Room Temperature Atomic Layer Deposition of Elemental Antimony
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ABSTRACT: Atomic layer deposition (ALD) of elemental antimony was achieved on hydrogen-terminated silicon (H-Si) and
SiO2/Si substrates using Sb(SiMe3)3 and SbCls in the temperature range 23-65 °C. The mirror-like films were confirmed to be
composed of crystalline antimony by XPS (for the film deposited at 35 °C) and XRD, with low impurity levels and strong
preferential orientation of crystal growth relative to the substrate surface. To the best of our knowledge, this is the first ex-
ample of room temperature thermal ALD (with demonstrated self-limiting growth) of a pure element. Film growth at 35 °C
exhibited a substrate-enhanced mechanism, characterized by faster film growth for the first ~125 ALD cycles, where substan-
tial deposition is occurring on the original substrate surface (GPC = 1.3 A/cycle on SiO2/Si, and 1.0 A/cycle on H-Si), and
slower film growth (GPC = 0.40 A/cycle on Si0O2/Si, and 0.27 A/cycle on H-Si) after ~125 cycles, once much of the initial
substrate surface has been covered. Films deposited using 500-2000 ALD cycles were shown to be continuous by SEM. The
use of less than 250 cycles afforded discontinuous films. However, in this initial growth phase, when deposition is occurring
primarily on the original substrate surface, in-situ surface pre-treatment by Sb(SiMes)s or SbClz (50 x 0.4 or 0.8 s pulses),
followed by the use of longer precursor pulses (0.4 or 0.8 s) during the first 50 ALD cycles resulted in improved nucleation.
For example, on H-Si, a continuous 6.7 nm thick film was produced after initial pre-treatment with 50 x 0.8 s pulses of SbCls,
followed by 50 ALD cycles using 0.8 s pulses. The use of longer ALD pulses in the first 50 ALD cycles following surface pre-

treatment is likely required in order to achieve complete reactivity with an increased density of reactive surface sites.

INTRODUCTION

Atomic layer deposition (ALD) is a thin film deposition tech-
nique which relies upon self-limiting surface-based reactions
between two different precursors. These precursors are deliv-
ered sequentially to the substrate surface in the vapour phase,
with precursor pulses separated by inert gas purge steps to
preclude gas-phase reactivity. Thermal ALD utilizes stable pre-
cursor molecules (unlike plasma-enhanced ALD which utilizes
a stable precursor in combination with plasma-generated rad-
icals); from herein ALD is used to refer to thermal ALD. A pri-
mary advantage of ALD is that it can provide access to thin films
with enhanced uniformity and conformality relative to other
deposition methods, especially on high aspect-ratio substrates.
ALD methods have been reported for a range of materials,! in-
cluding pure elements. Most of element ALD research has fo-
cused on the transition metals,2-4 although ALD of main group
elements such as Al,> Sn,6 Sb7 and Te8 has also been described.
Antimony ALD was achieved using Sb(SiEts)s and SbCls; film
growth was observed at 95-250 °C, and self-limiting growth
was demonstrated at 95 °C.”

Thin films of elemental antimony have recently seen a
flurry of interest®13 in the context of phase change memory
(PCM), where data storage is achieved by switching between
crystalline and amorphous states.!4-16 The use of elemental an-
timony as a monoatomic PCM material was made possible by
confinement of a 3-10 nm thick antimony film between oxide
or nitride layers. Use of a pure element for PCM avoids prob-
lems with more complex PCM materials, such as deviations
from ideal stoichiometry, which can be introduced during film
deposition, or can occur as a result of compositional

partitioning under operating conditions. The programmable
optical nonlinearity of thin antimony films has also been inves-
tigated, demonstrating high potential for applications in nano-
photonics and optoelectronics.1?

Additionally, ultra-thin films of Sb could potentially find
application for in-situ n-doping of semiconductor materials
such as silicon. In recent years, monolayer doping (MLD) has
been developed as a method for doping of silicon or germanium
with group 15 (or group 13) elements.18-23 This method in-
volves surface functionalization with a monolayer of a dopant-
containing molecule, followed by application of a capping layer
such as SiO2 (to minimize loss of dopant atoms to the surround-
ings during the next step), rapid thermal annealing to cause dif-
fusion of the chemisorbed dopant atoms into the semiconduc-
tor material, and removal of the capping layer. MLD can enable
ultra-shallow doping, and doping of 3-D structures without
crystal damage. However, several drawbacks of MLD have been
noted, including: (a) almost all of the molecules used for mon-
olayer formation contain carbon, leading to inevitable carbon
incorporation into the semiconductor, in some cases signifi-
cantly deactivating the electrical activity of the dopant at-
oms,19.20.24 (b) dopant concentrations higher than those pro-
vided by a monolayer of dopant-containing molecules are not
readily achieved,1825 and (c) monolayer formation typically re-
quires prolonged reaction with the dopant-containing mole-
cule (liquid, or in solution) at elevated temperature.20 ALD-
fabricated ultra-thin films of group 15 elements could poten-
tially circumvent these issues, providing (via thermal anneal-
ing) access to films with high dopant concentrations and mini-
mal carbon contamination.



Herein we report thermal ALD of antimony on H-Si (hy-
drogen-terminated silicon) and SiO2/Si (Si(100) with a layer of
oxide) substrates at 23-65 °C using the precursors Sb(SiMes)3
and SbCls. This precursor combination also resulted in im-
proved nucleation on H-Si (at 35 °C), relative to the previously
reported higher temperature Sb ALD method {Sb(SiEts)3/SbCl3
at 95 °C}. Thermal ALD processes capable of operation at room
temperature are scarce, given that it requires: (a) precursors
which are volatile enough to allow room temperature delivery,
(b) precursors with sufficient reactivity to enable rapid sur-
face-based reactivity during each ALD cycle, and (c) ALD reac-
tion byproducts which are volatile enough to be efficiently re-
moved from the substrate surface. Most other materials to have
been deposited by room temperature thermal ALD are metal
oxides (e.g. Al203,2627 B203,2829 7Zn0,26 Si023031 and Ti0226),
with deposition utilizing H20 (or rarely 03)27 as the co-reactant.
To the best of our knowledge, a pure element has not previ-
ously been deposited by thermal ALD (with demonstrated self-
limiting growth) at room temperature.32-35 Room temperature
ALD processes are of particular interest as a means to enable
deposition on thermally-sensitive substrates,?” to minimize
problems with agglomeration of low-melting films (e.g. Cu),36
and to enable ALD using less complex (and less expensive) ALD
reactors. Room temperature thermal ALD methods can also be
beneficial for high-throughput roll-to-roll ALD techniques,?”
and for area-selective ALD using small molecule inhibitors,37
where inhibitor desorption and undesired reactivity can be
minimized at low temperature.

We also describe the use of in-situ surface (H-Si or
Si02/Si) pre-treatment with Sb(SiMes)s or SbCls as a method to
improve nucleation during the initial growth phase of ALD.
Deposition in ALD is highly dependent on the chemical nature
of the surface, and surface pre-treatment has previously been
reported as a means to improve nucleation, or to improve se-
lectivity in area-selective ALD (AS-ALD),37.38 either by promot-
ing or inhibiting growth on a particular material. For example,
AlMes, AlMezCl or ZnEt; pre-treatment has been used to en-
hance nucleation during Pt ALD (using MeCpPtMes with Oz or O2
plasma) on oxide surfaces such as Si02,3941 and AlMes pre-
treatment has been shown to enhance nucleation during Ru
ALD (using RuO4 and Hz) on SiO2.#2 Conversely, pre-treatment
with Me2Si(NMez)2 has been used to preferentially inhibit ALD
growth of Ru (and to a lesser extent Pt) on SiO2 while still per-
mitting growth on H-Si or MoSz,43 and dodecanethiol pre-treat-
ment has been used to inhibit ALD on copper, while allowing
ALD on SiO2 and TaN.44

RESULTS AND DISCUSSION

Trialkylchlorosilane elimination reactivity between Sb(SiMes)s
and SbCls was investigated as a means to achieve room temper-
ature thermal ALD of elemental antimony. This reactivity mir-
rors that previously reported by Pore et al. at 95-250 °C,7 but
utilizes substantially more volatile and reactive Sb(SiMe3)3 in
place of Sb(SiEts)s (the former precursor is substantially less
sterically hindered, given that it features 9 methyl groups in
place of ethyl groups). The required precursor, Sb(SiMes)3, was
prepared as a colourless, pyrophoric and light-sensitive oil in
90% yield (Scheme 1) via the reaction of 3 equiv. of Na with Sb
in 1,2-dimethoxyethane (in the presence of naphthalene as a
catalyst) to form NasSb, followed by the addition of 3 equiv. of
MesSiCl As an initial test of the feasibility of the proposed ALD
method, the solution reactivity of Sb(SiMe3)3 with SbClz was in-
vestigated. This reaction proceeded at room temperature in
CeDe, affording a black precipitate of elemental antimony (con-
firmed by PXRD), accompanied by MesSiCl as the only soluble

byproduct (confirmed by 1H, 13C and 29Si NMR spectroscopy).
The formation of R3SiCl as the solution reaction byproduct mir-
rors the observations of Pore et al. during ALD, who used in situ
quadropole mass spectrometry (QMS) to identify the byprod-
uct from the Sb(SiEt3)3/SbCl3 ALD process as Et3SiCl.”

SiMe3
3 Na 3 Me3SiCl Sb.
Sb Naz;Sb 7N
DME, 100 °C DME, 100 °C Me3Si SiMes
cat. Naphthalene — 3 NaCl

18.5g, 90% yield

Scheme 1. Synthesis of Sb(SiMes)s. DME= 1,2-dimethoxye-
thane.

To enable accurate temperature control, initial ALD experi-
ments were carried out utilizing Sb(SiMes)s and SbClz bubbler
temperatures of 30 °C, and a substrate temperature of 35 °C.
Substrates were hydrogen-terminated silicon (H-Si) and
Si(100) with 100 nm of thermal oxide (SiOz/Si). After 2000 ALD
cycles using 0.1 s pulses, mirror-like films were obtained on
both substrates, which were confirmed to be composed of ele-
mental antimony by XPS and XRD. After sputtering to remove
surface contaminants and antimony oxides, XPS revealed ele-
mental antimony with low impurity levels (Figure 1). All peaks
in the X-ray diffractograms (Figure 2) can be indexed to rhom-
bohedral Sb (R-3m) with strong preferential orientation (i.e.
crystallographic texture) apparent through the loss of some ex-
pected peaks and deviation of observed peaks from their ideal
relative intensities. The resistivity of an Sb film grown on un-
doped SiO2/Si using 3000 ALD cycles was 93 uQ-cm (deter-
mined by 4-point probe), which is approximately double the lit-
erature value for bulk antimony (41.5 pQ-cm),*> and is compa-
rable with the values (60-100 pnQ-cm) reported by Pore et al.
for Sb films deposited using Sb(SiEt3)3/SbClz at 95-200 °C.”
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Figure 1. XPS depth analysis of Sb films grown on (a) H-Si and
(b) Si02/Si at 35 °C using 2000 cycles and 0.1 second pulse
times.
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Figure 2. X-ray diffractograms of Sb films grown on (a) H-Si
and (b) SiOz/Si at 35 °C using 2000 cycles and 0.1 second pulse
times.
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Figure 3. (a) Dependence of film thickness and GPC on
Sb(SiMes)s3 and/or SbCls pulse times for Sb deposition on H-Si
(circles) and SiOz/Si (squares). All experiments employed 1000
cycles and a deposition temperature of 35 °C. Red data points
indicate experiments in which the pulse time (on the x-axis) ap-
plies to both Sb(SiMes)s and SbCls. Gray or black coloured data
points indicate experiments in which the pulse time (on the x-
axis) applies only to Sb(SiMes3)3 or SbCls, respectively (the pulse
time of the other reactant was fixed at 0.1 s). (b) Dependence
of film thickness on the number of cycles for Sb ALD on H-Si
(circles) and SiO2/Si (squares) substrates at 35 °C. Reactant
pulse times were kept constant at 0.1 s. The inset shows an ex-
panded view of the of the region from 0 to 250 cycles. In both
(a) and (b), film thickness values are an average of 3 VASE
measurements at different points on the surface of the wafer,
and vertical bars depict the range of measured values (vertical

bars are only shown if they extend more than 1 nm from the
average value).

The conditions for self-limiting growth at 35 °C on SiO2/Si and
H-Si were assessed by varying the pulse lengths of both
Sb(SiMes)s and SbCls from 0.03 to 1.0 s (Figure 3a; 1000 cycles;
variable angle spectroscopic ellipsometry (VASE) was used to
determine film thickness). On SiO2/Si, the growth rate re-
mained constant at 0.48 A/cycle using pulse times of at least
0.03 s and 0.05 s for Sb(SiMes)s and SbCls, respectively. On H-
Si a growth rate of 0.36 A/cycle was obtained utilizing
Sb(SiMes)s and SbCls pulses of atleast 0.05 s. Sb deposition was
also carried out with the bubblers and substrate at room tem-
perature (23 °C), and self-limiting growth was verified through
the observation of the same film thickness using precursor
pulses of 0.1, 0.4 and 1.0 s, affording after 1000 cycles a GPC of
0.45 A/cycle on Si0z and 0.37 A/cycle on H-Si.

Film thickness varied linearly when the number of depo-
sition cycles was varied from 125 to 2000 at 35 °C; Figure 3b.
The y-axis intercept in this graph is greater than zero, indica-
tive of a substrate-enhanced growth mechanism#6-52 in which a
higher GPC is achieved during the initial growth phase (when
substantial deposition is occurring on the SiO2/Si or H-Si sub-
strate surface, rather than the growing Sb film); experiments
with 50-125 cycles afforded a GPC of 1.3 A/cycle on Si02/Si,
and 1.0 A/cycle on H-Si (cf. 0.40 A/cycle on Si02/Si, and 0.27
A/cycle on H-Si for the region from 250-2000 cycles after the
original substrate surface has been covered>53-56). For films de-
posited using 500-2000 ALD cycles, continuous films were ob-
served by SEM (films deposited on H-Si are shown in Figures 4
and S7; SEMs of films deposited on SiO2/Si are provided in Fig-
ure S8). However, films deposited using 1000 or 2000 cycles on
H-Si had increased surface roughness due to the formation of
grains (100-300 nm in diameter) on the surface of the underly-
ing antimony film; analogous behaviour was reported for Sb
ALD at 95 °C using Sb(SiEt3)3/SbCls.* With 125 or 250 cycles,
films composed of individual grains or grains in the process of
coalescence, respectively, were observed.
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Figure 4. FESEM images of films grown on H-Si at 35 °C using
(a) 125, (b) 250, (c) 500 and (d) 1000 ALD cycles. Film thick-
nesses are average values determined by VASE.

Deposition experiments were performed at temperatures
ranging from 23 to 150 °C to determine the ALD window of the
Sb(SiMes)s/SbCl3 process on SiOz2/Si and H-Si (Figure 5; 1000
cycles, 0.4 s precursor pulses). Film growth was observed at all
temperatures with the highest GPC occurring at 65 °C (0.39



A/cycle) on H-Si and 95 °C (0.53 A/cycle) on Si02/Si. All films
were shown to be composed of elemental Sb by XRD (Figures
S11 and S14), as well as XPS for the film deposited on SiO2z/Si
at 95 °C (Figure S16). However, films deposited above 95 °C on
either substrate exhibited a decrease in the extent of crystallo-
graphic orientation relative to the substrate surface. On both
substrates, ALD growth was found to occur up to 65 °C, as de-
termined by an independence of growth rate on precursor
pulse times (Figures S12 and S15) and the formation of reflec-
tive silver-coloured films (Figure S10) with uniform thickness
by VASE. By contrast, films deposited at 95, 125 and 150 °C (us-
ing 0.4 s pulse times) appeared visibly non-uniform (Figure
$10), and VASE indicated substantial variations in film thick-
ness at different points on the wafer. These observations are
inconsistent with ALD growth at 95-150 °C, and SEM also re-
vealed a change in morphology, from smooth continuous films,
to discontinuous grains (Figure S13).57

Consequently, the Sb(SiMes)3/SbCls ALD process is com-
plementary to the previously reported Sb(SiEt3)3/SbClz ALD
process, in that the former enables low temperature (room
temperature to 65 °C) deposition, whereas the latter operates
at temperatures of 95°C and above. It is also notable that the
low-temperature Sb(SiMes)3/SbCls ALD process (0.1s pulses)
resulted in more effective nucleation on H-Si than ALD at 95 °C
using Sb(SiEts)s/SbCls (2.0 s pulses; Figures S24-25). This
could perhaps be due to improved physisorption at low tem-
perature, or the greater reactivity and reduced steric bulk of
Sb(SiMes)s versus Sb(SiEts)s.
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Figure 5. Dependence of film thickness and GPC on Sb deposi-
tion temperature on H-Si (circles) and SiOz/Si (squares). All
films were deposited using 1000 cycles and 0.4 second reactant
pulse times. Film thickness values are an average of 3 VASE
measurements at different points on the surface of the wafer,
and vertical bars depict the range of measured values (vertical
bars are only shown if they extend more than 1 nm from the
average value).

As illustrated in Figures 6a and S7-8, films deposited at 35 °C
using <250 ALD cycles were composed of isolated grains. How-
ever, we wondered whether in-situ pre-treatment of the H-Si
or Si02z/Si surface with Sb(SiMe3)s or SbCl3 might generate ad-
ditional nucleation sites leading to more continuous film
growth at low cycle numbers. Consequently, the surface was
treated with 50 x 0.1-0.8 s pulses of Sb(SiMe3)3 or SbCl3 prior
to carrying out 50 ALD cycles (Figures S17-20; the reactor was
placed under vacuum for 2-5 minutes between pre-treatment
and ALD; use of an additional 20 minute argon purge between
pre-treatment and the start of ALD afforded nearly identical

film thicknesses;58 no film deposition was observed by VASE af-
ter surface pre-treatment alone). In these experiments, signifi-
cantly more continuous films were obtained using 50 x 0.4 s
pulses of Sb(SiMes)s or SbCls as the pre-treatment, and 0.4 s
pulses during ALD (b and d in Figure 6). Additionally, films of
the same thickness, but with further improved surface cover-
age, were obtained using 50 x 0.8 s pulses of Sb(SiMes)3 or
SbCls as the pre-treatment, and 0.8 s pulses during ALD (c and
e in Figure 6). For example, on H-Si, a continuous 6.7 nm thick
film was produced after initial pre-treatment with 50 x 0.8 s
pulses of SbCls, followed by 50 ALD cycles using 0.8 s pulses.

50 ALD cycles without pre-treatment

50 ALD cycles with
Sb(SiMes); pre-treatment
L

50 ALD cycles with
SbCl; pre-treatment
L
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— 500 nm—

Figure 6. FESEM images of films grown on H-Si at 35 °C with or
without 50 pulses of Sb(SiMes)s or SbCls prior to carrying out
50 ALD cycles: (a) 50 ALD cycles (0.1 s pulses) without any pre-
treatment, (b) pre-treatment with Sb(SiMes)s (50 x 0.4 s
pulses), followed by 50 ALD cycles (using 0.4 s pulses), (c) pre-
treatment with Sb(SiMes)s (50 x 0.8 s pulses), followed by 50
ALD cycles (using 0.8 s pulses), (d) pre-treatment with SbCls
(50 x 0.4 s pulses), followed by 50 ALD cycles (using 0.4 s
pulses), and (e) pre-treatment with SbCls (50 x 0.8 s pulses),
followed by 50 ALD cycles (using 0.8 s pulses). Film thicknesses
are average values determined by VASE.

The use of longer ALD pulses in the first 50 ALD cycles after
surface pre-treatment is likely required in order to achieve
complete reactivity with an increased density of reactive sur-
face sites. The effect of surface pre-treatment and longer ALD
pulses during the first 50 cycles was probed by carrying out
depositions (at 35 °C) utilizing 50 x 0.4 s pulses of Sb(SiMe3)3
or SbCls for pre-treatment, followed by between 50 and 2000
ALD cycles, where the first 50 cycles utilized 0.4 s precursor
pulses, and any remaining cycles utilized 0.1 s precursor
pulses. Plots of film thickness versus cycle number are pro-
vided in Figure 7 for deposition on H-Si, and Figure S22 for dep-
osition on SiO2/Si. These plots indicate that during the initial
ALD growth phase (the first ~125 cycles) surface pre-



treatment results in a further increased GPC, but after this
point, the GPC matches that for depositions carried out without
the use of surface pre-treatment. However, it is interesting to
note that films deposited using surface pre-treatment prior to
ALD (35 °C; 2000 cycles) exhibited a change in crystallographic
texture (for X-ray diffractograms, see Figures 8 and S21). The
resistivities of films obtained using initial SbCls or Sb(SiMes)s
pre-treatment (35 °C; undoped SiO2/Si substrates; 2000 ALD
cycles) were 91 uQ-cm and 98 pQ-cm, respectively (cf. 93
uQ-cm for the film deposited without pre-treatment).
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Figure 7. Film thickness versus the number of ALD cycles for
35 °C deposition on H-Si using: (i; black) standard ALD param-
eters (no pre-treatment, all cycles using 0.1 s pulses), (ii; red)
ALD with Sb(SiMes)s pre-treatment (surface pre-treatment
with 50 x 0.4 s pulses of Sb(SiMe3)s3, followed by 50 ALD cycles
using 0.4 s pulses, and all remaining ALD cycles using 0.1 s
pulses), or (iii; blue) ALD with SbCls pre-treatment (surface
pre-treatment with 50 x 0.4 s pulses of SbCl3, followed by 50
ALD cycles using 0.4 s pulses, and all remaining ALD cycles us-
ing 0.1 s pulses).
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Figure 8. X-ray diffractograms of Sb films grown on H-Si (35
°C; 2000 cycles) using (a) the standard ALD method (no pre-
treatment, all 0.1 s precursor pulses), (b) ALD with Sb(SiMes)3
pre-treatment (surface pre-treatment with 50 x 0.4 s pulses of
Sb(SiMes)s, followed by 50 ALD cycles using 0.4 s pulses, and
then 1950 cycles using 0.1 s pulses), or (c) ALD with SbCls pre-
treatment (surface pre-treatment with 50 x 0.4 s pulses of

SbCls, followed by 50 ALD cycles using 0.4 s pulses, and then
1950 cycles using 0.1 s pulses).

SUMMARY AND CONCLUSIONS

Room temperature thermal ALD of elemental antimony was
achieved using Sb(SiMes)s and SbCls. This was made possible
by (a) the high volatility of both precursors, which enables
room temperature delivery (using a reactor pressure of ~1.0
Torr), (b) the high reactivity of this precursor combination,
which facilitates rapid surface-based reactivity within each
ALD cycle, and (c) the volatility of the MesSiCl reaction byprod-
uct, which enables efficient byproduct removal from the sur-
face of the growing film, even at room temperature.

Antimony ALD had previously been reported in the 95-
250 °Crange (with self-limiting growth demonstrated at 95 °C)
using SbClz in combination with Sb(SiEts)3,” which is less vola-
tile and less reactive than Sb(SiMes)s. The Sb(SiMe3)s/SbCls
ALD process provided uniform films of crystalline antimony on
H-Si or Si0z/Siin the temperature range of 23-65 °C. On SiO2/Si
substrates, ALD using Sb(SiMes)3/SbCls at 35 °C afforded films
with a similar morphology and thickness to those deposited us-
ing Sb(SiEts)3/SbCls at 95 °C. By contrast, on hydrogen termi-
nated silicon (H-Si), improved nucleation was achieved using
the former low-temperature process.

Film growth using Sb(SiMes)3/SbCls at 35 °C proceeded
via a substrate-enhanced growth mechanism#6-48 in which a
higher GPC is achieved during the initial growth phase (when
substantial deposition is occurring on the SiO2/Si or H-Si sub-
strate surface, rather than the growing Sb film). The use of 250
ALD cycles, or less, afforded films composed of isolated grains.
However, in this initial growth stage, in-situ surface pre-treat-
ment by Sb(SiMes3)s or SbClz (50 x 0.4 or 0.8 s pulses) combined
with the use of longer precursor pulses (0.4 or 0.8 s) during the
first 50 ALD cycles resulted in improved nucleation. For exam-
ple, on H-Si, a continuous 6.7 nm thick film was produced after
initial pre-treatment with 50 x 0.8 s pulses of SbCls, followed by
50 ALD cycles using 0.8 s pulses. The use of longer ALD pulses
in the first 50 ALD cycles after surface pre-treatment is likely
required in order to achieve complete reactivity with an in-
creased density of reactive surface sites.

ALD processes capable of operating at room temperature
are scarce, and to the best of our knowledge, a pure element
has not previously been deposited by thermal ALD (with
demonstrated self-limiting growth) at room temperature.
Room temperature ALD processes are of particular interest as
a means to enable deposition on thermally-sensitive sub-
strates,?’ to minimize problems with agglomeration of low-
melting films (e.g. Cu),3¢ and to enable ALD using less complex
(and less expensive) ALD reactors. Room temperature thermal
ALD methods can also be beneficial for high-throughput roll-
to-roll ALD techniques,?” and for area-selective ALD using
small molecule inhibitors,37 where inhibitor desorption and
undesired reactivity can be minimized at low temperature.

Thin (<10 nm) ALD-grown antimony films may find ap-
plications in monoatomic phase change memory, nanophoton-
ics, optoelectronics, or for the preparation of antimony-doped
silicon or germanium.

EXPERIMENTAL SECTION

General Details: An argon-filled Innovative Technology Pure-
Lab HE glovebox equipped with a —=30 °C freezer was employed
for the manipulation and storage of all oxygen- and moisture-
sensitive compounds. Air-sensitive syntheses were performed



on a double-manifold high-vacuum line (with mercury bub-
blers) equipped with an Edwards R12 vacuum pump using
standard techniques. The vacuum was measured periodically
using a Kurt ]. Lesker 275i convection enhanced Pirani gauge.
Commonly utilized specialty glassware included thick-walled
flasks equipped with Teflon taps leading to a 24/40 glass joint
(bombs), or ]. Young or Wilmad LPV NMR tubes. Centrifugation
was performed using a Fisher Scientific model 228 centrifuge
[using Kimble 15 mL glass centrifuge tubes (21020-684) and
Wheaton PTFE-lined phenolic caps (240463)] located within
the glovebox. Argon cylinders (Linde) of 99.998% and
99.999% purity were used for the ALD reactor and vacuum
lines, respectively. Argon supplied to the vacuum lines was pu-
rified to below 0.1 ppm of Oz and 0.5 ppm H20 using an
Oxisorb-W scrubber from Matheson Gas Products. Argon sup-
plied to the ALD reactor was purified to below 100 ppt of 02
and H20 using an SAES MC450-902F purifier.

1,2-Dimethoxyethane (DME) was purchased from Sigma-
Aldrich, hexanes was purchased from Caledon, and deuterated
benzene was purchased from Cambridge Isotope Laboratories.
All solvents were initially dried over an appropriate drying
agent (DME = 4 A mol. sieves followed by Na/Ph2CO; hexanes =
Na/Ph2CO/tetraglyme; CsDs = Na/Ph2C0), and then distilled.
Antimony powder, sodium, naphthalene, MesSiCl, and SbCls
were purchased from Sigma-Aldrich and stored under argon.
All reagents were used without further purification. 48% HF
(used to prepare 2% HF solutions), 30% H202, and conc. H2S04
were purchased from Sigma-Aldrich. Ultrapure water (UPW)
was produced using a Milli-Q Direct Water Purification System.
Plasma cleaning was carried out using a Basic Plasma Cleaner
(PDC-32G) from Harrick Plasma connected to a 3.6 cfm Ed-
wards nXDS6i scroll pump. A leak valve (to air) was used to set
the pressure in the plasma cleaner to 600-650 mTorr during
plasma cleaning (RF coil set to 18 W).

Solution NMR spectroscopy was performed on a Bruker
AV-600 spectrometer at 298 K. All 1H and 13C NMR spectra
were referenced relative to SiMes through the resonance of the
protio impurity in CéDs (for 1H NMR; 7.16 ppm) or the reso-
nance of Ce¢De (for 13C NMR; 128.06 ppm). 29Si NMR spectra
were indirectly referenced by conversion of the spectral fre-
quency of the 'H NMR spectrum using the frequency ratio of 1H
and 29Si, as described by Harris et al.59
Tris(trimethylsilyl)antimony: Sb(SiMes)s was prepared us-
ing a modification of the previously reported syntheses,60.61
based on the syntheses of Sb(SiEt3)37 and Sb(Si’Prs3)362 (note: all
work conducted outside of a glove box was carried out in a
fume hood): In a thick-walled 500 mL bomb, a mixture of Sb
powder (7.35 g; 0.060 mol), thin ribbons of Na (4.18 g; 0.182
mol) and naphthalene (300 mg; 2.34 mmol) in DME (200 mL)
was stirred at 100 °C for 2 days to afford a black-coloured
slurry of NasSb. After cooling to room temperature, trime-
thylchlorosilane (27 mL; 0.213 mol) was added dropwise with
vigorous stirring over 30 minutes. The mixture then heated at
100 °C for 3 days. The volume of the black slurry was halved in
vacuo, before the mixture was brought into a glovebox and cen-
trifuged. The solid residue was washed with 30 mL of hexanes,
followed by centrifugation. The combined mother liquors were
transferred to a 250 mL bomb, attached to a vacuum line, and
cooled to 0 °C. Remaining solvent was slowly distilled from the
solution (through the vacuum line) into a receiving bomb
cooled to -78 °C under static vacuum. This afforded Sb(SiMe3)s
as apaleyellow o0il (18.5 g, 0.054 mol, 90%), which was brought
into a glovebox and stored at -30 °C as a solid. Sb(SiMe3)s is
light sensitive and seemingly reactive towards polypropylene
centrifuge tubes (presumably due to reaction with additives).

Therefore, glass centrifuge tubes should be used, and
Sb(SiMes)s should be stored in the dark. 1H NMR (CeDs): 6 =
0.43 ppm (s); 13C{1H} NMR: 3 = 5.03 ppm; 29Si NMR: 6 = -8.68
ppm. Caution: Sb(SiMes)s is pyrophoric and the toxicity of this
compound (and intermediates involved in the synthesis) is un-
known. This synthesis should only be attempted in a well-venti-
lated fume hood by trained chemists with appropriate infrastruc-
ture and experience in the preparation and handling of highly
air-sensitive chemicals.

ALD Experiments: All ALD experiments were conducted in a
home-built ALD reactor. The reactor consists of a reaction
chamber (a 4.5” conflat cube) housed within an oven. This re-
action chamber contains a flange-mounted 1-inch heated sub-
strate stage (Heatwave labs) which can be heated inde-
pendently to a temperature equal to or above the temperature
of the surrounding oven. The reaction chamber is connected to
an Edwards R12 vacuum pump (located within a fume hood)
via a heated foreline (a section is heated to ~300 °C, but most
of the foreline is at 100-150 °C) with several manual bellows
valves, and a 4 A molecular sieve trap (MDC vacuum products)
to prevent oil backstreaming from the pump. The foreline also
connects to a Convection Enhanced Pirani Vacuum Gauge (not
connected during ALD). Four separate precursor lines attach to
the top of the reaction chamber. One line can be used for room
temperature precursor delivery. One can be used for gaseous
precursor delivery. Two lines lead to heated bubblers of a flow-
through design (but with a dip tube short enough to avoid con-
tact with the precursor upon initial loading of the bubbler; see
Figure S29); one heated bubbler is housed within the same
oven that contains the reaction chamber, while the second is
housed in an adjacent oven (connected to the oven that con-
tains the reaction chamber via a short section of tubing which
can be independently heated). Purified argon is supplied to
each of the four precursor lines via a mass flow controller and
pneumatically actuated diaphragm valve. For all ALD experi-
ments, argon flows of 50 sccm were used on the two unused
lines, and flows of 200 sscm were used on the two in-use lines,
resulting in a reactor pressure of ~1.0 Torr during ALD.

The SbCls and Sb(SiMes)s bubblersé3 were maintained at
30 °C in all experiments except for room temperature deposi-
tion experiments in which all heaters were turned off. Sub-
strate temperatures ranged from room temperature (~23 °C)
to 150 °C. For all depositions in this work, the purge time fol-
lowing each precursor pulse was 30 s (the ALD reactor used in
this work requires longer pulses than most commercial ALD re-
actors due to the significantly larger reaction chamber vol-
ume). Note: the GPC for the Sb(SiMes)3/SbCl3 ALD process (at
35 °C) shows significant dependence on purge duration, as
shown in Figure S23. This is presumably due to some desorp-
tion of weakly adsorbed precursor during the purge step, and
analogous behaviour was previously observed, by in-situ QCM,
for Sb ALD using Sb(SiEt3)3/SbClz at 98 °C.7” Analogous behav-
iour was also observed during SbzTes ALD using
Te(SiEts)2/SbCl3.6465

ALD Substrates: All ALD experiments used double side pol-
ished Si(100) wafers with a layer (100 or 2 nm) of oxide, or
freshly prepared hydrogen-terminated Si(100) substrates.
Si(100) substrates with a layer of oxide (Si0z/Si) were plasma
cleaned (air plasma) for 10 minutes immediately prior to being
loaded into the ALD reactor and placed under vacuum. Hydro-
gen-terminated Si(100) (H-Si) substrates were prepared using
the following procedure: 1 cm x 1 cm sections of a Si(100) wa-
fer with a <5 nm of native oxide were placed in beaker contain-
ing 85 °C piranha (3:1 H202/H2S04) for 10 minutes, followed by



a quick rinse under a stream of UPW. The wafer was then
placed in a PTFE beaker containing 2% HF@q for 1-2
minutes,%6-68 rinsed in a stream of UPW, and dried under a
rapid flow of nitrogen or argon. The wafer was then quickly
(within 2 or 3 minutes) loaded into the ALD reactor and placed
under vacuum.

Solid-State Characterization: Powder and thin film X-ray dif-
fraction (XRD) was carried out using a Bruker D8 Discover dif-
fractometer equipped with a Vantec 500 area detector and a
focused Cu source with Ko radiation (A = 1.5418 A) operated at
40 kV and 40 mA. Thin films were measured using a 26 scan
with @ rotation and a fixed 0 angle of 5° (6 frames with expo-
sure times of 300 seconds per frame) to produce a continuous
20 range of 10-130°. Powders were measured using a coupled
6-26 scan with @ rotation (6 frames with exposure times of 300
seconds per frame) to produce a continuous 26 range of 10-
130°. A reference Sb diffractogram was produced using Mer-
cury software with data retrieved from the Inorganic Crystal
Structure Database (ICSD collection code 64695). Experi-
mental diffractograms were generated and analyzed using
GADDS, Diffrac.EVA, and Topas.

Average film thicknesses were determined by variable
angle spectroscopic ellipsometry (VASE) using a ]J. A. Woolam
M-2000 spectroscopic ellipsometer. Measurements were taken
from 55° to 75° at 5° increments with an acquisition time of 10
seconds. Experimental data were modeled using the Com-
pleteEase software provided with the spectrometer. For films
deposited on SiO2/Si, the model used to fit the experimental
data consisted of a Si substrate with a SiOz layer of fixed thick-
ness (thickness determined by VASE analysis of the bare sub-
strates) followed by a B-Spline model with starting material pa-
rameters set to Sb. Films deposited on H-Si were treated anal-
ogously, but without the SiO2 layer in the model. Models uti-
lized data obtained in the angle and wavelength ranges 65-70°
and 300-900 nm. In all cases, VASE measurements were carried
out at 3 points on the wafer, and quoted thickness values are
an average of all three measurements (where film thickness
data is represented graphically, vertical lines indicate the range
of the 3 obtained values; only shown if the range extends >
1 nm from the average value). Average thickness values from
VASE were periodically confirmed by AFM step analysis (im-
mediately before placing inside the reaction chamber, a strip of
1/8” wide Kapton tape was neatly stuck to one side of the sub-
strate; after deposition, the tape was peeled off to reveal the
bare substrate, which was cleaned with isopropanol and hex-
anes to remove any tape residue) and/or cross-sectional SEM.

In addition to XRD, film composition was analyzed by
X-ray photoelectron spectroscopy (XPS) using a Thermofisher
Scientific Escalab 250Xi (monochromatic Al-Ka source) with a
nominal spot size of 900 um. Sputtering depth profiles were
obtained using 2000 eV monoatomic Ar+ ion bombardment at
a high current density with a 90 sec cycle time rastered over an
area of 4.5 mm by 4.5 mm. Electron micrographs were obtained
using a FEI Magellan 400 and analyzed using Image]. All thick-
ness values depicted on the top right corner of FESEM images
were obtained from VASE. Atomic force micrographs were ob-
tained using a Bruker Dimension Icon AFM and analyzed using
Nanoscope Analysis software. Surface resistivity of selected
films (those deposited on undoped Si(100) wafers with 2 nm of
oxide) were measured using a Jandel cylindrical four-point-
probe (CYL-1.0-45-TC-250-8; 1 mm tip spacing; tungsten car-
bide tips with 0.25mm tip radius) and Jandel HM20 4PP test
meter.
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