
research papers

224 https://doi.org/10.1107/S1600577520013429 J. Synchrotron Rad. (2021). 28, 224–230

Received 8 July 2020

Accepted 7 October 2020

Edited by A. Momose, Tohoku University, Japan

Keywords: multilayers; GIXR; GIEXAFS;

soft X-rays; water window.

Interface modification of Cr/Ti multilayers with C
barrier layer for enhanced reflectivity in the water
window regime

P. Sarkar,a,b A. Biswas,a N. Abharana,a S. Rai,c M. H. Modic and D. Bhattacharyyaa*

aAtomic and Molecular Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India, bHomi Bhabha

National Institute, Mumbai 400094, India, and cSynchrotron Utilisation Section, Raja Ramnna Centre for Advanced

Technology, Indore 752013, India. *Correspondence e-mail: dibyendu@barc.gov.in

The influence of a carbon barrier layer to improve the reflectivity of Cr/Ti

multilayers, intended to be used in the water window wavelength regime, is

investigated. Specular grazing-incidence X-ray reflectivity results of Cr/Ti

multilayers with 10 bilayers show that interface widths are reduced to �0.24 nm

upon introduction of a �0.3 nm C barrier layer at each Cr-on-Ti interface. As

the number of bilayers increases to 75, a multilayer with C barrier layers

maintains almost the same interface widths with no cumulative increase in

interface imperfections. Using such interface-engineered Cr/C/Ti multilayers, a

remarkably high soft X-ray reflectivity of �31.6% is achieved at a wavelength

of 2.77 nm and at a grazing angle of incidence of 16.2�, which is the highest

reflectivity reported so far in the literature in this wavelength regime. Further

investigation of the multilayers by diffused grazing-incidence X-ray reflectivity

and grazing-incidence extended X-ray absorption fine-structure measurements

using synchrotron radiation suggests that the improvement in interface

microstructure can be attributed to significant suppression of inter-diffusion at

Cr/Ti interfaces by the introduction of C barrier layers and also due to the

smoothing effect of the C layer promoting two-dimensional growth of the

multilayer.

1. Introduction

A high-reflective multilayer mirror is a vital component for

extreme ultraviolet and soft X-ray based instrumentation used

in lithography and microscopy, X-ray lasers, plasma physics,

and astrophysics, synchrotron radiation polarimetry etc., and

during the last decade this field has experienced significant

growth (Kopylets et al., 2019; Qi et al., 2019; Pradhan et al.,

2018; Huang et al., 2016, 2017a,b; Panini et al., 2017; Peng et al.,

2016; Li et al., 2013; Fernández-Perea et al., 2013; Yi et al.,

2017; Harrison et al., 2013). In particular, the development of

high-reflective normal-incidence multilayer (ML) optics for

the water window region (� ’ 2.3–4.4 nm), where water is

transmissive but carbon-based organic materials show strong

absorption, has acquired great interest. The main challenge in

the fabrication of ‘water-window’ multilayers is the deposition

of hundreds of nanometres to sub-nanometre thin layers,

maintaining interface roughness and interlayer mixing to very

low values. As a result, the highest reflectance achieved in

these MLs in the water window regime is much lower than the

theoretical limit. Based on their absorption edges, Sc, Ti and V

are the available options as spacer material in combination

with absorber materials such as Cr, W, Co, Ni having large

electron density contrast for developing multilayer mirrors in

this region. Among these, Cr/Sc multilayers have been the
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most widely studied working above the Sc L-edge (Eriksson et

al., 2003, 2008) and the highest reflectance achieved is around

32% at 3.11 nm at near-normal incidence (Eriksson et al.,

2003). However, not many reports are available for the Ti L-

edge (� = 2.77 nm), which is important in microscopy appli-

cations due to the availability of nitrogen-based table-top

plasma sources. Although Co/Ti possesses highest reflectivity

according to theoretical calculations, experimentally it fails

to produce good results due to poor interface morphology

(Sarkar et al., 2017, 2020a). Cr, on the other hand, has slightly

less electron density contrast with Ti compared with Ni or Co,

but also has less absorption, thereby allowing a higher number

of bilayers in the ML to achieve higher reflectivity. To date,

however, the highest normal-incidence reflectance reported

for a Cr/Ti ML is only 2.1% (Ghafoor et al., 2006). Here we

report our work on Cr/Ti multilayers with a C barrier layer

(BL), fabricated by ion beam deposition method, the purpose

of the BL being to reduce imperfections at the Cr/Ti inter-

faces. C is chosen as the BL because of its lower surface energy

(�) of 70–80 mJ m�2 (Kumar et al., 2017) compared with both

Ti (1.98–2.1 J m�2) and Cr (2.3 J m�2) (Vitos et al., 1998;

Zebda et al., 2008). According to the growth model proposed

by Forgerini & Marchiori (2014), wetting or de-wetting of a

material onto another material depends on the difference in

their � value, wetting (de-wetting) of a material with a lower

(higher) � being more likely to take place when deposited on a

material with higher (lower) �. Hence, C is expected to form

a smoother layer on both Cr and Ti layers and would thus

lead to better interfaces. We have calculated the soft X-ray

reflectivity of 75 bi-layer Cr/Ti multilayers with 3.8 nm bi-layer

thickness and with different thickness of C diffusion barrier

layer and the reflectivity of the multilayer is found to decrease

if the barrier layer thickness is increased beyond 0.3 nm due

to reduction of the refractive index contrast between the

absorber and spacer layers. For thicknesses less than 0.3 nm

there is the possibility of formation of a discontinuous barrier

layer. Thus, considering these two aspects we had decided on

a BL thickness of 0.3 nm. Multilayers with and without BL

have been characterized using specular and diffused hard

X-ray grazing-incidence reflectivity (GIXR) measurements,

element-specific grazing-incidence extended X-ray absorption

fine-structure (GIEXAFS) measurement at the Cr K-edge and

finally by soft X-ray reflectivity measurements at a wavelength

of 2.77 nm. A very significant increase in the soft X-ray

reflectivity of the samples has been obtained by applying the C

barrier layers at the interfaces.

2. Experimental section

2.1. Sample preparation

All ML samples discussed in this work have been deposited

by ion beam sputtering (IBS) technique in a state-of-the-art

dual ion beam sputtering (DIBS) system (IONSYS-800,

Meyer Burger, Germany). All the films have been deposited

on 30 mm � 20 mm crystalline Si (111) substrates having

surface roughness of �0.2 nm. Prior to depositions the system

is evacuated up to 4 � 10�7 mbar pressure and, subsequently,

using a microwave generator operating at 300 W, argon

plasma is generated at 1.4 � 10�4 mbar pressure. The Cr/Ti

multilayer is designed with bi-layer spacing of d ’ 3.8 nm and

nominal thicknesses of 1.5 nm and 2.3 nm for the Cr and Ti

layers, respectively, to achieve a bi-layer to Cr layer thickness

ratio (� = dCr /d) of 0.4 which we had optimized from our

earlier studies (Sarkar et al., 2020b) to obtain the best reflec-

tivity. Four multilayer samples with 10 bilayers were first

deposited: (i) with no C BL, with 0.3 nm C BL at one of the

interfaces, (ii) Ti-on-Cr or (iii) Cr-on-Ti, and (iv) with 0.3 nm C

BL at both interfaces, to study the effect of the BLs. A pre-

calibrated quartz crystal monitor has been used for in situ

control of the rate of deposition and thickness of the Cr and Ti

layers. The other process parameters used in the deposition of

the above samples have been kept the same as obtained by

optimizing depositions of single-layer Cr and Ti films with

bulk-like density and very low roughness. For the deposition

of a 0.3 nm C barrier layer, however, a time–thickness cali-

bration graph was followed, which was generated by depos-

iting a few thicker C layers and estimating their thickness by

ex situ GIXR measurements.

The multilayers were characterized using specular GIXR

measurements with a laboratory-based Cu K� source (� =

0.154 nm). GIEXAFS measurements on the Cr/Ti multilayer

samples have been carried out at the Energy Scanning EXAFS

beamline (BL-9) at the Indus-2 synchrotron source (2.5 GeV,

300 mA) at the Raja Ramanna Centre for Advanced Tech-

nology (RRCAT), Indore, India. Details of the beamline have

been reported elsewhere (Basu et al., 2014; Poswal et al., 2014),

while the procedure of GIEXAFS measurements has been

given in our two earlier communications (Abharana et al.,

2019a,b). For the present set of samples, measurements at the

Cr K-edge have been carried out in fluorescence mode in the

energy range 5900–6400 eV. The soft X-ray reflectivity of the

samples at the water window wavelength of 2.77 nm has been

recorded at the BL-03 soft X-ray beamline at the Indus-2

synchrotron source (Modi et al., 2019).

3. Results and discussions

3.1. Specular GIXR measurements

The inset of Fig. 1 shows the specular GIXR data of the 10

bi-layer samples which clearly shows that after introducing a

0.3 nm C barrier layer at the Cr-on-Ti interface (the Cr/C/Ti

sample) the Bragg peak reflectivities are definitely enhanced,

whereas the Bragg peak reflectivities are reduced for the other

two samples, i.e. with the C barrier layer on the Ti-on-Cr

interface (the Cr/Ti/C sample) and with barrier layers at both

interfaces (the Cr/C/Ti/C sample). In order to investigate this

aspect further, the specular reflectivities of the 10-bilayer Cr/

C/Ti and Cr/Ti multilayers samples are fitted with respective

theoretical plots generated using the GENX software (Björck

& Andersson, 2007) which works on Parrat’s formalism

(Parrat, 1954) and are shown in Fig. 1. During fitting to take

care of the initial instability of the deposition process and top
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surface roughness, respectively, separate Ti and Cr layers are

chosen just above the substrate and on top of the multilayer,

respectively. The rest of the ML stack has been modelled by a

Cr/Ti bi-layer stack repeated nine times with the same thick-

ness for all Cr layers, all Ti layers and all C layers. The C

barrier layer thickness, determined from best fit, lies in the

range �0.28–0.31 nm. The achieved thicknesses of the Cr and

Ti layers are also found to be very close to the nominal values;

for example, for the 10 bi-layer Cr/Ti ML sample, the Cr and

Ti layer thicknesses obtained from fitting of GIXR data are

1.47 nm and 2.35 nm, respectively, which agree very well with

their nominal values. The interface imperfections are taken

care of by an interface width (�) [comprising both interface

roughness (�r) and diffusion (�d)] at each interface with

different average values for Cr-on-Ti and Ti-on-Cr interfaces.

The best-fit results are given in Table 1, showing that, after

introducing C barrier layers at the Cr-on-Ti interfaces, the

interface width � reduces significantly from 0.43 nm to

0.24 nm for the Cr-on-Ti interface. Reduction in � due to

application of the C BL may be either due to less inter-

diffusion or low interface roughness, or both. It should be

mentioned here that we have also carried out theoretical

fitting of the GIXR data of the (Cr/Ti/C)10 or (Cr/C/Ti/C)10

samples as shown in Fig. 1 and the best-

fit parameters have been tabulated in

Table 1. However, it can be seen that

contrary to the (Cr/C/Ti)10 sample the

� values of these samples have not

been decreased after deposition of the

C barrier layer which is also reflected

in the reflectivity of these multilayers

as shown in the inset of Fig. 1.

Subsequently, two Cr/Ti multilayer

samples with 75 bi-layers have been

deposited: one without any BL and

the other with a C BL at each Cr-on-Ti

interface. The Cr and Ti layer thicknesses were decreased

equally in the latter sample compared with the former one in

order to maintain the same d-spacing of 3.8 nm. Fig. 2 shows

the specular GIXR data of both the 75-bilayer Cr/Ti multi-

layer samples without and with C barrier at each Cr-on-Ti

interface along with respective best-fit theoretical simulations;

the best-fit results are also shown in Table 1. Two important

observations can be made from the results: first for the Cr/Ti

ML without BL the interface width � at the Cr-on-Ti interface

increases sharply as more layers are being added; this implies

that there is a slow accumulation of interface roughness as

more layers are being deposited. However, the 75 bi-layer

Cr/C/Ti ML maintains almost the same small interface width

as in the 10 bi-layer sample. Thus, introduction of a C BL helps

to stop the cumulative increase in interface imperfections

across the depth of the multilayers. Thus the sample follows

the mechanism of ‘restart of growth’ model which proposes

that the growth of the thin film restarts at every interface

(Savage et al., 1992). Secondly, introduction of a C barrier

layer not only reduces the interface width for the Cr-on-Ti

interface but also improves the other (Ti-on-Cr) interface

significantly. In the absence of a C BL, Cr significantly diffuses

into Ti and also Cr adatoms follow island-type growth on Ti
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Table 1
Best-fit results of specular, diffused GIXR and soft X-ray reflectivity fitting for Cr/Ti multilayer.

Sample

Cr-on-Ti interface Ti-on-Cr interface �k (nm)

� (nm) �r (nm) �d (nm) � (nm) �r (nm) �d (nm) Ti Cr

(Cr/Ti)10 0.43 0.49
(Cr/C/Ti)10 0.24 0.22
(Cr/Ti/C)10 0.45 0.55
(Cr/C/Ti/C)10 0.40 0.56
(Cr/Ti)75 0.55 0.13 0.53 0.40 0.22 0.34 1122.9 58.8
(Cr/C/Ti)75 0.29 0.21 0.10 0.21 0.11 0.18 1873.9 50.0
(Cr/Ti)75 (� = 2.77 nm) 0.70 0.65
(Cr/C/Ti)75 (� = 2.77 nm) 0.31 0.40

Figure 2
Specular GIXR data with best-fit theoretical simulation of Cr/Ti and Cr/
C/Ti 75 bi-layer ML samples. Inset: scattering length density (SLD) plots
of the samples obtained from best-fit results of specular reflectivity data.

Figure 1
Specular GIXR data with best-fit theoretical simulation of Cr/Ti, Cr/Ti/C,
Cr/C/Ti and Cr/C/Ti/C 10 bi-layer ML samples. Inset: specular GIXR data
of Cr/Ti, Cr/Ti/C, Cr/C/Ti and Cr/C/Ti/C 10 bi-layer ML samples.



due to non-wetting conditions of surface energy (�), which

contributes towards the large interface width. Although the

Ti layer always wets the underlying Cr layer, it follows its

morphology of the Cr layer beneath it. Thus when the Cr layer

itself does not follow two-dimensional growth, it adversely

affects the quality of the Ti-on-Cr interface. However, when

the C barrier layer is introduced on the Ti layer, it creates

a smoothening effect promoting a perfect two-dimensional

growth of Cr with very low interface imperfections. The Ti

layer in turn grows on a smooth two-dimensional Cr surface,

and hence results in a sharp and parallel growth, which is

reflected in the lower interface width for the Ti-on-Cr inter-

face. Thus a C BL significantly improves the interface imper-

fections of the Cr/Ti MLs by introducing a smoothening effect

at the interfaces.

The above speculation is further supported by the scattering

length density (SLD) variation of the multilayers. SLD is a

measure of the scattering power of a material which increases

with the physical density contrast as well as the intrinsic

scattering power of the ‘scattering entities’ (http://gisaxs.

com/index.php/Scattering_Length_Density). If the consecu-

tive layers show high electron density contrast, then a SLD

change will be sharp, whereas, if there is an overlapping of

consecutive layers into each other leading to low electron

density contrast, the SLD change will be gradual and smooth.

The SLD variations for the MLs, as extracted from the GIXR

data of the samples, are plotted in the inset of Fig. 2. It is

clearly depicted that for the Cr/Ti ML, the contrast between

Cr and Ti becomes really poor resulting from an increased Ti

density, which is being attributed towards enhanced over-

lapping between the Ti and Cr layers. However, for a sample

with C BLs, SLD values are close to theoretical values and

SLD variations at the interfaces are sharp with large density

contrast. The SLD variation thus qualitatively demonstrates

that density contrast between Cr and Ti increases sharply with

the addition of a C barrier layer indicating less overlapping at

the interfaces of this sample which can be due to less diffusion

of Cr into Ti or due to flat interfaces with low interface

roughness or due to both.

3.2. Diffused GIXR measurements

Thus, specular GIXR results undoubtedly establish that a C

BL causes significant reduction of interface imperfections

in Cr/Ti MLs. However, no distinction between graded (inter-

diffused) and truly rough interfaces can be made only by

specular X-ray reflectivity measurement, i.e. we cannot

decouple �r and �d in �. Thus for complete characterization of

the imperfections at both Cr-on-Ti and Ti-on-Cr interfaces,

both the samples have subsequently been characterized using

X-ray reflectivity in non-specular or diffused mode in rocking

scan geometry since interface roughness gives rise to signifi-

cant diffused reflectivity from the samples. The details of the

measurements and data analysis procedure have been given in

our previous communications (Sarkar et al., 2017; Biswas &

Bhattacharyya, 2011). The measured diffused GIXR profiles

of the samples are plotted in Fig. 3; a qualitative comparison of

both graphs shows that the area under the curve reduces with

the introduction of the C barrier layer. This implies that some

of the intensity that was previously scattered in diffused

directions is now being reflected in the specular direction,

clearly indicating a change in interface morphology. For

further analysis, the peak profiles of the diffused data have

been fitted with theoretically simulated plots of the whole

multilayer structures, computed by the first-order distorted

wave Born approximation (Windt et al., 2000; Holý &

Baumbach, 1994; de Boer, 1996). The best-fit theoretical plots

are shown in Fig. 3 along with the experimental data, while the

best-fit values for �r , �d and in-plane correlation length (��)

are listed in Table 1. It is seen from Table 1 that a C BL

reduces interface diffusion (�d) drastically on the Cr-on-Ti

interface, manifesting the fact that for such Cr/Ti multilayers

inter-diffusion plays a dominant role in determining the

performance of the multilayers and introduction of the C BL

helps to suppress the inter-diffusion significantly and improves

the contrast between two materials. It can also be seen from

Table 1 that for Ti-on-Cr interfaces both �r and �d reduce for

the Cr/C/Ti sample. It is in corroboration with the fact that the

Ti layer always wets the underlying Cr layer and follows its

morphology. As the Cr layer itself follows a smoother growth

with introduction of the C BL, it directly helps to improve the

smoothness of the Ti layer and the Ti-on-Cr interface as well.

The above result corroborates with that obtained by specular

reflectivity and also justifies the fact that, with introduction of

the C BL, the in-plane correlation length (��), which is closely

associated with the atomic arrangements and morphology,

increases significantly for the Ti layers. It should be mentioned

here that, considering the errors in measurements and the

fitting process, the overall uncertainties in the estimated

parameters from specular and diffused GIXR measurements

are found to be less than 5% (Biswas & Bhattacharyya, 2011)

since these measurements are carried out with a hard X-ray

probe of very low wavelength (�1 Å).
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Figure 3
Diffused GIXR data with best-fit theoretical simulation of Cr/Ti and
Cr/C/Ti 75 bi-layer ML samples.



3.3. GIEXAFS measurements

For further insight into the diffusion of Cr atoms in Ti layers

and its reduction due to introduction of the C BL, a depth-

selective study of both the multilayers has been carried out

by GIEXAFS measurements using synchrotron radiation. The

GIEXAFS technique relies on the fact that a standing wave

pattern is generated within a multilayer due to the inter-

ference between the incident wave and waves reflected from

the multilayer interfaces when X-rays are incident on a

multilayer structure at a grazing angle of incidence higher than

the critical angle (Meyer et al., 2000; Gupta et al., 2007; Heald,

1992). Positions of the nodes and antinodes of the standing

wave inside the multilayer can be precisely controlled by

changing the grazing angle of incidence. A GIEXAFS

measurement is generally carried out at a particular angle of

incidence of the synchrotron beam with respect to the sample

surface, which ensures positioning of the antinodes at a

particular position throughout the multilayer. Since maximum

electric field at the antinode regions ensures maximum

absorption of X-rays in those regions and hence maximum

fluorescence EXAFS signal, EXAFS measurement at that

particular grazing angle of incidence yields average informa-

tion preferentially from those regions only. We have fruitfully

utilized the GIEXAFS technique in the non-destructive

depth-dependent characterizing of Mo/Si and Ni/Ti multilayer

structures earlier (Abharana et al., 2019a,b).

The IMD computer code (Windt, 2000) which also works on

Parrat’s formalism (Parrat, 1954) has been used to theoreti-

cally generate the electric field intensity distribution of the

X-ray standing wave inside the 10 bi-layer Cr/Ti ML and

Cr/C/Ti ML structures at different grazing angles of incidence

for Cr K-edge energy of 5989 eV where Cr, Ti and C layer

thicknesses as obtained from fitting of specular GIXR data of

the respective samples have been used. Here we are interested

in investigating the diffusion of Cr inside the Ti layers. It can

be seen from Fig. 4 that, for a measurement at a grazing angle

of incidence of 1.52�, Cr atoms inside the Ti layers can be

probed for the Cr/Ti ML since the antinodes are situated at Ti

bulk layers in this case, the corresponding angle being 1.50� for

the Cr/C/Ti ML. It should be mentioned here that the above

values are calculated for the Cr K-edge energy of 5989 eV,

and, when the energy of the incident X-ray photon is varied

during an EXAFS measurement, standing wave positions in

the ML also change. To prohibit this, the measurements are

made at constant q mode where the grazing angle of incidence

of the X-rays on the sample is also changed in a pre-calculated

manner (q = 4� sin �=�) by adding a computer code in the

beamline control software such that the q value always

remains fixed and thus the standing wave antinode positions

remain unaltered all over the energy band during a particular

EXAFS scan (Heald, 1992).

The inset of Fig. 5 shows the Cr K-edge EXAFS [	 Eð Þ

versus E] spectra of the Cr/Ti and Cr/C/Ti multilayers

measured at a constant q value of 0.162 Å�1 and 0.158 Å�1,

respectively, to probe the local structure of Cr inside the Ti

layers. The EXAFS data have been analysed following the

standard procedure (Koningsberger, 1988) where the 	 Eð Þ

versus E data are first converted to 
(E) versus E data where


 Eð Þ ¼
	 Eð Þ � 	0 Eð Þ

�	0 E0ð Þ
; ð1Þ

where E0 is the absorption edge energy, 	0 Eð Þ is the bare atom

background and �	0 E0ð Þ is the step in the 	 Eð Þ value at the

absorption edge. Subsequently, the 
(E) versus E data have

been converted to 
 kð Þ versus k, where photoelectron wave-

number (k) is defined as
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Figure 4
Electric field intensity distribution of X-ray standing wave inside 10 bi-
layer ML samples Cr/Ti ML (top) and Cr/C/Ti ML (bottom).

Figure 5

 Rð Þ versus R plots surrounding Cr atoms inside Ti layers for the 10 bi-
layer Cr/Ti and Cr/C/Ti ML samples along with that of Cr foil. Inset:
EXAFS [	 Eð Þ versus E] spectra of the two samples.



k ¼
2mðE� E0Þ

h- 2

� �1=2

: ð2Þ

Finally the 
 kð Þ versus k data are Fourier transformed to

derive the 
 Rð Þ versus R plots. The above reduction and

Fourier transform of the data have been carried out using the

ATHENA subroutine available within the IFEFFIT software

package (Ravel & Newville, 2005).

Fig. 5 shows the Fourier-transformed EXAFS (FT-EXAFS)

data or 
 Rð Þ versus R plots of the Cr/Ti and Cr/C/Ti multi-

layers which probe the local structure of Cr within the Ti

layers. It should be mentioned here that the peak positions in

the R space differ from the actual bond length values by a

phase factor, which generally amounts to an increase of �0.3–

0.5 Å from the peak position values, depending on the type of

the nearest neighbour scatterer. It can be seen from Fig. 5 that

for the Cr/Ti sample the major first shell Cr peak resembles

that of Cr foil both in terms of peak position (which depicts

the Cr—Cr bond length) and peak intensity (which signifies

the number of atoms in the coordination shell) indicating that

the Cr local structure inside the Ti layer is similar to bulk Cr,

manifesting significant diffusion of Cr atoms inside the Ti

layers. In the case of the Cr/C/Ti sample, however, the first

major Cr peak is significantly reduced in intensity and is also

shifted to higher R value indicating that the local structure of

Cr is distorted inside the Ti layers indicating that unit shells of

the Cr body-centred cubic structure cannot be formed in this

case manifesting that the C BL helps to reduce Cr diffusion

into Ti. Thus the above GIEXAFS results unambiguously

show that the use of a C BL reduces diffusion of Cr inside the

Ti layers considerably which corroborates with our findings

from the specular and diffused GIXR results discussed above.

3.4. Soft X-ray reflectivity measurements

Finally, soft X-ray reflectivities (90% s-polarization) of the

Cr/Ti and Cr/C/Ti multilayer samples with 75 bi-layers were

measured at the BL-03 soft X-ray beamline at the Indus-2

synchrotron radiation source at a wavelength of 2.77 nm or

energy of 447.6 eV which is just below the Ti L3-edge energy

(Modi et al., 2019). As can be seen from Fig. 6, for the Cr/Ti

sample with 75 bi-layers, �3.1% peak reflectivity has been

obtained at a 21.4� grazing angle of incidence, while for the

Cr/C/Ti ML having 75 bi-layers the reflectivity value is

significantly enhanced to �16.23% at approximately the same

grazing angle of incidence and measurement wavelength. The

soft X-ray reflectivity data have also been fitted with theore-

tically simulated plots assuming the sample structure obtained

from the best fit of hard X-ray GIXR data, varying only the

interface width � values. The best-fit theoretical simulations

are also shown in Fig. 6 and the best-fit � values are shown in

Table 1. It can be seen that the trend of the � values obtained

from hard X-ray and soft X-ray data are similar for the

multilayers with and without C barrier layer; however, the

values obtained from soft X-ray data are higher. We have

observed this in our earlier work on Co/Ti multilayer samples

also (Sarkar et al., 2017), which implies that interface imper-

fections affect the soft X-ray reflectivity more than the hard

X-ray reflectivity of the samples. Similar observation has also

been made by Ghafoor et al. (2006) for Cr/Ti multilayer

samples, which also shows that in these multilayers the accu-

mulation of low spatial frequency interface imperfections

(comparable with soft X-ray wavelength length scale) is higher

than that of high spatial frequency imperfections (comparable

with hard X-ray wavelength length scale).

It can also be seen from the above figure that, for a Cr/C/Ti

multilayer of slightly higher bilayer thickness of 4.7 nm, with

a 0.3 nm C BL we have observed very high (�31.6%) reflec-

tivity for 16.2� grazing angle of incidence at the same

measurement wavelength, which is the highest reflectivity

reported so far in the literature in this wavelength regime. The

significant increase in soft X-ray reflectivity of the ML samples

with C BL is due to the decrease in diffusion of Cr inside the

Ti layers, smoothening effect of the C layer leading to two-

dimensional growth and consequent improvement in interface

imperfections.

4. Conclusion

Cr/Ti multilayers have been prepared by ion beam sputtering

for possible applications in the water window soft X-ray

regime. It has been observed from specular GIXR measure-

ments that, when a very thin (�0.3 nm thick) C barrier layer is

deposited at each Cr-on-Ti interface, interface imperfections

of the ML decreases sharply. It has also been observed that for

this Cr/C/Ti ML, as the number of bi-layers is increased from

10 to 75, there is almost no cumulative accumulation of

interface imperfections implying that the multilayer follows

the ‘restart of growth’ model which proposes that the growth

of the thin film restarts at every interface. The variation of

scattering length density obtained from GIXR measurements

also shows that the density contrast between Cr and Ti

increases sharply with addition of a C barrier layer indicating

less overlapping between the two layers at the interfaces of

this sample. Further investigation by diffused X-ray reflec-

tivity measurements undoubtedly establishes that the C
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Figure 6
Soft X-ray reflectivity data along with best-fit theoretical simulations of
75 bi-layer Cr/Ti and Cr/C/Ti ML samples measured at a 2.77 nm soft
X-ray wavelength with synchrotron radiation.



barrier layer reduces interface diffusion drastically on the

Cr-on-Ti interface. Moreover, the C layer having less surface

energy wets both Cr and Ti layers, thus leading to perfect two-

dimensional growth of the layers and thus reducing imper-

fections at both Cr-on-Ti and Ti-on-Cr interfaces and also

improving the in-plane or lateral correlation length. It is

further confirmed by non-destructive depth-dependent and

element-specific measurement by the synchrotron radiation

based GIEXAFS technique which also unambiguously shows

that use of a C BL reduces diffusion of Cr inside the Ti layers

considerably. Finally for this interface engineered Cr/C/Ti

multilayer, an enhancement of soft X-ray reflectivity by more

than five times compared with an equivalent multilayer

without C barrier layer has been found at a water window soft

X-ray wavelength of 2.77 nm and at 21.4� grazing angle of

incidence. Also a remarkably high soft X-ray reflectivity of

�31.6% is achieved at 16.2� grazing angle of incidence, such a

high reflectivity in the water window wavelength regime being

reported for the first time in the literature.
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