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Abstract: Herein, we performed a comparative study of plasma-enhanced atomic layer deposition
(PEALD) of SnO;, films using Sn(dmamp), as the Sn source and either H,O plasma or O, plasma
as the oxygen source in a wide temperature range of 100-300 °C. Since the type of oxygen source
employed in PEALD determines the growth behavior and resultant film properties, we investigated
the growth feature of both SnO, PEALD processes and the various chemical, structural, morphological,
optical, and electrical properties of SnO; films, depending on the oxygen source. SnO; films from
Sn(dmamp),/H,O plasma (SH-SnO;) and Sn(dmamp),/O, plasma (SO-SnO;) showed self-limiting
atomic layer deposition (ALD) growth behavior with growth rates of ~0.21 and 0.07-0.13 nm/cycle,
respectively. SO-SnQO, films showed relatively larger grain structures than SH-SnO; films at all
temperatures. Interestingly, SH-5nO, films grown at high temperatures of 250 and 300 °C presented
porous rod-shaped surface morphology. SO-SnO, films showed good electrical properties, such as
high mobility up to 27 cm? V~1:s7! and high carrier concentration of ~10'° cm~3, whereas SH-SnO,
films exhibited poor Hall mobility of 0.3-1.4 cm? V~!:s7! and moderate carrier concentration of
1 X 10'7-30 x 107 em=3. This may be attributed to the significant grain boundary and hydrogen
impurity scattering.

Keywords: SnO, film; plasma-enhanced atomic layer deposition; oxygen source; H,O plasma; O,
plasma; Sn(dmamp),

1. Introduction

Tin(IV) oxide (SnO,) has received considerable research attention due to its excellent electrical
conductivity, optical transparency, and chemical stability. This has been extensively utilized in various
applications, such as gas sensors, batteries, fuel cells, photovoltaic cells, photodetectors, transparent
electronics, and thin film transistors (TFT) [1-7]. For the growth of high-quality SnO, thin films,
a variety of methods, such as sputtering [8], chemical vapor deposition [9], spray pyrolysis [10], pulsed
laser deposition [11], and atomic layer deposition (ALD) [12], have been employed. In particular,
the exploitation of ALD SnO, films for state-of-the-art devices is increasing because ALD can produce
dense, uniform, and conformal films on complex three-dimensional substrates at relatively low
deposition temperatures [13]. To obtain high-quality ALD SnO, film at wide process temperatures,
various Sn precursors, including Sn halides and metal-organic Sn-precursors in combination with
different co-reactants, like H,O, O3, HyO;, and other plasma oxygen sources, have been investigated.
Especially, plasma-enhanced atomic layer deposition (PEALD) of SnO,, in which highly reactive radicals
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are employed as co-reactants, has distinct advantages over thermal SnO, ALD, e.g., higher growth rates,
better film quality, lower impurity concentration, and wider and lower deposition temperature window
enabling to grow SnO; on low-temperature compatible substrates, like polyethylene naphthalate (PEN),
polyethylene terephthalate (PET), and other organic containing materials [14]. Moreover, PEALD, using
a highly reactive plasma, extends the choice of precursors by allowing the use of less-reactive precursors,
which facilitates the growth of thin films that are difficult to deposit with thermal ALD. Wang et al.
reported the low-temperature (~100 °C) SnO, PEALD process using tetrakis(dimethylamino)tin
(TDMASnN) and O, plasma at a high growth rate of 0.17 nm/cycle, and a highly efficient perovskite
solar cell was demonstrated using 100 °C-deposited SnO; as an electron-selective layer [15]. Lee et al.
explored SnO; PEALD using halogenated SnCly precursor and O, plasma. This showed improved
growth rate, film purity, and crystallinity compared with the thermal ALD process using SnCly/H,O [16].
However, there is still a lack of precursor combinations for the growth of ALD SnO; film at broad
temperature window.

Therefore, in this study, we investigated the growth behaviors and film characteristics of PEALD
SnO; thin films obtained from dimethylamino-2-methyl-2-propoxy-tin(Il) (Sn(dmamp);) as a Sn
precursor and either H,O plasma or O, plasma as the oxygen source. The chemical, optical, structural,
and electrical properties of PEALD SnO; films, as well as growth features, like self-limiting reaction
and growth rate, were characterized depending on the oxygen source over a wide growth temperature
range between 100 and 300 °C. In particular, the use of HyO plasma for PEALD SnO; growth has
not been reported yet, and PEALD SnO; films showed excellent properties of high deposition rate,
excellent crystallinity, and low impurity concentration.

2. Experiment

PEALD of SnO; films was carried out over a wide temperature range from 100 to 300 °C. SnO, films
were deposited by using different Sn precursor/reactant combinations of Sn(dmamp),/H,O plasma
(SH-5n0O,) and Sn(dmamp),/O, plasma (SO-SnO;) separately. The Sn precursor was transported into
the chamber by using Nj (99.9999%) carrier gas of 100 sccm from a bubbler-type canister heated at
60 °C. The gas line for the Sn precursor was maintained at 90 °C to prevent precursor condensation.
Deionized H,O was supplied to create H,O plasma from a vapor-type canister at 25 °C. O, gas
(99.999%, 100 sccm) was introduced to produce the O, plasma reactant. For all experiments, Si and
soda-lime glass were used as substrates. All the SnO, PEALD processes were performed over typical
four sequential steps: Sn precursor pulse, N, purge (10 s, 500 sccm), plasma reactant pulse, and Nj
purge (10 s, 500 sccm). The optimized source and reactant pulse lengths were determined separately
for each PEALD process.

The thickness and refractive index of the PEALD SnO, films were determined by ex situ
ellipsometry system (FS-1, Film sense, Lincoln, Dearborn, MI, USA) at a wavelength of 635 nm. X-ray
photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientific, Waltham, MA, USA) surface analysis
was performed to indicate the chemical binding states of the elements and to examine the C and N
impurity concentrations. Dynamic secondary ion mass spectrometry (D-SIMS, IMS-4FE7, CAMECA,
Gennevilliers, France) was performed to examine the H impurity concentration in the SnO, films via
depth profiling. Ultraviolet-visible spectroscopy (UV-Vis, sepcord200, analytikjena, Jena, Germany)
was performed to estimate transmittance and optical band gap of the SnO; films. Surface morphologies
of the SH-5nO; and SO-5nO;, films grown at various temperatures were observed using high-resolution
field-emission scanning electron microscopy (HR-FESEM, SU8010, Hitach, Tokyo, Japan). Film
crystallinity of the SnO; thin films was investigated using glancing-angle X-ray diffraction (GAXRD,
D-MAX 2500, Rigaku, Tokyo, Japan). Finally, electrical properties, like carrier concentration, mobility,
and resistivity of the SnO, films on soda-lime glass, were measured by Hall-effect measurements
(HMS-3000, ecopia, Anyang, South Korea).
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3. Results and Discussion

Figure 1a,b shows the growth characteristics of PEALD SH-5nO; and SO-5nO; at a deposition
temperature of 200 °C. Figure 1a shows the change in the growth per cycle (GPC) of the SH-5nO; and
SO-5n0; films by varying the Sn precursor and reactant pulse lengths. For SH-SnO5, it was found that
a Sn precursor pulse length of >5 s and H,O plasma pulse length of >3 s were required to obtain the
saturated GPC with self-limiting surface reaction. The optimized pulse condition was determined to be
as follows: Sn precursor pulse of 6 s, N, purge for 10 s, H,O plasma reactant pulse of 5 s, and N, purge
for 10 s. SO-SnO, PEALD also showed the self-saturated growth characteristics for the Sn precursor
and O, plasma pulse lengths of >4 s and >3 s, respectively. As depicted in Figure 1b, both SnO,
PEALD processes show the linear increase in film thickness with increasing number of ALD cycles,
and the estimated GPCs of SH-SnO, and SO-SnO, films are approximately 0.21 and 0.08 nm/cycle,
respectively. The obtained GPC of SH-5nO, was much higher than that of SO-5SnO, PEALD and those
of previously reported SnO, ALD from Sn(dmamp),/O3 (0.018-0.042 nm/cycle), tetraethyltin/H,O,
(0.073-0.083 nm/cycle), Sn(edpa),/O, plasma (0.070 nm/cycle), TDMASn/O5 (0.10-0.16 nm/cycle), and
Sn(acac)3/O3 (0.10 nm/cycle) [17-21]. The high GPC of SH-SnO, PEALD might originate from the high
reactivity of H,O plasma and the high density of accessible reactive sites on the surface after H,O
plasma pulse. Tarlov et al. found that H,O plasma treatment on SnO; film induced a hydroxylated
surface, which may in turn act as reactive sites for subsequent Sn precursor chemisorption [22,23].
In addition, Kawamura et al. reported higher reactivity of H,O plasma than that of O, plasma in ZnO
ALD process [24].
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Figure 1. (a) Variations in the growth per cycle (GPC) of SH-5nO; and SO-5nO; plasma-enhanced
atomic layer deposition (PEALD) processes at 200 °C, depending on the Sn source and reactant
pulse lengths. (b) Change in SnO, thicknesses with increasing number of SH-5nO; and SO-5nO,
PEALD cycles.

Figure 2 shows the variations of the GPC and refractive indices of the SH-SnO, and SO-5nO,
films as functions of deposition temperatures ranging from 100 to 300 °C. SH-SnO, films showed
a constant GPC of 0.21 nm/cycle at a wide temperature range of 100-300 °C. Refractive indices of
SH-5SnO, films deposited at 100-300 °C were examined by using an ellipsometer at a wavelength
of 633 nm. At the low-temperature range of 100-200 °C, the refractive index of SH-SnO, films was
1.9, comparable with that of reported SnO; films (1.9-2.0) [25-27]. By contrast, the refractive index
values at the high-temperature range of 250-300 °C showed an abrupt decrease to 1.55 with increasing
growth temperatures, implying the formation of less-dense SH-SnO, films. The lower refractive index
at higher deposition temperature was unexpected because previous studies reported that the density of
ALD 5nO;, films generally increased with deposition temperature [25,26]. The deposition of less-dense
SH-5n0O; films will be discussed in detail later. For SO-SnO; films, the GPC of 0.071-0.087 nm/cycle
was obtained in the ALD temperature window of 150-250 °C. At deposition temperatures of 100
and 300 °C, the GPC values were higher than those at 150-250 °C probably due to condensation of
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Sn(dmamp), precursor and enhanced reaction kinetics between Sn(dmamp), and O, plasma at 100 and
300 °C, respectively. The SO-SnO; films showed higher GPC values than those of SnO, films obtained
from the same Sn(dmamp); precursor and O3 (0.017-0.042 nm/cycle) [17]. Compared with SH-SnO,,
the SO-SnO; films exhibited high refractive index values of 1.9-2.0 at all deposition temperatures,
indicating the formation of dense SnO; films irrespective of deposition temperature.
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Figure 2. GPC and refractive index of the SnO, thin films deposited at 100-300 °C using (a)
Sn(dmamp),/H,O plasma and (b) Sn(dmamp),/O, plasma.

Although O, plasma has been extensively employed as an oxidizing agent in ALD and other
thin-film deposition processes, the role of H,O plasma in ALD process is still unclear because H,O
plasma contains the reductive species of Hy, H', and H*, as well as the oxidative species of Oy, o,
and OH [28]. Besides, Stuckert et al. and Choi et al. reported that HyO plasma treatment on SnO,
surface resulted in the reduction of SnO; to metallic Sn, implying that H,O plasma can act as a reducing
agent rather than as an oxidant [29,30]. In contrast, some previous reports on PEALD processes
revealed that HyO plasma could be utilized as an oxidizing co-reactant for the growth of ZnO and
TiO, films [24,31]. Therefore, the chemical binding states and oxygen concentrations of SH-5nO; and
SO-5n0O;, films must be investigated to identify the surface reaction that occurred herein. To examine
the chemical binding state of both SnO, films, XPS analysis was performed (Figure 3a,b). Sn 3d
core-level XP spectra showed that the Sn 3ds, peaks from both PEALD films were almost identical
at 486.5-486.7 eV, irrespective of the deposition temperature. This suggests the growth of pure SnO,
films (+4 oxidation state) without other sub-valent oxide phases, such as Sny;O3, SnO, and Sn, and that
H,0 plasma acted as an oxidizing agent rather than as a reducing agent. To measure the concentration
of residual carbon and nitrogen impurities that may come from the Sn precursor, N 1s and C 1s spectra
were also obtained. For SH-SnO; films, carbon and nitrogen concentrations were below XPS detection
levels at all investigated deposition temperatures. Contrarily, carbon impurities were detected for
SO-5n0;, films grown at a low temperature of 100 °C, as shown in the inset of Figure 3b, attributed to
the comparably lower reactivity of O, plasma than H,O plasma.

Further chemical analysis was performed using D-SIMS, and the Sn/O ratios and hydrogen
concentrations of SH-SnO, and SO-5nO; films deposited at 200 °C were compared. Figure 4a,b shows
the compositional depth profiles of the SH-SnO, and SO-5n0O; films, respectively. Both PEALD SnO,
films showed uniform Sn, O, and H distributions in the depth direction. Furthermore, the Sn/O intensity
ratios for both SnO, films were perfectly identical, suggesting that the SnO, films had the same Sn:O
compositions. Meanwhile, the SH-5nO, film showed two-fold higher hydrogen intensity than that of
the SO-5nO;, film due to hydrogen incorporation from H-containing species in H,O plasma. Notably,
hydrogen impurity concentrations in various oxides influence the crystalline structure and electrical
properties, like carrier mobility and concentrations [32-34]. For example, Husein et al. reported that
hydrogen-doped indium oxide films showed decreased electron mobility as the hydrogen content was
increased to 5.7% [33].
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Figure 3. Sn 3d XPS core level spectra of the SnO, films deposited at 100-300 °C using (a)
Sn(dmamp),/H,O plasma and (b) Sn(dmamp),/O, plasma. Inset of Figure 3b shows the C 1s X-ray
photoelectron (XP) spectra of SO-SnO; films.
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Figure 4. Dynamic secondary ion mass spectrometry (D-SIMS) depth profiles of (a) SH-SnO, and
(b) SO-SnO;, films deposited at 200 °C.

Figure 5 shows the optical properties of the SH-5nO, and SO-5nO, films grown at different
deposition temperatures. Figure 5a,b presents the transmittance of the 20-nm-thick PEALD SH-5nO,
and SO-5nO; films deposited on soda-lime glass, respectively. It was shown that all the SnO; films
have high transparencies (>80%) in the visible light range (wavelength = 350-700 nm). Figure 5c,d
exhibits the optical band gaps of the SnO; films derived from the Tauc equation (ehv = A (hv — Eg)l/2 for
direct band gap transition, where « is the absorption coefficient, hv is the photon energy, and Ej is the
optical band gap) [35,36]. Optical band gaps of the SnO; films were determined by extrapolating the
graph of the linear part of the curve to the x-axis. It was confirmed that the band gap energy, regardless
of the deposition temperature and plasma reactant, was almost constant at about 3.95-3.98 eV, which is
in good agreement with ALD SnO, films [7].

The crystalline structures of the 20-nm-thick SnO, films were investigated at different deposition
temperatures ranging from 100 to 300 °C. For SH-5nO;, films, distinct diffraction peaks corresponding
to tetragonal rutile SnO, (110), SnO; (101), and SnO; (200) were found at 26.5°, 34.0°, and 38.5°
over a wide deposition temperature range of 100-300 °C, indicating the growth of polycrystalline
SnO;, films (Figure 6a). The SH-SnO, films grown at lower temperatures of 100-200 °C showed the
(101) preferred orientation, while a strong (110) preferred orientation was found by increasing the
deposition temperature to 300 °C. For SO-SnO, (Figure 6b), the clear diffraction peaks at 26.5° and
38° for tetragonal SnO; (110) and SnO; (200), respectively, were observed at deposition temperatures
of >150 °C. The SO-5nO, films showed the (110) preferred orientation, irrespective of the deposition
temperature. By contrast, amorphous SnO, film was grown at 100 °C. By contrast to SH-SnO5, the weak
diffraction peak at 24.8°, which corresponds to orthorhombic columbite SnO, (110), was observed for
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SO-5n0;, and the relative intensity of orthorhombic SnO, peak increases with growth temperature.
It should be noted that the growth of less-stable orthorhombic SnO, by ALD has been rarely reported.
Kim et al. observed an orthorhombic SnO, phase by epitaxial PEALD on yttria-stabilized zirconia
substrate [37].
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Figure 5. Optical transmittance of 20-nm-thick (a) SH-SnO; films and (b) SO-SnO, films deposited on
a soda-lime glass substrate at 100-300 °C. Optical band gaps of (¢) SH-SnO, and (d) SO-5nO, films
grown at 100-300 °C.
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Figure 6. Glancing-angle X-ray diffraction (GAXRD) patterns of (a) SH-SnO, and (b) SO-SnO; thin
films deposited at different temperatures of 100, 150, 200, 250, and 300 °C.

Figure 7a shows the plane-view high-resolution FESEM images of the SH-SnO, films deposited at
100-300 °C. Despite the low deposition temperature of 100 °C, the SH-SnO, film showed a small and
dense nanocrystalline structure. At deposition temperatures up to 200 °C, the grain size of the SH-5nO,
films were approximately 15-20 nm, and a dense SnO, surface was observed. By contrast, SnO,
films became less dense and rougher on increasing the temperature beyond 250 °C, and eventually
the SH-SnO; films showed significantly porous structures with rod-shaped crystallites at 300 °C.
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The formation of porous nanostructured SnO; is consistent with the noticeably low refractive index of
the SH-5nO; films grown at 250 °C and 300 °C. Although it is very tricky to reveal the complicated
surface reactions during PEALD of SH-SnO,, the morphology change of the SnO, films from smooth
SnO; surface to rod-shaped porous structure at deposition temperatures of >250 °C might be ascribed
to the partial reduction of SnO, to Sn metal by reductive H-containing species in H,O plasma, followed
by thermal etching via Sn evaporation or agglomeration of the Sn metal. It has been reported that H,O
plasma treatment on SnO; film resulted in a morphological change to nanoglobular structure due to
reduction of SnO; to Sn [29]. At the higher growth temperature of >350 °C, SH-5nO; resulted in more
porous surface due to much severe reduction of SnO, and Sn evaporation/agglomeration (data not
shown here). Figure 7b shows the plane-view images of the SO-SnO, films grown at temperatures
of 100-300 °C. The SO-SnO; film grown at 100 °C showed an amorphous phase and merely a few
crystallites scattered in the amorphous film. On increasing the deposition temperature to 250 °C,
the SO-5nO; films showed dense and large polygonal grains of size ~50 nm, while the SO-SnO, film
grown at 300 °C showed a dense and polycrystalline structure with decreased grain size. The formation
of dense SO-SnO, thin films at deposition temperatures of 250 °C and 300 °C is well matched with the
high refractive index of ~2.0 obtained from an ellipsometer.

Figure 7. Plane-view high-resolution FESEM images of (a) SH-SnO, and (b) SO-SnO; films grown at
deposition temperatures of 100-300 °C.

Hall-effect measurements were performed to investigate the electrical properties of the PEALD
of SnO, films at room temperature. SnO; films (20-nm thick) were deposited on soda-lime glass
using both H,O plasma and O, plasma at 100-300 °C, and indium was used for the ohmic contact
on the four vertexes. First, it was confirmed that all the PEALD SnO, films exhibited n-type carrier
behavior, i.e., the majority carrier was electrons, regardless of the deposition temperature. Figure 8a,b
shows the carrier concentrations, Hall mobilities, and resistivities of the SH-SnO, and SO-SnO, films,
respectively. SH-SnO, films grown at 100-300 °C have moderate carrier concentration of approximately
1% 10'7-30 x 10 cm™ and rather low electrical mobility of 0.4-1.5 cm? V~1:s71. The low Hall
mobilities of the SH-SnO; thin films could be explained by the significant grain boundary scattering
due to the small grain structure and high grain boundary density, as observed in the FESEM images.
Resistivities of the SH-SnO; films grown at 100-150 °C were ~5 Q)-cm, and it gradually increased
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to 7-38 ()-cm for the SH-SnO; films grown at 200-300 °C, attributed to the porous SnO, structures
(Figure 7a). For polycrystalline SO-SnO; films grown at 100-300 °C, higher carrier concentrations of
7 x 10184 x 10! cm~3 were obtained. The SO-SnO, films grown at 100 °C showed Hall mobilities of
~5.8 cm? V~1.s71, which continually increased to 27 cm? V157! as the deposition temperature was
raised to 250 °C, along with the lowest resistivity of 6 X 107> Q)-cm. This was evidenced by the larger
and denser grains obtained at the high deposition temperature of 250 °C.
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Figure 8. Carrier concentrations, Hall mobilities, and resistivities of (a) SH-SnO, and (b) SO-SnO; films
as a function of growth temperature.

4. Conclusions

In this study, SnO, PEALD processes over a wide growth temperature range of 100-300 °C using
different plasma sources, either H,O plasma or O, plasma, were demonstrated, and their growth
behavior and film properties were compared. SnO, films grown from H,O plasma (SH-SnO,) showed a
higher growth rate of 0.21 nm/cycle than that of SnO; films grown from O, plasma (SO-5nO;) due to the
stronger reactivity of H,O plasma and more OH-reactive sites. The SH-SnO; films showed negligible
carbon and nitrogen impurities at all deposition temperatures from 100 to 300 °C, but they contained
two-fold higher hydrogen concentrations than the SO-5nO; films. The SO-5nO; featured dense and
uniform surface morphology with relatively larger grain size, while SH-SnO, showed nanocrystallites
with small grain size at moderate temperatures, and porous rod-shaped structures at higher deposition
temperatures of 250 and 300 °C. At 250 °C, the SO-SnO; film showed high carrier concentration of
~4 x 101 em™ and high Hall mobility of 27 cm? V~!:s7!. By contrast, the SH-SnO; films showed
poorer conductivity, lower carrier concentration, and lower Hall mobility than the SO-SnO; films at
all deposition temperatures, probably due to the significant grain boundary scattering and hydrogen
impurity scattering within the SH-5nO, films.
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