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Abstract

Nanocrystalline zirconium nitride (ZrN) coatings were deposited by mid-frequency direct current
sputtering (mfMS) with varying pulsed plasma parameters such as pulse frequency and duty cycle
to understand the effect of pulsed plasma on the microstructure, residual stress and mechanical
properties. The results show that, with the increasing pulse frequency and decreasing duty cycle, the
coating morphology changed from a porous columnar to a dense structure, with finer grains. Mid-
frequency magnetron sputtered ZrN coatings with pulse frequency of 30 kHz showed the highest both
nanoindentation hardness of 16.3 GPa, and elastic modulus of 214.4 GPa. In addition, Effect of pulse
frequency on a residual stress and average crystal grain sizes was also investigated.
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Mol F& Wokgo] £3kk Yok A2Fw & P AF B oot AE 24 9 FolR A
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P} 2o d AT B TuRe B4 ol dF IV HE RuH| B0 J7t
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1. &
3 HEARJ] AFREHoRE = of3W (cathodic
(C» & o2 Ho] F%9 9 et ¥ arc), FH2T B4, de 2HEY (direct
S ASIEHT Atjdoz o3 Axprt At s current magnetron sputtering) @ @A AHE

H (pulsed magnetron sputtering) = 5 4 %l
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HE Y (mfMS, mid-frequency magnetron
sputtering)o] F&ERIL Ql=H] ol= 7|&£9] de
Q] tjAlo)] HA EtRuE YAST £ Q= HA
de AYS AHESH= WHoITH11]. 71€Y dec &
HEHS dA = d /\P%ﬂi UAGE T 3H
A FAIHOR o7 WAY, Bl Zol=Y (target
poisoning), Bd Y3t 44 F+29 vAFR A
< & o 12l

2 AFAHgA= olHTT &A
S HA Eghzur 34 HE
mfMSH& ©]-&5to] bt %
& 7he/doll tHslf Eagk |p
A EZ2uE WPAI7H
stke JSAIA HE ZIe vk
guto] A|Zbo] 7hsd vyt oyl AA|
A2 &E2 3D FHE 7Fs5HA stof 79 7]
S-&2oke] Ef7t 7= L Ut F[Foll=
ZF3+4 (mf, mid-frequency)?} IF (rf, radlo
frequency)& BAl0l| o]&5l= sto|lHEE WHF
ALZ o] 83 I A &of gt A+ THE
=3 ATH16].

£ AFofA = mfMSHE o]-8oto] 53t E4
g 7P— 1/}},:7&7(4;0 7N :yag]-_g zﬂ?ﬂro A1, o]
=9 AR, A WY, IRSE, E 71AA
S/l dish 04%15}@‘3} £35] 7 AolE (duty
cycle)@t A 1k (pulse frequency) 9F 22
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2 7| ®Ho| &2d %—’F—%Q AAsE7] S15h
Ar ES20HE SPAIA 242 1087 A AT
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1:11-_9_ x—]u] 7:]5 /\]ol7]o] Eﬂ’ 14’5:_0113 ] ]E]
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3.1. DM/

Table 1. Experimental parameters for depositing ZrN thin films by deMS and mfMS
Sample names dcMS mfMS05 mfMS15 mfMS30
Methods (mode) dcMS mfMS mfMS mfMS
Sputtering voltage (V) 400 400 400 400
Pulse frequency (kHz) 0 5 15 30
Duty cycle (%) 100 95 85 70
Negative pulse period (us) - 190 56 23
Positive pulse period (us) - 10 10 10
Bias voltage (V) -50 -50 -50 -50




350 Sung-Yong Chun / J. Surf. Sci. Eng. 57 (2024) 348-354

deMS & mfMSHo 2 AZE 4717 EFo
ZrN IZ"g99] mlNt2E FE-SEM<Z ©]-&5o]
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9} mfMS300014] Aojl Feguto] Hls] Azl &
7] @4 (facet)?] thHA YAEC] #F =GO
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2 J2 uAshE JAEE FH T 4 QU g
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H AR A= EHOIA B &7 449 o
AA YAZREH JAFH 24 2 AL} A
T T2 AAE AR Y 7
columnar voids)°| o FZEE A, SHH
mfMS152t mfMS30°4 A|ZHe Zegdte] ohH
ARl A= A o348 44 27 AR &2
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§ AGgk N 27 HEE
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Fig. 1. Microstructure through FE-SEM for the ZrN
coating surface ((a) dcMS, (b) mfMS05, (c) mfMS30),
cross—sectional FE-SEM, ((d) dcMS, (e) mfMS05, (f)
mfMS30).

dcMSH I mfMSH oz A2kt 4259] 7rN
FEHO] XA 34 B4 ATE Fig. 2 o YEHY
Aot BE FY AN Fd A9 AW A #H
AJAYTZE (cubic fee)9] ZrN g Eo] A E
Fom (1119, (200)H, (22004, 311)He] 1
37} B ATt JCPDS 25-1252). 18y g4
S5zt &4 Hepol weh Ao ZrN ZEEe]
A viFAY L orS3t Zo] WsighE & 4 Utk
dcMSe} mfMS05 o4& (111)™, mfMS15 9
AL (2000H, 18]3 mfMS30 A= (220)H
A = A Aol XA mazp #EEIL =
HA Zgtzu 3¢ 2A0) wet 7rN Zgato] &
AfeFAgS (1119, (200)H, (220)H &og W
slotqict. Gutd o g Fguto] Al 9l Q- Afuj
gFAg ol Wslo| IS v|X = 5 Hs-E Ar/N,
o] &3] 7]gHlolojA At 52 the HalH
v} Qo o]gE HA ZetRul 34 WLvt 2
o] Q4 wigFgof JFS v|FE 5 Q= A
FAIE= Aol ByHE vl §irH19-21].

Fig. 2. XRD data of ZrN coatings deposited by dcMS and
mfMS.
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Table 2. XRD data of ZrN coatings deposited by dcMS and mfMS

Peak position
(220)
Sample names dcMS mfMS05 mfMS15 mfMS30 standard
260 (°) 57.14 57.06 56.78 56.66 56.95

H7] Yol 220)HS] XA 139] 20 #9] #gE
Table 2 2} Fig. 39 242+ Yetiict. ZrN 34
39| ZAA Wt m2|= J3FZ HA EHst
7] 915l JCPDS 7= (#25-1252)25H 3 &
< 208 % A BEAFR. 220099 45 12
9] 20 2 ET A Hop F2 A7 o= o]5eS
& & QlET] o]#3t 20 el AZeR29] o5
ZHF 589 i I &8 St 7ldge
HE QIoH[22-23].

Fig. 4 ol dcMS 9F mfMSH o 2 A&st ZrN 2
guto] 758 A3E Yot 24 Z2
Znp 3 o] et 7N T8 o] 455
2 deMS 94 -0.30 GPa, mfMS05 °A4 -0.33
GPa, mfMS15 °|4 0.51 GPa 183l mfMS30
oA 0.80 GPa & T¥ X7 wpat 7SS
AE5SEoA AFgEH o= HIFHE o 5= Ut

Fig. 3. XRD patterns of maximum peak (220) with shift
toward low angles in relationship to the increasing of
applied pulse frequency.

Fig. 4. Residual stresses (compressive or tensile) of ZrN
coatings deposited by dcMS and mfMS.
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Fgute] 249 7|= A9 383 T
H FEEY EopoA 24 FHot= W F
83 840t ARty eow AHFY A7Y HAa
= A7 Y AE VA ZEHY H2Y
I et AdS AT weba A He] F7]
o} Jett 542 I gute] 380 EZ]l a4
Ad], ZF9te] 2HH A7]= AAAR Ao 9t
S50 ofy et XA 34 £4 w39 vtE =
712X B} gyF ol gt A4to] 7hHssitt
[26]. & AFoA 28Y Z7]== Scherrer ¥
o|-gsto] AAletR XA 24E w39 whrtEo]
71l wet 24 Y 7)== FASHATH27].
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Fig. 5. Average crystal grain sizes of ZrN coatings
deposited by dcMS and mfMS.
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o 2™ 27|+ deMS oA 13.2 nm, mfMS05

oA 12.8 nm, mfMS15 A4 10.3 nm 18I
mEMS30 o4 8.9 nm= F& ZAd] uet Ao
32 WA A9 A= HagS & = Utk &
ghA FA EepRuke] g4 242 Ar/N,9] &3
H|, 7|3epojoj A Hd}t §A FEute] ulA
ZE Aolot= 8 34 HM4E &8 & U
= €A =AU 015‘13} ZrN Fgute]l 2449 2
719] u|Agte] o EA o= HAA Egzut A
doll 2 S48 IA#F EHH] 01% E9 A v (flux
ratio, Ji/IN) 37Fe & & Ut} £9]
zop g 9 £9jof wet o] 2 EYHA
flux density)7} A5sto] YU n|HLR S

oA &3] 4 #x, Tk, 3 EEHA E &
AP 22 249 Y 7Hesitta 24 &
=31 JATH28-29].

3.5 Lt Bk Y EHHE

dcMS & mfMSHO = AZHgt 7rN ZH 9o 7
o HgES S5 A8l HiJAdH oA A
HIE ol-&3I1a AE B 1 vpolAR e &9z
30 7H4 o9 AaolA SA5te] dojdl Bt
¥ Fig. 6 o YT 4 nm o FA=
HHC| == 2 AP 7|E9 vlo]a 2
H AL AreAZe S0 % F&stal ]IdlE o]
A A7) A Qs FEet 4ol wf- of Pt
ojet & & Ao AREE= Ui=lRIE ol 7]
S oFF A2 ¥ Ame] 7AH FE2 27
sl 7H 2heskal AH A Q] o R defA
o whebd IR U ' 42 fIe dA
9] A7} 352 5 mNOE IAFoH, A4y 7
o7} ¥2E SHE Ak dhol TUIete BEFE
Hol= ddigold =27 adtE wiAIst7] #ish
AA & £A9] 1/10 AF o2 BH35}51HTH30-

Fig. 6. Nanoindentation hardness and elastic modulus of
ZrN coatings deposited by dcMS and mfMS.

% Bret
EELE A 573_ 1 m}a} Ao A
gl & 4= 3tk mfMS30 ©fl
guto] Yyi-Qldigo]ld Fx
°F 16.3 GPa ¥ 214.4 GPa
2 dcMS oA AFE -] ¢F 11.9 GPa 2+
155.5 GPa ol Hls) A= oF 33%, BAHEL
20% 7HA] Z¥zF 274852 2 4= Qltt. o|Fst ZrN
ague) e Auo} B4se 450z B
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A&E Fgure] 1 ARRlo A= wjmE ol Hf
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ol 78 2A0 whet ZrN T8 o] L AujgAgL
deMST mfMS05 oA (111)H, mfMS15 oA
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1, (220089 W9] 29 IS EFE MEQ] 20 &
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532 dcMS, mfMS05, mfMS15, mfMS30 <=
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o vla Ax+E 9F 33%, HAEL 20% S715IA

ct.



Sung-Yong Chun / J. Surf. Sci. Eng. 57 (2024) 348-354 353

AL 2

o] AT AR ()& REAR)C
2 HRATASY (UG wop
(No. 2022H1D8A303867111)

References

[1]1]. Deng, J. Liu, J. Zhao, W. Song, M. Niu,
Friction and wear behaviors of the PVD
ZrN coated carbide in sliding wear tests
and in machining processes, Wear, 264
(2008) 298-307.

[2] J.C. Caicedo, G. Zambrano, W.
Aperador, L.E. Alarcon, E. Camps,
Mechanical and electrochemical
characterization of vanadium nitride
(ZrN) thin films, Applied Surface
Science, 258 (2011) 312-320.

[3] D. Valerini, M.A. Signore, A. Rizzo, L.
Tapfer, Optical function evolution of
ion-assisted ZrN films deposited by
sputtering, Journal of Applied Physics,
108 (2010) 083536.

[4] S. Niyomsoan, W. Grant, D.L. Olson, B.
Mishra, Variation of color in titanium
and zirconium nitride decorative thin
films, Thin Solid Films, 415 (2002) 187-
194.

[5] A. Rizzo, M.A. Signore, D. Valerini, D.
Altamura, A. Cappello, L. Tapfer, A
study of suppression effect of oxygen
contamination by bias voltage in
reactively sputtered ZrN films, Surface
and Coatings Technology, 206 (2012)
2711-2718.

[6] M.M. Larijani, N. Tabrizi, S. Norouzian,
A. Jafari, S. Lahouti, H.H. Hosseini,
N. Afshari, Structural and mechanical
properties of ZrN films prepared by
ion beam sputtering with varying N2/
Ar ratio and substrate temperature,
Vacuum, 81 (2006) 550-555.

[7] B. Koscielska, A. Winiarski, W. Jurga,
Structure and superconductivity of

ZrN-SiO, films obtained by thermal
nitridation of sol-gel derived coatings,
Journal of Non-Crystalline Solids, 356
(2010) 1998-2000.

[8] M. Fallgvist, M. Olsson, Influence of
surface defects on the mechanical and
tribological properties of ZrN-based
arc-evaporated coatings, Wear, 297
(2013) 1111-1119.

[9] H. Hanizam, A.R. Soufhwee, K. Anuar,
A.R.M. Nizam, N. Mohamad, The
effect of pulse DC and DC substrate
bias during in situ cleaning PVD
process on surface roughness, Procedia
Engineering, 53 (2013) 562-568.

[10] K. Bobzin, N. Bagcivan, P. Immich, S.
Bolz, J. Alami, R. Cremer, Advantages of
nanocomposite coatings deposited by
high power pulse magnetron sputtering
technology, Journal of Materials
Processing Technology, 209 (2009) 165~
170.

[11] J. Sellers, Asymmetric bipolar pulsed
DC: the enabling technology for
reactive PVD, Surface and Coatings
Technology, 98 (1998) 1245.

[12] A. Anders, Physics of arcing, and
implications to sputter deposition, Thin
Solid Films, 502 (2006) 22-28.

[13] S.Y. Chun, M.G. Han, Growing
behavior of nanocrystalline TiN films
by asymmetric pulsed DC reactive
magnetron sputtering, Journal of the
Korean Ceramic Society, 48 (2011) 342-
347.

[14] S.Y. Chun, J.Y. Hwang, Effects of
duty cycle and pulse frequency on
the microstructure and mechanical
properties of TiAIN coatings, Journal of
the Korean Ceramic Society, 51 (2014)
447-452.

[15] S.Y. Chun, S.W. Park, A comparative
study of CrN coatings deposited by
DC and pulsed DC asymmetric bipolar
sputtering for a polymer electrolyte



354 Sung-Yong Chun / J. Surf. Sci. Eng. 57 (2024) 348-354

membrane fuel cell (PEMFC) metallic
bipolar plate, Journal of the Korean
Ceramic Society, 50 (2013) 390-395.

[16] F. Ge, P. Zhu, F. Meng, Q. Xue, F. Huang,
Achieving very low wear rates in binary
transition-metal nitrides: the case of
magnetron sputtered dense and highly
oriented ZrN coatings, Surface and Coatings
Technology, 248 (2014) 81-90.

[17] S.Y. Chun, Microstructure, crystal structure
and mechanical properties of VN coatings
using asymmetric bipolar pulsed DC
sputtering, Journal of the Korean Institute of
Surface Engineering, 49 (2016) 461-466.

(18] Y. Qiu, S. Zhang, B. Li, J.W. Lee, D. Zhao,
Influence of nitrogen partial pressure and
substrate bias on the mechanical properties
of ZrN coatings, Procedia Engineering, 36
(2012) 217-225.

[19] T. Nakano, C. Murata, S. Baba, Effect of the
target bias voltage during off-pulse period
on the impulse magnetron sputtering,
Vacuum, 84 (2010) 1368-1371.

[20] M. Kumar, S. Mishra, R. Mitra, Effect of Ar:
N2 ratio on structure and properties of Ni—
TiN nanocomposite thin films processed
by reactive RF/DC magnetron sputtering,
Surface and Coatings Technology, 228
(2013) 100-114.

[21] H. Du, H. Zhao, J. Xiong, W. Wan, Y. Wu,
L. Wang, G. Xian, Effect of Ar/N, flow ratio
on oxidation resistance and properties of
TiAl(La)N coatings, International Journal of
Refractory Metals and Hard Materials, 46
(2014) 173-180.

[22] C.P. Constable, D.B. Lewis, J. Yarwood,
W.D. Minz, Raman microscopic studies
of residual and applied stress in PVD hard
ceramic coatings and correlation with X-ray
diffraction (XRD) measurements, Surface
and Coatings Technology, 184 (2004) 291-
297.

[23] D.W. Hoffman, Stress and property control
in sputtered metal films without substrate
bias, Thin Solid Films, 107 (1983) 353-358.

[24] S.Y. Chun, Changes of crystal structure
and microstructure of MoN coatings in
accordance with inductively coupled
plasma, Coatings, 11 (2021) 1351.

[25] G. Abadias, Stress and preferred orientation
in nitride-based PVD coatings, Surface and
Coatings Technology, 202 (2008) 2223-
2235.

[26] K. Bobzin, E. Lugscheider, M. Maes, P.
Immich, S. Bolz, Grain size evaluation of
pulsed TiAIN nanocomposite coatings for
cutting tools, Thin Solid Films, 515 (2007)
3681-3684.

[27] O. Storz, H. Gasthuber, M. Woydt,
Tribological properties of thermal-sprayed
Magnéli-type coatings with different
stoichiometries (TinO2n-1), Surface and
Coatings Technology, 140 (2001) 76-81.

[28] S.Y. Chun, A comparative study of
superhard TiN coatings deposited by DC
and inductively coupled plasma magnetron
sputtering, Journal of the Korean Institute of
Surface Engineering, 46 (2013) 55-60.

[29] S.Y. Chun, Microstructure and mechanical
properties of HIN films deposited by DC
and inductively coupled plasma assisted
magnetron sputtering, Journal of the Korean
Institute of Surface Engineering, 53 (2020)
67-72.

[30] A.A. Elmustafa, D.S. Stone, Nanoindentation
and the indentation size effect: kinetics of
deformation and strain gradient plasticity,
Journal of the Mechanics and Physics of
Solids, 51 (2003) 357-381.

[31] M. Wang, D. Wang, T. Kups, P. Schaaf, Size
effect on mechanical behavior of Al/Si;N;
multilayers by nanoindentation, Materials
Science and Engineering A, 644 (2015) 275-
283.



