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Abstract:In PVD technology, it has been demonstrated that the conformal coverage on the microtrench can be improved by substrate biasing, but to a limited extent. Inspired by this, applying an auxiliary magnetic field in HiPIMS was proposed to reinforce the effect of substrate bias on conformal coverage capability. Zr films were deposited on the two microtrenches (aspect ratio of 4.75:1 and 1:1) by the HiPIMS with the auxiliary magnetic field and the conventional HiPIMS, operated at different substrate bias. The coverage ratio and film morphology of Zr films on the two microtrenches were systematically investigated by SEM. It showed that the introduction of the auxiliary magnetic field achieved an improved conformal coverage on two differently sized microtrenches, exhibiting a denser morphology, higher coverage ratio and higher uniformity. Moreover, the composition of the plasma impinging into the microtrenches and the electric field of substrate bias surrounding the microtrenches were analyzed by OES and finite element method. The plasma behavior and the deposition mechanism on the microtrenches were discussed. It revealed that the auxiliary magnetic field greatly increases the collision events, plasma density and thus the proportion of low energy ions in front of the substrate. These altered plasma characteristics make three contributions to the coverage of the microtrenches: (i) enhanced plasma density provided more film-forming species for microtrenches (ii) and appropriately increased the degree of resputtering on the bottom of the microtrenches under the substrate bias, and (iii) a higher proportion of low energy ions reinforced the deflection of the substrate bias on the motion path of incident plasma. They fundamentally enhance the effectiveness of substrate bias on plasma behavior control and weaken the shadowing effect. The results demonstrated that HiPIMS operating with auxiliary magnetic field and substrate bias is a reliable solution to improve the coverage ratio and dense morphology of the microtrenches.

Introduction

With the rapid development of microelectromechanical systems (MEMS), semiconductor microelectronics and magnetic information storage devices, the micro-structured complexity and drastically reduced scale of these MEMS and system-on-chips impose urgent demands on surface deposition techniques with conformal coverage capabilities. Currently, chemical vapor deposition (CVD) is a common method for meeting these specific applications. However, the main challenge of CVD, precursor volatility constraint, leads to low gas-phase concentrations, insufficient film purity and high temperature problems, which would affect device reliability and stability. Therefore, some researchers began to turn their attention to the field of physical vapor deposition (PVD).

In the past few decades, PVD has opened up important opportunities for the deposition of various thin films. The high ionization rate of PVD discharge is desirable because it makes the control of the motion path and kinetic energy of the plasma easier. The ions of the film-forming material in the plasma have the potential to be directed into the high aspect ratio trenches or the stepped structures of the complex surfaces. Moreover, the PVD prepared film has a higher purity owing to the high vacuum environment during the deposition process. However, the limitation of sight-of-line particle transport of PVD plasma, i.e., the shadow effect, is the primary drawback in the conformal coverage applications. Difficulties will arise when depositing film in the non-planar geometric microstructure having a high aspect ratio, such as preparing a discontinuous film.

To address this drawback, the adjustment of working pressure and the application of substrate bias during deposition process were studied. The former, adjustment of the working pressure, is capable of switching the plasma regime between ballistic transport and multiple collision scattering and modulating the ionization rate of the plasma. [START_REF] Nafarizal | Deposition profile of Ti film inside a trench and its correlation with gas-phase ionization in high-pressure magnetron sputtering[END_REF] demonstrated that the high working pressure is useful for increasing the degree of ionization and the bottom coverage inside the 3D trenches in the direct current magnetron sputtering. [START_REF] Lu | Trench filling by ionized metal physical vapor deposition[END_REF] pointed out through simulation that in ionized metal physical vapor deposition (IMPVD), the ionization fraction of deposited metal flux is the critical factor in trench filling. [START_REF] Shimizu | Pressure dependence of (Ti, Al)N film growth on inner walls of small holes in high-power impulse magnetron sputtering[END_REF] showed that the higher ionization degree obtained by adjusting working pressure in HiPIMS enhances the film coverage at a greater depth, resulting with an aspect ratio of 2.7. However, the effect of adjusting the working pressure on the conformal coverage is not very significant. It is due to that the shadow effect cannot be reduced fundamentally by adjusting the working pressure since the pressure-caused multi-collision scattering of the plasma cannot occur inside the 3D microtrenches. The latter, application of substrate bias, induces an electric field distributed around the substrate (complex structure or trench) to affect the motion behavior of charged particles in the plasma. It is capable of redistributing particles reaching the substrate surface by triggering the resputtering or deflecting the trajectory of the charged particles. However, these two effects of the substrate bias, resputtering and deflection, are contradictory. The higher substrate bias excites the resputtering but decreases the deflection due to the enhanced inertia of ions. Also, it comes at the expense of losing the coverage thickness at the location where resputtering occurs. The lower substrate bias favors deflection but sacrifices the resputtering-induced particle redistribution. For example, [START_REF] Brown | The impact of substrate bias on a remote plasma sputter coating process for conformal coverage of trenches and 3D structures[END_REF] reported that applying the high substrate bias (between -222 and -267 V) alone in remote plasma sputtering technique leads to re-sputtering of deposited material and thus the film grows on the surfaces obscured from the initial sputter flux, thereby providing an improved conformal coating for the 3D microstructure. [START_REF] Hirata | Deposition of a-C:H films on a nanotrench pattern by bipolar PBII&D[END_REF] concluded that the lower negative voltage conditions are more conducive to deflecting the motion path of ions in the plasma based ion implantation and deposition (PBII&D), resulting in better film properties and higher film thickness on the sidewalls of the trench. In addition, [START_REF] Balzer | Three-dimensional thickness and property distribution of TiC films deposited by DC magnetron sputtering and HIPIMS[END_REF] reported that in HiPIMS, the combination of high working pressure and substrate bias can densify the film structure on the trenches and thus enhances its mechanical properties. However, it did not show any improvement in the conformal coverage (film thickness distribution). From the above reported studies, the use of substrate bias to improve conformal coverage on 3D microstructures is a relatively effective approach, but to a lesser extent, especially for the deeper areas of microstructures (i.e., bottom corner of drill or trench). Moreover, such research of conformal coverage is scarce till now. The mechanism of conformal deposition on the 3D microstructures is rarely discussed in detail. Therefore, the study of new approaches for optimizing the conformal coverage capabilities of PVDs is interesting and much needed.

The present work focused on the conformal coverage capability of HiPIMS on the micron-scale trenches since HiPIMS has a high ionization rate in various PVD technologies. In order to enhance the effectiveness of the substrate bias on plasma behavior control, i.e., to obtain the advantages of deflection and resputtering simultaneously, an auxiliary magnetic field was applied in HiPIMS system. Zr films were deposited on two microtrench patterns (high aspect ratio 4.75:1 and low aspect ratio 1:1) by the HiPIMS with auxiliary magnetic field configuration and the conventional HiPIMS, in conjunction with different substrate biases. A more complete coverage ratio and morphology of Zr films on the various regions (sidewall, bottom corner, bottom) of the microtrenches were investigated, rather than just focusing on the position near the trench exit. The plasma diagnosis in front of the substrate was characterized by OES, while the electric distribution induced by the substrate bias around the microtrenches was calculated by the finite element method.

Moreover, the plasma composition and electric distribution are combined to reveal the behavior of incident plasma entering the microtrenches and to discuss the film growth mechanism on the various regions of the microtrench.

Experimental setup

Deposition of Zr films on the microtrenches

The schematic of the deposition system is shown in Fig. 1. The auxiliary magnetic field was constructed by the auxiliary permanent magnets mounted behind the substrate holder. A water-passing copper tube was placed between the substrate holder and the auxiliary permanent magnets to prevent magnet demagnetization. The substrate was silicon wafer with two differently sized microtrench patterns. The specific dimensions of two microtrenches were 40 μm × 190 μm and 200 μm × 200 μm (width × depth), respectively, also shown in Fig. 1. The deposition of Zr films on the two different sized microtrenches was conducted by the new HiPIMS system characterized by the auxiliary magnetic field and conventional HiPIMS system. The discharges in both deposition systems were supplied by HiPIMS (Hüttinger Elektronik) and operated in three different substrate bias modes (powered by the Hüttinger Elektronik TruPlasma Bias 3018): floating, -70 V and -100 V. It should be noted that the actual potential distributed on the substrate surface is smaller than the potential applied by the DC bias power supply. This is due to the insufficient conductivity of the Si wafer and the insulativity of the 150 nm-thick SiO2 layer covering thereon, which accommodates part of the applied potential. For clarity of description, throughout the article, the new HiPIMS deposition system (with the auxiliary magnetic field) is recorded as a-HiPIMS and the conventional HiPIMS deposition system is recorded as c-HiPIMS. Except for the difference in magnetic field configuration, the other deposition parameters were the same. All depositions including c-HiPIMS and a-HiPIMS systems were carried out in high purity argon, sputtering a high purity circular zirconium target (15 cm in diameter), maintaining a working gas pressure of 0.36 Pa and a gas mass flow ratio of 200 sccm. The average discharge current was maintained at 1 A and the cathode voltage during the pulse time-on was -600 V. The pulse frequency was 500 Hz. The base pressure was less than 1 × 10 Pa. It should be noted that in order to maintain the same cathode discharge condition (cathode voltage and average current) during the deposition of the microtrenches, the pulse duration was set to 42 μs in c-HiPIMS and 30 μs in a-HiPIMS. In addition, since the difference in magnetic field configuration also has a direct effect on the film deposition rate, the pre-experiments were performed to confirm the deposition rate. The preparation time was adjusted accordingly to keep the film thickness on the top surface of the microtrenches to be at 2 μm. Under this way, the film morphology and conformal coverage on the microtrenches can be directly compared between different deposition systems without being affected by different deposition rates. Besides, due to the application of the auxiliary magnetic field, the ion flux density that bombards the substrate in the a-HiPIMS is not uniform. This non-uniformity of ion flux density is primarily dominated by the distribution of the auxiliary magnetic field. Referring to the formation principle of the racetrack-shaped erosion on the target surface, it can be known that the position on the substrate holder corresponding to the strongest parallel component of the magnetic field (parallel to the substrate surface) can receive the highest ion flux density. That is, the ring whose radius is half of the distance between the auxiliary permanent magnets (installation site) and the center of the substrate holder is impinged by the highest ion flux density, which is similar to the erosion track of the target. Based on this, to maximize the benefits of the high ion flux density provided by the auxiliary magnetic field, Si wafers were mounted in a fixed position on this ring in all batches of deposition.

Conformal coverage on the microtrenches

To evaluate the conformal coverage of Zr films, the cross section of microtrenches on Si wafer was analyzed by JEOL JSM-7800F field emission scanning electron microscope (FEG-SEM). The coverage ratios of Zr films on the microtrenches were characterized by the thickness distribution of the 7 observation positions at the sidewall and the 5 observation positions at the bottom. The observation positions on the sidewalls start from the sidewall top and are evenly spaced from each other by 30 μm. Depending on the bottom width of the different sized microtrenches, the 5 observation positions on the bottom are evenly distributed. The third observation position is always at the center of the bottom, while the first and fifth observation positions are always located at both ends of the bottom.

It is known that the coverage is highly undesirable at the deeper sidewall and the bottom corner of the microtrench owing to the shadow effect. As mentioned by [START_REF] Shen | Copper seed layer repair using an electroplating process for through silicon via metallization[END_REF] that after a copper seed layer is deposited on the through silicon via (TSV) sidewall by sputtering, the step coverage is poor, especially at a high aspect ratio. Discontinuous films including voids are more likely to be produced in these places. To investigate these 'dangerous areas' of the microtrench, the film morphologies on the microtrenches were characterized at four specific positions A, B, C, D, as depicted in Fig. 2. Where A located at 30 μm from the top of the sidewall, B located at 30 μm from the bottom of the sidewall, and C located at the bottom corner. D located in the bottom center of the microtrench.

Figure 2. The observation positions of the film morphology inside the microtrenches.

In order to elucidate the film growth mechanism on the different regions of the microtrenches, more importantly, to reveal the factors affecting the conformal coverage of HiPIMS on the microtrench, the electric field distribution induced by the substrate bias around the microtrench was analyzed by the finite element method. The plasma composition in front of the substrate was characterized by optical emission spectroscopy (OES). The OES measurements were performed by Acton Research Corporation Spectra Pro-500i equipped with a triple grating, a focal length of 500 mm and a spectral resolution of 0.05 nm. The emission spectra were collected using an optical fiber that was placed near the substrate holder with 1 cm distance, as depicted in Fig. 1. For all the spectra, the integration time was 0.5 s per wavelength and the step of length was 0.3 nm. The acquisition frequency was 10 Hz. The wavelength range of plasma emission signal from 285 to 800 nm was recorded.

In addition, to demonstrate the effect of the auxiliary magnetic field on the HiPIMS discharge, the waveforms of the discharge current and voltage on the cathode in c-HiPIMS and a-HiPIMS were measured while all other cathode discharge parameters (voltage, pulse frequency, pulse width, working pressure) remained the same. Meanwhile, the current waveforms on the substrate in the c-HiPIMS and a-HiPIMS were collected as well. Note that during the collection of these waveforms, only the discharge current is the variable that varies with the magnetic field configuration, which is different from the discharge conditions used in depositing microtrenches. Moreover, in the measurement of these waveforms, a new Zr target is used because the target used for microtrenches deposition has been used up. To maintain the same discharge voltage and current (-600 V at pulse time-on and 1 A of average current) as when the microtrenches were coated, the pulse duration is adjusted to 35 μs instead of 42 μs (in the c-HiPIMS for depositing microtrenches). Besides, the crystal structures and phases of the deposited Zr films on the top surface of the Si wafer was characterized by using the Bragg Brentano configuration X-ray diffraction, BRUKER D8, with the Co source at a voltage of 35 kV and a current of 40 mA

Plasma characteristic and Electric field distribution

Plasma characteristics of a-HiPIMS and c-HiPIMS discharges

The behavior and characteristic of partial magnetized plasma in HiPIMS discharge are inherently complex. When the auxiliary methods such as substrate bias or external magnetic field are applied, the coupling between the cathode discharge and the electric (or magnetic) field distribution surrounding the substrate would affect the characteristics of bulk plasma including motion behavior and composition. Optical emission spectroscopy (OES) is a simple and powerful method for detecting and analyzing complex plasmas.

The information on variations of the OES spectra and the correlation between OES spectra and film coverage and morphology are very useful for identifying and revealing the factors that improve conformal coverage. Therefore, in this section, the information of ions and atoms in the a-HiPIMS and c-HiPIMS plasmas was monitored by OES diagnostic system. In addition, the voltage and current waveforms on the cathode and substrate were also measured to reflect the difference in the characteristics of the plasma bombarding the substrate in c-HiPIMS and a-HiPIMS.

Based on the recorded OES spectra, Fig. 3 shows the evolution of the intensity ratios of I I ⁄ and I I ⁄ as a function of substrate bias in front of the substrate holder under the a-HiPIMS and c-HiPIMS systems. In Fig. 3, the axis of the intensity of the ion fraction is the z-direction. The axis of substrate bias evolution is defined as the x-direction (horizontal direction), and the axis representing the different deposition systems is defined as the y-direction (vertical direction). Two sets of columns with slight transparency indicate plasma information monitored in the c-HiPIMS, while two sets of opaque columns with black solid boundaries represent the plasmas monitored in the a-HiPIMS. Blue and orange represent the ion fractions of Ar and Zr, respectively, i.e.,

I I ⁄

and I I ⁄ In the calculation of the intensity ratios, the emission lines for Ar + ion at wavelength of 487.98 nm, for Ar 0 atom at wavelength of 763.51 nm, for Zr + ion at wavelength of 339.19 nm and for Zr 0 atom at wavelength of 386.38 nm were chosen, respectively. These selected emission lines have relatively high energy levels for each species and are clearly spaced apart from adjacent emission lines. ) on the deposition system is due to the auxiliary magnetic field of the a-HiPIMS. In the a-HiPIMS system, a sub-ExB region can be formed in front of the substrate, as illustrated in Fig. 4, in which the magnetic field is provided by the auxiliary magnets mounted behind the substrate holder, the electric field is supplied by the self-bias of HiPIMS discharge or the DC bias applied to the substrate. Such electromagnetic field distribution in the sub-E × B region is similar to that of the magnetic trap above the cathode magnetron. It enables electrons that arrive and pass through here to be captured secondary and to perform an E × B drift similar to that in the magnetic trap above the cathode magnetron. Electron accumulation is thus formed in front of the substrate and the collision events are enhanced there. Therefore, the plasma density is increased near the substrate in the a-HiPIMS system. In addition, as the between recaptured electrons and working gas surrounding the substrate holder. Since the density of Ar atoms in the region around the substrate is higher than that of Zr atoms, the collision probability of recaptured electrons and Ar atoms is greater. Therefore, the increment of I I ⁄ from c-HiPIMS to a-HiPIMS is higher than that of I I ⁄ .

From the horizontal direction of the (x, y) plane, it can also be found that the growth of I I ⁄ with the increase of substrate bias in the a-HiPIMS is greater than that in the c-HiPIMS. The I I ⁄ increases 1.68 times in a-HiPIMS from 0 V to -100 V, whereas it increases 1.38 times in c-HiPIMS. However, the growth of I I ⁄ with the increase of substrate bias is almost the same in both deposition systems. One possible cause for this difference between the growth of I I ⁄ and I I ⁄ is the different second-ionization potentials of Zr and Ar. Zr atom is more susceptible to be ionized than Ar atom, which corresponds to a more pronounced growth of the ionization fraction of Zr (I I ⁄

). The other possible cause is the sputtering wind effect. Sanchette et al.

(1997) described that the sputtering wind is produced by the energetic sputtered metal atoms and reduces the gas density in front of the emission area of the target. [START_REF] Serikov | Particle-in-cell plus direct simulation monte carlo (PIC-DSMC) approach for self-consistent plasma-gas simulations[END_REF] demonstrated through PIC-DSMC approach that, the sputtering wind also stems from the sputtered particles from the target in the magnetron. Moreover, as a result of the density reduction caused by sputtering wind, the flux and average energy of the deposited atoms are also affected. In our case, the sputtering wind arises from the heating of the working gas (Ar) induced by the collision in front of the substrate. As the substrate bias increases in a-HiPIMS, the sub-ExB region concentrates more electrons to cause collision events. Thus the elevated local temperature and plasma density would heat and dilute the working gas. Consequently, there are no enough Ar atoms to be ionized for raising the growth of I I ⁄ in the a-HiPIMS. The current waveforms collected on the substrate during c-HiPIMS and a-HiPIMS discharges with different bias values are given in Fig. 6. Among them, the pulse time-on period is marked by the shaded part (blue and green). It can be seen that in both c-HiPIMS and a-HiPIMS, the substrate current waveforms have pulse character, and reach maximum values immediately after the pulse time-on ends.

In addition, three obvious differences can be observed in the current waveforms. Firstly, the ionic current on the substrate increases two-fold from c-HiPIMS to a-HiPIMS at each substrate bias. It indicates that the density of the ions bombarding the substrate is greatly increased, consistent with the result revealed by OES. Secondly, in the early period of pulse time-on, the electronic current in the a-HiPIMS is higher than that in the c-HiPIMS at floating substrate and -70 V bias. It reflects that in the a-HiPIMS, higher density electrons can be accumulated in the sub-E×B region due to the effect of the auxiliary magnetic field. Thirdly, there is a delay time of 10 μs, between the plasma from being ignited above the cathode (the onset of HiPIMS pulse) to diffusing to the substrate surface, is observed in the c-HiPIMS. However, no delay time is detected in the a-HiPIMS. It is ascribed to the trapping of electrons and driving of E×B drift caused by the auxiliary magnetic field in the sub-E×B region. While the plasma is ignited near the cathode magnetron (at the start of the pulse time-on), a small number of electrons will be simultaneously captured in the sub-E×B region. Subsequent E×B drift and collisions will immediately multiply these electrons. Therefore, at floating and -70 V bias, the electronic currents appear synchronously with the time-on of the cathode pulse without a detectable delay time. At -100 V bias, the higher velocity of the electron E×B drift enables the electron to obtain sufficient kinetic energy in a very short time, which may cause the electron impact ionization to occur in synchronization with the pulse time-on. Consequently, the ion current immediately appears without delay time. Based on the above, it is proved that the application of the auxiliary magnetic field can confine electrons and increase the density of the plasma bombarding the substrate, which is in agreement with that indicated by OES. Figure 6. Current waveforms collected on the substrate during c-HiPIMS and a-HiPIMS discharges.

Spatial electric distributions around the microtrenches

During the deposition processes of the c-HiPIMS and a-HiPIMS systems, the plasma density and gas temperature near the substrate are assumed to be 10 17 m -3 and 300 K, respectively. From these data, it can be estimated that in front of the substrate, the elastic ion-ion mean free path (MFP) is 8.5 cm for Zr + and is 23 cm for Ar + . The MFP between Zr + and Ar + is 13 cm. The elastic electron-neutral MFP is 33 cm for Zr atom and is 92 cm for Ar atom. Therefore, the main process responsible for the Zr film deposition inside the micron-scale trenches is collision-free transport due to the much larger MFPs compared to the size of the microtrench entrance. Consequently, the transport track of the plasma inside the microtrench can only be adjusted by the electric field rather than the collision degree. The final coverage of Zr film on the microtrench is primarily decided by the competition between the inertia of the ions entering the trench and the deflection effect of the bias-induced electric field. Therefore, in order to clarify the motion behavior of the plasma and the coverage mechanism on the microtrenches, the electric field distribution around the microtrench needs to be calculated.

In the calculation of the electric field distribution, the surface of the microtrench corresponding to the electrode was set to the value of the substrate bias. According to the discharge characteristics of HiPIMS, the floating substrate has a self-bias potential during deposition. [START_REF] Balzer | Three-dimensional thickness and property distribution of TiC films deposited by DC magnetron sputtering and HIPIMS[END_REF] measured that the floating potential of the substrate presented -14 V at high working pressure (1 Pa) and -20 V at low working pressure (0.4 Pa). In order to get a more realistic spatial electric distribution around the microtrench, the substrate at floating mode is assumed to have a self-bias of -20 V in our case. Apart from the bias value, it is also necessary to pay attention to the influence of the plasma distributed in the sub-ExB region on the electric field distribution of the bias potential. It has been confirmed by OES that during the cathode discharge, a certain density of plasma can be constrained in the sub-ExB region under the substrate. Under this condition, the electrons in the plasma will be repelled from the substrate surface on the time scale of the electron plasma frequency (1/ω ) by the negative potential of the substrate, thereby forming an ion sheath. It is similar to the sheaths reported by [START_REF] Demokan | Ion-matrix sheaths related to targets with grooves[END_REF] and [START_REF] Brenning | The role of Ohmic heating in dc magnetron sputtering[END_REF]. The formed sheath will cover the substrate surface, and thus the electric field distribution of the substrate bias will be changed. Moreover, the degree to which the electric field distribution is affected depends on the scale of the sheath.

It has been pointed out through the investigation of [START_REF] Poolcharuansin | Short-and long-term plasma phenomena in a HiPIMS discharge[END_REF] that the thickness of the sheath in HiPIMS discharge can be calculated by the formula S 2ε " V " en ⁄ , where & " stands for the vacuum permittivity, V0 is the applied potential of the substrate, and ne is the plasma density. One can see that the sheath thickness is determined by both the plasma density and the bias voltage. For the present work, both the auxiliary magnetic field and the substrate bias change the plasma density near the substrate, which leads to different thickness sheaths under different deposition conditions. Therefore, for all deposition conditions employed in the present work (c-HiPIMS and a-HiPIMS operating in three different bias modes), their sheath thicknesses are calculated separately. For the condition of the c-HiPIMS with floating substrate, the plasma density near the substrate (used to calculate the sheath thickness) is estimated by the ratio of the substrate current to the cathode current (during one pulse time-on) since the plasma density is proportional to the discharge current. According to previous investigations conducted by [START_REF] Rauch | Plasma potential mapping of high power impulse magnetron sputtering discharges[END_REF] and [START_REF] Gudmundsson | High power impulse magnetron sputtering discharge[END_REF], during the HiPIMS discharge operating at the floating substrate, the plasma density near the target is typically on the order of 10 18 m -3 . The ratio of the substrate current to the cathode current (during one pulse time-on) can be obtained from Figs. 5 and 6. It can thus be calculated that for the condition of c-HiPIMS with floating substrate, the plasma density in the sub-ExB region is about 7.6×10 16 m -3 . Taking this density value (c-HiPIMS with floating substrate) as a benchmark, the plasma densities (in the sub-ExB region) of other deposition conditions are estimated by using the density grown ratio provided by OES.

Consequently, the sheath thicknesses for all deposition conditions are obtained. The values of plasma density and sheath thickness are shown in Table 1.

Table 1. Values of plasma density (near the substrate) and sheath thickness under different substrate biases (floating, -70 V, and -100 V) in the c-HiPIMS and a-HiPIMS. From Table 1, the sheath thickness increases with the increasing substrate bias in both c-HiPIMS and a-HiPIMS. The sheath thickness is thinner in the a-HiPIMS for each substrate bias condition. Compare the thickness of the sheath and the scale of the microtrench, it can be found that the smallest sheath thickness is much larger than the scale of the 4.75:1 microtrench. This indicates that the sheath cannot expand into the interior of the 4.75:1 microtrench, and the whole sheath is parallel to the top surface of the microtrench. Moreover, relative to the scale of the 4.75:1 microtrench, the difference in the thickness of the sheath between c-HiPIMS and a-HiPIMS has a very small effect on the electric field distribution around the microtrench. Therefore, in the calculation of the electric field distribution around the 4.75:1 microtrench, the sheath thickness is set to the average of Sc (sheath thickness under c-HiPIMS) and Sa (sheath thickness under a-HiPIMS). However, the sheath thicknesses under all deposition conditions are comparable to the scale of the 1:1 microtrench. It indicates that the electric field distribution around the 1:1 microtrench is dominated by the sheath. Moreover, unlike the 4.75:1 microtrench, the difference in the thickness of the sheath between c-HiPIMS and a-HiPIMS may produce a noticeable effect on the electric field distribution. Therefore, the electric field distributions around the 1:1 microtrench in the c-HiPIMS and the a-HiPIMS are calculated separately. Besides, for all the sheaths set in the calculation of the electric field distribution, the potential at the edge is set to 80% of the applied bias voltage. This is because experiments carried out by Rauch et al.

(2012) and [START_REF] Bradley | Measurement of the plasma potential in a Magnetron discharge and the prediction of the electron drift speeds[END_REF] and simulation of [START_REF] Brenning | A bulk plasma model for dc and HiPIMS magnetrons[END_REF] have proven that in magnetron sputtering discharge, the potential across the sheath accommodates approximately 80% of the applied potential.

Based on the above analysis, the electric field distribution, the potential distribution and the normal component of the electric field of the sidewall E ' were calculated for the two aspect ratio microtrenches in both c-HiPIMS and a-HiPIMS over each substrate bias.

The calculated electric field distributions for the high aspect ratio (4.75:1) microtrench are shown in Fig. 7. For the low aspect ratio Consistently, the potential drop inside the microtrench also reaches the same depth at each corresponding substrate bias. Therefore, it can be stated that the effect of the electric field induced by the substrate bias surrounding the 4.75:1 microtrench almost disappears at about 60 μm depth. This electric distribution inside the microtrench is completely opposite to that of the high-curvature tip structure which exhibits the tip effect (i.e., high concentration of surface charge density and electric field strength at the sharp corners structure). From the distribution of the electric field lines, it can be seen that the electric field vector near the sidewall is not perpendicular to the sidewall surface, but exhibits an angle of α to the sidewall. That is, the electric field vector has a tangential component E , and a

normal component E ' . Here, we focus on the normal component E ' , since it has a great potential to deflect the motion paths of the charged particles incident into the microtrench, and even withhold and navigate them along the electric field lines. If the strength of E ' is sufficient or the inertia of the charged particles is relatively weak, the geometric constraint of the ballistic transport (i.e., shadow effect) will be fundamentally weakened, the intergranular pores in the film structure on the sidewall would thus be reduced. As respectively. Similarly, the potential drop also expands to the corresponding depth. For the electric field distribution in the a-HiPIMS, the electric field strength is reduced from the strongest value (2.9 × 10 * V/m in floating, 5.7 × 10 * V/m in -70 V, 7.9 × 10 * V/m in -100 V) at the top corner to the value of 1.2 × 10 2 V/m requires 132 μm, 170 μm and 182 μm depths at floating, -70 V and -100 V substrate bias, respectively. Especially at -100 V bias, the electric field strength remains at 1.2 × 10 2 V/m near the bottom, only one order of magnitude lower than the maximum value. The electric field normal component E ' of the sidewall on the 1:1 microtrench is shown in Fig. 10. In both c-HiPIMS and a-HiPIMS, E ' increases with the substrate bias, similar to that on the 4.75 microtrench. The strength of E ' on the 1:1 microtrench is generally two times higher than that on the 4.75:1 microtrench. In addition, it is worth noting that for the 1:1 microtrench, the strength of E ' in the a-HiPIMS is about 1.4 times of that in the c-HiPIMS at all bias modes. Moreover, the E ' of the 1:1 microtrench in the a-HiPIMS slowly attenuates along the sidewall and still remains a magnitude of 1.2 × 10 2 V/m when it reaches the bottom compared to that in the c-HiPIMS.

Through the investigation of the spatial electric field distribution around the microtrenches, two conclusions can be obtained. On the one hand, the electric distribution of the microtrench is significantly dependent on the lateral width of the microtrench. The electric field distribution and potential drop are more conformal distributed in the 1:1 microtrench compared to the 4.75:1 microtrench. The normal component of the electric field of the sidewall E ' is stronger in the 1:1 microtrench with a slower amplitude attenuation. On the other hand, the application of the auxiliary magnetic field can enhance the electric field distribution around the microtrenches by reducing the thickness of the sheath, especially for the 1:1 microtrench. It indicates that the path of the film-forming ions entering the microtrench in a ballistic transport mode can be deflected more effectively, which fundamentally weakens the shadowing effect and improves the conformal coverage capability.

Results and discussion

Deposition rate and phase composition

Table 2 presents the deposition rates of Zr films at the top of the microtrench (facing the magnetron) deposited by the c-HiPIMS and the a-HiPIMS operated in the different substrate bias, as well as the thickness of the film on the microtrench top. Although we have conducted pre-experiments to adjust the film thickness at the top of the microtrench to maintain it at a thickness of about 2 μm, it still has an error of ±0.3 μm. In Table 2, the deposition rates in both deposition systems decrease as the substrate bias increases. It is attributed to the higher kinetic energy carried by the accelerated charged particles which results in the denser structure and possible resputtering. Comparing the deposition rates of different deposition systems at the same substrate bias, the deposition rate obtained in the c-HiPIMS is higher than that in the a-HiPIMS. An approximately 1.8 times higher deposition rate is obtained in c-HiPIMS when no substrate bias is applied. At -70 V and -100 V bias, the deposition rates in the a-HiPIMS are slightly lower than those in the c-HiPIMS. These lower deposition rates are related to the high plasma density near the substrate during a-HiPIMS discharge. According to the diagnosis results of OES, the auxiliary magnetic field significantly increases the ionization rate of the plasma in front of the substrate. It allows a denser film morphology to be formed more easily through higher density bombardment and resputtering, which reduces the net thickness of the film. A similar phenomenon was reported by [START_REF] Ehiasarian | Influence of high power impulse magnetron sputtering plasma ionization on the microstructure of TiN thin films[END_REF], showing that high current discharge conditions result in a denser structure and reduced deposition rate of the film. 2. Here, the total broadening of the diffraction peak is attributed to the grain size, while microstrain-induced broadening is ignored. The deposition-system dependence of the phase composition of Zr film is displayed, aiming at reflecting the characteristics of the bombardment plasma that the deposited Zr film undergoes. Whether in the c-HiPIMS or the a-HiPIMS, as the substrate bias increases, the diffraction peaks gradually shift to the lower angle corresponding to the occurrence of compressive stress inside the Zr film. Moreover, in the c-HiPIMS, the crystalline phase of Zr film transition from the disoriented structure in which the diffraction peaks contain (100), (002), and (101) to the strong texture (100) as the substrate bias increases. The (100) lattice plane has a higher surface free energy in the hcp structure. Such a lower-angle shift and a phase composition transition of Zr film in the c-HiPIMS are supported by the increasing kinetic energy of the bombardment plasma caused by the substrate bias. In the a-HiPIMS, the diffractograms only contain (100) plane, with a monotonic decrease in the full width at half maximum (FWHM). According to the fact that Zr and Ar species have higher ionization rate in the a-HiPIMS (revealed by OES in Fig. 3), it can be determined that the texture (100) at floating bias is contributed by the increased density of the bombardment plasma which enhances the average energy received per unit area of the substrate. The texture (100) at -70 V and -100 V bias is provided by both higher density and higher average kinetic energy of bombardment plasma. In the three substrate bias modes of a-HiPIMS, more energy is transferred from the bombardment plasma into the growing film, thus a lattice 2 Theta (degrees) plane with higher surface energy (100) is grown. It is consistent with the result reported by [START_REF] Ma | Effect of bias voltage on TiAlSiN nanocomposite coatings deposited by HiPIMS[END_REF], where the preferred orientation ( 200) peak is promoted (in NaCl-type crystal structure) with the substrate bias increases. The narrowing of (100) peak with substrate bias in the a-HiPIMS is also caused by the enhanced ion bombardment (results from the high density of the plasma and the acceleration of the substrate bias). Enhanced ion bombardment serves the same effect as increasing substrate temperature, which increases the adatom mobility on the film surface. It thus provokes the Zr adatoms tending to aggregate with atoms near their arrival points and coarsen on the film surface, rather than forming a number of individual nuclei that are frozen in the location of arrival.

Therefore, as the substrate bias increases, the grain size in the a-HIPIMS gradually becomes larger.

Comparing the diffraction peaks in the c-HiPIMS and the a-HiPIMS under the same substrate bias, the (100) peak in the a-HiPIMS is promoted and shifted to the lower angle, as indicated in Fig. 11(b). At the same substrate bias, the acceleration on the charged particles in the two deposition systems is the same. It can thus be inferred that the changes in diffraction peak reflect a higher plasma density in the a-HiPIMS, consistent with the results of OES. In addition, it is worth noting that at floating bias, the grain size obtained in the a-HiPIMS is smaller than that in the c-HiPIMS. This may mean that the bombardment kinetic energy carried by the single particle in the a-HiPIMS plasma is lower. Collision events are known to be enhanced in a-HiPIMS. As a result of the collision, there must be some particles in the plasma that are switched from ballistic transport to multi-collision scattering mode, accompanied by the kinetic energy being greatly lost in front of the substrate. The lower the kinetic energy carried by the bombardment particle, the harder it is to accumulate and coarsen with nearby atoms. Therefore, at floating bias, the smaller grain size in the a-HiPIMS is caused by the lower bombardment energy of part particles in the a-HiPIMS plasma.

It can be concluded from X-ray diffractograms that the application of the auxiliary magnetic field and the substrate bias can increase the density and average kinetic energy of the plasma bombarding the substrate. Moreover, the kinetic energy of the particles participating in the collision events in front of the substrate may be attenuated, i.e., the proportion of low energy ions in the plasma may be increased. It is known that the kinetic energy of the charged particles in front of the substrate, i.e., the initial momentum before entering the microtrench, primarily determines the inertia of the ions entering the microtrenches. The effective deflection of charged particles inside the microtrench is the result of the competition between ion inertia and electric field strength. Therefore, the increased fraction of low energy ions may make the deflection more efficient which redistributes the particles toward the sidewall of the microtrench. Meanwhile, the higher plasma density and average bombardment energy provide more film-forming particles and denser structure for the film within the microtrench. Consequently, it is expected that variations in plasma characteristics caused by the auxiliary magnetic field are advantageous for conformally covering the microtrench.

Film morphology

Fig. 12 shows the cross-sectional morphologies of the Zr films for each region (sidewall, bottom corner, bottom center) of the 4.75:1 microtrench. The specific depth of each measurement position is noted in Fig. 2. The three subgraphs from left to right in Fig.

Figure 12. SEM observation of cross-sectional morphologies of Zr films on the 4.75:1 microtrench.

In the c-HiPIMS, as the substrate bias increases, the film morphology on the upper sidewall (point A) tends to be loose and porous, while the tilt angle of the growth direction of the column remains unchanged. The film morphology of the deeper sidewall (point B) is first deteriorated at -70 V bias, where loose tissue and discontinuous coverage appear, and then improved at -100 V. On the bottom corner (point C), the film morphology is significantly optimized with the substrate bias, accompanied by a gradual increase in the tilt angle of the column growth. When specifically focusing on the tilt angle, an angle greater than 90 ° is observed at -100 V bias. On the bottom center (point D), there is no obvious difference in the film morphology with increasing substrate bias.

It can be stated that the application of substrate bias in the c-HiPIMS has no significant effect on improving the film morphology on the sidewall of the 4.75:1 microtrench, which is consistent with the result of literature. Moreover, the film morphology on the sidewalls is even loosened, such as the appearance of the worst coverage on the sidewall at -70 V bias and the inter-column pores in the sidewall film at -100 V bias. It is known that applying substrate bias primarily acts to increase the kinetic energy of the ions rather than its density. The accelerated ions are advantageous for film quality on the planar substrate but detrimental to the substrate having microtrench, since the enhanced momentum makes the ions more difficult to be deflected and guided toward the sidewall of the microtrench via the bias-induced electric field. Moreover, the greater inertia caused by the substrate bias drives more ions toward the bottom. The remaining film-forming material is thus insufficient to maintain the original morphology (when unbiased) of the sidewall.

Therefore, the substrate bias in the c-HiPIMS cannot improve the film morphology on the sidewall. In addition, the tilt angle greater than 90 ° at -100V bias indicates the triggering of the resputtering mechanism. The target material already deposited on the bottom is sputtered by the bias-accelerated ions through the same principle as cathode sputtering. They are then recaptured in the vicinity of the bottom, i.e., the bottom corner and the deeper sidewall. Under this condition, the growth direction of the column on the bottom corner and deeper sidewall eventually faces the bottom surface, exhibiting an obtuse angle. These recaptured particles near the bottom can help to fill the film discontinuities on the deeper sidewall and bottom corner caused by the shadow effect. The film morphology near the bottom corner is thus improved.

In the a-HiPIMS, as the substrate bias increases, the Zr film with increasingly denser morphology develops on the upper sidewall.

On the deeper sidewall and the bottom corner, the film thickness is significantly increased. Note that the absolute thickness is related to the thickness of the top surface of the microtrench. The normalized thickness distribution will be analyzed in the next section. The tilt angles on the deeper sidewall and the bottom corner transition from the acute angle to the angle more than 90 °. On the bottom center, the film morphology does not show a significant improvement as the substrate bias increases, consistent with that in c-HiPIMS.

Therefore, it can be concluded that in the a-HiPIMS, the substrate bias improves the film morphology on the 4.75:1 microtrench, especially on the sidewall and bottom corner. It is attributed to the fact that the density of the bombarding plasma (Zr + and Ar + ) increases significantly under the combination of substrate bias and auxiliary magnetic field.

To clarify how the auxiliary magnetic field and the substrate bias act on the film morphology, the morphologies of the films in different deposition systems (c-HiPIMS and a-HiPIMS) under the same substrate bias are compared. In general, the morphology of the film deposited in the a-HiPIMS is superior than that in the c-HiPIMS. Moreover, the tilt angle of the columnar structure in the a-HiPIMS deposited film is different from that in the c-HiPIMS. For the film morphology, the c-HiPIMS deposited Zr films exhibit a high degree of porosity, a much lower density and a certain degree of discontinuity. The film in the c-HiPIMS appears discontinuous on the deeper sidewall and bottom corner (B, C points) at floating and -70 V bias, while in the a-HiPIMS the film is continuous and its structure is more compact. At -100 V bias, both deposition systems obtain continuous films on the microtrench, but the film in the a-HiPIMS has a smaller porosity on the upper and deeper sidewalls (A, B points). For the tilt angle of the columnar structure in the film, at floating, the difference on the sidewall between two deposition systems cannot be clearly distinguished. At -70 V bias, the tilt angle in the c-HiPIMS is substantially the same as the incident direction of the plasma. The tilt angle in the a-HiPIMS transitions from the acute angle to the obtuse angle (i.e., from the direction of incidence of the particles to the direction facing the bottom), indicating that resputtering occurs in the middle of the deposition process. It may be related to plasma instability that causes oscillation of the discharge current during the deposition process, but the exact interpretation is unclear. At -100 V bias, the tilt angle in the a-HiPIMS is slightly larger than that in the c-HiPIMS at the upper sidewall (A point). Moreover, at observation point B (30 μm from the bottom corner), a tilt angle greater than 90 ° appears in the a-HiPIMS whereas a tilt angle of the acute angle is observed in the c-HiPIMS.

This marks a greater degree of resputtering in the a-HiPIMS.

Based on the above comparison, three contributions of the auxiliary magnetic field to the morphology of the film on the 4.75:1 microtrench can be derived. First, the auxiliary magnetic field itself (without substrate bias) contributes to the improvement of the film morphology on the microtrench, which is confirmed by the results at floating bias. The auxiliary magnetic field can greatly increase the plasma density and average bombardment kinetic energy, as reflected by the OES and the characteristics of XRD, which facilitate a denser morphology and better continuity of the film on the sidewall. Second, the auxiliary magnetic field can enhance the deflection effect of the substrate bias on the incident plasma, as indicated by the results (morphology and tilt angle) at bias of -70 V and -100 V.

From the electric field simulation in section 3.2, the bias-induced electric field cannot smoothly enter the 4.75:1 microtrench, and the normal component of the electric field E ' of the sidewall is rapidly attenuated along the depth of the sidewall. Under this condition, the E ' on the deeper sidewall is too weak to withhold or deflect the motion behavior of charged particles and transfer them to sidewall. However, the collision event was enhanced and the proportion of low energy ions was thus increased when the auxiliary magnetic field was applied. For this part of plasma, in the competition between inertia and electric field deflection, the dominant effect of inertia on the ion motion path is suppressed. Therefore, the bias-induced electric field more effectively influences the incident paths of the plasma under the auxiliary magnetic field, and more easily deflects them toward the sidewall. Third, the auxiliary magnetic field provides a sufficient amount of film-forming particles to maintain the continuity and compactness of the film, i.e., to prevent the porosity and discontinuity of the film on the sidewall as occurred in c-HiPIMS with -70V bias, since it can further increase the growth rate of the Zr + density when the substrate bias is applied. Moreover, it should also stimulate a greater degree of resputtering on the basis of ensuring that the deposition on the microtrench bottom is not excessively lost, as confirmed by the result in a-HiPIMS with 100 V bias. The increase of the resputtering should be due to the large increase in plasma density (Ar + and Zr + ) of the a-HiPIMS, which enhances the average bombardment energy received per unit area of the microtrench bottom.

Figure 13. SEM observation of cross-sectional morphologies of Zr films on the 1:1 microtrench.

Fig. 13 shows the evolution of the film morphology on the 1:1 microtrench under various deposition conditions. In the c-HiPIMS, as the substrate bias increases, the films on the upper sidewall maintains a nearly constant density and tilt angle. The film morphology on the deeper sidewall tends to be porous first and then densified. Different from the results of the 4.75:1 microtrench in the c-HiPIMS, the tilt angle of the column growth here (deeper sidewall) gradually becomes larger as the substrate bias increases, and reaches approximately 90 ° at -100V bias. On the bottom corner, the film morphology becomes dense with the substrate bias, the tilt angle continues to increase and exceeds 90 ° degrees at -100 V bias.

Similar to the results on the 4.75:1 microtrench, applying the substrate bias in the c-HiPIMS is not an effective means to improve the film morphology for the 1:1 microtrench since it does not work for the density of the film on the sidewall. The difference is that on the 1:1 microtrench, the continuous film can be obtained at each substrate bias in the c-HiPIMS, even at -70 V bias (where no resputtering has been activated). Note that in the same deposition condition (c-HiPIMS with -70 V bias), the film on the 4.75:1 microtrench is discontinuous. It is attributed to two factors. One is the increase in the lateral width of the microtrench, which allows a greater amount of film-forming material to enter the microtrench. Another is that the bias-induced electric field is more strongly and conformally distributed around 1:1 microtrench. It causes the normal component of the electric field on the sidewall E ' remains at a high intensity (1.0 × 10 2 V/m) as it reaches the bottom, which deflects the charged particles to the sidewall. In addition, it can also be noted that on the deeper sidewall at -100 V bias, the tilt angle of the column on the 1:1 microtrench is larger than that on the 4.75:1 microtrench. This originates from the strong influence of E ' (of the 1:1 microtrench) on the motion of the charged particles. In the 4.75:1 microtrench, E ' is weaker on the deeper sidewall, the columnar structure thus grows along the incident direction of the particles.

In the a-HiPIMS, the application of the substrate bias is beneficial to the film morphology of the 1:1 microtrench. As the substrate bias increases, the film morphology of each region (upper and deeper sidewall, bottom corner and bottom) inside of the 1:1 microtrench becomes dense. Simultaneously, the tilt angle of the column growth gradually increases. It indicates that with the substrate bias increases, the deflection effect of the electric field normal component E ' on the trajectory of the incident particle is enhanced. The tilt angle greater than 90 ° at -100 V bias marks the occurrence of resputtering. Moreover, it can be observed that the material supporting the film growth on the upper sidewall (point A) is from the bottom-resputtered particles. Compared to the same observation point on the 4.75:1 microtrench where the film growth is supported by the incident plasma, it can be concluded that the degree of resputtering on the 1:1 microtrench is higher than that on the 4.75:1 microtrench. It is interpreted as the low aspect ratio that allows more plasma to enter the microtrench.

The film morphology differences of 1:1 microtrench in the c-HiPIMS and a-HiPIMS deposition systems are compared under the same substrate bias. The Zr film grown in the a-HiPIMS has a denser structure at each substrate bias. The tilt angle of film growth (columns) in the a-HiPIMS is greater than that in the c-HiPIMS at -70 V and -100 V bias, while at floating bias there is no difference in the tilt angles in two deposition systems. At floating bias, the denser morphology in the a-HiPIMS is explained by the enhanced plasma density supported by the auxiliary magnetic field. At -70 V bias, the dense morphology and greater tilt angle are supported by two effects of the auxiliary magnetic field. One is that the auxiliary magnetic field enhances the growth rate of the plasma density (Zr + ) with substrate bias. The other is the auxiliary magnetic field can promote the effectiveness of the deflection of the bias-induced electric field through the stronger electric field distribution and the increased proportion of low energy ions. Generally, the increase of the proportion of low energy ions in the plasma is not conducive to form a dense structure of the film, but it is advantageous for weakening the shadow effect. Unlike the mechanism of forming a dense structure by high-energy bombardment, the reduction in shadow effect fundamentally reduces the porosity of the film which is more important for the conformal coverage capability on the microtrench. At -100 V bias, the enhanced density and tilt angle of the film deposited in the a-HiPIMS are the results of stronger resputtering. On the one hand, this stronger resputtering is due to the higher plasma density caused by the auxiliary magnetic field, which is similar to the explanation for the 4.75:1 microtrench. On the other hand, it is attributed to the enhanced electric field distribution created by the auxiliary magnetic field-reduced sheath thickness.

Coverage ratio

The film coverage ratios on the sidewall and bottom of the 4. On the sidewall, a clear boundary of the film coverage can be seen at the sidewall depth of 120 μm. Above this boundary, the optimization of sidewall coverage is more pronounced in a-HiPIMS. Coverage ratio increases from 28% in c-HiPIMS to 37% (average) in a-HiPIMS. In the c-HiPIMS, it can be observed that the application of the substrate bias does not contribute to the coverage ratio, even weakens the coverage ratio of the sidewall slightly. As the substrate bias increases, most of the charged particles in plasma are directly attracted to the bottom due to the enhanced inertia, reducing the amounts of particles left to the sidewall. Thus the coverage ratio on the sidewall is attenuated with the use of substrate bias. The reason for the slight weakening of the coverage ratio here is consistent with that for the deterioration of sidewall film morphology (as shown in the middle column of Fig. 12). In the a-HiPIMS, the slightly weakened coverage ratio with substrate bias is also observed. This is contrary to the fact that the significantly increased density of the incident plasma and increased proportion of low energy ions as the substrate bias increases, which naturally drives the sidewall coverage ratio to be improved. However, when we look back at the film morphology of the sidewall, the observed reduced coverage ratio becomes interpretable. It can be considered that the altered plasma first contributes to improving the compactness of the film. On this basis, the plasma density may no longer be sufficient to further improve the film thickness (coverage ratio).

On the sidewall below the boundary (the most difficult region of the microtrench deposition due to shadow effect), the a-HiPIMS system achieves better coverage compared to the c-HiPIMS. At floating bias, the coverage ratio in the a-HiPIMS is 1.3 times than that in the c-HiPIMS. At -70 V bias, the coverage ratio reaches 18% averagely in the a-HiPIMS, while in the c-HiPIMS the film is discontinuous and the measurable thickness on the sidewall is remarkably small. It is explained by the fact that the bombardment plasma in the a-HiPIMS has a higher density and a higher proportion of low energy ions, which make the bias-induced electric field more effective in deflecting the bombardment ions toward the sidewall. At -100 V, the coverage ratio is increased by 19% in a-HiPIMS compared to that in c-HiPIMS, on average. Due to the higher density of bombardment ions (Zr + and Ar + ) of the a-HiPIMS, a greater degree of resputtering is excited. The deeper sidewall and bottom corner below the boundary in the a-HiPIMS are thus well covered by more resputtered particles. In addition, it can also be found that on the 4.75:1 microtrench, the resputtering-induced particle redistribution determines the coverage ratio of the deeper sidewall. The sharp rise in coverage ratio of the deeper sidewall (below the boundary) can be obtained at -100V bias regardless of the deposition system. This is because the electric distribution around the bottom of the 4.75:1 microtrench is relatively weak. The deflection effect relying solely on the normal electric field E ' is insufficient to provide a conformal coverage there, even in the a-HiPIMS. However, this area is close to the bottom where resputtering occurs, so the coverage ratio here is compensated by resputtering.

The coverage ratio on the bottom of the 4.75:1 microtrench increases monotonically as the substrate bias increases in both c-HiPIMS and a-HiPIMS. Note that in the a-HiPIMS the increase of coverage ratio from -70 V to -100 V is small. Moreover, the coverage ratio of the bottom in the a-HIPIMS deposited microtrench is generally higher than that in the c-HIPIMS. At floating and -70

V bias, the coverage ratios of the bottom obtained in the a-HiPIMS are 1.5 times higher than that in the c-HiPIMS. Since the coverage on the bottom is independent of the shadow effect, only the density of the incident plasma needs to be considered when the substrate bias is the same. From OES diagnosis, the ionization rate of Zr atoms in the a-HiPIMS is higher than that in the c-HiPIMS, the higher bottom coverage ratio is thus obtained in the a-HiPIMS. At -100 V bias, the coverage ratio of the bottom in the a-HiPIMS is comparable to that in the c-HiPIMS, which is caused by the greater degree of resputtering triggering in the a-HiPIMS. The stronger resputtering transfers more film-forming material to the sidewall and densifies the film morphology on the bottom, which reduced the coverage thickness of the bottom. Figure 15 shows the evolutions of the film coverage ratio on the sidewall and the bottom of the 1:1 microtrench. Comparing the results of the sidewall and the bottom in the two deposition systems, the overall coverage and uniformity in a-HiPIMS are superior to that in c-HiPIMS. On the sidewall, there appears to be no significant increase in coverage ratio in the a-HiPIMS, but it tends to be more evenly distributed along the sidewall with less steep decrease, whereas in the c-HiPIMS, non-uniform and rapidly reduced coverage ratio occurs along the sidewall. Moreover, the coverage ratio on the sidewall has a completely different evolution in two deposition systems as the substrate bias changes. In the c-HiPIMS, the application of substrate bias does not provide any optimization for the sidewall coverage, similar to that on the 4.75:1 microtrench, although the distribution of the bias-induced electric field is more conformal and stronger around the 1:1 microtrench. It is attributed to the density of the bombardment plasma is low and the proportion of low energy ions is small (high inertia) in c-HiPIMS, which causes the effect of the electric field to be insignificant. Therefore, at -70 V and -100 V bias, more incident particles deposit to the bottom, which reduces the amounts of particles remaining for the sidewall and thus weakens the coverage ratio of the sidewall. At -100 V bias, the coverage ratio along the sidewall goes down first, then approaches the minimum value and finally rises rapidly. This sudden rise on the deeper sidewall is ascribed to the resputtering. In the a-HiPIMS, the coverage ratio increases with substrate bias and becomes more uniform along the sidewall. It is due to the higher plasma density, higher proportion of low energy ions, and stronger electric field distribution caused by the auxiliary magnetic field.

The evolution of the sidewall coverage ratio here is opposite to that of 4.75:1 microtrench (on which the sidewall coverage decreases as the substrate bias increases). It is interpreted as the wider entrance of the 1:1 microtrench (that allows more film-forming particles to enter) and the stronger E ' around the 1:1 microtrench (which is more pronounced for ion deflection). Both of them promote the deflection of the particles toward the sidewall, which not only improves the morphology of the film but also increases the thickness of the film (coverage ratio).

On the bottom, the coverage ratio increases with increasing substrate bias in both c-HiPIMS and a-HiPIMS. At each substrate bias, the better coverage ratio of the bottom is always achieved in the a-HiPIMS. This evolution is essentially the same as on the 4.75:1 microtrench, since they have the same deposition mechanism which is primarily determined by the density and kinetic energy of the incident plasma. Note that at -100V bias, the higher bottom coverage ratio still appears in the a-HIPIMS, although the greater degree of resputtering occurs in a-HIPIMS. It is associated with the low aspect ratio of 1:1 microtrench. The low aspect ratio facilitates more plasma entering the trench, therefore having a sufficient amount of film-forming particles to maintain a good bottom coverage thickness even after a portion of particles is transferred to the sidewall.

Conclusion

In the present study, an auxiliary magnetic field was applied in HiPIMS to reinforce the influence of substrate bias for improving the conformal coverage capability on the microtrenches. Zr films were deposited on two differently sized microtrenches by HiPIMS with an auxiliary magnetic field (a-HiPIMS) and conventional HiPIMS (c-HiPIMS), operated with substrate bias of 0 V, -70 V and -100 V. The film morphology and coverage ratio on the two microtrenches were thoroughly investigated and compared. The results showed that in a-HiPIMS, improved conformal coverage was achieved on both microtrenches, exhibiting denser morphology, higher coverage ratio and more uniform distribution. Combined with the plasma monitoring and the electric field distribution around the microtrenches, the plasma behavior and the film-forming mechanism on the microtrenches were discussed. It reveals that the incorporation of the auxiliary magnetic field in HiPIMS with substrate bias allows a new form of control over the movement behavior of the plasma, which directs and recaptures electrons to the front of the substrate, thereby increasing the plasma density and the collision events, as well as the proportion of low energy ions. Based on such plasma characteristics, two mechanisms for redistributing particles on the surface of the microtrench are generated. One is that the increased density and enhanced proportion of low energy ions in the plasma can reinforce the deflection and guiding effect of the bias-induced electric field on the incident plasma. This change of plasma trajectory radically weakens the shadow effect itself and is primarily responsible for the improvement of the coverage on the upper sidewall of the microtrenches. The other is that the increased plasma density can excite stronger resputtering, which redistributes the sputtered particles near the bombarded sites (bottom) and ensures that the coverage of the bombarded sites is not compromised. The areas of the deeper sidewall and bottom corner that are originally "shadowed" by the source of the film-forming particles are thus compensated and optimized. These two mechanisms reinforce the effectiveness of substrate bias on plasma behavior control and thus optimize the conformal coverage on the microtrench. Table 1. Values of plasma density (near the substrate) and sheath thickness under the different substrate biases (floating, -70 V, and -100 V) in the c-HiPIMS and a-HiPIMS.

Figure and Table Captions

Table 2. Values of film thickness, deposition rates and grain sizes of Zr films on the top of the microtrenches facing the magnetron.
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 1 Figure 1. Schematic diagram of the a-HiPIMS deposition system and the cross-sectional view of two microtrench patterns.

Figure 3 .

 3 Figure 3. Evolution of the intensity ratios of I I ⁄ (blue column) and d I I ⁄ (orange column) as a function of substrate bias in a-HiPIMS and c-HiPIMS.

  substrate bias increases, the velocity of electron drift v E/B in the sub-E × B region is enhanced. The degree of secondary capturing of electrons and collisions in front of the substrate is thus improved. The I in the a-HiPIMS with increasing substrate bias. Consequently, all ionization ratios I I ⁄ and I I ⁄ in the a-HiPIMS are higher than those in the c-HiPIMS.

Figure 4 .

 4 Figure 4. Scheme of magnetic field lines and trajectory of electron E×B drift in front of the substrate.

Fig. 5

 5 Fig.5shows the voltage and current waveforms collected on the cathode during c-HiPIMS and a-HiPIMS discharges (both operate at floating substrate). It is obvious that the current peak during the pulse time-on period increases from 110 A in c-HiPIMS to 187 A in

Figure 5 .

 5 Figure 5. Cathode voltage (a) and current (b) waveforms collected on the cathode during c-HiPIMS and a-HiPIMS discharges.

  (1:1) microtrench, their electric field distributions in c-HiPIMS and a-HiPIMS are shown in Fig.8and Fig.9, respectively. The upper row represents the electric field distribution and the lower row represents the potential distribution. For all images of electric field and potential distributions, from left to right, the substrate bias was floating, -70 V, and -100 V in sequence.It can be seen from the results of 4.75:1 microtrench shown in Fig.7, the strongest electric field strength (upper row) is locally distributed at the top corner of the microtrench, the potential distribution (lower row) cannot reach the bottom of the microtrench. As the substrate bias increases, both the electric field strength and potential expand toward the interior of the microtrench, accompanied by a rapidly decaying amplitude. Even when the substrate bias reaches -100 V, the electric field strength and potential distributions cannot extend to the middle of the microtrench. Observed from the contour of the electric field distribution, it takes 38 μm, 47 μm, and 58 μm depths for the electric field strength decreasing from the maximum value at the upper corner (1.3 × 10 * V/m in 0 V, 2.4 × 10 * V/m in -70 V, 4.0 × 10 * V/m in -100 V) to the value of 3.0 × 10 V/m, at the floating, -70 V and -100 V bias, respectively.

Figure 7 .

 7 Figure 7. The contours of electric field distribution (V/m) and potential distribution (V) around the high aspect ratio (4.75:1) microtrench at the substrate bias of (a, d) floating, (b, e) -70 V, (c, f) -100 V. (Note that the electric field distribution is the same in the c-HiPIMS and in the a-HiPIMS for the 4.75: 1 microtrench.)

Figure 8 .

 8 Figure 8. The contours of electric field distribution (V/m) and potential distribution (V) around the low aspect ratio (1:1) microtrench in the c-HiPIMS at the substrate bias of (a, d) floating, (b, e) -70 V, (c, f) -100 V.

Figure 9 .

 9 Figure9. The contours of electric field distribution (V/m) and potential distribution (V) around the low aspect ratio (1:1) microtrench in the a-HiPIMS at the substrate bias of (a, d) floating, (b, e) -70 V, (c, f) -100 V.

Figure 10 .

 10 Figure 10. The evolution of the normal component of the electric field E ' on the sidewalls of the 4.75:1 microtrench (blue) and the 1:1 microtrench (green) at each substrate bias.

Figure 11 .

 11 Figure 11. (a) X-ray diffractograms of Zr films on the top surface of the microtrench at the substrate bias of floating, -70 V, -100 V in the c-HiPIMS and a-HiPIMS systems. (b) is the amplified XRD spectra between 30 ° and 44 °.

  75:1 microtrench, expressed as the normalized thickness profiles based on the film thickness at the top of the microtrench, are shown in Fig.14. The dashed lines represent the results obtained in the c-HiPIMS, and the solid lines represent the results obtained in the a-HIPIMS. It is apparent that the coverage ratios obtained in the a-HiPIMS are superior to those in the c-HIPIMS at each substrate bias. Note that the coverage ratio of the deeper sidewall in the a-HiPIMS with -70 V bias is not accurately given (marked by the gray circle) because the film is discontinuous here and cannot be measured precisely. The coverage ratios of the sidewall and bottom seem to have different evolution trends, so they are discussed separately.

Figure 14 .

 14 Figure 14. Evolutions of the film coverage ratios on the sidewall (a) and the bottom (b) of the 4.75:1 microtrench in the c-HiPIMS and the a-HiPIMS systems, at the substrate bias of floating, -70 V, and -100 V.

Figure 15 .

 15 Figure 15. Evolutions of the film coverage ratio on the sidewall surface (a) and the bottom (b) of the 1:1 microtrench in the c-HiPIMS and the a-HiPIMS systems, under the substrate bias of 0 V, -70 V, and -100 V.

Figure 1 .

 1 Figure 1. Schematic diagram of the a-HiPIMS deposition system and the cross-sectional view of two microtrench patterns.

Figure 2 .

 2 Figure 2. The observation positions of the film morphology inside the microtrenches.

Figure 3 .

 3 Figure 3. Evolution of the intensity ratios of I I ⁄ (blue column) and d I I ⁄ (orange column) as a function of substrate bias in a-HiPIMS and c-HiPIMS.

Figure 4 .

 4 Figure 4. Scheme of magnetic field lines and trajectory of electron E×B drift in front of the substrate.

Figure 5 .

 5 Figure 5. Cathode voltage (a) and current (b) waveforms collected on the cathode during c-HiPIMS and a-HiPIMS discharges.

Figure 6 .

 6 Figure 6. Current waveforms collected on the substrate during c-HiPIMS and a-HiPIMS discharges with different bias values.

Figure 7 .

 7 Figure 7. The contours of electric field distribution (V/m) and potential distribution (V) around the high aspect ratio (4.75:1) microtrench at the substrate bias of (a, d) floating, (b, e) -70 V, (c, f) -100 V.

Figure 8 .

 8 Figure 8. The contours of electric field distribution (V/m) and potential distribution (V) around the low aspect ratio (1:1) microtrench in c-HiPIMS at the substrate bias of (a) floating, (b) -70 V, (c) -100 V.

Figure 9 .

 9 Figure 9. The contours of electric field distribution (V/m) and potential distribution (V) around the low aspect ratio (1:1) microtrench in a-HiPIMS at the substrate bias of (a) floating, (b) -70 V, (c) -100 V.

Figure 10 .

 10 Figure10. The evolution of the normal component of the electric field E ' on the sidewalls of the 4.75:1 microtrench (blue) and 1:1 microtrench (green) at each substrate bias.

Figure 11 .

 11 Figure 11. (a) X-ray diffractograms of Zr films on the top surface of the microtrench at the substrate bias of floating, -70 V, -100 V in the c-HiPIMS and a-HiPIMS systems. (b) is the amplified XRD spectra between 30 ° and 44 °.

Figure 12 .

 12 Figure 12. SEM observation of cross-sectional morphologies of Zr films on the 4.75:1 microtrench.

Figure 13 .

 13 Figure 13. SEM observation of cross-sectional morphologies of Zr films on the 1:1 microtrench.

Figure 14 .

 14 Figure 14. Evolutions of the film coverage ratios on the sidewall (a) and the bottom (b) of the 4.75:1 microtrench in the c-HiPIMS and the a-HiPIMS systems, at the substrate bias of floating, -70 V, and -100 V.

Figure 15 .

 15 Figure 15. Evolutions of the film coverage ratio on the sidewall surface (a) and the bottom (b) of the 1:1 microtrench in the c-HiPIMS and the a-HiPIMS systems, under the substrate bias of 0 V, -70 V, and -100 V.

  

  

  

Table 2 .

 2 Values of film thickness, deposition rates and grain sizes of Zr films on the top of the microtrenches facing the magnetron.

	Batch	Deposition	Substrate bias	Film thickness	Deposition rate	Grain size
	no.	system	(V)	(μm)	(nm/min)	(nm)
	1		floating	2.1	29	13.9
	2	c-HiPIMS	-70	1.8	18	7.3
	3		-100	2.2	12	15.9
	4		floating	1.9	16	4.4
	5	a-HiPIMS	-70	1.7	15	7.5
	6		-100	2.0	10	16.1
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