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Surface roughness of sputtered ZrQ films studied by atomic force microscopy
and spectroscopic light scattering

D. Ronnow, J. Isidorsson, and G. A. Niklasson
Department of Technology, Uppsala University, P.O. Box 534, S-751 21 Uppsala, Sweden
(Received 24 June 1996

ZrO, films were prepared by reactive sputtering. Elastic light scattering was used to determine the cross
correlation of the substrate and film interface roughness. Surface profiles were measured with atomic-force
microscopy. The power spectral density functions could be fitted byK#tmerrelation model, suggesting
self-affine fractal surfaces. The roughness of the film front surfaces was of the same order of magnitude as the
substrate roughness. We have derived a replication factor from experimental data that gives information on the
evolution of the contribution of the substrate roughngS4063-651X%96)10810-2

PACS numbegps): 68.15+¢, 68.55-a

INTRODUCTION In this paper, we study the surface roughness of,Zhth
films sputter-deposited onto glass substrates. We combine
Thin films are used in many applications and there aréAFM and light scattering in order to study the evolution of
numerous methods of producing thin films with specificsurface roughness with film thickness and the influence of
properties. The surface roughness of thin films is of interesubstrate roughness. We use AFM to characterize the rough-
in various applications. Often, one wants to minimize surfacéess of the film-front surfaces and the substrate, and optical

roughness, e.g. in optical componefi§ while other appli- ~ Scattering to obtain information on the cross correlation be-
cations favor rough or porous surfaces, e.g. thin films fofWeen the film interfaces. We also combine the two methods
electrochromic application]. In this context, the descrip- N order to obtain a replication factor that describes the evo-
tion of surface roughness and its implicatic')ns for variouslu“o” of the substrate-roughness contribution to the resulting
physical properties is a subject of intense and growing ‘”terigr:]flgrmg]ué%ugr?Tﬁzsf}|;?'?Jv3?r:'cigzgsfscmr gives important
est. Theoretical studies have been concerned with the scaling 9 P '
of surface roughness as a function of film thickness and lat-

eral length scalg3,4]. Frequently thin film surfaces are THEORY

found to be self-affine fractals over a considerable length rough surface can be described by the power-spectral
scale. Experlment_al studies have been carried out_ on f'lmaensity function(PSD), g(K), which is the square of the
produced.py a variety of methods _such as evaporgtmn, SPUEGurier transform of the surface profisér) [13]:
ter deposition, molecular-beam epitaxy, and chemical-vapor
deposition[3,5]. 1 2

The influence from substrate roughness on the growth of g(K)=lim — f f z(r)exp(iK-r)dr| . (1)
thin films has not been studied very much. However, simple Ao A
approximations for the power-spectral density function of A
resulting film-front surface roughness do exXit7]. A more ) . ) .
detailed understanding of the interaction between substrafé iS the spatial wave vectoA an area of integration, and
roughness, smoothing, and roughening is vital in many case§=(X,Y) the surface vector. _ _
One example is thin films produced by sputtering, which A _surface can also pe described by an auftocorrela_non
frequently exhibit surface roughness of the same order ofunction. Th.e PSD functlon_and th_e qutocorrelatpn function
magnitude as conventional glass substrates. Sputteform a Fourier transform pair. A'ghln film has two mterfaces,
deposited films are used in many applications, but the scalin§ach one of which can be described by a PSD function. The
of surface roughness has not been extensively studied. Statistical (_:orrelatlon between_the mterfa@c_es requires a third

There are several methods of characterization of surfacBSD function. The PSD functions describing the roughness
roughness. Most methods are based either on the measuf¥-a thin film are[13]
ment of a surface profile or on the measurement of radiation
scattered by the surface. In the former category are stylus N .
profilers [8] and scanning-force microscopgs], e.g. the gnm(K):f_wf_menm(")exmK'T)dT’ 2
atomic-force microscopéAFM) [10]. In the latter are meth-
ods based on x-rayL 1] and optical scatteringl2]. The mea-
surement of optical scattering from transparent films cal
give information on the roughness of the two interfaces of a
film and the statistical cross correlation, which is important 1 J J

Zy(r)Zy(r+ 7)dr. 3)
A

r\/vhere,Gnm is the correlation function, defined as

when the influence of the substrate roughness on the surface Gnm(7)= lim A
roughness of the film is to be studied.

A— oo
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If n=m, g, is the PSD function of interfaca. If n#m, The film thickness and dielectric function were deter-
Onm IS the cross PSD function, describing the statistical cormined from the total spectra by using the method of Mani-
relation between interfacesand m. facier, Gasiot, and FillarfiL7]. The data were in good agree-

Another useful quantity is the cross-correlation coefficientment with those reported by Andersson, Veszelei, and Roos
[14] 91792 If 915/92o=1, interface 2 is perfectly correlated [18]. The thicknessl were 0.11, 0.18, 0.21, 0.34, 0.41, and
to interface 1; ifg,,/g,,=0, the interfaces are completely 0.66 um.
uncorrelated.

The front surface of a thin film, grown on a rough sub- C. Atomic-force microscopy
strate, depends on the replication of substrate roughness and
the additive roughnesfs,7]. If a film is deposited onto a
rough substrate, with roughness profijér), two statistically
independent processes can take place: replication of the su
strate roughness and additive roughness, i.e.,

Surface profiles were obtained with a Nanoscope |l
atomic-force microscope. The cantilever, made of etched
ilicon, had a tip with a radius of 10 nm and an apex angle of
5°. The contact force was approximately 10N and scans
were taken over areas of<IL um, 5X5 um and 50<50 um,
z,(r)=a(r)*z;(r) +2,(r) (4) with a resolution of 258256 pixels.

Here,z,(r) is the profile of the front surface of the film. The RESULTS
replication is described by the convolutign) of the sub-
strate roughnesg(r), with a(r). The additive roughness
z,(r) is independent of,(r).

The PSD function of the front surfacgy,, is given by
[6,7]

Figure 1 shows the surface profiles for the scan sizes 1
pm, 5X5 um, and 550 um as obtained with the AFM for
one of the sample&@=0.34 um). The surface seems to be
dominated by roughness at the length scale of a few tenths of
a um up to 10um. The surface profiles of the other samples

_ had a similar appearance.
K)=g.(K K)+ K), 5 . )
922(K)=0a(K)811(K) +9,,,,(K) ® The PSD functions, calculated from the surface profiles of

whereg;; is the PSD function of the substrate agg, that the AFM measurements, are shown in Fig. 2. The PSD func-

of the additive roughness. The cross PSD function is givedion Of each sample was thus calculated from three surface
by profiles, with different scan area. The use of different scan

areas gives PSD functions over a largfeinterval. The arith-
012(K) =FHa(r)}g11(K), (6)  Metic average was taken where PSD functions from two scan
sizes overlapped. Thexil-um scans were slightly disturbed

where the replication factaF{a(r)} is the Fourier transform by tip artifacts[19] which manifest themselves in the bend-

of a(r). Furthermore, ing of the PSD functions at>10% um™ .
The cross-correlation coefficierd;»/g,, was obtained
ga(K)=|Fa(r)}> (7)  from the diffuse optical spectra by using a meth2d] based

on the differences in the spectral behavior of the scattering in
different angle intervals. The spectral behavior of diffuse
EXPERIMENT spectra from a thin film strongly depends on the roughness
A. Sample preparation cross correlation between the interfa¢2$], and roughness
on different length scales causes scattering in different
‘angles. In Fig. 39,49, versusK is shown for the Zr@
films. There is a clear tendency for the correlation to de-

The ZrG, films were produced using a dc magnetron sput
tering system 15]. The substrate was Corning borosilicate

glgss no. 7059. The films were made by reactive sputtering, o e \yith and, in particular, the shift from correlated to
with a Zr target. The base pressure of the deposition Chamb(Elrncorrelated occurs at lowdt. Note that for the thickest
was below 10° Pa. During deposition, the total pressure wasg - (d=0.66 um) no correlation could be found on the
held at 1.0 Pa, with an argon and an oxygen flow of 10q6{=ngth scales that the method is sensitive to.

scem _each. The plasma current was 6'.0 A and the targe The shape of the PSD function is approximately charac-

S?Stg:ézl bvtva?vsve?aaoth\sla : tglro e?u;nsér?;g gueti[{ngtewvsgsulsoe(cjhw' rized by theK-correlation model[22,23. The analytical

mean free gete ; . : Qpression of th&-correlation model for a two-dimensional
path of the atoms in the plasma is approximately urface is

cm at 1.0 Pa. Since the mean free path is much shorter than

the target-substrate distance, the atoms hit the substrate with

a uniform distribution of incidence angles. 9(K)

:[1+(BK)2](C+1)/2' 8

B. Optical characterization C determines the slope at high values,B the position of
The optical characterization was made by using a spectrahe “knee,” andA the value at smalK. The K-correlation

scopic total integrated scattering instrumgh6]. The total model is useful, since it describes self-affine fractal surfaces
reflectance and transmittance spectra were measured in théth a crossover region. The fractal dimension is given by
wavelength range 04\<1.0 um. Diffuse reflectance and D;=(7—C)/2. B is equal to the correlation length and the
transmittance spectra were measured in the same wavelengtiossover length. .=4B [23]. PSD functions given by Eq.
range in the angle intervals, 2.5°—10°, 10°-20°, 20°-40°(8) were fitted to the PSD functions determined from AFM
40°-70°, and 2.5°-70°. profiles for all the samples. The self-affinity of the surfaces
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FIG. 2. PSD functions calculated from AFM surface profiles.
The PSD functions of the uncoated glass and of films with increas-
ing thickness(in um) are shown. The curves have been displaced
with a multiplicative factor of 18

®) The bandwidth-limited rms roughneésvas calculated by
integrating the fitted PSD functions:

5= (ziw)szg(K)dK

A

12

0.15

~

1 K max 1/2
- Zﬁ( SIS 9)

[um]

Here,K, is the integration area in thi€ plane, determined
by the bandwidth limits of the AFM measurement. The last
015 equality is valid for isotropic rough surfaces, whétg;, and
Kmax @re the maximum and minimuk values, respectively.
Figure 4 showss versusd. Theseé values are larger than
[um] fum] those of the separate AFM profiles due to their larger band-
widths. There is a weak tendency férto increase withd.
The rms roughness is not much higher for the films than
() for the glass substrate. The assumption of a negligible sub-
strate roughness cannot be made in our case.
_ ] ) D; versusd is shown in Fig. 5D; is between 2 and 2.5
FIG. 1. Surface profiles of a Zgfilm (thicknessd=0.34um)  for all samples. There is a tendency @ to decrease with
at scan sizes ofa) 1X1 um, (b) 5X5 um, and(c) 50X50 um, as increasingd, but scatter in the data and the errors in the
obtained from the AFM. determination are too great to verify this. The data from the
X1-um scans were disturbed by tip artifacts. If these data
ere not included in the fit to Eq48) giving the determina-
tion of D, slightly different values were obtained. The er-
rors in D; were estimated from these differences.
P~ Figure 6 showd.. versusd. The crossover length, is
decreasing with increasind. The crossover length of the

0 o0

cannot be regarded as definitely proven due to the nois
experimental PSD functiorn(gf. Fig. 2. However, we obtain
an effectiveD; from the fit to theK-correlation model, sug-
gesting that a self-affine model may at least be a good a
proximation.
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FIG. 5. The effective dimensioB vs film thicknessd for the

ZrO, films. Estimated error bars are also shown.

crease monotonically witK. For some of our filmsFaf(r)}
reaches a maximum, higher than one, before it decreases

with increasingK. The errors in the determine8{a(r)} are

FIG. 3. The cross-correlation coefficiem,/g,, vs spatial wave
numberK for the ZrQ, films. Note that the curves fat=0.34 and
0.41 um cannot be separated, and that der0.66 wm no correla-
tion can be seen.

cross-correlation function, denoted,, is also shownL,

was determined from the curves in Fig. 3, and increases with The roughness growth of self-affine fractal surfaces can
be described by scaling laws. They involve a growth expo-

increasingd.

DISCUSSION

large. We do, however, believe that the maximaFia(r)}
are significant.

We have determined the PSD functions of the glass subrent 8 and a roughness exponeat[24]. Thus, for a self-
strate and the film-front surfaces from AFM measurementsaffine fractal surfaceg increases withd:

and the cross-correlation coefficienf;,/g,, from light-

scattering measurements. Equati(8) can then be rear- SocdB
ranged: '
]—“{a(r)}=(g—12 922 (10) L. increases withd.
022/ 911
L . Bla
The replication factor can be calculated by using the cross- Leoed™e.
correlation coefficientg,,/g,, obtained from the light-
scattering experimentsy;; from the AFM measurements of
the uncoated glass, amg, from the AFM measurements of 3.0 e
the film-front surfaces. Figure 7 shows the replication factor Tl ]
versusK for films of different thicknesses. One generally . i
. . — ®
assumes the replication factor to be below one and to de- 'g - o o 1
= L J
153107 gb 2.0 ° . )
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FIG. 4. The rms roughnes8 vs film thicknessd of the ZrG,
films.

(11)

(12

FIG. 6. The crossover lengths of the film-front surfdgg and

of the cross-correlation coefficieht, vs film thicknessd.
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that the roughness statistics of each surface can be described
0.11 ym by theK-correlation model. Furthermore, the replication fac-

= ’ T - tor does not decrease monotonically withas expected. We
believe that the reason for this is that the roughness of the
film is not negligible in comparison with the substrate rough-
ness and that the interfaces are partially correlated.

We propose that the roughness growth is the sum of three
- processes.

(I) Additive roughness from the deposition process. This
roughness, described loy, ,, is statistically independent of
the substrate roughness and increases with thickness.

(I Smoothing effects due to surface diffusion. This ef-

. fect causesHal(r)} to decrease with increasirg for a fixed

d and to decrease with increasidgfor a fixedK.

n (Il') Shadowing effects, which cause preferential growth
of surface roughness on a specific length scale.

For random incidence, shadowing effects have been de-
10! 10° 10! 107 scribed by thegrass model[25,26. In our case we have

K [Hm-l] random incidence, since _the mean free path is much less than
the target-to-substrate distance. Shadowing effects are most
o _ important in the first stages of the film growth and give the

FIG. 7. The replication factaf(a) vs K as obtained from com- maximum in F{a(r)}. Smoothing effects become more im-
b!ning the AFM and light-scattering data. The estimated errors ar?)ortant for thicker films. This may be because the tempera-
given as bars at some values of K. ture increases with deposition time. For the thickest films,
the substrate roughness is smoothened out and only the ad-
ditive roughness remains. Thus, due to the combination of
surface diffusion, shadowing effects, and additive roughness,
the roughness of our films does not scale in the way gener-
ally expected for self-affine rough film-front surfaces.

D(=3—a. (13 The important result reported in this paper is that the sub-
strate roughness seems to have significant impact on the

In Fig. 4, 6 versusd does not seem to obey a power law. roughness of sputtered films and that this impact is different
The results are not clear due to scatter in the data and that tla¢ different length scales and different film thicknesses. A
substrate roughness is not negligible. The crossover lengtlurther investigation could include comparison of films
L. decreases withl (cf. Fig. 6 instead of increasing as in grown on rough and smooth substrates and the influence of
Eqg. (12), andD; is not independent ofl (cf. Fig. 5. The  substrate temperature. A film grown on a rougher substrate is
surface-roughness growth seems to follow other statistickkely to show a higher correlation between the two film
than the growth of a self-affine fractal surface despite the facinterfaces.

8 T T T T LI LR T T T TTTTT

6 b ——-021pm -
—----0.34 um

F(a)

1 s sl 1 Vool 1 (N

For length scales shorter thag (largeK), the PSD function
is determined byr and is independent af. « is related tdD¢

by
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