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Introduction

Spin transfer torque magnetic random access memory (STT-MRAM) based on out-of-plane magnetized perpendicular magnetic tunnel junction (pMTJ) is one of the most promising technologies of emerging non-volatile memories [START_REF] Apalkov | Proceedings of the IEEE[END_REF]. Indeed, it possesses a unique combination of assets: quasi-infinite write endurance (>10 12 cycles at 30 ns pulse length), high speed (write pulse down to 1 ns) [START_REF] Thomas | Proceedings of the 2018 IEDM conference[END_REF], low power consumption (in the range of tens of fJ) [START_REF] Apalkov | Proceedings of the IEEE[END_REF], high density (4 Gbit chip demonstrated [START_REF] Chung | Proceedings of the 2016 IEDM conference[END_REF]) and scalability [START_REF] Perrissin | [END_REF]5]. Embedded STT-MRAM are entering in volume production for embedded Flash (eFlash) replacement and last level cache applications. For this type of applications not requiring very high memory density, the preferred etching technique is still ion beam etching (IBE) [START_REF] Apalkov | Proceedings of the IEEE[END_REF]. However, this technique is not appropriate for very high density memory due to shadowing effects. This effect worsens as the memory pitch shrinks typically below 5 times the feature size (5F) resulting in a poor control of the critical dimension at very narrow pitch [6]. In addition, it is difficult to implement IBE on large wafers with good uniformity [6]. Reactive ion etching (RIE) was also investigated for MTJs patterning with various gases but was found to be very complex due to the heterogeneous nature of the MTJ stacks and to cause corrosion and delamination of the magnetic materials [START_REF] Gaidis | Introduction to Magnetic Random Access Memories[END_REF]. Therefore an alternative method for nano-patterning MTJ elements at small feature size (F<20 nm) and narrow pitch (p≈2F) is still required to enable the fabrication of dense STT-MRAM arrays. For this purpose, we recently proposed a novel approach for the patterning of the MTJ stacks [START_REF] Nguyen | Proceedings of the 2017 IEDM conference[END_REF]. It consists in depositing the MTJ material by physical vapor deposition (PVD) on arrays of pre-patterned conducting pillars. Those are made of a non-magnetic material for which the patterning process is already well controlled (e.g. Ta pillars prepared by RIE, or Cu or W vias prepared by damascene process) [START_REF] Nguyen | Proceedings of the 2017 IEDM conference[END_REF]. In this way, the MTJ stack is naturally structured while being deposited and no post-deposition etching is required. Note that during deposition, part of the magnetic material is also deposited in the trenches between pillars. However, this residual magnetic material does not hinder the working principle of the STT-MRAM provided it does not induce electrical short circuits between neighboring pillars. These short circuits are avoided by giving to the prepatterned pillars a T-shape in cross-section with undercuts so that no residual material is deposited at the foot of the pillars. This geometry can be seen in Figure 1.

In this study, we investigate the magnetic properties of arrays of memory cells prepared by this method. We show that electron holography is a very efficient characterization technique to image the stray fields generated by these magnetic memory devices and from this, derive information on their micromagnetic configuration and interactions. In particular, the magnetostatic interactions between neighboring cells and notably between the magnetic deposit on top of the pillars and in the trenches between pillars was investigated. To better reveal the influence of these magnetostatic interactions, we used MTJ stacks with relatively weak perpendicular anisotropy and coercivity compared to those of conventional STT-MRAM (coercive field in the present devices around 15 mT instead of 200 mT in conventional STT-MRAM). An antiparallel coupling of the magnetization on top of the pillars and in the trenches at the foot of the pillars was shown. Hence the deposit in the trenches is found to play the role of a flux absorber reducing the magnetostatic interactions and therefore the crosstalk between neighboring cells. In addition, we investigated the behavior of the magnetic configuration in-situ with temperature using holography and showed that a reorientation of anisotropy from out-of-plane to in-plane takes place around 125 °C accompanied by a gradual decrease of the magnetization.

Specimens and methods

Specimens

The experiments were conducted on arrays of magnetic dots obtained by depositing MTJ stacks on pre-patterned T-shape Ta/Pt pillars [START_REF] Nguyen | Proceedings of the 2017 IEDM conference[END_REF]. As previously mentioned, the purpose of this T-shape is to avoid electrical short circuits between neighboring pillars which would be caused by electrical contact between the foot of the non-magnetic metallic pillars and the metallic deposit in the trenches. Besides, the pillar height must be larger than the total thickness of the deposited stack to insure electrical insulation between the deposit in the trenches and on top of the pillar. Figures 1(a) and 1(b) show an array of metallic T-shaped pillars before and after deposition of the magnetic stack respectively. After deposition of the magnetic stack, one can see that there is indeed no metallic deposit surrounding the foot of the non-magnetic metallic pillar. The details of the fabrication process are given in [START_REF] Nguyen | Proceedings of the 2017 IEDM conference[END_REF], only the main steps are described here. The non-magnetic metallic pillars consist of a Ta foot and a Pt cap. The Pt cap and Ta foot are first etched by anisotropic RIE, next the Ta foot is trimmed by isotropic RIE to produce the T-shape. This process allowed us to fabricate arrays of pillars of diameter down to F=35 nm with a pitch down to p=1.5F. The MTJ magnetic stack was then deposited by sputtering on this pre-patterned substrate and consists of the following layers: a compensated synthetic antiferromagnetic (SyAF) layer acting as a hard reference, MgO barrier, 1.4 nm of FeCoB (storage layer), 1 nm of Ta and 2 nm of Pt. All the magnetic layers exhibit out-of-plane magnetic anisotropy. The MTJ is naturally patterned during its deposition on the pre-existing pillars. Figure 1(b) clearly shows the magnetic deposit on top of the metallic pillars and in the trenches between them. Some rounding of the deposit can be seen at the edges of the pillar in Figure 1(d) which results from the fact that the material was deposited by sputtering which is not a very directional technique. Nevertheless, our earlier study indicated that the continuity of the MgO barrier is preserved to the very edge of the pillar thus avoiding short circuits between top and bottom magnetic electrodes across the tunnel barrier [START_REF] Nguyen | Proceedings of the 2017 IEDM conference[END_REF]. Spin-transfer torque switching has been demonstrated in STT-MRAM cells prepared by this technique [START_REF] Nguyen | Proceedings of the 2017 IEDM conference[END_REF]. The present study focuses on the magnetic properties of these arrays of dots. Therefore the fabrication process was stopped just after the deposition of the MTJ stack on the prepatterned pillars. 

Holography

For the transmission electron microscopy (TEM) experiments, it was important to observe only one row of pillars in projection that had not been exposed to Ga + ions during focused ion beam (FIB) milling. A specimen was prepared from the bulk sample with pillars diameters of 230 nm, pitch 400 nm and height 90 nm. The surface of the bulk sample was protected from the Ga + ion implantation by a deposit of an organic ink a few hundreds of nanometers thick. A Zeiss NVision 40 dual-beam equipment operated at 30 kV was then used to extract the region of interest which was then attached to a TEM grid support and thinned down to about 300 nm. Finally, the protective ink was partially removed by an Ar/O 2 plasma clean with the rest mechanically removed using an Omniprobe system. Off-axis electron holography [START_REF] Tonomura | [END_REF] experiments were performed on a double aberration-corrected FEI Titan Ultimate TEM operated at 200 kV acceleration voltage in Lorentz mode. Here an electron biprism is used to interfere an electron wave that passes through the region of interest with a wave that passes through a field free region to form an interference pattern known as a hologram. A Fourier reconstruction routine is then used to reconstruct a phase image from the hologram, with a spatial resolution of 8.5 nm. Spatial resolutions of better than 1 nm are possible using this technique, but here the experiment was optimised to have a large field of view. In this study, series of holograms were used to provide very long cumulative exposure times, of 512 s, which increases the signal-to-noise ratio of the quantitative phase images [10].

The phase images are sensitive to both magnetic and electric contributions of the sample. To remove the electrostatic contributions arising from residues of ink charging under the electron beam, a well-known method is used where the holography is performed twice, before and after turning over the specimen inside the sample holder of the TEM [11]. As the electrostatic contribution to the phase originates from a scalar field and the magnetic contribution from a vector field, the difference of the two phase images is twice the magnetic phase contribution, , expressed as follows:

(1)

is the electron charge, the reduced Planck constant, the direction of propagation the electron beam and the zcomponent of the magnetic vector potential. Hence the magnetic phase map measured by holography is sensitive to the magnetic vector potential component that is parallel to the electron beam direction and integrated over the electron beam path. Analysis of the magnetic phase maps provides detailed information on the magnetic configuration of the sample. The cosine of the magnetic phase image depicts the isophase lines, corresponding to the magnetic flux lines, that are projected over the electron beam path. Vector magnetic induction maps can be calculated from the gradient of the magnetic phase, considering that

(2) where is the magnetic induction and the rotational operator. Using an appropriate (Coulomb) gauge, the quantitative projection of the magnetic induction over the electron path is given by:

(3) where corresponds to the components of the magnetic induction that are perpendicular to the propagation direction of the electron beam.

To complement the experiments, phase images were simulated, starting from a guessed magnetization map of the system in 2D. The two components of magnetization perpendicular to the electron beam are summed over z and the last component of magnetization parallel to the electron beam is neglected.

For temperature in-situ holography measurements, a Gatan heating holder was used. It then becomes problematic to turn over the specimen at each temperature, in order to separate the magnetic from the electric phase. Therefore, the magnetic phase from a first experiment, acquired at room temperature and labelled , was used as a reference to remove the electrostatic potentials. The in-situ measurements contain both the electric and magnetic phase contributions, , where is the temperature of the measurement. As the sample remains unmodified at the start of the in-situ experiment, the magnetic phase contribution at room temperature is the same as the reference, . Thus considering that the electric phase contribution is constant during the in-situ experiment, , it becomes possible to extract the magnetic phase contribution throughout the temperature in-situ experiment by combining three phase images:

(4)

Results and discussion

Magneto-optic Kerr effect

A focused magneto-optic Kerr effect (MOKE) characterization was performed on a sample with pillar diameters 200 nm, pitch 400 nm and height 80nm. Figure 2(a) shows a schematic where the laser beam spot of about 700 nm in diameter irradiated a few magnetic dots as well as the deposit between them. Figure 2(b) shows the measured hysteresis loops with field applied out-of-plane. Two magnetization jumps are clearly distinguished in the range of field used. They correspond to the switching fields of the free layer of the stack (storage layer) on top of the pillars and in the trenches. As usually observed, the coercive field of the patterned structures on top of the pillars is larger than that of the continuous film of same composition in the trenches. This difference in coercivity allows to unambiguously determine the switching field of the MTJ dots. This experiment also confirmed that the MTJs deposited on the pre-patterned pillars exhibit out-of-plane anisotropy as expected. The magnetic materials used in this model system are relatively soft since the coercivity of the deposit in the trenches is only 5.8 mT whereas that on top of the dot is 11.6 mT. This relatively low coercivity comes from the chosen FeCoB thickness which is close to the critical thickness at which a reorientation of the anisotropy from outof-plane to in-plane anisotropy takes place [START_REF] Apalkov | Proceedings of the IEEE[END_REF]. The lower coercivity in the trenches than on top of the dots is due to the easy propagation of domain walls throughout the continuous film covering the trenches. When moving the laser spot across the sample, the dot to dot variability in the coercive field of the deposit on top of the dot is estimated to be ±20%. 

Holography

The magnetostatic stray field around the pillars, in vacuum, was mapped by off-axis electron holography. The study was first conducted at room temperature, to provide insights on the magnetostatic coupling between neighboring dots as well as between the magnetic deposits on the top of the pillars and in the trenches.

In Figure 3, two magnetic configurations are analyzed. The first after saturating the storage layer in the up direction and the second after saturating the storage layer in the down direction. This is achieved by applying an out-of-plane magnetic field exceeding 1 T by exciting the objective lens of the microscope along with the specimen tilted by 60° into the field. Figures 3(a) and (b) show the magnetic phase maps.

Since the SyAF is a compensated magnetic layer, the observed contrast is mainly due to the stray field from the storage layer.

The observation of a similar but inverted contrast of the magnetic phase is consistent with a reversal of the magnetic configuration between the first and second configuration. The phase profiles in Figures 3(c) and (d) reveal an almost constant slope between the pillars, indicating that the magnetic field is relatively homogenous at these locations. Figures 3 (e) and (f) show the field line maps obtained from the cosine of the phase maps with an enhancement of 100 times of the phase. They reveal that the stray field on top of the pillars is vertical in the two configurations, confirming that the magnetization of the storage layer is out-of-plane as expected. The colors allow better visualization of the spatial variation of the magnetic field orientation for the two magnetic configurations. Figures 3(e) and (f) exhibit very similar magnetic flux configurations with opposite orientation, which confirms that we were able to control the reversal of the magnetization of the storage layer inside the microscope. In addition, an antiparallel orientation between the magnetization of the storage layer on top of the pillars and in the trenches is revealed. Figure 3(h) shows a simulated phase cosine map in presence of such antiparallel configuration as described in Figure 3(g). Figure 3(h) is very similar to the experimentally obtained phase cosine maps (see Figures 3(e,f)). This is true for both directions of the storage layer magnetization. This suggests that in this sample, the deposit in the trenches is sufficiently soft to play the role of a flux absorber thereby reducing the crosstalk between neighboring devices. The use of the averaging of series of holograms provides a very small phase error of 2.7 mrad which corresponds to an error on the projected magnetic field in the 10 -11 T.m range. This technique is thus expected to be suitable to map the magnetic stray fields of pillars of diameters down to 20 nm with a good signal-to-noise (>10) even with a magnetic storage layer only 1.4 nm thick. The magnetic flux at the surface measured is at the centre of each dot. Here we assume an integrated perpendicular flux over its 230 nm radius. This leads to a magnetic field of 2.5 mT from the 1.4 nm storage layer. It is worth noticing here that the signal is integrated over the whole electron path along the devices. As the stray field is in the opposite direction above and below each of the dots, this value is underestimated. A previous study on nanowires using cylindrical symmetry assumption and an Abel transformation [START_REF] Kan | Proceedings of the 2016 IEDM conference[END_REF] revealed that the magnetic field measurement was underestimated by approximately 50 % in the nanowire extremity. Applying this to one specific dot leads to a value of the magnetic field at the surface of the dot of 9 ± 2 mT.

Regarding the magnetic field in the trench, without such compensation effects in the holography signal, we directly measure a magnetic field of 4.9 ± 0.5 mT. This value is associated to a TEM lamella thickness estimated by scanning electron microscopy observations to be 300 nm. On the contrary to the dot surface, this measurement is less impacted by opposite stray fields at the lamella edge because of the prism geometry which are not measurable due to the lack of cylindrical symmetry. Further improvements could still be performed to increase the accuracy of the measurements, such as improving the sample preparation to fully remove the protective ink or by depositing a metallic capping over the TEM sample to avoid electrostatic charging effects. Nevertheless despite this charging, the magnetostatic modeling reported in the following section are in agreement with the local experimental observations.

Simulations

An estimate of the magnitude of the magnetostatic interactions that would exist in MRAM cells of sub-30 nm dimensions has been performed. These simulations were performed for cell dimensions relevant to STT-MRAM technology. They also provide more quantitative insights on the holographic experimental observations. For this purpose, calculations of the average stray field created by the storage layer of a given cell on the storage layer of a neighboring cell, and on the magnetic deposit at the foot of the pillar were performed. Figure 4(a) shows the results of the simulations that were performed using the Coulomb charged plate method [START_REF]Magnetism Fundamentals[END_REF]. For these simulations, square pillars with a height of 25 nm with a 2 nm thick storage layer having a uniform magnetization of 10 6 A/m were used. This is a good order of magnitude for FeCoB alloys used in MRAM [START_REF] Apalkov | Proceedings of the IEEE[END_REF]. The dimensions used in the calculations are not exactly the same as the devices observed here, (square versus round shape, FeCoB layer thickness of 2 nm versus 1.4 nm), for calculation purpose, however some semi-quantitative insights can be obtained. Figure 4(b) shows that the vertical average stray field on a square strip of width F=100 nm (approaching half of the pillar diameter of holography experiments) around the foot of the pillar is 5.7 mT. The simulations suggest that for pillars with larger widths as in the experiments, the average stray field exerted on the magnetic deposit in the trenches is then larger than the coercive field of the magnetic deposit in the trenches (5.8 mT shown in Figure 2). This is consistent with the experimental observation that the magnetization in the trenches switches along the stray field originating from the storage layer located on top of the devices, and therefore is aligned antiparallel to it (Figure 3(e,f)). For cell sizes of 40 nm and below which are relevant to today's microelectronic technologies, the stray field created by the storage layer of a given cell on the neighboring cell remains of the order of a few mT. This is weak compared to the coercivity of the storage layer material used in state of the art STT-MRAM cells which is larger than 200 mT [START_REF] Apalkov | Proceedings of the IEEE[END_REF][START_REF] Kan | Proceedings of the 2016 IEDM conference[END_REF]. This means that the magnetostatic interactions between neighboring cells should not have a too significant impact on the performance of the MRAM array.

Holography combined with in-situ heating

In-situ annealing holography measurements were performed on the same sample to study the evolution of the magnetic configuration at temperatures up to 325 °C, with 25 °C increment steps. Figure 5 shows the evolution of the magnetic stray field lines as a function of temperature. The perpendicularly magnetized 1.4 nm thick storage layer on top of the pillars is found to be stable up to 100 °C, showing outof-plane magnetization. Above this temperature, the magnetization starts to undergo a reorientation from out-ofplane to in-plane. In Figure 5(e), an in-plane configuration is seen at 150 °C as the field lines connect directly the two pillars.

Next from 175 °C to 275 °C, the magnetic field lines become less dense. This is particularly visible at the bottom of the pillars in Figures 5(f-j). It reflects the fact that the magnetization of the storage layer gradually decreases with temperature. 
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show the experimental results and modeling of the stray field around the dots observed at 150 °C respectively. Figure 6(c) shows a schematic used in the simulations which assumes that the left device has still out-of-plane magnetization whereas the right device is in-plane magnetized in a so-called C-state configuration. The experimentally observed stray-field is relatively well reproduced by the simulations. The slight differences between the experimental and simulations that remain may arise from a complex micromagnetic configuration of the magnetic deposit in the trenches. obtained from the assumed magnetic distribution in the pillar and the trench displayed from top view in (c). The C-state in the right-pillar was modeled using a second-order decrease (from left to right) of the in-plane magnetization. Same material and thickness parameters as in Figure 3 were used as well as a factor of 50 for cosine of phase.

Conclusions

We have shown that electron holography is a very powerful tool to investigate the micromagnetic behavior of MRAM cells.

Estimates show that good signal to noise ratio could still be obtained for cells of diameter of the order of 20 nm. The technique has been applied here to investigate the micromagnetic properties of arrays of MRAM cells prepared by depositing the MTJ material on pre-patterned metallic pillars with undercuts. An antiparallel alignment between the magnetization of the storage layer on top of the dot and around the foot of the pillar was observed indicating flux closure between these two parts of the magnetic deposit. This is an interesting feature since it implies reduced crosstalk between neighboring dots as the magnetic deposit in the trenches plays the role of a magnetic flux absorber (magnetic shield). Our study has shown that insights on the micromagnetic configuration of the storage layer in individual memory cell can be obtained by modelling the stray field surrounding the cell. We remind that this study was conducted on samples purposely designed so that the storage layer thickness has a relatively weak out-of-plane anisotropy, and correlatively low coercivity. In conventional MTJ for STT-MRAM cells, the storage layer out-of-plane anisotropy would be significantly larger resulting in higher coercivity and an anisotropy reorientation taking place at much higher temperature.

Figure 1 :

 1 Figure 1: Scanning electron microscopy images of an array of T-shaped Ta/Pt metallic pillars of top diameter 150 nm and pitch 260 nm (a) before and (b) after deposition of the MTJ stack. (c) Cross-section transmission electron microscopy bright field image of a sample of pillars of top diameter 230 nm and pitch 400 nm coated with the magnetic stack, with indication of the region where holography observations were performed. (d) Enlargement of the pillar located on the right-side of image (c).

Figure 2 :

 2 Figure 2: (a) Schematic of the pillars showing the laser spot of the MOKE measurements focused on few pillars. (b) MOKE measurement of the hysteresis loop showing the switching of a few individual pillars. The magnetic field is applied out-of-plane. Both contributions from the free layers of the MTJs on top of the pillars and in the trenches between pillars are visible (reproduced from Ref.8).

Figure 3 :

 3 Figure 3: (a,b) Magnetic phase images of the two magnetic configurations (up and down) measured by electron holography. (c,d) Phase profiles obtained 20 nm above the dots (dashed line in a) for the two configurations. The vertical scale is ±100 mrad. (e) and (f) show the colored magnetic induction maps. The vectorial field is encoded in the color wheel where the color depicts the orientation and its saturation the modulus. (g) Schematic of the magnetic configuration used for phase simulation seen from different directions where the direction of electron beam is reported. The top schematic shows the cross-sectional view while the bottom schematic is a top view. (h) The simulated phase shift amplified by a factor of 100.

Figure 4 :

 4 Figure4: Calculated average stray field from a 2 nm thick storage layer located on the top of a squared pillar of width F, as indicated in the insets. (a) Stray field exerted on the storage layer of a neighboring cell located on top of a neighboring pillar. The dots are assumed to have an edge to edge spacing of F, i.e. the pitch p=2F. The average is calculated on the whole volume of the neighboring storage layer. (b) Stray field exerted on the magnetic deposit at the foot of the pillar. The pillar height is 40 nm. The average is calculated on a square strip of width F/2 surrounding the foot of the pillar.

Figure 5 :

 5 Figure 5: Temperature in-situ holography maps of the stray magnetic field lines in the neighborhood of the pillars, from (a) 50 °C to (l) 325 °C with 25 °C increment steps. Phase information is displayed as the phase cosine amplified by a factor 50.Further insight on the micromagnetic configuration of the storage layers can be obtained by modeling the stray field around the MRAM cells. As an example, Figures6(a) and (b)

Figure 6 :

 6 Figure 6: Comparison of the stray fields measured at 150 °C (a) with the model (b)obtained from the assumed magnetic distribution in the pillar and the trench displayed from top view in (c). The C-state in the right-pillar was modeled using a second-order decrease (from left to right) of the in-plane magnetization. Same material and thickness parameters as in Figure3were used as well as a factor of 50 for cosine of phase.
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