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Abstract

The fabrication of oxide-based p-n heterojunctions that exhibit high rectification performance
have been difficult to realize using standard manufacturing techniques that feature mild vacuum
requirements, low thermal budget processing, and scalability. Critical bottlenecks in the
fabrication of these heterojunctions include the narrow processing window of p-type oxides and
the charge blocking performance across the metallurgical junction required for achieving low
reverse current and hence high rectification behavior. The overarching goal of the present study
is to demonstrate a simple processing route to fabricate oxide-based p-n heterojunctions that
demonstrate high on/off rectification behavior, low saturation current, and a small turn-on
voltage. For this study, room-temperature sputter-deposited p-SnOx and n-InGaZnO (IGZO)
films were chosen. SnOx is a promising p-type oxide material due to its mono-cationic system
that limits complexities related to processing and properties, compared to other multi-cationic
oxide materials. For the n-type oxide, IGZO is selected due to the knowledge that post-
processing annealing critically reduces the defect and trap densities in IGZO to ensure minimal
interfacial recombination and high charge blocking performance in the heterojunctions. The
resulting oxide p-n heterojunction exhibits a high rectification ratio greater than 10°> at+3 V, a
low saturation current of ~2x107!% A, and a small turn-on voltage of ~0.5 V. In addition, the
demonstrated oxide p-n heterojunctions exhibit excellent stability over time in air due to the p-

SnOx with completed reaction annealing in air and the reduced trap density in n-IGZO.



1. Introduction

The discovery of high-mobility oxide semiconductors has sparked considerable research interest,
leading to the development of electronic materials that are electrically and chemically stable, can
be produced at mild temperatures (<500 °C), and can be manufactured at low costs. Of the many
oxide semiconductors, most researchers have focused towards transition metal oxides'- that
incorporate In"> %, Sn* 7% Ga'- %1% Al'""!3 and Zn>7-% 1 14 These materials exhibit notably
higher carrier mobility® '>'¥ (10-50 cm?/Vs) than conventional amorphous Si' ' (a-Si, <1
cm?/Vs), as well as the potential for low temperature manufacturing'- 161921 (<200 °C). The
high carrier mobility characteristics of these oxides indicate a strong potential for the
replacement of a-Si in current displays, as these oxides are already being implemented in both
active-matrix liquid crystal displays and organic light emitting diode technologies!® 2223,

In spite of such a high mobility of oxide semiconductors, the oxides reported in the literature are
mostly limited to single polarity, n-type, applications'™ ¢ 1524 This is due primarily to the reason
that the current synthesis of p-type oxide semiconductors is technologically challenging®-2°. As
a result, current applications of oxide thin film transistors (TFTs) are only subject to n-type

devices and have been limited to displays as pixel driving elements in which circuits are

composed only of n-channel TFTs.

Due to the technical challenges, the reports on p-type oxides are quite limited. Strategies to

produce p-type oxide semiconductors have been suggested?>-2° based on the formation of hybrid

orbitals?>® in order to broaden the valence band in certain oxide systems. The hybrid orbitals

provide delocalized oxygen 2p states or cation valence states at similar energy levels to the

1.27

oxygen 2p states near the valence band maximum (VBM). Meng ef al.*” suggests that, oxygen 2p



orbitals in typical metal oxides are likely placed at deep level states and therefore strongly
localized in the valence band, which inhibits the generation of p-type carriers and also limits the
hole mobility. The first p-type oxide of CuAlO2 appeared in 1997 by Kawazoe and Hosono ef
al.®. They considered hybridized orbitals between O 2p and Cu 3d in order to extend the VBM
where energy states of Cu 3d orbitals locate near the O 2p, which offers a favorable environment
to form hybrid orbitals?®. P-type oxide semiconductors such as CuAO2 (A = B, Al, Ga, and In),
SrCu20z2, and LaCuOX (X = S and Se) were produced®> 2°! and similar electronic structures
were also found in Cu20°? and Ag>O**. Efforts to implement these p-type oxides in devices such
as p-channel thin film transistors were made; however, the required properties for device
applications (e.g., mobility or carrier density) were difficult to tune and the devices were not

functional® 33-34,

Ogo et al.* suggested that pseudo-closed ns’-orbitals near the VBM would produce oxides with
p-type conduction. Such electronic structures are found in oxides incorporating heavy metal
cations, such as Sn** (5s%), Pb%* (6s?), and Bi** (6s?), primarily because these elements are stable
in ns? (n>5) pseudo-closed shell electronic configurations. Among the suggested heavy metal
cation oxides, PbO** and Bi-related oxides*® have been found to also not generate functioning
devices, possibly due to an unfavorable electronic structure for PbO* and deep level locations of
Bi 6s orbitals in the valence band for Bi-O system®’. Instead, a simple binary oxide (SnOx, x<2)
was found to be a good candidate for a p-type semiconductor due to its Sn 5s nature near the
VBM and the possible formation of ns’ hybrid orbitals, demonstrating high carrier mobilities (1)
of ~0.1-2.5 cm?/Vs and carrier density ranging from ~10'7 to 10'® /em?. 26383 Martins et al.

reported a first demonstration of oxide-based complementary metal-oxide-semiconductor



devices, consisting of p-SnOx (u=0.8 cm?*/Vs)and n-IGZO TFTs (u=21 cm?/Vs) on papers for
potential applications in disposable bio electronics.*’ More recently, Liu ef al. demonstrated a
low temperature (150-300 °C) processing of p-type Cu-doped NiO through solution combustion

synthesis and its integration in TFTs, exhibiting p=1.5 cm?/Vs and on/off current ratio of ~10*.4!

As fundamental units in modern microelectronics, p-n junctions are widely used in electronic and
optoelectronic applications such as junction transistors*?, solar cells**, photodetectors*, electronic
memory elements*, and chemical sensors*. Although single-crystalline bulk materials such as Si
and GaAs have dominated the semiconductor junction industry and their applications, because of
the demands of mild thermal budget processing, new or additional functionalities required for
specific applications (e.g., transparency, catalytic activities), and low-cost manufacturing
processes, oxide semiconductor thin films have been garnering a large amount of attention in

recent years due to the results of enhanced understanding and processability of p-type oxides.

Although efforts have been made to realize oxide-based p-n heterojunctions, the majority of the
previous studies exploited a thin film epitaxial growth technique (known as molecular beam
epitaxy, MBE) or a high-powered laser beam process (known as pulsed laser deposition, PLD).
While these methods have demonstrated the promising feasibility of oxide-based p-n junction
applications, the general nature of these two techniques, such as the ultra-high vacuum
requirements, high power usage and processing inability over large areas, limits further industrial
and engineering applications of the demonstrated p-n heterojunctions. The particular benefits of
these high-end techniques may include high quality thin films with minimal structural and

electronic defects that lead to enhanced charge blocking performance for the reverse current and



consequently higher rectification behavior. Unlike TFTs, which is a single polarity device that
consists of a high-performance dielectric layer to block the charge flow across the dielectric and
hence modulate the conductance of the channel (mostly single polarity semiconducting active layer)
by the gate field applied, the charge blocking performance in the p-n junction is the key parameter
since the blocking performance is solely dependent on their own properties of produced p- and n-
oxides without any additional or external assistance. Therefore, other conventional thin film
processing methods such as sputtering, which are more compatible with industrial manufacturing
processes, were initially limited to yield thin films with a non-negligible number of defects, and
consequently resulted in poor rectifying behaviors. Oxide-based p-n heterojunctions exploiting
MBE or PLD techniques demonstrated an on/off rectifying ratio ranging from 10-107 (still majority
from such as p-SrCu202/n-Zn0O, p-ZnRh204/n-Zn0O, p-CuAlO2/n-Zn0O)*! to 10°-10° (such as p-
ZnC0204/n-ZnSn0, p-NiO/n-In203:Mg, p-ZnCo204/n-In203:Mg)**>3, and some showed even
higher than 10® from p-n junctions including p-ZnCo204/n-ZnO and p-NiO/n-ZnO.>* In
comparison, sputtering, evaporation or sol-gel processes predominantly yielded a rectifying
performance less than ~10? out of p-NiO/n-ZnO>, p-AgCo02/n-ZnO¢, p-SrCu202/n-Zn0>?, and
p-SnO/n-ZnO*8. Although only a few sputter-only processed oxide p-n heterojunctions achieved
an on/off ratio of 10°-10%, the further advancement of these oxide heterojunctions was limited due
to either high reverse saturation current (or current density) or non-ideal performance, leading to
difficulties using these favorable manufacturing techniques for the development of p-n

heterojunctions.*’

InGaZnO (IGZO) is a well-known n-type amorphous oxide semiconductor (AOS) that has been

intensely investigated for oxide-based TFTs as a channel layer due to its high carrier mobility (5-



10 cm?/Vs), optical transparency in the visible regime (>~90%), and mild thermal budget
processing (200-400 °C). Unlike covalent semiconductors such as amorphous Si, the
demonstrated high carrier mobility of AOSs including IGZO is attributed to the localized
conduction band minimum on spherically symmetrical metal s-states, and therefore, no
significant impacts of the disordered nature are observed in the conduction behaviors.**-%° This
amorphous oxide semiconductor (AOS) is now being implemented in high performance active-
matrix liquid crystal displays, active-matrix organic light emitting diodes, and more recently in
radio-frequency identification devices.®! Previous reports on forming Schottky metal contacts
with IGZO to realize rectifying behaviors are also available in the literature.®® In AOS-based

TFT fabrication, post-process annealing is often considered to improve charge carrier transport®°,
contact properties at the semiconductor/metallization interface®, and TFT performance stability®.
Specifically, it has been reported that the stability of IGZO and other In203-based AOSs is
significantly enhanced after approximately 400 °C annealing in air, which effectively reduces
defects and trap density®® of AOS materials. When considering p-n heterojunction application,
the reduced defect/trap density and the enhanced stability may mitigate, at least in part, the issues
of relatively poor charge blocking performance and hence rectifying behavior of sputter-

processed or solution-based oxide-based p-n diodes.

The present study aims to demonstrate high performance p-n heterojunctions based on room-
temperature sputter-deposited p-SnOx and n-IGZO, of which the fabrication processes are
compatible with other current standard manufacturing processes that require low thermal budget
processing, moderate vacuum conditions, and scalability. The formation of p-SnOx is

systematically investigated through amorphous/crystalline diffraction analysis, optoelectronic



property evaluations, and work function and valence band measurements. The oxide p-n
heterojunctions exhibit high rectification performance with an on/off ratio greater than 10° at +3
V, low reverse saturation current (~2x1071°A) and small turn-on voltage (~0.5 V). The achieved
processing capability of p-SnOx and the high diode performance may be significant to studies that
seek a simple and reproducible strategy for p-type oxide processing and bipolar device applications
with favorable processing techniques that are compatible with standard vacuum manufacturing

methods.

2. Experimental details

Oxide thin films of p-SnOx and n-IGZO were deposited using dc/rf magnetron sputtering on Si
and glass substrates at room temperature. Substrates were first loaded to a load-lock chamber and
after reaching a pressure of <1x107 Torr in the load-lock chamber, the substrates were
transferred to the main chamber. During depositions, the substrates were rotated at 5 rpm to
result in high uniformity and surface homogeneity. Prior to depositions, the sputter chamber was
pumped down to a base pressure of < 3-5 x 107 Torr and the target surface was pre-sputtered for
5-10 mins to remove target surface contamination and obtain uniform sputter gas flow. SnOx thin
films were deposited using reactive sputtering from a metal Sn target (99.999%, Kurt J. Lesker)
at a dc power of 30W and at an Ar/Oz sputter gas ratio of 88/12. During SnOx depositions, the
chamber working pressure was maintained at 2.0 x 10~ Torr. IGZO thin films were sputtered
using rf sputtering from a sintered IGZO target (In:Ga:Zn=1:1:1 in at%, 99.99%, Kurt J. Lesker)

at an rf power of 70W and at a working pressure of 2.2 x 107 Torr at an Ar/Oz ratio of 89/11.



Oxide-based hetero-junction p-n diodes were fabricated using the p-SnOx and n-IGZO films.
Heavily-doped (100) p-Si™ (0.003-0.005 Q cm) was used as the p-side electrode as well as the
substrate. SnOx was deposited on p-Si wafers as the p-type layer and annealed in air. Then,
IGZO was deposited as the n-type material on p-SnOx/Si"" wafers and annealed in air at 400 °C.
Sn , as the n-side electrode, was deposited using dc sputtering at a dc power of 50W and at a
chamber pressure of 2.7 x 10 Torr with pure Ar as the sputter gas. Each layer of p-SnOx, n-
IGZO, and Sn was patterned through shadow masks. Heterojunction p-n diode characteristics
were evaluated with a semiconductor parameter analyzer (Agilent 4155B) in a light-tight probe
station under ambient air conditions. During the p-n junction measurements, the p-side electrode
(heavily-doped p-Si) was grounded and the n-side electrode (Sn) was applied by bias ranging
from -3 to 3 V. More than 15 devices were fabricated and tested to gather reliable data and

provide evidence of reproducibility.

X-Ray diffraction (XRD) spectra to evaluate the amorphous and crystalline structures of the
SnOx and IGZO films were taken utilizing a Malvern Panalytical Empyrean X-Ray
Diffractometer with a theta-two theta coupled scan mode. XRD investigations were made
through Cu Ka radiation (A=1.54 A) at a generator voltage of 45 kV and a tube current of 40 mA.
Optoelectronic properties of the used oxide thin films, grown on glasses, were investigated in a
UV-Vis spectrometer (Varian Cary 50) in the visible regime of 300-900 nm. A spotless bare
glass piece was used for a baseline scan to exclude the substrate information in the resulting UV-
Vis spectra. Film thickness was measured with a multiwavelength ellipsometer (FilmSense FS-1)
using an incident and detection angle of 65°. Surface root-mean-square (RMS) roughness and

topographic microstructures of SnOx and IGZO films were analyzed via atomic force microscopy



(AFM) utilizing a Veeco Dimension 3100 microscope in tapping mode. Images were taken over
I pm x 1 pm area using a Si cantilever (Bruker, tip frequency of 330 kHz). Scanning electron
microscopy (SEM) was also utilized to examine microstructure evolution of SnOx and IGZO
samples before and after annealing. Plan-view and cross-sectional SEM images were obtained
utilizing a ThermoFisher Scientific Teneo SEM with a Trinity Detection System at
magnifications between 100,000-160,000%. The electrical properties (e.g., carrier concentration
and Hall mobility) of SnOx and IGZO films were characterized from Hall Effect measurements
in the van der Pauw configuration with a small specimen current (~1 nA) for which a magnetic-
field variable electromagnet (0-2 Tesla, GMW Associates) and a bipolar power supply (KEPCO

Inc.) were used.

X-ray photoelectron spectroscopy (XPS) investigations were made on p-SnOx and n-IGZO films
deposited on Si substrates to investigate the chemical environments and valence states of the
major elements. XPS measurements were conducted in a Thermo Fisher Scientific NEXSA
spectrometer under high vacuum (<1 x 10”7 Torr) with focused monochromatic soft Al Ka x-ray
radiation at 1486.6 eV. Prior to XPS measurements, the sample surface was cleaned for 15 secs
by cluster Ar ions (Am") to remove any surface contaminants and to objectively evaluate the
surface properties of the films without any interference. It should be noted that the cluster ion
source (cluster energy of 4 eV/nucleon and cluster size of 1000) was employed to limit any
chemical damages such as reduction of the oxide due to, known as, preferential sputtering. The
work functions (@) of the oxide films were identified by ultraviolet photoelectron spectroscopy

(UPS), integrated with the NEXSA spectrometer, using a monochromatic He (I) excitation at

10



21.22 eV. During UPS measurements, SnOx and IGZO films were negatively biased with respect
to earth (Vvias = -7 V) by the conducting sample stage, through which the photoemitted electrons
are accelerated and hence the onset of emission is detected. Before the measurements of SnOx
and IGZO samples, silver (D4g=~4.5 elV) was used as reference to calibrate the spectrometer (see
Fig. S1) and the binding energy scale, which allows accurate determinations of cut-off energy

and Fermi level position.

3. Results and discussion
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Figure 1. Thin film characteristics of SnOx before and after annealing
(a) X-ray diffraction spectra obtained from as-deposited and annealed SnOx films where the as-
deposited curve indicates the amorphous phase of the film in its un-annealed state while the
XRD spectra measured from annealed samples exhibit the poly-crystalline phase of SnOx
according to JCPDS #06-0395; AFM topographic images of SnOx, measured from a scan area of
1 x 1 um? of the image of (b) as-deposited SnOx (Rms=0.517 nm) with no significant micro
features and (c) annealed at 300 °C in air exhibiting microstructure evolutions (Rrms=0.886 nm);
SEM images of SnOx thin films of (d) as-deposited and (e) annealed at 300 °C showing a similar
microstructure evolution after annealing. The inset scale bars represent 500 nm; UV-Vis
optoelectronic properties of (f) visible-regime transmittance of SnOx with annealing time and (g)
optical bandgap extraction from Tauc plots for the direct transition, o? vs. hv.

Amorphous/crystalline structures of the SnOx films were evaluated through XRD investigations

and the results are shown in Figure 1a. In the as-deposited state (bottom), no significant

11



crystallographic features are observed, from which the as-deposited SnOx is identified as the
amorphous state. However, after annealing in air at 400 °C for 4 h, an amorphous-to-crystalline
phase transformation is obviously observed in the diffraction spectra of annealed samples
(middle and upper). A strong peak is seen at a diffraction angle of approximately 29.95°, which
is attributed to the characteristic crystalline diffraction of the SnO (101) plane (JCPDS #06-
0395). The XRD spectra obtained from annealed samples also show a peak at 26=33.37°
diffracted from the SnO (110) plane. Other minor peaks are also detected at diffraction angles of
47.60°, 50.82°, and 57.57° which result from the SnO crystallographic planes of (200), (112),
and (211), respectively. Quantitative analysis of the amorphous to crystalline diffraction peak
intensity ratio shows no significant changes between 4 h- and 10 h-annealed samples, indicating
that the majority of amorphous-to-crystallization reaction of SnOx was completed within four
hours of annealing. According to the XRD results, in order to ensure the completion of the
crystallization, sputtered SnOx films were annealed for at least 4 h for oxide-based p-n
heterojunction applications demonstrated in the present study. The electrical properties of SnOx
were evaluated using small current Hall effect measurements. While Hall effect measurements
on as-deposited SnOx films were not consistent possibly due to the disordered nature and its
associated tail states, reliable results were obtained from annealed SnOx samples. The carrier
density and mobility of annealed SnOx were measured to be 3.1x10!7 /em? and 1.91 cm?/Vs,

respectively.

Surface topographic microstructures of SnOx were investigated using AFM and the results were

compared before and after annealing (4 h in air at 400 °C). The as-deposited AFM surface image

in Figure 1b is smooth and devoid of microstructure features, which accounts for the amorphous

12



nature of the as-deposited SnOx as identified by XRD (Fig. 1a). The as-deposited amorphous
surface shows the root-mean-square roughness (Rrms) of 0.517 nm. However, the annealed AFM
micrograph clearly displays surface microstructures that were evolved due to annealing. The
microstructures shown in the annealed AFM image are the results from the amorphous-to-
crystalline transformation and engendered poly-crystalline grains as identified in the annealed
XRD spectra (Fig. 1a). In spite of the presence of crystalline features which emerged after
annealing, the surface R-ms of annealed SnOx is only 0.886 nm, of which the smooth surface
makes it favorable to form heterojunction p-n diodes by limiting interfacial scattering at the
junctions of p-SnOx/n-IGZO and heavily-doped Si/p-SnOx in our device structure (see the
schematic in Figure 3a). Figures 1d-e display the SEM plan-view images of SnOx to investigate
the effect of annealing on the microstructures as well as to complement the AFM analysis.
Notable grain boundaries are observed in the annealed SEM image, which coincides with the
XRD and AFM results that represent crystalline structures and generated grains after annealing.
In regard to crystallite size, the annealed grains are shown to be approximately ~15-30 nm in
diameter when measured via plan-view SEM imaging, which is in good agreement with the

AFM images (Fig. 1b-c).

Optoelectronic properties of p-SnOx were determined through UV-Vis measurements, for which
~100 nm-thick SnOx films, deposited on coverslip glass substrates, were used. A baseline scan
was conducted on bare coverslip glass to exclude the substrate information in the resulting UV-
Vis spectra. Figure 1f plots the visible regime transparency of the SnOx films as a function of
annealing time and wavelengths ranging from 300 nm to 900 nm. The transmittance increases

with increased annealing time, and the absorption edge shifts to the left (i.e., blue shift) and gets

13



sharper, indicating the material is transformed to a more ordered state, which is supported by the
XRD results (Fig. 1a) that present the amorphous-to-crystalline phase transformation of SnOx. It
is worth noting that the increase in transparency and the edge shift is not prominent after 4 h
annealing, which indicates that the annealing effect becomes insignificant and the SnOx films
reach a pseudo-equilibrium state after approximately 4 h annealing, which is also in agreement
with the XRD trend. To evaluate the optical bandgap (Eg) of SnOx, Tauc plots were constructed
as a function of annealing time. Figure 1g displays Tauc plots of a’ vs. hv for the direct bandgap

transition of the SnOx films®*-6°

, Where a is the absorption coefficient and /v is the photon energy
with Planck constant / and the light frequency v. The Eg is determined by extrapolating the linear
portion of Tauc plots to the zero absorption. The direct Eg of the SnOx films is found to be
approximately 2.7 eV in the as-deposited state and slightly increases with annealing time,
saturated to ~2.9 eV for the 10 h-annealed SnOx. These direct Eg values of p-SnOx are well
matched with those (2.60-3.15 eV) found in the literature®*%®. The polarity of the SnOx films is
found to be p-type for both as-deposited and annealed states through photoelectron spectroscopy,
which is further detailed later in Figure 4a. The origin of the increase in the Eg after annealing is
possibly due to the increase in carrier density after annealing, which is experimentally supported

by the valence band measurements, of which the detailed discussion is provided later in Figure

4b.
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Figure 2. XPS chemical environment and valence state analysis of p-SnOy (a) XPS survey
scans of p-SnOx films before and after annealing in air at 400 °C, where the survey spectra
display peaks of O 1s and Sn 3d with other minor Sn-related peaks; core-level HR XPS spectra

of (b) O 1s and (c) Sn 3d before (upper) and after (lower) annealing; and (d) the ratio of O/Sn as
a function of annealing time, where the ratio is saturated after approximately 2 h of annealing.

XPS investigations were conducted and the results are shown in Figure 2 to compare the
elemental compositions and valence state of major elements in as-deposited and annealed SnOx
films. Figure 2a shows XPS survey scans of SnOx thin films measured at binding energies
ranging from 0 to 900 eV. All the survey spectra are similar to each other, where strong XPS
detection from Sn 3d and O 1s is observed with other Sn-related peaks from Sn 3s, 3p, 4s and 4d
excitations.

To further investigate the effect of annealing of SnOx on the valence state of major elements of
SnOx films (i.e., O 1s and Sn 3d), core-level high resolution (HR) XPS analysis was performed
as a function of annealing time. Core level HR O 1s XPS spectra are shown in Figure 2b. In the
as-deposited state (upper), the HR O 1s spectrum exhibits slight asymmetry in the peak that is
deconvoluted into two peaks, one at 529.64 eV (strong) due to lattice oxygens in SnOx and
another at 530.67 eV (weak) attributed to the presence of oxygen-related defects or hydroxyl
group®’. After annealing (lower), the overall peak location shifted toward higher binding energy

by approximately 0.94 eV, which results from the crystallization reaction during annealing,
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leading to a higher binding energy of oxygen in the annealed SnOx. It should also be noted that
no significant asymmetry is observed in the annealed HR O 1s spectrum, which can be
understood by the fact that the oxygen defects present in the as-deposited state were oxidized
during annealing in air. Among the annealed samples (after 4 h) shown in Figure S5a, neither
peak shifts nor asymmetry are identified in HR O 1s XPS plots measured from those with longer

annealing time, indicating that the oxygen in SnOx does not oxidize further.

Figure 2c shows HR XPS spectra of core-level Sn 3d to compare its valence state before and
after annealing. The as-deposited XPS result (upper) exhibits two main peaks of Sn 3ds. at
485.79 eV and its spin-orbit split pair of Sn 3ds2 at 494.22 eV, which results from the Sn** state
in SnO. It should be noted that another peak is clearly visible as a shoulder on the right of both
Sn 3ds2 and 3d32 components, which is attributed to the Sn® state from neutral (or metallic) Sn in
the as-deposited SnOx. The annelaed HR Sn 3d plot (lower) is symetric and no neutral Sn-related
peaks/shoulders are detected in the annealed Sn 3d XPS results, which indicates that the
annealed SnOx films are devoid of metallic Sn phases (i.e., Sn° state) due to the oxidation of
neutral Sn during the annealing in air. As similarly shown in the HR O 1s XPS investigations,
after annealing for 4 h, no further changes in the HR Sn 3d XPS plots were observed in Figure
S5b, which is in good agreement with XRD and UV-Vis analyses, indicating that the oxidation
reaction as well as the amorphous-to-crystallization process was completed after ~4 h annealing

and the SnOx samples reached the (pseudo-) equilibrium state.

The elemental composition ratio of O/Sn was determined through peak area analysis on the HR

XPS spectra in Figure 2 b-c and the results are summarized in Figure 2d. The as-deposited ratio

16



is determined to be 0.951 and increased to 1.134 after 2 h anealing, and further increased up to
1.151 after 4 h annealing, of which the ratio remains nearly the same for the longer time
annealed samples. The increase in the O/Sn ratio during air-annealing is obviously attributed to
the oxidation of Sn that is present in the as-deposited state. This Sn oxidation is evidenced by the
comparison between the HR Sn 3d XPS spectra before and after annealing. It should be noted
that the O/Sn ratio is saturated to 1.151 after 4 h annealing and therefore the stoichiometry of our
SnOx is reasonably assumed to be SnO1.15. This consistent O/Sn ratio after 4 h annealing well
concurs witht the (pseudo-) equilibrium state of the annealed SnOx, which is also supported by
the previoius XRD, UV-Vis, and HR XPS (O 1s and Sn 3d) analyses, exhibiting no prominent

changes in crystalline structure, optoelectronic properties and chemical environements.
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Figure 3. Oxide-based p-n heterojunction diodes and performance (a) Schematic illustration
of device structure, consisting of heavily-doped p-Si as the substrate and bottom contact, p-SnOx,
n-IGZO and Sn top contact. The p-n heterojunction devices were fabricated through shadow
masks to define each layer. (b) False color cross-sectional SEM micrograph of the oxide
heterojunction that present clear layers of p-SnOx and n-IGZO. The inset scale bars represent 500
nm. (¢) log(I)-V characteristics of the heterojunction diode before and after annealing. And (d)
linear scale I-V plots where the on-voltage of the heterojunction diode is determined to be ~0.5
V, which is close to the built-in potential of the p-n junction that is determined from work
function measurements.

A schematic of the oxide-based heterojunction p-n diodes that integrate p-SnOx (x=1.151

identified by XPS in this study) and n-IGZO (In:Ga:Zn=1:1:1 in at%) layers is illustrated in
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Figure 3a and a false color cross-sectional SEM micrograph of the device is presented in Figure
3b where the thickness of p-SnOx (~600 nm) and n-IGZO (~250 nm) used in this study was
optimized by evaluating the diode performance of p-Si/n-IGZO and n-Si/p-SnOx junctions as a
function of SnOx and IGZO thickness. The cross-sectional SEM image clearly shows the layered
structure of oxide p-n junction on heavily-doped p-Si, in which the p-SnOx cross-sectional view
exhibits grain microstructures due to the polycrystalline nature as evidenced in the XRD spectra

(Fig. 1) while the IGZO layer presents no micro features owing to its amorphous state (see Fig.

32).

The current-voltage characteristics of the p-SnOx/n-IGZO heterojunction devices was evaluated
under dark by recording the current in response to voltage applied. The measured current (/)
presented in Figure 3¢ relates the reverse saturation current (/o), the ideality factor (n), the series
resistance (Rs), and the shunt resistance (Rs#) with the elementary charge (g) in the Shockley

equation:

I=1I,{exp[-L (v - IRy)| - 1} + =2 (1)

sh

The oxide p-n heterojunction performance was evaluated and compared before and after
annealing. Device performance measurements were made on more than 15 p-n junction devices,
which demonstrate consistent I-V characteristics with minimal deviations. The typical results are
shown in Figure 3c. Notice should be taken on the effect of annealing on the diode performance
of the oxide-based heterojunction. The main differences in the diode parameters before and after
annealing are two-fold: (i) the on/off rectification ratio was enhanced from ~10' (as-fabricated)
to greater than 10° (4 h-annealed); and (ii) the reverse current decreased significantly from the

as-deposited ~5 x 10> A at -3 V to ~1 x 10 A after annealing for 4 h, which is defined as the
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off-state current. The pre-exponential factor /o critically depends on the impurity density that
governs the carrier life time and plays a role as the base current of the forward diode current.
The reduction in reverse-current, hence the on-current, of the heterojunction may be mainly
attributed to the oxidation of the IGZO layer during air-annealing. We reported on the effect of
air annealing on the doping concentration of amorphous oxides based on In203 such as InZnO
and IGZO. Two competing mechanisms are responsible for the overall variations in carrier
density and, hence, conductivity of these materials®® %®: (i) amorphous relaxation and (ii) native-
defect based doping/de-doping. In our previous in-sifu four-contact conductivity and kinetics
analyses on these amorphous oxides during air-annealing, the oxidation of vacancies during
annealing, which decreases the carrier density, is faster than the rate of local amorphous
structural relaxation, although the overall rate of conductivity change is dependent on the
diffusion distance (i.e., film thickness) and diffusivity®°. Since the annihilation of oxygen
vacancy defects consumes two free carriers/vacancy, the oxygen vacancy mechanism supports
the reduction in the on and off currents of the heterojunction diode shown in Figure 3c. The
oxidation of vacancies and reduction in carrier density is in agreement with Hall effect
measurements, showing about an order of magnitude decrease in carrier density of IGZO after
annealing (as-deposited 4.71 x 10'7/cm? vs annealed 5.96 x 10'¢ /cm®). The carrier density
decrease in IGZO is further supported by the valence band investigations in Figure 4, which
identify the location of valence band maximum with respect to the Fermi level position. The
valence band investigations of SnOx and IGZO will be further discussed later in the

heterojunction band alignment section.
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The ideality factor of the oxide-based heterojunctions was extracted by fitting equation 1 in the
forward-bias direction and was found to be 2.87 for the as-deposited and 2.53 for the annealed
heterojunction diodes. Since a lower ideality factor is achieved from materials with low defect
density, the obtained lower ideality factor after annealing also partly supports the discussion
above, describing a decrease in carrier density in n-IGZO. Other device parameters fitted by Eq.
(1) are summarized in Table 1. The series resistance increases about five times after annealing,
which points toward the evidence of lower carrier density in annealed IGZO. The shunt
resistance was enhanced more than ~70 times after annealing, mainly due to the reduction of the
current paths across the junction, which also partly supports the notion of the decrease in the
defect density after annealing. In addition, the performance of the oxide-based p-n junctions after
annealing remains nearly the same over time in air. The stability is attributed to the employment
of SnOx with a completed phase transformation reaction (as evidenced by XRD and XPS in Fig.
1 and 2) as well as the reduced trap density in IGZO. A change in the trap density of IGZO is

detailed by work function and valence band investigations later with Figure 5.

Table 1. Summary of diode parameters extracted from I-V characteristics

Ideality factor Saturation Current  Series Resistance ~ Shunt Resistance
(n) I (A) Rs (QQ) Rsn ()
as-dep 2.87+0.18 2.99+0.46 x107° 7.65+£1.12 x10? 1.41£0.66 x10°
anneal 2.53+0.11 2.09+0.31 x1071° 3.04+0.84 x10° 8.18+0.19 x10°

The turn on voltage can be estimated by a linear fit of the linear scale forward bias I-V
performance shown in Figure 3d. Both of the as-deposited and annealed devices are turned on at
a relatively low bias of approximately 0.5 V, which is close to the built-in potential of the oxide-

based heterojunction. The low turn-on voltage implies a low voltage drop at the p-n junction,
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which leads to low power consumption in practical applications. Sharper turn-on behaviors of the

p-n heterojunction were observed after annealing, which is attributed to the reduced defect state

density after annealing. The origin of the turn-on voltage is further discussed with the built-in

potential determined by the band structure and energy level investigations of p-SnOx and n-

IGZO studied through photoelectron spectroscopy.
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Figure 4. Work function and valence band measurements through photoelectron
spectroscopy (a) UPS investigations of SnOx before and after annealing from which the @snox is
identified as 5.42 eV with Ecuroy and EFedge of 11.05 and 26.84 eV, respectively. (b) VBM
measurements of SnOx before and after annealing where the (Er-Ev) of the SnOx decreases from
0.58 eV to 0.13 eV after annealing, indicating higher doping in p-type SnOx after annealing. (c)
UPS spectra measured from IGZO films before and after annealing where the @i6z0 is found to
be 4.76 eV for the as-deposited and 4.97 eV for the annealed. (d) VBM investigations of IGZO
where the (Ev-Er) decreases from 2.81 eV to 2.54 eV, representing dedoping in n-type IGZO
after annealing. (¢) Energy level alignment of the oxide-based p-n heterojunction according to
the work function and VBM results. Note that the work function difference (A®) between SnOx
and 1GZO, which is the built-in potential in p-n junctions is reduced after annealing.
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An energy band structure was constructed to further understand the diode behaviors of the oxide
heterojunction and the polarity of the p- and n-type oxides through measurements of work
function, valence band maximum, and bandgap of each material. The work function (@) is
identified using UPS with the photon energy (hv=21.22 eV from He I source), the cut-off kinetic
energy (Ecu-of) that is the energy of free electrons generated by the photoelectric effect, and the
Fermi edge position (EF,edge) via the equation:

D = hv + Ecutoff - EFcdge 2)
The UPS results of SnOx before and after annealing are shown in Figure 4a from which the cut-
off kinetic energy of as-deposited SnOx is found to be approximately 11.05 + 0.05 eV. An
extended spectrum (KE from 25 to 28 eV) is also presented as inset of Figure 4a where the Fermi
edge location of as-deposited SnOx is estimated to be ~26.84 = 0.11 eV. According to the
determined Ecur-of and EF position, the @ of the as-deposited SnOx film in this study is calculated
as 5.421 £0.02 eV. Similarly, the work function of annealed SnOx was also determined to be
5.428 eV, which is nearly the same as that of the as-deposited SnOx (only 0.12% change after
annealing).
Figure 4b exhibits the valence band maximum (VBM) location of SnOx determined by XPS,
representing the effect of annealing on the VBM of SnOx. The peaks located around 26 eV are
indicative of the Sn 4d band, as similarly shown in the XPS survey scans. The as-deposited VBM
spectrum shows a shoulder originated from Sn° on the right of the main peak, which concurs with
the HR Sn 4d XPS of the as-deposited SnOx (Figure 2¢). An inset shows an extended view of the
plots where the straight-line intersection points with the baseline indicate the onset of

photoexcitation, which gives the VBM energy level, Ev, in
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relation to the Fermi energy level, Er (Er is simply located at 0 eV since the Er of the sample and
spectrometer are equalized.)®7°. The VBM of the as-deposited SnOx is estimated to be
~0.5740.01 eV lower than that of the Fermi level (i.e., Er-Ev=0.57 V), clearly evidencing the p-
type conduction behavior despite the amorphous state of the as-deposited SnOx. After annealing,
a noteworthy shift of the VBM of SnOx is observed towards the Er in the plot, which indicates
that the doping in p-SnOx increases after annealing. After 4 h annealing, the VBM shift becomes
insignificant and the VBM spectra of the 4 h and 10 h annealed samples are nearly overlapped
with each other, further relating that the p-SnOx reached the pseudo saturation state in doping
after 4 h annealing, which is supported by other evaluations in this study through XRD (Fig. 1a),
UV-Vis (Fig. 1f,g) and XPS (Fig. 2). It should be noted that the all oxide p-n junctions in this
study were fabricated from SnOx annealed for at least 4 h to obtain stable device performance
and also to objectively extract performance parameters without any variations of SnOx
properties.

The work function and VBM of n-IGZO were similarly determined as those described above for
p-SnOx. The IGZO work function in Figure 4c was changed from as-deposited 4.85+0.02 eV to
4.97+0.02 eV after annealing, while the VBM of IGZO displayed in Figure 4d decreases from
2.76£0.03 eV to 2.55+0.02 eV. According to the ® and VBM measured from IGZO before and
after annealing, it is clearly identified that the Er of IGZO after annealing moved toward the
VBM, indicating that the carrier density of IGZO decreased after annealing. The confirmed
lower doping level in IGZO after annealing aligns well with the I-V characteristics in Figure 3c,

showing decreases in both on- and off-current.
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With the values of @, VBM and Eg of p-SnOx and n-IGZO, the energy band structure
representing energy levels within the oxide heterojunctions was constructed and is shown in
Figure 4e. The constructed energy diagrams confirm ohmic properties for the n-side while the p-
side is found to have pseudo-ohmic contact properties. The work function of heavily-doped p-Si
(p-Si'™) is ~5.2 eV (with Si electron affinity, y=4.05 eV and bandgap, E¢=1.12 ¢V) and the work
function of SnOx is determined to be ~5.4 eV in our study, which does not form an ideal ohmic
contact. If a significant Schottky barrier is formed from the SnOx/p-Si™" contact, this will create a
diode of opposite polarity with respect to the main p-n junction (SnOx/IGZO junction). From an
electrical point of view, this will create a back-to-back diode where the I-V characteristics will
show non-rectifying, small currents on both forward and reverse bias regions because one of the
diodes is always off whether in forward or reverse bias. However, strong rectifying behaviors
evidenced in Figure 3d suggest a dominant electrical junction is formed by the main p-SnOx/n-
IGZO interface. The built-in potential of the oxide-based p-n heterojunction is identified to be
approximately 0.57 and 0.46 eV for the as-deposited and annealed samples, respectively, which
is estimated from the work function difference (4@=®iGz0-Psnox). The determined built-in
potential values are similar to the turn-on voltage (~0.5 V) of the p-n heterojunction, as discussed
in Figure 3d, which is the potential barrier that the charge carriers have to overcome at the

heterojunction.

4. Conclusions

We have demonstrated oxide-based heterojunction p-n diodes that consists of sputter-processed
p-SnOx and n-IGZO. The formation of poly-crystalline p-SnOx films that are devoid of metallic

Sn phases were confirmed by XRD, XPS and UPS and the resulting p-SnOx was integrated in the
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oxide-based p-n junction. To ensure the effective charge blocking performance in the p-n
heterojunctions, IGZO was selected as the n-type oxide for the p-n heterojunctions due to the
established knowledge that the defect/trap density is critically reduced after mild temperature
annealing at 400 °C. The oxide-based p-n heterojunction exhibits a high on/off ratio, greater than
10°, small saturation current as low as ~2 x 10! A, and an ideality factor of 2.53 after annealing
with excellent stability over time in air. Particularly, the demonstrated high performance oxide-
based p-n diodes can be processed via sputtering technique, which is compatible with standard
vacuum manufacturing methods that require mild thermal budget manufacturing. Therefore, the
outcomes of the current study are expected to contribute to the development of p-type oxides
and their industrial device applications such as p-n diodes of which the manufacturing routes are

in-line with the current processing requirements.
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