposition (ALD) process could help address these limitations.

In this work, we investigate 1,4-bis(trimethylsilyl)-1,4-
dihydropyrazine (DHP) as a vapor-phase reducing agent for
Sn ALD from tin (IV) tetrachloride (SnCly). First synthesized
by Saito et al.,14 DHP and its derivatives have been used for
the salt-free reduction of chloride-containing transition metal
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complexes. Saito showed that DHP can reduce liquid phase
transition metal complexes to a lower oxidation state, but
did not explore their efficacy in reduction of vapor-phase
species.'* Klesko ef al.' previously utilized DHP as a vapor-
phase reducing agent to reduce TiCl, to elemental Ti.
We propose that DHP can also be used to form Sn metal
films via a thermal ALD process at temperatures below the
melting point of Sn (231.9 °C).'® The hallmark ALD charac-
teristics of precursor exposure saturation, saturated growth
conditions versus number of cycles, and ALD temperature
window were investigated. Deposited films were tested for
thickness uniformity and film purity. As a key addition to the
understanding of DHP-based metal ALD, we utilized in situ
analysis tools to characterize the ALD half-reactions, allowing
us to propose a detailed reaction sequence that is consistent
with the resulting material properties.

Il. EXPERIMENT
A. Reactor setup

All ALD experiments were conducted in a homemade,
hot wall, reactor operating in the viscous flow regime.
Figure 1 shows the reactor schematic. All reactor lines were
resistively heated to at ~100 °C to prevent precursor conden-
sation during the delivery process. The deposition chamber
(~3.5cm diameter 316 stainless-steel tube) was resistively
heated using proportional—integral-derivative (PID) tempera-
ture controllers spanning. The maximum deposition tempera-
ture tested was 210 °C to avoid additional film morphology
changes near melting point of bulk Sn at 231.9 °C.'"® The
charge cell, indicated in Fig. 1, allowed for direct precursor
charge into a known volume, where the pressure could be
measured using a MKS Baratron capacitance manometer.
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Fic. 1. Homemade, hot wall ALD reactor with direct-port and charge cell
precursor delivery. N, carrier and purge gas were used, with an operating
pressure of 1.5 Torr. In situ QCM and QMS capabilities were used to
monitor the mass uptake and reaction by-products, respectively, during ALD
processing.

The charge cell delivery allowed for consistent and controlled
precursor exposures by continuously monitoring the precur-
sor partial pressure. Dry and clean charge cell volumes
were obtained by equipping each charge cell with a separate
mechanical pump. The reactor also utilized in situ quartz
crystal microbalance (QCM) and quadrupole mass spec-
trometry (QMS) capabilities to monitor the process during
ALD processing. Research grade nitrogen (99.999%, Machine
& Welding Supply Company) was further purified (Entegris
Gate-Keeper) and used as the carrier and purge gas at an
operating pressure of ~1.5 Torr.

B. ALD precursors and delivery

DHP was obtained from industry partners and was trans-
ferred, in a N,-filled glovebox, into a quartz bubbler vessel for
ALD experiments. The bubbler was connected to the ALD
reactor and, prior to initiation of ALD experiments, pumped
down for ~5 min, at room temperature, to remove excess N,
and ensure consistent dosing of DHP into the reactor chamber.
The DHP bubbler was heated resistively and maintained at
~65-70 °C via a PID temperature controller to maintain a
precursor pressure of ~1.3 Torr in the charge cell.

A typical DHP dosing sequence was performed as
follows: (1) pumped down the charge cell until the pressure
was below 100 mTorr, (2) closed pneumatic valve to charge
cell pump, (3) charged DHP into charge cell for 3 s or until
charge cell pressure read ~1.3 Torr, (4) closed DHP bottle
and opened charge cell N, flow, (5) dosed DHP into deposi-
tion chamber for 3—5s using the charge cell N, as the
carrier gas, (6) purged deposition chamber and charge cell
for 50 s with N,.

Tin (IV) chloride (SnCl,) was purchased from Strem and
used as received. SnCl, was selected as the metal precursor,
because it has a suitable vapor pressure of 18.6 Torr
at 20°C'"" and a good thermal stability (up to at least
500 °C).18 The SnCl, vessel was not heated, but the delivery
lines were kept at ~100 °C. The dosing sequence for SnCly
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also incorporated the charge cell delivery, as was used for
the DHP, but with a 1s precursor charge and 3 s dose into
the deposition chamber.

For some experiments, deposited Sn layers were directly
coated in the same deposition reactor with capping layers con-
sisting of titanium nitride (TiN) followed by titanium dioxide
(TiO,) ALD at 190 °C. These layers were used to limit Sn
surface oxidation and adventitious carbon contamination upon
exposure to air. TiN and TiO, precursors were obtained from
Strem and used as received. TiN was deposited directly on top
of the Sn layer by tetrakis(dimethylamido)titanium (TDMAT)
and NH;, with the TDMAT source temperature resistively
heated to 45 °C with a dosing scheme of TDMAT/N,/NH;/
N,: 45/50/6s/100s. A TiO, film was then deposited using
the titanium (IV) chloride (TiCly) and titanium tetraisoprop-
oxide (TTiP), with the TTiP source temperature resistively
heated to 80 °C, (TTiP/N,/TiCly/N,: 2 s/50s/1 s/50s). Based
on our own analysis and previous reports of TiN'® and
TiO,?*?! growth rates, we expect that 1300 cycles of
TDMAT/NHj3; produced ~80 nm of TiN and 1500 cycles of
TTiP/TiCl, led to ~45 nm of TiO, based on cross-sectional
scanning electron microscope (SEM) measurements.

C. Substrate preparation

For ex situ analysis, films were deposited on silicon
(100) (WRS Materials) with native oxide present, cut into
1 cm x 1 cm pieces. For hydrogen terminated silicon (Si—H),
the cut pieces of Si were dipped into a dilute HF solution
(7% by volume) for 30s and then rinsed with deionized
water. For deposition, the substrates were placed on a
stainless-steel sample holder, inserted into the reactor, and
pumped down to the reactor base pressure (~0.01 Torr).
Before deposition began, the samples and sample holder
were stabilized for 30 min in the reactor under dry N, flow at
the operating pressure of 1.5 Torr and the desired deposition
temperature, between 130 and 210 °C.

To inhibit film oxidation when removing the Si samples
for ex situ analysis, a capping layer was deposited prior to
removal of the samples. The capping layer consisted of two
films. A TiN ALD film was deposited directly on the Sn film
using TDMAT/NH3; at 190 °C, followed by a TiO, ALD film
using TiCl/TTiP at 190 °C. Due to previous reports®> of
porosity for TiN films deposited below 200 °C, a waterless
TiO, ALD process was used to fill the pores in the TiN film.
Using ALD processes for pore filling has been well repre-
sented in the literature.”>~2® The selection of TiO, specifically
was due to the well-studied, waterless deposition process
using readily available precursors in our lab.*

For QCM analysis, Au-coated quartz crystals (Inficon, 6
MHz AT-cut quartz, 0.55” diameter, unpolished) were used
as received.

D. In situ characterization

For QCM experiments, a commercial QCM assembly
(Cool Drawer, Inficon) was specially modified to allow a
constant flow of ~0.3 Torr of N, to purge the back side of
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the quartz crystal. This modification prevented unwanted
deposition during ALD processing on the electrode contacts.
The modified QCM assembly was inserted into the ALD
reactor, with the sensor head containing the QCM crystal
positioned in the center of the deposition chamber. Before
starting deposition runs, the QCM sensor was held in the
reactor for ~4— h under dry N, flow at the operating pressure
of 1.5 Torr to allow the sensor to reach thermal equilibrium at
the desired deposition temperature. Thermal equilibrium was
reached after changes in steady-state QCM frequency were
less than ~0.5 Hz over 30 min. Higher temperatures required
longer equilibration times. Mass change measurements were
recorded using an Inficon SQM-160 controller at a sampling
rate of 10 Hz.

In situ mass spectrometry characterization relied on a MKS
Vision 2000c QMS equipped with a triple-filtered quadrupole
with a mass range of 1-300 amu. Sampled gases were ionized
using a commercially available thoriated iridium filament
and detected using an electron multiplier (referenced against a
Faraday cup detector) with a gain of 100. The calibration
of the ionized gas partial pressures was performed with a
capacitance manometer.

To maximize the conductance of gaseous species during
sampling, the lines connecting the reactor exhaust to the QMS
inlet had an outside diameter of 2.75in. Additionally, these
lines were maintained at ~100 °C to prevent undesired precur-
sor condensation and maintain effective purging. Furthermore,
the QMS sampling volume was heated to 85 °C. The reported
mass fragments for the reactants and products were identified
with the aid of NIST mass spectrometry database.”’

For direct sampling of the unreacted SnCl, and DHP
molecules, the data were collected by directly connecting the
QMS to the respective precursor charge cell. Charge cell
temperatures were maintained at 120 °C to prevent undesired
precursor contamination during charge sequences. Prior to
collecting data, SnCl, or DHP were pulsed directly through
the QMS system for at least 50, 1s subdoses, separated by
5's N, purges. This method was used such that the resulting
spectra should represent characteristic ion fragments for each
precursor in the unreacted state. Data were then collected
continuously from m/z =20—-240 during precursor subdoses.

To monitor the reactants and products during SnCl,/DHP
processing, the QMS was connected to the outlet of the
reactor so that all exhaust gas passed through the sampling
chamber before going to the rotary vacuum pump. Prior to
collecting data, at least 200 cycles of SnCl, and DHP were
used to condition the reactor walls.

E. Ex situ characterization

Cross-sectional SEM images were taken of the Si/Sn/TilN/
TiO, samples using focused ion beam (FIB) and a FEI Verios
460L SEM. For the FIB processing, a 25 um X2 um X2 um
bar of platinum was deposited while the sample was inside the
FIB SEM chamber to protect the area of interest from destruc-
tion during the ion milling process. After the milled channels
were prepared in the FIB, the samples were transferred to the
Verios SEM for high resolution cross-sectional imaging.

JVST A - Vacuum, Surfaces, and Films
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Compositional analysis was performed using a SPECS
X-ray photoelectron spectroscopy (XPS) system with a
PHOIBOS 150 analyzer. An Al Ko X-ray source operated at
400 W was used to generate the X-ray beam and Ar ions
were used for the sputtering through the deposited layers.
The gathered data was shifted accordingly by referencing the
adventitious carbon peak (C 1s) to 284.8 eV. CasaXPS soft-
ware was used to plot the spectra and determine the elemental
concentrations. The NIST XPS database®® was used for
peak identification. Sn film composition was also character-
ized using time of flight secondary ion mass spectrometry
(ToF-SIMS) on a TOFE.SIMS5 (ION TOF, Inc. Chestnut
Ridge, NY). The ToF-SIMS instrument utilized a 10 nA,
1 KeV Cs* ion for depth profiling over a 200 x 200 um>
area. Film analysis used a 0.2 pA Bi3 primary ion beam to
analyze a 50 x 50 um? area within the sputtered region.

lll. RESULTS AND DISCUSSION
A. Quartz crystal microbalance

Figure 2 shows the resulting mass change during
SnCl,/DHP exposures on untreated, Au-coated QCM crystals
using SnCl,/N,/DHP/N, exposure times of 2 s/40 s/2 s/40 s,
respectively at (a) 130 °C and (b) 170 °C. For depositions
at 130 °C, the average mass uptake per cycle was nonlinear for
the first 500 cycles, indicative of a nucleation delay. After
approximately 500 cycles, the average mass change increased
to ~1000ngcm >cycle™' and was linear for the remaining
cycles. The inset in Fig. 2(a) shows three cycles of SnCly/
DHP at 130°C, with the individual dose indicated by an
arrow, within the region where the mass change per cycle was
shown to be linear. The SnCl, dose resulted in a mass gain,
while the DHP dose resulted in a mass loss. As discussed
below, the large mass change at 130 °C corresponds to film
growth outside the ALD temperature window. Furthermore, a
mass loss and a mass gain were observed during purge
steps after SnCl, and DHP dosing, respectively, also likely
due to unsaturated surface reactions, and slow desorption of
by-products, below the ALD temperature window.

For depositions at 170 °C, growth incubation on Au pro-
ceeded over the first 200 cycles, followed by linear mass
uptake of ~200ngcm > cycle™'. The inset in Fig. 2(b) shows
three cycles of SnCl/DHP at 170 °C, within the region where
the mass change per cycle was linear. Similar to that observed
at 130 °C, SnCl, dosing resulted in a mass gain, while DHP
dosing resulted in a mass loss.

Figure 3 shows other QCM results collected at 150 and
210 °C. Prior to recording these data, the Au-coated QCM
substrates were exposed to at least 500 (at 150 °C) and 200
(at 210°C) cycles of SnCly/DHP to reduce the potential
impacts of film nucleation. The data show the mass change
using multiple, consecutive 2 s subdoses of SnCl, or DHP,
where each subdose was followed by 100s (for 150 °C)
or 200s (for 210°C) N, purges. Other data (not shown)
confirm that similar trends were observed for purge times
close to 40 s between doses.

Figure 3(a) shows five total SnCl,/DHP cycles, with
each cycle consisting of 10 (at 150°C) and 5 (at 210 °C)
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Fic. 2. Mass change, measured by QCM, as a function of deposition time during SnCl4/N,/DHP/N, (2 s/40 s/2 s/40 s) processing at (a) 130 °C for 650 cycles
and (b) 170 °C for 500 cycles. Depositions were carried out on as-received Au-coated QCM crystals. Inset graphs show 3 cycles of SnCly/N,/DHP/N, within

linear mass uptake regions, with solid arrows indicating SnCl, and DHP dosing.
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Fic. 3. Mass change vs deposition time, obtained by in situ QCM, during
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Magnified region from (a) to show subdose behavior. Solid arrows indicate
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purges for depositions carried out at 150 and 210 °C, respectively.
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consecutive SnCl, subdoses, followed by five consecutive
DHP subdoses. Figure 3(b) shows a magnified region from
Fig. 3(a), where SnCl, and DHP subdoses are indicated with
arrows. At 150 °C, the first SnCl, subdose resulted in ~25%
of the total mass gain measured for all 10 SnCl, subdoses,
with ~80% of the total mass gain occurring after seven
SnCl, subdoses. The first DHP subdose resulted in ~70% of
the total mass decrease for all 5 DHP subdoses. The average
mass change per cycle for 10 SnCl, and five DHP subdoses
at 150°C was 430+50ngcm ™2 cycle™'. The data in Fig. 3
also show that for growth at 210 °C, the mass gain during the
SnCl, subdoses produces saturation behavior, with >90% of
the mass gain occurring within the first two SnCl, subdose.
Likewise, for the DHP doses, the first DHP subdose resulted
in ~95% of the total mass decrease. The average mass change
per cycle at 210 °C for five SnCl, and five DHP subdoses was
250 + 10ngcm > cycle™.

Figure 4 shows the net mass change determined by
QCM (after nucleation on Au-coated crystals) plotted versus
deposition temperature. In the QCM data, saturation was
specified when mass change during SnCl, and DHP subdo-
ses reached >95% of the total mass change. For temperatures
between 170 and 210 °C, saturation was observed in both
half-reactions, with a net mass change ~250 ng cm™> cycle™
independent of temperature. For these tests, deposition was
performed at least twice at each temperature, and error bars
represent the standard deviation in the average growth rate
obtained from separate runs. For 7'< 170 °C, we observed a net
higher growth rate and more significant run-to-run variance.

B. Growth on QCM substrates

The expected growth per cycle (GPC) can be estimated
using the mass uptake values from QCM analysis, coupled
with the expected bulk density of Sn (ps,=7.3 gcm™). The
GPC can then be compared to the expected thickness of one
Sn monolayer, t,,, which is obtained from the Sn molecular
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per cycle obtained during SnCly/DHP depositions at 130, 150, 170, 190,
210 °C. The reported mass change is an average of the values obtained with
saturated consecutive exposures, at a given temperature.

weight, MWg,=118.71 gmol™', and Avagadro’s number,
N4 =6.022 x 10* molecules mol ™', as shown in Eq. (1),

= {—MWS“ ]1/3 (1)
Ny x Psn .
The mass change of ~250nmcm 2cycle™ corresponds

to ~2.7 Acycle™. Since the bulk Sn monolayer thickness
is ~3 A, the observed steady-state mass uptake corresponds

to ~0.9 monolayer cycle™.

C. Film morphology on QCM and Si substrates

The films deposited on Au-coated QCM substrates
were analyzed by SEM, and the images are shown in
Fig. 5. Figure 5(a) shows an as-received, Au-coated QCM
crystal, and (b) and (c) show the resulting films after 1000
cycles of the SnCl,/DHP sequence at 150 °C and 190 °C,
respectively.

For depositions at both temperatures, the resulting films
were continuous and appear to conform to the rough QCM
substrate. At 150 °C, particles with diameter of several
hundred nanometers are observed distributed across the
surface, with a broad distribution of particle size. Conversely,
for depositions performed at 190 °C, the surfaces appeared
smooth, without large visible particles.

The deposited films were also characterized using
cross-sectional SEM imaging, as shown in Fig. 6. For these
samples, the metal deposition was performed on hydrogen-
terminated silicon wafers. In the same reactor, a capping
layer was then deposited, consisting of ALD TiN followed
by ALD TiO, using conditions described in Sec. II. The
aforementioned film stack is denoted as Si—H/Sn/TiN/TiO,.

In Fig. 6, the Sn layer was deposited using 1500 cycles
of SnCl,/DHP at 190 °C. Figure 6(a) shows good film uni-
formity of the deposited Sn layer within the ~1 um lateral
scale of the image. Magnified images in Fig. 6(b) show that
1500 cycles lead to a Sn metal thickness of 41 + 1 nm. Based

JVST A - Vacuum, Surfaces, and Films
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Fic. 5. Top-down SEM images of (a) as-received Au-coated QCM crystal,
(b) 1000 cycles of SnCly/DHP deposited at 150 °C on Au-coated QCM
crystal, (¢c) 1000 cycles of SnCly/DHP deposited at 190 °C on Au-coated
QCM crystal. Scale bars are all 2 um.

on the expected steady-state growth rate of ~3 A cycle™,

the observed thickness suggests that on the Si—H surface, a
long incubation period (>1000 cycles) was needed before
achieving steady-state growth.

In Fig. 6(b), it is noteworthy that the TiO, and the TiN
layers were not discernable from one another via cross-
sectional SEM, probably due to interlayer mixing. The Pt bar
was used as a reference, as well as to protect the imaged
sample area during ion milling.

D. Film composition

In order to better understand the quality of the deposited
films, samples from the same run as that shown in Fig. 6
(without the Pt overcoat) were used for ToF-SIMS and XPS
analysis. Films without a capping layer were also deposited
and analyzed with XPS depth profiling, but showed SnO,
throughout the film (data not shown), indicating film oxida-
tion after vacuum break. Therefore, a capping layer was
used to better understand the chemical composition of the
as-deposited films.

1. ToF-SIMS depth profiling

Figure 7 shows the secondary ion counts, obtained via
ToF-SIMS, revealing an estimate of the species present
within deposited film stack. Figure 7(a) shows four distinct
layers present in the sample.

The first layer, measured during the first ~100-150s of
sputtering, is ascribed to TiO,, as evidenced by TiO;, O3,
and *’CI” ions from the TiCl,/H,O reagents. A decrease in
¥CI” signal near 150s, coupled with a rise in CN™ is



06A106-6 Stevens, Mousa, and Parsons: Thermal atomic layer deposition of Sn metal

CappingLayer 129 +#2 nm

[ A S AN NEEREEy N

100 nm

Si-H

Fic. 6. (a) Cross-sectional SEM image of the Si-H/Sn/TiN/TiO, sample
deposited at 190 °C (1500 cycles SnCl,/DHP, 1300 cycles TDMAT/NH;,
1500 cycles TTiP/TiCly) and cut using a focused ion beam. The platinum bar
was used to protective the area of interest during ion milling. Sn films show
good thickness uniformity over the micrometer length scales. (b) Magnified
SEM image of (a). The average thickness of the Sn layer was 41 + 1 nm and
the total (TiN + TiO,) capping layer thickness was 129 =2 nm.

attributed to a transition from TiO, to TiN, where the CN~
originated from the amino ligands on the TDMAT precursor.

A third layer between 225 and 300s corresponds to
the deposited Sn, indicated by the Sn™ ions. Some overlap

06A106-6

between the Sn and TiN layer is likely due to the porosity
of the TiN films. The Sn ion intensity reaches a maximum
after ~240s and remains nearly constant until about 300 s.
The substrate silicon layer is observed by the rise of Si*~ sec-
ondary ions coupled with the decrease in Sn".

Figure 7(b) shows the ion counts for potential impurities
(Sn03, CN, and *’CI") within the Sn layer. The SnOj inten-
sity tracks well with the SiO5 signal, reaching a maximum
near the Sn/Si interface. The CN~ and *’CI™ ion intensities
are also large near the Sn/Si interface and decrease near the
Sn/capping layer interface.

2. XPS depth profiling

Figure 8 shows the XPS spectra as a function of Ar
sputtering time for in situ capped Sn samples deposited at
190 °C (i.e., same as in Figs. 6 and 7). Note that the Ar
sputter rate during XPS in Fig. 7 is much slower than during
ToF-SIMS in Fig. 7. After 20 min of sputtering in the XPS
system to remove adventitious carbon, the survey scans in
Fig. 8(a) show no discernable CI 1s signal.

Ti 2p and O 1s peaks were observed at 459 and 531 eV,
respectively, which corresponded with the TiO, portion
of the capping layer. After 120min of sputtering, Sn
3d peaks emerged in the region between 494 and 485eV.
These peaks were observed during all sputter times analyzed
(up to 159 min), reaching an apparent maximum around
125-130 min.

After 159 min of sputtering, the increasing intensity of
the Si 2p peak at 150V is indicative of the Sn/Si interface.
The small peaks around 319 and 243 eV were assigned to
Ar 1s and 2p, respectively, due to ion implantation during
the sputtering process. The presence of Sn 3d peaks between
120 and 159 min sputtering gives the approximate bounds of
the Sn layer. The Ti 2p and O 1s peaks in each spectrum in
Fig. 8 are ascribed to a measurement artifact, where the XPS
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Fic. 7. (a) ToF-SIMS results of the Si-H/Sn/TiN/TiO, sample used for FIB SEM. Layers were labeled and color coded as follows: “Capping Layer TiO, and
TiN"—yellow, “Sn"—grey, “Si"—purple. The ions tracked for the capping layer were TiO3 (orange), O3 (red), *’CI” (teal), and CN~ (pink). The Sn™ (grey),
SiO; (green), and SnO3 (blue) were used to identify the Sn region. (b) O, C, N, and Cl impurities within the Sn region.
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Fic. 8. (a) XPS survey scans of the Si-H/Sn/TiN/TiO, stack deposited at 190 °C. Each line represents the resulting survey scan of the same sample after
20-159 min Ar sputtering. After roughly 120 min of sputtering (red line), the Sn 3d peaks between 500 and 480 eV start to increase in intensity. A maximum
in the Sn 3d peak intensity most likely occurs between 125 and 159 min of sputtering. After 159 min of sputtering, the Sn 3d peak intensity decreases accom-
panied with a rise Si 2p peak intensity, indicative of the underlying Si substrate. (b) High resolution scans of the Sn 3d 5/2 region showing Sn—Sn (485 eV)
and Sn—O (486.7 eV) chemical bonds as a function of Ar sputter time of the same samples in (a). Spectra offset for visual clarity.

analysis probed a small region of the TiO, cap layer that was
not sputtered.

High resolution scans of the Sn 3d, N 1s, C 1s, and CI 2p
regions were performed to obtain elemental concentrations
within the Sn layer. Figure 8(b) shows the Sn 3d 5/2 region
where Sn—Sn and Sn—O bonds were identified at binding
energies of 485 and 486.7 eV, respectively. After 20 min
of sputtering, Sn 3d peaks were not discernable due to the
capping layer. Sn 3d was visible after 120 min, primarily as
Sn—0. After 130 min, the Sn—O peak intensity decreased,
and a clear Sn—Sn peak becomes visible, with a maximum
Sn—Sn/Sn—O ratio at 130 min. After sputtering 159 min, the
ratio of the Sn—Sn/Sn—O peak area decreases, consistent with
a SnO, region at the SiO,/Sn interface.

Quantification of C, Cl, and N impurities was accom-
plished using high resolution scans of the C 1s, Cl 2p, and
N 1s after 130 min sputtering. Table I shows the resulting
impurity content determined by XPS for films deposited at
130 °C and 190 °C. The peak area and relative sensitivity
factor were considered when calculating the impurity per-
centages using CasaXPS software. At 130 °C, the Sn film
contained 5Sat. % C, 13 at. % Cl, and 9at. % N impurities.
Conversely, at 190 °C, those impurities decreased to 3 at. % C,
2 at. % Cl, and 4 at. % N. The atomic percent of oxygen in the
Sn layer could not be determined unambiguously due to the
oxygen present in the capping layer.

Tae 1. Film impurity content from XPS analysis vs deposition
temperature.

Impurity content (at. %)
Element 130°C 190 °C
Cl 13+2.0 2+04
N 9+1.5 4+05
C 5+1.2 3+04

JVST A - Vacuum, Surfaces, and Films

E. In situ reaction monitoring by quadrupole mass
spectrometry

In situ QMS was utilized to better understand the half-
reactions during SnCl, and DHP exposures. For these experi-
ments, the reactor temperature was set at 190 °C, and reactant
dose sequences were described in Sec. II.

1. Characteristic mass fragments of unreacted SnCl,
and DHP

Figures 9(a) and 9(b) show mass fragmentation patterns
for SnCl, and DHP, respectively, collected by the mass spec-
trometer under constant reactant dosing into the deposition
chamber. For these data, the QMS sensor was placed adjacent
to the gas sources, leading to relatively large mass signals. In
Fig. 9(a), the largest peak was observed at m/z =224, ascribed
to SnCl3, an expected electron impact fragment of SnCly.
Likewise, in Fig. 9(b), the most prominent peak occurs at
m/z=146. The detection of this mass fragment is likely due
to subsequent reactions of species after chemical cracking
from the QMS filament. An m/z of 146 was consistent with
ionized hexamethyl disilane.

Potential reaction by-products produced during the
SnCl,/DHP reaction include TMS-CI and pyrazine. From the
NIST mass spectroscopy database,”” TMS-CI is expected to
give peaks at m/z =65, 73, 74, 77, 93, and 95, and pyrazine
at m/z=53 and 80. However, as shown in Fig. 9(b), the
parent DHP gives peaks at these same mass values. To
maintain favorable signal amplitude and avoid overlap with
other expected reactants or by-products, we choose the
peaks at m/z=224 and 146 to monitor SnCl, and DHP
species, respectively,

2. In situ reaction analysis during SnCIl,/DHP
processing

Figure 10 shows the measured partial pressure at m/z =224
and 146 as a function of time, collected downstream from
the deposition zone during steady-state deposition at 190 °C
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FiG. 9. Analog mass spectrometry scans from direct sampling of each indi-
vidual charge cell (maintained at 120 °C), and thus the unreacted SnCl, and
DHP species. (a) SnCl,; mass fragmentation patterns for 50 consecutive
doses, separated by N, purges. Most prominent peak observed at m/z =224,
with predicted structure of the SnCl, mass fragment shown. (b) DHP mass
fragmentation patterns for 50 consecutive doses, separated by N, purges.
Most prominent peak observed at m/z =146, with predicted structure of the
DHP mass fragment shown.

using five subdoses of each SnCly and DHP, separated by
N, purges. The dosing sequence is shown in Fig. 10(c).
In Fig. 10(a), the first SnCly subdose produces no measurable
SnCl, signal at m/z=224. During the following subdoses,
a peak appears and increases to saturation during the third
subdose. Also, during the SnCl, dose period, Fig. 10(a)
shows no detectable signals for DHP at m/z =146, and no
other DHP peaks were observed.

During the subsequent DHP subdoses, Fig. 10(b) shows
a signal at m/z = 146 during the first subdose, followed by a
less intense signal that saturates during the second to fifth
subdoses. The intensity of the m/z = 146 peak during satura-
tion is smaller than that in Fig. 9 due to the downstream
measurement configuration. During DHP subdosing, no
signal was observed related to SnCl, fragments. The peak
during the first DHP subdose is ascribed to TMS-CI formed
upon DHP abstraction of surface chlorine, and the satura-
tion in the DHP signal corresponds to completed DHP
reaction. Since the m/z =146 peaks were larger with the
first dose, followed by saturated behavior, the formation of
TMS-CI likely facilitates additional formation of hexam-
ethyl disilane downstream during chemical cracking at the
QMS filament.
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dosing sequence corresponding to the QMS data in (a) and (b).

IV. DISCUSSION
A. Proposed SnCl,/DHP reaction mechanism

Based on the observed growth rate and the in situ mass
spectroscopy results, Sn ALD using SnCl, and DHP was
hypothesized to proceed via the reaction scheme in Fig. 11.

During steady-state ALD, the SnCl, is anticipated to
adsorb on the chlorinated surface, possibly through electro-
static interactions between the electron-rich metal surface
and the SnCl,. During the DHP exposure step, available CI
species promote cleavage of Si—N bonds in the DHP,
forming gas-phase trimethylchlorosilane (containing thermo-
dynamically favored Si—Cl bonds) and heterocyclic aromatic
pyrazine. The abstraction of surface Cl by trimethylsilane
donates an electron to the surface to form a Sn—Sn bond.
Subsequent formation of Sn—Sn bonds is expected to occur
until all DHP is consumed or the surface Cl species are not
accessible to the DHP molecule. Sections IVA 1 and IV A 2
describe the how each key step in this process relates to the
observed experimental results.

1. SnCl, adsorption

The QCM results in Figs. 2 and 3 show mass gain upon
SnCl, exposure step during steady-state growth, consistent
with adsorption of the metal halide precursor. Within the
ALD window (i.e., at 190 °C used for QCM), the mass
uptake saturates after the first 2 s SnCl, subdose. Likewise,
the in situ QMS results in Fig. 10 are consistent with con-
sumption of the SnCl, precursor during the first subdose
step. The SnCl, adsorption step within the ALD window is
consistent with models of other reactant systems during
ALD,29’3° including, for example, redox active Cu(Il) precur-
sor dissociation during Cu ALD.?!

2. DHP desilylation and pyrazine elimination

QCM results in Figs. 2 and 3 show mass loss during DHP
exposure, which we ascribe to the loss of surface Cl forming
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Sn—Sn bonds and volatile trimethyl chlorosilane and pyra-
zine, as shown in Fig. 11. The XPS results in Table I show a
decrease in Cl impurities with increased temperature, indicat-
ing more efficient removal of Cl by DHP at elevated deposi-
tion temperatures. Klesko ez al.'> hypothesized that since the
proposed DHP intermediate ring structure is antiaromatic
(i.e., 87 e” in the ring structure), the driving force for the
metallic surface reduction lies in the negative reduction
potential of the DHP dianion (E;,=-2.32V versus ferro-
cene) formed during the desilylation process.

In Fig. 10(b), the peak at m/z=146 was relatively large
during the first subdose and decreased to saturation during
subsequent subdosing. This result indicates that m/z =146
appears as a fragment of the unreacted DHP precursor
[see Fig. 9(b)] and as by-product of the SnCl,/DHP process.
Since this species was detected in a greater concentration
after reaction, its formation is likely a result of downstream
reactions, or possibly during the chemical cracking at
the QMS filament, of TMS-Cl and unreacted or partially
reacted DHP species. The large concentration of gas-phase
products during the first DHP dose followed by saturation is
consistent with QCM results in Fig. 3(b), where a single
DHP subdose is sufficient to reduce the surface.

As shown in Fig. 11, the lone pair electrons on the nitro
group of the as formed pyrazine by-product provide weak
Lewis base sites that may promote surface re-adsorption on
the electron-rich metallic surface. The QCM results in Fig. 3
show a net mass loss during DHP dosing at both low and
high temperatures, indicating that surface adsorption is suffi-
ciently weak, and yet likely temperature dependent, to allow
pyrazine to be removed during N, purging.

B. Growth saturation

The QCM results in Figs. 3 and 4, along with the QMS
data in Fig. 10, give evidence for reaction saturation during
the SnCl, and DHP dose sequences. For both reactants,
multiple subdoses show decreasing mass uptake as dose

DHP Dose
HyG, — frs
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SnCl, Dose e \—=/ e
cl K¢ CHs
c cl
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Fic. 11. Proposed reaction mechanism between DHP and two surface-bound
SnCl, species. (1) SnCl, exposure and subsequent densification gives a
Sn—Cl1 surface. (2) DHP is exposed to the Sn—Cl surface, breaking Si-N
bonds on the DHP to give off TMS-CI by-products. (3) Intermediate ring
structure which can donate electrons to create a Sn—Sn bond and eliminate
pyrazine. (4) One Sn—Sn bond formed per DHP molecule.
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proceeds. As shown in Fig. 4, QCM results reveal a cons-
tant mass uptake of ~250ngcm™cycle™!, corresponding
to ~0.9 monolayer cycle™'. The results in Fig. 4 show con-
sistent mass uptake versus temperature, indicating an effec-
tive ALD window from 170 up to 210 °C, the maximum
temperature studied.

For substrate temperatures less than 170 °C (i.e., below
the ALD window), QCM results in Figs. 2—4 show signifi-
cantly larger net mass uptake during the SnCl,/DHP dose
sequence, especially after extended film growth. The large
mass uptake is consistent with the formation of particles on
Au-coated QCM substrates (Fig. 5), giving rise to net large
surface areas. Large agglomeration of Sn metal has
been previously observed during thin film deposition.***
For example, Sn films deposited by CVD using Sn
[N(SiCH3),], on HF-dipped Si substrates at 350 °C resulted
in thick films with the top surface covered with Sn spheres
500 nm-7.5 um in diameter.’> According to Wang et al.,*”
epitaxial growth of Sn metal on Si substrates revealed Sn
island growth with continuous layers between islands. This
is an example of Stranski-Krastanov growth, where the for-
mation of islands occurs in order to reduce the crystal strain
energy.**

In addition, unpolished QCM crystals were previously
shown to have at least 16% larger surface area than the geo-
metric surface area (assuming a planar substrate).>> Rough
QCM deposition surfaces, seen in Fig. 5(b), would result in
a larger area for reaction and therefore an overestimation of
net mass gain per unit area per cycle observed by QCM.>>*
A 16% increase in active surface area would correspond to a
decrease in GPC at 190 °C from 2.7 A cycle™" (0.9 mono-
layer cycle™) to 2.3 A cycle™ (0.77 monolayer cycle™).

C. Film composition

ToF-SIMS (Fig. 7) and XPS (Fig. 8) data confirm the
presence of Sn metal for films deposited at 190 °C, with an
interfacial SnO,/SiO, layer between the Si and Sn. The
maxima of the SnO; and SiO; peaks in Fig. 7(b) occur at
nearly the same sputtering times as the corresponding CN™
and *’CI™ maxima, which may be due to incomplete surface
reactions, leaving behind a small amount (2—4at. %) of
C, N, and CI impurities. This implies that the Sn film has a
higher impurity concentration near the oxide interface but
decreases as the film thickness increases.

V. SUMMARY AND CONCLUSIONS

This work demonstrated the first thermal ALD process
for depositing Sn metal from SnCl, and DHP. ALD process
parameters were determined, such as an ALD window
between 170 and 210 °C (maximum temperature tested),
saturated linear mass uptake (~250ngcm *cycle™'), a
growth rate of ~0.3 A cycle™, and good thickness uniformity
over tens of micrometers. An oxidation/reduction mechanism
was proposed for the DHP and SnCl, system. First, SnCl,
densified on the substrate followed by an exposure of the
DHP reducing agent. The DHP underwent a desilylation
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process, removing Cl groups from the surface-bound Sn—Cl,
giving off volatile TMS-CI and forming an intermediate DHP
ring structure. The intermediate species, which is an antiaro-
matic ring structure, donates electrons to form a Sn—Sn bond
and eliminate as aromatic pyrazine.

This mechanism was tested using in situ QCM and QMS
experiments. Within the ALD window, the SnCl, appeared
to densify on the starting surface leading to a mass increase,
and saturated after 1-2 consecutive subdoses. No other
reactants or products were observed during SnCl, dosing,
confirming SnCl, adsorption and surface densification.
DHP subdoses also revealed saturated reaction conditions,
with a net mass loss being observed, indicative of Cl removal
via TMS-CI by-products. Since a net mass loss was observed
for the DHP dose, it can be assumed that the intermediate
species are removed before the subsequent SnCl, dose and
most likely eliminated as pyrazine. At temperatures below the
ALD window, desorption of excess SnCl, was slower than at
higher temperature.

The film purity of the deposited films was analyzed using
ToF-SIMS and XPS. A lower concentration of C, N, and Cl
impurities was observed for Sn films deposited at 190 °C
(Bat. % C, 4at. % N, and 2at. % Cl) compared to those at
130°C (5at. % C, 9 at. % N, and 13 at. % CI). At low temper-
ature, the higher impurity percentages are most likely due to
incomplete SnCl, desorption, which then introduces steric
hindrance effects for Cl removal by DHP. Furthermore, the
aromatic pyrazine molecule produced during the elimination
process is a weak Lewis base, which may lead to further incor-
poration into the film at lower temperatures. The oxidation/
reduction chemistry presented here may be applied to other
metal precursors and may increase the applicability of metal
ALD for a variety of purposes.
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