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Nanoscale oxidation of zirconium surfaces: Kinetics and mechanisms
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We show that atomic force microscope-induced oxide features can be formed reproducibly on both
Zr and ZrN surfaces, and that the growth rate decreases rapidly with increasing time. There is an
increase in oxide-feature height with humidity for both systems, and an approximately linear
dependence of the height of the structures on the applied voltage for all films for short exposure
times. As the anodization time increases, only the thin(@sim) films show a large enhancement

in oxide-feature height, demonstrating the role of the film/substrate interface. Under the same
conditions, the height of features grown on ZrN films is greater than for those grown on Zr films,
indicating that nitrogen plays a role in the oxidation process2@3 American Vacuum Society.
[DOI: 10.1116/1.1560712

[. INTRODUCTION connected to the work presented here, where we present a
study of the growth of nanometer-scale oxide structures on

Understanding surface reactions is critical to controllingzr and zrN surfaces using the atomic force microscope
the performance of engineering materials, and determiningaFM). (Disclaimer: Certain commercial equipment is iden-
oxidation kinetics and growth mechanisms plays a major roleified in this article in order to describe the experimental
in this effort. The corrosion resistant behavior of the zirco-procedure adequately. Such description does not imply rec-
nium materials system in nuclear and chemical applicationdmmendation or endorsement by NIST, nor does it imply
is well known, and is normally attributed to the presence of ahat the equipment identified is necessarily the best available
passivating oxide layer on the exposed surfaces. The growtior the purpos@.AFM-induced local oxide patterniniy;6
of this layer, its modification with species such as nitrogenpreviously developed for nanolithography, is employed here
and its resulting environmental stability are of importanceas a means of investigating oxidation mechanisms on sputter-
for both corrosion mitigation and the development of thindeposited Zr and ZrN thin films. Specifically, we examine
nitride' and oxidé films for dielectrics. For these reasons, the role of film thickness and nitrogen content in altering
we have recently been studying the surface chemistry olocal oxide growth kinetics. In recent years, a considerable
hydrogen-, oxygen-, and nitrogen-containing species otbody of work has been published on the kinetics and mecha-
single crystal Zr surfaces.’ nisms of AFM oxidation of metals, semiconductors, and in-

Our previous results exhibit common phenomena assocBulators. Many aspects observed in these diverse materials
ated with the high solid solubility of light atoms in Zr and Systems are similar since the overall processes of ion trans-
rapid surface-subsurface diffusion kinetics. The subsurfacgort and near-surface oxidation reactions driven by an ex-
region acts as a source or sink of reactants H, N, and @remely high electric field are often only slightly affected by
depending on the conditions that in turn strongly influencespecific reaction rates or ion mobilities. AFM oxidation al-
the resulting thermal behavior of the surface. The rich andows us to access new energy and concentration regimes of
complex thermal kinetics that we observe for zirconium surthe H, N, and O species present in the Zr system as compared
faces in vacuum have led us to study their electron-inducetP those studied by thermal or electron-beam techniques.
surface chemistry as wélf In particular, we have observed Furthermore, these studies enable comparisons of Zr/ZrN be-
that low energy electron bombardment of adsorbed water angavior with results from AFM oxidation already available for
ammonia modifies the thermal desorption of hydrogen, an@ther systems, such as SySj and Ti/TiN, in order to re-
in the case of water leads to the formation of a partiallyvea| some of the unique aspects of the zirconium materials
oxidized surface following mild annealing. system.

These traditional surface-science studies are intrinsically

Il. EXPERIMENT
aAuthor to whom correspondence should be addressed; electronic mail: OUr experimental eﬁor_t includes depOSi_tion_ of the thin Zr
rex@uakron.edu and ZrN films and AFM-induced local oxidation, followed
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TasLE |. Average and root-mean-square surface roughness of the films usejd]. RESULTS AND DISCUSSION
in this work.

A. Overview of the AFM oxidation process

Film Average Root-mean- . . . . . .
thickness roughness square roughness During AFM oxidation the surface is positively biased
(nm) (nm) (nm) with respect to the AFM tip, so the experimental parameters
2 6 021 0.28 are the applied voltage/, and the pulse duration time,
21/Si0, 6 0.20 0.26 Under ambient conditions the intense electric field at the
Zr 15 0.22 0.29 tip—substrate junction causes a water meniscus to form, elec-
Zr 36 0.20 0.25 trolysis of water molecules, and field-assisted transport of
Zr+2N 36+2 0.27 0.34 oxyanions into the substrate during the local anodic process.
Zr+2ZrN 36+ 20 0.24 0.32

Transport of positively charged substrate ions may also oc-
cur, in accordance with classical anodic oxidation théory.
Thus localized surface reactions take place in the presence of
hyperthermal(ionic and radical species and may be influ-
enced by local thermal effects due to Joule heating near the
by characterization of the oxide structures. To prepare th@&FM tip. The most important advantage of using an AFM
thin films, S(100) wafers are cut into 1 cfrpieces and serve for this localized electrochemistry is that large-scale two-
as substrates. These are placed into a physical vapor depodimensional arrays of nanometer-scale oxide features which
tion (PVD) chamber on a substrate holder located 8 cmmap the ¥/,t) parameter space can be produced on metallic,
above a Zr sputtering target. The substrate holder isemiconducting, and insulating films.
grounded and the substrate temperature is not controlled dur-
ing the deposition. The purity of the Zr target is 99.2Var-
get Materials Ing.including up to 4% Hf which occurs natu-
rally with Zr ore. Major impurities are Fe<1000 ppm), Cr Thin-film properties, particularly surface roughness and
(<4000 ppm), O € 1400 ppm), and C<100 ppm). The Nanoscale homogeneity, play a determining role in minimiz-
turbomolecular-pumped vacuum system used in the deposi?d feature size and maximizing reproducibility, both of
tion operates at a base pressure ob2lD 4 Pa. Radio fre- V\{hich are essential requ?rements for studying local oxidation
quency(rf) magnetron sputtering in a background of argon atkln_etlcs and_ unde_rstandlng growth mechanisms. After sput-
4.1-4.7 Pais used to deposit the films. The deposition raté"ing, & native oxide layer starts to grow on our surfaces as
under these conditions with about 30 W of rf power is 0.02-S00n as the films are exposed to air. In order to ensure that
0.05 nm/s as measured by a quartz crystal microbalance. nihe surface has stab|I|zeq, AFM oxidation is carried out sev-
trogen is introduced into the PVD chamber to deposit zrN.£r@l days after the Zr films have been removed from the
At the same pressures and powers as above, the ZrN depf‘JF-’Utterlng Chamber' By thls.tlme th? native oxide is a few
sition rate varies from 0.03 to 0.04 nm/s. nanom;tirs thz'c.k qnd growing Ejelztlveg/ slow'ly. Ar']: M |m-_
Using this standard PVD process, we prepare thirféer ages ( " in sizg are recorded to determine the aver
nm) and thicker(36 nm Zr films on Si to investigate the age gnd root-mean-square surface roughness of each Zr and
effect of film thickness on AFM oxidation. Also, six hanom- ZrN film. Surface roughness values, between 0.2 and 0.4 nm,

! . . obtained for the samples used in this work are presented in
eter films are deposited on clean Si substrates and wafe b P

dbv a th I si ier | in order to | tioat able I. The average standard deviation in these values is
capped by a therma iarrier ayerin order fo investigate approximately 0.02 nm. The height of AFM oxide structures
the role of Zr—Si interface reactions. Finally, in an attempt to

is typically just a few nanometers, therefore it is essential

alter the relevant chemistry apd kinetics, 2 and 20 nm t,h'dihat the intrinsic surface roughness of the Zr and ZrN films
ZrN layers are sputter deposited on top of 36 nm Zr ﬂlmsbe less than a nanometer.

before AFM oxidization. _ As an example of the structures grown, Fig. 1 shows a
AFM oxidation is performed under controlled ambient representative AFM image of a sequence of oxide dots
conditions in the laboratories at the National Institute forsormed on a 20 nm thick ZrN film with exposure conditions
Standards and TechnologiIST) using a TopoMetrix Ac-  of 8 v/ for 1300 s at 21% relative humidity. Arrays of these
curex Il instrument in contact mode with M@-coated silicon  features have been grown on all of our Zr and ZrN surfaces
cantilevers(Silicon-MDT Ltd.) as probes. To diminish tip- ynder various voltage, time, and humidity conditions, with
wear in contact mode, dots are formed on the surfaces angkcellent reproducibility. The dots are consistently symmetri-
imaging is performed using a intermittent contact mode incal and well-defined in shape, indicating that tip wear is
most cases. The exposure times vary from 1 to 300 s and thfiinimal since the imaging is done with the same tip used for
dc bias voltages range from 5 to 15 V, with exposure paramoxidation. Using a stationary tip to draw dots rather than
eters and tip positioning completely computer controlled.rastering to draw lines helps to minimize tip damage signifi-
The relative humidity is in the range 21%-81% and is ma-cantly, and will help us to understand the growth kinetics in
nipulated using a humidity-controlled glove box. The result-the absence of scan-velocity-dependent hydrodynamic pro-
ing oxide features are imaged using AFM with the same tipgesses present with a rastering tip. Since our images of the
used for oxidation. oxide features are symmetric and of high quality, we feel that

B. Observations from the Zr /ZrN systems

JVST A - Vacuum, Surfaces, and Films
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Fic. 1. AFM image of the oxide features produced on a 36 nm thick Zr film with a 20 nm thick ZrN capping layer using 8 V for 1-300 s at 21% relative
humidity.

potential material transfer to the tip during oxidation or im- those on Zr films, roughly by a factor of 2. Previous work
aging is not a major factor in this study. with nitrogen-containing species on single crystal zirconium
Focusing first on time dependence, Fig. 2 demonstratesdicates that nitrogen atoms can readily displace subsurface
that both the vertical and lateral growth rates of the oxidexygen, known to be intrinsic to crystalline zirconium, effec-
formed on Zr and ZrN films with an AFM decrease rapidly tively forcing oxygen to the surface where it combines with
with increasing time. Power-law relationships of height ver-hydrogen during thermal desorption experiments to form
sus AFM anodization time are also found for AFM oxidation water’~>® This desorption of water is accompanied by am-
of Ti,1%2°TiN,?! Si?~®and SiN, surfaces?~2*This type  monia as well, but disproportionately leaves strongly bound
of power-law behavior is due in part to the space charge builtesidual nitrogen behind at the surface. We believe that this
up in the early period of local oxidation using dc
voltages?®~33 Space charge is a consequence of unbalanced

ionic reactants and products, mainly O- and H-containing !¢
species, generated during oxidation. This in turn leads to o . ®
oxides with a lower density than expected. .

We also find that the height of the oxide features for the o o ° °
Zr and ZrN systems increases linearly with humidity at long E v V! e ziN20mm,81%
anodization timest(>200 s), which is also observed for the & v ¥ g v| O ZN20mmS5S%
anodic oxidation of Ti films22%*°For a given tip—surface & E s 8 3. ot
distance and AFM tip geometry, the equilibrium shape of the 6o 0 o o ™ Z6mm37%
meniscus depends on the humidity and the applied voltage. . e,
Since the local reaction volume is defined by the meniscus, it © Zr36nm,32%
is important to distinguish material-dependent factors that r r . T
contribute to the growth rate from those depending solely on 200 300 400 500
the meniscus. To demonstrate this distinction, we take the Time (s)
long-time height and width data of Fig. 2 and re-plot these in
Fig. 3 versus relative humidity. Clearly, material dependence
can be observed in the height data in the top of Fig. 3,
whereas the bottom of Fig. 3 demonstrates that the width 300 { .
data are independent of film composition or thickness. Dif- o ® .
ferent substrate compositions may lead to variations in wet- 250 { ° §
ting behavior, changing the equilibrium contact angle of the 8 o o 9 ———
meniscus with the surface and therefore its shape. Since thei 200 1 M 9 3 % o zZN20mmsS5%
meniscus is a dielectric medium through which the electric ; 8 v Y| v zZiN2omm2%
field propagates, changes in the shape of the meniscus coulc % 1@ v v v omma®
result in a different electric field distribution and thus varia- o Zr36um,76 %
tions in the width of the oxide features with materials sys- 1001 N : gggg’;‘g‘z’:
tem. The bottom panel of Fig. 3 suggests that this effect is .
not dominant in the work we are reporting here. In this study 0 100 200 100 400 500
we find that AFM oxide patterning is not reproducible at less Time (s)

than 20% relative humidity, as noted by other researcHers. sevend  the oxidet heigbe) and width (b
: i aimi. FIG. 2. Time dependence of the oxide-feature heigbp) and width (bot-
AIthOUgh the overall behavior of the grovvth CUTVE IS Sim! tom) on Zr and ZrN films. The applied voltage is 8 V and relative humidity

lar for Zr and ZrN, we see in Fig. 3 that the height of the yaries from 21% to 81%. The legend also indicates the film thickness in
features grown on ZrN films is consistently greater thareach case.

J. Vac. Sci. Technol. A, Vol. 21, No. 4, Jul /Aug 2003
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16 16
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Fic. 4. \oltage dependence of the oxide-feature heights on Zr and ZrN
films. The exposure time is 5 s. The legend also indicates the film thickness
320 in each case.
Data From All Samples *
280 1 In The Upper pane]p ° probe and synchrotron photoemission, they demonstrate con-
vincingly that areas locally oxidized by AFM are completely
’E“ 240 A depleted of nitrogeR* We do not presently have chemical
= analysis data from our nanoscale structures on Zr and ZrN
§ 200 4 surfaces to accurately pinpoint the fate of H and N species.
AFM oxidation of titanium and titanium nitride thin films
160 provides a contrast to the behavior of the Zr and ZrN system.
Gwo et al?! also report studies of TiN oxidation kinetics that
indicate nitridation leads to slower, rather than faster, oxide
120 y y v v v T v growth. This difference may be due to a combination of at
20 30 40 50 6 70 80 least three factors. First of all, although the optical constants
Relative Humidity (%) of both ZrN and TiN indicate free-electron behavior for both
films,>2¢ subsurface nitrogen may be less strongly bound

Fic. 3. Height and width vs humidity data for Zr and ZrN films replotted . . 7 e
from Fig. 2. Clearly the width of AFM oxide features exhibits no material @1d more mobile in ZrN than in TiN films. In addition, the

dependence and is simply a function of humidity. On the other hand, th@©xygen bond energy is greater by roughly 100 kJ/mol for Zr
height is sensitive to film composition and thickness. than it is for Ti3 Finally, the solid solubility in the near-
surface layer of Zr films may be greater than in Ti thin films.
This line of reasoning is consistent with a growing body of
displacement and water-formation reaction is in some sensevidence from kinetic studies of aluminum films that suggest
the reverse reaction of what we are reporting here, wherpositive ion transport can play an important role in AFM
oxyanions, driven by an applied electric field, oxidize theoxidation, especially for very thin films on highly insulating
zirconium nitride surface. substrates®
Our interpretation is that the presence of nitrogen, even in Turning now to an investigation of voltage-dependent be-
a relatively strongly bound state, enhances the oxidation dfavior for Zr and ZrN films, Fig. 4 indicates an approxi-
zirconium films because it is able to react efficiently with mately linear dependence between the height of the oxide
hydrogen and leave the system as a by-product. Evidence fatructures grown with an AFM and the applied voltage for all
this conjecture is based on our previous electric potentiafiims in the case of short exposure times, i.e., when the ex-
imaging of oxide structures produced on silicon with anposure times 5 s orless. Note that this corresponds to ex-
AFM that demonstrates positive charge buildup during oxi-posure times before the significant change in slope in the
dation and doping-dependent differenée&® We attribute  plots of Fig. 2. This behavior is a general characteristic of the
this effect to H ions liberated from hydroxyl species during AFM-induced anodization process and a similar voltage de-
oxide growth at the silicon—oxide interface. Additional work pendence has been reported for a variety of materials
by Marchi et al,'® using UV/ozone in place of water, con- systems-2>~11°=33n our case there is an apparent minimum
firms that in the absence of hydrogen ions the differencethreshold voltage of 5 V for the growth to initiate which may
expected based on hole concentration arguments betmeen reflect the resistive or dielectric aspects of the native oxide
andp-type silicon are obtained. Furthermore, Getoal?>=*  present on the Zr and ZrN thin films.
also report a significant enhancement in the oxidation kinet- It is important to recognize the connection between AFM
ics of SEN, films relative to silicon. Using Auger micro- oxidation experiments, which easily access high electric-field

JVST A - Vacuum, Surfaces, and Films
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* we observe. Since it only occurs for the thinnest films at the
60 o Z6nmonSiO.. 65% Iongest_ times, we must consider_ that the o?<ide features ad-

o Zeénm 57% z ° vance |n_to the f||ﬁ_1 as well as rise abov_e it as they grow.

v ZiN20 ;m, 3% When this advancing front reaches the film/substrate inter-

g v ZrN2nm, 60 % fage the chemlc_al kme_tlcs change, causing a jump in the
£ 401 ®  Zr36nm,65% 0o oxide feature height. This may be due to an increased rate of
£ ®e0 ® transport of metal ions or even Si substrate atoms into the
= ° reaction zone, perhaps by lateral diffusion along the
20 A o substrate/film interface. Such lateral diffusion is probably

- I w8 ® due to distortion of the electric field as the moving oxide—
l ﬂ § 5 ﬁ H ‘ metal boundary approaches the insulating substrate. In fact,

(a8 gt gaid H this must be the case for films only a few nanometers thick in

0- 6 8 10 1'2 1'4 16 order to account for the dependence of the overall oxide

Voltage (V) growth rate on film thicknes¥. Field distortion is even ca-

pable of enhancing, rather than suppressing, oxide growth
Fic. 5. Voltage dependence of the oxide-feature heights on zr and zrN1€@r dielectric edges of very thin Al filmi§. Without sto-
films. The exposure time is 20 s. The legend also indicates the film thicknesichiometric data on the nanoscale features, we cannot do
in each case. more than hypothesize at present regarding this nonlinear
behavior.

driven growth conditions, and the models developed years
ago in the theoretical anodic oxidation literattifé® Essen-
tially all of these models incorporate high-field approxima—
tions for anodic surface oxidation processes in order to make As we progress toward more comprehensive models of
calculations tractable. However, the electric fields in normalAFM-induced oxidatiorf>~33we find not only observations
anodization mechanisms are not easily varied nor are thesmmmon to many materials systems but also system-specific
fields of the genuine high-field limit, since they represent abehavior. It is known that Ti films can be oxidized using
process internal to the system. In contrast, we have externatanning probe techniqué$?’*°and our use of chemically
control over the local field, covering an enormous rangesimilar Zr allows us to compare which surface chemical
through the applied voltage. By systematically varying theproperties of the substrate are most important for nanolithog-
composition of metallic thin films, such as aluminum, tita- raphy of metals. We see that humidity is important as
nium, niobium, etc., we can begin to relate the classical modexpected*1®31with an increase in feature height with hu-
els to specific materials systems. Different systems providenidity for all Zr and ZrN surfaces studied. We also find that
variations in metal ion solubility in the growing oxide film, very small surface roughness and good control over the ap-
metal reactivity with oxyanions, oxide stability and structure,plied voltage sequence is critical for reproducible results, as
and the presence of nitrogen which opens up alternative resur initial attempts to study growth kinetics on lower-quality
action pathways. Zr surfaces without a computer-controlled voltage source
Figure 5 demonstrates that the thin 6 nm Zr/Si and 6 nnproved unsuccessful.
Zr/SiO, films exhibit nonmonotonic increases in oxide-  Our results for AFM-induced oxide growth on Zr and ZrN
feature height after a certain voltage is reached when thsurfaces show kinetics similar to those seen in other metal
exposure time is 20 s, whereas the linear behavior of thand semiconductor systems, with generally similar feature
other systems is unchanged. This behavior is in marked cordimensions and time/voltage characteristics. This would
trast to what is observed on thin films of (Ref. 39 and Al  seem to indicate that the major factors influencing the growth
(Ref. 38 in which an overall attenuation of the growth curve are inherent to the method itself, and not to the details of the
occurs as the film becomes thinner. In the work reportecgsurface chemistry. This strengthens arguments that the AFM-
here, the jump in the growth kinetics only appears above dased technique is transferable across materials systems,
certain voltage for very thin Zr films. which greatly enhances its potential role in nanofabrication
Comparing the shois s) and long(20 9 exposure kinet- technology. However, it also leads to fundamental questions
ics is therefore a means through which we can understand tras to why the results are somewhat insensitive to the surface
role of the interface with the substrate. If this nonlinear be-chemistry which we know strongly depends on the material
havior occurred near the same voltage independent of expaystem in other contexts. The answer to these questions may
sure time, we might rationalize some type of dielectriclie in the presence of very high electric fields and a resulting
breakdown in the system, perhaps of the native oxide flmdominance by hyperthermally driven surface reactions in-
However, the resulting oxide features do not resemble typicalolving ionic and radical species during AFM oxidation.
breakdown events, since the well-formed shape of our strucsuch species are not present during standard surface kinetic
tures exhibits a greater height without an appreciable instudies, and their concentration and flux at the surface even
crease in width. In addition, breakdown usually producesn normal electrochemical measurements is certainly much
irregular cratering of the surface, not the smooth mounds thdbwer than in the nanolithography process.

C. Relationship of present results to existing models
and data

J. Vac. Sci. Technol. A, Vol. 21, No. 4, Jul /Aug 2003
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