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Abstract 

The versatile surface reconstruction mechanisms, tunable surface properties, and excep-

tional electron emission characteristics of SrTiO3 films have garnered significant research 

interest. In this study, SrTiO3 films were synthesized on n-Si(100) substrates via radio fre-

quency magnetron sputtering. To evaluate the impact of thermal annealing, the as-depos-

ited films underwent post-deposition annealing in an oxygen ambient at 600 °C, 800 °C, 

and 1000 °C for a duration of 2 h each. The structural, chemical, and secondary electron 

emission (SEE) characteristics of the SrTiO3 films were characterized as a function of their 

high thermal process. Post-deposition annealing induced a significant improvement in 

crystallinity, which directly correlated with a heightened SEE yield (SEY). Furthermore, 

composition analysis revealed a marked stoichiometric reconfiguration at the surface, 

with the Sr:Ti:O ratio evolving from 1:0.32:1.14 to 1:0.22:0.94, suggesting a move toward 

an Sr-O terminated surface. The Sr-O terminated surface inherent to these SrTiO3 films 

promotes efficient electron escape due to its reduced work function. Following a 1000 °C 

annealing process, the peak SEY undergoes a significant shift from 2.11 to 2.76, represent-

ing a thermal optimization of the SEE performance by approximately 30.8%. High-tem-

perature annealing enhances the SEE performance of SrTiO3 films, validating their signif-

icant potential for electron multiplication applications. This study provides a scalable 

pathway for developing highly efficient SEE materials with optimized crystalline and sur-

face properties. 

Keywords: strontium titanate; secondary electron emission; thermal annealing 

 

1. Introduction 

Strontium titanate (SrTiO3, denoted as STO), a typical ABO3-type perovskite oxide, 

has become a cornerstone material in the emerging field of oxide electronics due to its 

high dielectric constant, low leakage current, and excellent optical properties [1–3]. Due 

to their excellent bulk and surface properties, STO single crystals and polycrystalline thin 

films have been extensively researched for diverse applications, ranging from 

photocatalytic water splitting to their use as substrates for high-temperature 

superconductors and components in micro/nanoelectronics devices [4–6]. Furthermore, 
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STO thin films exhibit multifunctional properties that are highly dependent on their 

unique surface structures, such as the specific (2 × 1) reconstruction of the STO (001) 

surface [7]. The physical properties of STO thin films are closely linked to their surface 

microstructure, morphology, chemical composition, and chemical states—all of which 

play a critical role in determining their electronic characteristics [8,9]. STO thin films 

exhibit distinct optoelectronic behaviors compared to their single-crystal counterparts 

[10]; variations in the oxidation states of metal cations serve as the primary cause of these 

property changes. The optical bandgap of STO films exhibits significant variability, 

ranging from 2.70 eV to 4.26 eV [11,12], as influenced by specific fabrication techniques 

and processing parameters. Ti-O or Sr-O terminated surfaces on STO can be achieved 

using various processes, including Ar+ etching, chemical etching, or annealing [13,14]. 

Vienna Ab initio simulation package (VASP) and experimental studies confirm that the 

work function of SrO-terminated STO (001) surfaces is generally lower than that of TiO2-

terminated surfaces, regardless of whether the samples are subjected to thermal annealing 

or surface pretreatment [15,16]. STO thin films can be prepared using various deposition 

techniques, including atomic layer deposition [17], molecular beam epitaxy [18], 

metalorganic chemical vapor deposition [19], and RF magnetron sputtering [12]. Among 

these methods, RF magnetron sputtering stands out as a low-cost and efficient fabrication 

technique that is also suitable for wafer-scale mass production. 

A common strategy for studying the electronic properties of STO involves high-

temperature annealing to improve film crystalline quality and surface characteristics. This 

yields several important periodic reconstructions—e.g., (1 × 1), (2 × 2), and (4 × 4)—some 

of which have been analyzed in detail. In 2019, Kim et al. grew STO thin films via atomic 

layer deposition [20], applying rapid thermal annealing before depositing a main STO 

layer on the seed layer, thereby achieving in situ crystallization. In a low work function 

surface study in 2022, Kamaratos et al. exposed the STO (100) surface to water vapor and 

cesium vapor [21], observing the formation of cesium oxide (Cs2O), which further reduced 

the surface work function by up to 0.35 eV. In 2023, Hong et al. reported that anomalously 

strong and coherent secondary photoelectron emission was observed on the reconstructed 

SrTiO3 (100) surface following simple vacuum annealing [22]. The low work function 

surface formed after annealing is key to determining these unique secondary electron 

emission characteristics. In 2024, Pérez reported an optical bandgap of 3.06 eV after 

annealing STO thin films in a reducing atmosphere [23], and this sample demonstrated 

superior performance regarding overpotential, Tafel slope, and 24-h stability. In 2025, 

Chien synthesized SrTiO3/TiO2/TiN heterostructure films [24], annealing them under 

varying partial pressures of nitrogen and oxygen, and the introduction of oxygen 

vacancies at the interfaces promoted efficient charge separation and suppressed 

recombination during photoelectrochemical responses. 

Although research on STO thin films has been quite extensive, most studies primarily 

focus on the relationships among preparation methods, surface reconstruction, film 

quality, and optical/electrochemical properties. There are few reports that research the 

secondary electron emission (SEE) of STO films. Within the field of SEE research, the use 

of surface microstructure [25–28] and functional coatings [29–31] to regulate surface SEE 

yield (SEY) is of paramount importance. For functional coatings engineering, typically, 

functional films such as titanium nitride are applied within particle accelerators to reduce 

SEY and further mitigate the risk of cloud effect occurrence [32,33]. Materials such as 

magnesium oxide possessing high SEY are frequently employed in the dynodes of 

electron multipliers to achieve efficient amplification of electronic signals within the 

device [30,34–36]. Moreover, materials possessing high SEY can also be effectively utilized 

in engineering scenarios where the suppression of electrostatic discharge is required 

[37,38]. Since STO is a ceramic material possessing a high bandgap (approximately 3.2 eV) 
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[39], STO functional films are supposed to demonstrate efficacy in scenarios involving the 

modulation of SEY like various other functional coatings, such as in the dynode of 

photomultiplier tubes requiring high SEE capability [30]. 

In this study, we employed magnetron sputtering to deposit STO thin films on n-Si 

substrates, followed by annealing in an oxygen atmosphere, to characterize the film 

properties. For comparison, additional STO films were deposited under varying argon 

and oxygen partial pressures. The primary objective is to investigate how these different 

sputtering and annealing conditions affect the secondary electron emission characteristics 

of the STO thin films. 

2. Results and Discussion 

2.1. Film Morphology of the STO Films 

The surface morphology of the STO thin films, as characterized by plan-view field 

emission scanning electron microscopy (FESEM) [23,40], is illustrated in Figure 1. Figure 

1a depicts the as-deposited state, while Figure 1b illustrates the morphological changes 

following a 2 h annealing treatment at 1000 °C under an oxygen atmosphere. The STO 

film exhibited a thickness reduction from 178.6 nm in the as-deposited state to 163.8 nm 

following high-temperature annealing. This volumetric contraction of approximately 8.3% 

is fundamentally attributed to thermal densification and the elimination of residual po-

rosity inherent in room-temperature magnetron-sputtered oxide films. A detailed exami-

nation of the STO thin-film morphology reveals that the films remain dense both before 

and after annealing, with surface grain sizes in the range of several tens of nanometers. 

The thermal treatment did not significantly alter the overall surface morphology. It is in-

ferred that while annealing promoted Ostwald ripening [41,42]—thereby improving crys-

talline quality and reducing surface energy—the surface remained continuous and devoid 

of observable cracks. 

 

Figure 1. FESEM images of STO thin film on n-Si substrates: (a) as-deposited (unannealed) and (b) 

annealed. The inset in the upper right corner of (a,b), confirm a thickness reduction from 178.6 nm 

(as-deposited) to 163.8 nm (post-annealing). 

2.2. Elemental Composition of the STO Films 

In addition to morphological characterization, we employed energy-dispersive X-ray 

spectroscopy (EDS) to examine the elemental distribution across the surface of the pre-

pared STO films, as illustrated in Figure 2. Figure 2a–c, respectively, show the elemental 

densities of Sr, Ti, and O within the EDS testing regions. The distribution results of planar 

elements in Figure 2 show the uniform distribution of the three elements within the test 

https://doi.org/10.3390/inorganics14030071


Inorganics 2026, 14, 71 4 of 12 
 

https://doi.org/10.3390/inorganics14030071 

are, and reveal a high density of Sr, while Ti and O exhibit relatively low densities. This 

indicates that the Sr content is markedly higher than that of Ti and O. Furthermore, based 

on the operating principle of EDS [43,44], we understand that its detection depth ranges 

from several hundred nanometers to the micrometer scale. Consequently, the elemental com-

position results measured in Figure 2 also indirectly indicate that the thickness of the prepared 

STO film is comparable to the EDS detection depth at accelerating voltage of 5 kV. 

 

Figure 2. EDS elemental mapping images of (a) Sr, (b) Ti, and (c) O. 

In addition to the elemental distribution density, we also employed EDS to determine 

the relative abundance of each element of the STO perovskite material after annealing, 

including the EDS spectra and elemental percentages, as shown in Figure 3. In Figure 3, 

the spectrum exhibits prominent peaks at the characteristic K-shell emission positions for 

Sr, Ti, and O. The quantitative elemental data are summarized in the inset table. The mass 

fractions (Wt. %) for Sr, Ti, and O—before and after annealing—were 72.2%/77.5%, 

12.8%/9.2%, and 15.0%/13.3%, respectively. These correspond to atomic percentages (At. 

%) of 40.6%/46.3% (Sr), 13.1%/10.1% (Ti), and 46.3%/43.6% (O). Strontium and Titanium 

are major metal elements, and their relative atomic ratios should therefore be precise 

within a ±1.0% range; however, oxygen (a light element) typically has a much higher rel-

ative error a ±5.0% due to low X-ray yield and high absorption. The elemental atomic ratio 

in the unannealed sample (1:0.32:1.12) deviates sharply from ideal SrTiO3, revealing sub-

stantial Ti and O vacancies. After annealing, this ratio shifts to 1:0.22:0.93, demonstrating 

that high-temperature treatment exacerbates the surface Ti and O loss and increases the 

stoichiometric deviation. The elemental stoichiometry of sputtered STO films inherently 

deviates from the ideal 1:1:3 single-crystal ratio due to non-congruent sputtering. Multi-

component perovskite targets rarely exhibit equal ejection rates; lighter species and those 

with lower binding energies are preferentially sputtered. While theoretical sputtering 

yields for Ti often exceed those of strontium Sr due to superior mass-matching with Ar, 

several synergistic factors contribute to the measured Sr enrichment: 

(1) Instrumental Sensitivity: The higher X-ray emission efficiency of heavier cations (Sr) 

can influence quantitative software results, particularly in standardless models 

where ZAF correction algorithms may carry inherent analytical uncertainties. 

(2) Target Stoichiometry: The initial SrTiO3 target may exhibit a slight Sr-rich bias, which 

is propagated during the deposition process. 

(3) Non-Congruent Transport: Specific sputtering parameters, such as low working 

pressures or elevated substrate temperatures, may modulate the sticking coefficients 

and re-sputtering rates, favoring Sr-incorporation over Ti. 

(4) Thermal Annealing: During annealing, the relative instability of Ti leads to preferen-

tial migration and volatilization, facilitating the formation of a stable SrOx-rich sur-

face layer. 

Given that the EDS interaction range significantly exceeds the thin-film thickness, the 

reported data represent a volumetric average of the Sr-rich surface and the stoichiometric 

bulk. Thus, the observed Sr > Ti ratio is a physical manifestation of integrated Ti-depletion 
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rather than a preparation artifact. This fundamental alteration of the surface chemical state 

is likely responsible for the modified electronic properties and electron emission charac-

teristics of the films. 

 

Figure 3. The corresponding EDS spectrum for these samples. The inset in image presents the EDS 

quantification data, showing the mass percentage (Wt. %) and atomic percentage (At. %) for Sr, Ti, 

and O, respectively. 

In fact, under high-temperature oxidizing conditions, Ti species are prone to volati-

lization via the formation of TiO2 or volatile suboxides, especially at high-energy sites like 

grain boundaries. This process, coupled with thermally induced oxygen vacancies or 

chemical interactions with the underlying n-Si substrate, fundamentally alters the surface 

stoichiometry. The formation of a SrO–rich surface termination after thermal treatment is 

proposed to account for the signal attenuation of Ti, as the enriched overlayer limits the 

depth-sensitive detection of titanium cations. In 2019, investigations by Chambers and 

Sushko [16], utilizing UPS experiments and DFT calculations, revealed that the work func-

tion of STO (001) surfaces is highly termination-dependent: 3.1~3.6 eV for SrO-terminated 

surfaces and 4.5~4.8 eV for TiO2-terminated surfaces. A Sr-rich surface significantly re-

duces the samples’ effective work function, representing one of the most viable strategies for 

enhancing the SEE of STO films. Additionally, trace peaks associated with adsorbed carbon 

and the gold coating (sputtered for conductivity) were detected. The EDS elemental mapping 

of the annealed STO thin film in Figure 2a–c demonstrates a uniform spatial distribution of Sr, 

Ti, and O across the surface. Qualitatively, the higher image contrast observed in the Sr map 

suggests a significantly greater signal intensity compared to those of Ti and O, which 

aligns with the Sr enrichment observed in the quantitative analysis. 

2.3. Phase Structure of the STO Films 

The crystallinity and phase evolution of the thin films are strictly governed by the 

deposition parameters and post-deposition annealing temperatures. Therefore, to further 

characterize the phase structure changes in STO films before and after annealing, we em-

ployed X-ray diffraction (XRD) techniques to examine the phase structure of the STO 

films. Figure 4 illustrates the XRD patterns for the as-deposited and thermally treated STO 

films. In the as-deposited state, the room-temperature-sputtered samples exhibited a 
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purely amorphous phase, as corroborated by the reference patterns. Subsequent anneal-

ing at 600 °C, 800 °C, and 1000 °C in an oxygen (O2) ambient for two hours induced a 

progressive enhancement in crystallinity, facilitating a transition into a well-defined pol-

ycrystalline state. Compared to the amorphous as-deposited state, the emergence of sharp 

diffraction peaks between 30° and 70° signifies the development of a well-ordered crys-

talline phase. On the one hand, the polycrystalline structure was indexed to tetragonal 

STO (JCPDS PDF card No.: 97-018-2764), with characteristic reflections from the (112), 

(200), (202), (004), (220), (204), (312), and (321) planes identified at 2θ positions of 32.4°, 

32.4°, 40.0°, 46.4°, 46.5°, 57.8°, 57.8°, and 61.7°, respectively. Notably, the proximity dif-

fraction peaks from the (112) and (200) planes, as well as those from the (204) and (312) 

planes, results in peak overlap that precludes their individual resolution within the meas-

ured XRD patterns. On the other hand, the diffraction features observed at 33.0° and 65.9° 

in the sample annealed at 1000 °C are indexed to the n-Si substrate (JCPDS PDF card No.: 

97-017-0488). Given the high-temperature treatment in an oxygen ambient, we have eval-

uated and subsequently ruled out the precipitation of titanium oxide (TiOx) or strontium 

oxide (SrOx) phases. Instead, the reflections identified at 47.8°, 54.6°, 55.5°, 56.4°, and 65.9° 

are attributed to the interfacial formed SiO2 layer (JCPDS PDF card No.: 97-017-0488) 

formed via thermal oxidation of the substrate. The broad diffraction envelope observed 

between 66.1° and 72° in Figure 4 results from the overlapping diffraction peaks from the 

n-Si substrate, the interfacial SiO2 layer, and the STO film. This high peak intensity, com-

bined with the high degree of spectral congestion, precludes the precise resolve of indi-

vidual peak positions within this range. Overall, the XRD results confirm that the crystal-

line quality of the room-temperature-sputtered STO films is significantly enhanced 

through high-temperature annealing in an oxygen ambient. 

 

Figure 4. XRD patterns of as-synthesized and annealed STO films (600 °C, 800 °C, and 1000 °C) in 

O2 for 2  hours. 

2.4. SEE Properties of the STO Films 

The impact of the post-deposition annealing process under an O2 atmosphere on the 

SEE properties of STO films was investigated through SEY measurements. The data con-

firm that thermal processing markedly improved the secondary electrons emission 
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efficiency of the films. As illustrated in Figure 5, the SEY values exhibit a clear upward 

shift following the annealing treatment, far exceeding the SEY of the amorphous as-de-

posited samples. The critical parameters of the SEY profiles, specifically the optimal pri-

mary electron energy (Epm) and maximum yield (δm), are tabulated in Table 1 for the as-

deposited and thermally treated STO thin films. The initial SEY curve’s peak of the as-

deposited STO film, defined by (Ep,m, δm), was recorded at (260 eV, 2.11). Following ther-

mal treatment in an oxygen ambient at 600 °C for two hours, the SEE characteristics ex-

hibited a marginal enhancement to (306 eV, 2.19), representing a yield increase (Δδ%) of 

approximately 3.8%. Notably, the STO films annealed at 800 °C and 1000 °C demonstrate 

substantial performance further enhancements; their SEY peaks shifted to (304 eV, 2.43) 

and (305 eV, 2.76), respectively, corresponding to Δδ% improvements of 15.2% and 30.8% 

relative to the as-deposited state. While δm increases, Epm remains relative stable at 

approximately 305 eV, suggesting that the secondary electron escape depth in the STO 

thin films undergoes negligible variation. Consequently, the observed enhancement is 

primarily attributed to improved long-range crystalline order and refined surface 

conditions, which facilitate more efficient electron transport to the surface and a higher 

probability of emission following generation. Thermal treatment in an oxygen ambient 

effectively decontaminates the surface and mitigates structural defects, thereby 

optimizing the overall SEE efficiency. The results provide a scalable pathway for 

improving the performance of materials with modest inherent SEY, thereby broadening 

their suitability for high-performance secondary electron multiplication applications. 

 

Figure 5. SEY characteristics of STO films on n-Si substrates. SEY curves are presented for samples 

in the as-deposited (unannealed) state and annealed temperatures at 600 °C, 800 °C, and 1000 °C. 
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Table 1. SEY characteristics of as-synthesized and annealed STO films. 

Samples Em/eV δm 

Ref. Unannealed 260 2.11 

Annealed 600 °C/2H 306 2.19 

Annealed 800 °C/2H 304 2.43 

Annealed 1000 °C/2H 305 2.76 

3. Experimental Methodology 

3.1. Film Deposition 

STO thin films were deposited onto n-Si(100) substrates at ambient temperature 

using a GJP-400 dual-target magnetron sputtering system. High-purity argon and oxygen 

were utilized as the reaction gases. The deposition utilized a commercially sourced (Hefei 

Kejing Material Technology Co., Ltd. Hefei, China) high-purity ceramic STO target (3-inch 

diameter), with the target-to-substrate distance maintained at a fixed 55 mm. Prior to 

deposition, the n-Si substrates underwent sequential ultrasonic cleaning using deionized 

water, anhydrous ethanol, and acetone, and the substrates were then immediately dried 

using high-purity nitrogen flow. The chamber background vacuum was maintained at 

better than 10−4 Pa. The argon and oxygen flow rates were maintained at 20 sccm and 10 

sccm, respectively, resulting in a fixed Ar:O2 flow ratio of 2:1. Deposition occurred at an 

RF power of 120 W, with a total pressure of approximately 1 Pa. To investigate the effect 

of annealing on the film structure and SEE properties, samples were annealed in an 

oxygen atmosphere, maintained at a constant pressure of 0.22 MPa. The annealing 

temperatures used were 600 °C, 800 °C, and 1000 °C, each maintained for 2 h with a 

heating rate of 5 °C/min. Annealed samples were stored in a vacuum container. The STO 

target was pre-sputter cleaned for 10 min before deposition and sealed for storage when 

not in use. 

3.2. Film Characterization 

The morphology of the STO thin films was investigated using FESEM with a Zeiss 

Gemini 500 instrument (Carl Zeiss AG, Oberkochen, Germany). Elemental composition 

was determined by EDS using an Oxford Instruments UltimMax 100 system attached to 

the FESEM (the UK). The crystal structure of the samples was characterized by XRD using 

a Bruker D8 ADVANCE (Bruker Corporation, Karlsruhe, Germany) diffractometer 

equipped with a Cu Kα radiation source (λ = 1.5405 Å), and the scans were performed in 

the 2θ range of 10~80°. 

3.3. SEY Measurement 

The SEE characteristics of the STO thin films were measured using a self-built SEY 

system based on the collector method. The working principle, instrument configuration, 

and testing procedure are detailed in our group’s previously published literature [45]. 

Measurements were conducted in a test chamber maintained under high vacuum (better 

than 10−5 Pa). The primary electron beam impinged on the sample surface, generating both 

a sample absorption current (Is) and a secondary electron beam/collector current (Ic). The 

primary electron current (IP) is defined as the sum of these two components (Ip = Is + Ic). 

The SEY can then be calculated using the following formula: 

C C

P S C+

I I

I I I
 = = .  
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Due to the presence of backscattered electrons, the measured collector current (Ic) 

actually represents the total emitted electron current from the sample surface, which is the 

sum of both the true secondary electrons and the backscattered electrons. 

4. Conclusions 

In this study, we evaluated the evolution of SEE characteristics in STO films across 

their as-deposited and annealed states. The results demonstrate that high-temperature an-

nealing conditions fundamentally modulate the surface chemical states, stoichiometry, 

and long-range crystalline order, which in turn govern the resulting electron emission 

performance. The room-temperature sputtered STO films exhibit robust adhesion to the 

n-Si substrate and initially possess a purely amorphous structure. EDS analysis reveals a 

surface stoichiometry of Sr:Ti:O = 1:0.32:1.14, highlighting an Sr-rich phase. Following the 

annealing process, the surface composition evolves to Sr:Ti:O = 1:0.22:0.94. This surface 

reconstruction toward an Sr-O termination is critical, as the associated reduction in work 

function facilitates a higher SEY at the film–vacuum interface. Thermal treatment in an 

oxygen ambient at 600 °C initiates the crystallization of the STO films, subsequently mod-

ulating their SEE properties. As the annealing temperature is further elevated to 800 °C 

and 1000 °C, the long-range crystalline order is progressively refined. This structural mat-

uration drives a substantial enhancement in the SEE performance of the resulting poly-

crystalline STO films. At an annealing temperature of 1000 °C, the peak of the STO emis-

sion profile undergoes a significant transition from its initial state of (260 eV, 2.11) to (305 

eV, 2.76). This evolution reflects a thermal optimization of the SEE process, signifying an 

enhancement of approximately 30.8% in the maximum yield. Optimizing STO-deposited 

conditions and subsequent thermal annealing enables the formation of a low-work-func-

tion Sr-O-terminated surface. This processing strategy significantly enhances the SEY, 

confirming the suitability of annealed STO films as a practical and efficient material for 

secondary electron multiplication applications. 
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