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Tin monoxide (SnO) is a promising oxide semiconductor which is appealing for a wide range of appli-
cations from channel materials in p-type field effect transistors (FET) to electrode materials searched for
next-generation batteries. For the controlled growth of SnO films at low temperatures, atomic layer depo-
sition (ALD) is employed in this study, where the choice of the precursor plays a significant role. A com-
parative thermal evaluation of four different amidinate-based tin(i) precursors and the influence of the
ligand sphere on their physicochemical properties revealed that bis(N,N’'-diisopropylformamidinato tin(i)
(1) possesses the required volatility, good thermal stability and sufficient reactivity towards water, to be
implemented as the ALD precursor. The water-assisted ALD process resulted in crystalline SnO films on Si
substrates with a growth per cycle (GPC) of 0.82 A at temperatures as low as 140 °C. By employing comp-
lementary analytical tools, namely, X-ray diffraction (XRD), atomic force microscopy (AFM), X-ray reflectiv-
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ity (XRR), Rutherford backscattering spectrometry/nuclear reaction analysis (RBS/NRA) and X-ray photo-
electron spectroscopy (XPS), the formation of tin monoxide was confirmed. Finally, the optical properties
of the as-deposited films were analyzed via UV-Vis spectroscopy, exhibiting a band gap of 2.74 eV, which
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Introduction

Tin oxides mainly occur in two different phases, as tin dioxide
(Sn0,) and as metastable tin monoxide (SnO), both combining
properties like high optical transparency in the visible range of
the electromagnetic spectrum’ and a low electrical resistance.
In the stable oxidation state +1v, SnO, exhibits n-type semicon-
ductivity with a band gap of 3.6 eV.> This compound is well
established, e.g., in material composites like indium tin oxide
(ITO) or fluorine doped tin oxide (FTO) as a transparent con-
ductive oxide (TCO). In the oxidation state +i, SnO is an intrin-
sic p-type semiconductor with an optical band gap of 2.7-3.4
eV (ref. 3-5) and an indirect band gap of 0.7 eV.*® Particularly,
the p-type semiconductivity of SnO is drawing great interest
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further confirms the formation of the targeted SnO phase.

towards this material, since comparably a few p-type semicon-
ducting materials” exhibiting optical transparency and
mechanical flexibility® are known and accessible in the form of
thin films. Herein, SnO is one of the materials likely to meet
the demand for p-type TCO thin films for applications such as
photovoltaics, thermoelectric modules® and thin film transis-
tors (TFTs).'® In TFTs, particularly p-type materials show sig-
nificant advantages over their n-type counterparts for appli-
cations such as light-emitting diodes (LEDs)."* Further fre-
quently reported applications of SnO thin films include gas
sensing devices'” for a variety of reactive gases such as CO,
CO,, NO,, NH3, SO,, H,S, Cl,, H, or CH,. Hence, reliable pro-
cesses for the deposition of SnO thin films are of high interest
for material scientists and engineers.

Fabrication of single-phase thin films of SnO has proven to
be a rather challenging goal for a long time, due to its narrow
phase stability and sensitivity towards oxidation to SnO, at
higher temperatures,’® or upon exposure to oxidative atmo-
sphere. Most used deposition techniques for SnO include
physical vapor deposition (PVD) techniques such as thermal
evaporation'" and sputtering."®> However, some of these tech-
niques are limited for thin film depositions on structurally
demanding substrates. Chemical vapor deposition (CVD) is
another option, but higher deposition temperatures are

This journal is © The Royal Society of Chemistry 2022
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needed that precludes the use of sensitive substrates.'* Atomic
layer deposition (ALD) as an advanced technology for highly
controlled thin film deposition can adequately address this
issue, featuring full surface coverage, and thickness control to
an extent of atomic-scale and low temperature deposition."”™°
Particularly, water-based ALD processes, featuring comparably
mild conditions in contrast to e.g., ozone or plasma assisted
ALD, and thus targeting the oxidation sensitivity of SnO, are
relevant for future developments and applications.

To date, only a few water-based ALD processes for the depo-
sition of SnO have been reported. Tupala et al. reported a
water based ALD process with comparably easily synthesized
bis[bis(trimethylsilyl)amino] tin(u) ([Sn(tmsa),]); this process
yielded SnO films with a GPC value ranging from 0.05 to
0.18 A.2° Bis(1-dimethylamino-2-methyl-2-propoxy) tin(i)
([Sn(dmamp),]) was successfully utilized for the growth of
p-type SnO films with GPC values ranging between 0.08 and
0.61 A (ref. 21) depending on the deposition temperature, and
later used for the fabrication of TFTs.>? In 2019, Kim et al.
reported a process for phase-controlled growth of SnO, and
SnO films employing bis(N-ethoxy-2,2-dimethyl propanamido)
tin(u) ([Sn(edpa),]) as the precursor, resulting in a GPC
value of 0.26 A for amorphous SnO films with H,O as the
coreactant.”®  Bis(dimethylamino-2-methyl-2-butoxy)  tin(u)
([Sn(dmamb),]) was recently used for the fabrication of
p-channel TFTs in an ALD water process.>* The principle of co-
reactant driven phase controlled growth of SnO, and SnO was
reported in 2018 by Lee et al., with a GPC value of about 0.5 A,
using  bis(N-ethoxy-2,2-dimethyl ~ propanamido)  tin(m).>®
Recently, Mameli et al. reported a high-throughput spatial ALD
process for SnO using tin(u) bis(tert-amyloxide) ([Sn(TAA),))
and water with GPC values of 0.09 A to 0.55 A.%®

It is thus apparent that the choice of the precursor is crucial
for the successful process development and process character-
istics of SnO films. Rational design of the precursor ligand
sphere can significantly tune physicochemical parameters like
reactivity, volatilization temperature (T,,;) and aggregation state
and can be tailored towards the desired properties for the
respective processes. Furthermore, precursor handling, consid-
ering toxicity or pyrophoricity, thermal stability, and shelf-life
can be improved by sophisticated precursor design. Synthesis,
characterization, and ALD process development of different
acetamidinate and formamidinate complexes as precursors
have been previously reported.>’° The employed ligand
systems feature an all-nitrogen coordinating ligand sphere and
show suitable balance between reactivity and stability to func-
tion as ALD precursors with mildly oxidizing co-reactants like
H,0. By structural manipulation of the N-side chains and
ligand backbone the physicochemical properties of these
ligands can be tuned towards the desired characteristics.
Recently, the synthesis and thermal characterization of structu-
rally related Sn(u) triazenide with comparable volatilization be-
havior have been reported, however the applicability of the ALD
process using this precursor was not demonstrated.*

Kim et al previously reported the synthesis and
evaluation of formamidinate- and acetamidinate-based tin(i)
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precursors, namely bis(diisopropylformamidinato) tin(u)*®
([Sn(‘Pr,fAMD),] 1) and bis(diisopropylacetamidinato) tin(i)*’
([Sn(’Pr,AMD),] 3), and the successful deposition of SnS
employing these precursors with H,S as the co-reactant. Here
the thermal properties and evaporation behavior of com-
pounds 1 and 3 were compared to those of another precursor,
N,N'-di-tert-butyl-2,3-diamidobutane tin(u). Motivated by this
study, we were interested in incremental structural variations
of the ligand N-side chain and their respective impact on
thermal and physicochemical properties. Taking the reported
SnS ALD process into account, these precursors are likely to be
suitable for co-reactant conversion to the lower sulfur homol-
ogue oxygen in a water based thermal ALD process for the
deposition of SnO, where we were interested in deposition
temperature (Tqep) driven phase control of the deposited thin
film.

Herein, we report a comparative study on four different ami-
dinate-based precursors of tin(u), namely previously reported bis
(diisopropylformamidinato) tin(u) ([Sn(‘Pr,fAMD),], 1) and bis
(diisopropylacetamidinato) tin(n) ([Sn(*Pr,AMD),], 3) in compari-
son with the newly synthesized bis(di-tert-butyl-formamidinato)
tin(n) ([Sn(‘Bu,fAMD),], 2), and bis(ethyl-tert-butyl-acetamidi-
nato) tin(u) ([Sn(Et'BuAMD),], 4). These four compounds were
chosen to evaluate the influence of small but distinct changes
in the precursor ligand sphere on the precursor properties such
as thermal stability, reactivity, and volatility. Motivated by the
comparative thermal studies previously reported,”®*** our goal
was to gain a deeper insight into the influence of extended
rational manipulation of the precursor ligand sphere, namely
structural variation of the N-side chain. As compound 4 has the
same molecular mass as that of 3 with structural variation
towards asymmetric N-side chains, the impact of only structural
variations on the aggregation state and general thermal behavior
could be investigated. In the case of the formamidinate ligand
system, the influence of a bulkier N-side chain substitution
pattern in the form of tert-butyl was characterized.

The synthesized compounds were analyzed by means of 'H
and "’C nuclear magnetic resonance spectroscopy (NMR),
elemental analysis (EA), infrared spectroscopy (IR), and elec-
tron impact mass spectrometry (EI-MS). In addition, the solid-
state structure was determined by means of single crystal X-ray
diffraction (SCXRD).

Employing 1 as a precursor, we developed a new water-
based ALD process for the deposition of SnO thin films and
the temperature driven phase control of the deposition
product. The growth characteristics and film properties are
compared to the growth and crystallographic and compo-
sitional characteristics of the previously reported ALD-grown
SnS (employing H,S and 1) and SnO films.

Results and discussion

Most common synthesis procedures for metalorganic tin com-
plexes comprise ligand exchange reactions® or salt-metathesis
reactions employing organolithium or Grignard reagents.**
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For the synthesis of 1-4, the straightforward salt-metathesis
route via lithiation of the amidine ligands reported by Kim
et al>’?® was adapted with minor modifications. Bis(di-tert-
butyl-formamidinato) tin(u) ([Sn(‘Bu,fAMD),], 2) and bis(ethyl-
tert-butyl-acetamidinato) tin(i) ([Sn(Et'BUAMD),], 4) were syn-
thesized alongside compounds 1 and 3 and thoroughly charac-
terized (Scheme 1).

The products were purified via distillation (2) and sublima-
tion (4) in yields ranging around 70%. The spectroscopic
purity was verified employing nuclear NMR spectroscopy. The
corresponding 'H and '*C NMR spectra are provided in the
ESI (Fig. S1 and S2).}

Structural analysis

The solid-state structure of 4 (Fig. 1) was derived from SCXRD
analysis of crystals directly obtained after workup via sublima-
tion. Quite like compound 3, compound 4 crystallizes in a
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Scheme 1 Synthesis routes for compounds 1-4.

Fig. 1 Solid state structure with the displacement ellipsoid plot (50%
probability) of [Sn(Et'BUAMD),] (4). Hydrogens are omitted for clarity.
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monomeric structure with four-fold coordination of the biden-
tate ligands. Resulting from the x*-N,N'-coordination and the
stereo chemically active lone pairs at the tin(u) center, com-
pound 4 exhibits a distorted square pyramidal geometry. The
Sn-N bond distances are within the same range, showing
slightly shorter bond length for the ethyl substituted Sn-N
bonds in the range of 2.178(4) A-2.187(5) A, in comparison
with the tert-butyl substituted Sn-N bonds with bond dis-
tances of 2.333(4) A-2.361(5) A. A similar trend of bond length
distortion can be observed for the structure of compound 3,
where the sum of Sn-N bond distances is slightly bigger than
that of compound 4. The backbone C-N bond distances of 4
range from 1.318(7) A to 1.342(7) A, which is in good agree-
ment with those reported for 3 (1.324(4) A-1.333(4) A). The
selected bond distances of 3 and 4 are compared in Table 1.
The bond angles of the bidentate ligands towards the metal
center range from N002-Sn01-N003 = 58.3(1)° to N004-Sn01-
N005 = 57.7(2)° and are in a comparable range to the ligand
binding angle reported for compound 3 (57.82(9)°). Ligand
orientation supports the observation of a distorted square pyr-
amidal geometry with angle values close to 90° in the range of
87.2(2)°-94.7(2)° for three of the angles and a value of N003-
Sn01-N004 = 130.7(1)° for only one. This matches the trend
reported by Kim et al. for the diisopropyl derivate (3), while
the sum of the comparable angles is higher than that of the
derivate featuring asymmetric ligands. Selected bond angles in
comparison for both the asymmetric compound 4 and sym-
metric compound 3 are given in Table 1.

Infrared spectroscopy

The spectroscopic purity of the isolated isopropyl-substituted
compounds 1 and 3 was further analyzed by means of IR ana-
lysis. For both compounds, the absence of y(N-H) signals

Table 1 Selected bond distances and bond angles for compounds 3
and 4

Asymmetric Symmetric

Bis(N-ethyl-N'-tert-butyl-
acetamidinato) tin(u),
[Sn(Et'BUuAMD),] (4)

Bis(N, N'-diisopropyl-
acetamidinato) tin(i),””
[Sn(iPr,AMD),] (3)

Bond distances (A)

Sn01-N002 2.178(4) Sn1-N3 2.192(3)
Sn01-N003 2.333(4) Sn1-N2 2.195(2)
Sn01-N004 2.361(4) Sn1-N1 2.386(3)
Sn01-N005 2.187(5) Sn1-N4 2.388(3)
N002-C006 1.333(6) N1-C4 1.325(4)
N003-C006 1.324(7) N2-C4 1.331(4)
N004-C009 1.318(7) N3-C12 1.333(4)
N005-C009 1.342(7) N4-C12 1.324(4)
Bond angles (°)

N002-Sn01-N003 58.3(1) N2-Sn1-N1 57.82(9)
N002-Sn01-N004 88.8(1) N3-Sn1-N2 98.12(9)
N002-Sn01-N005 94.7(2) N3-Sn1-N1 92.88(9)
NO003-Sn01-N004 130.7(1) N1-Sn1-N4 136.40(8)
N003-Sn01-N005 87.2(2) N2-Sn1-N4 92.47(2)
Sn01-N002-C006 97.6(3) C4-N1-Sn1 89.80(18)
Sn01-N003-C006 90.9(3) C4-N2-Sn1 98.24(18)
N002-C006-N003 112.0(4) N1-C4-N2 113.5(3)

This journal is © The Royal Society of Chemistry 2022
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(3.247 ecm™") indicates full conversion of the reactants without
a residual free ligand. In the regions of ~3000-2750 cm™" and
~1700-1250 cm ™" signals for the C-H stretches are observed.
Signals in the region of ~1250-1000 cm™' wavenumbers
correspond to the C-N stretches. The IR spectra of compound
1 and the respective free ligand (N, N'-diisopropylformamidine)
are exemplarily shown for compound 1 in Fig. 2.

Mass spectrometry

For complementary verification of the formation of the target
compound, EI-MS was performed for compounds 1, 3, and 4.
For the three compounds, the molecular peak [M'] and the
molecule with one ligand cleaved off ((M" — L]; L = ligand) was
found in relatively low abundance. The low abundance of the
[M']and [M" — L] peaks can be attributed to the harsh ioniza-
tion conditions during EI-MS and thus strong fragmentation
of the sensitive complexes. The most prominent detected frag-
ments are listed in Table 2.

Thermal characteristics

Thermogravimetric analysis. To gain an insight into the
thermal characteristics of the compounds, deriving onset of

\
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T T T T T T T
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wavenumber (cm ')

Fig. 2 FT-IR spectrum of N,N’'-diisopropylformamidine (top) and com-
pound 1 (bottom).

Table 2 Prominent fragments of compound 1 (ISn(Pr,fAMD),]), 3 (ISn
('Pr,AMD),]) and 4 ([Sn(Et'BuAMD),]) detected from EI-MS

Compound 1 3 4
Fragment m/z  Rel.int. (%) m/z  Rel. int. (%) m/z  Rel. int. (%)
M* 374.2 <1% 402.3 4.46 402.2 <1
M'-2'Bu — — — — 281.2 2.95
ML 247  <1% 261.1 27.47 261.1 <1
M-L-‘Bu — — — — 207.1 16.49
L* 128.2 35.94 141.2 100 142.3 35.2
L*-'Bu — — — — 86.1 23.12
L*-Et-'Bu  — — — — 58.1 100
L*-2Pr 43.1 100 — — — —
pPrt 43.1 100 42.1 43.35 — —
‘But — — — — 421  94.02
Et" — — — — 29.1  23.07
Me* — — — — 15 8.9

This journal is © The Royal Society of Chemistry 2022
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volatilization (T.), residual masses and potential thermal
decomposition, thermogravimetric analysis (TGA) was con-
ducted with a focus on the comparison of [Sn(‘Bu,fAMD),]
(2) and [Sn(Et'BuAMD),] (4) to the previously reported com-
pounds [Sn(‘Pr,fAMD),] (1) and [Sn(‘Pr,AMD),] (3). The
results are displayed in Fig. 3. As previously shown by Kim
et al.,”® the substitution of a methyl group towards a hydro-
gen on the ligand backbone is significantly affecting the
thermal properties of the compounds, resulting in a
4.4 times higher evaporation rate of 1 in comparison with
that of 3. This corresponds to the aggregation states of the
four investigated compounds, where both formamidine
derivatives 1 and 2 are oily liquids at room temperature,
whereas the acetamidine derivatives 3 and 4 are solids at
room temperature. Herein, the influence of a structural vari-
ation of the ligand N-side-chain substituents was tested while
maintaining the same molecular mass by direct thermo-
gravimetric comparison of 3 and 4. Both solid compounds
show similar thermal characteristics, with single step evapor-
ation up to 200 °C and roughly the same rest masses of
16.9 wt% for 3 and 15.9 wt% for 4.

In comparison, both liquid formamidinate derivatives (1
and 2) show lower T, and lower residual masses than 3 and 4,
with 5.8 wt% for 1 and 15.5 wt% further decreasing to 9.8 wt%
for 2. This indicates a lower thermal stability for the ‘Bu-substi-
tuted formamidine derivative 2, alongside a higher vapor
pressure. The higher vapor pressure most likely is attributable
to the bulkier N-side chain substituents, allowing less inter-
molecular interaction, but also resulting in a lower thermal
stability of the compound.

Temperature dependent NMR studies. Compound 1 was
selected for a long term stability study performed by frequent
'H NMR at an elevated temperature (90 °C), to get a closer
insight into the thermal decomposition behavior and approxi-
mate half-life time. A temperature of 90 °C was chosen to
exceed the approximate bubbler temperature and accelerate
thermally induced decomposition. At frequent time intervals
(1-512 h), "H NMR was recorded at room temperature and the

——[Sn(Pr,fAMD),], 1 |
[Sn('Bu,fAMD),], 2
——[Sn(Pr,AMD),], 3

—— [Sn(E{BUAMD),], 4

80

60

Weight (%)

40 -

20+

T T T
100 200 300 400
Temperature (°C)

Fig. 3 Thermogravimetric analysis of compounds 1-4 with a heating

rate of 5 °C min~tand a N, flow rate of 300 mL min~2.
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amount of precursor left was estimated from the dependency
of the Tol-d8 solvent signal at § = 2.09 ppm. Following this, a
half-lifetime of at least 21 days (504 h) at 90 °C is approxi-
mated. The respective spectra, displayed in Fig. 4, do not
exhibit significant decomposition by-product signals, since the
decomposed precursor precipitated as a yellow solid in the
NMR tube and is thus not recorded during the "H NMR
measurements. This observation is in accordance with the
yellow residual solid during TGA. Fig. 4a shows a magnified
section of the normalized spectra (function of the analysis
software MestReNova v10.0.2-15465), and Fig. 4b shows the
spectra as recorded. In the case of (b), a decrease of the exem-
plarily chosen doublet peak is observed, whereas in the nor-
malized spectra (a), an increase of the toluene-d8 solvent peak
at § = 2.09 ppm (marked with a red circle) indicates precursor
decomposition, since the system is closed, and the solvent loss
can be excluded.

ALD process development

Compound 1 was selected over compound 2 for ALD process
development for the following reasons: (a) higher thermal
stability, (b) lower Ty, and (c) higher synthetic yields of the
ligand and Sn-complex. To investigate the impact of each indi-
vidual process parameter and to finally optimize the process
conditions, a series of depositions were carried out.

First, the precursor pulse time was varied (4-14 s) while
keeping all other parameters fixed to: bubbler temperature
60 °C, deposition temperature 220 °C, H,O pulse length 2 s,
purge time 30 s for both precursors, and 150 ALD cycles. The
complete surface saturation was reached for the precursor
pulse of 10 s or longer (Fig. 5a). This indicates the self-limiting
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nature of the deposition process that is an essential character-
istic of an ALD process.

Next, the precursor pulse length was fixed to 10 s, and the
number of ALD cycles applied was varied; a linear dependence
of film thickness on the number of cycles could be confirmed
- as expected for an ALD process — with an average GPC value
of 0.82 A (Fig. 5b).

Fig. 5¢ displays the GPC values obtained at different depo-
sition temperatures ranging from 140 to 240 °C, demonstrating
a gradual decrease of GPC with increasing deposition tempera-
ture. A similar temperature dependence behavior was also
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Fig. 5 (a) Precursor saturation curve; GPC versus precursor pulse time,

(b) linear growth; thickness versus the number of cycles, (c) GPC versus
deposition temperature, and (d) the co-reactant’s saturation curve, H,O:
GPC versus water pulse time.

b)

l, [** 512h a2

‘ M\ 12 11

‘ NI\, 10 )

A re 245h re
I8 8
7 7
le 6
s 4sh s
a a
3 3
2 2
1 Oh 1

A

2 ’ 1 2 ’ 1

chemical shift (ppm)

Fig. 4 Decomposition study of *H NMR spectra for respective time intervals. Doublet signals of A overlapping for the increased intensity of signals
B and C. Residual solvent signals marked with *. Normalized spectra in column (a) with increasing Tol-d8 solvent signal marked red. The as-recorded

spectra in column (b) with a decreasing doublet signal.
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reported for the SnS process with the same precursor and H,S
as the co-reactant,”® and for a series of group IIL,>**° IV®” and
11B***? sulfide depositions. In the case of the SnO processes,
based on the bis(1-dimethylamino-2-methyl-2-propoxy) tin(m)*"
and N,N-tert-butyl-1,1-dimethylethylenediamine tin(u) precur-
sors,” this behavior was explained by the decreasing number
of available reactive surface hydroxyl groups.

Finally, we optimized the H,O pulse time while keeping the
other parameters fixed to the aforementioned values; from
Fig. 5d, it is seen that the film growth saturates with the 2 s
H,O pulse time with a GPC value of 0.82 A. Purging times for
the precursor and H,O were set to 30 s of N, purging. These
purging times were chosen to ensure the films free of H,O and
traceable as no thickness change was observed after annealing
up to 420 °C.

Film characterization

X-ray diffraction. Crystallinity of the films was investigated
by grazing incidence X-ray diffraction (GIXRD) alongside with
X-ray reflectivity (XRR) to investigate the film thickness and
density. Fig. 6a displays the GIXRD patterns of the films de-
posited in a temperature range from 140 to 240 °C; signatures
of the pure SnO phase of the Romarchite structure (ICDD: 04-
008-7671) are seen for the film deposited at 220 °C, i.e., reflec-
tions (001) at 18.3°, (103) at 62.6°, (113) at 67.7°, and (213) at
82.4°. For the film deposited at 240 °C, an additional reflection
appears at 36.9°, attributable to the emerging SnO, phase at
higher deposition temperatures (ICDD: 00-050-1429). On the
other hand, for the film deposited at 180 °C, two diffraction
peaks at 14.1° and 28.9° are observed, and can be assigned to
Sn;0,(OH), of the hydro-Romarchite structure (ICDD: 00-055-
0838). The 28.9° reflection is seen also for the films deposited
at 160 °C and 140 °C, however with lower intensity. At 200 °C,
both the Sn;0,(OH), and SnO phases coexist. Computational
fitting of the XRR patterns for various SnO films deposited at
220 °C with different numbers of ALD cycles (Fig. 6b) con-
firmed the GPC of 0.82 A and gave an average density of 6.25 g
em ™3, which is close to the ideal bulk density of 6.45 g cm™ of
SnO. The film roughness values were estimated to be in the
range of 1-3 nm.
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Fig. 6 (a) GIXRD patterns of the as-deposited films including reflections
of SnO, Si, SnO,, and Sn,03(OH), and (b) XRR patterns of the films
grown at different deposition temperatures and cycles, as well as
annealed films (the black dashed lines in the XRR graph are simulated
patterns).
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Fig. 7 AFM image of a 2 x 2 um? area of SnO deposited on Si(100) at
220 °C. Film thicknesses are (a) 7 nm and (b) 18 nm.

Atomic force microscopy. Topology of the two selected films
of different thicknesses (7 nm and 18 nm) grown at 220 °C on
Si(100) was analyzed by means of atomic force microscopy
(AFM) (Fig. 7). Both films demonstrated a smooth and homo-
geneous surface within the scanned area (2 um x 2 pm), with a
root mean square (RMS) roughness (R.,s) of 0.58 nm for a
7 nm film. The RMS roughness was found to increase for the
18 nm thicker film (Rs = 1.51 nm).

Rutherford backscattering spectrometry

The bulk film composition was analyzed by means of RBS/
NRA. Derived from RBS, the presence of the main elements Sn
and O is observed. The composition variation as a function of
the deposition temperature is given in Table 3. The obtained
data indicate an O/Sn ratio close to 1.0, however, at lower
temperatures slightly higher ratios are observed due to excess
hydroxyl groups; the values are ranging from 1.04 to 1.34 (see
Table 3). The C and N contamination level determined via
NRA is below 1 at% for most of the deposited films, with
slightly higher values for T4, of 160 °C and 200 °C (Table 3).

X-ray photoelectron spectroscopy

Complementary to RBS/NRA analysis, XPS was used to investi-
gate the chemical species and surface composition (~2 nm-
5 nm depth) of a selected thin film deposited at 180 °C
obtained with optimized process parameters. Survey scans for
the investigated film exhibited no other contamination-related
species than adventitious carbon and all expected Sn and O
X-ray induced photoemission lines were clearly visible
(Fig. S9t). The Sn 3d and O 1s core levels were evaluated in
detail and are shown in Fig. 8, while the extracted peak posi-
tions, peak integrals, full width at half maximum (FWHM)

Table 3 Film composition (by RBS/NRA) dependence on deposition
temperature (Tgep)

Taep (°C) O/Sn Sn (at.%) O (at.%) C (at%) N (at.%)
140 1.22 44.7 54.6 0.7 0.0
160 1.34 40.5 54.1 1.1 4.3
180 1.10 47.7 52.3 0.0 0.0
200 1.18 42.3 50.1 5.2 2.3
220 1.07 48.2 51.4 0.2 0.2
240 1.04 49.0 51.0 0.0 0.0
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Fig. 8 XPS core level spectra showing (a) deconvoluted Sn 3d and (b)
deconvoluted O 1s peak positions of a SnO thin film deposited on Si at
180 °C before and after sputtering.

values and associated species are summarized in Table 4.
Owing to the proximity of Sn*>" and Sn*", binding energies in
the Sn 3d core level region, the capability of laboratory based
XPS with its restricted energy resolution to determine the exact
oxidation state of the metal on the surface is limited. However,
notable differences in the O/Sn surface ratio and shifts in the
binding energies can forward a valid statement on the oxi-
dation state of Sn in the film.

The position of the Sn 3ds,, spin orbital component in the
Sn 3d core level for stoichiometric SnO, is reported to be at
486.6 eV typically for lab based XPS.*° Thus, it comes to no
surprise that XPS investigations on SnO, thin films deposited
by numerous thermal and plasma-enhanced ALD processes
located the Sn 3ds, component in a narrow range of
486.5-486.9 eV.>'?**142 I contrast to this, the position of the
Sn 3ds/, core level for SnO is known to be around 486.2 eV for
the films deposited with either chemical or physical
methods.”>**™** In our study (Fig. 8a), the thin films deposited
at 180 °C exhibited a binding energy of 486.4 eV. It is note-
worthy that the O/Sn ratio was determined to be 1.2 indicating
the presence of additional oxygen species apart from lattice
oxygen in the immanent surface region. After sputtering, the
position of the Sn 3ds, core level was shifted to a slightly
lower value of 486.1 eV which is again consistent with the
literature.

To obtain a better understanding of the surface functional
groups embedding the Sn species and potential differences
between them, the O 1s core level region was analyzed as
shown in Fig. 8b. For the as introduced surface, generally
three different oxygen species were found. They can be
assigned to lattice O®~ (529.7-530.3 eV),*»*>** chemisorbed
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Dalton Transactions

oxygen species and hydroxyls (531.4-531.8 eV),*>*” and physi-
sorbed H,0O (532.4-533.0 eV).*®*° The oxygen lattice com-
ponent at 530.3 eV exhibited a contribution of 61.2% to the
overall core level integral while it was 32.2% for the chemi-
sorbed oxygen species and hydroxyls at 531.5 eV. With 6.6%,
the adsorbed water at 532.5 eV provided only a minor contri-
bution. As a consequence of the sputter treatment, the contri-
bution of both the last-mentioned species to the oxygen core
level diminished, as seen in Fig. 8b and Table 4.

UV-Vis spectroscopy

Optical bandgaps were determined from the measured UV-Vis
absorbance spectra through the Tauc plot method for the as-
deposited (at 220 °C) SnO film and for the same film after
being annealed at 320 and 420 °C (Fig. 9). An optical band gap
of 2.74 eV was calculated for all the films, and it matches the
value of 2.76 eV reported for SnO in the literature.”*> The con-
sistency of this value throughout the annealing up to 420 °C is
taken as a strong indication of the purity of the obtained
films. The slight increase in the absorbance could be due to
an increase in the degree of crystallinity, as we observed both
slightly higher roughness values from XRR fittings and slightly
increased diffraction peak intensities in the GIXRD patterns
for the annealed films, see Fig. S8 (ESI).}
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Fig. 9 UV-Vis spectra of the originally obtained thin film and annealed
ones at higher temperatures and the Tauc plot.

Table 4 Binding energies, peak integrals and peak FWHM of a SnO thin film deposited on Si at 180 °C before and after sputtering

As introduced Sputtered
Species Energy” (eV Integral (% FWHM (eV Energy” (eV Integral (% FWHM (eV
p gy g gy g
Sn Sds/zb 486.4 100 1.64 486.1 100 1.54
0% attice 530.3 61.2 1.52 530.1 96.7 1.14
0% G/ehem. 531.5 32.2 1.62 531.4 3.3 0.7
0% (water) 532.5 6.6 1.41 — — —

“ Energy = binding energy. ” As no clear differentiation between the Sn>" and Sn** states is possible, oxidation numbers are omitted.
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Conclusions

We reported the successful synthesis of four acetamidinate
and formamidinate based Sn(u) precursors and their compre-
hensive characterization, especially for the influence of struc-
tural variation of the ligand sphere on the thermal properties.
Compound 1 was investigated for its long-term thermal stabi-
lity. It was moreover successfully employed in a water-based
ALD process for the fabrication of phase-pure thin films of
SnO with the potential of temperature driven phase control
towards SnO,, employing only one precursor.

The direct fabrication of in situ crystalline and phase pure
thin films of the p-type semiconductor SnO films at a relatively
low temperature, 220 °C, without post deposition treatment
such as annealing indicates the high potential of this process
for reliable and large-scale development. This is remarkable as
the variety of facile ALD processes are lacking behind for their
n-type counterparts (e.g. ZnO and TiO,).

Another attractive fact is that this newly developed ALD
process for SnO is water-based, which makes it compatible
with the typical molecular layer deposition (MLD) processes.
Hence the inclusion of organic layers inside the SnO structure
should be readily achieved to create new exciting synergistic
functionalities.>*>® We foresee that the breakthroughs in this
field could open a whole new area of possibilities in numerous
application domains.

Experimental
Precursor synthesis and characterization

All reactions and handling of air- and moisture sensitive com-
pounds were carried out under a dried argon atmosphere (Air
Liquide, 99.995%) using a conventional Schlenk technique.
Sample preparation for further analysis was carried out in an
argon filled glovebox (Mbraun). All commercially available
chemicals were used without further purification. Solvents
were dried by using a solvent purification system (MBraun)
and stored over molecular sieves (4 A) under an argon atmo-
sphere. NMR-solvents were degassed and dried over activated
molecular sieves (4 A). Formamidines were synthesized from
triethyl orthoformate (Alfa Aesar), acetic acid (Acros) and iso-
propylamine (Acros) or tert-butylamine (Acros), respectively,
following previously reported procedures.’” Acetamidinate
ligands were synthesized in situ from the respective carbodii-
mides (Acros) and MeLi (Acros). Anhydrous SnCl, was pur-
chased from Alfa Aesar and n-butyllithium was purchased
from Acros.

For product characterization, different NMR-spectrometers
were used, namely Bruker DPX-200 and Bruker Avance III 400.
All spectra were referenced to the internal solvent signal (C¢Dg)
and analyzed with the software MestReNova v10.0.2-15465
from Mestrelab Research S.L.

EI-MS were recorded at the RubioSpec Service Center of the
Ruhr-University Bochum with a Varian MAT spectrometer at
an ionizing energy of 70 eV.

This journal is © The Royal Society of Chemistry 2022
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IR measurements were performed on a FT-IR spectrometer
Spectrum Two by PerkinElmer, utilizing an UATR Two ATR-
unit by PerkinElmer, placed in an argon filled glove box.

TGA was performed on a Netzsch STA 409 PC at ambient
pressure (sample size ~ 10 mg), with a heating rate of 5 °C
min~" (N, flow rate = 300 mL min"), placed in an argon (Air
Liquide, 99.995%) filled glove box (SylaTech).

Bis(N,N'-diisopropylformamidinato) tin(n) (1) syn-
thesized following a slightly modified procedure reported by
Kim et al.*® 5.13 g of N,N'-diisopropylformamidine (40 mmol,
2 equiv.) in THF was treated with an equimolar amount of
1.6 M n-Buli in n-hexane. The mixture was reacted with a solu-
tion of 3.79 g of SnCl, (20 mmol, 1 equiv.) in THF. After fil-
tration and extraction in n-hexane, the solvent was evaporated,
and the product was purified via distillation in a vacuum at
70 °C and isolated as a colorless oil (yield: 68%). Calc. (%): C:
45.07, H: 8.10, N: 15.02 found (%): C: 43.61, H: 7.72, N: 13.99,
'H NMR (400 MHz, C¢D;) & (ppm) = 1.31 (d, 24H), 3.56 (h,
4H), 8.29 (s, 2H) *C NMR (101 MHz, C¢D;) & = 26.15, 51.28,
159.86, IR (cm™): y(C-H) = 2965, v(C-H) = 2860, §(C-H) =
1564, v(C-H) = 1346, v(C-N) = 1254, »(C-N) = 1191.

Bis(N,N'-di-tert-butylformamidinato) tin(u) (2) was syn-
thesized following a similar synthesis route to that used for
compound 1, treating 530 mg of N'-di-tert-butylformamidine
(3.4 mmol, 2 equiv.) in THF with an equimolar amount of
1.6 M n-BuLi in n-hexane. Subsequently the mixture was
reacted with a solution of 322 mg of SnCl, (1.7 mmol, 1 equiv.)
in THF. The workup was performed as for 1. After purification
via vacuum distillation at 70 °C, 2 was isolated as a colorless
oil (yield: 52%). "H NMR (200 MHz, C¢Ds) 6 (ppm) = 1.16 (d,
36H), 7.36 (s, 2H) >C NMR (50 MHz, C¢Ds) & (ppm) = 31.81,
52.99, 156.52.

Bis(N,N'-diisopropylacetamidinato) tin(u) (3) was syn-
thesized following a literature procedure reported by Kim
et al”’ and purified via sublimation at 90 °C (yield: 68%).
Calc. (%): C: 47.9, H: 8.54, N: 13.97 found: C: 47.73, H: 8.53, N:
14.45, "H NMR (200 MHz, C¢Dg) & (ppm) = 1.30 (d, 24H), 1.54
(s, 6H), 3.68 (h, 4H) *C NMR (50 MHz, C¢Dg) & (ppm) = 12.33,
25.70,47.77, 165.59.

Bis(N-ethyl-N'-tert-butylacetamidinato) tin(u) (4). 3.94 mL of
MelLi (1.6 M) (6.3 mmol, 2.1 equiv.) in Et,O was treated with
0.93 mL of N-ethyl-N-tert-butyl-carbodiimide (6 mmol, 2
equiv.) and a solution of 568.8 mg of SnCl, (3 mmol, 1 equiv.)
in THF was added dropwise. All volatiles were removed in a
vacuum, and the product was extracted in n-hexane and iso-
lated via sublimation at 90 °C as a white crystalline solid
(yield: 73%). "H NMR (200 MHz, C¢Dg) & (ppm) = 1.02 (t, 6H),
1.30 (s, 18H), 1.66 (s, 6H), 3.36 (q, 4H) "*C NMR (50 MHz,
Ce¢Dg) 6 (ppm) = 15.62, 18.70, 32.36, 40.26, 51.46, 166.60, IR
(em™): »(C-H) = 2952, 1(C-H) = 2860, §(C-H) = 1505, §(C-H) =
1437, v(C-N) = 1332, (C-N) = 1230.

was

Thin film deposition

The thin films were deposited in an F120 ALD flow-type
reactor from ASM Microchemistry Ltd. on 2 x 2 cm silicon,
glass, and quartz substrates. The silicon substrates (Okmetic
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Oyj; 2 x 2 cm?) were washed with deionized water and ethanol
before use. The quartz substrates (Finnish Special Glass Oy;
2 x 1 cm?) were used as provided by the supplier. During the
depositions, water was utilized as the co-reactant, and N, as
the carrier and purge gas. Bubbler temperatures were kept con-
stant where the tin precursor was evaporated at 60 °C and
water at room temperature for all the depositions. All further
parameters were varied for optimized conditions as described
above.

Film characterization

Film densities, film morphology and growth rates were deter-
mined by means of XRR and GIXRD (PANalytical X'Pert diffr-
actometer, Cu Ka source) with an incidence angle of 0.5°. XRR
patterns were fitted with the X'Pert Reflectivity program v1.3
from PANalytical.

AFM measurements of the selected films were conducted
using a JPK NanoWizard 3 device in the tapping mode at a fre-
quency of 218 kHz and a line rate of 1 Hz. The recorded
images were further analyzed using the Gwyddion software®®
to access the RMS roughness of the analyzed films.

RBS/NRA measurements were carried out at the Central
Unit for Ion Beams and Radionuclides (RUBION) at the Ruhr-
University Bochum. RBS was carried out with a 2.0 MeV “He"
ion beam with an intensity of about 40 nA in combination
with a particle detector placed at 160°. For NRA a 1.0 MeV deu-
teron beam with an intensity of about 80 nA was used. Emitted
protons from the nuclear reactions were detected by using a
particle detector at 135°, which was shielded against elastically
scattered deuterons by a Ni foil. In both methods, a tilt angle
of 7° was applied to the films. The spectra were analyzed with
the software SIMNRA.>’

XPS was carried out on a PHI 5000 instrument. The X-ray
source was operated at 10 kV and 24.6 W using Al Ka (1486.6
eV) radiation with a 45° electron takeoff angle. The kinetic
energy of electrons was analyzed with a spherical Leybold
EA-10/100 analyzer using a pass energy of 18 eV. The films
were analyzed by a combination of survey scans and core level
scans for peaks of interest. Step widths were adjusted to 0.5 eV
for each survey scan and 0.05 eV for the core level scans.
Spectra were recorded prior to and after sputter cleaning
(2 min 2 kv 2 x 2). All binding energies of tin Sn 3d and
oxygen O 1s were referenced to adventitious carbon C 1s at
284.8 eV.?° The analysis chamber pressure was maintained at <
10~7 mbar. Deconvolution analysis was completed with Shirley
background processing and Gaussian functions using UniFit
2017 software.®® The spin-orbit splitting between Sn 3ds,, and
Sn 3d;/, was set to 8.4 eV. The FWHM was calculated during
the fitting procedure using functions built into UniFit 2017.
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