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a b s t r a c t 

CrB x thin films with 1.90 ≤ x ≤ 2.08 have been deposited by direct-current magnetron sputtering (DCMS) 

from a stoichiometric CrB 2 target at 5 and 20 mTorr (0.67 and 2.67 Pa) Ar pressure onto sapphire 

(0 0 01) substrates. All films, irrespective of deposition conditions, exhibit a (0 0 01) texture. Attesting to 

the achievement of close-to-stoichiometric composition, epitaxial film growth is observed at 900 °C, while 

film growth at 500 °C yields (0001) fiber texture. Film composition does not depend on substrate tem- 

perature but exhibits slightly reduced B content with increasing pressure for samples deposited at 900 °C. 

Excess B in the overstoichiometric epitaxial CrB 2.08 films segregates to form B-rich inclusions. Understoi- 

chiometry in CrB 1.90 films is accommodated by Cr-rich stacking faults on { 1 ̄1 00 } prismatic planes. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Transition metal diborides have attracted extensive attention 

ver the last decades owing to their unique properties, including 

igh melting point and thermal conductivity, chemical inertness, 

nd excellent mechanical properties [1] . Among these, TiB 2 is ar- 

uably the most studied [2] . Off-stoichiometric TiB x thin films have 

roven to be superhard, with values exceeding 40 GPa reported 

or both over- [3] and under-stoichiometric [4] conditions. The 

igh hardness can be explained by disruptions in the hexagonal 

icrostructure, induced by the unbalanced stoichiometry, which 

ampers dislocation propagation through the effective nanostruc- 

ure [ 3 , 5 ]. 

Chromium diboride, CrB 2 , is comparatively less studied as thin 

lms. In bulk form, it has a melting point of 2200 °C, high bulk 

odulus (211 GPa), oxidation resistance (up to 10 0 0 °C), high ther- 

al conductivity (31.8 Wm 

−1 K 

−1 ), low thermal expansion coeffi- 

ient (6-10 × 10 −6 K 

−1 from room temperature to 1400 °C), as well 

s good wear resistance, and chemical inertness [6] . It is noted that 
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rB 2 has superior corrosion resistance compared to TiB x [7] . Such 

xcellent properties make CrB 2 a candidate for high temperature 

tructural applications and hard coatings for cutting tools and dies 

8] . 

CrB x thin films have to date been prepared by conversion treat- 

ent [9] , thermal evaporation [10] , chemical vapor deposition [11] , 

ulsed laser deposition [12] , pulsed- [13-17] and radio frequency 

agnetron sputtering (RFMS) [ 18 , 19 ], direct current magnetron 

puttering (DCMS) [ 16 , 18 , 20-22 ], as well as inductively coupled 

lasma assisted DCMS [7] . 

Reports on the effects of growth parameters are limited. Dahm 

t al. [22] grew films by DCMS at room temperature, with varying 

ressure ( p Ar = 2 or 5 mTorr, 0.27 or 0.67 Pa). The films showed

0 0 01) or ( 10 ̄1 1 ) texture. Zhang et al. [20] explored p Ar = 0.28

a (2.1 mTorr) and substrate temperature ( T S ) varied between 

00 and 400 °C, and found that with increasing temperature, the 

icrostructure evolved from under-dense amorphous to dense 

anocolumnar structure with a strong (0 0 01) texture. This was ex- 

lained by increased surface mobility during growth. Nedfors et 

l. [21] sputter-deposited nanocrystalline coatings from a CrB 1.5 

arget and obtained coatings with a slightly reduced B content 

B/Cr = 1.4) and a ( 10 ̄1 1 ) preferred texture. Zhou et al. [ 18 , 19 ] em-
c. This is an open access article under the CC BY license 

https://doi.org/10.1016/j.scriptamat.2021.113915
http://www.ScienceDirect.com
http://www.elsevier.com/locate/scriptamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2021.113915&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:megan.dorri@liu.se
mailto:johanna.rosen@liu.se
https://doi.org/10.1016/j.scriptamat.2021.113915
http://creativecommons.org/licenses/by/4.0/


M.M. Dorri, J. Thörnberg, N. Hellgren et al. Scripta Materialia 200 (2021) 113915 

p

P

t

t

C

o

t

l

t

i  

w

e

p

i  

h

c

c

e

h

d

f  

t

t

s

p

p  

t

p

t

t

p

N

s

T

A

t

b

s

t

5

p

V

C  

P

p

r  

2

s

m

X

p

A

θ
c

n

X

r

K

m

v

s

Fig. 1. B/Cr compositional ratio plotted as a function of film growth temperature 

T S , for CrB x films grown in pure Ar with p Ar = 5 and 20 mTorr (0.67 and 2.67 Pa). 

The dashed line represents the target composition, CrB 2.03 . 
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loyed RFMS of a CrB 2 target to deposit CrB x films at p Ar = 0.3 

a (2.2 mTorr) and temperatures between 150 and 450 °C. The lat- 

er films were highly understoichiometric, with B/Cr ≈ 1.1 for all 

emperatures, which was explained by a higher sputtering yield of 

r from the target. While this might be true at the initial stage 

f the deposition, at steady state the total sputtered flux from the 

arget must equal the bulk target composition, unless the angu- 

ar distribution of sputtered species is nonisotropic. Nevertheless, 

heir observation was similar to that made by Nedfors et al. [21] , 

.e., that the film B/Cr ratio is lower than that of the target. This

as also observed by Audronis et al . [13-17] who performed sev- 

ral studies of pulsed magnetron sputtering from loosely packed 

owder targets. The use of a stoichiometric CrB 2 target resulted 

n CrB 0.92 [15] , i.e., close to the results by Zhou et al. [19] . It is,

owever, unclear if the results from an under-dense powder target 

an be directly compared to a solid sintered target. Independent of 

hoice of technique or process conditions in previous reports, no 

pitaxial growth of stoichiometric or close to stoichiometric films 

ave been reported. 

The Cr-B system with prevailing understoichiometry from vapor 

eposition is in contrast to related diborides of transition metals, 

or example TiB 2 [ 3 , 23 ] and ZrB 2 [24] , where overstoichiometry is

he norm. So, the quest becomes to develop synthesis processes 

hat provides stoichiometric films of either sort. Here, we demon- 

trate how close-to-stoichiometric and epitaxial CrB 2 films can be 

repared applying DCMS by varying the deposition parameters of 

ressure ( p Ar = 5 and 20 mTorr, 0.67 and 2.67 Pa) )) and substrate

emperature ( T S = 500 and 900 °C) from a CrB 2 compound target. 

The CrB x thin films are deposited by DCMS in an Ar (99.9999% 

urity) discharge from a 76-mm-diameter and 6-mm-thick CrB 2 

arget prepared by powder metallurgy (Plansee, 99.3% purity, ac- 

ual composition CrB 2.03 as determined by inductively coupled 

lasma-optical emission spectrometer, ICP-OES, impurities of C, Fe, 

, H, and O), positioned at a distance of 6.5 cm from the sub- 

trate, in a deposition system with a base pressure of 2.6 × 10 −7 

orr (~3.5 × 10 −5 Pa). All films are grown on 10 × 10 mm 

2 α- 

l 2 O 3 (0 0 01) substrates cleaned by ultrasonication for 5 min in 

richloroethylene, acetone, and isopropanol, in sequence, followed 

y blow drying in N 2 prior to being transferred into the deposition 

ystem via a load-lock. The substrates are preheated to the deposi- 

ion temperatures of 500 or 900 °C. The targets are presputtered for 

 min before each deposition at the same Ar pressure and target 

ower as used for the materials synthesis. During deposition, a -60 

 bias is applied to the substrate, which is rotated at 10 rpm. The 

rB x thin films are grown at p Ar = 5 or 20 mTorr (~0.67 or ~2.67

a) with an Ar flow of 10.3 and 47.3 sccm, respectively. The target 

ower is kept at 200 W, corresponding to a target voltage and cur- 

ent of ~645 V and ~0.31 A at 5 mTorr and ~585 V and ~0.34 A at

0 mTorr, respectively. The deposition rate is ~35 nm/min, with no 

ignificant dependence on p Ar or T S . All films are deposited for 10 

in which results in final thicknesses for all films around 370 nm. 

X-ray diffraction (XRD) θ–2 θ scans, X-ray reflectivity (XRR), and 

RD pole figures are performed using a PANalytical EMPYREAN 

owder diffractometer equipped with a Cu K α radiation ( λ = 1.54 
˚ ) source operates at 45 kV and 40 mA. The optics utilized for 

–2 θ scans are a graded mirror with 1/2 ° divergent slit for the in- 

ident beam side, and a parallel plate collimator with beta-filter 

ickel for the diffracted beam side. The incident beam optics for 

RR and XRD pole figures are a hybrid mirror and an X-ray lens, 

espectively, and a parallel plate collimator with a nickel foil Cu 

 β -filter for the diffracted beams. 

Film morphology and structure are studied by scanning electron 

icroscopy (SEM), LEO 1550 Gemini operating with an acceleration 

oltage of 10 keV. 

Film compositions are determined by Rutherford backscattering 

pectroscopy (RBS). The probe beam consisted of 2 MeV He + ions 
2 
ncident at an angle of 22.5 ° relative to the sample surface nor- 

al with the detector set at a 150 ° scattering angle. Backscattered 

pectra are quantified using the SIMNRA software [25] . 

The thin films are investigated at the atomic scale using high 

ngle annular dark field scanning transmission electron microscopy 

HAADF-STEM) imaging, selective area electron diffraction (SAED) 

nd electron energy loss spectroscopy (EELS) techniques. Charac- 

erization is performed using the Linköping double Cs corrected 

EI Titan 

3 60-300 operated at 300 kV. HAADF-HRSTEM imaging is 

erformed by using a 21.5 mrad convergence semi-angle with ~90 

A beam current. The HAADF-STEM images are recorded using an 

ngular detection range of 46-200 mrad. EELS analyses were per- 

ormed using a Gatan GIF Quantum ERS post-column imaging fil- 

er. Plan-view TEM samples are prepared by a combined approach, 

hich includes mechanical cutting, cleaving, and polishing to a few 

undred μm thickness from the substrate side. The samples are 

xed to the Cu grid and final milling is performed by FIB to achieve

lectron transparency. 

Fig. 1 shows the B/Cr ratio of CrB x films deposited at p Ar = 5 

nd 20 mTorr (0.67 and 2.67 Pa), as a function of substrate tem- 

erature. All films have compositions close to the target composi- 

ion (CrB 2.03 ), where the B/Cr ratio is confined to the range 1.90 

o 2.08. These values can be compared to the boron-to-metal ra- 

io in TiB x deposited in the same deposition system under similar 

onditions, which varies over a much wider range, between ~1.9 

o ~3 [26] . The B/Cr ratio has no significant dependence on p Ar or 

 S , within the ranges investigated. Only a slight pressure depen- 

ence is found for samples deposited at 900 °C, with a reduced B 

ontent with increasing pressure. This is consistent with trends of 

iB x , though less pronounced [26] . 

Fig. 2 shows θ-2 θ X-ray diffractograms from CrB x films de- 

osited at different pressures and temperatures. Apart from the 

l 2 O 3 (0 0 06) substrate peak, all films show diffraction from the 

0 0 01) and (0 0 02) reflections of CrB 2 in the P6/mmm hexagonal

lB 2 structure. The peaks have relatively low intensity for the films 

rown at T S = 500 °C. At T S = 900 °C, however, the films have higher

rystalline quality with a preferred (0 0 01) orientation. The films 

rown at 500 °C have peaks shifted roughly 0.1 ° to higher angles 

elative to the ICDD-PDF positions and are broader. On the con- 

rary, films grown at 900 °C do not display any significant peak 

hift. This suggests that all CrB x films deposited at 500 °C have a 

horter c axis with corresponding in-plane expansion compared to 

lms deposited at 900 °C. Accounting for the thermal contraction 

pon cooling, we find that the films deposited at 500 °C grow in a 

tate of mild compression of ~0.5 GPa. The tensile strain in the lat- 

er films, measured at room temperature is almost entirely due to 

he difference in the thermal expansion coefficient between film 
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Fig. 2. θ-2 θ XRD patterns from four CrB x films grown by DCMS at 200 W target 

power, and different temperatures and pressures shown in the panel. Dashed lines 

represent 2 θ of (0 0 01) and (0 0 02) according to ICDD-PDF 00-034-0369 [29] . 
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nd substrate, 1.05 × 10 −5 K 

−1 and 7.5 × 10 −6 K 

−1 , respectively 

 27 , 28 ]. The films at the growth temperature of 900 °C are under a

ompressive stress of ~0.9 GPa, due to incomplete relaxation of the 

% lattice mismatch. This growth stress is almost completely com- 

ensated upon cooling by virtue of the difference in the thermal 

xpansion coefficients. 

Fig. 3 shows pole figures of 0 0 06 and 10 ̄1 4 from the α-Al 2 O 3 

ubstrate, as well as 0 0 01 and 10 ̄1 1 poles from the four CrB x films.

he single peak at the center of the 0 0 01 pole plots confirms that

he films have a strong texture in this direction, in agreement with 

he θ-2 θ scans shown above. The exception is the film grown at 

00 °C and 20 mTorr ( Fig. 3 c ) , i.e., the condition with the least ther-

al and ballistic energy input to the growth surface, where crys- 

allites are oriented with the 0 0 01 planes in multiple directions. 

he 10 ̄1 1 pole plots from both films grown at 900 °C ( Fig. 3 d and
ig. 3. XRD pole figures of the Al 2 O 3 substrate for (0 0 06) and ( 10 ̄1 4 ) peaks (a) and the C

Torr (0.67 and 2.67 Pa) for (0 0 01) and ( 10 ̄1 1 ) peaks. 

3 
 ) show six distinct points at ψ ≈ 50 ◦, and separated by 60 ° in

. They are rotated by 30 ° relative to the 10 ̄1 4 poles of the sub-

trate which confirms these films have in fact grown epitaxially 

nto the c-axis-oriented α-Al 2 O 3 , with the epitaxial relationship 

rB 2 {0 0 01} < 10 ̄1 0 > // Al 2 O 3 {0 0 01} < 11 2 0 > . The CrB 2 films are

rown with 30 degree in-plane rotation relative to the substrate. 

his is in agreement with reported ZrB 2 epitaxial growth [ 24 , 30 ].

or the film grown at 500 °C and 5 mTorr ( Fig. 3 b and c), the 10 ̄1 1

ole forms a continuous circle at ψ ≈ 50 ◦, showing that this film 

as no in-plane orientational relationship to the substrate. Instead, 

t has a fiber texture in the 0 0 01 direction, in agreement with the

-2 θ XRD results in Fig. 2 . Finally, the 10 ̄1 1 pole plot of the film

rown at 500 °C and 20 mTorr ( Fig. 3 c ) , shows intensity also at

ther angles, because of more randomly oriented grains. 

Fig. 4 shows cross-sectional SEM images of the four CrB x films 

rown with p Ar = 5 and 20 mTorr (0.67 and 2.67 Pa) and T S = 500

nd 900 °C. The samples deposited at 500 °C display a columnar mi- 

rostructure, which is typical for sputtered ceramic thin films like 

etal diborides [ 3 , 4 , 23 ], while films grown at 900 °C are more ho-

ogenous, corresponding to their epitaxial nature, see XRD pole 

gures in Fig. 3 d and e . 

Fig. 5 compares plan-view HAADF-STEM images and SAED of a 

lightly overstoichiometric CrB 2.08 film grown at T S = 900 °C and 

p Ar = 5 mTorr (a and c), and an understoichiometric CrB 1.90 film 

rown at T S = 900 °C and p Ar = 20 mTorr (b and d). The SAED pat-

erns from these samples in Fig. 5 a and b , reveal discrete diffrac-

ion spots that indicate high-crystalline quality, in line with our 

RD results. Fig. 5 a , the HAADF-STEM image of the overstoichio- 

etric CrB 2.08 film shows dark contrast, low-atomic number, re- 

ions - up to 20 nanometers in diameter - indicating B-rich in- 

lusions. EELS analysis confirmed that these regions are B-rich and 

r-deficient. 

For the understoichiometric CrB 1.90 case, Fig. 5 b , exhibits higher 

ontrast Cr-rich planar defects (confirmed by EELS analysis) - up 

o 30 nanometers long - and situated on { 1 ̄1 00 } planes. These de-

ects appear as metal-rich stacking faults of the type reported for 

nderstoichiometric TiB x films, ( 1 . 4 < ∼ x < 2 ) [ 4 , 5 ]. In ref. [5] , us-

ng analytical HRSTEM, density functional theory, and image sim- 

lations, the unpaired Ti was pinpointed to inclusion of Ti-based 

tacking faults within a few atomic layers, which terminates the 

 1 ̄1 00 } prismatic planes of the crystal structure and attributed to 
rB x film grown at T S = 500 °C (b and c) and 900 °C (d and e), and p Ar = 5 and 20 
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Fig. 4. Cross-sectional SEM images of CrB x films grown at T S = 500 °C (a and b) and 900 °C (c and d), and p Ar = 5 and 20 mTorr (0.67 and 2.67 Pa). 

Fig. 5. Plan-view HAADF-STEM images (along [0 0 01] zone axis) showing the 

structure of (a, c) CrB 2.08 and (b, d) CrB 1.90 thin films, respectively. The insets 

in (a) and (b) show corresponding SAED patterns from the films and EELS elemen- 

tal distribution maps for Cr and B acquired from the indicated areas in (a) and (b). 

Representative off-stoichiometry-related defects are indicated by arrows in (a) B- 

rich inclusions, (c) stacking faults, and (d) Cr-rich stacking faults. 
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[  
he absence of B between Ti planes. Stacking faults are present 

n the overstoichiometric CrB x thin film’s crystal structure, Fig. 5 c , 

hough they do not host excess B (confirmed by EELS analysis, not 

hown). High-resolution HAADF-STEM images in Fig. 5 c and d fur- 

her accentuate the high-crystalline quality of both films grown at 

 S = 900 °C. 

In summary, close-to-stoichiometric CrB x films, 1.90 ≤ x ≤ 2.08, 

an be grown using DCMS from a CrB 2 target at pressures of 5 

nd 20 mTorr and substrate temperatures of 500 and 900 °C. The 

lm composition does not depend on substrate temperature, and 

as a weak dependence on pressure only for the samples de- 

osited at higher temperature, where increasing pressure results 

n lower B content. At lower temperature, the films exhibit an 

0 0 01) fiber texture when grown at 5 mTorr, and more randomly 

riented grains at 20 mTorr. At 900 °C, the CrB x films grow epitaxi- 

lly on Al 2 O 3 (0 0 01) substrates with high-crystalline quality. Excess 

 in the overstoichiometric CrB 2.08 films segregates into B-rich in- 

lusions. Understoichiometric CrB 1.90 films displayed B-deficiency 

s accommodated as planar defects comprised of Cr-rich stacking 

aults residing on the { 1 ̄1 00 } prismatic planes of the CrB 2 crys-

al structure, identical to the ones reported for understoichiometric 

iB x epitaxial layers. 
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