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Abstract: Recent advances in the development of attosecond soft X-ray 
sources ranging into the water window spectral range, between the 1s states 
of carbon and oxygen (284 eV–543 eV), are also driving the development 
of suited broadband multilayer optics for steering and shaping attosecond 
pulses. The relatively low intensity of current High Harmonic Generation 
(HHG) soft X-ray sources calls for an efficient use of photons, thus the 
development of low-loss multilayer optics is of uttermost importance. Here, 
we report about the realization of broadband Cr/Sc attosecond multilayer 
mirrors with nearly atomically smooth interfaces by an optimized ion beam 
deposition and assisted interface polishing process. This yields to our 
knowledge highest multilayer mirror reflectivity at 300 eV near normal 
incidence. The results are verified by transmission electron microscopy 
(TEM) and soft/hard X-ray reflectometry. 
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1. Introduction 

Highly reflective multilayer mirrors for the water window spectral range, the spectral range 
defined by the K-edges of carbon and oxygen (284 eV and 543 eV, respectively) [1], have 
become of great interest over the last decades [2–5]. The water window serves as almost 
perfect spectral range for the investigation of biological processes as the carbon atoms of 
tissue are highly absorbing, while their natural aqueous environment is transparent in 
comparison. Various applications are aiming for physical access to biologically relevant 
processes, like high-resolution microscopy [6–8], time-resolved attosecond (soft) X-ray 
spectroscopy [9,10] or (X-ray) astronomy [11,12]. These applications demand multilayer 
mirrors for beam steering, spectral shaping or as focusing elements. Low photon loss can be 
accomplished by accurate deposition processes and lowest interface imperfections of such 
mirrors. Here we focus on the extension of mirror technology for attosecond (1 as = 10−18 s) 
pulses from currently sub-200 eV [13,14] to the water window spectral range. This will 
provide not only new insight into the dynamics of ultrafast core-shell electron wave packets 
[15], measured by time-resolved spectroscopy, but will also push forward the investigation of 
biomolecules and cells in attosecond time-resolved soft X-ray microscopy experiments 
[16,17]. The dominating generation process for attosecond pulses is High Harmonic 
Generation (HHG) in gases, ranging to the keV region [18]. However, the available photon 
numbers are, especially for low cross section experiments [19,20], not sufficiently high and 
thus demand high reflectivity optics. The most appropriate multilayer material combination in 
the lower spectral half of the water window up to about 400 eV, is chromium (Cr) and 
scandium (Sc) [21]. The highest reflectivity can be achieved in the vicinity of the Sc L3-
absorption edge (≈398 eV). This material combination has no overlap in the phase diagram, 
thus no alloys are formed [22] which theoretically facilitates an almost perfectly abrupt 
interface. Periodic multilayers in the water window have layer thicknesses of only 1–2 nm 
and the reflectivity is strongly influenced by the interface roughness σ. Throughout this 
manuscript the most common model for the interface roughness is being used: The Nevot-
Croce factor takes into account the respective index of refraction n and the respective 
propagation grazing angle θ of radiation of wavelength λ from material 1 to material 2 [23]: 

 
2

0 1 2 1 2
4exp sin sin .θ θ

 σ = −  λ   

πR R n n  (1) 

Here R0 is the reflectance of an ideal structure with interface roughness σ = 0 nm. According 
to Eq. (1) interface imperfections have a great influence on the reflectivity. Besides the 
possibility of using barrier layers like boron carbide (B4C) [24,25], one can minimize the 
interface roughness by manipulation of the interface roughness evolution [26] during the 
layer-by-layer growth by optimization of the deposition process as being proven within this 
manuscript. 
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Here, we report about our achievements in minimizing the interface roughness of ion 
beam deposited Cr/Sc multilayer mirrors by optimizing the kinetic energy of sputtering 
krypton (Kr) ions but also by the assisted ion beam interface polishing process. 

2. Methodology and mirror parameters 

2.1 Dual ion beam deposition system 

All mirrors were produced using a dual ion beam load-locked deposition machine at a 
constant background pressure of 10−9 mbar. A detailed explanation of the setup can be found 
in Guggenmos et al. [27]. Inside the two radio frequency inductively-coupled ion beam 
sources, ultrahigh purity krypton (99.999%) gas is ionized and the ions are accelerated by 
means of the applied sputtering grid voltage, either towards the selected target material 
(deposition plasma source) or directly towards the substrate (assist plasma source). Using 
krypton as process gas instead of argon (Ar), offers a lower sputter yield and a lower kinetic 
energy for chromium and scandium, thus enables a better control over the deposition process. 
The krypton ions are neutralized directly after leaving the sources by an extra electron source 
to prevent the targets and substrates from charging effects, which might result in fluctuating 
deposition rates. Layer thicknesses are controlled over sputter times. These times are being 
calculated from material-dependent bulk sputtering rates. The model takes into account 
diffusion, height factors and additional process parameters, such as shutter response time. 
Typical deposition rates for chromium and scandium are in the range of 0.035–0.05 nm/s, 
dependent on the material and the applied sputter voltage. For the purpose of the carried out 
examinations, the multilayer stacks were deposited on crystalline Si (100) wafers with a 
native SiO2 layer of approximately two nanometers, as previous ellipsometry measurements 
revealed [27]. 

2.2 Defining optimized deposition parameters 

We have composed three different sets of deposition parameters, referred to as default, 
optimized and optimized + assist. Please note that due to the stability of the ion sources and 
thus the deposition process, one prefers to work with the same deposition parameters 
throughout the complete fabrication process of one mirror. The default parameter set includes 
deposition parameters which have been previously optimized for material systems suitable for 
attosecond multilayer mirrors beyond 200 eV, like silicon (Si), molybdenum (Mo), lanthanum 
(La) or boron carbide (B4C) [13,28–30]. For the optimized sets we refined the deposition of 
chromium and scandium in terms of kinetic energy. Refinement of deposition parameters has 
been based on Monte-Carlo simulations using the software SRIM [31]. Thereby the best 
trade-off between the optimum kinetic energy of the sputtered atoms for an optimized layer 
growth of defect-free, dense, smooth layers [32] and a low penetration depth into the 
subjacent layer to prevent layer intermixing [33] was identified. We have simulated the 
kinetic energy of the target atoms (Cr and Sc) in dependence on the kinetic energy of the 
krypton ions. From those results the penetration depth at the interface was deduced. Both 
results are depicted in Fig. 1. We have set a value of 10 eV as optimal kinetic energy to 
ensure an optimized layer growth. Our default process parameter set uses 600 eV krypton 
ions, which results in kinetic energies of the sputtered chromium atoms slightly below 10 eV, 
but with a rather large penetration depth into the underlying scandium layer of ~0.55 nm. The 
kinetic energy for krypton in the optimized parameter set was determined to be 400 eV to 
ensure a kinetic energy slightly below 10 eV for scandium as well and to reduce additionally 
for both materials the penetration depth in each other at the interfaces. 
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Fig. 1. Monte-Carlo simulated kinetic energy (solid lines) and penetration depth (dashed lines) 
at the interface for chromium (green) and scandium (orange) atoms dependent on the kinetic 
energy of the krypton ions. 

The last parameter set, optimized + assist, is identical to the parameter set optimized, with 
one important difference: the assist plasma source was used for ion polishing on every 10th 
Cr layer, thus after every 10th period. Previous profilometry measurements showed that no 
loss in height is caused by the polishing process with the chosen parameters and only surface 
smoothing occurs. The polishing step was realized with krypton ions accelerated towards the 
substrate under 31 degree normal incidence with a kinetic energy of 50 eV for 60 seconds. 
This kinetic energy ensures an almost vanishing sputter yield (≈0.01 atoms/ion) and a low 
penetration depth of approximately 0.5 nm compared to a typical layer thickness of more than 
1 nm. Please note that although scandium shows an even smaller sputter yield (≈0.003 
atoms/ion), the larger penetration depth (≈0.95 nm) of 50 eV krypton ions leads to more 
krypton implantation. Therefore, we have considered chromium as the suitable polishing 
layer. Both the repetition (every 10th period) and the duration (for 60 seconds) of the 
polishing step, have been chosen as a trade-off between the overall deposition time and the 
smoothing effect since working with two plasma sources introduces additional ramping and 
parameter stabilization steps and we did not expect a high degree of interface roughness 
accumulation during a 10 period growth in contrast to an 80 period growth, which is 
confirmed in the results section. 

2.3 Multilayer mirror design 

Please note that throughout this manuscript, reflectivity simulations and reflectivity fits have 
been performed using a self-written multilayer Fresnel code. Tabulated values of the atomic 
scattering factors from Henke and Gullikson [34] for Cr and Sc have been used and bulk layer 
densities have been assumed. 

 
Fig. 2. Soft X-ray simulation of the reflectivity (green solid) and phase (orange dashed) with 
the selected mirror parameters indicated at the left. 
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As future attosecond sources are likely to generate a usable number of photons first of all 
in the lower energy range of the water window, periodic mirrors were designed for a central 
energy of 300 eV and a FWHM bandwidth of 4 eV at an angle of incidence of 45 degree (Fig. 
2). The mirror parameters were chosen as a trade-off between a high number of interfaces, 
thus a high degree of analyzable roughness evolution and a high peak reflectivity, but also 
supporting the broadband reflection of sub-500 attosecond pulses. We utilized the three sets 
of deposition parameters for the fabrication of periodic Cr/Sc multilayer mirrors with a period 
number of N = 80, a period thickness of d = 2.95 nm and a gamma factor of γ = 0.6 (dSc/(dSc + 
dCr)), resulting in individual layer thicknesses for chromium and scandium of 1.18 nm and 
1.77 nm, respectively. Simulations reveal a peak reflectivity of ~16% when an interface 
roughness of σ = 0.3 nm is assumed. Current state of the art Cr/Sc multilayer mirrors with 
interface roughness values of σ = 0.31–0.35 nm have been achieved by magnetron sputtering 
deposition [35] with quasi single-atomic barrier layers [24,25] to prevent interdiffusion. Our 
goal is to decrease the interface roughness without barrier layers from σ≈0.5 nm [27] and 
achieve comparable or better interface quality than current state of the art values. This should 
be realized by ion beam deposition plus recurring ion polishing, because the ion polishing 
process can be better controlled than the barrier layer deposition, thus resulting in a better 
multilayer structure accuracy. 

3. Analysis methods and results 

3.1 Stability of the deposition process by profilometry 

To prove the accuracy and the stability of the deposition process, we have measured the total 
stack height after the deposition by surface profilometry and compared it to the theoretical 
value. Simulations revealed a theoretical total stack height of 237.1 nm (including the top 
chromium oxide layer). We could experimentally confirm this by surface profilometry with a 
measured total stack thickness of (237.4 ± 0.9) nm for all three samples. 

3.2 Characterization by hard X-ray reflectometry 

Hard X-ray reflectometry (XRR), using a molybdenum Kα source with a wavelength of 
λ≈0.071 nm, was performed. A comparison of the measured XRR data of the three mirrors is 
shown in Fig. 3. 

 
Fig. 3. Hard X-ray reflectometry data for the three different mirrors. The lowest interface 
roughness, thus the highest peak intensities, shows the optimized + assist mirror. Only the fit 
of the interface polished mirror is shown. 

When comparing the intensities of the higher order Bragg peaks, where the impact of 
interface roughness is high, one can clearly see the improvement caused by the tailoring of 
the deposition parameters. While the default and the optimized stack reveal similar reflectivity 
e.g. in the 4th order Bragg peak (inset in Fig. 3) a more than 5 times higher reflectivity could 
be revealed in the optimized + assist stack. Out of the fitting procedure for each measurement, 
we obtained a mean interface roughness value of σ = 0.26 nm for the default, σ = 0.24 nm for 
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the optimized and σ = 0.21 nm for the optimized + assist parameter set with a 0.01 nm error 
range. 

3.3 Characterization by transmission electron microscopy 

TEM investigations were carried out using a FEI Titan 80-300 TEM/STEM field emission 
TEM operated at 300 kV, equipped with an EDAX detector for energy dispersive X-ray 
spectroscopy and a Gatan Tridiem image filter for electron energy loss spectroscopy 
measurements. For high angle annular dark field (HAADF) imaging in scanning TEM 
(STEM) mode a detector from Fischione Instruments (Model 3000) is attached. Conventional 
TEM cross section specimens were prepared by cutting, gluing into a brass holder, slicing, 
grinding, dimpling and double-sided Ar ion beam milling at 5 degree and 4 keV. The latter 
was performed until a physical hole was achieved using a liquid nitrogen cooled, precision 
ion polishing system (Gatan Model 491). 

TEM cross section measurements were carried out on witness samples grown on Si (100). 
Their period number of N = 80 and their small period thickness of d = 2.95 nm made these 
coatings perfectly suited for TEM analysis. TEM images of the coatings are shown in Fig. 4. 

 
Fig. 4. TEM cross section images of the multilayer evolution from bottom (lower panel) to top 
(upper panel) with the default (left column), optimized (center column) and optimized + assist 
parameters including the assisted interface polishing (right column). The images show a 
multilayer detail of 23 nm x 23 nm with a 5 nm scale bar in the bottom images. Next to each 
image the lineouts of the gray value analysis is shown. More information can be found in the 
text. 

The upper row displays the top six periods of each coating (topmost layer is assumed to be 
Cr2O3 [27]) and the lower row shows the seven bottom periods of each stack close to the 
substrate interface beginning with the Sc layer. The top and bottom layers were chosen for 
investigation because if changes occur they will be more pronounced at these regions. 
Alternating bright and dark layers, observed in the TEM images, corresponds to scandium 
and chromium respectively which has also been verified using HAADF imaging in scanning 
TEM mode. Necessary care has been taken during TEM specimen preparation and image 
acquisition that change in thickness or focus is not responsible for the observed effects. Please 
note that the images of Fig. 4 show TEM raw data, thus unprocessed contrast data. From 
TEM data we observed films that are almost complete amorphous nanolayers with an 
occasional nanocrystalline phase. Therefore we do not observe electron diffraction on 
polycrystalline layers, but measure charge density dependent data instead. 
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For the default parameter set (Fig. 4, left column), layers are clearly distinguishable at the 
bottom of the stack (Fig. 4(d)) whereas they show a significant degree of intermixing at the 
top (Fig. 4(a)) which is determined on basis of the diminishing layer contrast. With the 
optimized parameter set the layers at the bottom and the top (Fig. 4, center column) are 
comparable with regard to image contrast, while for the additionally polished multilayer the 
layers at the top (Fig. 4(c)) seem to show even a decreased intermixing and increased layer-
to-layer interface abruptness. We have additionally evaluated the averaged gray values 
(parallel to the interface) along the 23 nm x 23 nm unprocessed TEM images to visualize the 
interface between the layers. The corresponding lineouts are depicted next to each image. The 
bottom periods are almost comparable since a high difference in roughness evolution is not 
expected for the first starting periods. This is different at the top periods. For the default 
parameter set a strong zig-zag pattern occurs, indicating a worsened interface roughness 
whereas for the optimized set a transition to a more sinusoidal lineout occurs. In case of the 
polished mirror we even observe an almost rectangular profile with flat plateaus at the bottom 
and the top, indicating very well separated layers with lowest interface roughness. In 
summary, the best layer characteristics and stack evolution has been achieved by optimized 
kinetic deposition energy and chromium layer ion polishing of every tenth period, resulting in 
clearly distinguishable layers, both at the bottom and at the top of the stack, and significantly 
improved layer-to-layer interfaces without roughness accumulation over an eighty period 
stack. 

For a more quantitative insight into the stack evolution, we have determined the Power 
Spectral Density (PSD) [36] and calculated the resultant interface roughness σ: 

 ( )max

min

1/ 2

) .σ = 
f

x xf
PSD(f df  (2) 

The small yellow rectangle of Fig. 4(c) is shown enlarged in Fig. 5(a). 

 
Fig. 5. (a) Enlarged interface of scandium on top of chromium together with the interface 
transition (orange), which was determined by a self-written contrast analyzer code. (b) 
Corresponding calculated PSD (green) together with the fit and the obtained interface 
roughness values. These results correspond to the selected interface of the optimized + assist 
multilayer mirror, which is depicted as yellow rectangle in Fig. 4(c). (c) Shows the averaged 
height profile along the 23 nm length (green) together with an error function defined by the 
PSD fitted roughness value (orange). 
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Using a self-written contrast analyzer code, we have determined the pixel position where 
the transition from one material to the other occurs. We have averaged 0.2 nm (13 pixel as a 
trade-off between resolving the PSD and not addressing too high frequency components) 
neighbor pixels along the 23 nm (1410 pixel) distance (parallel to the interface) as well as 
0.65 nm (40 pixel) in the scandium and chromium regime (along the layer growth) to 
determine the mean plateau value in the central layer region, to prevent a wrong data analysis 
due to intensity fluctuations which occur in TEM measurements. This simplified approach 
leads to the yellow height profile in Fig. 5(a), which describes the interface. For the one 
dimensional case, where the topography of a profile describes its height z(x), the PSD is 
defined by: 

 ( )
2

1

1( ) exp 2 ,
=

 ≈ ⋅ ⋅ ⋅ 
 


N

x k k x
k

PSD f L z πi x f
N

 (3) 

with the length position xk = k•L/N and the spatial frequencies fx = j/L, j = 1,2,…,N/2. The 
calculated and fitted PSD according to Eq. (3) is shown in Fig. 5(b) for the interface section 
in Fig. 5(a). For the interface of scandium on top of chromium we calculate from Eq. (2) an 
interface roughness of σ = 0.158 ± 0.005 nm and get a fitted value of σ = 0.156 ± 0.005 nm. 
Finally, we compare our PSD results, where each pixel contributes to the roughness value, 
against the averaged height profile of the lineout in Fig. 4. The comparison of the averaged 
height profile with the error function being defined by the fitted PSD roughness value is 
depicted in 5(c). We find a good agreement. This result proves the robustness of our analysis 
methods. 

To get a quantitative insight on the roughness evolution in the stacks with better statistics, 
dependent on the deposition parameters and on the order of the interfaces (i.e. from chromium 
to scandium and vice versa), we have determined the interface roughness value for each 
interface for the six TEM cross sections shown in Fig. 4. The results are shown in Table 1. 
We distinguish between the bottom and the top periods, the order of the interface as well as 
the used deposition parameter set. Please note that due to the diminishing layer contrast, the 
extraction of roughness values for the top interfaces of the TEM cross section in the default 
case (Fig. 4(a)) was impossible. 

Table 1. Comparison of the evaluated interface roughness values σ [nm], dependent on 
the interface direction and the used deposition parameter set. The displayed roughness 

values are averaged over seven periods at the bottom and six periods at the top and take 
into account the error. Default top [] could not be evaluated. 

Location interface default optimized optimized + assist 

TOP 
Cr on Sc [] 0.33 ± 0.06 0.31 ± 0.06 
Sc on Cr [] 0.26 ± 0.06 0.17 ± 0.04 

BOTTOM 
Cr on Sc 0.30 ± 0.05 0.19 ± 0.03 0.22 ± 0.06 
Sc on Cr 0.20 ± 0.06 0.16 ± 0.05 0.17 ± 0.05 

The evaluated interface roughness values agree with the Monte-Carlo simulations in 
section 2.2. The roughness of chromium on top of scandium is higher than vice versa. This 
can be attributed to the higher penetration depth. A further step of improvement may be to 
decrease the kinetic energy of chromium to even lower values since the penetration depth of 
chromium in scandium seems to be the crucial parameter for the interface roughness. Finally, 
Fig. 6 shows a complete TEM image of the polished multilayer stack optimized + assist and 
confirms the homogeneity of the multilayer stack. 
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Fig. 6. TEM cross section image of the whole multilayer stack for the additional polished 
multilayer. Please note that the first bright layer after the Si wafer is accidentally formed by 
scandium silicide. 

In addition to the previously shown TEM analysis results, an easy step of improvement 
towards an even lower interface roughness would be to start in future Cr/Sc multilayer 
mirrors with Cr as first layer, since our choice with Sc forms scandium silicide [37,38] as 
TEM analysis have shown. Therefore the good surface roughness (<0.1 nm) either of silicon 
wafers or fused silica substrates is lost with the first interface. 

3.4 Optimization proof on high periodic mirror soft X-ray data 

To finally prove the concept of optimizing the kinetic energy and ion polishing interfaces of 
our chromium/scandium material system, we have used as final analyzing method soft X-ray 
reflectometry. Measurements were done at the reflectometry beamline 6.3.2 at the Advanced 
Light Source and the PTB at Bessy II. To increase the impact of possible roughness 
accumulation on the reflectivity (Eq. (1), we have increased the period number to N = 400 
and decreased the period thickness to d = 2.084 nm, thus increased the crucial σ/d-ratio. 
These mirrors were designed for a central energy of 300 eV but now for normal incidence 
with an angle of 5 degree. The result of the soft X-ray measurement for the three different 
deposition parameter sets is shown in Fig. 7. 

 
Fig. 7. Soft X-ray reflectometry measurement for the default (orange), optimized (red) and 
optimized + assist (green) set proving the right tendency of our concept. As result we achieve 
the highest reflectivity of ~8% in case of the additional polished multilayer mirror. The 
corresponding mirror parameters are depicted on the right hand side. 

The soft X-ray reflectometry confirms the findings from the XRR and TEM analysis. The 
highest reflectivity of approximately 8% was achieved for the polished mirror. To the best of 
our knowledge, this is also the highest normal incidence reflectivity at a photon energy of 300 
eV ever achieved [39]. The reflectivity curves have been fitted for each of the three mirrors; 
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the obtained roughness values are listed in Table 2. As a note to the accuracy of our 
fabrication process it should be mentioned that the simulated and planned center energy was 
300 eV and we measured the highest reflectivity for the polished mirror at 299.6 eV, thus 
only with a shift of 0.13% in the center energy. 

3.5 Comparison of evaluated data 

The interface roughness results of the previous analysis have been summarized in Table 2. 
Table 2. Comparison of the evaluated interface roughness values σ [nm], dependent on 
the analysis method and the used deposition parameter set. More information can be 

found in the text. 

Method default optimized optimized + assist 

XRR 0.26 0.24 0.21 
TEM 0.26 0.24 0.21 
Soft X-ray 0.51 0.49 0.41 

While we find identical measures from the XRR and TEM analysis, the soft X-ray values 
are higher. This can be partly explained by the lower penetration depth of soft X-rays in 
comparison to hard X-ray radiation. One finds different roughness values due to the fact that 
accumulated roughness as well as the interface’s power spectral density [40] is weighted 
differently. Surface roughness for example has a minor effect on hard X-rays while it has a 
major impact on soft X-rays. Besides that the higher period number N as well as the lower 
period thickness d of the soft X-ray samples yields intrinsically higher roughness values. 

4. Conclusions 

We have proven the reduction of interface roughness of water window Cr/Sc multilayer 
mirrors by ion polishing. Broadband attosecond mirrors for the reflection of sub-500 as pulses 
have been fabricated. The ion beam deposited nanolayer growth was optimized by tweaking 
the deposition parameter of Cr/Sc multilayer mirrors, mainly by tailoring the kinetic energy of 
the target atoms, where the optimization was theoretically accompanied by Monte-Carlo 
simulations. Besides, we have realized an important step towards ‘perfect’ layer growth by 
additionally assisted ion beam interface polishing. Using a well-suited kinetic energy for the 
target materials (chromium and scandium) and additional interface polishing for tailored 
attosecond multilayer mirrors will increase the reflectivity dramatically. We have 
demonstrated almost atomically smooth interfaces with roughness values of σ≈0.16 nm. The 
future challenge is to realize such a value for each interface in a high-periodic normal 
incidence multilayer mirror and push the reflectivity to an even higher value at 300 eV for the 
first attosecond experiments. Such low-loss mirrors will thus enable for the first time 
attosecond-resolved experiments on biological samples in the water window spectral range or 
pave the way towards shorter pulse durations [41] than the currently achieved 67 as [42] to 80 
as [43], by filtering a multi-octave cut-off spectrum from future HHG soft X-ray sources. 
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