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Abstract

:

As a novel interfacial high-temperature superconductor, monolayer FeSe on SrTiO3 has been intensely studied in the past decade. The high selenium flux involved in the traditional growth method complicates the film’s composition and entails more sample processing to realize the superconductivity. Here we use a Se cracking source for the molecular beam epitaxy growth of FeSe films to boost the reactivity of the Se flux. Reflection high-energy electron diffraction shows that the growth rate of FeSe increases with the increasing Se flux when the Fe flux is fixed, indicating that the Se over-flux induces Fe vacancies. Through careful tuning, we find that the proper Se/Fe flux ratio with Se cracked that is required for growing stoichiometric FeSe is close to 1, much lower than that with the uncracked Se flux. Furthermore, the FeSe film produced by the optimized conditions shows high-temperature superconductivity in the transport measurements without any post-growth treatment. Our work reinforces the importance of stoichiometry for superconductivity and establishes a simpler and more efficient approach to fabricating monolayer FeSe superconducting films.
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1. Introduction


Monolayer FeSe grown on SrTiO3 (STO) exhibits a surprisingly high superconducting temperature (40–80 K) in a merely half-nanometer-thick film [1,2,3]. It distinguishes itself from its bulk counterpart in terms of band structure, fermiology, orbital order, magnetic excitations, topological states, and possible pairing symmetry [4,5,6,7,8]. Interfacial charge transfer [9] and electron–phonon coupling [10,11] are thought to play an important role. Intensive investigations have been carried out in the past ten years although more efforts are needed to unravel the mechanisms of superconductivity. One of the challenges that hinder the study has come from the difficulties in sample growth.



Molecular beam epitaxy (MBE) and pulsed laser deposition (PLD) are popular techniques for thin-film growth. PLD has been successful and efficient in growing FeSe films with a moderate thickness (hundred nanometers). The transition temperature Tc is usually close to or below that of the bulk and drops further with decreasing film thickness [12]. PLD has not been able to grow superconducting FeSe films thinner than 10 nm and has suffered from difficulties in controlling the film’s stoichiometry, nucleation, and bonding to the substrate [13]. So far, FeSe films in a monolayer form have been exclusively grown by MBE using a well-known strategy called “adsorption-controlled growth”. The substrate temperate (~400 °C) sits below the evaporating temperatures of Fe and above that of Se [14]. Therefore, the Fe atoms landing on the surface are fully sticking, whereas Se has a low sticking coefficient [15]. As for the Se source, most of the documented experiments used ordinary effusion cells or crackers at uncracking temperatures [1,11,16]. The majority of the thermally evaporated Se species are Se6 and Se5, which are less reactive than smaller ones [17]. As a result, the flux ratio Se:Fe needed to be as high as 5–20 in previous studies to compensate for the low reaction rate [1,10,16,18,19,20].



However, this growth strategy is not exactly applicable to obtaining a stoichiometric FeSe phase, since there could be substantial Fe-vacant phases such as Fe4Se5 and Fe9Se10 in the Se-rich cases [21,22]. Recent studies have clarified that the Fe vacancies lead to a non-superconducting phase of the as-grown films and one must either post-anneal the film or deposit additional Fe atoms to remove the vacancies [20,23,24], which complicates the sample preparation process. The uncertainties in the high Se flux (plus the resulting high Se background pressure), the density of the Fe vacancies, and the post-growth treatment recipe create challenges to obtaining high-quality FeSe films.



In this article, we present a systematic study on FeSe film growth using a Se cracking source. The cracker consists of a reservoir crucible that contains and evaporates the materials, and a cracking tube that breaks the molecules into smaller ones (see the inset of Figure 1). It has been used for MBE growth of other selenide films and found to enhance the reaction efficiency and improve the quality of the films [25,26]. We find the Se flux threshold for FeSe growth is considerably reduced when Se is cracked. Fe vacancies develop in close association with the Se flux, revealed by the intensity oscillations of reflection high-energy electron diffraction (RHEED). An optimized recipe is provided, which yields superconducting monolayer FeSe films without post-growth treatments.




2. Materials and Methods


The sample growth was carried out in a home-built standard MBE system with a base vacuum below 5 × 10−10 mbar. Nb-doped (0.05 wt%) SrTiO3(001) substrates were annealed in the vacuum by direct current heating at 970 °C for 15 min to obtain flat surfaces. For the samples for transport experiments, Fe atoms were deposited on the substrate at 750 °C, forming an insulating Fe-oxide buffer layer. FeSe films and 10-layer FeTe caps were grown by codepositing individual elements. The substrate temperature was ~430 °C for FeSe growth and ~250 °C for FeTe growth, measured by a pyrometer. High-purity Fe and Te were evaporated from Knudsen cells and Se was evaporated from a cracking source.



The source fluxes were measured by a water-cooled quartz crystal microbalance (QCM). The quartz crystal with gold electrodes (INFICON) was operated at 6 MHz. The QCM head was moved to the sample position using a linear motion for the measurements. The Fe flux was kept at ~0.19 layer/min throughout the study at the typical cell temperature of 1090 °C. Samples were monitored during growth by in situ RHEED. The electron energy was 15 keV and the electron beam was along the <100> direction of the substrates for all experiments.



Transport experiments were carried out in an Oxford Instruments TeslatronPT system. Indium lumps were cold-pressed onto the sample as contacts. Standard lock-in techniques were employed to determine the sample resistance in a four-terminal configuration with an excitation current of 1 μA at 13.333 Hz.




3. Results


3.1. Source Flux Calibration


To obtain the estimation of the actual source flux for the growth, we first calibrate it using a QCM. The QCM head is maintained at room temperature so that the sticking coefficient can be taken as 1 [15]. We choose the Fe flux equivalent to 0.19 layer FeSe per minute (or 5.3 min per layer) and keep it constant in the following experiments. For the Se source, the vapor mass is primarily determined by the temperature of the crucible (Tcrucible) at the bottom where all the source materials are stored. Hence, we fix the temperature of the cracking zone (Tcracker) at 1000 °C and measure the flux as the function of Tcrucible, as shown in Figure 1. For convenience, the Se source temperature is denoted as Se(Tcrucible/Tcracker) in the unit of °C hereafter.



As expected, the flux of Se increases monotonically with increasing crucible temperature from 160 °C to 200 °C, which is a reliable tuning parameter for optimizing the growth conditions. The two sets of measurements taken a month apart exhibit good agreement for Tcrucible > 170 °C and a larger discrepancy for Tcrucible < 170 °C, as both the stability of the cell and the precision of the QCM are lower for lower fluxes. According to the level of Fe flux, we anticipate that the Se crucible temperature should be higher than 170 °C when growing FeSe films, where the flux is reliable.




3.2. Impact of Cracked Se Flux on the Growth


The typical RHEED pattern of treated STO is shown in Figure 2a. The bright diffraction spots located on a Laue circle and the clear Kikuchi lines indicate a highly flat surface. After codepositing Fe and Se(185/1000) for 5 min (~1 monolayer), the RHEED image (Figure 2b) indicates the formation of the single-crystalline FeSe film aligned with the STO substrate, which agrees with previous observations [20]. The current Se flux supports the successful growth of monolayer FeSe.



To examine the extent of the effects of cracking Se, we grow another sample using the same conditions but changing the Se to (200/600). Increasing the crucible temperature should increase the quantity of Se exiting the cell, whereas decreasing the cracker temperature to 600 °C disables the cracking. As shown in Figure 2c, intense three-dimensional diffraction spots now pop up (marked by the arrows) in addition to weakened two-dimensional patterns, which is a typical result caused by Se insufficiency. Although the total Se mass is increased, the uncracked Se molecules are not active enough to combine with all the Fe atoms to form into FeSe films, leaving excess Fe clusters or islands. If one were to grow FeSe normally without cracking, the flux should be considerably increased, similar to the traditional method. The contrast between Figure 2b,c demonstrates that the cracking has enhanced the reactivity of Se substantially so that the FeSe films can be grown with a much lower Se flux.



To sort out the optimal conditions for FeSe growth, we carefully adjust the Se flux and observe its effects. When the Se flux is above the threshold, assuming an ideal adsorption-controlled growth of stoichiometric FeSe, the growth rate should be solely determined by the Fe flux regardless of the Se flux. However, we observe clear dependence of the growth rate on the Se flux (Figure 3).



We grow a series of samples using various Tcrucible at 170–200 °C while keeping Tcracker at 1000 °C. All samples show similar RHEED patterns (Figure 3a–d) suggesting a decent two-dimensional growth of FeSe films. We further extract the integrated intensity of the diffraction spots/streaks as the function of the deposition time for each sample (Figure 3e–h). The curves follow a similar trend among different samples. The simultaneous minimum or saturation points on the (02) and (00) lines are the hallmark of the completion of the monolayer [27]. Intriguingly, this point moves earlier in time as the Se flux increases. According to the Fe flux by QCM, it should have taken ~5.3 min to finish the monolayer FeSe film if the composition were stoichiometric. However, in practice, this process is shortened to 3.4 min with a larger amount of Se at (200/1000) and when the amount of Fe is not changed. This behavior can be naturally explained by lower Fe occupation, i.e., the formation of Fe vacancies, which confirms the scenario given by previous studies [20,24]. The higher background intensity in Figure 3d also hints at more disorder caused by defects.



Having understood the behaviors of the growth rate, the stoichiometric growth can be identified when the actual growth time coincides with that calculated by the Fe flux—5.3 min—which is close to the cases in Figure 3e,f. Thus, the optimal Se flux lies around Se(170–180/1000). Comparing the QCM measurements in Figure 1, the flux for Se(170–180/1000) is right around the Fe flux, suggesting that the appropriate Se:Fe flux ratio is no larger than 1.3 when the cracking is operating. A great portion of the Se coming to the sample surface has participated in the reaction.




3.3. Transport Measurements


To confirm the above analysis and confirm the updated growth conditions, we grow a FeSe film with Se(180/1000) for 7.5 min (~1.5 layers), cap it with 10 layer FeTe as the protection, and carry out electric transport measurement at low temperatures. The results are displayed in Figure 4. A clear superconducting transition is observed and it is suppressed in a magnetic field. In zero fields, the onset transition temperature is ~23 K and the zero-resistance temperature is ~12 K, which is higher than that of the bulk FeSe. Also of note is that no post-growth annealing or other treatment is applied to this sample, which would certainly lead to nonsuperconducting or even insulating behaviors if it were grown in traditional ways [20,28]. Using the new method, the high-Tc superconductivity of monolayer FeSe can be directly obtained by adjusting the flux ratio.





4. Discussion


Combining careful flux control, RHEED observations, and transport measurements, we conclude that FeSe films can be grown more efficiently when a Se cracking source is used and direct stoichiometric growth is achievable. The cracker makes it possible to restrict the Se:Fe flux ratio close to 1. The lower Se flux could be beneficial in two ways—(1) it creates fewer Fe vacancies during the growth; and (2) it reduces the Se background pressure since the residual Se atmosphere can corrode the film after growth at lower temperatures [24]. Both will help to stabilize the superconducting phase in the as-grown film.



It is worth pointing out that the final Tc obtained by the transport measurements is not solely determined by the flux ratio in the growth, considering the sensitivity of the single-layer film and the complicated sample preparation process [29]. It is still challenging to reproduce the record onset Tc of ~40 K [30,31] in the ex situ macroscopic transport measurements and the results often vary among different samples in different studies [20,32,33,34]. Multiple aspects, including the substrate crystal quality, the substrate temperature, the uniformity of sample heating and flux distribution, the stability of the source flux, the growth conditions for capping layers, the chamber vacuum level during growth, etc., need to be carefully handled so as to improve the resulting superconductivity.



Nevertheless, this work clarifies that stoichiometry control in the growth process is the key to the superconductivity of FeSe films. Also, we have established a feasible workflow to optimize the growth conditions and simplified the procedures for preparing FeSe superconducting films. The ideas could be migrated to the MBE growth of other two-dimensional selenide/telluride materials [35,36].
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Figure 1. Selenium flux measured by a QCM as a function of the reservoir temperature while keeping the cracking zone at 1000 °C. Red and blue data points are from two sets of measurements a month apart. The yellow band is a guide for the eye. The Fe flux is fixed in this study, indicated by the green dashed line. The flux unit is converted to number of layers per minute, considering the density of the element in the tetragonal FeSe. The inset is a schematic of the Se cracker. 
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Figure 2. RHEED images of (a) treated STO substrate, (b) FeSe film grown for 5 min with Se(185/1000), and (c) FeSe film grown for 5 min with Se(200/600). The additional spots marked by the arrows in (c) indicate the formation of Fe islands. 
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Figure 3. RHEED characterization on the growth of FeSe for different Se fluxes. (a–d) RHEED images of monolayer FeSe grown with various Se flux as labeled on the figures. (e–h) Real-time RHEED intensity of (00), (01), and (02) diffractions during growth, corresponding to the samples in (a–d). The integrated areas are marked on (a) and are the same for (b–d). The red dashed lines in (e–h) indicate the time at which the first layer FeSe is completed. 
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Figure 4. Resistance-temperature curves of a 1.5-layer FeSe film grown with Se(180,1000) in the magnetic field of 0 T and 3 T (B//c). The film is capped with 10 layer FeTe. 
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