Resolution of Non-Destructive Imaging by Controlled Acceleration Voltage in Scanning Electron Microscopy
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Abstract
A new method of non-destructive sub-surface interfacial characterisation has been developed recently, which can be useful for quality assurance of a buried interface in nanoelectronic devices, such as magnetic random access memory. Since the cell size of these devices have been reducing their sizes, it is important to evaluate the resolution of the non-destructive imaging. A sub nanometric layer of different materials such as W and Pt was grown underneath a capping layer with controlled thickness for the evaluation of their sizes in this study. This provides systematic experimental data to show that the technique is capable to resolve down to approximately 2 nm in the plane, which is sufficient for the device imaging.
Introduction
Recent development in nanoelectronic devices relies on over 20 layer stacking, which requires non-destructive evaluation of their interfaces for their process optimisation [1]. Especially three-dimensional sequential integration (3DSI) [2] and through silicon via (TSV) [3] have been developed recently allowing the integration of over 100 layers vertically. In nanoelectronics, spintronics is one of the mainstream studies for low power consumption with increasing processing and memory capacities [4],[5]. It has been reported that in a magnetic tunnel junction (MTJ) several factors such as barrier thickness and interfacial roughness can affect the performance [6],[7]. Devices can be tested using electrical measurements readily, however, limited information namely a tunnelling magnetoresistance (TMR) ratio can only be provided. To understand the difference in device performance microanalytic techniques are highly required to be linked to these transport properties [8].
Advanced analytic techniques are required for nanometric scale characterisations to improve device performance. Nowadays numerous characteristic techniques are available as shown in Fig. 1 [9]. There are four major methods for characterisation; microscopy, spectroscopy, scattering and reflection, and electrical measurements. The latter two methods offer macroscopic average of the device properties and their resolution depends on the diameter of the probe. For example, optical beam and electrical current can be used for ellipsometry and current-voltage (I-V) measurements. By using X-ray as a probe, of which diameter can be controlled by the slits used, typically at the order between µm and mm, measuring interfacial roughness by X-ray reflectivity (XRR), chemical compositions by X-ray photoelectron spectroscopy (XPS) and grazing incidence small angle X-ray scattering (GISAXS). By replacing the X-ray with -ray and electron beam, Rutherford backscattering spectroscopy (RBS) and electron beam induced current (EBIC) can be measured, respectively. By considering the penetration depth of the probe, which requires sample milling etc., infrared (IR) light and helium ion can also be employed for attenuated total reflectance (ATR-IR) and helium ion microscopy (HIM). By reducing the sample dimensions further, X-ray tomography (XRT) can be achieved. For such microscopy, associated spectroscopic characterisation can also be employed, such as Auger electron spectroscopy (AES), energy dispersive X-ray spectroscopy (EDX), cathodoluminescence (CL) and secondary ion mass spectrometry (SIMS).
Cross-sectional transmission electron microscopy (TEM) is known as one of the most commonly used techniques to analyse the interfacial conditions. Although atomic information can be resolved, TEM involves a destructive preparation process via mechanical polishing or focused ion beam (FIB) methods. These sample preparation methods are time consuming and an experienced experimentalist is required to achieve a high yield. High energy Ga ion beam can also cause substantial damage to the sample [10]. Typical damage caused by the ion beam irradiation on a cross-sectional TEM sample prepared using FIB is shown in Fig. 2. The difficulty of the sample preparation using FIB is highly dependence on the substrate of a sample. Si and MgO are most commonly used substrates in thin film and device studies. Since MgO is an insulator, the charging effect limits the precision of ion beam milling process. It increases the possibility of destroying the specimen or results in inhomogeneous surface. Hence such sample preparation methods make it impossible to distinguish whether the defects were intrinsic or extrinsically caused during the sample preparation process. Additionally, the dimensions of a cross-sectional TEM sample are restricted by the electron beam penetration depth and a sample holder used. A sample with the thickness of < 80 nm and the diameter of approximately 2 mm is typically used for TEM observation. Yet the observable area is usually less than a micrometre, which makes it difficult to extract adequate information from the sample to correlate with macroscopic transport properties. To avoid such damages induced during the sample preparation, plan-view imaging can be employed for device characterisation. In combination with chemical analysis, this method can achieve in-plane characterisation with atomic resolution for samples with the total film thickness within the electron beam transparency. Note that these are destructive imaging techniques.
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Fig. 1  Major techniques for evaluating a buried junction with respect to their resolution and destructiveness [9].
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Fig. 2  Cross-sectional TEM specimen prepared using FIB.
To overcome such difficulty an efficient analytic technique needs to be carried out to fulfil the demand of sample characterisations. This study is based on the non-destructive technique developed using scanning electron microscopy (SEM) by Hirohata et al. in 2016 [9]. This technique was first used in characterise the interface in metallic spin-valve junctions using a controlled electron-beam acceleration voltage. It can also avoid the charging effect of the use of insulating substrates by spin coating a thin layer of conductive carbon particles on the sample surface. The non-destructive method was further improved by Jackson et al. in 2020 with combining EDX [11] and was applied to nanoparticles to reveal their synthesis process [12]. MTJ samples and in-situ imaging under transport measurements were also been demonstrated. The results showed that > 10 nm2 Interfacial defects can be identified, and inhomogeneous current distributions can be imaged. The cylindrical diameter of the typical MTJs is in the range between 20 and 50 nm [4],[5]. In order to analyse such devices precisely, nanometric resolution is required. In this study we study the resolution of the non-destructive imaging technique to confirm the capability to resolve down to nanometric scale by varying the thickness of a capping layer over dispersed sub-nanometre thick heavy metal islands.
Experimental Procedures
Three samples were prepared using a high vacuum sputtering system (PlasmaQuest, HiTUS): (i) Ta (5)/Ru (5)/W (0.5)/Ta (5), (ii) Ta (5)/Ru (5)/W (0.5)/Ta (10) and (iii) Ta (5)/Pt (0.5)/Ta (60) (thickness in nm). Pt and W was chosen in this experiment as island growth can be achieved on a Si substrate using sputtering method [13], which were buried underneath a Ta capping layer with different thickness from 5 to 60 nm. A single layer of Pt or W was sputtered with a base pressure of 5x10-5 Pa on a 5 x 5 mm2 single crystal Si(001) substrate with thermally oxidised surface. Note that HiTUS is capable to control the grain sizes by adjusting the Ar ion steering bias, resulting in the deposition rate [14]. The thickness of the Pt and W layer was varied with different deposition rate of 1.5 nm/s and 0.6 nm/s, respectively. The change in the sputtering rate varies the size of the Pt islands. Accordingly the resolution limitation of the non-destructive technique can be determined by imaging the smallest islands in the samples.
For SEM imaging, the acceleration voltage of the electron beam in SEM was precisely controlled to achieve the corresponding penetration into the layer above and below the buried W and Pt nano-islands to be investigated. The detailed procedures of the non-destructive imaging can be found in [9]. First, Monte Carlo simulation of electron trajectory in solid (CASINO) was used to estimate the penetration depth of incident electrons and the corresponding backscattered electrons (BSEs) to be generated in the sample structures as designed above [15]. The simulations show that BSEs can be generated in the vicinity of the nano-islands by introducing an electron beam accelerated at approximately 5.0 keV. The SEM images were obtained by JEOL JSM7800F Prime at the selected beam energies based on the simulations without using any energy filtering. After the lower-acceleration SEM image is subtracted by the higher-acceleration SEM images, buried interfaces can be revealed.
Results and Discussion
For the three samples with different capping layer thicknesses, CASINO Monte Carlo simulations were performed to estimate the electron beam acceleration voltages in SEM to be sensitive to the top and bottom of the W layers. As shown in Fig. 3, electron beam is found to reach the top of W at 0.9 keV and the bottom of W at 1.1 keV. By subtracting these data, we can image the buried W nano-islands dispersed, leading to the resolution of this technique.
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Fig. 3  CASINO simulations on Si/SiO2//Ta (5)/Ru (5)/W (0.5)/Ta (5) (thickness in nm) to show electron penetration at the acceleration of (a) 0.9 and (b) 1.1 keV. The electron beam is introduced from the top to the Ta capping layer (red), W insertion (amber), Ru (blue), W seed layer (green) and Si substrate (purple). Threshold contours represent the probability of the electron beam to reach these layers; 50% (light blue), 40% (pink), 30% (light green), 20% (yellow), 10% (dark blue) and 5% (light purple).
The samples with 0.5 nm thick W insertion layer were observed using JEOL JSM7800F. The SEM images taken at 0.9 and 1.1 keV are taken using the pre-determined acceleration voltages which determined as above. According to the CASINO simulations, the SEM image taken at 0.9 keV contains ??, ??? and ???% of BSEs to be generated from the Ta capping layer, the W nano-islands and the Ru layer underneath, respectively. On the other hand, that at 1.1 keV contains ??, ??? and ????% of BSEs from the Ta, W and Ru layers, respectively. These results indicate that the subtraction of these two images can highlight the BSEs generated from the W islands. From our past studies, we found the difference in about 10% in the BSE generated from the W nano-islands, which are under investigation here, can reveal the structural details by subtracting two SEM images. As seen in Figs. 4(a) and (b), it is difficult to identify the W islands clearly in these images. Both images contain a carbon contaminated area induced by initial imaging, these areas are used to align the two images for subtraction using a Matlab program [11]. The subtracted SEM image of these two voltages is shown in Fig. 4(c). The white contrast as circled represents W islands due to more BSEs generated than the neighbouring layers, showing the grain size to be approximately (24 ~ 39) nm  (75 ~ 110) nm. These islands are used to estimate the resolution of the non-destructive method. In order to determine the resolution, ImageJ was used to analyse the diameter of the islands. Approximately 50 data points were acquired for each SEM image subtracted, revealing the minimum particle diameter is found to be 3.9 nm, respectively (see Table 1 and Supplemental Information).
(a) [image: ブラック, 大きい, 水, 鳥 が含まれている画像

自動的に生成された説明] (b) [image: 波 が含まれている画像

自動的に生成された説明]
(c) [image: ]
Fig. 4  SEM images of W insertion layer in Si/SiO2//Ta (5)/Ru (5)/W (0.5)/Ta (5) (thickness in nm) imaged with the magnification of 40,000 at (a) 0.9 and (b) 1.1 keV. (c) Subtracted image between (a) and (b), showing the depth profile from green (above the W nano-islands) and magenta (below the W nano-islands). Black circles indicate the positions of the white contrast representing W islands.
Table 1  List of measured W and Pt nano-islands.
	Capping layer material (thickness in nm)
	Minimum feature size measured (nm)

	Ta (5)
	3.9

	Ta (10)
	8.4

	Ta (60)
	12.2


Similarly subtracted images were taken for the W and Pt nano-islands through the 10 and 60 nm thick Ta capping layer as shown in Fig. 5. Figure 5(a) shows the subtracted SEM image between the acceleration of 1.4 and 1.5 keV to characterise the W nano-islands [see white contrast circled in Fig. 5(a), showing the grain size to be approximately (13 ~ 20) nm] dispersed under the 10 nm thick Ta cap, revealing the minimum particle diameter is found to be 8.4 nm, respectively (see Table 1 and Supplemental Information). Figure 5(b) shows the subtracted SEM image between the acceleration of 4.7 and 5.0 keV to characterise the Pt nano-islands [see white contrast circled in Fig. 5(b), showing the grain size to be approximately (18 ~ 26) nm] dispersed under the 60 nm thick Ta cap, revealing the minimum particle diameter is found to be 12.2 nm, respectively.
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Fig. 5  Subtracted SEM images of W and Pt insertion layer in (a) Ta (5)/Ru (5)/W (0.5)/Ta (10) and (b) Ta (5)/Pt (0.5)/Ta (60) (thickness in nm), respectively. (a) is imaged with the magnification of 70,000 at 1.4 and 1.5 keV. (b) is imaged with the magnification of 200,000 at 4.7 and 5.0 keV, showing the depth profile from green (above the W nano-islands) and magenta (below the W nano-islands).
For further dispersion of the W and Pt islands for accurate evaluation of the imaging resolution, the sputtering bias voltages for plasma steering [14] were controlled for the samples with a 0.5 nm thick W insertion layer and a 60 nm thick cap. The SEM images are taken using the pre-determined acceleration voltages of 5.1 and 4.9 keV. The subtracted SEM images of these two voltages are shown in Figs. 6(a) and (b) in the same way as above for the sputtering voltages of 900 and 500 V, respectively. The sample for which sputtered at the steering bias of 900 V shows less contrast on the island, whilst the island growth can be clearly observed on those sputtered at 500 V. These images confirm the maximum and minimum particle diameters are found to be 2 nm to 3 nm, respectively.
(a)[image: ] (b)[image: ]
Fig. 6  Subtracted SEM images of the W islands in Si/SiO2//Ta (5)/Ru (5)/W (0.5)/Ta (5) (thickness in nm) with sputtering bias voltages of (a) 900 and (b) 500 V. These images were taken using x200,000 magnification with the acceleration voltages of 1.4 keV and 1.5 keV, showing the depth profile from green (above the W nano-islands) and magenta (below the W nano-islands).
Based on the above evaluation, we conclude the minimum resolution of the non-destructive method is 2 nm underneath the overlayer of below 60 nm in thickness. In general, the resolution can be improved by reducing the thickness of the overlayer above the buried interface under investigation. However, the critical factor is the fine tuning of focus and contrast of the images for subtraction. In this study, we adjust the focus using some contaminations, film edges and surface features of the samples but for a nanoelectronic device we may need to use more reproducible and reliable method for fine focusing. The contrast is determined by the differences in the atomic numbers between atoms in the buried interface and the neighbouring layers in the first approximation. By controlling these parameters, we can improve the resolution of the non-destructive imaging.
Conclusion
Sub nanometric heavy metal layers dispersed under the controlled thick capping layers were imaged by the non-destructive method with a controlled electron beam acceleration in SEM. The minimum resolution is found to be approximately 2 nm underneath the overlayer of below 60 nm in thickness. This is ideal for the quality assurance of nanoelectronic devices and can be further improved by fine tuning the focus and contrast of imaging.
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