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• The defect formation energies in Mndoped SnO2 was studied, and it is
found that Mn3+ occupies the interstitial sites.
• A liquid-liquid interface approach to
fabricate SnO2 thin ﬁlms through selfassembly technique has been developed.
• Up to 4 nonvolatile resistance states
have been achieved via controlling migrations of Mn defects in SnO2 thin
ﬁlms.
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a b s t r a c t
The lack of understanding in engineering cation defects in metal oxides has impeded the development of high
performance, and transparent electronic devices. Through studying the formation energy of various cationic defects in Mn-doped SnO2 via simulation, we found Mn3+ cations occupy the interstitial sites of SnO2 nanocrystals,
and we proved that such defects can be engineered to signiﬁcantly improve resistive switching performance of
tin oxide-based devices. With this ﬁnding, a new solution-processed approach has been developed to synthesize
Mn-doped SnO2 nanocrystals with a self-assembly technique for high quality transparent Mn-doped SnO2 thin
ﬁlm fabrication. Defect migration behavior of the Mn-doped SnO2 thin ﬁlm was studied by building a metaloxide-metal sandwich device. The effects of cationic defects, such as Mn interstitials, on the charge transport behavior were further studied to reveal the underlying mechanism. This study provides new insights into the design and engineering of defects in transparent oxides for high-density data storage applications.
© 2018 Elsevier Ltd. All rights reserved.

1. Introduction
With the increasing demand of ﬂexible, transparent and multifunctional electronic devices, transitional metal oxide thin ﬁlms have
attracted extensive research interests because of their high compatibility with complementary metal-oxide-semiconductor (CMOS) technology [1–3]. Recently, various transparent metal oxides including ZnO
[4], SnO2 [5], In2O3 [6] and TiO2 [7] have been widely explored for applications in thin ﬁlm transistors [8,9], non-volatile memories [10,11], and
gas sensors [12,13]. In applications, manipulation of oxygen vacancies is
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often considered as one of the most important approaches for tuning
the optical and electrical properties of transparent metal oxides
[14,15]. However, the absence of systematic investigations on the role
of cationic defects in transparent metal oxides has limited further optimization of their physical properties for practical applications. This is
because the modiﬁcation of the concentration of oxygen vacancies
only results in a small range of variation of electrical conductivity and
optical transparency [16]. Hence, it is of importance to understand the
effects of cationic defects on the electronic and optical properties of
transparent metal oxides in order to manipulate the physical properties
of metal oxides in innovative ways.
SnO2 is a metal oxide with multifunctional properties and it has been
widely used in many electronic devices [13,17,18]. Currently, SnO2 thin
ﬁlm is generally prepared by physical and chemical vapour deposition
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Fig. 1. Schematic diagram for the self-assembly SnO2 nanoparticle synthesis by liquid-liquid interface reaction.

techniques, such as magnetron sputtering [19], pulsed laser deposition
(PLD) [20] and chemical vapour deposition (CVD) [21]. Although
high-quality ﬁlms have been fabricated with these technologies, the
scale of the as-fabricated ﬁlms has been limited by the vacuum chamber. In addition, the processes are expensive and complex. Hence, to develop a simple and cost-effective fabrication process, such as a printable
technique based on solution processing, becomes very important. However, the fabrication of high-quality SnO2 thin ﬁlm devices through
chemical synthesis without post annealing is a challenge due to the
low crystallization rate at a relatively low processing temperature. In
addition, it is also critical to control the hydrolysis of precursors for
achieving the desired particle size and shape [22].
Recently, liquid-liquid interface reactions has been used for synthesizing self-assembled thin ﬁlm with homogeneous oxide nanoparticles
via a controllable nucleation and growth procedure near the liquidliquid interface for electronic applications [23,24]. In this paper, we
present a new approach to control the size and self-assembly of SnO2
nanoparticles through the liquid-liquid interface reaction. Meanwhile,
the effects of the dopants and doping levels on the defect distribution
have been systematically investigated.
To reveal the underlying mechanisms of the observed physical phenomena, the possibilities of cationic vacancy formation in SnO2 have
been studied. Theoretical and experimental results presented in this
work demonstrate that the optical and electrical properties of transparent oxide thin ﬁlms can be efﬁciently optimized through engineering
cation defects, hence paving the way towards the realization of highperformance storage devices.

Fig. 2. (a) X-Ray diffraction patterns; (b), (c) and (d) TEM and HRTEM (inset) images of
pure SnO2, self-assembly 6.25% and 12.5% Mn-doped SnO2.

2. Experimental procedure
2.1. Materials synthesis and device fabrication
SnO2 nanocrystals were synthesized through a solvothermal process
as shown in Fig. 1. 15 mL of a 16.7 mmol∙L−1 Tin (IV) chloride
pentahydrate (SnCl4·H2O) aqueous solution was added as a raw solution into a 50 mL autoclave. Then, a mixed solution of toluene
(15 mL), oleic acid (OLA, 0.8 mL), and tert-butylamine (0.1 mL) was
added to the autoclave carefully to achieve the liquid-liquid interface
between these two solutions. To synthesize Mn-doped SnO2, Manganese (II) chloride was added in the 15 mL aqueous solution by
6.25 mol% and 12.5 mol% to form Mn-doped SnO2 respectively. All
chemicals were purchased from Sigma-Aldrich. The sealed autoclave
was heated to 200 °C for 72 h and then cooled down to room temperature for 90 min. Then the upper organic solution was centrifuged to acquire the pure and Mn-doped SnO2 nanocrystals. The centrifuged SnO2
nanocrystals were re-dispersed into 0.3 mL of toluene. Finally, the redispersed SnO2 solution was ready for thin ﬁlm deposition. In the drop
coating process, 8 μL solution was dropped on a 2 cm2 Au-coated silicon
for each layer and followed by 20 min UV light treatment with a 254 nm
wavelength UV light. The drop coating followed by the UV treatment
was repeated for 3 times to allow a thicker ﬁlm deposition. To form a
dry and uniform thin ﬁlm, the ﬁnal ﬁlm was treated with UV light for
another 4 h.

Fig. 3. (a) and (b) TEM images (cross-section) of 6.25% and 12.5% Mn-doped SnO2 thin
ﬁlms; (c) UV–vis spectrum of 6.25% and 12.5% Mn-doped SnO2 ﬁlms on glass; (d) the
transparent 12.5 mol% Mn-doped SnO2 thin ﬁlm on glass.

Z. Xu et al. / Materials and Design 155 (2018) 71–76

73

Fig. 4. I\
\V measurements of (a) pure SnO2, (b) 6.25% and (c) 12.5% Mn-doped SnO2; I\
\V curves in log-log scales of (d) 12.5% Mn-doped SnO2 thin ﬁlm and (e) the enlarged region.

2.2. Characterization
The structural analysis of the fabricated SnO2 nanocomposite was
carried out using an X-ray diffraction (XRD) system (Philips X'pert Multipurpose X-ray Diffraction System (MPD) with Cu Kα radiation). Transmission electron microscopy (TEM) investigations were carried out by a
Philips CM200 microscope. X-ray photoelectron spectroscopy (XPS)
was tested by Thermo Scientiﬁc ESCALAB250Xi. The pass energy was
20 eV for region scans. The electrical properties characteristics were
measured using an Autolab 302 N electrochemical workstation controlled with Nova software. The SnO2 thin ﬁlm was deposited on goldcoated Si and patterned gold top electrode (diameter: 250 μm) were
coated on the top as top electrodes for voltage-current curve measurements. All electrical measurements were performed in air at room
temperature.

may be attributed to the internal stress caused by the defects induced
by Mn doping [26].
TEM images of the un-doped SnO2, 6.25 mol% and 12.5 mol% Mndoped SnO2 nanoparticles are shown in Fig. 2(b), (c) and (d), respectively. The individual nanoparticles were found to be singlecrystalline. The d-spacing of (110) plane for the un-doped, 6.25% and
12.5% doped SnO2 were calculated as 0.339 nm, 0.337 nm and
0.325 nm respectively, as shown in Fig. 2 (c) and (d). This decrease in
d-spacing with Mn doping indicates the increased stress level induced
by Mn doping, which also matches well with XRD results. The average
size of 6.25 mol% Mn-doped SnO2 nanoparticles is ~6.14 nm while the
12.5 mol% Mn-doped SnO2 is ~5.36 nm. The detail size distribution analysis is provided in supporting information Table S-1. A high degree of
self-assembly can essentially form high-quality thin ﬁlms.
3.2. Uniform, dense and transparent thin ﬁlm

3. Results and discussion
3.1. Synthesis of self-assembled nanoparticles
SnO2 and Mn-doped SnO2 nanoparticles were synthesized using a
liquid-liquid interface approach and subsequently deposited on glass
substrates for the characterization by X-ray diffraction (XRD). Fig. 2(a)
shows XRD spectra of the pure SnO2 and Mn-doped SnO2 thin ﬁlms
with doping level of 6.25 mol% and 12.5 mol% respectively (JCPDS
#41-1445). No Mn related impurity phase was detected, which shows
Mn has been successfully doped into SnO2 lattice.[25] The normalized
(110) peaks of SnO2 shifted to higher angles by increasing Mn-doping
level, as shown in supporting information Fig. S-1. This peak shifting

Fig. 5. Retention tests of (a) 6.25% and (b) 12.5% Mn-doped SnO2 for 7200 s.

TEM and UV–vis photospectroscopy were implemented to characterize ﬁlm uniformity, ﬁlm density and transparency as shown in
Fig. 3. The TEM images of cross-sectional Mn-doped SnO2 thin ﬁlms
are shown in Fig. 3(a) and (b). The thicknesses of both thin ﬁlms were
found as 112 and 126 nm with a relatively smooth and ﬂat surface.
UV–Vis absorption spectra shown in Fig. 3(c) demonstrate the Mndoped SnO2 ﬁlms have a strong absorption for the wavelength shorter
than 350 nm, evidencing that they are transparent to the visible light
as shown in Fig. 3(d). Mn-doped SnO2 shows good transparency with
over 90% visible light transmittance, making it suitable for transparent
electronic devices.
3.3. Multi-level
concentrations

resistance

states

by

manipulating

Mn-doping

To investigate the Mn-doping effects on resistance states in SnO2
thin ﬁlm, current-voltage characteristics of the SnO2 ﬁlms are illustrated
in Fig. 4. The I\\V curves are plotted in Fig. 4(a) to (c) with the voltage
sweeping mode of 0 → 5 → 0 → -5 → 0 V. During all measurements, the
voltage was applied on the top electrode, while keeping bottom electrode as ground as illustrated in Fig. 4. In the inset of Fig. 4(a), the
pure SnO2 ﬁlm shows a small gap between resistance states, while the
6.25 mol% and 12.5 mol% Mn-doped SnO2 exhibit a larger gap between
different resistive states. As shown in Fig. 4(b) and (c), the current in
6.25 mol% and 12.5 mol% Mn-doped SnO2 ﬁlm jumped from relatively
low to a higher level at switching voltages of 1.57 V and 2.73 V, respectively. In the reverse voltage sweep direction, similar phenomena
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Fig. 6. XPS spectra of Mn-doped SnO2 thin ﬁlm for (a) Sn 3d, (b) O 1 s and (c) Mn2p.

occurred at −3.65 V (6.25 mol%) and − 3.19 V (12.5 mol%). More importantly, the 12.5 mol% Mn-doped SnO2 thin ﬁlm showed multi-step
back transition in resistance instead of one-step transition. The ﬁrst
transition appeared at 2.95 V to the intermediate states 2 and 3 and
then the ﬁnal state 4 at 4.07 V. Although similar behavior was also observed in the 6.25 mol% thin ﬁlm (marked State 2), the intermediate
state in the 6.25 mol% thin ﬁlm is not stable in retention tests as provided in supplementary Fig. S-2 (a). To further analyze the current voltage characteristics of 12.5 mol% Mn-doped SnO2 thin ﬁlm, the I\\V
curve was replotted in log-log scales as shown in Fig. 4(d). In both
pure and Mn-doped SnO2 thin ﬁlms, the ﬁrst stage, where I ∝ V, corresponds to the space charge limited conduction (SCLC) process which refers to an ohmic conduction behavior.[27] However, the conduction
phenomena appeared in the HRS of the 12.5% Mn-doped SnO2 is complex as shown in Fig. 4(d). Three distinct I\\V regions are identiﬁed:
(1) the ohmic relationship (I ∝ V from 0 to 0.54 V), (2) the region between 0.54 V and 2.39 V corresponds to the Child's law (I ∝ V2) from
and (3) the steep current increasing region [28,29].
The enlarged ‘steep current increasing region’ is provided in Fig. 4
(e). The discontinuity of I\\V characteristics results in two separated
I\\V segments, thus inducing two remarkable resistance states, marked
as State 2 and State 3. The retention tests for the individual materials
were conducted and the results were plotted in Fig. 5. It shows the resistance states are stable for over 7200 s at room temperature. The retention tests for the pristine SnO2 thin ﬁlm were also measured and
shown in Supplementary Fig. S-2 (b). As shown, the resistance states ratios were low. It is of interest to note that the pristine SnO2, by increasing the Mn-doping concentration in SnO2, the resistance states
increased to two [Fig. 5(a)] and then four resistance states [Fig. 5(b)].
It suggests that the transport behavior of SnO2 thin ﬁlm can be controlled by manipulating the Mn-doping level in SnO2. The question is:
what plays the dominant role in inducing the multi-level resistance
states needs to be clariﬁed?
3.4. Identiﬁcation of the speciﬁc defects in Mn-doped SnO2
Our ﬁndings above give rise to the questions: (1) Dose this unique
behaviour only appear in Mn-doped SnO2 ﬁlm? and (2) what is the
mechanism underlying the observed multi-level resistance states? To
answer the aforementioned questions, it is essential to analyze the valence states of Mn in SnO2 and then compare other elements doping
with the same state, as Mn is a transition metal with various valence
states. The XPS spectra of the Mn 2p, Sn 3d and O 1s are plotted in

Fig. 6. Table 1 summarizes the data obtained through XPS. The highresolution spectra show that the binding energies of Sn 2p5/2 and 2p3/
2 are ~486 eV and ~495 eV and that of O 1 s is ~530 eV for all the
ﬁlms. The doublet energy separation values between the Sn 3d5/2 and
3d3/2 are ~8.4 eV, which agrees well with the theoretical value of Sn4+
in SnO2 (Δ is 8.41 eV) [26]. When the Mn-doping concentration increases, the shifts towards lower energy side in binding energy is triggered by the decreasing of SnO2 size with Mn-doping [30], which is in
good agreement with the TEM and calculation analysis. The detailed
XPS spectra of O1s are shown in Fig. 6(b) and the binding energy of
O1s is around 530 eV, which is corresponding to the lattice oxygen in
Mn-doped SnO2 [26,31].
The binding energy core levels of Mn 2p3/2 in 6.25 mol% and 12.5 mol
% Mn-doped SnO2 peaked at 641.88 eV and 641.40 eV, and Mn 2p1/2
peaked at 653.40 eV and 652.91 eV, respectively. The energy difference
between Mn 2p3/2 and Mn 2p1/2 is~ 11.5 eV. Such results agree with reported data [26,32], showing that the doped Mn is most likely in the
Mn3+state [31,33]. Compared to 6.25 mol%, the Mn-2p peaks in
12.5 mol% shift more to lower binding energy, which indicates that
with increasing Mn-doping concentration, the concentration of Mn at
lower charge states increases. XPS spectra are consistent with the presence of Mn3+ substituting Sn4+ in SnO2. In this case, to maintain the
charge neutrality, the cationic defects should be formed.
To conﬁrm this hypothesis, formation energy calculations of point
defects in Mn-doped SnO2 were performed by using ﬁrst-principles
methods based on density functional theory (DFT). To understand the
nature of cationic defects as induced by Mn doping, we estimated the
formation energy of all possible point defects and of pairs of point defects in Mn-doped SnO2 with ﬁrst-principle methods. The formation energies of each point defects are plotted in Fig. S-3 in supporting
information. The relative oxygen chemical potential represents the oxygen concentration in the synthesis environment, and low potential
means less oxygen in the system. It is shown that, in Sn-rich/O-poor
condition in Fig. S-3, the defect pair of Mn substitution at Sn site
(MnSn) and Mn interstitials in SnO2 lattice (Mnint) has the lowest formation energy. Thus, Mn3+ is possible to maintain the charge neutrality by
forming extra Mnint in the lattice. However, such defects can only form
in low oxygen concentration conditions.

Table 1
Energy values, difference between Mn and SnO2 valence band top energy levels.
Mn-doping
concentration (mol%)

Energy values (eV)

Pure
6.25
12.5

–
–
485.83 494.36 –
641.88 653.40 486.59 495.02 11.52
641.40 65,291 486.10 494.55 11.51

Mn
2p3/2

Mn
2p1/2

Sn
3d5/2

Sn
3d3/2

Mn peak doublet
separation (eV)

Fig. 7. I\
\V measurements of 12.5% (a) In-doped and (b) Al-doped SnO2.
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Fig. 8. Schematics of Mnint induced multi-level resistive switching process.

3.5. Possibilities of achieving multi-level states by other X3+ element doping
To further conﬁrm the contribution of Mn-doping, it is necessary to
compare with other dopants. Although Mn is a multi-valence element,
the main valence in this work is 3+ according to the XPS analysis.
Thus, other trivalent ions, such as Al and in were used to verify the effects of Mn on the observed transport behavior.
12.5 mol% Al-doped and In-doped SnO2 samples were also fabricated by keeping all other parameters same and their I\\V curves are
plotted in Fig. 7(a) and (b). Compared to the pristine SnO2 thin ﬁlm
shown in Fig. 4(a), the distinct transition of I\\V behaviors is observed
in the range of both 0–5 V and − 5 to 0 V sweeping process. However,
different from the Mn-doped SnO2 (Fig. 4(c)), there is no intermediate
states appeared in these materials. Fig. S-4 shows the plots of I\\V
curves in a log-log scale. Similar to 12.5 mol% Mn-doped SnO2, both
the ohmic region (I ∝ V) and the Child's law region (I ∝ V2) are found
in the In-doped and Al-doped SnO2 thin ﬁlms. Differently, the steep current increase region in Fig. 4(d) is absent, indicating that the multi-level
resistance states cannot be achieved by Al and In dopants, although the
remarkable transitions between LRS to HRS are observed. Thus, it is reasonable to identify that the X3+ doping is not the key that induced
multi-level resistance states in SnO2.

3.6. Possible switching mechanism
According to previous report [34], in both Al and In-doping in SnO2,
defects of interstitials have high formation energies. This means that as
compared to Mn-doped SnO2 the barriers of forming interstitials are
higher in Al-doped and In-doped SnO2. However, the interstitials are
weakly bonded in the crystal lattice, thus these defects can contribute
into redox reactions much easier than the substitutions, which may
give rise to a resistance state transition. Based on the above results, we
proposed a possible mechanism of achieving multi-level resistance
states in Mn-doped SnO2 thin ﬁlm. The underlying mechanism of I\\V
characters induced by Mn3+ redox is illustrated in Fig. 8.
Initially, the thin ﬁlms are in HRS. By increasing sweep voltage, the
resistance of Mn-doped SnO2 thin ﬁlms gradually transit from HRS to
LRS (as in Fig. 5). Such a transition is related to the Mn3+
int migration towards cathodes. The Mn3+
int migrates to cathodes, receives electrons and
is reduced to Mn2+ and then to Mn, which switches Mn-doped SnO2 to

the intermediate state. In the 6.25 mol% and 12.5 mol% Mn-doped SnO2
thin ﬁlms, the ﬁrst resistance state changed at +1.57 V and + 2.73 V, respectively as shown in Fig. 4(b) and (c). The results agree with previous
reports [35] that the redox potentials for Mn3+ to Mn2+ in aqueous solutions is +1.54 V. It is reasonable that higher potential is needed in Mndoping concentration to fully reduce Mn3+ to Mn2+. With the accumulation of deoxidized Mn, ﬁlaments formed by Mn from cathodes to anodes, switched the ﬁlm to LRS. When positive voltage applied, the Mn
releases electrons and is oxidized to Mn3+. The positively charged
Mn3+ gradually migrates away from anodes, jump back to Mn3+
traps, and switches the ﬁlm to the initial state.
The multi-intermediate states in 12.5 mol% was triggered by the different charged Mnint states. According to XPS, although Mn3+ dominates the Mn charge state, the 12.5 mol% doped SnO2 contains lower
charged Mnint than 6.25 mol%. The lower charged Mnint can be reduced
when a relatively small voltage applied, achieving the State 2 in Fig. 4
(c). Then, with higher voltage applied, Mn3+ is reduced, switched the
ﬁlm to the State 3. After being fully switched on, positive voltage can oxidize Mn to lower charge states and with increasing the applied voltage,
the ﬁlm is switched to HRS again.
4. Conclusions
In this work, we have analyzed the formation of cationic defects in
SnO2 and found theoretically that Mn interstitials can be induced
through tuning the doping level. Experimentally, with a new liquidliquid interface method, well controlled Mn-doped SnO2 nanocrystal arrays were synthesized and transparent thin ﬁlms were fabricated.
Owing to the existence of Mnint defects, multi-state, non-volatile transport under electric ﬁeld was conﬁrmed. In addition, the mechanism of
how the type and distribution of cationic defects affect the electrical
properties of the thin ﬁlms was studied. These results may provide signiﬁcant new insights into the design and engineering of transparent
metal oxides, which are desirable for information storage device
applications.
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Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2018.05.061.
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