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Gold film with gold nitride—A conductor but harder than gold
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The formation of surface nitrides on gold films is a particularly attractive proposition, addressing the

need to produce harder, but still conductive, gold coatings which reduce wear but avoid the pollution
associated with conventional additives. Here we report production of large area gold nitride films on
silicon substrates, using reactive ion sputtering and plasma etching, without the need for ultrahigh
vacuum. Nanoindentation data show that gold nitride films have a haret&¥% greater than that

of pure gold. These results are important for large-scale applications of gold nitride in coatings and
electronics. €2005 American Institute of PhysidDOI: 10.1063/1.1941471

Metal nitrides often possess unique properties suitablef the gold nitride films to the substrate. Gold nitride was
for a number of applications, such as high hardness, higeubsequently deposited to a thicknes4.5 um under the
melting points, chemical stability, and useful magnetic andconditions described above. For comparison, pure gold
electrical properties. Gold films for use in the electronicsfilms of the same thickness were deposited with argon ion
industryl'z are deposited by electroplating and incorporatesputtering.
minute amounts of metallic and nonmetallic inclusions  We also investigated the physical properties of gold ni-
which can significantly affect bulk and surface properffies. tride films produced by exposing a pure gold surface to a
Metals such as As, Pb, or Tl are typically added to increas@itrogen plasma. In this method, a gold filnl um thick
the hardness of gold coatirigand there is a need to produce was deposited on a standard 100 mm Si wafer. The gold film
harder but still conductive gold coatings which reduce weawas then transferred to a plasma etching sysi8m, BOC
of the gold without the pollution associated with conven-Edwards sputter systgmA surface gold nitride was then
tional additives. Although attempts to form gold nitrides formed by exposing the gold film to a 13.56 MHz radio-
have been recorded for the past 20 years, this compound wigquency plasma for about 30 min. The power employed to
produced only recently, by Siller and co-worketdy irra- ~ 9enerate the plasma was 300 W and the target biased to
diating a single crystal A@10) surface with low energy ni- —240 V. During this process, the nitrogen pressure in the
trogen ions in an ultra high vacuuHV) environment. ~Plasma chamber was 6.4 mTorr, and the flow rate pivds
Although these studies demonstrated the existence of a preé0 cubic centimeters per secof@tcm).” The plasma etching

viously unobserved compound, it is not possible to measurgethod produces nitride layers onty30—50 nm thick, in-
many of the physical properties relevant to potential appncasufflment for hardness measurements. Wlth reactive ion sput-
tions for films produced in this manner. tering one can produce films of any thickness, hence this

Here we present a scalable plasma-based process for the
production of large area gold nitride films and the physical
characterization of those films. The production of materials 30000 @ A
by plasma methods and/or ion bombardment is a delicate 25000 4 Ty
balance between implanting the ions in the surface and their B

. L ; (b) I A
removal by sputtering. Thus, low energy plasma conditions 20000 - . Yy Y
are essential for gold nitride to be form&@old nitride films i
~2 um thick were deposited by reactive nitrogen ion sput- 19000
tering directly on a standard 100 mm Si wafer for conduc-
tivity measurements, using an Edwards AUTO500 Magne- . . gl
tron sputtering system typically operating at 300 W power 5000 1 AR VAN W\%
and with a bias voltage of 490 V. The pressure of nitrogen in i, |
the sputtering system was held-abx 10~ mbar, yielding a ‘ . .
deposition rate of~0.2 nm/sS The thickness of the films s o B 400 405 410

L inding energy {eV)

was measured by ellipsiometry. For hardness measurements,
a~200 nm thick layer of Ti was predeposited on the SiliCONFIG. 1. Nis core level photoemission spectra obtained fr@na thin film

surface by argon ion sputtering in order to improve adhesiorf gold nitride produced by nitrogen reactive ion sputteriig,a thin film
of gold nitride produced by the plasma method, &oda Au(110 surface
exposed to a nitrogen ion dose of 57#Q cn? at 500 eV ion energy from
¥Electronic mail: Lidija.Siller@ncl.ac.uk Ref. 4. All spectra were obtained in normal emission geometry.

10000 - (C)

Intensity (arb. units)

0003-6951/2005/86(22)/221912/3/$22.50 86, 221912-1 © 2005 American Institute of Physics
Downloaded 21 Apr 2011 to 129.234.252.66. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.1941471
http://dx.doi.org/10.1063/1.1941471

221912-2 Siller et al. Appl. Phys. Lett. 86, 221912 (2005)

(@) 35 TABLE I. Hardness and contact modulii for the samples.
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© metallic gold and molecular nitrogen, and is thus
metastabl@—the reason why gold nitride has not been found
in nature.

The percentage of gold nitride in the gold films investi-
gated in this work(assuming the proposed stoichiometry of
AuN®) is ~10.5%, and was determined from the ratio of
Au4f to N1s photoemission peaks, corrected for photoion-
ization cross sectioh, transmission of the ESCA 300
analyzef and electron escape depth. Here we present mea-
surements of electrical conductivity and hardness of such
gold nitride thin films prepared by nitrogen ion reactive sput-
FIG. 2. Variation of(a) hardness anth) contact modulus with contact depth  tering and compare them with conductivity and hardness of
determineq b_y the method of Oliver and Phi@ef. 9 for goldz gold nitride, pure gold films of the same thickness prepared by sputter
a_nd gold nitride annealed at 100 c((iho_mb, squares, and triangles, respec- d iti . | Mechanical ¢
tively). The data presented are not influenced by the subsi@téAFM eposition u3|-ng an arg_on P asm?" ec amca m?asuremen o
images of an indent ifa) gold and(b) gold nitride showing pile up and the Were made with a Hysitron Triboindenter fitted with a sharp
need for correction of as-measured hardness and modulus values. diamond tip of cube corner geometty-40 nm tip end ra-

dius), carefully calibrated using a fused silica standard by the
_ method of Oliver and Pha?r.Twenty five indentations were
method was used to produce films for hardness measurénade on each sample in a five by five array with a separation
ments and for the conductivity measurements presented herg five microns between each indent. Tests were performed at

In order to confirm nitride formation chemical analysis peak loads from 100 to 2500N under load control. Hard-
was performed with x-ray photoemission spectroscopyhess and contact modulis were initially determined from
(XPS) at the National Centre for Electron Spectroscopy anghe load displacement curves produced using the methods of
Surface Analysis, Daresbury, U.K., using an ESCA 300 specoliver and Phart. The contact modulus is given by
trometer and monochromated Al K radiation (hv
=1486.6 eV at an overall resolution of 0.35 eV. In Fig(dl, 1 1-12 1-42
we present an XPS spectrum of a gold nitride film produced E = E + E (1)
by reactive ion sputtering and, in Fig(k}, by the plasma ' 1 2
etching-based process. For comparison, a spectrum fromhereE and v are the Young's modulus and Poisson’s ratio
gold nitride produced by ion irradiation of A110”is shown and the subscripts 1 and 2 refer to indenter and sample, re-
in Fig. 1(c). Two distinct chemical states of nitrogen are spectively. Although the elastic constants of the diamond in-
observed in the N4 spectra shown. Peak&l andA2 are  denter are well known it is not possible to determine the
attributed to the formation of two gold nitride phaseshile  Young's modulus of an unknown sample exactly unless the
peak B is associated with nitrogen molecules trapped inPoisson’s ratio is known. For this reason the coatings tested
bubbles beneath the surfat®It can be seen that the signal in this study are characterized in terms of the contact modu-
from the nitrogen trapped subsurfageakB) is smallest for  lus alone.
the sample produced by reactive ion sputtering, possibly be- The Oliver and Pharr approach gives unreasonable re-
cause bubble formation is less efficient under reactive iorsults for these properties in gold due to the effects of pileup
sputtering due to higher erosion rates. The shape and bindirayound the indentatiotf. To correct for this, the indent area
energy positions of all peaks are almost identical leading to
the conclusion that the larger scale process produces materiglg| £ 1. calculated elastic properties of gold from single crystal
of the same composition as observed previously for singl@arameters.
crystal surfaces in UHV. Peal&l andA2 appear better re-

solved in Fig. 1a) than in Fig. 1b), which may be due to Elastic modulus Contact modulus
improved homogeneity and order in the former. The naturéroperty (GP3 Poisson’s ratio (GPa

of th_e nitride p_hases for_m_e_d during ion |mpla_ntat|on Was e 68.8 0.433 89
previously studied byab initio theory.:‘ Calculations pre- average 785 0.423 88.2
dicted a triclinic AgN crystal structure which could be me- Voigt average 88.1 0.414 97.3

tallic. This phase is about 2.25 eV higher in energy than
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TABLE IIl. Apparent grain size of gold and gold nitride layers from AFM 1.2x107 agun®
a
scans of the sample surface. 1 1x107 1 ...."..-
-7 [ ] l.--

Material Coating thicknesgum) Grain size(um) 1.0x10 e

_ _ 9.0x10° m  Gold film with Au N
Sputter deposited gold 15 0.39+0.12 5 8.0x10" o Aufilm .
Au,N 15 0.25+0.13 - 7 0x10° ]
Au,N 100 °C anneal 15 0.28+0.12 X .
Electroplated gold 17 5.8+0.7 6.0x107 1 eeeseeeee
Gold foil 200 150+15 5.0x10° JURS 00°%°

a0x10°] __e0e°°

50 100 150 T('%éo 250 300

was determined at the end of the test by atomic force micro-
scopy(AFM) scans using the tip which made the ind%ont. FIG. 3 Resistiyit_y variation as afu_nc_tion of temperature f0|_' a@.‘rlthick
For all coatings tested the hardness is approximately constafig!® film containing—10.5% gold nitride produced by reactive ion sputter-

. ;i L INg (squares Resistivity dependence of a gold film, thickness 1,986,
until the indenter penetration is greater than 25% of the coalsyer the same temperature rarfgacles.
ing thickness when the substrate starts to have an effect on
the measured data and the hardness rises. This is similar tontact resistance. For comparison we plot the resistivity of a
observations for other soft materials such as aluminfitim. pure gold film~1.96 um thick, over the same temperature
The uncorrected hardness of the gold is lower than that of theange. In this way we find that the resistivity of the gold
AuN whereas its uncorrected contact modulus is highenitride film is 11.9-108 O m at room temperature. Gold
[Figs. 2a) and 2b)]. In Fig. 2b) it appears that the modulus has a bulk resistivity 2.2- 18 m (Ref. 16 at room tem-
increases with indentation depth, this is because as the logmbrature and this suggests that the film is still a metallic
increases the amount of pileup increases and hence the sigenductor.
of the correction to the hardness or modulus due to pileup The above results are significant because they demon-
increases(after correction, the modulii are constant with strate that gold films with incorporated gold nitride are
depth within experimental errpbrAnnealing of the gold ni- harder than pure gold, but remain metallic, and confirm that
tride has little or no effect on mechanical properties. gold nitride may be produced in large area films under con-

Considerable pileup of the films is visible in the AFM ditions which may be readily scaled, an important factor for
images of the indentgFig. 2(c)] with the amount of pileup any large scale applicatidrﬁ Further studies are needed to
reduced for the AuN coating. The average hardness and cooptimize growth and increase the content of nitride in the
tact modulus of the films before and after correction arefilm and consequently further increase the hardness.
shown in Table I. Within experimental error the contact )
modulus of gold and gold nitride is the same but the hardness _This work was supported by EPSRGrant No. GR/
of the gold nitride is about 50% higher. In comparison with A92200/03.
gold electroplate and bulk g-OId the values for bOth- hE?'rdnessﬁDuring 2000 it was estimated that around 280 tonnes of gold, worth $8
and contact modulus are .hlgh.er' In both cas_es this is prOb_biIIion, found its way into electronics and electrical components’, while in
ably due to the small grain size of the coatings. For large 2003 the same gold consumption has increasee-460 tonnes, C. W.
grained material where the indent samples a single grain thecorti and R. J. Holliday, Gold Bull. 37, 2(2004).
measured contact modulus is usually close to the Hill or °Gold-plated components are used for fabricating microbumps on silicon
\oigt average for single crystal properti€$able II, with L%;:r}yssa%derSa;gh?CéEi]:;ekgalég?é eB'Sﬁ”is%a'E]‘z’SSSCtOFS’ printed circuit
single crystal parametersll:_ 190 GPa,c,,=161 GPa and Sw. s. R”apson and T. Groenewé(’ﬂold Usage(A’cademic Press, London,
C44=42.3 GPa(Ref. 12] as is observed for the bulk and 1975,
electroplated gold coatings here. The hardness of the coatind.. Siller, M. R. C. Hunt, J. W. Brown, J-M. Coquel, and P. Rudolf, Surf.
is critically dependent on its grain size, increasing as the Sci. 513 78(2002. _ _
grain size is reduced down to a certain limiting size, the S:Krishnamurthy, M. Montalti, M. G. Wardle, M. J. Shaw, P. R. Briddon,
so-called Hall-Petch behavittAFM measurements of the ' Svensson. M. R. C. Hunt, and L. Siller, Phys. Rev.7, 045414
surfaces of the films tested in this study indicate that thes_ Siler, s. Krishnamurthy, and Y. Chao, UK Patent No. GB 0413036.5
grain size of the electroplated and bulk gold is much larger (10 June 2004
than the indentation siz€able 1ll) but that the plasma de- 3. J. Yeh,Atomic Calculations of Photoionizatign Cross-S_ections and
posited films have a much smaller grain size and the inden_Asy;ﬂmgegt)ry ParameteréGordon and Breach Science Publishers, New
tation will sample several grains. The hardness of the golds,\\(frp’. éea?]" Surf. Interface AnaR0, 243 (1993.
scales as the reciprocal of the square root of the grain size a%wv. c. Oliver and G. M. Pharr, J. Mater. Reg, 1564 (1992.
might be expected for Hall-Petch behavior. In such circum-. J. Bull, Z. Metallkd.93, 870 (2002.
stances film texture and the presence of grain boundaries ¢ ns;nﬁﬂilinﬂ ;aIJS F?sf'gé-m'\geggfﬁgga7983;(“260(1039 £ A Brandes and
also have an effect on the measured contact modulus, par o o PRy ‘
ticularly since elastic averaging methods are not reIiabIesEj ?r%%ﬁl(%uit,zrcwosrg: ?;':"h?{;‘f‘ ?éyolﬁfg;‘f'z(}gﬁ?’p' 1547158,
when only applied to material in a small number of grains. *L. J. van der Pauw, Philips Res. Rep3, 1 (1959.

In Fig. 3 we plot conductivity measurements made over’ASTM Standard F76Standard Test Methods for Measuring Resistivity
a temperalure fange of 77 o 298 K for a 2,1 thick gold 2371 Soehist v Do Hal Jenly 1 S0 Crva
film with a ~10.5% gold nitride content, produced via reac- . . . . i
tive ion sputtering. The conductivity of the film was mea- 15 el moduction o Sold State Physicsth ed. Wiy, New York,
sured in the van der Pauw geomelty>thus eliminating any 1986, p. 144.
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