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Abstract  

Driven by the interest in fundamental physics and potential applications in novel 

electronic devices, intense effort is devoted to integration of oxide-based 

two-dimensional electron gases (2DEGs) with other functional materials. As a classic 

model system, LaAlO3/SrTiO3 (LAO/STO) has gained significant attentions. However, 

due to limitations in synthesis and high demands on the involved thin films, the 

formation of conductive interfaces between artificially grown STO and LAO thin 

films is an extreme challenge: oftentimes these interfaces remain insulating or show 

poor transport properties, which inhibits the development of all-thin-film devices. 

Here, by adopting high temperature growth to achieve step-flow growth mode and 

fine-tuning the laser fluence during pulsed laser deposition, high quality 

homoepitaxial STO thin films with sufficiently low point-defect concentration and 

controllable surface termination are obtained. Fully metallic 2DEGs are then realized 

at interfaces between STO thin films and both crystalline and amorphous LAO 

overlayers. The observed slightly reduced mobility in the bilayer LAO/STO/STO 

structures as compared with single-layer LAO/STO structure is related to the residual 

defect formation during STO synthesis, yielding a disordered metallic oxide system. 

The results give prospect of multilayer interfaces potentially accessible in superlattice 

structures and provide a reliable starting point for back-gated all-thin-film field-effect 

devices. 
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1. Introduction 

Complex oxides are particularly appealing for advances in device technology due 

to a range of remarkable functional material properties, such as colossal 

magnetoresistance and high temperature superconductivity.[1-4] Currently, intense 

research effort is devoted to exploring the emergent properties and potential 

applications of interfaces between dissimilar oxide materials.[5,6] At the interfaces, one 

can exploit not only incorporated materials, but also new emergent properties that are 

inherent to the specific interface.[7,8] A particular example in this area is the 

observation of metallic conductivity at the interface between the two insulators 

LaAlO3 (LAO) and SrTiO3 (STO).[9,10] This interface exhibits a broad spectrum of 

remarkable physical properties, such as high electron mobility,[9,11] 

ferromagnetism,[12] and field-tunable superconductivity,[13] which are promising for 

the integration of new functionalities into electronics and spintronics applications. 

The interfacial metallic state is often explained by the polarity-mismatch, which 

results in a potential build-up and subsequent charge-transfer across the interface.[9,14] 

The other two mainstream viewpoints are the formation of oxygen vacancies,[15,16] and 

La/Sr short-range interdiffusion.[17,18] Details about the effects of defects on the 

properties of such oxide interfaces, such as electronic states are, however, still under 

discussion.[19-23]  

Driven by the interest in fundamental physics and possible future applications for 

novel electronic devices, efforts have been made to integrate the two-dimensional 

electron gas (2DEG) with other functional materials.[24-28] This approach opens the 
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possibility of investigating strain and defect effects.[27-29] Therefore, the single 

crystalline STO substrate which is used as a standard to achieve 

2DEG-heterostrutures, is replaced by a STO thin film, transferring the conductive 

interface from well-defined single crystalline substrates to an artificially grown thin 

film. This task poses a huge challenge due to the high demands on the quality of thin 

films for the formation of 2DEGs.[9,26,30] The first step towards transferring the 

functional LAO/STO interface into more complex device structures is to achieve a 

2DEG with metallic, interfacial transport properties onto a homoepitaxial STO thin 

film. While this appears to be a trivial task using state-of-the-art oxide epitaxy, it turns 

out to be a remarkable challenge in the field.[29,31,32] 

For one, a crucial prerequisite is the TiO2-termination of the STO at the interface, 

which is essential to obtain charge-transfer from crystalline LAO into STO and 

determines the dynamics of the generation of oxygen vacancies with view on 

amorphous LAO.[9,30,33,34] A common route for atomically defined termination is the 

chemical treatment of single crystalline substrates.[35] During thin film synthesis, 

however, the chemical termination of the growing layer is not necessarily  

well-conserved. Secondly, point defects inside the growing STO layer typically act as 

trapping centers for electrons, particularly point-defects on cation sites arising from 

slight cation non-stoichiometry during the growth.[32,36-39] Therefore, the amount of 

point defects incorporated in the STO layer during growth needs to be as low as 

possible.[32]  

Until now, most attempts to transfer the LAO/STO interfaces onto another substrate 
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have resulted in insulating LAO/STO interfaces. In some cases where a conductive 

interface was achieved,[27-29,32,40-43] it showed limited performance (as indicated e.g. 

by a considerably lowered electron mobility, of order of 10 cm2/Vs) and non-metallic 

low-temperature behavior (i.e. strong resistance upturns in the low-temperature 

regime).[27-29,32] Moreover, the thickness of the epitaxial STO thin film in some of 

these cases was restricted to the nanometer range.[26] For the application of such 

heterostructures in real electronic devices, such as all-thin-film backgated field-effect 

devices, larger thicknesses may be required in order to overcome electrostatic 

screening lengths and to avoid overlapping space charge layers.[44,45]  

In general, homoepitaxy of SrTiO3 with high quality and precision was already 

demonstrated in the pioneering work of Kawasaki et al.[46] and is today widely 

accessible by means of PLD and MBE. However, the control of point defect 

concentrations and particularly the control of surface termination of the growing film 

is still a well-debated topic.[34,36,37] While termination control is ultimately accessible 

in MBE,[27,28] the concomitant supply of A-site and B-site cations in pulsed laser 

deposition poses additional complexity to determining and controlling the resulting 

surface termination of the thin film. For instance, in the early work by Kawasaki et. 

al. it was observed that homoepitaxial STO typically results in SrO-termination,[46] 

which would not provide the required template for 2DEG formation. On the other 

hand, various publications did report on successful growth of LAO/STO bilayer 

interfaces, implying successful fabrication of TiO2-terminated interfaces. Typically, 

however, additional etching and heat treatments of the SrTiO3 thin films were 
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necessary.[27,28] Moreover, often only a limited metallicity and low electron mobility is 

observed, as discussed above and demonstrating a need to further improve and lower 

the defect density in SrTiO3 thin films.  

In this work, we demonstrate the fabrication of homoepitaxial STO thin films with 

well-matched stoichiometry and defined surface termination, which can be controlled 

via growth-mode control and tuning of the deposition parameters. In particular, we 

adopted high laser fluence (FL) at considerably high oxygen pressure to obtain 

sufficient stoichiometry and to maintain TiO2-termination.[32,36,37] Additionally, we 

apply increased growth temperature to achieve step-flow growth mode. As we show, 

key to achieving atomically defined thin films and surfaces is the step-flow growth 

mode, suitable of providing low point-defect densities and well-defined surface 

termination. We then demonstrate that 2DEGs are formed at amorphous and 

crystalline LAO/STO interfaces on our STO thin films, exhibiting metallic behavior 

down to low temperatures. As we show, the termination control during the growth of 

STO by fine tuning laser fluence allows to generate interfacial conductivity. 

Additionally, the step-flow growth mode at high growth temperature is essential to 

achieve low defect concentration, and thus sufficient electron mobility. A still reduced 

electron mobility as compared to the single crystal standard indicates a residual 

amount of scattering centers remaining the STO layers. However, the bilayers allow 

to study metallic transport in thin film structures with STO layer thicknesses up to 200 

nm and to investigate electronic transport phenomena in a disordered, metallic 2D 

model system. These results provide a systematic recipe for the synthesis of 
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termination controlled STO layers with comparably low defect concentration, thus, 

contributing important knowledge to the realization of all-oxide electric field effect 

devices and to study the fundamental physical properties of 2DEGs on STO.  

2. Results 

We first address the stoichiometry and termination control during the synthesis of 

homoepitaxial STO thin films. All films were deposited by pulsed-laser deposition 

(PLD) and the fabrication process is described in the Experimental Section. In Figure 

1, the properties of STO layers grown at different temperatures and different laser 

fluences FL are shown. Using reflection high-energy electron diffraction (RHEED), 

we followed the intensity evolution of the specular diffraction spot during the entire 

growth to identify the growth mode. The recorded RHEED intensity during the initial 

growth of 200 nm thick STO layers and the corresponding RHEED pattern for the 

final stage of the growth are shown in Figure 1a. At a temperature of 800 ℃ (top of  

Figure 1a), the STO thin film grows in a layer-by-layer growth mode, resulting in 

apparently atomically smooth and defined thin film morphology, as indicated by the 

atomic step-terrace structure observed by atomic force microscopy (AFM) (See 

Figure S1 in the Supporting Information). A careful optimization of FL is required to 

achieve this stable layer-by-layer growth mode towards large layer thicknesses, while 

a transition to 3D-growth is observed at non-optimum FL, resulting from Sr rich   

synthesis (See Figure S1 in the Supporting Information).[47] At a higher temperature 

of 950 ℃, however, a transition from layer-by-layer to step-flow growth mode is 

observed, as indicated by the constant RHEED intensity during the growth. This 
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step-flow growth mode is evident for all FL applied (Figure 1a, center and bottom). 

No transition into 3D growth is observed at any FL. Moreover, the RHEED diffraction 

pattern suggests the preservation of 2D morphology after STO growth for all FL.  

Interestingly, the relative change of RHEED intensity between the specular spot (00) 

 

Figure 1. Growth and characterization of STO thin films. a) RHEED intensity oscillations of (0,0) and 

(10)/(-10) diffraction streaks within the red and light blue circles, respectively, during the first 1500 

seconds. Insets show the corresponding RHEED pattern at the end of growth. b) Surface morphology 

obtained from AFM (left) and corresponding TEM image (right) of STO films grown at 950°C with 

high and low fluence. In the TEM images, the homoepitaxial interface is marked by an arrows. The 

white dashed frames serve as guides for the eye. c) XRD-spectra of STO thin films grown at 950°C 

with increasing laser fluence FL (indicated by the arrow) in the vicinity of the (200) STO substrate 

peak. d) RHEED patterns after STO growth at 950°C with increasing FL. 
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and the first-order diffracted spots (10) and (-10) are quite different with increasing 

FL. 

At low FL (bottom of Figure 1a), increasing intensity of first order diffraction spots 

(10) and (-10) is observed as compared to the initial stage, eventually exceeding the 

intensity of the specular reflection. In contrast, for samples grown at high FL (center 

of Figure 1a), the intensity of first order diffraction spots remains lower than that of 

the specular spot during the entire growth process. The evaluation of the RHEED 

diffraction pattern reflects an extremely surface sensitive technique to determine the 

atomic structure of the very-surface of the growing film. Therefore, this information 

can be used to determine the surface-termination of the growing oxide layer. As 

demonstrated in MBE atomic termination control studies, it was shown that the 

relative intensity of the first order diffraction in RHEED changes when moving 

toward SrO and TiO2 termination.[48,49] This behavior was attributed to the distinctly 

different diffraction yields from SrO and TiO2-terminated surfaces, respectively. In 

our study, we use this relative intensity change of the 1st order diffraction peak to 

probe the surface termination of the growing film. Therefore, the two kinds of 

RHEED patterns observed here are consistent with the ones observed for typical 

SrO-terminated (at lower FL) and TiO2-terminated (at higher FL) surfaces, 

respectively.[34,48,50] These results suggest that high FL enables a defined 

TiO2-termination even after the growth of 200 nm thick STO thin films, while at 

lower fluences a SrO-termination is preferred. Thus, with the laser fluence we could 

control primarily the surface termination, which is consistent with a slide 
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stoichiometry variation of the ablated plasma plume which tends to become more 

Ti-rich at larger laser fluences.[51] As a consequence, by slightly Ti-rich growth at high 

fluences, it is possible to achieve a Ti-terminated surface. Therefore, on the one hand, 

a high growth temperature triggers the step-flow growth mode, and on the other hand, 

the laser fluence determines the resulting surface termination.  

For the 200 nm thick STO thin films grown in step-flow mode, the surfaces are 

smooth and show distinct steps with the height of a single unit cell of STO. For high 

fluences (top of Figure 1b), the surface morphology reveals a smooth surface with 

clear step terraces and a root-mean-square roughness (RRMS) value of~ 177.9 pm. For 

low FL samples (bottom of Figure 1b), terraces are not visible but all individual steps 

show the height of a single-unit cell (RRMS~359.2 pm),. which is potentially assisted 

by distinct surface reconstructions of Sr-rich STO surfaces.[49,50] This observation is 

consistent with previous reports about the morphology of Sr rich (001) STO thin film 

as determined by in-situ AFM.[52] Thus, the different surface morphologies observed 

at different laser fluence may potentially be related to different surface termination. 

Nevertheless, all surfaces can be regarded as flat films with small RRMS values. In 

general, step-flow growth is expected to show more atomically smooth surface as 

compared to layer-by-layer growth due to the enhanced mobility of incoming species 

during the growth associated to this particular growth mode.[53] We can however 

conclude that the STO thin films grown with high laser fluence at 800°C and 950°C 

show comparably similar morphology, while a clear indication of a transition from 

layer-by-layer growth mode to step-flow growth mode was evident from RHEED 
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analysis. Note that, the resulting surface termination depends on the chosen FL. 

High-angle annular dark-field (HAADF) scanning transmission electron microscopy 

(STEM) images of the resulting STO/STO interfaces obtained at 950°C show highly 

coherent thin films. The interface between STO film and substrate is very defined and 

even hard to be determined on the atomic scale (Figure 1b and Figure S2 for overview 

images), indicating the absence of significant disorder or secondary phases in the 

homoepitaxial thin films and their interfaces to the substrate.[54] 

  Due to the ionic structure of STO, an increased density of cation vacancies 

typically results in strain, expanding the c-lattice constant of the thin film.[36,55,56] In 

contrast, in ‘absence’ of defects especially cation vacancies, homoepitaxial thin films 

should adopt the lattice of the substrate in a perfect manner. Therefore, no signature of 

the thin film would be expected in X-ray diffraction (XRD) measurements. 

Representative results for (200) peaks are shown in Figure 1c. Next to the (200) 

Bragg diffraction peak, thickness fringes are observed. These fringes are decreasing in 

magnitude with increasing FL to the point that the sample grown with the highest FL 

shows almost no fringes. Film and substrate become indistinguishable when FL is 

increased indicating stoichiometric growth of STO. Note that also an interfacial 

distortion of the lattice, as weakly observed in the high-resolution STEM investigation 

of the low laser fluence thin film can lead to thickness fringes.[57] The absence of 

thickness oscillations observed at high laser fluence, hence also indicates the absence 

of interfacial lattice distortion, consistent with the HAADF STEM analysis (Figure 

1b). To conclude, the STO thin films synthesized at high FL preserve cation 
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stoichiometry and apparently possess a low defect concentration according to XRD 

and HAADF STEM analysis. Moreover, according to the RHEED patterns with 

increasing FL (Figure 1d) the intensity of the first-order spot is gradually weaker than 

the ones of the specular spots. Therefore, the STO films grown at 950°C can be 

assumed to show a transition from SrO terminated to TiO2 terminated surfaces with 

increasing fluence.[34]  

We now turn to the question if conducting interfaces can be achieved on the 

presumably TiO2 terminated thin films. For this, 10 uc thick LAO layers were grown 

on the STO thin film surfaces. Their properties are discussed in Figure 2. Crystalline 

LAO layers are growing in layer-by-layer growth mode, as indicated by in-situ 

RHEED (Figure 2a), corroborating that the underlying STO thin film provides 

atomically defined surfaces. This allows layer-by-layer LAO growth of the bilayer 

interface, even at a STO layer thickness of 200 nm. An AFM image (Figure 2b) for 

crystalline LAO layers deposited on a STO thin film with FL=2.4 Jcm-2 confirms the 

preservation of the STO thin film morphology with clear atomic step terraces. Figure  

2c shows the room-temperature sheet resistance of the obtained bilayer structures 

as a function of the FL used for the STO growth. For samples grown at low FL, the 

resistance is above the measurement limit. For samples grown at high FL, conductive 

interfaces are observed above a certain fluence threshold. Importantly, at similar film 

thickness no conductivity was achieved at interfaces to STO thin films grown at 

800 °C at any FL.[32] 

In other studies, LAO/STO bilayer interfaces typically show large and increased 
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resistance with decreasing temperatures, which is induced by a higher density of 

scattering centers.[27,29,32,43] All these studies focused on lower growth temperatures  

for the respective STO layer implying that the layer-by-layer growth mode achieved 

at 800°C results in an enhanced defect concentration. This is also in line with previous 

reports on Nb-doped SrTiO3.
[39] Since TiO2 termination and low defect density are 

 

Figure 2. Growth of crystalline LAO on STO thin film and characterization of its interface. a) RHEED 

intensity oscillations during the deposition of 10 uc LAO on STO thin film with FL=2.4 Jcm-2. b) 

Related surface morphology obtained from AFM. c) Sheet conductance at 300 K for LAO/STO/STO 

stacks with STO layers grown with different FL. Inset: A sketch of the LAO/STO/STO sample 

connected in Hall-bar configuration to measure the sheet resistance and carrier density of the system. d) 

Ti 2p 3/2 spectra investigated by XPS analysis. 



14 

 

quite essential for 2DEGs, we obtain no 2DEG in 800°C samples at any FL. In 

contrast, the low defect concentration of STO thin films grown at 950 °C seems 

sufficient for the formation of the 2DEG, but a suitable FL above the threshold is also 

required. As suspected based on RHEED in Figure 1, the films grown at high FL at 

950 °C must have TiO2 termination. 

In order to check if the observed conductivity actually stems from the LAO/STO 

bilayer interface and thus from a 2DEG localized at the interface between the LAO 

and STO thin films, we applied XPS analysis on the Ti 2p core level, as shown in 

Figure 2d. A clear shoulder occurs due to the occupation of Ti3+ states in the vicinity 

of the LAO/STO interface, which corresponds to about 5 at % of Ti3+ in the probed 

STO volume close to the interface (note that 95% of the XPS intensity comes from 

the upper 6.9 nm from the surface).[58] In fact, at such a high concentration of Ti3+ in 

the probed volume, most of the electrons contributing to the observed conductivity 

must be located within nanometer-distance from the interface. Therefore, it can be 

confirmed that the 2DEGs are localized at the bilayer interface between the LAO and 

STO thin films, and significant conductance contribution originating from the STO 

substrate or the 200 nm deep STO/STO interface can be excluded.  

For a more accurate evaluation of the STO thin films and the formation of the 

2DEGs, it is necessary to involve different generation mechanisms of the 2DEG 

carriers. Therefore, we compared heterostructures with a crystalline LAO overlayer, 

in which the 2DEG is presumably generated by charge-transfer,[9] and an amorphous 

LAO overlayer, where the 2DEG is generated via oxygen-vacancy formation.[59-62] 
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Both processes will naturally show a critical thickness phenomenon, as it was shown 

for standard LAO/STO in the crystalline and amorphous cases.[59,63] We have 

double-checked that all homoepitaxial STO thin films are insulating after growth. 

Therefore, conductivity in the bilayers will be driven either by charge-transfer from 

the LAO layer or a redox-reaction starting from the interface (note that both processes 

are termination-sensitive as discussed in Ref. 30). An AFM image of amorphous 

LAO/STO/STO is presented in Figure S3 in the Supporting Information. The surface 

morphology shows distinct atomic step terraces, analogously to the case of crystalline 

LAO growth discussed in Figure 2. In Figure 3, we compare the temperature 

dependent transport properties of these LAO/STO/STO 2DEGs and the single 

crystalline standard case of the amorphous and crystalline LAO deposited directly on 

TiO2-terminated substrates (LAO/STO). Regarding the temperature dependence of the 

sheet resistance, all samples show metallic behavior, both for the crystalline and 

amorphous case, and for LAO/STO and LAO/STO/STO (Figure 3a). At room 

temperature, the sheet resistance is similar for the two crystalline samples (light 

red/dark red) and for the two amorphous samples (light blue/dark blue) and all values 

are comparable to literature values of STO-single-crystal-based heterointerfaces.[9,59] 

Interestingly, in the low temperature regime, the resistance achieved on STO thin 

films is about one magnitude higher than observed for STO single crystal samples. 

This confirms the assumption that the defect structures of the involved STO differ: At 

room temperature, the electronic transport properties are determined by the carrier 

formation process mainly, i.e. for charge-transfer interfaces (crystalline LAO) we 
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obtain similar conductivity, and for oxygen-vacancy-formation based interfaces 

(amorphous LAO) we obtain similar conductivity irrespective of having used a STO 

thin film or not, as long as the quality of the STO thin film allows the formation of a 

2DEG. At low temperature, however, the electronic properties are apparently mainly 

governed by whether the STO is a thin film or a single crystal, i.e. in this temperature 

regime the two samples grown on single crystalline STO (crystalline & amorphous 

LAO) show similar conductivity, and the two samples grown on STO thin films  

 (crystalline & amorphous LAO) show similar conductivity. The conductivity of 

oxides in the low temperature regime is mainly influenced by scattering of electrons 

 

Figure 3. Electrical transport properties of 2DEGs generated at the interface of crystalline (reddish) 

and amorphous (blueish) LAO and STO thin film (epi-LAO/STO/STO and a-LAO/STO/STO (dark 

colors; squares)) or STO single crystal (epi-LAO/STO and a-LAO/STO (bright colors; triangles)). a) 

Sheet resistance, b) carrier density, and mobility in dependence of temperature. n1, n2 and µ1, µ2 used 

for epi-LAO/STO are carrier density and mobility obtained from multi-carrier model analysis.  Note 

that the mobility values of epi-LAO/STO/STO and a-LAO/STO/STO are partially overlapping at low 

temperature. 
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on defects, which suggests that the increased resistance is due to a residual amount of 

defects, occurring at the interfaces to the STO thin film.  

To get further information about the carrier types within those differently generated 

2DEGs, we conducted Hall measurements in the low temperature regime and 

investigated the Hall resistance, Rxy. A linear Hall-effect was observed for all bilayer 

structures, which is different from the non-linear Hall effect typically observed in 

standard crystalline LAO/STO samples (See Figure S4 in the Supporting 

Information).[19,64,65] The mobility and carrier density are extracted for all samples by 

fitting the Hall data, using a single-carrier model (for bilayers) and a multi-carrier 

model (in the reference sample) (Figure 3b).[64] Consistently, the carrier concentration 

obtained for both bilayer conductive interface (5x1013-1014 cm-2) are of the same order 

as the carrier densities estimated from XPS results. As we observe a significant Ti3+ 

contribution, an average (volume) carrier density can be estimated of about 1020 cm-3 

close to the interface. In this case, a 1-10 nm thick conductive layer will provide the 

vast majority of the electrons probed in transport (i.e. a sheet carrier density of 

5x1013-1014 cm-2), which coincides well with the probed volume in XPS. This 

strongly suggest that the majority of carriers is close to the interface. In addition, at 

room temperature, the mobilities of LAO/STO/STO are similar to the ones on 

standard substrates and are similar for crystalline and amorphous LAO. At low 

temperatures, the mobilities of LAO/STO/STO become lower than the ones of 

LAO/STO but similar for crystalline and amorphous LAO. At low temperature, the 

extracted mobility (~70 cm2/Vs) for the interfaces generated on thin films is a factor 
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of 4-10 higher than the reported values (7-20 cm2/Vs) for samples, where LAO/STO 

interfaces are fabricated on various substrates and including PLD and MBE-grown 

STO.[27,32,43] It is particularly interesting that the sheet carrier concentration is not 

influenced by the defects in the STO for both types of samples (amorphous and 

crystalline) (Figure 3b). However, the lowered mobility as compared to standard 

samples confirms that there is a residual amount of defects in the grown STO thin 

films and that the scattering mostly depends on the properties of the STO thin film. 

The same carrier density and altered mobility also implies that the scattering has little 

relation to the actual 2DEG formation process.  

The lowered mobility in the bilayer sample also explains the absence of a 

non-linear Hall effect, which would be expected to be a general feature for any 

confined electron system in STO as a result of its complex band structure (d-band 

splitting).[66] Experimentally, however, any charge carriers will only contribute to a 

non-linear field-dependence of Rxy if μB is close to unity. At a maximum field of 

about 10 T, typically applied in transport measurements, any charge carrier with 

μ100 cm2/Vs, will hence not result in a non-linear Hall effect. In fact, a slightly 

reduced electron mobility as observed for the amorphous LAO/STO standard sample 

readily suppresses the non-linearity of the Hall effect as shown in Figure S4 in the 

Supporting Information. Assuming that mobility-ratios of high-mobility and 

low-mobility species is typically around 5,[20,67] any low-mobility electron species 

present in the bilayer structures would not result in a significant non-linearity of the 

Hall effect. Therefore, the apparent linearity of the Hall effect is a direct result of a 
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residual disorder. Comparing with standard 2DEGs, the reduced mobility hence 

indicates a finite imperfection of the step-flow grown layers remaining even after 

improving and fine-adjusting the growth process. In turn, however, this residual 

imperfection may allow studying the magnetotransport in disordered, confined 

electron systems based on LAO/STO bilayer heterostructures. This is also a step 

towards transferring the interface to other materials and opens ways for fundamental 

studies on all-thin film heterointerfaces based on the improved STO growth process. 

3. Conclusion 

In summary, we demonstrated that the stoichiometry and termination of 

homoepitaxially grown STO thin films can be controlled by using high temperature 

growth and fine tuning of the laser fluence. Grown at 950°C with suitable laser 

fluence, STO thin films possess smooth surfaces, well-defined surfaces termination 

and low defect densities due to the step-flow growth mode. Fully metallic 2DEGs 

were observed at interfaces between both crystalline and amorphous LAO and grown 

STO thin film (200 nm). At low temperature (~2K), the stepflow-grown STO thin 

films yield a factor of 4-10 higher mobility than observed in comparable PLD and 

MBE LAO/STO-bilayer samples, as governed by the residual defect structure of the 

as-synthesized thin films.[27,32,43] This in fact yields an opportunity to study disordered 

metallic systems based on LAO/STO bilayer heterostructures from a fundamental 

physics perspective, such as tunability of the defect structure as an option for novel 

functionality. Hereby, the results pave the way to design all-thin-film devices and 

transfer the LAO/STO bilayer to different substrates and heterostructures. Further, our 
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results are crucial for the realization of multiple conducting layers in superlattices or 

interfaces on other materials where exciting physical properties can be studied and 

also provides a basic for studies on back-gated all-thin-film devices. 

4. Experimental Section 

LAO and STO thin films were deposited by PLD with in situ RHEED monitoring. 

To grow films by PLD, substrates were attached to a resistive heater with silver paste 

and positioned 6.0 cm from the target. Single crystal STO target was ablated at 

varying total laser energy (adjusted by an attenuator at a given voltage), 

corresponding to FL of 1.4 Jcm-2 to 4.0 Jcm-2 and a repetition rate of 5 Hz. The laser 

spot size on the target was fixed to 1.2×10-2 cm2 to avoid an additional impact of the 

spot size on the growth kinetics of STO thin films.[68] Consequently, the growth rate 

shows a systematic dependence on the laser fluence, changing from 230 pulses per 

nanometer at the lowest laser fluence to about 80 pulses per nanometer at the highest 

applied laser fluence. Single crystal LAO target was ablated at a FL of 2.4 Jcm-2 and a 

repetition rate of 1 Hz. The target-substrate distance was fixed at 6.0 cm. The STO 

films were grown on TiO2-terminated (001)-oriented STO single-crystalline substrates 

at temperatures ranging from 800 to 950 °C and an oxygen pressure of 0.13 mbar. 

Subsequently, the LAO layers were grown at 700 °C under an oxygen pressure of 

1×10-4 mbar. After growth, the heterostructures were slowly cooled down to room 

temperature in the LAO deposition pressure at a rate of 10 °C/min, to allow oxygen 

equilibration of the heterostructures.[69] Amorphous layers were deposited under 

similar conditions at room temperature. The structural quality of the samples was 
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analyzed by means of High-resolution XRD (HRXRD) system (Bruker Discovery 

daVinci D8 DISCOVER). It is equipped 2 bounced Ge (022) channel cut crystal for 

monochromatic X-ray beam which is Kα1 and the measurement have done around the 

STO (200) diffraction. AFM analysis was performed on a SIS Pico Station 

UltraObjective system in non-contact mode with a Si tip. The interfacial structure was 

characterized on cross-sectional samples prepared by focused ion beam milling using 

an FEI Helios Nanolab 400s dual-beam system and studied by HAADF STEM in an 

FEI Titan G2 80-200 ChemiSTEM microscope, equipped with a probe spherical 

aberration correction system and running at 200 kV. The electronic structure of the 

LAO/STO interfaces was determined by X-ray photoelectron spectroscopy (XPS) 

(Physical Electronics PHI 5000 Versa Probe) on the Ti 2p core level. The samples 

were illuminated with Al Kα X-ray illumination without charge neutralization, the 

analyzer pass energy was 58.7 eV and the photoemission angle was 0°. Fitting was 

performed using CasaXPS or using the peak models described in the main text using a 

Shirley background. Electrical transport properties were investigated with a Quantum 

Design Physical Property Measurement System (PPMS) from T = 300 K down to 2 K 

and an applied magnetic fields of B = ± 9 T perpendicular to the interface. The 

samples were contacted in a mimicked Hall-bar geometry (inset in Figure 2c). The 

electrical contacts to the buried 2DEG layer were made by ultrasonic bonding with Al 

wires.  

Supporting Information 
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author. 
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