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Thin films of ZrO, were deposited from agueous solution on Si(100) substrates
precovered by functionalized alkyltrichlorosilane self-assembled monolayers (SAMSs).
The interface structure, thermal stability, and densification of these films in the
temperature range from room temperature to 750 °C in vacuum were measured using
in situ x-ray reflectivity. The growth rate is a nonlinear function of time in solution,

with a pronounced nonuniformity during the first 30 min. The as-deposited films
exhibit about 3-nm roughness and a density below that of bulk, ZM@asurements in
vacuum reveal decreasing film thickness, increasing film density, and decreasing
roughness upon annealing up to 750 °C. The densification saturates at the highest
measured temperatures, presumably following evaporation of residual contaminants
from the aqueous synthesis procedure. Above 200 °C the SAM/iri@rface began to
deteriorate, possibly due to interdiffusion. The Zrddm structure obtained at the

highest annealing temperatures persisted upon cooling to room temperature, and there
was no visible evidence of stress-induced microstructural changes, such as peeling or
cracking.

I. INTRODUCTION ditional adsorbates can be anchofédThin films of

9 10 11 12
Recent technological demand for thin films of metal £/ @nd Y,O5-doped ZrQ,” Y05, SnQ,,™ ZnO,

‘~ 13 14,15 .
oxides like ZrQ in applications such as oxygen sensors,! 192~ and V,0s""""have thus far been prepared using

high refractive-index optical coatings, and laser mirrorstiS technique, and they have been characterized at room

has spurred the development of synthesis techniqud§MPerature via transmission electron microscopy
based on chemical processes, such as precipitation frokl EM), X-ray diffraction, and atomic force micros-

aqueous solution and sol-gef, rather than physical copy?*® Studies of the temperature dependence of the

ones, such as sintering and molecular beam deposifion. thin film and interfgcles properties have been less com-
Advantages of the chemical synthesis routes include loW"oMY undertakeri:'"

cost, suitability at low temperatures, uniform coverage, " the present paper the results of temperature-
and the possibility of coating nonflat surfaces. Of thedependent x-ray reflectivity measurements of suchZrO

chemical synthesis techniques, a promising new metholtin films on SAMs are reported. This nondestructive

is precipitation from an aqueous precursor solution alechnique provides microscopic information about the

temperatures below 100 °C onto a surface covered by aiudhness, density profile, and thickness of the layers
ordered organic array of functional groups, a techniquéhat compose the thin film, and it offers advantages over

which has been dubbed “biomimetic” inasmuch as it rep_eIIipsometry in that precise information about the prop-

licates the biological mechanisms for ceramic synthesi§'ies of buried layers can be obtained. With the appro-
at low temperaturé:® Self-assembled monoiayers Priate environmental chamber it can be applied to

(SAMs) provide such an organic surface onto which adS@mples in vacuum at high temperature. Although not
undertaken in the present work, x-ray scattering tech-

niques can also be applied in situ during growth, thus
MAddress all correspondence to this author. making it possible to study the structural development of
e-mail: fschreib@dxray.mpi-stuttgart.mpg.de monolayers in real timé?
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This paper is organized as follows. First, the thin-film by dipping the wafers into a dicyclohexyl solution con-
preparation is discussed, followed by a brief descriptiortaining 1% (by volume) of trichlorosilylhexadecane thio-
of the x-ray reflectivity measurements and how the datacetate [CLSi—(CH,);,~S-C(O)CH,] at room
analysis yields the layer thickness, density, and roughtemperature for 5 h, followed by washing with chloro-
ness. The results of room-temperature, temperaturderm to remove excess surfactant. In order to convert the
dependent, and time-dependent measurements afti@oacetate to a sulfonate (—g8) functionality the wa-
presented next, followed by results that address the thirfers were immersed in an aqueous persulfate oxidant
film stability after thermal cycling. (2KHSO; - KHSO, - K,SQ,, “oxone”) for a minimum of

4 h at room temperature. Details about the SAM synthe-
sis have been reported elsewhéte.

. EXPERIMENTAL Zr_O2 thin_films were deposit_ed on the SAM-
_ terminated Si surface in the following way. The SAM-
A. Sample preparation bearing substrates were immersed in 10-ml aliquots of

The substrates employed in this work were 10 xaqueous solutions of 4-mM zirconium sulfate/0.4 N HCI
10 mm single-crystal Si(100) substrates cleaned and oxiand kept in a constant-temperature oil bath set at 70 °C
dized using Piranha solution §80,;H,O, = 7:3) at (SAM-coated side up). After the desired time had
80 °C and dried in argon. The subsequent film preparaelapsed, the wafers were removed, rinsed three times in
tion sequence consisted of two general steps, SAMle-ionized water, and cleaned ultrasonically for 30 min
preparation and ZrQgrowth. The completed SAM layer, before drying with a stream of dry argon gas. Full details
shown in Fig. 1, consists of siloxane-anchored giEl  of the film growth are published in Ref. 16.
hydrocarbon chains with S@ endgroups. This SAM The samples reported in this paper include bare and
structure was formed spontaneously on the wafer surfacBAM-terminated Si wafers as well as ZyGilms ob-
tained by maintaining the substrate in solution for 1 h,
2 h, and 4 h, respectively (hereafter referred to as 1H, 2H,
and 4H). A second series of samples was prepared later
to address the Zr(xthickness variability, which includes
samples in solution for 30 min and 4 h, as well as a

Zr0,  4-h sample in which a fresh precursor solution was used
in four successive depositions of 1 h each (referred to as

SAM  30MB, 4HB, aml 4 x 1HB).

In addition to the x-ray reflectivity measurements,

SOH

(CHy)ss

Sio, Rutherford backscattering spectroscopy (RBS) using
S0 Si(100) 3-MeV H€" ions was used to characterize the chemical
@) X purity of some of the films before annealing (sample 4H)

and after annealing (samples 30MB, 4HBdahx 1HB).

B. X-ray reflectivity: principles
The x-ray reflectivity scheme is shown in Fig. 2. A
monochromatic, highly collimated x-ray beam with
A wavelength\ hits the sample surface at anglke For
&
v
Q
2
—
Ge(111) Nal Detector
A e a / \ O
S / "\
Cu Rotating Slits Slits
'I'l'l'l'l'_l'l' Anode Source
(b) Electron Density Diffractometer-mounted

sample oven

FIG. 1. (a) Cross section of the Zg@hin films prepared by deposition
from aqueous solution on SAM-covered Si substrates, showing th&lG. 2. Sketch of the specular x-ray reflectivity measurement scheme,
buried SAM interface; (b) the schematic of the electron-density profileshowing the definition of the incident and exit anglevith respect to

of the thin films, showing the roughnedsand roughness; for each  the sample surface, and the incideky),(reflected k), and netk =
layerj. k; — k;) x-ray momentum vectors.
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specular reflectivity, the momentum transégis perpen- oscillations. We note that the inclusion of roughness
dicular to the surface, the incident angle equals the exias done here in Eqg. (7) is rigorously correct only for

angle, and therefore roughnesses much smaller than the individual layer
thicknesses. However, because in this paper the relative
417 :
q=— sina . (1) changes are more important than the absolute numbers,
A the conclusions are not affected.

For a single interface, the reflectivity is well described by o . )
the Fresnel laws of classical opti€sTotal external re- ~ C- X-ray reflectivity: experimental details

flection occurs below the critical angie;; abovea, the The temperature-dependent x-ray reflectivity measure-
reflectivity decays rapidly, approaching approximatelyments were carried out on a 6-circle diffractometer fur-
1/a* for large anglesd > a). nished with Cu K, x-rays from a Siemens 18-kW

The x-rays are scattered by changes in the index ofienerator. This system is equipped with a Ge(111) mono-
refractionn; of the layers which compose the film (in the chromator and has slits adjusted to provide an out-of-
present case, the indggenotes the Zrlayer, the SAM  plane resolution oAg/q = 3 x 10°* The diffractometer
interlayer and the Si substrate; see Fig. 1), where is configured with computer-controlled arcs and transla-

n=1-5 +ip. @) tion stages, capable of positioning the sample laterally (to
! ] e within 0.001 mm) and angularly (to within 0.001°) with
with respect to the x-ray beam. A schematic diagram of the
5 setup is shown in Fig. 2.
& = reh\py/2m ©) A vacuum-pumped sample stage was usedrfasitu

temperature-dependent reflectivity measurements. This
stage, which sits atop the goniometer, is a turbomolecular-
Bj = Ny/dm . (4  pumped vacuum chamber capable of reaching 1 x
107® mbar or below, with Kapton sidewalls that provide
a large entrance and exit aperture for x-ray measure-
. ents. The sample heater consists of a resistively heated
In the case of a layered system, the scattering fro filament behind a Ta plate, upon which the samples

several interfaces has to be taken into account. This i . .
done rigorously in the recursive approach of Pafait® and a thermopouple are 'both securely affixed using spot-
' ___welded Ta wires, assuring good thermal contact at all

where the ratio of the reflected and transmitted field am-

and

r. = 2.818 x 10*3cm is the classical electron radius and
K, is the mass absorption coefficient.

; ; temperatures.
plitudes is calculated from The samples were each heated to the desired tempera-
PRRTE A ture, the alignment of the x-ray beam was adjusted and
i1 =8, £ 11 (5)  verified by performing “rocking curves” through the
St specular intensity, then the intensity of x-rays specularly
with reflected from the surface were recorded as a function of
. incident angle. Additionally, scans of the x-ray intensity
g = exp-ig;di/2) (6)  offset from the specular conditiond2 = 6 + 36,, with
q9,-1-G . 8_90 = 0.1°) were made, in order to correct the data for
Fioij == exd-g-.Go;-1;/2] ., (7) diffuse scattering.
qg;-1%¢
and
) , _ Lo Ill. RESULTS AND ANALYSIS
95 = (9"~ Ge;j + 8mipy/N) , (8) A Characterization of as-deposited films
whereq, ; is the momentum transfer at the critical angle The reflectivity data for sample 2H, as well as for a
Qe = (28j)1’2. Eq. (5) is solved iteratively. Gaussian bare and SAM-covered Si substrate, appear in Fig. 3 and

roughness is taken into account by the exponential factahe fitting results for samples 1H, 2H, and 4H appear in
in Eqg. (7). The Parratt formalism automatically includesTable I. The bare Si substrate shows a smooth decay
multiple scattering and refraction effects. The parameters intensity and the SAM-covered substrate shows
that describe the thin film are obtained by fitting the datalow-intensity oscillations visible at higher angles. The
to Eq. (5). The layer thicknessésdetermine the oscil- ZrO,-covered films show these same features but super-
lation period [Eq. (6)], the interface roughnessgaffect imposed with high-intensity oscillations at low angles.
the damping of the oscillations [Eq. (7)], and electronAlthough the Si is covered by an amorphous silicon ox-
densitiesp; and absorption coefficientp; determine ide layer, considerations of interfacial roughness and the
the critical edge [Eq. (8)] as well as the amplitude of thecontrast in index of refraction render thin-film oscilla-
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tions from the Si oxide, if any, below the level of detect- ZrO, thin film prepared by four successive immersions
ability for the present experimental conditions, asof 1 h each in fresh solution (saneptt x 1HB, 74 nm),
discussed in Ref. 24. with a film prepared by continuous immersion for 4 h

The measured ZrQelectron density, approximately (sample 4HB, 43 nm); the former sample has almost
0.7 x 16 nm 3, is smaller than the bulk value of 1.3 x four times the thickness as the sample in solution for
10° nm 2 by nearly a factor of two, suggesting that the 1 h. All data clearly support the notion of a less than
as-deposited films have significant intergrain contaminatinear increase of the thickness with time in the present
tion with low electron density or open volume defects.growth regime.

This issue is addressed in greater detail in Sec. Ill. B. The The thickness of the SAM layer determined by fit-
ZrO, roughness is found to be approximately 3 nm,ting is approximately 2 nm for a fully covered substrate,
which is within the range reported in recent atomic forceas expected from structural considerations and in agree-
microscopy studies of similar sampl¥s. ment with ellipsometric measurements on similar

The x-ray reflectivity measurements also provide in-samples® The electron density is approximately 0.3 x
formation about the evolution of film thickness during 10° nm™2and is typical of that for thin films of crystalline
growth from the aqueous solution, by comparing the ashydrocarbons.
deposited film thickness and roughness with the time RBS measurements on sample 4HB confirm that the
each substrate was maintained in solution. The datalensity of the ZrQ layer is below the bulk value, and
shown in Fig. 4, exhibit a negative curvature; that is, thethese indicate the as-grown films contain an overabun-
growth rate decreases with time, with a strongly pro-dance of oxygen as well as chlorine and sulfur. The latter
nounced effect during the first 30 min in solution. This two species are not unexpected, based on the S- and
behavior is as expected, due to the loss of Zi©Om the  Cl-containing composition of the aqueous precursor so-
precursor solution, and it is consistent with the reportedution. Although the measurements were incapable of
metastability of the precursor solution, as reported byseparately resolving S and ClI, or detecting their specific
Agarwal et al®’ The decreasing growth rate is further depth distribution, rough values are estimated & 13°
confirmed by the thickness comparison between and 0.4 x 16° at/cn?, respectively. If these contaminants
were present as thin films, this corresponds to effective
thicknesses of 2.5 nm and 1.0 nm, respectively. These
values are greater than those expected from the SAM
layer alone and are due to incorporation of residual ma-
terial from the aqueous precursor solutidn.

Finally, the as-deposited films were found to be stable
in air at room temperature over long time scales. Reflec-
tivity measurements performed after several months
were identical to those performed immediately following
sample preparation.

od Coved sovued vomd ssoned

] ZrO,/SAM/ Si 3

Intensity (arb. units)

B. Temperature-dependent studies

FETYY INRTP IEETT T W™ e |

s . Reflectivity measurements were subsequently per-
0 1 2 8 4 5 6 / formed as a function of temperature and time at a given
Angle 2o (degrees) temperature. In all cases information about the ZrO
FIG. 3. Measured and normalized x-ray reflectivity curves for a barelayer, which appears as short-period, high-intensity os-
Si substrate, a SAM-terminated Si substrate, and &Z8BM//SIG,//  ¢il|ations in the low-angle region of the reflectivity curve

Si thin film with 26.8 nm ZrQ (sample 2H). The curves have been : . - - L )
offset for clarity. The solid lines are fits to the data using the Parratt(see Fig. 3) could be obtained with high precision. Pre

formalism described in the text. The maximum angle of 7° correspond&!S€ measurement Of_ the SAM layer COU_Id in _principle be
to an out-of-plane momentum transfergf= 0.5 A™%, achievable with sufficiently long counting time; how-

TABLE I. Values of the parameters obtained by fitting x-ray reflectivity data for the as-depositedfilms.

Thickness ZrQ Roughness Zr® Electron density Thickness SAM Roughness Electron density
Sample (nm) £ 0.5 (nm) £ 0.1 Zr0, (x10° nm™3) + 0.03 (nm) o, £ 0.1 SAM (nm) £ 0.1  SAM (x1C® nm™3) + 0.02
1H 19.9 2.7 0.76 1.9 0.54 0.28
2H 26.8 2.8 0.81 1.4 0.67 0.29
4H 37.4 3.8 0.76 1.6 0.56 0.31

aThe reported uncertainty is based on a 95% confidence interval for variations of the chi-sgfliarfetife fit. The roughness of the substrate was below
0.3 nm.
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FIG. 4. The thickness of the as-deposited films as a function of theFIG. 5. The reflectivity profiles for sample 1H measured at different
deposition time of the wafer in solution. Extrapolation of the linear temperatures. The curves have been normalized to a maximum peak
trend to zero shows the highly nonuniform growth rate during theintensity of one and successively offset by a factor of 10 for clarity.
initial stages of deposition. This is further demonstrated by the largeThe solid lines are a guide to the eye, showing the wavelength increase
thickness (74 nm, data point not shown) of saenplix 1HB, grown by  with increasing annealing temperature of the short-period oscillations,
four successive immersions for 1 h each in fresh solution (see textidue to shrinkage of the ZrQayer thickness. The arrow indicates the
The solid lines are a guide to the eye. start of the intensity oscillation due to the SAM. Above about 400 °C
this feature does not appear well defined during the typical 1-2 h
scanning times, due to structural disordering of the SAM interlayer
ever, to minimize time-dependent effects the measurelsee tex).
ments were restricted to typically 1 or 2 h per
temperature. For temperatures below 400 °C the qualita; . . . .
tive temperature-dependent behavior of the SAM laye he th;ckness of the a;sldeiliozsieid%‘ﬂgs) Is the Stametf:cotr all
is still readily inferred although at some sacrifice to fﬁmg es _(fgpri_roxmaeyl ) dri ):‘sul%’;es Ing tha
guantitative precision. Due to disordering of the SAM € 0523' tlgzlgnr:‘zsevc?r'u?r? rg\ézgs( uh.c)hprzc?j‘s .‘;S d
interlayer at higher temperatures the measured signal \ P u Ven p  WhiCh Wou'd yi

not sufficient for quantitative analysis, as discussed in e sameabsoluterates of chan.ge. . d'ﬁefenF thick-
detail below. nesses. The ZrQelectron density increases with tem-

perature, as shown in Fig. 7(a), reaching approximately
) the expected bulk value for the sample annealed at the
1. Behavior of the ZrO, layer highest temperature. The ZsQroverage, defined by
The temperature-dependent reflectivity for sample 1Hhe product of density and thickness, is shown in
is shown in Fig. 5, and the results of fitting the reflec- Fig. 7(b), and should be a constant function of tempera-
tivity curves for all samples appear in Fig. 6-9. Two ture if the film composition remains fixed.
important features are immediately apparent. First, the Equal rates of normalized ZtOthickness change
film thickness for all films initially decreases linearly [Fig. 6(b)] for all samples are expected if the thickness
with temperature, for the time scale of the present exreduction during densification primarily involves com-
periment (1-2 h per measurement). This decrease is apaction of as-deposited material via the elimination of
companied by a corresponding increase in film densityfree volume defects, or possibly the loss of mass via
For sample 4H, this decrease persists until about 400 °@lesorption of light-electron-density contaminants (for
above which the thickness remains almost constant. Fa@xample, O, S, and Cl). The general saturation of the
samples 1H and 2H, the thickness decrease persists untibverage observed at temperatures above 400 °C
the highest measured temperature (500 and 600 °C, r¢Fig. 7(b)] suggests that the loss of contaminants is satu-
spectively), but the final density is below bulk density. rated and only the elimination of voids is taking place.
These results are consistent with earlier TEM investigaFurther measurements, such as RBS studies of thin-film
tions that compare as-deposited and annealed films, icomposition for each of the annealing temperatures, may
which shrinkage of 46% was typical. be required to estimate the magnitude of these two sepa-
Second, the initial rate of ZrDthickness decrease rate effects.
shown in Fig. 6(a) is sample dependent. For samples 1H, As Fig. 8 shows, the densification process is accom-
2H, and 4H the initial densification rates are —0.021 +panied by a decrease in roughness. Interestingly, for all
0.001 nm/°C, -0.032 £ 0.001 nm/°C, and -0.048 tsamples the initial roughness scales approximately with
0.001 nm/°C, respectively. As Fig. 6(b) shows, howeverthe thickness, and the relative change in roughness with
the normalized thickness change (thickness divided byemperature is similar. The evolution of thin-film rough-
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ness with thickness has been studied theoretically antd obtain. Above 400 °C the measured intensity falls be-
experimentally in a variety of different thin-film sys- low that required to obtain reliable values by fitting, and
tems?® but the limited data set in the present experimenthus we report values of the thickness and roughness only
does not permit detailed conclusions about the growtlior temperatures below this.

mode to be drawn.

Finally, we note that a recent study of Zr@repared .
by sol-gel techniques reported different densification ki-"¢
netics in two temperature regimes, above and belovg
300 °C? However, the samples in that study were maln-v—
tained at each temperature for 15 min. and then subse;
guently cooled for measurement, in contrast to the"’
present work in which high temperature was maintained®
continuously (>1 h) for each measurement. The times
dependence of the densification process is reported irg

1.2

1.1

T T T T T T T T

greater detail in Sec. IIl. C. WL |
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FIG. 6. (a) The temperature-dependence of the,Zttickness. (b)
The ratio of the ZrQthickness at temperatufieto the value measured FIG. 8. Temperature dependence of the roughness of,.Zi@e

at room temperature, showing the same temperature dependence for esughness of the as-deposited films scales with the film thickness, and
samples during initial densification. The solid lines are a guide to thethe change in roughness with temperature is similar for all samples.
eye. The solid lines are a guide to the eye.
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The SAM thickness decreases with temperature ove€. Time-dependent measurements

the complete temperature range, as shown in Fig. 9, from pring the densification study some measurements
which the depletion or decomposition of the SAM layer yere taken at fixed temperature for longer times, to as-

may be concluded. The depletion begins just abovegain the time dependence of the densification process.
200 °C and continues throughout the densification.  The minimum time required to complete one reflectivity
Unfortunately the experimental resolution is not suf- aocirement per temperature, in addition to the time

ficient to distinguish between two possibilities: (i) required to reach temperature, places a lower bound of
whether the SAM layers chemically decompose or (ii)ghout 1.5 h on the time resolution. For all samples pro-

whether they merely detach from the substrate and intefjpnged annealing for several hours at fixed temperature

diffuse. Shinet al*® have shown in TEM investigations yogyjted in a ZrQthickness decrease of about 0.5 nm per
of comparable TiQ thin films on SAMs that ?AM de-  hour, and this value was not strongly temperature depen-
composition was complete after 2 h at 400 °C in nitro-4ent Thys a slow densification continues at fixed tem-
gen, but no change in SAM thickness could beperature and long times, but the magnitude of the

determined after 2-h annealing at 200 °C or 300 °Cypjckness change is not appreciable compared with that
(Note that no thickness decrease was found after annedfihich occurs for successively higher temperatures.

ing in air, which was explained by the growth of the S0 Thege results establish that any significant time-
layer com?z%nsapng the thickness of the pyrolyzed orgependent effects must occur on a scale faster than the
ganic layer.™) Without covering the SAM by an oxide minimum 1.5 h required to complete a measurement, and
thin film, cleaving of the functionality (i.e., thioacetate) {hat the above temperature-dependent results represent

from the hydrocarbon chains was indicated after heafhe thin-film properties after the completion of the short-
treatment at 250 °C for 30 min in vacuum, and s'g”'f"time—scale processes.

cant loss of carbon was found at 400%C.

The temperature stability of uncovered alkyltrichlo- — )
rosilane on oxide-covered Si(100) has been measurdd: Characterization after annealing
recently by Kluthet al. using high-resolution electron  Final reflectivity measurements were performed again
energy loss spectroscopy.2°These authors have shown at room temperature following the temperature-
that this system exhibits short time stability in vacuumdependent measurements. The layer thickness, density,
until approximately 430 °C, at which point chemical de- and roughness retained the values measured at high tem-
composition begins to occur via C—C bond cleavageperature, showing the stability of the films following
Further, it was shown that the siloxane head group redensification and apparently negligible effect of differ-
mains attached to the surface until 830 °C. Assuming thagntial thermal expansion or stress development upon
the C—C thermal decomposition threshold for the SAM iscooling.
essentially the same with and without a covering ZrO  To investigate possible changes in the crystallinity of
layer, we conclude that interdiffusion and disordering atthe films following the vacuum annealing studies, high-
the interface is the dominating process in the deterioraangle (powder) x-ray diffraction measurements of some
tion of SAM interlayer. samples were performed prior to and subsequent to an-
nealing. The results of these measurements showed the

25 o o ' ' films to be essentially x-ray amorphous (i.e., no Bragg
peaks were detected), with no significant change before
_2or or after annealing. The behavior of the sample crystal-
E linity with vacuum annealing at temperatures above
@ 15¢ 750 °C is currently under investigatich.
_‘é’ RBS measurements performed on sample 4H subse-
2 1o} guent to annealing revealed a significantly reduced
= | content of sulfur, approximately 0.5 x %at/cn®; if it
= os5p oo | were present in a homogeneous layer, this would
2 i: ] correspond to an effective thickness of 1.25 nm. This
. . . l ( results most likely from the aqueous zirconium sulfate
0 "o 200 300 400  s00  precursor solution employed for Zg&ynthesis. No Cl

signal was detected, confirming the earlier suggestion

_ that the densification involves stoichiometric changes to
FIG. 9. The SAM layer thickness as a function of annealing tempera-(siome extent

ture, which shows a gradual thickness decrease above about 200 ° Finallv. th isibl id f Ki
Above 500 °C information regarding the SAM layer could not be inally, there was no visibleé evidence of cracking or

extracted from the reflectivity scans due to constraints of the datdN@Ccroscopic delteri_oration of the film after annealing. Re-
acquisition time. The solid lines are a guide to the eye. cent work on thin films of ZrQ deposited on glass sub-

Temperature ( °C)
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strates by sol-gel methods, in contrast, reported crackingt

of the films due to high tensile stress induced during
annealing, which further reflects the strong microstruc-
tural dependence of the material properties. 6

IV. SUMMARY AND CONCLUSIONS 7.

Thin films of ZrO, were prepared on SAM-covered Si

substrates, via a room-temperature chemical synthesi$.

technique involving an aqueous precursor solution. In
situ x-ray reflectivity measurements during vacuum an-
nealing provided a quantitative measurement of film g
thickness, roughness, and electron density. The as-

deposited films were found to have an x-ray amorphougo.

ZrO, layer with considerable open volume defects, offset
from the substrate by a well-ordered SAM layer with
small roughness. Measurements performed on films pre-
pared with different deposition times reveal a growth rate

that decreases with time and indicates sensitivity to thé3.

initial conditions of the precursor solution.
The temperature-dependent changes to,4agers ob-
served were an increase in density with temperature and

a decrease in thickness, pointing to a volume-drivens.

process due to scaling with the initial thickness. The
SAM/ZrO, interface was found to steadily decompose
with increasing temperature above 200 °C. Bulk x-ray-
diffraction measurements show that the films remain
x-ray amorphous after the present annealing procedure.

These results demonstrate the utility of in situ tem-17.

perature-dependent x-ray reflectivity studies of thin films
synthesized by aqueous solution chemistry, and the§7
should further promote the understanding of the thermajq
behavior of organic—inorganic interfaces and metal oxide
thin films, which are becoming increasingly important
for technological applications.

21.

ACKNOWLEDGMENTS

We thank B. Edinger for assistance with some of the
measurements and M.R. DeGuire for useful discussions.

We are grateful to D. Plachke (Max-Plack-Institut 23,
Stuttgart) for the RBS measurements. Partial financiag4.
support was provided by the Deutsche Forschungsgé>:

meinschaft under grant AL 384/22-1/2.

26.

REFERENCES

1. K. Bandyopadhyay and K. Viyayamohanan, Langniids 6924
(1998).

2. R. Brenier, C. Urlacher, J. Mugnier, and M. Brunel, Thin Solid 29,

Films 338,136 (1999).

3. C.R. Aita, M.D. Wiggins, R. Whig, C.M. Scanlan, and 30.

M. Gajdardziska-Josifovska, J. Appl. Phy89, 1176 (1996);
M. Ghanashyam Krishna, S. Kanakaraju, and K. Narasimha Rao,
and S. Mohan, Mater. Sci. Eng. &L, 10 (1993).

J. Mater. Res., Vol. 15, No. 12, Dec 2000

14.

27.

28.

M. Balog, M. Schieber, M. Michman, and S. Patai, Thin Solid
Films 47,109 (1977).

5. S. Mann, inBiomimetic Materials Chemistryedited by S. Mann

(VCH Publishers, New York, 1996), pp. 1-40.

. B.C. Bunker, P.C. Rieke, B.J. Tarasevich, A.A. Campbell, G.E. Fryxell,

G.L. Graff, L. Song, J. Liu, J.W. Virden, and G.L. McVay,
Science264,48 (1994).

A. Ulman, An Introduction to Ultrathin Organic Films: from
Langmuir-Blodgett to Self-Assemblfticademic Press, Boston,
1991).

A.H. Heuer, D.J. Fink, V.J. Larai, J.L. Arias, P.D. Calvert, K. Kendall,
G.L. Messing, J. Blackwell, P.C. Rieke, D.J. Thompson,
A.P. Wheeler, A. Veis, and A.l. Caplan, Scien2&5, 1098
(1992).

. M. Agarwal, M.R. DeGuire, and A.H. Heuer, J. Am. Ceram. Soc.

80, 2967 (1997).
M. Agarwal, M.R. DeGuire, and A.H. Heuer, Appl. Phys. Lett.
71,891 (1998).

11. S. Supothina and M.R. DeGuire (unpublished).
12. M.R. DeGuire, T.P. Niesen, S. Supothina, J. Wolff, J. Bill,

C.N. Sukenik, F. Aldinger, A.H. Heuer, and M. Rla, Z. Metallkd.
89, 758 (1998).

H. Shin, R.J. Collins, M.R. DeGuire, A.H. Heuer,
C.N. Sukenik, J. Mater. Re40, 692 (1995).

T.P. Niesen, J. Wolff, J. Bill, T. Wagner, and F. Aldinger, in
Advances in Science and Technologgited by P. Vincencini
(Technical Publications, Florence, 1999) Vol. 20, pp. 21-34.
T.P. Niesen, J. Wolff, J. Bill, M.R. DeGuire, F. Aldinger, in
Organic/lnorganic Hybrid Materials Il,edited by L.C. Klein,
L.F. Francis, M.R. DeGuire, and J.E. Mark (Mater. Res. Soc.
Symp. Proc576, Warrendale, PA, 1999) pp. 197-202.

and

16. A. Fischer, F.C. Jentoft, G. Weinberg, R. SghoTl.P. Niesen,

J. Bill, F. Aldinger, M.R. DeGuire, and M. Rue, J. Mater. Res.
14,2464 (1999).

M. Agarwal, Ph.D. Thesis, Case Western Reserve University,
Cleveland, OH (1997).

8. H.J. Shin, Y.H. Wang, U. Sampathkumaran, M.R. DeGuire,

A.H. Heuer, and C.N. Sukenik, J. Mater. Réd, 2116 (1999).

. F. Schreiber, A. Eberhardt, T.Y.B. Leung, P. Schwartz, S.M. Wetterer,

D.J. Lavrich, L. Berman, P. Fenter, P. Eisenberger, and G. Scoles,
Phys. Rev. B57, 12476 (1998).

20. N. Balachander and C.N. Sukenik, Tetrahedron L2%t. 5593

(1988); N. Balachander and C.N. Sukenik, Langm@ijr1621
(1990); R.J. Collins and C.N. Sukenik, Langmiidr, 2322 (1995).
M. Tolan, X-Ray Scattering From Solt-Matter Thin Films,
Springer Tracts in Modern Physics Vol. 148 (Springer, Berlin,
1999).

22. M. Deutsch and B.M. Ockdgncyclopaedia of Applied Physics

(Wiley, New York, 1998) Vol. 23, p. 479.

L.G. Parratt, Phys. Re®5, 359 (1954).

R.A. Cowley, T.W. Ryan, J. Phys. 2D, 61 (1987).

A. Pimpinelli and J. Villain,Physics of Crystal Growt{Cam-
bridge University Press, Cambridge, 1998), and references
therein.

H. Shin, Y. Wang, U. Sampathkumaran, M.R. DeGuire, A.H. Heuer,
and C.N. Sukenik, J. Mater. Res. (in press).

G. Jonathan Kluth, Myung M. Sung, and Roya Maboudian,
Langmuir13, 3775 (1997).

Myung M. Sung, G. Jonathan Kluth, Oranna W. Yauw, and
Roya Maboudian, Langmuit3, 6164 (1997).

G.J. Kluth, M. Sander, M.M. Sung, and R. Maboudian, J. Vac.
Sci. Technol. A16, 932 (1998).

K. Ritley, K-P. Just, F. Schreiber, T.P. Niesen, F. Aldinger, and
H. Dosch, Proceedings of the 4th International Conference on
Thin Film Physics and Applications (Shanghai, China, 2000).

2713



