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Abstract: Over the past decade, SnO has been considered a
promising p-type oxide semiconductors. However, the achieve-
ment of high mobility in the fabrication of p-type SnO films is
still highly dependent on the post-annealing procedure, which
often makes SnO, due to its metastable nature, easy to con-
vert into SnO2 and/or intermediate phases. This paper demon-
strates the fully room-temperature fabrication of p-type SnOx

thin films using ion-beam-assisted deposition. This technique
offers independent control between ion density, via the ion-gun
anode current and oxygen flow rate, and ion energy, via the
ion-gun anode voltage, thus being able to significantly opti-
mize the hole mobility and the optical bandgap of SnO to reach
7.89 cm2V−1s−1 and 2.70 eV, respectively, without the need
for annealing. Due to the absence of the annealing process, the
Raman spectra reveal no significant signatures of microcrystal
formation in the films. This contrasts with the case involv-
ing the air-annealing procedure, where a complex interaction
occurs between the formation of SnO microcrystals and the
formation of SnOx intermediate phases. This interplay results
in variations in grain texture within the film, leading to a lower
optimum Hall mobility of only 5.17 cm2V−1s−1. Finally, we
demonstrate the rectification characteristics of all-fabricated-
at-room-temperature SnOx-based p-n devices to confirm the
viability of the p-type SnOx films.

The development of oxide semiconductors has at-
tracted great interest due to their compatibility with low-
temperature processes to support many emerging applica-
tions, including transparent and flexible displays and trans-
parent complementary-metal-oxide-semiconductor (CMOS)
circuits.1,2 For instance, transparent amorphous InGaZnO
with mobility greater than 10 cm2V−1s−1 has been suc-
cessfully fabricated at room temperature and has proven
useful in driving thin-film transistors in flat panels and flex-
ible displays.1,3 Unfortunately, p-type oxide semiconductors
with mobility comparable to such n-type are difficult to
achieve because the valence band (VB) as a hole conduc-

tion pathway in these materials inherently consists of highly
localized and anisotropic O 2p orbitals.4 It is their poor
p-type that hinders the application of oxide semiconduc-
tors in low-power and high-performance transparent CMOS
logic circuits, where a balanced performance across the p-
and n-type devices is essential.5,6 Recently, several oxide
materials have been proposed to produce high-performance
transparent p-type semiconductors, including copper-based
ternary oxides (CuMO2, M = Al, Ga, In, etc.),7 spinel oxides
(ZnM2O4, M = Rh, Co, Ir),8 and tin monoxide (SnO).9,10

Among these oxides, SnO is the most attractive p-type can-
didate due to its potential to exhibit equivalently high hole
mobility and simultaneously possess a sufficiently transpar-
ent optical bandgap (∼2.70 eV).10–15 The characteristic of
hole mobility in SnO stems from the modification of the
valence band maxima (VBM) due to the overlapping of the
O 2p and Sn 5s orbitals, so the hole transport path is more
delocalized than a typical oxide semiconductor whose VBM
consists of only O 2p orbitals.9 Nevertheless, in contrast
to the n-type oxides which are readily produced at room
temperature, the success of producing high-mobility p-type
SnO films so far still relies heavily on the thermal annealing
procedures.12–16 Reports focusing on the development of
room-temperature fabrications for p-type SnO thin films are
scarce in the literature,17,18 and thus still represent a major
challenge. Yet, this aspect needs to be addressed in order
for the p-type oxides to be technologically commensurate
with their n-type counterparts.4

To date, the feasibility of p-type conductivity in SnO has
been experimentally demonstrated using several techniques,
including reactive magnetron sputtering,14,15,19 atomic layer
deposition,5,20 pulsed laser deposition,10,12,21 e-beam evap-
oration,6,22,23 and solution process.13,24 However, the per-
formance of the prepared SnO still varies greatly depending
on the type of sample and the resulting crystal structure.
For bulk SnO polycrystals, hole mobility as high as 30.0
cm2V−1s−1 has been reported.13 In contrast, for thin-film
SnO, the reported hole mobility is drastically lower, which
is about 2.4 cm2V−1s−1 for epitaxial films10,21 and less than
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5.0 cm2V−1s−1 for polycrystalline films.25–27 Not to mention
the non-annealed nanocrystalline SnO films, whose mobility
is even lower17,27,28 and often unmeasurable18,29,30 due to
their higher structural disorders. Theoretical studies have
identified that the source of the p-type conductivity of SnO
is mainly associated with the Sn vacancy (V 2−

Sn ).9,31 Since
the presence of too much V 2−

Sn can also act as scattering
centers for the hole carriers,32 precise control of the native
defects is required to obtain sufficient hole concentration as
well as maintain a lower scattering effect. Hence, it is ex-
pected that the hole mobility can be increased by decreasing
the carrier density through fine-tuning the defect level in the
deposition process. As recently demonstrated by Minohara
et al.,12,16 the mobility of the SnO epitaxial film can be
boosted up to 21.0 cm2V−1s−1 at a lower hole concentra-
tion of 7.0× 1016 cm−3, which was achieved by modulating
laser fluence and growth temperature in pulsed laser deposi-
tion. Furthermore, hole mobility up to 18.7 cm2V−1s−1 can
also be achieved in polycrystalline SnO films prepared us-
ing the more industrially compatible magnetron-sputtering
technology.14,15 Such high mobility was achieved by incor-
porating a controlled β-Sn metal in the SnO film, leaving
the SnO film in a slightly Sn-rich state. The native defects
in the Sn-rich state, particularly the Sn interstitials (Sni),
can enhance the s-orbital character in the upper VB state,
which makes the VBM more delocalized and the hole mobil-
ity further improved.33,34 However, similar to V 2−

Sn , excess
Sn metals also have the potential to act as charge-carrier
scatterers, which might counteract the high mobility.14,33

Therefore, tuning the SnO native defects in the deposition
process is critical to find a balance between the scattering
and the mobility enhancement.

The usual strategy for defect tuning is to optimize the
thermodynamic conditions based on the defect equilib-
rium,12 which is usually accomplished (as noted above) by
performing high-temperature annealing either during or af-
ter deposition.10,12–16,21,25–27 However, for SnO, the ther-
modynamic window is quite narrow due to its thermal in-
stability, which leads to the potential issues concerning the
uniformity over a large area.35 The metastable nature of
the SnO phase makes them easy to disproportionate to the
more thermodynamically stable SnO2 phase at high tem-
peratures.14,36,37 It was reported that the disproportiona-
tion started at 300 ◦C when annealing was carried out in
the absence of an oxygen source,23 and it started at a lower
temperature at 180 ◦C when annealing was carried out in an
oxidizing environment.26 Hence, this approach runs the risk
of producing SnO films containing mixed phases of SnO2 and
its intermediate phase.5,25,38 These coexisting phases gener-
ate Sn4+ ions and/or associated defect states, which act as
hole compensators, at a perceptible rate in some regions of
the film, thereby deteriorating the uniformity of its electrical
performance.15,25,35,38 Thus, it would be ideal if p-type SnO
thin films could be produced without having to go through
an annealing process.

Interestingly, a recent theoretical study revealed that the
s-orbital character of the Sn-rich SnO films is retained even
when the film structure is amorphous.18 In the Sn-rich con-
dition, the excess Sn atoms tend to form stabilizing clus-
ters that consolidate the Sn 5s2 lone-pair states, similar to
the lone-pair distortion of the layer structure in the crys-
talline phase.39 This clustering of lone pairs leads to a VBM
with substantial metallic s-orbital character, potentially fa-
cilitating the formation of a hole conduction pathway even

though the SnO film is in an amorphous state.18,40 This
concept opens up great opportunities to develop high mobil-
ity SnO thin films using fully room-temperature processes,
which are prone to being amorphous or nanocrystalline.27,41

Therefore, it is necessary to develop alternative thin-film de-
position techniques that can facilitate controlled oxidation
of SnO (for defect tuning) at room temperature. Deposition
at room temperature can be a promising advantage not only
for precluding phase decomposition in the p-type SnO films,
but also for establishing processes on flexible substrates to
support the development of flexible electronics.

In this paper, we demonstrate the fully room-temperature
fabrication of p-type SnO films using ion-beam-assisted de-
position (IBAD). Production of Sn-based oxide films using
the IBAD technique has been previously reported,42–44 but
none of these studies focused on obtaining the p-type con-
ductivity of the oxide films. Thus, to our knowledge, this
is the first report demonstrating p-type conduction in SnO
films using the IBAD technique. Compared to conventional
magnetron sputtering, IBAD offers independent control of
processing parameters, namely the vapor deposition rate and
the ion-flux conditions. The vaporized Sn metal in the IBAD
system is controlled by an e-beam source, and the ion flux re-
sponsible for oxidizing the vapor is generated independently
by an ion source (see the illustration in Fig. 1). While the
Sn vapor condenses on the substrate at the desired deposi-
tion rate to form the thin film, independently controllable
highly energetic ions can be directed at the growing thin
layer. These energetic ions enable the oxidation of metallic
Sn at room temperature through an ion-bombardment pro-
cess.43,44 Using this approach, we show here that SnO films
with Hall mobility of 7.89 cm2V−1s−1, a hole concentration
of 4.9×1016 cm−3, and an optical bandgap of 2.70 eV can be
achieved without annealing. It is worth noting that this is
the highest mobility reported for the p-type SnO films whose
fabrication was carried out entirely at room temperature
(see Table 1). We varied the ion-flux parameters, namely
anode current (IA) and anode voltage (VA) (see the inset
figure), at a fixed deposition rate and examined their im-
pact on electrical and optical performances using Hall-effect
and UV-visible measurements, respectively. The microstruc-
tural phases of the resulting SnOx films were studied in de-
tail using Raman spectroscopy. Post-annealing procedures
in vacuum and air were also performed for comparison. We
found that the room-temperature process is more desirable
because the resulting films have a relatively more control-
lable electrical performance compared to the air-annealed
samples. We rationalized the origin of mobility in the an-
nealed and non-annealed SnOx films based on Urbach’s rule,
Raman spectroscopy, and theoretical insights from the first-
principle calculations. Finally, the feasibility of this mate-
rial in an electronic device was demonstrated by fabricating
transparent p-n junction diodes consisting of the SnOx films
deposited on ITO substrates. The successful preparation
and application of room-temperature p-type SnO films by
the IBAD technique suggest that they may have a promis-
ing future in large-scale industrial applications, particularly
for large-area and flexible electronic devices.

Figure 2 shows a process window that can produce p-type
and n-type SnOx films through variations in the ion-gun an-
ode current and oxygen flow rate (OFR) in the IBAD system.
Clear p-type conductivity, with the Hall mobility increasing
from 0.47 cm2V−1s−1 to 1.18 cm2V−1s−1 (see Fig. 2(a)) and
the carrier concentration decreasing from 1.4×1019 cm−3 to
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Figure 1. The schematic components of the IBAD system. Inset
(orange-dashed rectangle): schematic of the working mechanism
of the gridless (end-Hall) ion-beam source.

7.2 × 1017 cm−3 (see Fig. 2(b)), can be obtained by us-
ing a low IA of 0.2 A and varying the percentage of OFR
(O2/(O2+Ar)) from 8.57% to 14.29%. Subsequently, the n-
type conductivity can be achieved by using a higher IA of
0.4 A and an OFR of greater than 42%, as shown by Figs.
2(c) and (d). However, outside of these two regions (the
shaded areas), Hall measurements could not be performed
due to the increased resistivity of the film above the instru-
ment’s measuring limit. This argument is elaborated by the
resistance value, obtained through the Ohmic I − V mea-
surement (see Fig. S1), which drastically increases by about
6 orders as soon as the OFR is increased above 15%. This
region of high resistivity is called the conductivity dilemma
area because it shows neither p-type nor n-type conductiv-
ity consistently.25,45 Hall measurements for SnO films with
an anode current of 0.3 A also fall into this dilemmatic area
and therefore cannot be presented here.

The low/high anode currents used to obtain p-type/n-type
SnOx films, respectively, are associated with the density of
the energetic ions generated by the ion-beam source, as il-
lustrated in the inset of Fig. 1 (orange-dashed rectangle).
In a Hall-end ion source,46 the electrostatic discharge is un-
der the influence of a magnetic field, causing the electrons
to move towards the anode in a helical fashion where the
magnetic and electric fields intersect. The circularly moving
electrons increase their residence time in the plasma before
arriving at the anode, thereby allowing sufficient impact ion-
ization of the electrons to balance the loss of ions.47 They
collide with the incoming gas molecules and form ions, which
eventually escape towards the cathode following the electric-
field lines. From this view, one can perceive that the number

of electrons captured at the anode, i.e., the anode current
IA, will determine the number of ions emitted by the ion
gun.47 Even if the gas flow rate continues to increase, there
will be a saturation of the number of ionized oxygen ions.
Since stoichiometrically SnO has less oxygen than SnO2, the
deposition of SnO will require a lower anode current than
SnO2 to reach its stoichiometry. This explains why p-type
films were obtained at a lower IA of 0.2 A, whereas n-type
films were obtained at a higher IA of 0.4 A. This description
is also consistent with the observed conductivity dilemma
for SnOx films with IA = 0.3 A. Most likely, this current
produces an ion density that is stoichiometrically between
SnO and SnO2, so the resistivity of the resulting film is too
high for Hall measurements.

Figures 2(b) and (d) (right axis) show the correspond-
ing optical characteristics of the SnOx films. The optical
bandgap of the film was retrieved from the transmission
spectrum using a Tauc plot, as shown in Fig. S2. Over-
all, the optical bandgap of the SnOx films gradually in-
creases with increasing OFR, indicating an improved ox-
idation process in the films. The bandgap of the p-type
SnOx films (OFR of 8.57% to 14.29%) ranges from 2.10
eV to 2.42 eV, which is slightly narrower than the typical
SnO bandgap (∼2.70 eV10,23,25). This indicates that the
p-type film is formed non-stoichiometrically under Sn-rich
conditions, which is also reflected in its low film transmis-
sion below 37% (see Fig. S2(a)). A higher bandgap can be
achieved when the OFR is further increased, but the electri-
cal properties fall into the conductivity dilemma area. Fur-
thermore, the bandgaps for the n-type films (OFR of 42.86%
to 48.57%) range from 3.59 eV to 3.63 eV, which closely
matches the bandgaps of n-type SnO2 films in the litera-
ture.25,36 In addition, the transmission of the film is also
greatly increased to over 70% (see Fig. S2(c)). It appears
that suitable optical characteristics have been achieved for
the n-type films. However, their p-type counterparts still
need to be further optimized, which will be discussed later
in Fig. 3.

Raman scattering spectroscopy was used to identify the
Raman-active phonon modes of the films, which could be
used to analyze their microstructure. In Figs. 2(e) and (g),
we map the frequency of the SnO and SnO2 Raman-active
modes (see Fig. S3) on the Raman spectra of SnOx films
prepared by IA = 0.2 A and IA = 0.4 A, respectively. The
Raman spectrum for an air-annealed sample is also included
as a reference (black line). For the annealed sample, the two
peaks associated with the SnO A1g and B1g modes are visi-
ble at the frequencies of ∼210 cm−1 and ∼110 cm−1, respec-
tively.23,45,48 In addition, a broad peak at ∼385 cm−1 was
also observed, which can be attributed to the formation of
SnO2 surface defects.49 However, for the as-deposited sam-
ples, no significant microstructure phase was detected. The
SnOx film with an OFR of 8.57% did show Raman peaks in
the A1g and B1g modes, but the signal was very low com-
pared to the reference sample and dropped drastically for an
OFR of over 11.43%. Likewise, for the SnO2 vibration mode,
there was no significant signature indicating the formation
of SnO2 microcrystals in the film for all OFR variations us-
ing both IA = 0.2 A and IA = 0.4 A. Thus, the structure
of the SnOx films deposited by the IBAD technique can be
either amorphous or nanocrystalline. Figures 2(f) and (h)
show the surface morphology of the samples prepared by the
low IA (OFR = 14.29%) and the high IA (OFR = 42.86%),
respectively. The FE-SEM images reveal that the surface
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Figure 2. The evolution of (a, c) Hall mobility (left axis) and Ohmic resistance (right axis) and (b, d) carrier concentration (left axis)
and optical bandgap (right axis) of the SnOx films corresponds to variations in the OFR (the TFR of O2 and Ar was set at 7.0 sccm)
at anode currents of 0.2 A and 0.4 A (VA = 180 V), respectively. Note that the Hall mobility and hole concentration are the averages of
six different experiments. Raman scattering spectra for the SnOx films prepared by (e) IA = 0.2 A and (g) IA = 0.4 A with different
OFRs. FE-SEM images of representative SnOx films prepared using (f) a low IA (OFR = 14.29%) and (h) a high IA (OFR = 42.9%).
FE-SEM at a 100 nm scale is shown in Fig. S4.

Table 1. Summary of Hall mobility and hole concentrations of p-
type SnO thin films fabricated using various deposition techniques
at low temperatures (≤ 100 ◦C) without involving post-deposition
annealing. Note that the results shown here are for nanocrystalline
films.

Deposition Hall mobilityHole concentration Ref.

technique (cm2V−1s−1) (×1016 cm−3)

IBAD
7.89a 4.9

this work4.57b 35.6

1.18c 71.6

DC sputtering 5.11 0.1 Jung et al. 17

e-beam
evaporation

2.60 500.0
Guo et al. 27

1.00 140.0

RF sputtering 1.08 6.2 Yang et al. 28

RF sputtering 0.47 56,500.0 Ahn et al. 50

RF sputtering† 0.02 1,470.0 Um et al. 51

atomic layer
1.39 39,500.0 Kim et al. 5

deposition†
a OFR = 1.0 sccm & TFR = 6.0 sccm
b OFR = 0.8 sccm & TFR = 6.0 sccm
c OFR = 1.0 sccm & TFR = 7.0 sccm

† plus heating the substrate at 100 ◦C during deposition

structure of the SnOx films is most likely nanocrystalline,
as indicated by the nanocrystal grains having an average
diameter of 23.8 nm.

To optimize the p-type conductivity in the SnOx films, we
took a finer tuning of the OFR by lowering the total flow
rate (TFR) of Ar and O2 from 7.0 sccm to 6.0 sccm. Slightly
reducing the dilution of the inert Ar gas will make the oxy-
gen in the ion source slightly more reactive, but not so much
as to maintain a low cathode erosion rate.46,52,53 Figure 3(a)
shows the Hall mobility and carrier concentration in the SnO
sample prepared using IA = 0.2 A and OFR = 0.4−1.0 sccm

at the TFR of 6.0 sccm. Similar to the previous cases (Figs.
2(a) and (b)), an increase in OFR leads to an increase in
Hall mobility along with a decrease in carrier concentration.
The difference is that, by using 1.0 sccm OFR, now the mo-
bility of SnOx films can be boosted up to 7.89 cm2V−1s−1.
Remarkably, as summarized in Table 1, this is the highest
mobility recorded for the p-type SnO films prepared entirely
at room temperature. By lowering the TFR to 6.0 sccm,
the 1.0-sccm OFR accounted for 16.7% of the TFR, thereby
contributing approximately 2.4% more oxygen ions to oxi-
dize the film than in the previous case. As compared in Table
1, this addition of oxygen ions succeeded in lowering the car-
rier concentration from 71.6×1016 cm−3 to 4.9×1016 cm−3,
leading to an increase in the mobility possibly by reducing
the scattering effect of the ionized impurity.12,54 Moreover,
Figure 3(b) shows that the optical transparency of the SnOx

film increased up to 50.5% and the optical bandgap also in-
creased to 2.70 eV (see the inset figure), which is now in
good agreement with the literature.10,23,25 Interestingly, the
Raman spectra in Figure 3(c) show that the enhanced p-
type samples retain similar nanostructures to those using
the 7.0-sccm TFR shown earlier (Figs. 2(e) and (f)). The
Raman signal is dominated by two small and broad peaks
of the B1g and A1g modes, located at 123.0 cm−1 and 207.0
cm−1, respectively. Since the B1g and A1g modes should be
at 110 cm−1 and 210 cm−1 for the highly crystalline SnO
films,23,45,48 the weak and slightly shifted signals confirm
that the SnOx films are composed of disordered nanocrys-
tals.

In order to understand the mechanism underlying the p-
type conductivity in the room-temperature-fabricated SnOx

films, we performed first-principle calculations based on the
density functional theory (see the Supporting Information
for the details). Figure 3(d) indicates that excess Sn atoms
in SnO can form a hole-transport pathway through the over-
lapping Sn−Sn orbitals. The Sn interstitial can promote
more Sn−Sn overlap, which bridges the charge-density dis-
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Figure 3. Hall mobility (left axis) and carrier concentrations (right axis) of the SnOx films as functions of OFR. (b) The corresponding
transmittance spectrum and Tauc plot (inset). (c) The deconvolution of the A1g and B1g peaks in the Raman scattering spectra of the
SnOx films with varying OFR. (d) Comparison of the spatial distribution of SnO VBM states between pristine and Sn-rich conditions.
(e) Partial density of states of the Sn atom (upper panel) and the O atom (lower panel) for the pristine SnO and the Sn-rich SnO.

tribution between the layered structures. Such overlapping
helps to expand the isosurface of the VBM state and form
a continuous transport path, so the holes can move more
easily between the SnO interlayers. The role of excess Sn
atoms in modifying orbital interactions in the VBM state
can be further understood by examining the change of the
partial density of states (PDOS) of SnO upon addition of a
Sn interstitial into the SnO matrix, as shown in Fig. 3(e).
When a Sn interstitial is added, the states of the Sn 5p or-
bitals increase around the VBM (see the upper panel). As
suggested by Alshareef and coworkers, the increase in the
Sn 5p state was the source of the high mobility observed
in Sn-rich SnO films,33 which were reported to reach 18.7
cm2V−1s−1 after careful control of oxygen partial pressure
and annealing conditions.14

However, the stabilization of the excess Sn atom inher-
ently comes at the cost of lattice distortion, which could re-
sult in disruption of the transport pathway. As shown in Fig.
3(d) (right panel), the enhanced orbital overlaps in the layer
with Sni perturbing the VBM isosurface in the neighboring
layer. The Sn−Sn bonds in the neighboring interlayer must
be distorted to stabilize the Sni location between the lattice
sites. This behavior suggests that increasing Sni, in addition
to aiding hole transport, also induces more lattice distor-
tion, which may counteract its mobility-enhancing effect. In
other words, the hole mobility will decrease with increasing
distortion in the crystal structure, explaining why the p-type
conductivity was not detected in the fully amorphous films
in previous reports.18,29,30 Thus, this theory provides insight
that p-type transport can be achieved in room-temperature
processes by carefully controlling the number of excess Sn
atoms to strike a balance between overlapping Sn−Sn or-

VB edge 𝜞

𝒁

localized 
states

𝒁

𝜞

Urbach
energy

VB edge

(a)

(b)

Figure 4. (a) Schematic representation of the decrease in Urbach
energy. (b) Summary of Hall mobility (upper panel) and hole
concentration (lower panel) as functions of Urbach energy.

bitals and lattice distortion.
By using absorption spectroscopy, information related to
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the degree of lattice disorder in SnO films can be evaluated
through a parameter called Urbach energy. As illustrated in
the band diagram in Fig. 4(a), the decrease in Urbach en-
ergy reflects a lower localized state due to the reduced degree
of disorder in the SnO lattice. Figure 4(b) shows the evolu-
tion of mobility and concentration with respect to changes
in the Urbach energy. According to the theoretical predic-
tions given in Figs. 3(d) and (e), in addition to increasing
the metal’s contribution to VBM, increasing Sni has an im-
pact on increasing lattice distortion and shifting the Fermi
level into VB. This indicates that an increase in the Sn con-
tent will be accompanied by a decrease in mobility and an
increase in carrier concentration. This behavior is in line
with the trend shown in the experimental data in Fig. 4(b),
i.e., the trend of increasing mobility and decreasing carrier
concentration coincides with a decrease in Urbach energy.
Here, OFR plays an important role in controlling the O/Sn
ratio to achieve a balance between Sn−Sn overlap and struc-
tural disturbances. As shown by the EDS data in Fig. S5,
the O/Sn ratio increased from 0.759 to 0.889 when the OFR
was increased from 0.6 sccm to 1.0 sccm. One can see that
the decrease in Urbach energy is related to the decrease in
the number of Sn atoms. Thus, it is consistent that an in-
crease in mobility is closely related to a decrease in lattice
distortion caused by the Sn-rich-associated defects, such as
Sn interstitials.

In addition to the OFR, the anode voltage of the ion-
gun, VA, plays a key role in controlling the kinetic energy of
the incoming ions,46,52 which greatly affects the oxidation
of the Sn vapors.43,44 As shown by Figs. 5(a) and (b), the
quality of the p-type SnOx film becomes more optimal, both
electrically and optically, when the anode voltage is adjusted
properly. Using a low VA of 60 V, the hole mobility is only
0.07 cm2V−1s−1, which is followed by a very high carrier
concentration of 1.6×1021 cm−3 (see Fig. 5(a)). In addition,
the transmittance and bandgap of the film are, respectively,
low below 10% (Fig. 5(b)) and narrow at 1.68 eV (the inset
figure), resulting in a highly reflective/absorbent film. By
increasing the VA to 120 V, the mobility increases to 4.06
cm2V−1s−1, and ultimately reaches the highest mobility of
7.89 cm2V−1s−1 at the VA of 180 V. The films also exhibit
about 5-fold higher transparency and much higher energy
gaps of 2.81 eV and 2.70 eV for the VA of 120 V and 180
V, respectively. Notably, the latter yields a bandgap value
that agrees with the literature (2.70 eV).10,23,25 Therefore,
the anode voltage of 180 V provides a more optimal film
quality by achieving the highest mobility and proper optical
bandgap.

A sufficiently high anode voltage can induce a more en-
ergetic ion flux, which allows more efficient oxidation of Sn
metal at room temperature through the ion-bombardment
process.43,44 The oxidation can be seen from the optical
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transparency of the film that increases significantly when
the VA is increased from 60 V to 120 V. This behavior is
also corroborated by the Urbach energy and refractive index
of the film given in Fig. 5(c), which decreased drastically
from 0.707 eV to 0.498 eV and from 3.04 to 2.68, respec-
tively. The substantial decrease in the Urbach energy and
refractive index is a strong indication that the incorporation
of oxygen ions to the Sn metal is enhanced. Therefore, the
increased mobility in this range can be attributed to a sig-
nificant reduction in the localized state due to the enhanced
oxidation process. By increasing the potential further, the
kinetic energy of the bombarding ions will continue to in-
crease so that the oxidation process will be followed by film
densification.43,52 This trend can be observed at the VA of
180 V, where there is a slight increase in the Urbach energy
and refractive index to 0.519 eV and 2.7, respectively. The
densification of the SnO microstructure is also revealed by
the Raman spectra, as shown in Fig. 5(d). One can see
that the intensity of the SnO B1g and A1g modes decreases
slightly when VA is increased to 120 V, and then decreases
substantially when VA reaches 180 V. Therefore, the high
anode voltage is responsible for the SnO films whose mi-
crostructure tends to be nanocrystalline.

We speculate that the densification of the SnO microstruc-
ture (by imposing the VA of 180 V) reduces the distance be-
tween the SnO layers, thereby promoting more Sn−Sn over-
lap and further enhancing the mobility of the holes. This
hypothesis is supported by a reduction in the bandgap from
2.81 eV and 2.70 eV when the VA is increased from 120 V to
180 V (see Fig. 5(b)). It has been studied very recently that
reducing the Sn−Sn interlayer tends to reduce the optical
bandgap.39,55 To illustrate the effect of crystal densification
on overlapping Sn−Sn orbitals, we show the spatial distribu-
tion of VBM states for SnO unit cells with different densities
in Fig. 5(e). As the cell density increases, the isosurfaces of
the VBM state are more widespread and become closer to
the VBM state of their neighboring Sn interlayer.

To highlight the different characteristics of the films fab-
ricated with and without an annealing procedure via the
IBAD, we carried out post-annealing procedures at 250 ◦C
for 30 min under vacuum and air conditions. Figure 6 com-
pares the Hall mobility and the corresponding hole concen-
trations as functions of OFR between the as-deposited and
the annealed samples. Using vacuum annealing, the mobility
of the 0.8-sccm-OFR sample could be increased further from
4.57 cm2V−1s−1 to 10.84 cm2V−1s−1 thanks to a significant
reduction in carrier concentration from 3.6 × 1017 cm−3 to
1.0×1016 cm−3. However, the 1.0-sccm-OFR sample carrier
concentration became too low (too high resistivity) to be
detected by Hall-effect measurements. In addition, the 0.4-
sccm-OFR sample also showed no p-type conductivity. This
is most likely because the annealing process takes place in
very poor oxygen conditions so that the metallic properties
become more dominant.43 As a result, the process window
becomes narrower when vacuum annealing is involved. Inter-
estingly, Figure 4(b) (orange dots) indicates that the trend
of mobility, carrier concentration, and Urbach energy still
holds for the vacuum-annealed samples. This is because the
vacuum-annealed films retain optical characteristics and mi-
crostructure similar to that of the deposited films (see Figs.
S8 and S9).

In contrast, the air-annealed films exhibit somewhat dif-
ferent electrical characteristics (see Fig. 4(a) (red stars)).
On the one hand, the characteristics of the mobility and
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Figure 6. Comparison of Hall mobility (left axis) and carrier
concentrations (right axis) as a function of OFR for SnOx thin
films under as-deposited and annealed in vacuum and air.

concentration of holes, which increase and decrease with in-
creasing OFR, respectively, are still maintained. Thus, the
dependence of the p-type conductivity on the O/Sn ratio
may still hold in this sample. However, even though the Ur-
bach energy drops drastically to 0.300 eV, the resulting op-
timal mobility is only 5.17 cm2V−1s−1. This value is lower
than that of the as-deposited and vacuum-annealed films,
both of which have higher Urbach energies . This distinctive
behavior suggests that there is an additional contribution to
limiting the hole mobility in the air-annealed film. Figure
7(a) shows that, despite having a higher transmittance (the
inset), the optical bandgap of the air-annealed films varies
between 2.84 eV and 2.97 eV. These values slightly deviate
from the SnO bandgap and, in fact, are closer to the Sn3O4
optical gap (2.95 eV).56 This suggests that the intermedi-
ate phase co-formed with the SnO phase in the air-annealed
samples, which might be the source for their different p-
type characteristics. The signature of the phase transfor-
mation can be elaborated by examining the refractive in-
dex of the films.30 Figure 7(b) shows a decreasing trend
of nF concomitant with the transition of conductivity from
p-type to n-type. This behavior mimics a phase transforma-
tion from SnO to SnO2.30 The nF-values of the as-deposited
and vacuum-annealed SnOx films are greater than those of
the air-annealed films. In good agreement with the liter-
ature,25,30,57 the refractive indices of the p-type SnO films
are much larger than those of the n-type films; for example,
compared to those prepared using OFRs higher than 3 sccm
and IA = 0.4 A (see the inset figure). The refractive indices
of the p-type films range from 2.70 - 2.97, while the n-type
samples have a much lower refractive index of only ∼2.34.
For the air-annealed samples, their refractive index lies be-
tween these two values, which is ∼2.66. The decrease in
the nF value of the air-annealed film towards the refractive
index of SnO2 corroborates that the SnO phase is in the
process of transforming to SnO2 through the intermediate
phase.30,36,37

Figure 7(c) shows the Raman shift of the air-annealed
films, which can be deconvoluted by four Raman vibration
modes: A1g, B1g, and two SnO1<x<2 intermediate modes.
The presence of these multiple intense peaks indicates the
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formation of microcrystals of the SnO phase and the Sn3O4
intermediate phase, which is in line with the predictions de-
duced from the optical characteristics. The intensity of the
A1g mode continues to increase as the OFR increases from
0.6 sccm to 1.0 sccm. Also, the A1g mode shifts approaching
211.0 cm−1 as the OFR increases, which gets close to the Ra-
man frequency of highly crystalline SnO films.23,45,48 During
the annealing treatment in ambient air, oxygen molecules
from the environment are adsorbed onto the surface of the
SnO thin film due to the presence of additional heat en-
ergy and obtain higher surface diffusion, thereby causing
lattice relaxation and increased crystallization.58,59 Unfor-
tunately, the increase in crystallization is followed by an in-
crease in the intermediate phase. The two sub-stoichiometric
SnO1<x<2 phases lying between the A1g and B1g modes are
promoted when more oxygen is introduced into the SnO
layer. The lower-frequency intermediate mode shifted its
peak position from 131.7 cm−1 to 136.2 cm−1, while the
higher-frequency mode shifted from 175.2 cm−1 becomes
172.8 cm−1. The positions of the two peaks become closer
to 145.0 cm−1 and 171.0 cm−1, respectively, which matches
most of the SnOx intermediate-phase phonon modes in the
previously reported SnO films.23,48 The formation of the in-
termediate phase is most likely the cause of the limited elec-
trical performance of the air-annealed sample.

To examine the distribution of these phases against
changes in OFR, we display the relative percentage of the
integrated area of each mode in Fig. 7(d). The relative area
of the A1g mode dominates about 50% of the total signal
and the percentage hardly changes with increasing OFR, so
this is a strong indication that the SnO microstructure is

formed in all the air-annealed samples. The low-frequency
intermediate phase (∼135 cm−1) shows a less significant con-
tribution because its relative area is about 4% with an un-
changed trend towards increasing OFR. However, there is an
interplay between the B1g mode and the high-frequency in-
termediate mode (∼170 cm−1). When the OFR is increased,
the B1g mode attenuates from 33% to 19% while the inter-
mediate phase increases from 9% to 24%. This situation
reflects the decomposition of the B1g mode into a SnOx in-
termediate phase. Hence, there is a competition between the
formation of the SnO A1g phase and the decomposition of
the B1g phase into a SnOx intermediate phase.

The impact of decomposition of the B1g phase into an in-
termediate phase on the microstructure of the film can be
analyzed by evaluating the peak area ratio of A1g and B1g

peaks, as shown in Fig. 7(e). As reported by Liu et al.,22 the
vibrational modes at A1g and B1g, respectively, are closely
related to the grain orientation of the (001) and (101) planes
in the SnO litharge structure. Hence, the intensity ratio of
the A1g mode (∼210 cm−1) and B1g mode (∼110 cm−1),
I210/I110, can be associated with the relative texture coeffi-
cient between the (001) and (101) grain orientations ( see the
inset figure). Ratio values less than one correspond to the
(101) plane orientation, while values above one correspond
to the (001) plane orientation. Changes in grain orienta-
tion can cause an increase in grain boundary in the film.
This factor could be the additional scattering effect for the
hole carriers, thereby limiting the increased mobility of the
air-annealed sample.

Finally, we fabricated p-n diodes based on the SnO films
(∼125 nm thickness) and evaluated the evolution of the I−V
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Figure 8. (a) Schematic of the SnOx-based p-n diodes. (b)
Current-voltage measurement for the p-n junction using p-type
samples with different OFRs.

characteristics to the OFR changes in the p-type layer. For
the n-type layer, we used the most optimal recipe based on
the OFR of 42.86%, IA = 0.4 A, and a thickness of ∼150
nm. The device structure is shown in Fig. 8(a). Figure
8(b) shows the rectifier characteristics of the p-n diode with
respect to changes in OFR. Devices prepared with OFRs of
0.4 sccm and 0.6 sccm does not reveal their diode character-
istics, but instead exhibits Ohmic curves similar to probing
n-type films (see the top two panels in Fig. 8(b)). This be-
havior mainly arises due to the abundance of Sn metal in the
SnO matrix, as revealed by the EDS data showing O/Sn less
than 0.760 (Fig. S5). A rectifier character begins to appear
in the diode prepared with an OFR of 0.8 sccm, indicat-
ing the presence of a well-formed p-type layer in the device.
The junction between the p- and n-type layers induces a
depletion layer at the interface as a result of the recombi-
nation of holes from the p-type side and electrons from the
n-type side, which eventually forms a built-in potential that
leads to the diode characteristics. The most optimal recti-
fier characteristic is achieved on the device with an OFR of
1.0 sccm (bottom panel). This diode can withstand reverse
bias from 0 to -3 V, which is higher than the device with
an OFR of 0.8 sccm (only last up to -1 V). The device is
also improved compared to that prepared with a TFR of

7.0 sccm (see Fig. S6), where the reverse bias only persists
to about -1 V. These aspects confirm the improvement of
the p-type conductivity of the SnOx films, which is in line
with the Hall measurements. Thus, the IBAD technique is
highly capable of producing p-n devices, which is remark-
able considering that these devices were fabricated without
an annealing procedure.

We have successfully demonstrated the fabrication of p-
type SnOx thin films with an excellent electrical perfor-
mance at room temperature using the IBAD technique. The
optimal p-type SnO film exhibited Hall mobility, hole con-
centration, and optical transparency (gap energy) of 7.89
cm2V−1s−1, 4.9 × 1016 cm−3, and 50.5% (2.70 eV), respec-
tively. This performance was achieved using an OFR of 1.0
sccm (O2/(O2+Ar) = 1/6), anode current of 0.2 A, anode
voltage of 180 V, and deposition rate of 0.3 Ås−1. In the
IBAD system, the anode voltage of the ion-gun has a signif-
icant effect on increasing the performance of the p-type SnO
film. By controlling the anode voltage, we can increase the
Hall mobility from 0.07 cm2V−1s−1 to 7.89 cm2V−1s−1 with-
out having to go through an annealing process that tends to
introduce microcrystals into the film. As revealed by Raman
scattering, there were no significant signs of microcrystal for-
mation in all the as-deposited films. In contrast, when the
annealing method was carried out on the SnOx samples in
an air environment, crystallization was formed and strength-
ened when the oxygen content increased. Unfortunately, this
process was followed by the occurrence of SnOx intermedi-
ate phases, which tend to be carrier compensators. As a
result, the optimal mobility of the film was reduced to 5.17
cm2V−1s−1. Additionally, we were able to show that the
IBAD method could facilitate the fabrication of SnOx-based
p-n devices entirely at room temperature.

The above discussion shows that a full room-temperature
process is more desirable for fabricating p-type SnO films.
The Raman shift data indicate that the post-annealing pro-
cess in the air is accompanied by complex phase transfor-
mations, leading to the diversified and difficult-to-control
electrical performance of the SnO films. This is in line with
many reports in the literature,5,14,15 where precise control is
required to obtain high-performance p-type SnO films. This
study is expected to pave the way for preparing p-type ox-
ide semiconductors fully at room temperature, which has
very significant applications for realizing flexible, transpar-
ent, and giant electronics.
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