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ABSTRACT

This work has explored the possible defects in Mn-doped SnO, and compared the effects of
interstitial Mn and oxygen vacancies on the electronic structure of SnO,. Combining the DFT
calculations and experimental measurements, we found that when the Mn-doped SnO, is syn-
thesised under Sn-rich or O-poor conditions, the defect pair of Mn substitution and interstitial
rather than oxygen vacancy will be formed, which induces energy band across the Fermi level
and significantly affects the electronic structure of SnO,. With the Mn interstitials, stable intrinsic
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multi-level resistive states and optical SET can be achieved in the Mn-doped SnO, memristors.
This result can provide guidance in the fabrications of defective metal oxides and promote the
investigations on cationic interstitial triggered multi-level resistive switching and optoelectronic

memristors.

Introduction

As one of the most promising candidates for the next
generation, memristors have been intensively inves-
tigated as they show great potential applications in
non-volatile memory, logic operations, and neuromor-
phic computing [1-4]. The resistive random access
memory (RRAM) based on memristors can achieve
multi-level resistive switching to multiple data stor-
age densities [5,6], combining data storage and pro-
cess to realise autonomous learning systems as artificial
synapses [7,8], thus, it may conquer the shortcomings
of the current von Neumann computer architecture.

Resistive switching (RS) behaviour is realised via
the change of internal states under external stim-
uli, e.g. electric field, magnetic field, light, etc., and
the mechanism of resistive switching behaviour is
highly associated with the electrodes and materials
used in memristors. Among the large variety of materi-
als found to be applicable in RRAM, transition metal
oxides have attracted extensive attention owing to
their easy fabrication process, good stability and per-
formance, and high compatibility with complemen-
tary metal-oxide-semiconductor (CMOS) technology
[9,10].

Mechanistic investigations on oxide RRAMs so far
mainly focused on the migration of oxygen vacancies
(Vo) from the oxide [11,12] or that of cations from

active electrodes, such as Ag, Cu, and Al [13-15]. How-
ever, due to the high mobility of Vg and the relative
low endurance of cation-based RRAMs, it is a challenge
to maintain effective intermediate states for RRAMs,
which greatly limited the applications of memristors in
multi-level RS and artificial synapses.

Cationic interstitials, another common defect in
oxides, however, have been overlooked in realising RS,
especially in realising multi-level RS and analogue RS
[16]. To the best of our knowledge, there are only a
few instances that demonstrated the critical role in
realising RS: based on the density functional theory
(DFT), Zhu et al. compared the Vo and Ta interstitial
in the Ta;Os-based RRAM and confirmed the contri-
bution of Ta interstitials in realising RS under oxygen-
poor conditions [12]. Moreover, both Cu interstitials
in Cu/TayOs5/Pt [17] and Zr interstitials in CeO, [18]
also result in RS. Experimentally, by minimising the Vo
effects in the Ta/TaO,-based RRAM, the contribution
of Ta interstitials in RS has been uncovered for the first
time [12]. Following the studies on Sn interstitials in
SnO,-based RRAM [19], Ti interstitials in TiO,-based
RRAM [20] and Cu interstitials in Cu,O/Al, O3 [21],
the contribution of cationic interstitials in RRAM has
been confirmed. However, the critical role of cationic
interstitials in achieving multi-level RS and synaptic
behaviour via light stimuli remains unrevealed.
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SnO; is a multifunctional wide bandgap semicon-
ductor with various unique properties and high chem-
ical and thermal stability, which has been widely used
in many electronic devices [22-24]. Meanwhile, its high
transmittance at visible and near-IR wavelengths makes
it highly suitable in the light-driven devices compared
to various metal oxides [25,26]. In our previous work,
superior multi-state RS behaviour has been achieved in
Mn-doped SnO, RRAM with stable multi-level resis-
tance states and good endurance [27]. By comparing
the pure SnO, with Mn-, Al-, and In-doped SnO,, we
found that multi-level RS can be attributed to Mn>*.
However, there is still a lack of a systematic analy-
sis of Mn-doped SnO, that probes the mechanism
for intermediate resistance states. The investigation of
possible defects and electrical properties of Mn-doped
SnO; is critical to understanding the underlying mech-
anisms, such as why Mn-doping improved the resistive
states, how Mn-doping contributes to the optimization
of SnO;, electronic properties, and whether such a opti-
mization enables light-controlled resistive switching,
etc.

Motivated by these challenges, this paper systemat-
ically investigates the structures and electronic prop-
erties of Mn-doped SnO;, considering all the possi-
ble Mn-doping-induced defects. It is found that the
co-existence of Mn substitutions at Sn sites with Mn
interstitials in SnO; superlattice has the highest form-
ing possibility in Mn-doped SnO,. It is because of
such defects that the Mn-doped SnO; becomes an ideal
material for multilevel RS devices, which has been fur-
ther confirmed in experimental studies. Our theoretical
and experimental studies provide further insights into
how cationic interstitials change the electronic prop-
erties of metal oxides, which may shed some light on
fabricating memristors through controlled defect engi-
neering.

Methods

Experimentally, the 12.5mol-% Mn-doped SnO,
nanocrystals were synthesised via a liquid-liquid inter-
face solvothermal process and then deposited on a gold-
coated Si substrate for electrical characterisations, as
illustrated in Figure S-1, and the XRD and XPS charac-
terisations on Mn-doped SnO; can be found in Figure
S-2 in the ESI. Detailed experimental methods, charac-
terisations of Mn-doped SnO; nanocrystals, thin films,
and Au/Mn-doped SnO,/Au RRAMs can be found in
our previous works [27,28].

The formation energy, structure, and other prop-
erties of pristine and doped SnO, systems were cal-
culated by using first-principles methods based on
density functional theory (DFT). The generalised gra-
dient approximation (GGA) with PBE [29] exchange-
correlation functional, as implemented in the VASP
package [30,31] was used. The projector augmented
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(a) (b)

Figure 1. (a) Supercell of the Mn-doped SnO, with possible
defects; partial geometry model of (b) Mng,, and (c) Mnjq¢ in
Mn-doped SnO;.

wave method [32] was used to represent the ionic cores,
and the following electrons were considered as valence:
Sn’s 5s and 5p; O’s 2s and 2p; and Mn’s 3d and 4s.
Wave functions were represented in a plane-wave basis
truncated at 600 eV. Large 3 x 3 x 3 SnO, supercells
containing 162 atoms and medium 2 x 2 x 2 super-
cells containing 48 atoms were employed in our DFT
calculations to represent low and high doping con-
centrations. For the Mn substitution (Mng},), one Sn
atom has been replaced with one Mn atom, and for
Mn interstitial (Mnj,¢), one extra Mn atom has been
introduced to the supercell, as illustrated in Figure 1(a).
The Monkhorst-Pack method was used to generate
a regular 10 x 10 x 14 k-point mesh for the Brillouin
zone integration. The geometry relaxations were per-
formed with a conjugate-gradient optimiser that varied
the volume and shape of the unit cell, and the tolerance
imposed on the atomic forces was 0.01 eV-A~1. Hybrid
functional corrections (HSE06) have been applied (on
top of the PBE-optimised geometries) to improve the
estimation of Kohn-Sham bandgap energy. By using
these parameters, we obtained total energies that were
converged to within 0.5 meV per formula unit.

Results and discussion
Possibility of forming interstitials in SnO>

In oxide RRAMs, point defects domain the RS
behaviour. Thus, it is necessary to investigate the form-
ing condition for each point defect and defect pair. The
formation energies of all possible point defects (includ-
ing vacancies, substitutions and interstitials) and defect
pairs in Mn-doped SnO, have been calculated. As illus-
trated in Figure 1(a), Mng,, refers to an Mn atom
(yellow) that replaces one Sn atom (grey) and Mnjy
to an Mn atom occupying an interstitial site in the
SnO; supercell. Vgj, is the vacancy created by removing
one Sn atom. (The illustrated SnO; is the supercell of
2 x 2 x 2 containing 48 atoms.) The formation energy
of SnO, with various defects in the neutral state can be
calculated as follow:

AEf = Edefect — Esupercell — ZNi " i
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Figure 2. Relative oxygen chemical potential dependent formation energy of all possible defects in Mn-doped SnO; of (a) 3 x 3 x 3

supercell and (b) 2 x 2 x 2 supercell.

where Egefect is the total energy of supercell with the
specific defects; Egypercel is the total energy of the pris-
tine SnO; supercell; N; is the number of the interstitial
atoms that are added into or removed from SnO,, and
i the relevant chemical potentials of those atoms. For
each defect pair, all the possible relative sites have been
considered and the one with the lowest energy has been
plotted in Figure 2.

In Figure 2(a), the relative oxygen chemical potential
dependent defect formation energies in the 3 x 3 x 3
Mn-doped SnO, supercells have been plotted, which
represents a relatively low Mn-doping concentration.
Among the intrinsic defects of pristine SnO, i.e.
Vo, Oint, and Vs,, Vo possesses the lowest forma-
tion energy in almost the whole range, while Ojyt
is only likely to form under Sn-poor/O-rich condi-
tions, which agreed with previous DFT calculations
performed with similar methods [33,34] and exper-
imental results [35]. In the Mn-doped SnO;, owing
to the high solid solubility of Mn in SnO;, the for-
mation energy of Mng,p, is comparable to that of Vo
under O-poor conditions. This suggests that Mn sub-
stitutions in SnO; tend to happen under Sn-rich/O-
poor conditions. It is noticeable that Mngyp + Mnijnt
showed the lowest formation energy in O-poor con-
ditions, followed by Mnijy. It implies that Mnjn
instead of Vo is highly possible in Sn-rich/O-poor
conditions.

In Figure 2(b), the higher Mn-doping concentra-
tion has been calculated with a 2 x 2 x 2 Mn-doped
SnO; supercell. The possibility of forming Mniy fur-
ther increases under Sn-rich/O-poor conditions, as the
formation energy differences between Mngyp + Mnijnt
pair and other defects increased significantly. This indi-
cates increasing Mn-doping concentration in SnO;
can effectively increase the formation possibility of
Mnipt + Mngp pairs. Hence, to achieve Mn intersti-
tials in experiments, synthesis of Mn-doped SnO,
in Sn-rich or O-poor conditions with a higher Mn-
doping level is critical, such as via sealed solvothermal
methods or annealing in inert gases instead of in the
air, etc.

Multi-level resistive switching and synaptic
behaviour under light stimuli with Mn interstitials

It has been confirmed in our previous work that the
stable multi-level RS can be observed only in 12.5 mol-
% Mn-doped SnO, rather than pure SnO; or lower
Mn-doping concentrations [27]. Together with the cal-
culated defect formation energy results in Figure 2 and
additional XPS and I-V characterisations in the ESI,
it is reasonable to believe that by increasing the Mn-
doping concentration and synthesising the Mn-doped
SnO; under Sn-rich/O-poor condition, the formation
of Mn interstitials can be significantly improved, which
is critical in achieving multi-level RS. To investigate
the RS behaviour triggered by Mn interstitials, the
Au/Mn-SnO,/Au RRAMs have been fabricated for cur-
rent-voltage (I- V) tests. The detailed fabrication meth-
ods and characterisations can be found in our previous
works [27,28]. The calculated crystal parameter and
TEM images of highly self-assembled Mn-doped SnO,
nanoparticles are provided in Figure S-3, and the cross-
sectional TEM and EDS images are provided in Figure
S-4 in the ESL.

It has been reported that the migration energy bar-
rier of cationic interstitial is higher than that of Vo
[12]. Thus, to understand the RS behaviour triggered by
Mnjn¢ under electrical fields, the current-voltage char-
acteristics have been studied with the voltage sweep-
ing mode of 0— 3 (or 5) > 0— —3 (or —=5)—>0WV.
As Mnjpy; can only migrate or be oxidised/deoxidised
when the current is high enough. By applying differ-
ent constant current (CC), the migration of Mnjy in
Mn-doped SnO; thin film can be regulated. The I-V
curves with different CC applied are provided in Figure
3. It is clearly showing that when the applied CC is
too low [CC = 0.0001 A in Figure 3(a)], the thin film
cannot be effectively switched, while by increasing the
CC to 0.001 A as in Figure 3(b), the film switched
from high resistance state (HRS) to lower resistance
state at 2.49V and the response current reached CC
immediately. However, due to the limited CC, the film
cannot be switched back to HRS effectively. By further
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Figure 3. (a—d) Voltage-Current measurements of Mn-doped SnO; with different constant currents applied; (e) reversible regulation
of the conductance by means of 20 UV pulses (SET) and 10 negative voltage pulses (RESET).

increasing the CC to 0.01 A, the intermediate state
(MRYS) is successfully achieved before the film switched
from HRS to LRS and the multi-level RS becomes more
obvious when further increasing the CC to 0.1 A as in
Figure 3(d). The endurance and retention tests can be
found in our previous work [27]. Such I-V behaviours
of Mn-doped SnO; indicated the RS relies on the cur-
rent as well as the applied voltages, which suggests
the interstitial Mn in SnO, can migrate or be oxi-
dised/deoxidised when the applied voltage or current is
high enough. To compare, in Figure S-5 and Ref. [27],
no MRS has been observed in the RRAMs of 12.5 mol-
% Al or In doped SnO; where Vo domains instead
of cationic interstitials. Combining the experimental
and theoretical investigations above, the critical role of
cationic interstitials in achieving multi-state RS can be
confirmed.

To understand the mechanism of resistive switch-
ing behaviour based on cationic interstitials, the double
logarithmic I-V curves have been provided in Figure
4 with slopes marked. The space charge limited cur-
rent (SCLC) model gives the best fit to the I-V curves.
More specifically, at the low voltage range, the Ohmic
conduction (slope ~ 1) is observed when the thermally
generated carriers inside the Mn-doped SnO; are pre-
dominant over the injected charge carrier [36]. Fol-
lowed by the region fitted with I oc V2, the Ohmic con-
duction changes to space charge limited (SLC) conduc-
tion, when the Ohmic relaxation time is the same as that
of carrier transit [37]. With the increase of voltage, the
injected carriers domains, as the injected carrier transit
time cannot be relaxed by the thermally generated car-
riers in Mn-doped SnO;. It has been confirmed that in
the trap-filled limit (TEL) region, where a higher slope
(herein, > 5) is observed, the existence of traps dis-
tributed in the trap-level energies can be ascribed [36].

Such an SCLC model is commonly observed in
oxide-based RRAMs with Vo and active electrode-
based RS. However, it is noticeable that the MRS in both
Figure 4(c,d) does not follow the SCLC model, and we
assume it is the Mn;y; that introduces an extra carrier
trap and effectively realised the intermediate resistance
states.

In addition, based on the optical (with 2s pulse
width and 365 nm wavelength, read at 0.5 V) SET and
voltage pulse (with 1s pulse width and —1V voltage)
RESET operations, the reversible tuning of memresis-
tance has been realised in the Mn-doped SnO; memris-
tor, as illustrated in Figure 3(e), while in the pure SnO,
with only Vo, the optical SET has not been achieved
successfully. The optical SET makes the Mn-doped
SnO; an ideal optoelectronic memristor material that
can respond to UV light directly.

Electronic and magnetic properties

To further understand the mechanism of multi-level
RS and optical SET triggered by Mnjy;, the electronic
properties of pure and Mn-doped SnO; have been cal-
culated. In this section, only the most stable defects and
defect pairs have been considered. The total density of
states (TDOS) and projected density of states (PDOS)
of pristine SnO; and Mn-doped SnO, with the possible
point defects and defect pairs are illustrated in Figure
5(a-f) and the enlarged DOS around Fermi level are
provided in Figure 5(a’ —f). The Fermi level is indicated
by dashed lines at the zero-energy level.

The PDOS analysis shows that the valence band
(VB) of pristine SnO; is mainly composed of oxygen
states, while tin contributes more to the conduction
band (CB) edge. The introduction of Mnygy, (Figure
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5(b)), Mnjp (Figure 5(c)) and Vo (Figure 5(d)) gen-
erate gap states above the valence band and the Fermi
level of SnO, will shift to a higher energy level, while
Oint (Figure 5(e)) show very limit influence on that of
SHOZ.

In Figure 5(f), the Mngyp + Mnijy; pair, the most pos-
sible defect in Mn-doped SnO3, is the only one that

induces an energy band across the Fermi level, which
is located just below the CB. From Figure 5(f), it is
observed that Mn (d) is the main contributor to the
peak, and it leads to overlap with O and Sn above the
Fermi level, resulting in an obvious splitting. The raised
multiple peaks indicated the traps distributed within
the forbidden energy gap, which is assumed the main
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Figure 6. Partial charge density for Mn-doped SnO; at (a) Mngyp; (b) Mnijne; (€) Mngyp + Mnine pair; (d) Mng,, + Vo pair and

() Mngyp + Ojnt pair.

factor in achieving multi-level RS in experiments as
the multiple peaks may provide more electron trapping
centres with more energy levels [36]. The raised peaks
can also promote the optical SET in the experiments
with a relative low light intensity owing to the narrowed
bandgap.

Meanwhile, the formation of Mnjy is also critical in
the forming of a conductive path in the RRAM. Com-
pared to the pristine defects in SnO5, i.e. Vo and Ojpt.
It is noticeable that Mn-doping reduces the bandgap
of SnO;. The partial charge density for each defect
or defect pair has been provided in Figure 6(a—e), in
which it is observed that the gap states of both Mngp
(Figure 6(a)) and Mnjy, (Figure 6(b)) point defects and
Mng,, + Vo (Figure 6(d)) and Mngyp + Oine (Figure
6(e)) defect pairs are localised around Mngp, while
only that of the Mngyp+ Mnjy, pair (Figure 6(c))
spreads over the pairs, which may give an access to form
connective paths in the supercell. This also promotes
the SET and RESET process in the RRAMs.

Conclusions

The resistive switching based on the migration of oxy-
gen vacancies from oxides and cations from active elec-
trodes has been intensively studied. However, owing
to the high mobility of oxygen vacancies and relative
low endurance of cations from electrodes, the perfor-
mance of memristors has been greatly limited. This
paper has systematically studied an alternative defect in
metal oxides, the cationic interstitial, which has been
overlooked in achieving resistive switching. By inves-
tigating the electronic property changes induced by
Mnjy: in SnO,, the interstitial-induced resistive switch-
ing behaviour can be understood. Via first-principle
studies, we find that the Mn substitution with Mn inter-
stitial can be formed by synthesizing Mn-doped SnO;
under Sn-rich/O-poor conditions. The weakly bonded
interstitials can significantly change the electrical struc-
tures of SnO;, and raised an intermediate state in the
bandgap. This merit allows it to achieve stable multiple
resistance states under I-V sweep and analogue resis-
tive switching under light stimuli. These insights into

the role of cationic interstitials provide inspirations on
the rational material design for memristors.
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