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Thin and ultrarhin chromium liIms were grown Oll glass by thermal evaporation in V;lcuum 01' the onJer 01' 10-,1 Pa with the purpose of
studying the characteristics 01'these laycrs used as adhesion promoters in a number of applic;lliolls. Ellipsolllelry is used to obtain the optical
properties of chrolllium and chromium oxide as wcll as Ihe equivalenl ullralhin layer for films wilh thickness from a fraclion lo a fcw
nanomclers. Experimental measuremenls and theorClical modcling showed Ihat the ullrarhin lilms essenti;llly consist of chromium/chromium
oxide dustcrs with heights of rhe order 01'rhe measured thickncss as detcrmincd by a quartz microhalance indicating a Vollmer. Weber growth
mcchanism. Percolarion was found for thickness ahove 30 nl11.

Ke:rwordc Chromium; chromium oxide; rhin films; optical properlies: ellipsometry

Se deposit:lron películas delgadas y ultradelgadas dc cromo sohre vidrio por evaporación trmica en vacíos del orden de 10--1 Pa con el
propósito de estudiar las características de estas capas utilizadas como promoloras de adhesión en diferenles aplicaciones. Se utiliza elip-
sometría para ohtener las propiedades ópticas del cromo y del 6xido de cromo, así como de las capas ultradclgadas equivalentes en el caso
de espesores desde una fracción hasta varios nanomelros. Las medidas ex.perimentales y el modelaje leórico mostraron que las películas
ulrradelgadas consistían esencialmenle de cúmulos de cromo/óx.ido de cromo con alturas del ordcn de los espesores medidos experimental-
mente mediante una microh:lIanza de cuarlO, sugiriendo un Illenmismo de crecimiento del tipo Vollmer-Webcr. Se observó percolación para
espesores mayores de 30 nm.

/)l'scriptort,s: Cromo; óxido de cromo; películas delgadas; propiedades ópticas: elipsomelría

/'ACS: 7S66.-w: 7X.66.Bz: X1.15.Ef

1. Introduction

There are many applicalions where Ihe use of intermediale
thin IiIms to prornote adherence between substrate ami l'oat-
ing is nccessary [1-11]. One irnponanl exarnple is the case
01' PI tlIms on SiOz/Si suhslrates that require a Ti or TiOz
underlayer 1'01'good adherencc [12-17]. Ta fIlms are onen
useó inlhe RuOz/SiOz/Si systcms [18]. chromium Ihin films.
however, havc heen probahly the l1lost commonly used for
¡he purpose of adhesion especially for gold ano for dicleclric
IIlms nI' importance in the ophthalmic industry [2-4]. The op-
tical propertics of mctaltic chromium are available in the Iit-
erature r 19) bUI Ihose of lhe ever prcsent chromium oxidc,
at leasl lo our knowledge, are nol. On Ihe other hand. to oh-
l<1inthe optical propcrties al' a laycr 01"a few angstroms nI'
chromium, several different approachcs were !esled. A mLx.
lure 01' Illclallic chromium wilh chromiurn oxide on its sur-
faec in a dielcclric matrix (air) using an cffective mediul1l ap-
proxirnation was Iried with no succcss. The hest results wcre
ohtaincd hy subslituting lhe experimental deposit hy an op!i.
caHy equivalent !ayer and litling the ellipsornelric expcrimcn.
lal data wilh a classical oscitl~Hor model wilh a correetion nI'

a Druóc termo The oplical constants of metallic chromium
and chromium oxide were also obtained from the el!ipso-
mctric measurernents. The actual topography of the layers
was prohed wilh an atomic force microscopc (AFM) and lhe
chemical composition by Auger electron microscopy (AES)
amI energy dispersive spectrosl'0py (EDS).

2. The experiment

The sludied s<lmples were prcpared by depositing chromium
films a few angslroms thick as wetI as a relatively Ihick film
(lGO nm) hy thermal and elcctron gun evaporalion al hase
pressures 01' the order of 10--1 Pa. The films werc deposilcó
from 99.99% purity pellets aOlllhe film thickncss was moni-
lorcd ano controllcJ wilh a quartz microbalance. The oeposi.
lion rales \.I,,'cre0.2 Á/s ror thermal evaporation and 0.1 Áls
for Ihe elcclron gun Icchnique. At lhcsc deposil rates and
hase pressure, at leasl parlial oxidation o£ the chromium is
expected.

Spectrnscopic ellipsolllclry in Ihe 1.5 lo 5.0 cV photon
cllcrgy rangc was lIseu to ohlain lhe oplical properties 01'the
lIIms. Elet:ll'Onic speclroscopies sllch as Auger electron spec-
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PIGURE l. Mcasurcd real and imaginary parts of the refractivc in-
dcx for an opaque chromium lilm and its nalural oxide dcpositcd
011gl<lsS anJ (he lit hy c1assical oscillators.

lroscopy (i\ES) ami cncrgy di'pc"ive speclroscopy (EDS)
werc llscd lo determine lhe chcmical composilion ortlle sam-
pies. Thc surfacc structurc of lhe tlIms was prohcd wilh an
alomic force microscopc (AFM).

3. Results

Tllc optical propcrtics of lhe chromium ox-
idclchromiulIl/glass systcm mcasured hy cllipsornctry are
showll in Fig. I as funclion of lhe photon cncrgy. Thc
Illodclcd systclll consistcd 01' a chromiulll oxide film a few
angstrollls thick on an optically opaque chromium suhstratc
(thickncss r = 160 nm). Thc optical propcrties of chromium
wcre delcrmined following prcviously reported work 120,21]
hy eXlracting fromlhc experimental dala thc valucs orthe di-
clcctric conslanl Illodclcd hy a classical dampcd oscillator
rcprescnlcd hy Ihe following cxpression:

L:' hW~j
E = [00 + . . . .w:l. - w2 + /.'y.w

j=1 O) )

Berr. [oc> is the high freqllcncy dielcctric constant, Ji is lhe
oscillator strcnglh, Woj is the characteristic frequency 01'the
pI! oscillator and l'j the corresponding damping factor. Thc
,clat;ol1 .V(A) = [dA))'/' wa' also uscu.

FO!"lhe duomilllll oxide a Cauchy llloJel for the refrac-
tivo intlcx. ¡V(A) = I/(A) + ik(A) where

[J x lO' e x 109
I/(A) = ..l + A' + A'

E X 101 F X lO'
k(A) = D x 10-" + A' + A' (2)

was uscJ. Bere A, !J, e, D, E ano F are the fltting cocffi-
ciellls.

Thc rcsults 01' the cllipsomctric mcasurcmcnts 01' a
lGO I1I1lchrome film on glass amI Ihc thcorctical fit using a
c1as",icaloscillator mollel are shown in Fig. 1, whcrc a fitting
proccss hascd OH Ihe Lcvcnhcrg-Marquardllllcthod 122J ",,'as
llsed. Thc litling process was pcrformcd on the cllipsomclric
rmalllclers \ji and .ó.. Thc goodness 01'thc lit was given hy the
valuc of \:! <lnd, in this casc, ,\:! = 0.324 for T = 1.96 111ll.
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FIGURE 2. Classical oscillalor lit lo lhe experimental data for
chromium from Ref. 19.

FIGURE 3. Cornplell refractive index of the natural oxide of
chromium oblaincd hy a C¡¡uchy model lit to experimental data.

Considcration 01'surfacc roughness was unncccssary since a
hetlcr lil was ohtaincd rol' a smooth film. Thc optical prop-
erties of chrollliullI ohtaincd from [hc cxperiment wcre COIll-
pared wilh Ihe dala puhlisheJ hy Palik [H») and the cninci.
dence was excellcnl, as shOWl1in Fig. 2. Thc optical rror.
enics (11. J,:) uf lhe nalural chrolllium oxide ohtaincd wilh a
Callchy mode! for ahsorhent material s are plottcd in Fig. 3 as
funclions of Ihe rilolull energy.

Thc 1I111l1ericalvalucs for the litting pararncters for
chromiulll and chromiul11 oxide are presented in Table 1.

The opti<.:alrroperties nf chromium and chromium ox-
ide thus ohlaincd wcre lIsed to model the refractive in.
dex 01' lhe 1Iltralhin lIIms (0.7,2.5 and 3.5 nm thick) dc-
posilcd hy thermal evaporalion starting from ¡he cllipso-
IIlclric IllcasurclllcnlS and Icaving the thickness (r) as the
only fitting paramclcr. AWlllic forcc microscopy (AFM) in-
dicated Ihal IhL:dcposit ("-ullsisled01' non-coalescent c1ustcrs
of ChWlIlilllll oxidelt.:hmmiulll on glass instcad 01'a continu.
OllS111111.Auger d:clroll speclroscopy (AES) indicatcd per-
colalioll (lnly above JO I1ITlIhickncss whcrc no charging 01'
lhe samples tille lo (he cleclmn heilm was ohscrvcd. A Illodcl
wilh sucil characterislics was also intcnded with diffcrcnt
Chrolllilllll-oxidclcllrolllilllll ralios with very lilllitcd success.
Here Ihe lihlJ consisled 01"lhe chromiulll oxidclchromiulll
c1uslers emhedlkd in a dieleclric matrix (air) put togcthcr
Ihrough an cff('clive lllediulll aprroximation. Finally, an cqui-
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FIGURE 4. Classical oscillator fit to the experimental data of the
refractive index for a 0.7 11mchromium film on glass.
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nChromium Chromium oxide

'= 0.629 A 4.475

f¡ 11.251 B -21.492

h 336.486 e 7.460

WOI 2.207 D 1.200

W02 3.222 E -3.905

11 2.364 F 3.284

12 -18.564

TABLE 1. Fitting parametcrs for chromium (classical oscillators)
and chromium oxide (Cauchy model).

valent layer approach (ELA) was useo with satisfactory rc-
sults. Thc tcchniquc consists, csscntially, in proposing a hy-
polhelical layer wilh thickness equal lo the experimental
valuc and aplical properties given by a suilable modelo ClasM

sical oscillators with a Drude corrcction represcnted by:

TABLE 11. Fitting parameters for lhe cquivalcnt Jaycrs of lhe
chromium ultrathin films.

T =0.7 nm T =2.5 nm T =3.5 nm

'= 8.966 '= 20.252 '= 12.954

Es 1.000 ES 1.000 es 1.(X)()

f¡ 602.844 f¡ 73.241 f¡ 67.351

h -535.358 h -92.401 ¡, -68.174

WOI 1.820 WOI 2.419 WOI 1.862

W02 2.231 W02 2.013 W02 1.916

11 3.896 11 4.138 11 3.516

--1'2 -5.753 12 -4.242 12 -3.976

Wp -)6.794 Wp -22.385 Wp - 16.3911

r" 211.352 rD 3.490 rD 5.327

£n =
.,

cswp
w2 + irDW

(3)
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FIGURE 5. Classical oscillator fit to the experimental data of the
refractive index for a 2.5 nm chromium film on glass.
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was a gooo choice for Ihe chromium systcITI. Hcrc, [D is lhe
Druoc dicleclric function, E ¡; rcpresents (he static dielectric
conslant, W p slands ror lhe plasma frequcncy and rD for the
damping factor. Thc optical propcrtics of the suhslraLc (glass)
wcre prcviously measured hy cllipsometry. By fitting lhc ex-
pcrimcntal dala as was done for Lhe thickcr ftIms descrihed
abo ve a complclely characterizcd equivalenl layer is ohtaincd
.lJH..I its optical propertics may he used rol' multilaycr designo

Figures 4, 5, and 6 show lhe rcsults oí' fitting an equiva-
Ienl layer lo lhe 0.7, 2.5 anu 3.5 nm t!tick ultrathin chromiulll
lilms, respeclivcly. ILcan he nOliced thal lhe nt is heller for
Ihe 2.5 and 3 11111 films. Thc fitting paramclcrs are prcsented
in Tahle 11.

FIGURE 6. C1assical oscillator lit to the experimental data of the
rcfractive index for a 3.5 nm chromium 111mon glass.

It is evidcnl from Ihe numerical results that lhe optical
propcrties are IllOfe sensilivc lo some of lile paramctcrs than
lo others. In (he case 01' the Cauchy model, lhe variation 01'
D had Iittle cffcCl in the results. For the c1assical oscillalors
and drudc models, EOCi, ES' ,h ,h and wl', had to he varicd
in large rclativc intcrvals to havc an ellcct in lhe final result.
However, 10ohtain acceplablc values Of.\'2 « 1), lhey must
be considered. EDS and AES lllcasurcmcnts werc pcrformed
in lhe thickcr samples and llolhing but chromiull1 and oxygen
wcrc detccted.
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4. C()Ilc1usi()lls

Two syslcms 01'chromium/chromium oxide have oecn stUlt.
¡el! hy cllipsolllctry: the first ane is a continuous, optically
opaque Illc(ai film w¡lh its natural oxide whefe Ihe rcfrac-
(¡ve indcx of chromiuTn oxide is obtaincd for lhe visihle
pan of Ihe spcctrum. Thc secando a sys[cm of ultrathin
duomiulll/chromiulll oxide films coosistiug, according lo
Ar-~1IlIcasurcments, of non-coalesccnt clustcrs. Thc opaque
lilm was rcadily analyzcd using a classical oscillator model
ohlaining thus lhe optical propertics of Il1ctallic chromiulII.
A Cauchy motlcl provcd lo he an cxccllcnt choice lo model
ilS natural oxide. It is well known that lhe optical propcrtics
(lf (hin film will vary from onc film lo lhe other since they
strongly dcpcnd on lhe dcposition technique and conditions.
However. hased 011a good number of experiments. it can
he said with confidence thal the Cauchy model is appropri-
¡¡te for chromium oxide l1Ims. Thc thickness obtaincd for the
chrorniul11oxide ('" 2 nm), can be considered as a representa-
live value rol' the natural oxide 01'any chromium surface. The
nutllerical values rol' the refraclive index thus oblained were
lIsed to moJel lhe optical properties of the ultrathin films,
following lhe cluster geometry ohtained from the ¡\f'M mea-
surelllents with no success. The equivalcnt layer approach
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where an optically equivalent layer is proposed worked vcry
wcll. For Ihe sludied systcm a combination of c1assical os-
cillators and a Drude term was an adequale choice. It is c1ear
thal in lhis approach any polynomial that fils Ihe experimental
rcsults would do and it would be very difficult to attrihute any
physical signilicancc to the fitting paramclcrs. Ncverthelcss.
the numcrical rcsults arc valid. Thc uscful result would Ihen
he thal ir Ihe experimental IllCaSUrCIlIcntsare repeatilble as
in the sel of samples uscd in this sludy. the oplieal propertics
thus obtaineJ might be used for ll1ultilayer designo No quanli-
lative mcasurelllcnls of adhesion werc pcrforrned. Moreover,
it is intcresting to see that adhcsion of subsequcnt ¡ayers is en-
hanccd by ehromium even though Ihe film is not conlinuous.
Actually. thicker continuous fHms would be too absorbent for
lIlosl oplical applications.

Ackllowled~l11ents

This work was partially supportcd hy CoNaCyT. projcel
No. 26314-E ami DGAPA-UNAM, projeel No. INI08995.
Thc technical support by J. Nieto, 1. Gradilla. and G. Soto
is acknowledged. \Ve lhank C. Falcony and C. Vázquel from
C1NVESTAV for Ihe AFM measuremenlS.

1-1. K. Srccnivas.1. Re;¡ncy. T.1\1caJer. und N. Scltcr, l. Al'l'l. Phys.
75 (1994) 232.

IfJ. 1. Kondo. T. Yoneyama, amJ O Takcnaka. 1. \!tIC. Sci. Tl'chnol.
A 10 ( 1992) 3456.

IG. la. Olowalal"e el a/" 1.Al'l'l. Pllys. 73 (1993) 1764

17. K. Ahc el al .. 11m. 1. Appl. Phys. 30 (1991) 2152.

18. T. Takagi, 1.Oizuki, 1. Kobayashi, anl! M. OkaJa, 1,m. 1. AI'I'I.
Phys . .14 (1995) 4104.

ID. D.W. Lynch I.lnd W.R. Iiunlcr, lIalldhook ojOptical CCJ1lstQIIIS

ofSolids, coitcd by E. Palik. (Acadcmic Press, Ncw York, 1985)
p. 341.

:W. lM, Siquciros. R. Machorro. and S. Wang:. Rev. Mex. PÚ.43
(1997) 1021.

21. R. Machorro, J.1\1. Siquciros. anO S. Wnng, Tllin Solid Films
269(1995) 1.

22. W.II. Prcss, S.A. Tcukolsky, W.T. VCl1cr!ing, nnd B.P. Flnnnery.
Numerical ReCJpes ;11 C. Sccond Edition. (Cambridge Univer-
sity Jlress. Ncw York. 1992); D.W. Marquardl. 10umal o/ tire
Society fol' Industria/l/mI AplJlied Mllthematics 11 (1963) 431.

Re\'. Mex. PÚ. 45 (6) (1999) 593-596


