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Abstract

It has been challenging to synthesize p-type SnOx (1<x<2) and engineer the electrical properties
such as carrier density and mobility due to the narrow processing window and the localized
oxygen 2p orbitals near the valence band. Herein, we report on the multifunctional encapsulation
of p-SnOx to limit the surface adsorption of oxygen and selectively permeate hydrogen into the
p-SnOx channel for thin film transistor (TFT) applications. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) measurements identified that ultra-thin SiO2 as a multifunctional
encapsulation layer effectively suppressed the oxygen adsorption on the back channel surface of
p-SnOx and selectively diffused hydrogen across the entire thickness of the channel.
Encapsulated p-SnOx-based TFTs demonstrated much-enhanced channel conductance
modulation in response to the gate bias applied, featuring higher on-state current and lower off-
state current (on/off ratio > 10°), field effect mobility of 3.41 cm?/Vs and threshold voltages of
~5-10 V. The fabricated devices show minimal deviations as small as £6% in the TFT
performance parameters, which demonstrates good reproducibility of the fabrication process.
The relevance between the TFT performance and the effects of hydrogen permeation is discussed
in regards to the intrinsic and extrinsic doping mechanisms. Density functional theory
calculations reveal that hydrogen-related impurity complexes are in charge of the enhanced
channel conductance with gate biases, which further supports the selective permeation of

hydrogen through a thin SiO2 encapsulation.



1. Introduction

Oxide electronics have gained prominence in recent years and have been established as one of
the most promising new technologies for next-generation displays' 2, chemical sensors®, energy
efficient neuromorphic computing® ®, and oxide-based bipolar structures such as p-n junctions®.
The high potential use seen in oxide electronics is primarily due to their high carrier mobilities
and their ability to be fabricated at low temperatures. However, the vast majority of oxide
semiconductors are n-type oxides, which limits the current applications to unipolar devices and
ultimately stunts the development of bipolar devices”®. Due to the nature of oxides and their
relationship with oxygen, oxygen vacancies are the predominant defect, particularly for non-
stoichiometric oxides’. To maintain charge neutrality, the formation (or annihilation) of oxygen
vacancies generates (or consumes) two electrons per vacancy, which is the governing native
defect-based doping mechanism in oxide-based semiconductors such as intrinsic and doped

forms of ZnO,'° In203,” ' TiO2,'?, and other metal oxide semiconductors'>.

Recently, we reported on the processing of p-type SnOx and oxide-based p-n heterostructures,
demonstrating a high on/off rectification ratio (>10%), small turn-on voltage (<0.5 V), and low
saturation current (~1x107'% A).® In general, the growth conditions for p-type SnOx (1<x<2) are
believed to be extremely narrow® '* due to the formation of SnO: (n-type)® '* and the
precipitation of metallic Sn®. Although we have reported on the synthesis of sputter-processed p-
type SnOx devoid of metallic Sn, we indeed noticed that the processing window is critically
sensitive to the oxygen potential during the process and no p-type behaviors are observed beyond
the oxygen potential of 10-14 % in the sputter gas of an Ar/O2 mixture. The issue of the narrow

processing window of p-SnOx is supported by a recent study from Barros et al.'*, in which only



limited oxygen partial pressures (Opp) of 2.8-3.8% from an Ar/O2 mixture result in p-type
conduction after annealing room temperature-processed SnOx films at 200 °C. In addition, they
also reported that Opp during the sputtering process plays a significant role in the resulting
crystalline structure, presence of additional Sn-related phases, optoelectronic properties, and
hence the TFT performance. Within the Opp range, higher Opp deposition conditions lead to
stronger diffraction intensity from the p-SnOx (101) orientation, higher optical transparency, and
larger bandgap (both direct and indirect), compared to those processed at lower Opp °. In order to
further understand the p-type oxide and engineer the properties for various electronic device
applications, it is important to identify the dominant doping and transport mechanisms. The low
dopability in p-type SnOx, of which the causation is also closely related to the narrow processing
window, is another challenging issue to adequately engineering the electrical properties of the

material'® 17,

The mechanism of native (or intrinsic) defect doping in p-type oxides has not been fully
established but, the origin of p-type conductivity of SnOx (1<x<2) is likely attributed to the
excess oxygen in the stoichiometric ratio of O/Sn, i.e., greater than one (unity). The excess

1820 or Sn vacancies (Vsn")'32!.

oxygen condition is attained by either oxygen interstitials (O:
In the presence of oxygen interstitials, the creation of a negatively charged oxygen interstitial

donates two holes per interstitial, which contributes to the native p-type doping in SnOx by the

equilibrium defect equation:

1 n .

502=0;"+ 2h (1)

where the inclusion of an oxygen interstitial in the SnO lattices generates two holes to maintain

charge neutrality. This oxygen interstitial-based doping mechanism was supported by several



previous studies'® 2224, For example, Ou et al.'® attributed the p-type behavior of p-SnOx to
oxygen interstitials (O:") based on their air-annealing (i.e., oxidizing environment) study. The

22,24-26 that the open

oxygen interstitial mechanism in p-SnOx is endorsed by previous reports
structure of layered SnO allows a range of oxygen interstitials leading to the p-type condition in
SnOx.

Other studies®!*2’-?, for instance by Fortunato et al., Togo et al., and Yabuta et al., suggested
that the Sn vacancy is the favorable defect under oxygen-rich conditions by the defect equation:
Sng, =Sn+Vg," + 2h° (2)

where the creation of an Sn vacancy on the Sn sublattice liberates two holes. The Sn vacancy
mechanism is further supported by the notion that the formation of cation vacancy is likely easier
than the inclusion of oxygen interstitials®>’. However, another computational study by Van de
Walle et al. reported* that due to the high formation energy, Sn vacancies are unlikely to form
and therefore, difficult to be the dominant acceptor (i.e., dopant) in p-SnOx.

In addition to the native defect-based (intrinsic) doping mechanisms, extrinsic doping of p-SnOx
was also considered to engineer the carrier density for electronic device applications. Several
cations such as Mn, Y, and Al ions were incorporated to reduce the oxygen stoichiometry in
SnO: through such low-valent ion states of the dopants, and then to achieve p-SnOx (1<x<2)!-33;
however the resulting material may include mixed phases of p-type and n-type tin oxides with
ambipolar behaviors. Moreover, the chemical reduction strategy was more focused on the
synthesis of p-type oxides and was not favored to engineer the carrier density in the resulting
material. On the other hand, several studies reported that hydrogen could also work as an
efficient extrinsic dopant in p-SnOx. Hydrogen is known as a common impurity in

semiconductors and is found in general growth and processing environments such as ambient air

where Hz or H20 reside 3* 3%, It has been reported that intentional and/or unintentional hydrogen



incorporation in oxide semiconductors works as dopants for both n-type and p-type oxides due to
the oxygen reduction ability and defect passivation capability (leaving positively charged defect
complex) of hydrogen, respectively '!:3% 3¢ Particularly, the unintentional presence of hydrogen
in p-SnOx was reported experimentally by Nomura et al. *° and theoretically by Van de Walle et
al. *°. In a recent Rutherford backscattering/Hall scattering factor study, Nomura et al. ¢
identified a relatively high density of hydrogen as high as ~5x10'” /cm? in the entire thickness of
as-deposited p-SnOx films prepared with PLD, where no hydrogen or related sources were
employed during the process. After annealing in a hydrogen-contained atmosphere (H2 5%), the
hydrogen concentration was further increased to 8.5x10%° /cm?, which was identified to passivate
the defect states and enhanced the TFT performance. A density functional theory (DFT) study on
the electronic structure and defect physics of p-type SnOx by Van de Walle et al. also suggested
unintentional hydrogen incorporation responsible for the p-type behavior in SnOx by forming
defect complexes with Sn vacancies that still work as shallow acceptors (i.e., p-type dopant) in
SnOx 3°. Although the origin of unintentional hydrogen incorporation has not been fully
established yet, in both experimental and theoretical studies, in general, H2 and/or H20 in air are

the attributes, which is likely included unintentionally during the deposition processing® 3¢.

To be an effective p-type dopant in p-SnOx, the suggested defects and mechanisms for hydrogen
incorporation require low formation energy near the valence band maximum, however
inconsistent defect forms were identified as dominant dopants through theoretical studies based
on atomistic scale calculations, depending on the selection of functional employed*’. Some

t37

suggested that doped hydrogen is present as an interstitial dopant’’ while others proposed defect

complexes where hydrogen forms bonding with native point defects (e.g., oxygen or Sn



vacancies)***’, where the hydrogen in defect complexes is considered defect passivating agents,
contributing stability and reliability of p-SnOx*!. Although possible hydrogen doping in p-SnOx
was recently suggested, it requires further validations through direct experimental evidence®® 4%

#2_Overall for the doping mechanisms in p-SnOx, the formation mechanisms of shallow

acceptors within the bandgap and hence the doping behaviors are not fully established yet.

The engineering of carrier density of the promising p-type oxides is essential to ensure a
reasonable on/off ratio, low off-state current, and threshold voltages for practical electronic and
optoelectronic devices such as TFT channel and bipolar logic applications. Therefore,
establishing strategies for tuning the carrier density in p-SnOx is required with a fundamental
understanding of the intrinsic and extrinsic doping mechanisms. The overarching goal of this
study is to engineer the carrier density of p-SnOx by identifying dominant intrinsic and available
extrinsic doping mechanisms for TFT channel applications. To this end, TFTs with pristine and
surface-encapsulated p-SnOx channels were fabricated and their device performance was
compared. X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) were used to evaluate the chemical environment of the valence states
of the major elements and their distribution across the channel p-SnOx. To complement the
experimental investigations, density functional theory (DFT) calculations were also conducted.
In addition to the native defect-based doping mechanisms for p-SnOx, which are thus far
controversial and limited due to the narrow processing windows, possible extrinsic doping
strategies will also be discussed. Particularly, the feasibility of hydrogen doping in the presence
of Si0z, its favorable defect structure, and the effect on the TFT performance will be focused on

by comparisons of TFT performance and DFT calculations.



2. Experimental

P-type SnOx films were prepared on Si and glass substrates using dc magnetron sputtering from a
high purity Sn target (99.999%, Kurt J. Lesker) at a dc power of 30W, at a substrate rotation rate
of 5 rpm, and at Ar/Oz sputter gas ratios of 86/14 and 90/10 as reported earlier in our previous
studies.® In order to limit the inhomogeneous plasma and thermal conditions during the
sputtering process, samples were placed on the same spots on a rotating stage (rotation rate of 5
rpm) during the sputtering process, which also minimizes the deviations in the resulting film
properties from batch to batch. Film sputter depositions were conducted after achieving a
chamber base pressure at 3-5x107 Torr and a 5-10 min pre-sputter process to ensure high
vacuum conditions and low-contaminant surfaces of sputter targets, respectively. The resulting
SnOx films were then annealed in air at 300 °C to achieve the stable crystalline state of p-SnOx.
The resulting crystalline structure remains stable in the air ambient conditions even after 10 h
annealing at 300 °C. Encapsulation SiOz films from a sintered SiO2 target (99.995%, Kurt J.
Lesker) were deposited using rf sputtering at an rf power of 100W with pure Ar sputter and

mixed Ar/O2 gas conditions, and other parameters were the same as those of the SnOx process.

Thicknesses of the resulting p-SnOx and SiOz2 films were measured with an FS-1
multiwavelength ellipsometer (FilmSense) at an incident and detection angle of 65°. The
chemical and electronic valence states of the major elements in the p-SnOx films deposited on Si
were evaluated in a Thermo Fisher Scientific NEXSA XPS spectrometer. XPS measurements
were performed under an ultra-high vacuum of approximately 5x10°® Torr with focused

monochromatic soft Al Ka x-ray radiation at 1486.6 eV. A UV-Vis-NIR spectrometer (Varian



Cary 5000) was used to investigate the optoelectronic properties of the p-SnOx thin films (grown
on glasses) in the wavelength regime of 300-2500 nm. To exclude the substrate glass information
in the resulting UV-Vis-NIR spectra, a reference bare glass was used for a baseline scan.
Crystallographic diffraction structures were measured in an X-ray diffractometer (Malvern
Panalytical Empyrean) through a 0-20 coupled scan mode with Cu Ka radiation (A = 1.54 A) at
operation conditions of 45 kV and 40 mA. Transmission electron microscopic (TEM) images
were obtained through an FEI Themis Z TEM microscope to investigate the cross-sectional
structure of specimens. Elemental mapping analysis was conducted with an energy dispersive X-
ray spectrometer (EDS), attached to the FEI Themis Z TEM microscope. The EDS mapping is
particularly to identify the presence of ultra-thin encapsulation SiO2 (3-4 nm). For TEM sample
preparation, a focused ion beam system (Helios G4 UC, ThermoFisher Scientific) was used.
ToF-SIMS measurements were conducted using an M6 (IONTOF GmbH, Miinster, Germany)
instrument with Bi" primary ions as the analysis beam at an energy of 30 keV. For the depth
profiling of secondary ions of interest on the same point on samples, Cs” ions with an energy of
250 eV were used as the sputtering beam for positive secondary ions detection. The analyses
with the Bi* beam were performed over a 100 x 100 pm? area (32 x 32 pixels), located in the
center of the 400 x 400 pm? etching crater created by the Cs* sputter beam. The sputtering rates
of the p-SnOx and Si10: film samples were approximately 0.019 nm/s and 0.015 nm/s,
respectively. These values were used to convert sputtering time into depth profiles of the

samples.

Bottom-gated TFT devices based on the p-SnOx channel were fabricated, where thermally grown

Si02 (300 nm) was used at the gate dielectric, and heavily-doped Si (0.003—0.005 Q cm) was



commonly used as the gate and the substrate. Channel and source/drain metallization patterns
were defined using shadow masks. For metallization, Sn was sputter-deposited to a thickness of
approximately 75 nm. Some p-SnOx TFTs employed a thin SiOz layer (3-4 nm) to passivate the
back-channel region of the TFTs to evaluate the effect of SiO2 on the TFT performance. A
semiconductor parameter analyzer (Agilent 4155B) was used to characterize the p-SnOx TFT
performance (with and without SiOz2) in a dark probe station under ambient air conditions, for
which the devices were rested for at least 20 minutes in the light-tight probe station in order to
minimize the effect of photoconductivity in the p-SnOx channel. More than 80 devices were
fabricated and tested to gather reliable results and provide evidence of reproducibility. Devices
with six different aspect ratios (width/length, W/L) of 2000/200, 2000/150, 2000/100, 1000/200,
1000/150, and 1000/100 in pm/pum were fabricated on a single wafer. The fabricated devices
show approximately +6% deviations in the TFT performance parameters such as field effect
mobility, which demonstrates good reproducibility of the fabrication process. It has been
reported*** that the contact resistance (2Rc) at the channel/metallization interface and its
modulation may underestimate the field effect mobility of oxide-based TFTs, particularly with
the channel length, L shorter than 50 um while no significant mobility underestimation was
found in TFTs with L > 50 um since the contribution of 2Rc to the total resistance (Rr=2Rc+Reh,
where Rcn is the channel resistance) is much less than that of the Rch in long channel TFTs. The
channel length evaluated in this study ranges from 100-200 um and, therefore, the effect due to

the global bottom gate on the field effect mobility is expected to be minimal.

First-principles calculations were performed within the generalized Kohn-Sham theory with the

screened hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE) and using the projector

10



augmented-wave method as implemented in Quantum Espresso*®. The supercells for defect
calculations were constructed from the 8 (2x2%2) unit cells, which correspond to 32 atoms in a
perfect crystal. For charged defects, a jellium background was employed to neutralize the
supercells. The typical space-group of SnO, P4/nmm (SG129) which is the litharge crystal
structure was considered for the calculations. The lattice constants of a=b=7.7412 A and
¢=10.0505 A were used based on the optimized unit-cell geometry. The k point was sampled at
the I" point and the force and energy convergence criterion were set to 0.02 eV/A and 107 eV,

respectively.

3. Results and discussion
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Figure 1. p-SnOx characteristics and TFT application. (a) schematic and photograph of a TFT
device (W/L=1000/100 um) fabricated in this study; (b) x-ray diffractogram of poly-crystalline
p-SnOx; UV-Vis-NIR spectra of (c) transmittance at wavelengths ranging 300-2500 nm, Tauc
plots of (d) a’-hv for direct transition, from which the direct Ej is extracted to be 2.71 eV and (e)
a!-hv for the indirect transition by which the indirect E; is estimated to be 0.88 eV (f) bright
field cross-sectional TEM image of a bilayer of SiO2/p-SnOx on Si with an inset extended image
(orange box), (g) HAADF (dark field) TEM microstructure, (h) EDS mapping image of Si,
evidencing a capping layer of SiO2, and (i) EDS mapping image of Sn.

Bottom-gated TFT devices were fabricated with p-SnOx as channel and a schematic of the TFT
structure is shown in Figurel(a) with a photograph of the fabricated devices. A typical x-ray
diffractogram shown in Figurel(b) exhibits a polycrystalline state of the resulting p-SnOx with
strong crystallographic intensity from (101) and (110) orientations at diffraction angle,
20=29.88° and 33.36°, respectively (JCPDS #06-0395). Other minor peaks are also detected from
(200), (112), and (211) planes at 26=47.91°, 50.74°, and 57.53°, respectively. Optoelectronic
properties were measured at wavelengths ranging 300-2500 nm by UV-Vis-NIR spectroscopy,
and the results are shown in Figure 1(c-e). The optical transmittance in Figure 1(c) is over 70 %
(76% at 550 nm) in the visible regime and increases in the near infrared regime (800-2500 nm).
The optical bandgap (E) for direct transition was extracted to be ~2.71 eV by extrapolation with
a Tauc plot of (absorption coefficient, a))? vs photon energy (4v) in Figure 1(d). The direct Eg
value is aligned with those (2.6-3.1 eV) available in the literature * 4’52, The indirect bandgap

)1/2

was also determined to be ~0.88 eV from a Tauc plot for the indirect transition of (a)"'* vs hv,

which is matched with the values (~0.7-1.0 eV) found from previous studies, of which the
indirect Eg values were estimated from absorption spectra and theoretical calculations® 47> 5% 33,
Cross-sectional microstructures and elemental distributions were investigated through TEM and

EDS. Figure 1(d) shows a cross-sectional TEM image of a bilayer of SiO2/p-SnOx mimicking the

encapsulated channel for the TFT application. In the inset extended TEM image (orange box),

12



regions of alternating bright and dark contrast/contours indicate a similarly oriented crystalline
region of polycrystalline material. At the top of the inset image, a light gray region is also visible
without any crystalline features, which is attributed to the encapsulation SiO2 in the amorphous
state. A high-angle annular dark-field (HAADF) TEM image (Fig. le) and its associated EDS
elemental mapping (Fig. 1f, g) were obtained from a SiO2/p-SnOx sample. Figure 1(f) shows an
EDS mapping image of Si (green), which clearly showcases the presence of encapsulation SiO2

on top of SnOx. The elemental mapping of Sn (yellow) is displayed in Figure 1(g), which is well

concentrated in the channel p-SnOx.
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In order to investigate the effect of the thin SiO:z layer on the chemical environments of the
channel, XPS investigations were conducted on the samples deposited on Si substrate: single
layers of SnOx and SiO:2 and a bi-layer of the SiO2-encapsulated SnOx. Since XPS is a surface
sensitive analytic technique that detects the binding energy information of the specimen elements
from the uppermost 10-15 nm, the chemical information of bi-layer samples, consisting of a thin
top coat (3-4 nm SiOz) as well as an underlying material (i.e., SnOx in this study), is able to be
investigated. Survey scans of the bi-layer samples (in Figure S1, Supporting Information) are
shown to include the major elements of Sn, Si, and O, further evidencing the presence of SiO2 on
SnOx films, while the control samples (single layers) of SnOx and SiO2 only display their own
elements of (Sn and O) and (Si and O), respectively. Detailed valence states and chemical
environments of the major elements are elaborately analyzed through high resolution (HR) XPS
measurements. Figure 2(a) shows HR Sn 3d XPS spectra of single layers of SiO2 and SnOx, and
a bilayer of SiO2/SnOx. It should be noted that the detected Sn binding energies from the single
layer SnOx and the bilayer SiO2/SnOx are nearly identical for the Sn 3d spin-orbit split pair at
486.79 eV of Sn 3ds2 and 495.12 eV of Sn 3d32, respectively. The identical binding energies
indicate that the chemical environments of Sn in the SiO2/p-SnOx were maintained, relating that
no reactions involving Sn occurred during the capping of SiOz. Note that each Sn 3d spin-orbit
component (i.e., 3/2 and 5/2) is symmetric and displays a single peak, which confirms no
metallic Sn is present in the resulting p-SnOx since SnOx with mixed metallic Sn exhibits two
peaks per split where metallic contribution locates at lower binding energies®. No significant Sn

3d intensity is observed in the single layer of SiO2, as expected.
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In the HR O 1s XPS spectra in Figure 2(b), the single layers of SiO2 and p-SnOx exhibit a nearly
symmetric single O s peak at 532.5 eV for SiO2 and ~531 eV for p-SnOx, respectively. The
bilayer SiO2/p-SnOx evidently displays the two O 1s peaks due to each contribution from SiO2
and p-SnOx. Notice should be taken that in the bilayer of SiO2/SnOx, the O 1s peak due to SnOx
is located at the same BE as the single SnOx; however, the O 1s peak originated from SiOz is
discernibly shifted to a lower BE (i.e., towards the SnOx oxygen state) in the SiO2/SnOx structure
as much as 0.35 eV. The oxygen state shift in S102/SnOx indicates that oxygen in SiO: of the
bilayer partially bonded/reacted with SnOx, possibly near the interface to form chemo-physical

bonding between SiO2 and p-SnOx.

Figure 2(c) compares HR Si 2p XPS spectra. As expected, no Si 2p information was detected
from the single layer of p-SnOx in the top curve. The single layer SiO2 spectrum (thickness of 3-
4 nm; bottom curve) displays a symmetric peak at BE of 103.23 eV, originating from SiO2 as
well as two distinct spin-orbit components of Si 2pi/2 and Si 2p3/2 at BE of 99.88 and 99.25 eV,
respectively, of which the split is attributed to the substrate Si (single crystalline). In the single
layer SiO: film, other silicon oxide phases are also observed®*>® near the substrate Si peaks,
which indicates that the resulting sputtered Si02 is slightly non-stoichiometric.

The bilayer film of SiO2/p-SnOx demonstrates an asymmetric SiO2 peak at BE of 102.86 eV,
which is lower as much as 0.37 eV than that of the single layer SiOz. The observed SiO2 peak
shift/asymmetry and the other non-stoichiometric phases indicate that chemo-physical bonding
was made at the interface between the top encapsulation SiO2 and the underlying p-SnOx as
similarly observed in the HR O 1s XPS investigations of SiO2/SnOx. The bonding at the SiO2

and SnOx interface, consequently, increased the amount of other silicon oxide phases detected at
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BE of ~101-102 eV in the SiO2/p-SnOx bilayer XPS curve. Note that although the resulting SiO2
is slightly non-stoichiometric, the encapsulated silicon oxide layer is denoted as SiO2, otherwise

specified when precise stoichiometry information is needed.
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state current, and higher on-current, compared to those of pristine counterparts; and (e, f) transfer
characteristics of the encapsulated TFTs where the p-SnOx channel prepared at (e) 14% Oz and
(f) 10% Ox.

P-type oxide TFTs based on p-SnOx were fabricated in a bottom-gated configuration, as shown
earlier in Figure 1(a). In order to investigate and compare the effect of encapsulation of the back
channel as well as the oxygen potential in the sputter gas on the TFT behavior, a set of p-SnOx-
based TFTs were prepared. The measured output characteristics are shown in Figure 3. TFTs
with pristine SnOx were compared in Figure 3(a) and (b) where the same y-axis (Ip) scale was
used in both plots so that the effect of oxygen volume potential during the sputtering process on
the p-type conduction and the TFT performance can be distinctively identified. The resulting
transistors operate as depletion mode p-channel field effect devices. The output characteristic
curves of the TFT with pristine p-SnOx deposited at 14% O: (i.e., sputter gas volume ratio,
02/Ar=14/86, resulting in SnO1.15 in Fig. S2 in the Supporting Information) show much higher
drain currents than those with p-SnOx prepared at 10% O2 (yielding SnO1.07 in Fig. S2 of HR
XPS analyses) in response to the same range of gate bias application (i.e., -40 V<V<40 V). This
trend observed with the pristine p-SnOx will be compared with those with encapsulated TFTs and
related to the doping mechanism in p-SnOx later in more detail. It should be noted that no strong
modulation in channel conduction with high off-state current and weak saturation behavior was
observed in the output characteristics of both pristine p-SnOx TFTs (Fig.3 a, b), which is
attributed to the high carrier density of the resulting p-SnOx within the processing sputter
conditions®. Due to the well-known narrow processing window of p-SnOx, no p-type conduction
behavior was observed in SnOx that was deposited outside of the range (i.e., O2 volume potential
of 10-14%), which leads to the difficulty in further controlling the carrier density of this material

(or channel conductance).
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The TFT output performance of the encapsulated devices is exhibited in Figure 3(c) and (d). As
observed in the pristine p-SnOx TFTs, higher drain currents were obtained, at the same bias
applications, with the channel p-SnOx that was deposited at higher Oz potential during
depositions. In comparisons of the encapsulated TFTs with the pristine p-SnOx TFTs, two
discernable changes are identified from the output curves of the encapsulated TFTs in Figure
3(c) and (d). First, enhanced channel modulation with low off-state currents was exhibited in
both SiOz2-encapsulated TFTs, compared to the pristine counterparts. Since all other components
are identical except for the encapsulation SiOz, it is reasonable to deduce that the SiO2 covering
the back channel contributes to the low off-state current by controlling the injected and arrived
carriers from the source and to the drain*’. The second feature to notice from the output
characteristics is the effect of the SiO2 capping on the doping of p-SnOx. In the comparison of
the TFT performance with and without the SiO2 capping layer, the drain current of the SiO2-
passivated devices increases about an order of magnitude for both O2 potentials. It is reasonably
hypothesized that additional agents (further discussed later with ToF-SIMS and DFT
investigations) are doped into the channel p-SnOx and work as acceptors that additionally
generate positively charged free carriers (i.e., holes) in the channel, particularly at the higher gate

biases.

Figure 3(e, f) shows device transfer characteristics of the encapsulated TFTs based on p-SnOx
fabricated with 14% and 10% Oz, respectively, where plots of Ip-V (blue) are presented on the

)1/2

left y-axis and curves of (In) "“~Vg (orange) are presented on the right y-axis. The drain current

on/off ratio is found from the In-Vg plots to be >10° and >10? for the TFTs with 14% and 10%
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O2 p-SnOx channel, respectively. The field effect mobility (u«rr) and threshold voltage (V1) of the
TFTs are determined from the slope and the x-axis intercept of the linear extrapolation of the

(In)">-V plots according to the equation:
— w 2
D — MFE%ox 5, \Y¢ — VT
Ip = preCox 5; Ve =Vp) (3)

where the drain current is related to ure, Vg, Vr, oxide capacitance (Cox), and the device aspect
ratio of channel width () to length (L). The field effect mobility is extracted to be 3.41 and 0.92
cm?/Vs from the TFTs with 14% and 10% O2 p-SnOx, respectively, and the threshold voltage is
found as 11.1 and 6.1 V, individually. The obtained field effect mobility (3.41 cm?/Vs) is
comparable (or slightly higher) to those reported in the literature®®->”- 38, Meanwhile, the transfer
performance of the pristine counterparts does not show a switching behavior due to the much
inferior channel modulation behavior (Fig. S4 in the Supporting Information). The TFT
performance parameters of the pristine and encapsulated p-SnOx TFTs are summarized in Table
1. In our bottom gate TFT configuration, thermally-grown SiO2 on heavily-doped Si was used as
the gate dielectric and p-type SnOx was directly prepared on the S102/Si structure. Typically, trap
states in the dielectric or at the channel/dielectric interface are the main origins of TFT
hysteresis. In the present study, comparing the effect of thin encapsulation on the p-SnOx TFT
performance, the identical Si02/Si structure was used for the pristine and encapsulated TFTs and
the devices were fabricated in parallel at the same batch except only for the encapsulation layer.
Therefore, no significant differences in trap-related hysteresis are expected between the pristine
and encapsulated TFTs. Despite the similar trap states expected in the dielectric or at the
channel/dielectric interface, hysteresis may appear in the two devices (i.e., pristine and
encapsulated) due to the high gate biases (Vg from -40 V to 40 V). In order to investigate the

origin of the enhanced TFT performance and doping mechanisms, elemental distribution analysis
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was conducted across the thickness of the pristine channel p-SnOx and SiO2/p-SnOx using ToF-
SIMS which will be discussed later in Figure 4.

In the literature, TFT devices employing p-SnOx have been fabricated using various techniques
including sputtering (both dc and rf) '>3°, pulsed laser deposition 3°, atomic layer deposition ®,
evaporation %!, and liquid-phase processing 2. These processes typically require elevated
temperatures during the fabrication or post-process annealing, ranging temperatures from 150 to
550 °C, to control the crystalline phase of resulting p-SnOx or to achieve p-type conductivity.
Regardless of the process techniques, the mobility and on/off current ratio of p-SnOx TFTs are

inferior, as low as ~0.01-3 cm?/Vs and 10%-10% 27-2%: 39,62

, respectively, compared to ~10-20
cm?/Vs and 10°-107 of typical n-type counterparts such as InZnO and InGaZnO % 46364 for TFT
channel applications. The typical low carrier mobility of p-SnOx is attributed to the localized
oxygen 2p orbitals near the valence band %% % Zhong et al. achieved relatively high field effect
mobility (6.5 cm?/Vs) and high switching ratio (10%) of p-SnOx TFTs through dual-gate TFT
structures where the enhanced performance is attributed to the coupled top/bottom gate biases
which enabled more efficient channel modulation *. Barros et al. achieved a high field effect
mobility of 4.6 cm?/Vs and an on/off ratio of ~10° through composition engineering of room-
temperature processed p-SnOx and low-temperature annealing at 200 °C '°. Nomura et al.

leveraged hydrogen environment annealing to passivate oxygen vacancy defects in p-SnOx and

hence enhance TFT device performance with a high switching ratio of 103 %.

Table 1. p-type SnOx-based TFT performance, comparing pristine and encapsulated devices

Po> in the LFE On/off

p-type TFTs sputter gas (%) Operation mode (cm¥/Vs) ratio V1 (V)
. 10 . 0.003 ~2 >40
Pristine 14 Depletion 0.18 5 =40
Encapsulated 10 Depletion 0.92 10 6.1
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Figure 4. ToF-SIMS depth profiling of the major element and additional H ion of the Si02/SnOx
and pristine SnOx films as a function of (a) sample structure and (b) ion

ToF-SIMS depth profiling results in Figure 4 show the distribution of the major ions of the

pristine p-SnOx and SiO2/p-SnOx specimens. In addition to the major ions, hydrogen ion was also

tracked to identify its presence and the effect on the chemical and electrical properties of the p-

SnOx and the TFT performance. In order to compare the hydrogen permeation mechanism, an

additional SiO2/SnOx sample was included in the SIMS analysis, where the SiO:2 layer was

grown at a higher Oz-contained sputter gas (O2/Ar=5/95; resulting in SiO1.99), compared to that

21



deposited at pure Ar conditions (resulting in SiO1.86). The stoichiometry of SiOy was determined
from HR XPS element area analyses in Figure S3 (Supporting Information), from which the
SiO1.99 is considered a pseudo-stoichiometric phase (SiO1.99=Si0z2) and the SiO1 36 is regarded as
an oxygen deficient counterpart. In addition to the TEM/EDS images in Figure 1, it is further
verified that a thin layer of SiO2 (~3-4 nm thick) is well present on p-SnOx (Fig. 4(a-1) and (a-2);
(b-1) and (b-2)), in comparison with the pristine layer of p-SnOx in Fig. 4(a-3) and (b-3). The
major composition ions of Sn and O are confirmed to be dominantly present over the 30 nm
thick p-SnOx layer in all three specimens. It should also be noted that non-negligible H ion

intensity is clearly detected in the entire thickness of p-SnOx in all the samples.

In order for direct comparisons of the ion distribution, the ToF-SIMS results in Figure 4(a) were
rearranged as a function of ion element, of which the plots are shown in Figure 4(b). The O ion
distribution, showcased in Figure 4(b-1), is noticed that the O ion concentration of pristine SnOx
near the surface (i.e., back channel in bottom-gated TFTs) is higher than that of the bulk regime
and that of the SiO2-encapsulated p-SnOx. The demonstrated O ion difference between the
pristine and encapsulated samples indicates that the pristine p-SnOx surface adsorbed oxygen
from the air while the encapsulation SiO: effectively suppresses the oxygen adsorption on the
surface of p-SnOx due to the limited diffusion of oxygen in Si02.%%° This observed O diffusion
barrier performance of SiO: is supported by several studies available in the literature. Fahlteich
et al.% reported that the oxygen permeation rate in sputter-processed SiOz is as low as 0.14

cm’/m?d bar, comparable to or lower than those of A1203 and TiO2 (0.1 and 0.38 cm*/m?d bar,

i 67 i 68, 69

respectively). Wertheimer et al.®’ and von Rohr ef a also reported the effective oxygen and

water barrier performance of SiO2 processed through plasma-enhanced chemical-vapor-
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deposition (known as PECVD) where the authors identified that the barrier performance depends
on the defect concentrations and microstructures. Similar results were also achieved by a non-
vacuum processed SiO2 through atmospheric pressure plasma jet deposition’’. No discernible
differences in the O ion distribution are detected between the two encapsulated cases. Since the
surface adsorbed oxygen is known to cause performance variation of oxides and generate trap
sites, the demonstrated oxygen barrier capability is to exclude the potential performance issues
regarding oxygen adsorption’!* 2, For Sn ion distributions shown in Figure 4(b-2), no significant
changes were observed across the channel p-SnOx for all three samples. An H ion distribution by
ToF-SIMS is presented in Figure 4(b-3) where the noticeably highest H ion intensity is observed
throughout the SnOx region of the more O-deficient encapsulation sample (i.e., SiO1.86/SnOx),
compared to the other two samples. In the Si01.99/SnOx specimen, the H ion intensity is slightly
higher than that of the pristine p-SnOx film. The results indicate that (i) SiOz selectively
permeates hydrogen, and (i1) the permeability varies with the O/Si stoichiometry in the layer
which can be tuned by growth conditions (i.e., oxygen fraction in the sputter gas). From the
SIMS results, it is identified that the less oxygen stoichiometry may lead to the higher hydrogen
accommodation capability than that of higher stoichiometry in silicon oxides, and (iii) the
presence of H and its concentration differences in p-SnOx may be related to the channel carrier
density in consideration of the enhanced on-current of the TFTs shown in Figure 3.

The selective hydrogen permeation through Si0O2, while blocking other species, has been widely
considered in the field of electrochemistry such as H" conducting membranes in intermediate-
temperature fuel cells’>”>. Jo et al.” recently reported an electrochemistry study with cyclic
voltammetry (CV) and electrochemical impedance spectroscopy where an ultra-thin amorphous

SiO2 layer is identified to selectively transfer H™ across the interface between layers, while the
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permeation of oxygen is effectively blocked. Similar results were reported by Lee et al.’® where
a selective transport of H" was proved using CV measurements from a heavily-doped
Si/Si02/electrolyte system. It should be noted that they also reported that the formed and
transported H' serves as a reducing media by accepting electrons from the hosting matrix,
particularly in the presence of bias applications. Lee et al.”® uniquely exploited the reducing
capability of the Si/SiO2/electrolyte system with hydrogen ions for electrochemical reduction of
CO2 and O2 and electrochemical syntheses of bimetallic nanocrystals under electrical biases’®.
Further studies on the selective hydrogen permeation of SiO2 have been reported, where the
generation and permeation of hydrogen are found to be facilitated in the presence of biases
practically greater than approximately 2 V in the presence of H20 7> 78, In the encapsulated
devices, large biases (up to +40V) were applied to the gate electrode with respect to the source
electrode where the electrodes were placed in the same ambient conditions and, therefore, the
permeation may be generated on the encapsulation surface (i.e., SiO2) or at the
source/encapsulation interface 7> 777, This selective H' transfer through SiO2 and bias-assisted
reduction capability concur with the TFT performance observed in this study. The permeated H"
in the channel p-SnOx, of which the presence is evidenced in Figure 4(b-3) through SIMS, is
likely to be activated to serve as acceptor by the application of gate biases and hence increase the
channel carrier density and the drain current. The role of SiO2 encapsulation on top of p-SnOx is

schematically compared with that without encapsulation in Fig. S4 (Supporting Information).
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Figure 5. DFT calculation of impurities in p-type SnQO. (a) Crystal structure of SnO; (b-g)
Crystal structures with possible defects of (b) Vsn, (¢) Vo, (d) Oi, (e) Hi, (f) H-Vo, and (g) H-
Vsn; and (h) Formation energies of possible defects in SnO as a function of Fermi level.

To further validate the H-related doping mechanism in p-SnOx, DFT calculations were
conducted. The defect formation energy of various defects was calculated to identify the defects
favored in SnO and their contribution to p-type doping. The formation energy of a defect in SnO
is given by:

A Eg(defect,q) = Er(defect,q) — Er(perfect,q) + psn + to + q&F 4)
where Er(defect, q) is the total energy of a supercell with a defect in a charge state ¢ and
Er(perfect, q) is the total energy of a perfect supercell in a charge state q. ug, and y, are the
atomic chemical potentials of Sn and O, respectively. € is the electron chemical potential and
measured from the valence-band maximum (VBM), which is set to 0 eV. The crystal structure of
perfect SnO as demonstrated in Fig. 5(a) and the crystal lattice structure of the defects considered
are exhibited in Fig. 5(b-g): (b) Vsn, (¢) Vo, (d) Oi, (e) Hi, (f) H-Vo, and (g) H-Vsn. The Sn
vacancy, Vsn has a (0/-) transition level at 0.06 eV and (-/2-) at 0.41 eV above VBM as indicated
in Fig. 5(b) and (h). Those of Vo from +2 to +1 and +1 to 0 are located at 0.18 eV and 0.28 eV,

respectively. Oi shows no defect transition level in the calculated band gap shown in Fig. 5(h),
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implying the existence of O interstitials may not work as a p-type dopant. Hydrogen-related
defects were considered to include H interstitial and interactions between hydrogen and two
kinds of vacancies (i.e.: Vsn and Vo), which are marked as Hi, H-Vo, and H-Vsn in the defect
formation energy diagram (Fig. Se, f, g, respectively). Hiplays a role as amphoteric defects in
SnO with the (+/0) and (0/-) transition level at 0.38 eV and 0.42 eV in our DFT calculation 3% 3%
40.42.80 The H; formation energy plot indicates that Hi can be either p-type or n-type dopants,
given the locations of these defect energy levels within the bandgap. However, in the diagram,
the Hi states are identified to take deep-level donor or deep-level acceptor, and therefore neither
of them works as active dopants in SnO for both polarities. For the H-Vo configuration structure
in Fig. 5(f), hydrogen occupies the center position of the oxygen vacancy and forms a
substitutional impurity H-Vo. The H-Vo was calculated to work as an amphoteric defect with the
(0/+) and (-/0) transition levels located at 0.24 eV and 0.55 eV, respectively. Similar to the Hi
case above, H-Vo does not contribute as active dopants to either polarity conduction. The
complex impurity structure of H-Vsy sits at the center of the Vsn as shown in the lattice structure,
Fig. 5g and the transition level of H-Vsa from -1 to O (i.e., possible acceptor) was located at 0.13
eV above VBM in Fig. 5(g). Among all these impurities in SnO, the H-Vsn has the lowest
formation energy, which suggests the source of the p-type conductivity in SnO (i.e., shallow
acceptor) in the presence of hydrogen. These DFT calculations support the role of hydrogen on
the p-type doping in SnOx where the defect cluster of H-Vsa may account for the enhanced

doping concentration as extrinsic p-dopant.

The role of hydrogen in p-type SnO is not clearly understood yet and is controversial in the

literature. Nomura et al. found that hydrogenating SnO by thermal annealing in hydrogen
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ambient was able to reduce subgap defect states at annealing temperatures up to 400 °C, where
the reduced subgap states were validated through reduced absorption, enhanced TFT transfer
performance with low-off current, and density-of-state calculations*. The mobility of this
hydrogenated p-type SnO was achieved as high as ~2 cm?/Vs.*® Varley et al. predicted a possible
hydrogen doping mechanism in p-type SnO from first-principles calculations, in which the doped
hydrogen forms shallow-level acceptors by generating complex impurities (such as H atom
located at the center of the oxygen vacancy, H-Vo or tin vacancy, H-Vsn) other than the single-
specie defects. They also suggested that the interstitial H, which is a single-specie defect, acts as
an amphoteric impurity in SnO *°. However, Becker et al. reported lattice parameters
investigations that hydrogen in p-type SnO takes interstitial sites (i.e., Hi) and works as active
acceptors rather than complex impurities®’. Later, Yim reported a DFT calculation study, in
which the authors claim that the doping of p-type SnO was induced by hydrogen complex
impurities while interstitial H acts as only a donor >, Yim’s report is further supported by Xue et
al. who reported that hydrogen complex impurities allow for doping of p-type SnO, rather than
H;, acting as an amphoteric impurity*’. Although the role of hydrogen in p-type doping in SnO is
not fully established, these quite a few reports concerning the hydrogen impurity complexes as a
favorable acceptor agree with our DFT analysis and support our discussion on the selective

hydrogen permeation through a thin SiO: layer and its effect on the TFT performance.®® 4% 42

4. Conclusion
This study suggests facile strategies to achieve high performance TFTs with p-type SnOx through
a thin encapsulation layer that adjusts channel carrier injection and selectively permeates

hydrogen while blocking oxygen. The inclusion of a thin SiO: film (3-4 nm) effectively reduces
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the device off-state current without sacrificing the on-state current. The effect of SiO2
encapsulation on the extrinsic doping of p-SnOx and the TFT performance is explored through a
series of investigations of XPS, ToF-SIMS, and DFT calculations, by which the presence of
hydrogen across the entire p-SnOx channel is identified and an impurity complex of H-Vsn in the
lattice is found to be the favorable dopant in p-SnOx. The oxygen stoichiometry in the
encapsulation layer is likely to be a governing factor of the hydrogen permeability and hence the
extrinsic doping capability. The resulting encapsulated p-SnOx TFTs demonstrate superior
performance stability in ambient air at room temperature and elevated temperatures (up to

300 °C evaluated in this study) with high field effect mobility of 3.41 ¢cm?/Vs, drain current
on/off ratio of 10%, and threshold voltages of ~5-10 V. These findings may be of significant
relevance to p-SnOx TFT studies that show issues of tuning channel carrier density and
consequent conduction modulation (either too high or too low), and reliability due to oxygen

adsorption on the channel surface.
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