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Abstract 

Fe/Si multilayer are widely used in polarized-neutron applications because of their high 

theoretical polarization efficiency. Reducing interface roughness is critical for maintaining the 

polarization performance of Fe/Si multilayers. In this paper, the honeycomb mask was designed to 

limit large-angle incident particles during the large-area rectangular-target direct current magnetron 

sputtering for lower interface and surface roughness of Fe/Si multilayers. The surface and interface 

performance were charactered with grazing incidence X-ray reflectivity, X-ray diffuse scattering, 

atomic force microscope and optical profilometer (OP). Hysteresis loop was measured to characterize 

the magnetic properties. The Fe-on-Si/Si-on-Fe interface widths decreased from 0.79/0.58 nm to 

0.53/0.45 nm according to fitted Grazing incidence X-ray reflectivity (GIXR) curves. The surface 

roughness was reduced from 0.29/0.67 nm RMS in AFM/OP to 0.16/0.39 nm. The Fe-on-Si/Si-on-Fe 

interface roughness decreased from 0.71/0.50 nm to 0.47/0.40 nm according to fitted X-ray diffuse 

scattering (XRS) curves. The coercivity decreased from 50 Oe to 25 Oe in hysteresis loop results. 

These results indicate that limiting large-angle incident particles can reduce the coercivity by 

improving the interface and surface quality without changing the crystallite size These results indicate 

that limiting large-angle incident particles can reduce the coercivity by improving the interface and 

surface quality without changing the crystallite size 
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Introduction 

Fe/Si multilayers have attracted broad interest for applications in neutron polarizing optics 
[1]

 

and magnetoresistive devices 
[2]

, together with potential applications in spintronics and magnetic 

sensing 
[3]

. Their properties are strongly influenced by interface structure and composition. 

Intermixing and silicide formation can modify the magnetic response and effective magnetic thickness 

of the Fe layers 
[4]

. In neutron polarizing mirrors, interface imperfections also modify the 

scattering-length-density (SLD) profile and reflected intensity. Roughness contributes to diffuse 

scattering, while intermixing may reduce the SLD contrast between adjacent layers 
[1]

. Control of 

surface morphology and interface formation is therefore important for achieving the desired structural 

and magnetic properties.  

Many approaches have been explored to reduce interface and surface roughness of Fe/Si 

multilayer, such as reactive deposition, varying sputtering method, tuning Si or Fe layer thickness, 

employing slit structures, and adding interlayers. Zhang et al. varied the Si layer thickness in Fe/Si 

multilayers deposited by DC magnetron sputtering to change the interfacial structure and control 

interface roughness 
[5]

. It was found that increasing the Si thickness reduced the Fe-on-Si interlayer 

thickness from 0.95 nm to 0.38 nm. This change shifted the interfaces from asymmetric to symmetric. 

Amir et al. compared the interfacial structures of Fe/Si multilayers prepared by electron-beam 

evaporation and DC magnetron sputtering 
[4]

. They concluded that DC magnetron sputtering produced 

a thinner Fe–Si interlayer, which reduced interdiffusion and yielded smoother interfaces. Kumar et al. 

changed the Si layers thickness in Fe/Si multilayers to investigate the morphology of silicon on Fe 

interface 
[6]

. They found that increasing the Si layer thickness decreased the peak intensity in the 

atomic force microscopy (AFM) images, and the surface became smoother and more uniform. Ashfaq 

et al. modified the aperture geometry in magnetron sputtering to change particle incidence and reduce 

interface roughness.
 [7]

. They showed that the modified Fe sputtering aperture decreased the Fe–Si 

interlayer thickness and reduced its roughness. Kharmouche et al. deposited Fe films by thermal 

evaporation onto monocrystalline Si (100) and Si (111) substrates to examine the effect of substrate 

orientation on film roughness 
[8]

 They revealed that Fe films on Si (111) exhibited higher surface 

roughness than those on Si (111). Høghøj et al. used reactive sputtering of Si in N₂ to form a SiNx 

interdiffusion barrier, which inhibited the formation of non-magnetic layers in Fe/Si multilayers 
[9]

. 

Reflectivity and transmission results confirmed that this goal was achieved. Zubayer et al. inserted 

11
B4C interlayers into Fe/Si multilayers to improve interface quality and control diffusion for polarized 

neutron optics 
[10]

. They showed that 1Å and 2Å 
11

B4C interlayers sharpened the interfaces, reduced 

the interface width, and suppressed excessive Si diffusion into the Fe layers. A. Zubayer revealed the 

incorporation of 
11

B4C changed the Fe microstructure by suppressing crystallization 
[1]

. The coercivity 

of Fe/Si multilayer was reduced and the magnetic properties were improved. The above researches 



have been proved effective in reducing the interfacial roughness of Fe/Si multilayer. However, the 

application of the above methods might be limited because the adjustment of multilayer configuration 

or deposition system were often relied on. Although the incorporation of 
11

B4C can improve the 

interfacial quality and magnetic performance, thereby enhancing the polarization efficiency. The Fe/Si 

Multilayers with 
11

B₄C is not suitable in neutron polarizing supermirrors because its relatively large 

neutron scattering cross section can introduce additional neutron losses. Therefore, the honeycomb 

mask is designed to limit the large-angle incident particles, thereby reducing the interface and surface 

roughness of Fe/Si multilayers. 

Particle incidence angle affects the growth morphology of sputtered films. At oblique incidence, 

surface protrusions shadow neighboring regions and produce uneven deposition. If surface diffusion is 

insufficient to smooth these variations, shadowing can promote columnar growth and roughening. In 

magnetron-sputtered FeCoB films, increasing the incidence angle was associated with changes in 

surface roughness and magnetic anisotropy 
[11]

. Increased substrate inclination also increased surface 

and interface roughness in Mo/Si multilayers, particularly at 50°-70° [12]
. Conversely, collimating 

sputtered particles was shown to suppress interface roughness in multilayer mirror coatings
 [9]

. These 

findings have motivated the present investigation of how restricting large-angle incident particles 

affects the surface, interface, and magnetic properties of Fe/Si multilayers. 

In this paper, the honeycomb mask was designed to limit large-angle incident particles during 

depositing Fe/Si multilayers for smoother interfaces/surface and higher magnetic properties. In 

Section 2, the particle sputtering simulation was presented to evaluate the effect of honeycomb mask 

to limit the large-angle incident particles. Then, this honeycomb mask was applied to depositing the 

Fe/Si multilayer. In Section 3, the experiments of multilayer fabrication and characterization were 

described. The results were discussed in Section 4. The simulation results of the honeycomb mask 

were reported in Section 4.1. The interface width was evaluated by using XRR in Section 4.2. The 

surface roughness was measured in Section 4.3. The interface roughness was analyzed by using XRS 

in Section 4.4. In Section 4.5, the roughness evolution mechanism was investigated through X-ray 

diffraction (XRD). Finally, the magnetic properties of the Fe/Si multilayers were compared in Section 

4.6. 

2. Method 

Large rectangular targets were employed to sputtering Fe/Si multilayers on large substrate. The 

target size was 130 mm (x direction) × 380 mm (y direction), and the distance between target and 

substrate was 115 mm. During DC magnetron sputtering with large-area rectangular targets, 

large-angle incident particles have lower mobility on the substrate surface. Therefore, Fe/Si 

multilayers deposited using large-area rectangular targets can exhibit greater interfacial and surface 



roughness. Therefore, Fe/Si multilayers deposited using large-area rectangular targets can exhibit 

greater interfacial and surface roughness. 
[13]

.  

Previous studies have shown that when the incidence angle exceeds 52°, surface roughness 

increases markedly 
[14]

. The honeycomb mask was designed to block large-angle particles emitted 

from the target and to limit the incidence angle at the substrate to below 52°. As a result, large-angle 

particles cannot pass through the honeycomb openings to reach the substrate. According to the initial 

angle probability distribution in the literature, the size of honeycomb mask was 300 mm (x direction) 

× 400 mm (y direction) and the honeycomb diameter was set to 10mm and the thickness to 5mm 
[15-16]

.  

To verify the angular distribution of incident particles, the Monte Carlo simulation was carried 

out with MATLAB 
[16-17]

. Based on the chamber dimensions and the particle transmission geometry, 

the mask was placed 40 mm from the substrate. This spacing provided the desired angular cutoff, 

thereby helping to reduce surface and interface roughness. When depositing multilayers using a linear 

direct current magnetron sputtering, the substrate moved horizontally in front of the target. The size of 

the target material we used was 130×380mm, and the size of the substrate was 300×200mm. 

Additionally, the center of the substrate was collinear with the center of the target. The distance 

between the target and the mask (d1) was 75 mm and the distance between mask and substrate (d2) 

was 40 mm. Under a sufficiently high vacuum, the particles emitted from the target follow a cosine 

distribution, and the deposition process is approximated by a collisionless with straight-line transport 

trajectory as shown in Fig. 1
[17]

.  

The angular distribution of sputtered particles in magnetron sputtering was described by a 

modified cosine function 
[18]

. The probability P(θ) for a particle emitted from a point on the target 

surface is expressed as: 𝑃(𝜃) = 2𝑎 ∙ 𝑐𝑜𝑠𝜃/𝑎2 + (1 − 𝑎2)𝑐𝑜𝑠2𝜃, where 𝜃 is the angle between the 

sputtered particle trajectory and the surface normal of the target 
[19]

. This distribution forms an 

elliptical profile, and the parameter 𝛼 determines the ratio of the major to minor axes of this ellipse 

[19]
. The value of 𝛼 depends on the target material and the plasma energy. It is expressed as 

𝛼 = 𝐸𝑖𝑜𝑛 ∗ 𝑐𝑜𝑠𝜃𝑖/2𝑈𝑏 , where 𝐸𝑖𝑜𝑛 is the plasma energy, 𝑈𝑏 is the surface binding energy of the 

target material, and 𝜃𝑖 is the angle of plasma 
[20]

. In sputtering, 𝑈𝑏is the minimum energy needed for 

an atom to leave the surface. In this paper, 𝛼 of Fe target was set as 1.3 
[21]

. The Monte Carlo 

simulation was performed for each case, with and without the honeycomb mask. Each simulation 

tracked 300000 sputtered particles generated from random positions on the target surface. The entire 

substrate area of 300 mm × 200 was divided into 5 mm × 5 mm cells, giving 2400 cells in total. 

Particle origins were randomly sampled over the target area, and emission directions were 

generated based on the cosine distribution. Each trajectory was propagated through the specified 



target–substrate geometry, and particles intersecting the substrate were recorded. Moreover, the 

incidence angles from all cells were grouped into 2° bins. The same binning and normalization 

procedures were applied to all independent runs for both configurations. The simulation results 

are discussed in Section 4.1. 

 

Figure.1. The schematic diagram of the target particle sputtering trajectory in Monte Carlo 

simulation. 

3. Experimental 

The Fe/Si multilayers were fabricated by using linear DC magnetron sputtering with honeycomb 

mask to explore its effect on the surface, interface, and magnetic properties. Fig. 2 showed the 

deposition masks in the practical linear DC magnetron sputtering process. Vickery et al. investigated 

six honeycomb collimators with different geometries for W/Si multilayer deposition
 [14]

. They found 

that preventing particles with incidence angles above about 50° from reaching the substrate kept the 

interfacial roughness low at about 3.5 Å, whereas allowing these large-angle particles to reach the 

substrate significantly increased the roughness. This study supported our selection of honeycomb 

mask parameters and provides guidance for future optimization. As shown in Fig. 2(a), the correction 

mask was placed between the target and the substrate. It was used to improve the vertical uniformity 

of multilayer. In Fig. 2(b), the honeycomb mask was introduced at a distance of 40 mm in front of the 

substrate, with its position aligned with that of the simulated region. The length and width of Fe and 

Si target were 380mm and 130mm. The multilayers were deposited on a polished Si (100) crystal 

substrate with the size of 20 mm × 20 mm and the thickness of 0.5 mm. The base pressure before the 

deposition was 1.2×10
-4

 Pa. During the deposition process, high-purity (99.99%) Ar gas was inflated 

as the sputtering gas. The working pressure was maintained at 1.0 mTorr and the gas flow rate was 5 

sccm. The sputtering power of the Fe target and the Si target was 250W and 300W respectively. The 

distance between substrate and Fe target was 11.5 cm, while it was 11.5 cm for Si target. The Fe/Si 

multilayer that fabricated without honeycomb mask was symbolized as S1 (N=12), while that with the 

honeycomb mask was symbolized as S2 (N=12). The bilayer thickness of sample S1 and S2 was 9.75 

nm and 9.59 nm respectively. The ratio of Fe layer to the bilayer thickness (Γ  = 𝑑  /𝑑) was 0.77 in 



S1, while the ratio was 0.79 in S2. The two samples were designed as a controlled pair to evaluate the 

effect of the honeycomb mask. The Fe and Si layer thicknesses in both samples correspond to the 

thinnest bilayer in an (m=3) Fe/Si neutron polarizing supermirror. These thin bilayers mainly affect 

the reflectivity near the upper critical edge at high (q), where interface quality is particularly 

important. The thickness control of each layer was realized by varying the substrate speed through the 

sputtering region. The preparation parameters of the two samples were kept the same. The honeycomb 

mask limited the large-angle incident particles for S2, so its thickness was slightly decreased.  

  

Figure.2. DC magnetron sputtering. (a) without honeycomb mask (S1) and (b) with honeycomb mask 

(S2). 

The surface and interface performance were charactered with Grazing incidence X-ray 

reflectivity (GIXR), AFM, optical profilometer (OP), X-ray diffuse scattering (XRS), and XRD. GIXR 

and XRS were employed to characterize the interfacial properties of multilayers, utilizing a Bruker D8 

Discover X-ray diffractometer furnished with a Cu-Kα radiation source at the wavelength of 0.154nm 

(8.04 keV). The GIXR measurements were carried out by a specular scan mode (θ-2θ) with the range 

of 0°<2θ<8° 
[22]

. The layer thicknesses, densities, and interface widths of the Fe/Si multilayers were 

obtained by fitting the GIXR curves with GenX software 
[23]

. The XRS were measured with a 

rocking-scan mode, where the incident and detector angles scanned around the first Bragg peak of the 

GIXR curve. The XRS curves were fitted using IMD software 
[24]

 for the interface roughness, 

interfacial diffusion, and lateral correlation length. In addition, XRD curves were measured to analyze 

the crystalline phases in the layers, using a Bruker D8 DISCOVER diffractometer with Cu Kα 

radiation (λ = 0.154 nm) in a θ–2θ scan mode. OP and AFM were employed to characterize the surface 

roughness of Fe/Si multilayers. AFM tests were performed in tapping mode via a Bruker Dimension 

Edge system, covering three fields of view (FOV) of 1 μm × 1 μm, 5 μm × 5 μm, and 10 μm × 10 μm. 

OP tests were carried out using a Bruker Contour GT-X3), with two FOV: 624 μm × 468 μm and 125 

μm × 94 μm. Magnetic properties were critical in governing the polarization performance of neutrons. 

To characterize the magnetization behavior of the samples, the coercivity (Hc) was tested by using a 

vibrating-sample magnetometer (LAKESHORE 7407). However, their neutron-optical performance 

has not yet been directly assessed. Future work will employ polarized neutron reflectometry (PNR) to 



determine the nuclear and magnetic scattering-length-density profiles and to evaluate the polarization 

reflectivity and polarization efficiency. 

4. Result and discussion 

4.1. Simulation Results of Particle Incidence Angle Distribution 

To improve the statistical stability of the simulation, the Monte Carlo run was performed for each 

configuration, with and without the honeycomb mask. Particle-number convergence was examined 

using N=100000, N=300000, N=500000, N=1000000 particles for both configurations, as shown in 

Fig. 3. The particles were generated from random positions on the target surface according to the 

angular probability model described above. The entire 300 mm × 200 mm substrate was divided into 

2400 cells of 5 mm × 5 mm. These cells recorded the landing positions and incidence angles of 

particles reaching the substrate. The incidence angles collected from all cells were binned into 2° 

intervals. The simulated incidence-angle distributions were shown in Fig. 3. The target–substrate 

geometry affected the incidence angles of particles reaching the substrate. Consequently, the 

distributions for both configurations peaked between 40° and 50°. For all particle numbers examined, 

the incidence-angle distribution extended from approximately 0° to 73° without the honeycomb mask, 

whereas it was restricted to approximately  0°–52° after the honeycomb mask was introduced, as 

shown in Fig. 3(a)–(d). The honeycomb mask did not collimate all particles along the substrate 

normal. Instead, it mainly blocked particles that would otherwise reach the substrate at incidence 

angles above 52°. As shown in Fig.3, increasing the particle number reduced the sampling 

fluctuations, whereas the overall incidence-angle distributions remained essentially unchanged. 

Increasing the number of simulated particles from 100000 to 1000000 reduced random sampling 

fluctuations and improved the stability of the calculated distributions. The overall incidence-angle 

distributions remained nearly unchanged as the number of simulated particles increased. This result 

confirms that the honeycomb mask reduced the fraction of large-angle incident particles through 

geometric filtering. 



 

Figure.3. Monte Carlo-simulated incidence-angle distributions for different numbers of particles: (a) 

N=100000, (b) N=300000, (c) N=500000, and (d) N=1000000. The upper and lower histograms in (a)–(d) 

correspond to without and with the honeycomb mask, respectively. 

4.2. Interface Width according to GIXR Analysis 

As shown in Fig. 4, the measured and fitted GIXR curves were presented for the Fe/Si 

multilayers deposited with and without the honeycomb mask under otherwise identical conditions. The 

Bragg peaks of S1 and S2 occurred at nearly the same angular positions, indicating similar bilayer 

thicknesses. The GIXR curves were fitted using the differential-evolution algorithm implemented in 

GenX 
[23]

. In the structural model, the top Si layer and bottom Fe layer were modeled separately, 

while the intermediate 11 Fe/Si bilayers were treated as a repeated stack. The fitted densities of Fe 

and Si remained close to their respective bulk values of 7.874 and 2.330 g cm⁻³ 
[29-30]

. The fitted curves 

reproduced the main features of the measured curves, including the Bragg-peak positions and overall 

intensity profiles, as shown in Figure 4. The Fe and Si layer thicknesses, densities, and effective 

interface widths obtained from the GIXR fitting were summarized in Table 1. The two interfaces were 

distinguished according to the deposition sequence. The Fe-on-Si interface was formed when Fe was 

deposited onto an underlying Si layer, whereas the Si-on-Fe interface was formed when Si was 

deposited onto an underlying Fe layer. The effective interface width was defined as the Gaussian 

root-mean-square width of the laterally averaged electron-density transition across an interface in the 

GenX model 
[23]

. Because specular GIXR cannot distinguish morphological roughness from 

compositional grading caused by interdiffusion, the fitted interface width represented the combined 

contribution of both effects 
[31-32]

. For S1, the effective interface widths of the Fe-on-Si and Si-on-Fe 



interfaces were 0.79 and 0.57 nm, respectively. For S2, the corresponding values decreased to 0.53 

and 0.45 nm, respectively. Interface roughness and interdiffusion were further discussed in Section 4.4 

based on the X-ray scattering results. These results demonstrated that the effective widths were 

decreased by using honeycomb mask. 

 

Figure.4. GIXR curves (black circles) and the fitting results (red solid lines) for Fe/Si multilayers 

without and with honeycomb mask. 

Table 1. Structural parameters of Fe/Si multilayers deposited with and without honeycomb mask 

obtained from fitting the GIXR curves 

Sample N d(nm) dFe(nm) dSi(nm) 𝝈𝐅𝐞−𝐨𝐧−𝐒𝐢(nm) 𝝈𝐒𝐢−𝐨𝐧−𝐅𝐞(nm) 

S1 12 9.77 7.57 2.20 0.79 0.58 

S2 12 9.60 7.53 2.07 0.53 0.45 

 

4.3. Surface Roughness by using OP and AFM 

The surface morphologies of S1 and S2 were measured by AFM and OP as shown in Fig. 5. 

Surface morphologies scanned by AFM in 1 μm×1 μm FOV were presented in Fig. 5(a) and (b). The 

surface morphology of S2 with the honeycomb mask exhibited the roughness of 0.16 nm RMS and 1.1 

nm peak-to-valley (PV). In contrast, the S1 without the honeycomb mask showed more isolated 

protrusions. The roughness was 0.29 nm RMS and 1.4 nm PV. Fig. 5(c) and 5(d) showed OP surface 

morphology images of Fe/Si multilayers deposited using without and with the honeycomb mask in 

125 μm × 94 μm FOV. Obtained roughness was 0.39 nm RMS for S2 and 0.67 nm for S1. The 

introduction of the honeycomb mask during deposition was confirmed to reduce the surface roughness 

of the Fe/Si multilayers. 



 

Figure 5. Surface morphology images of Fe/Si multilayer (a) without honeycomb mask and (b) with 

honeycomb mask, measured using AFM in 1 um × 1 um FOV; (c) without honeycomb mask and (d) with 

honeycomb mask, measured by OP in 125 μm × 94 μm FOV. (e) The one-dimensional power spectral 

density (PSD) of surface morphology. 

The surface morphology comparison of each frequency was achieved by the power spectral 

density (PSD) analysis. The OP images in 624 μm × 468 μm and 125 μm × 94 μm FOV, as well as the 

AFM images in 1 μm × 1 μm, 5 μm × 5 μm, and 10 μm × 10 μm FOV, were used for Fourier 

transformed and stitched. The PSD curves ranging from 2.0 × 10⁻² μm⁻¹ to 1.0 × 10² μm⁻¹ were 

obtained as presented in Fig. 5(e). 

After adopting honeycomb mask, the PSD values decreased almost throughout the entire range. 

In the low-spatial-frequency range, the PSD curves of S1 and S2 were nearly parallel. In the 

low-spatial-frequency range, the PSD curves of S1 and S2 were nearly parallel. The lower PSD values 



of S2 suggested that both samples had a similar frequency dependence of the large-scale morphology, 

but S2 had smaller surface-height fluctuations
 [33-34]

. Spatial frequency was related to spatial 

wavelength by 𝜆𝑠 = 1/𝑓. Therefore, the high-spatial-frequency region of 𝑓 > 10 𝜇𝑚−1corresponded 

to lateral wavelengths smaller than 𝜆𝑠 < 0.1 𝜇𝑚and primarily represents fine-scale surface features 

resolved by the small-FOV AFM measurements 
[31]

. In the high-spatial-frequency range, the lower 

PSD level of S2 was associated with roughness at small FOV, consistent with the decrease in the AFM 

(1 𝜇𝑚) value from 0.29 to 0.16 nm. For S1, more large angle particles reached the surface 

protrusions, while fewer reached the recessed regions because of geometric shadowing. This 

difference in particle flux increased local height variations and surface roughness. The honeycomb 

mask reduced the large angle particle flux and weakened the shadowing effect. As a result, deposition 

became more uniform at short lateral length scales, leading to lower PSD values in the high-frequency 

range 
[35-36]

. Overall, the decreases in the PSD level and surface roughness were consistent with the 

AFM, OP, and GIXR results. 

4.4. Interface Roughness by using XRS analysis 

Although the surface morphologies by using AFM and OP showed the significantly reduced 

surface roughness with honeycomb mask, they cannot represent the interface roughness quantitatively. 

The above GIXR curves could be used to calculate the interface width of Fe/Si multilayers, but the 

contributions of interface roughness (𝜎𝑟) and interface diffusion (𝜎𝑑) cannot be isolated from the 

interface width. Therefore, XRS curves were measured near the first Bragg peak of the GIXR curve to 

obtain the interface roughness. They were normalized using the maximum intensity, as shown in Fig. 6. 

The honeycomb-hole mask significantly reduced the diffuse reflection intensity of the S2, which was 

consistent with the report of Vickery et al 
[14]

. 

 

Figure.6. XRS curves (rocking curves) of Fe/Si multilayers deposited without and with honeycomb 

mask around 1st Bragg peaks (~0.55° grazing). 



 

Figure.7. XRS curve fitting results of Fe/Si multilayers deposited without and with honeycomb mask 

around 1st Bragg peaks (~0.55° grazing). 

The interface roughness was obtained by quantitatively analyzing XRS curves in IMD software 

with first-order distorted-wave Born approximation (DWBA). In this fitting model, each multilayer 

interface was described by a power spectral density (PSD) function 
[37-38]

. The PSD was defined by the 

interface roughness 𝜎𝑟, the in-plane lateral correlation length 𝜉||, and the sawtooth factor h. These 

parameters were determined by the intrinsic properties of the multilayer system. The value range of 

sawtooth factor h was from 0.5 to 1. For smooth sputter-deposited multilayers, h was typically set to 

[39-41]
. The XRS curves and corresponding fitting curves were compared in Fig. 7. Subsequently, the 

interface widths (𝜎) were obtained, which were contributed by interfacial diffusion (𝜎𝑑) and interface 

roughness (𝜎𝑟) as 𝜎2 = 𝜎𝑟
2 + 𝜎𝑑

2 [40-41]
. The interface diffusion (𝜎𝑑) was subsequently determined 

from the value of 𝜎𝑟. The obtained interface parameters were listed in Table 2, consistent with those 

via fitting GIXR. The interface roughness of Fe-on-Si interfaces was higher than that of Si-on-Fe. It 

could be attributed to the difference in surface free energy between Fe and Si (Si: 1.2 J/m²; Fe: 2.9 

J/m²) 
[41]

. In Fe/Si multilayers, island-like agglomerative growth could be facilitated by high surface 

free energy and rapid interlayer diffusion of Fe. Such phenomena increased interlayer, surface 

roughness and interface widths. In contrast, the Si layers remained comparatively smaller interface 

roughness 
[5,6,42]

. Meanwhile, the interface roughness values obtained through fitting XRS were 

similar to the interface widths via GIXR, indicating that interface roughness dominated the interfacial 

characteristics. After introducing the honeycomb mask, the Fe-on-Si and Si-on-Fe interface roughness 

values decreased from 0.71 and 0.50 nm to 0.47 and 0.40 nm, respectively. This reduction was 

attributed to the suppression of large-angle incident particles and the resulting decrease in 

deposition-induced interface fluctuations. 

The lateral coherence length was consistent with the interfacial morphological features of the 

film interfaces: a larger lateral coherence length corresponds to a larger lateral correlation scale of the 

roughness 
[43]

. Compared with S1, the lateral coherence lengths at both the Fe-on-Si and Si-on-Fe 



interfaces were reduced in S2. The lower lateral correlation length of S2 shows that the 

interface-height variations were correlated over a shorter distance. Together with the lower interface 

roughness, this suggests that the honeycomb mask reduced large-scale roughness features. This result 

further supports the effect of the honeycomb mask on improving the interface morphology. Meanwhile, 

the cumulation of bilayers led to higher surface roughness 
[44-46]

. Although GIXR, XRS, AFM, and OP 

probe different structural features and length scales, all measurements showed consistent reductions 

in interface width, interface roughness, and surface roughness. 

Table2. The XRS fitting parameters of Fe/Si multilayer samples without and with honeycomb mask. Here, 

𝜎 represents the interface fitting value from GIXR. 

Sample N Fe-on-Si  Si-on-Fe 

  𝝈(𝒏𝒎) 𝝈𝐫(𝒏𝒎) 𝝈𝐝(𝒏𝒎) 𝝃||(𝒏𝒎)  𝝈(𝒏𝒎) 𝝈𝐫(𝒏𝒎) 𝝈𝐝(𝒏𝒎) 𝝃||(𝒏𝒎) 

S1 12 0.79 0.71 0.35 1305.6  0.58 0.50 0.31 990.5 

S2 12 0.53 0.47 0.25 1005.6  0.45 0.40 0.21 780.5 

 

4.5. X-ray Diffraction 

To evaluate the crystallization characteristics of the Fe/Si multilayers, XRD measurements were 

carried out on the S1 and S2 samples using a Bruker D8 Advance diffractometer. The crystalline 

phases were identified by comparing the measured XRD patterns with the reference powder diffraction 

file (PDF) data from the International Centre for Diffraction Data (ICDD) using JADE software. As 

shown in Fig. 8, both samples exhibited a broad diffraction peak near 2θ = 44.67°, which was 

assigned to bcc-Fe (110) (PDF No. 50-1275). No additional diffraction peaks were observed, 

indicating that the honeycomb mask did not change the crystalline phase of the Fe layers. For 

quantitative comparison, the Fe (110) peaks of both samples were fitted over the same angular range 

using an identical pseudo-Voigt function and background model. The fitted curves adequately 

reproduced the peak positions, widths, and overall profiles of the Fe (110) peaks. Minor differences 

between the measured and fitted curves were mainly observed in the low-intensity background regions, 

particularly on the high-angle side of the S2 pattern. However, no clear systematic deviation was 

observed in the main peak region. Therefore, the fitting was considered adequate for extracting and 

comparing the peak positions and FWHM values of the two samples. The fitted peak positions were 

44.67°±0.02° for S1 and 44.67°±0.05° for S2. The corresponding FWHM values were 1.35°±0.07° for 

S1 and 1.43°±0.07° for S2, respectively. The reported uncertainties represent one standard error 

obtained from the nonlinear least-squares peak fitting
 [47].

 The average crystallite sizes were 

calculated from the fitted FWHM values of the Fe (110) peaks using the Scherrer equation. The 

apparent crystallite sizes were approximately 6.5 ± 0.3 nm for S1 and 6.0 ± 0.3 nm for S2. The 



uncertainties represent a minimum model-related uncertainty of about 5% associated with the use of 

fitted peak widths in the Scherrer equation 
[48]

. The difference of approximately 0.5 nm between the 

two samples was comparable to the estimated uncertainty. Therefore, no clear change in the Fe 

crystallite size was identified after introducing the honeycomb mask. In contrast, Zubayer et al. 

recently reported that incorporating 14 vol.% ¹¹B₄C into both the Fe and Si layers produced a nearly 

fully amorphous multilayer, whereas pure Fe/Si multilayers showed clear crystallinity 
[1]

. The 

incorporation of ¹¹B₄C suppressed Fe crystallite growth and iron-silicide formation, thereby reducing 

the interface width and diffuse scattering. Thus, the ¹¹B₄C approach improves interface quality mainly 

through composition-induced amorphization. In the present study, the honeycomb mask improved the 

surface and interface quality by limiting large-angle incident particles and weakening the geometric 

shadowing effect. It did not change the material composition or Fe crystal structure. Therefore, these 

two approaches improve multilayer quality through different mechanisms. These results suggest that 

the improvements in surface and interface quality were unlikely to originate from a change in Fe 

crystallization. 

  

Figure 8. XRD results of Fe/Si multilayer samples (a) without honeycomb mask and (b) with 

honeycomb mask 

4.6. Hysteresis loop measurement 

As discussed above, the honeycomb mask reduced the interface width, interface roughness, and 

surface roughness of the Fe/Si multilayers. To examine whether these structural improvements affected 

their magnetic response, in-plane hysteresis loops were measured, as shown in Fig. 9. Hysteresis 

loops were measured with the applied magnetic field oriented parallel and perpendicular to the film 

plane. Each sample was carefully aligned before measurement. For the in-plane measurements, the 

film plane was aligned parallel to the applied field, whereas for the out-of-plane measurements, the 

film normal was aligned parallel to the field. The absolute angular uncertainty of the measurement 

system was approximately ± 1°. Previous studies have shown that a sample misalignment of 

approximately 1° can introduce spurious features into hard-axis magnetization curve 
[49]

. S1 and S2 



were measured using the same sample holder, alignment reference, and measurement protocol, with 

the relative difference between their mounting angles controlled within 0.1°. Therefore, the hysteresis 

loop test results of S1 and S2 can be reliably compared. 

For the testing of hysteresis loops parallel to the plane, S1 exhibited a saturation magnetization 

(Ms) of 1136 emu/cm³ and a coercivity (Hc) of 50 Oe, whereas S2 exhibited an Ms of 1187 emu/cm³ and 

an Hc of 25 Oe. Thus, the use of the honeycomb mask was accompanied by a slight increase in Ms and 

a decrease in Hc. The lower Hc of S2 is consistent with its reduced interface and surface roughness 

because morphological irregularities may act as pinning sites for domain-wall motion 
[50-51]

. Overall, 

limiting large-angle incident particles improved the interface and surface quality without 

compromising the ability of the Fe/Si multilayers to reach in-plane magnetic saturation. For the 

perpendicular hysteresis-loop measurements, previous studies have shown that deposition at large or 

oblique incidence angles enhances the self-shadowing effect and may promote the growth of 

directional or tilted columnar microstructures 
[52]

. The resulting shape anisotropy can cause the local 

easy axes to deviate from the film plane 
[49,53]

. Therefore, the more pronounced out-of-plane 

magnetization response of S1 may be associated with the growth-induced anisotropy and higher 

roughness caused by large-angle incident particles. By contrast, the honeycomb mask reduced the 

fraction of large-angle incident particles and decreased the surface and interfacial roughness of S2, 

thereby weakening the associated structure-induced anisotropy and its out-of-plane magnetization 

response. 



 

Figure 9. Magnetization hysteresis loops of Fe/Si multilayer deposited (a) without honeycomb mask 

and (b) with honeycomb mask. 

5. Conclusion 

This paper focuses on reducing the interface roughness of Fe/Si multilayers by introducing the 

honeycomb mask to limit large-angle incident particles, including incidence angle distribution 

simulation, roughness characterization, and the magnetic properties of Fe/Si multilayers.  

(1) The honeycomb mask was designed to limit the large-angle incident particles. The angle 

distributions of incident particles were obtained by the Monte Carlo simulations. Without the 

honeycomb mask, the incidence angles ranged approximately from 0 to 73°. After adopting the 

honeycomb mask, the range was narrowed down to about 0 to 52°. It clearly demonstrated that the 

honeycomb mask limited large-angle incident particles.  

(2) The Fe-on-Si/Si-on-Fe interface widths decreased from 0.79/0.57 nm to 0.53/0.45 nm by 

fitting GIXR curves. The surface roughness was reduced to RMS 0.16 nm in AFM and 0.39 nm in OP 

by using honeycomb mask, compared with the sample without honeycomb mask (RMS 0.29 nm in 

AFM and 0.67 nm in OP). The Fe-on-Si/Si-on-Fe interface roughness decreased from 0.71/0.50 nm to 

0.47/0.40 nm by fitting XRS curves. The experimentally observed reductions in interfacial width, 

surface roughness, and interfacial roughness were associated with the reduced incidence of 

large-angle particles, in agreement with the Monte Carlo simulation results. 



(3) The further effect on magnetic properties were obtained by using hysteresis loops. According 

to the in-plane magnetic hysteresis loops, a higher Ms was achieved by using honeycomb mask (from 

1136 emu/cm³ to 1187 emu/cm³). The cc was lower (from 50 Oe to 25 Oe). Moreover, this change 

caused only by interface roughness reduction, because the crystallite size remained essentially 

unchanged according to XRD results. 

For neutron supermirrors, the thinner bilayers contribute primarily to the reflectivity near the 

upper critical edge, where interface quality is particularly important. The honeycomb mask reduces 

the number of particles reaching the substrate at large incidence angles. This reduces the interfacial 

width and roughness of the thin Fe/Si bilayers and lowers the surface roughness of the multilayer. The 

improved interface and surface quality may suppress interdiffusion and off-specular scattering. 

Consequently, reflectivity losses may be reduced. This method therefore has the potential to improve 

the high-(q) reflectivity of Fe/Si neutron polarizing supermirrors. Future work will apply the 

honeycomb mask to supermirror fabrication and evaluate its effectiveness through neutron reflectivity 

and polarization-efficiency measurements. 
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