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Introduction

Epitaxial magnetic tunnel junctions (MTJs) that comprise a MgO barrier sandwiched between Fe electrodes have attracted much fundamental and applied interest due to a very high tunneling magnetoresistance (TMR) that reflects the conservation of electron symmetry and spin during the tunneling process [1,2,3]. Relative to stacks grown by molecular beam epitaxy, a large TMR at room temperature in sputtered MTJs is a key factor for industrial applications such as high density random access memories or sensitive magnetic sensors. Since the prediction of TMR ratios larger than 1000% in epitaxial Fe/MgO/Fe MTJs [4,5], there has been much effort to experimentally obtain a high TMR ratio in Fe/MgO/Fe MTJs [6,8,7,9]. However, TMR ratios at room temperature in MgO-based MTJs have reached only 200% with Fe electrodes [9,10] and 600% with FeCoB alloy electrodes [11].

This discrepancy between the theoretical and experimental TMR ratios is believed to reflect the impact on spin-polarized transport [12] of structural deviations from the ideal multilayer stack, both in the bulk and at the interface. The interface may indeed be fraught with roughness and/or the formation of FeO [13,14], which are known to degrade the TMR ratio [4]. While the FeCoB/MgO system enjoys strategic standing for technological applications due to the sputtering deposition technique, the choice of substrate (Si) and large TMR values [11], the resulting boron interdiffusion within the MgO barrier [15] impairs a fundamental understanding of the impact of intrinsic MgO defects on the giant TMR effect and its technological implications.

Many reports attest to the importance of high-temperature annealing in promoting the good crystallinity of the Fe/MgO/Fe stack, whether within the bulk of the layers or at the interfaces [16]. This reflects in part the search for a suitable protocol to overcome the 3-dimensional Volmer-Weber growth mode of Fe on MgO due to a large difference in surface energy [17], while limiting any interdiffusion between each layer [18,19]. We report here on a suitable annealing protocol that yields technologically relevant sputtered Fe/MgO/Fe epitaxial multilayers with improved structural and magnetic properties by annealing in-situ the lower Fe layer before the MgO barrier deposition. Our nanoscale statistical analysis of the topography and electrical transport across the ultrathin barrier yields valuable insights into mechanisms on the nanoscale that drive the transport properties of micron-sized devices.

Experimental details

We sputtered our Fe/MgO/Fe multilayers on MgO(001) single-crystal substrates in an ultrahigh vacuum (UHV) multichamber system with UHV sample transfer capability. The base pressure was 3.0 × 10 -9 mbar. MgO substrates were cleaned with acetone and ethanol, and then inserted into the multichamber system and annealed at 600 • C in UHV for 1 hour to clean the surface and remove carbon compounds. We then rf-sputtered a 10nm thick MgO buffer layer onto the substrate to sequester any carbon from the substrate. Subsequently, Fe(20 nm, lower)/MgO(2.1 nm)/Fe(10 nm, upper) were deposited at room temperature by dc-, rf-, and dc-magnetron sputtering, respectively. Deposition rates were 1.7 nm/min for Fe and 0.47 nm/min for MgO. The Ar pressure during sputtering was 1.2 × 10 -3 mbar. To improve the structural and magnetic properties of the multilayer stack, we annealed some of our samples in UHV at 550 • C for 1 hour after the growth of the lower Fe layer and before depositing the MgO barrier. These are hereafter called 'annealed' samples relative to their 'non-annealed' counterparts. Subsequently, we deposited a 25 nm-thick Co layer by UHV thermal evaporation with a effusion cell to magnetically harden the upper Fe layer, and capped all samples with thermally evaporated Au to avoid oxidation.

After all deposition, we performed structural, magnetic and topographical/electrical investigations using a monochromatic x-ray diffractometer (XRD; Siemens D5000), an alternating gradient force magnetometer (AGFM; Princeton Measurements Corporation MicroMag Model 2900), and a conductive-tip atomic force microscope (CT-AFM; Digital Instruments Dimension 3100). Our CT-AFM studies, which were performed using a commercial PtIr-coated cantilever, yield topographical and electrical maps on the nanoscale of the surface that, together, can provide useful information on the structural and electrical quality of a tunnel barrier, such as the presence of nanoscale electrical hotspots [20,21].

Results and discussion

We present θ -2θ scans of annealed and non-annealed samples in Fig. 1(a). The Fe(200) and Co(110) peaks indicate that the Fe and Co layers in both samples are well-ordered epitaxially with bcc and hcp structures, respectively [8,22]. Given the absence of any other peaks in the pattern, we infer that the upper Fe layer is also epitaxial. This in turn implies that, although we cannot distinguish the ultrathin MgO barrier from the substrate signal, the MgO barrier is also epitaxial. Additional phi scans (not shown here) confirm the well-known orientation relation Fe(100)[001]/MgO(100)[110] for our samples. The lattice constant of Fe(200) increased 0.43% and that of Co(110) decreased 0.14% due to annealing, with both tending toward bulk values. These changes in lattice parameters are explained by a thermally-induced relaxation of strain in the Fe layers that impacts the lattice parameter of the Co layer on top. The Fe(200) and Co(110) peaks in θ -2θ scans of the annealed sample are more intense with a lower background than those of the non-annealed samples, which reflects an improved crystallinity of the Co and upper/lower Fe layers.

We present in Fig. 1(b) the applied magnetic field (H) dependence of the magnetic moment per unit area (M ) for both non-annealed and annealed samples with a 2.1 nmthick MgO barrier. Both sample types exhibit an abrupt magnetization reversal and a clear magnetic decoupling of the lower and upper magnetic layers, as confirmed by the minor loops presented in the inset. These data show how annealing leads to an increase in M at saturation, which can be interpreted as an improvement in the crystallinity of the Fe and Co layers, consistently with the aforementioned XRD results.

We present in Fig. 2 the topographical and local current maps obtained on nonannealed samples, revealing the presence of many nanohills on the ultrathin MgO layer. These topographical defects are associated in the local current map with nanoscale hotspots: the current through the nanohills was a few nA or reached the saturation of preamplifier. Because Fe films on MgO surfaces follow a Volmer-Weber growth mode at room temperature due to a big difference in surface energy, one expects the presence of many Fe islands on MgO that grow bigger and coalesce with increasing Fe thickness. We indeed find that samples with a 60 nm-thick lower Fe layer exhibit larger but fewer nanohills than those with a 20 nm-thick lower Fe layer. This means that these nanohills originate from the Fe layer and not the overlying ultrathin MgO layer. We presume that a MTJ stack that integrates a tunnel barrier with such nanohills would lead to a degraded k // conservation of the electron wavefunctions and thus to a significantly reduced TMR [4,5].

In contrast to the rough topography and associated current hotspots found on the non-annealed samples, the annealed samples obtained by annealing the lower Fe layer prior to the MgO deposition exhibit virtually no nanohills nor current nanoscale hotspots as has been reported on MBE-grown samples [8]. To back this claim, we present in Fig. 3(a) ∼ 3(d) topographical/current maps that are representative of the multiple scans performed on different areas of the annealed samples. Furthermore, the rms-roughness found on the MgO/Fe/MgO stack is 0.24 nm, which is nearly the same as that of the substrate. The periodic stripes in Fig. 3(b) reflect background noise of less than 20 pA, implying no detectable tunneling current at 2.5 mV bias. We believe that annealing the entire stack after deposition would not eliminate the rough topography and associated current hotspots to the extent that our annealing procedure on the lower Fe layer does.

To check the electrical quality of the MgO tunnel barrier, we mapped the tunneling current for an annealed sample with a higher bias of 1.0 V as shown in Fig. 3(d), and calculated statistical distributions of local currents from the current image maps of annealed and non-annealed samples [see Fig. 4(a)]. As reported previously [20], the high-bias tunneling current for our annealed samples is inhomogeneous and is not correlated to the topography of Fig. 3(c). This reflects spatial deviations in the effective barrier height and/or barrier thickness. The local current distribution in nonannealed samples exhibits a long tail, which represents the very large current through the barrier and corresponds to the nanoscale hotspots. On the contrary, the local current distribution in annealed samples shows a much narrower and faster-decaying current dependence. This indicates that the MgO tunnel barrier in annealed samples has more uniform height/thickness of MgO tunnel barrier than those in non-annealed samples [20,21].

The broad distribution of tunneling current originates from small spatial fluctuations of tunnel barrier parameters, such as a barrier height and a barrier thickness [23]. Although we considered only fluctuations of the barrier thickness in the following discussion, which means that the barrier height is assumed to be a constant in the considered area, our approach can conversely address fluctuations in barrier height due to a constant barrier thickness since both parameters enter exponentially into the expression of the tunneling current. The tunneling current i depends exponentially on the barrier thickness l:

i = i 0 e -l/λ , ( 1 
)
where λ is the attenuation length. The expression of λ depends on the value of the voltage V with respect to the barrier height φ [24]. In our experiments we applied 1 V to the barrier to get a sizeable current, so that we expect V > φ/e and

λ = 0.74heV √ 2mφ 3 , ( 2 
)
where m is the electron mass. In the Gaussian distribution of the barrier thickness l with a mean µ l and a standard deviation σ l , this leads to a lognormal distribution P (i) of tunneling current i:

P (i) = 1 i √ 2πσ 2 exp - (ln i -µ) 2 2σ 2 , ( 3 
)
where µ = µ l /λ + ln i 0 and σ 2 = (σ l /λ) 2 , and σ 2 l = σ 2 MgO + σ 2 Fe . σ MgO(Fe) is a standard deviation of topographical fluctuation in the MgO(Fe) layer [20,21]. Using the above formalism, we confirm that the topographical fluctuations of MgO barrier and lower Fe layer follow a Gaussian distribution with σ MgO = 0.21 nm [see Fig. 4(b)] and σ Fe = 0.15 nm [see Fig. 4(c)].

Referring to Fig. 4(a), line 1 is the best fit of the current distribution in the annealed sample, while lines 2 and 3 simulate the current distribution when fluctuations of MgO barrier thickness are 1.5 times and 3 times larger, respectively, than the annealed sample with the fixed other parameters. Taking into account the measured topographical fluctuations of the MgO barrier in the annealed sample, we obtain an effective barrier height in the annealed sample of 0.78 eV at 1.0 V, which is in line with Bowen et al 's result of 0.9 eV [6] and higher than that found by Yuasa et al [9]. The presence of metal-induced gap states across the ultrathin layer [25], with a reduced band gap [4] relative to the bulk, may explain why all these reported barrier heights remain much lower than the ideal value of 3.6 eV for bulk MgO. The fact that the estimated barrier height agrees with the above criterion (V > φ/e) validates our analysis.

Relative to the annealed sample, we note how a current distribution fit using fluctuations in the barrier thickness that are 3 times larger can yield a reasonable agreement with the current distribution in the non-annealed sample [see line 3 of Fig. 4(a)]. Since both the MgO barrier thickness and barrier height are fluctuating in the non-annealed sample due to the apparent conductive nanohills in the CT-AFM data, we may conclude that the observed power-law-like behavior of the current distribution results from a very broad distribution of barrier height/thickness [see Fig. 2

(f) in Ref. 20].
From the equation of the log-normal distribution, the average current values <i> = exp(µ + σ 2 /2) in the considered area are 29 pA in the annealed sample and 3.6 nA in the non-annealed sample. With these values and tip radius (∼ 25 nm), we obtain resistance × area (RA) values of 6.8 × 10 7 Ω • µm 2 in the annealed sample and 5.5 × 10 5 Ω • µm 2 in the non-annealed sample. The RA value in the annealed sample is much larger than that in the non-annealed sample, which underscores the electrical impact of the nanohills and nanoscale hotspots in the latter case. Both sample types exhibit a RA product that is two orders of magnitude larger than that reported in the literature [9]. Despite RA product differences observed in these two sample types, we observe good magnetic decoupling, which attests to the continuity of the MgO barrier layer.

Conclusion

In summary, we have studied the growth, structure, magnetism and interface morphology of epitaxial Fe/MgO/Fe/Co multilayers grown onto MgO(001) substrates. Samples with a lower Fe deposited at room temperature exhibit conductive nanohills through the MgO barrier. On the other hand, vacuum annealing prior to the MgO barrier deposition improves both the crystallinity of the whole stack, the magnetization of the layers, and leads to a MgO barrier surface roughness of 0.24 nm on par with the 0.20 nm rms-roughness found on the underlying MgO substrate. Our annealing protocol can thus help improve the structural quality of sputtered epitaxial Fe/MgO/Fe stacks as well as the uniformity of MgO barrier height/thickness. We expect that this fundamental growth study and statistical analysis in a nanoscale can contribute to bridging the gap between theory and experiment in the Fe/MgO system through improvements in the quality of the epitaxial stack. Considering that the current across micron-sized junctions shall proceed almost entirely through nanoscale hotspots, our work shows how, on a microscopic junction with a surface area of 1 µm 2 that is processed from a suitably grown stack, current will proceed through between 3 and 6 nanoscale hotspots. Our work should help understand transport in micron-sized tunnel junction in terms of tunneling across a number of nanoscale junctions. 
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