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Oxide growth on sputter-deposited thin films is studied on the local scale by atomic force
microscopg AFM)-assisted lithography. We investigate the group IV reactive metals Zr, Hf, Ti, and
their nitrides. The nitrogen content of the deposition plasma affects the film crystal structure and
electrical resistivity, which in turn alter the local oxidation rates. Mass transport plays an important
role, producing features with heights ranging from a few nanometers luprtdreds of nanometers

The heights of the largest features are one to two orders of magnitude greater than observed in other
material systems, and the growth is well controlled. We use various techniques to investigate the
solid-state reaction and transport mechanisms involved in this oxidation driven by a highly localized
electric field. Our results demonstrate the potential of AFM lithographic techniques for
characterizing oxidation processes across a wide range of time and length scal@®04©
American Vacuum Society.DOI: 10.1116/1.1723269

[. INTRODUCTION This article extends our previous work concerning the lo-
cal oxidation kinetics of very thin20 nm Zr and ZrN,

This article concerns the low-temperature oxidation offiims''2 Here, we discuss AFM-assisted oxide growth on
thin (200 nm metal and metal nitride films, where oxygen 200-nm-thick films of Zr, Hf, Ti, and their nitrides. We find
transport is driven by high local electric fields. The materialsthat changing the percentage of nitrogen in the sputtering gas
studied are Zr, Hf, and Ti, all of which act as reactive getterchanges the film deposition rate and affects the electrical
materials and have similar crystal structures. Atomic forceresistivity and crystal structure of the resulting films, consis-
microscopegAFM)-assisted lithography allows us to perform tent with previous studieS 2! We demonstrate that AFM
high-field localized anodization on these surfaces by applyoxidation kinetics are sensitive to these changes, and show
ing small voltagesup to 30 V) between the tip and substrate. that under appropriate conditions, we can form oxide struc-
This technique provides us with a way to perform hyperthertures that range from a few nanometershtmdreds of na-
mal surface chemistry over a wide range of length and timg¢yometersin height in a well-controlled manner.
scales. We can then use the oxide growth kinetics for mate- The role of nitrogen in this process is important. We pro-
rials characterization in combination with other techniques. pose that nitrogen is responsible for suppressing the effects

Recent investigations of the electrical currents involved inof space-charge buildup and for increasing the oxidation rate.
AFM lithography have significantly improved our under- Trends in our data suggest that the structural changes that
standing of the procegs, which can now be incorporated occur in the films with the addition of nitrogen to the sput-
into existing modefs” in a comprehensive way. It is impor- tering plasma are also accompanied by modifications of the
tant that models of AFM-assisted oxidation include the con-<electrical and mass transport properties of the films. The de-
cepts developed previously for low-temperature oxidependence of feature height on the nitrogen content of the
growth on larger length scalés!® For example, it is clear sputtering plasma suggests that trapping sites for positive
that a buildup of space-charge limits the growth of oxidecharges are modified by the presence of N in the films. To
features during anodic oxidation, and that the initial chargesustain the growth and produce such large structures, it is
injection process is important for the short-time kinetics. Thepossible that nitrogen, once replaced in the lattice by oxygen,
relative humidity also plays a major role in the formation of reacts with protons liberated from OH radicals during oxida-
a water meniscus that serves as a source of hydroxyl ionson to form ammoniac species. These could leave the reac-

that can oxidize the surface. tion zone and thereby suppress the effects of space-charge
buildup. Mass transport is also important. We can grow these
dElectronic mail: rex@uakron.edu oxide structures at low relative humidity, and propose that
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Fic. 1. Schematic illustration of the expected stoichiometry of zirconium
nitride films vs the molar fraction of N and,Nspecies in the sputtering gas.
The nitrogen flow rategsccm used in this work are indicated. Similar
behavior is expected for Hf and Ti. This illustration follows the data pro-
vided in Ref. 13.

Fic. 2. Heights of oxide features vs time grown by AFM-assisted lithogra-

phy on reactive metal nitride surfaces. The applied voltage is 30 V dc and
the relative humidity 37%. Note the very large feature heights for zirconium

and hafnium, as compared to the negative heigtds holes for titanium.

subsurfacésolid solution phaseoxygen can also participate @9€ output. With the tip stationary a potential difference is
in the oxidation process. These results are compatible witgPPlied for a fixed amount of time. The tip is then moved to
our previous studies of Zr surface chemig#y?* here, we another location and the process repeated, so that we produce
extend the understanding of thermal and hyperthermal su@'Tays of features. We subsequently image the features in

face reactions on reactive metal surfaces by studying the Hiontact mode with the same tips used for oxidation, and from
and Ti systems as well. these images extract height data. We use the same force-

constant setpoint value for all experiments discussed here.
In-plane electrical resistivity measurements on the films
Il. EXPERIMENT use constant currents from 10-1p@\, and the measured
Boron-doped(1-3 Q cm) Si(111) wafers 500—550um potential differences are converted into resistivity values.
thick (Montco Silicon Technologies, Incare cutinto 1 crh ~ The composition of the films is determined by x-ray photo-
pieces and HF cleaned to serve as substrates for the th@lectron spectroscopyXPS), and structural information is
films. Multiple substrates are placed into a physical vapoobtained by x-ray diffractiofXRD). Scanning electron mi-
deposition chamber on a substrate holder 8 cm above thefOSCOpPYSEM), optical reflectivity, colorimetric, and micro-
sputtering source. The substrate holder is earthed and theresgopic evaluations of the films are also performed.
no temperature control during deposition. The operational
base pressure of the chamber is B0 * Pa, and deposition
rates are measured with a quartz crystal microbalance. ThUeI RESULTS AND DISCUSSION
three metal sputtering targets used in this work were all ac- Figure 2 shows height versus time data for AFM-assisted
quired from Target Materials, Inc. The purity levels of the local oxide features grown on nitrided Zr, Hf, and Ti films
targets are given as Zr: 99.2%, Ti: 99.995%, and Hf: 99.5%under the same experimental conditions. Note the very large
Rf magnetron sputtering is performed at a power of 120 W irheights achieved with the Zr and Hf materiataindreds of
a background of argon between 0.29 and 0.51 Pa with ananometersThese feature heights are one to two orders of
argon flow rate of 2 sccm. The targets are presputtered imagnitude larger than have been reported on any other sub-
argon (20 min, 5 sccm, 55 Wto remove surface oxides strate, and point to the unique properties of these reactive
while a shutter shields the substrates. Nitrogen gas is intranetal systems. Equally interesting are the Ti data, which
duced into the chamber for reactive sputtering at flow rateshow negative heights (i.e., “holes”). The formation of
of 0.0, 0.5, 2, 4, and 6 sccm. Figure 1 schematically showsanostructures, including holes, on Ti has been observed
the relationship between these nitrogen flow rates and theefore?®=3! In the course of this study, we have devised a
expected film stoichiometry to calibrate the reatfer. means to mitigate the dielectric breakdown of Ti that causes
AFM-assisted oxidation is performed under controlledthese holes, and to then grow positive-going structures. This
ambient conditions at the National Institute for Standardgprocedure involves tip conditioning and forms the basis of
and TechnologyNIST) with a TopoMetrix Accurex Il. We  future work. We present these data together in Fig. 2 only to
use contact mode techniques with,@/coated silicon canti- demonstrate the significantly different behavior between Ti
levers from Silicon-MDT Ltd. Relative humidity is varied in and that of Zr and Hf, which we will be discussing subse-
the range 6% to 55% using a glove box. The anodizatiomuently. The heights that we report are those measured di-
time, applied dc voltage, and tip positioning are all computerectly from AFM images and are not corrected for expansion
controlled. For higher applied voltages, a constant voltagéactors due to density differences between the oxides and the
source is placed in series with the computer controlled voltsubstraté.
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Fic. 3. Images of an array of oxide
features grown by local anodization
with an AFM tip on zirconium nitride
(sputtered wit a 4 sccm nitrogen flow
rate). The applied voltage is 30 V dc,
the relative humidity 33%, and the
oxidation times vary from 1 to 300 s.
oum 0¥ The smallest features are formed at the
_ shortest times, and successively larger
10 um features are grown at longer times.
Panel A is an AFM image, panel B is
an optical microscope image, and pan-
els C and D are SEM images. Panel C
in particular indicates the presence of
insulating (centej and positively
chargedperimete) regions of the fea-
tures.

2864
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Figure 3 shows the type of structures we are able to pro4 sccm nitrogen flow rate in the sputtering gas for all three
duce on these surfaces. Panel A is an AFM image of an arrayoltages and relative humidity values shousee legend
of oxide features grown on ZtN4 sccm nitrogen flow rate  These maxima correspond to a leveling off of the deposition
in the sputtering gasby applying 30 V dc for varying rate(panel B, a maximum in the electrical resistivitpanel
amounts of time(up to 300 $. Note the smooth, uniform C), and a change in the crystal structymanel D. These
profiles that indicate a well-controlled oxidation process, anctchanges are consistent with published trends concerning ni-
the large sizes of the features grown at the longer timedride film growth in these materials systefis?!
Panel B of Fig. 3 is amptical microscope image of the same  Note in Figure 4, panel D, that the crystal structure
array. What we hope to impress on the readers with thighanges from metallic, to crystalline nitride, to amorphous,
panel is that AFM-assisted local oxidation can be used tdo a higher nitride, and then to amorphous again. Refer to
transcend the nano- to micrometer-length scales under apprbig. 1 for an illustration of how the nitrogen sccm values
priate conditions with the proper choice of materials. Thisused in our experiments relate to expected film structure and
shows that we can acquire experimental data concerning oxstoichiometry*® Our XPS data(not shown are consistent
dation kinetics under the same conditions that connecwith these trends, and we find that there is always oxygen in
atomistic- and molecular-level models to continuum-levelthe films because of the gettering nature of these materials. It
models. is interesting to note that for 0.5 sccm, the height of the

Panels C and D of Fig. 3 are SEM images of the samexide featureqFig. 4, panel A produced on zirconium ni-
oxide feature array. Note in panel C that the features emitride is negative. In other words, these conditions form holes,
secondary electrons differently depending on the region. Theimilar to what is seen in Ti systems.
centers of most of the features appear bright, indicating that Comparing Fig. 4Zr) to Fig. 5 (Hf), we see similar be-
these regions are insulating and therefore charge during theavior. For the hafnium system, the maximum oxide heights
imaging. The dark band around the perimeter of the featurealso occur for films grown with a nitrogen flow rate of 4
indicates a relatively lower secondary yield. This is the re-sccm, coincident with a low deposition rate, a high resistiv-
gion of space-charge buildup, and is clearly distinct from thdty, and a higher nitride crystal structure. Subtle differences
nearby zirconium nitride substrate. Panel D lends insight int@ppear between the systems when we compare the actual
the morphology of two of the larger oxide features, with oxide height values and crystal structure transition points,
what appear to be cracks on the right-hand side feature andiaut overall the trends are the same. However, for Hf, we
point defect on the left. The lines seen in Fig. 3 result fromhave no reproducible evidence for the formation of holes,
oxidation during the time the tip is being moved from loca- unlike the cases of Tiseen oftephand Zr(only seen for 0.5
tion to location in the array. Here, the series dc power supplgccm nitrogen flow rate sputtering conditignhe fact that
is left on to avoid transient spikes, and this produces nanosAFM oxidation kinetics reflect changes in structural and
cale oxide lines since the growth kinetics are so rapid. electrical properties of the films indicates that this technol-

Figure 4 summarizes our findings for Zr and its nitrides.ogy has potential as a materials characterization tool on the
In panel A, we show how the height of the AFM-assistedlocal scale.
oxide features depends on the nitrogen content of the sput- Our results demonstrate the influence that nitrogen can
tering plasma. Note that the maximum heights occur using &dave on the oxidation of reactive metal films. Scanned probe

JVST A - Vacuum, Surfaces, and Films
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oxidation of silicon nitride has been performed previou¥ly; the sputtering power to shift the value of nitrogen flow rate
however, no significant enhancements in overall oxide heightecessary to reach the different structural transitions in these
were found. Those authors were able to conclusively shoviilms.?* Gwo et al?® have reported that local oxidation of
that the nitride converts to oxide, and postulatedeNolu-  TiN results in TIQN, structures, but they indicate no signifi-
tion as a removal mechanism for the liberated nitrogen specantly large enhancements in feature height. It is plausible
cies. Although nitrogen evolution may also occur for the Zrthat the structures we have grown are also oxynitrides, and
and Hf nitrides, we cannot explain our very large featuretheir stoichiometry is a subject of ongoing investigation.
heights without introducing additional mechanisms. These Using the terminology of Fehiner and Métgzirconium
are that(1) liberated nitrogen reacts with hydrogen and es-and hafnium in particular can be classified as having
capes(possibly as ammonjawhich suppresses the buildup network-forming oxides. Since anion transport is the funda-
of space-charge and allows for continued oxide growth; ananental oxidation mechanism, the oxide growth rate is sensi-
(2) that mass transport of subsurface oxygen into the reactiotive to the amount of oxygen present. These materials are
zone, in combination with water from the meniscus, provideknown getters of oxygen, and we therefore expect enhanced
oxygen at a significantly higher rate than is available in otheioxide growth since the water meniscus and the subsurface
material systems. regions of the film act in parallel to provide oxygen to the
It is important to point out that in some cas@sg., Fig. reaction zone. This is a reasonable interpretation of the fact
2), we are growing oxide features that are higher than théhat we can produce 30-nm-high oxide structures on zirco-
nitride films are thick. This necessitates rapid and sustainedium nitride (4 sccm nitrogen flow rate during sputter)ng
mass transport within the films, and a mechanism by whicHilms at a relative humidity of 6%not shown, and grow
space-charge buildup is suppressed. The mechanisms prfeatures hundreds of nanometers high even at 33% relative
posed here for 200-nm-thick films are consistent with whathumidity [Fig. 4(A)].
we have discussed for 20-nm-thick zirconium nitride fifths. The changes in crystal structure observed in these mate-
In comparison with our previous wor, here, we increase rials as we increase the nitrogen content of the sputtering gas

J. Vac. Sci. Technol. A, Vol. 22, No. 4, Jul /Aug 2004
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Fic. 5. Data from a series of hafnium nitride thin films. Panel A shows the heights of oxide features grown by AFM anodization at different applied voltages
and relative humidity levelssee legend Panel B shows the deposition rate of the hafnium nitride films, panel C contains the in-plane electrical resistivity of
the as-grown films, and panel D provides their XRD patterns. Note how the maximum in oxide featurdfoeifiints sputtered wh a 4 sccm nitrogen flow

rate) in panel A corresponds to a low deposition rate, high resistivity, and higher nitride crystal structure.

[Figs. 4D) and 5D)] alter the network for oxide formation. V. SUMMARY

This probably changes the type and density of charge-

trapping sites and the mass transport properties of the films, We have discussed our recent results concerning low-
resulting in different oxide growth kinetics. There must be atemperature oxide growth on sputter-deposited thin films of
competition between electrical and mass transport phenon#r, Hf, Ti, and their nitrides. Using AFM-assisted litho-
ena and the network-forming ability, since we see a maxigraphic techniques, we are able to control the applied electric
mum in the oxide feature heights with respect to nitrogerfield and relative humidity, and to study the oxidation pro-
flow rate[Figs. 4A) and FA)]. What is most promising is cess on a local scale. The nitrogen content of the film depo-
the sensitivity of the AFM-assisted growth process to theseition plasma affects the resulting crystal structure and elec-
changes in film properties, and the fact that we can nowirical resistivity, which are reflected in the local oxidation
produce nano- and micrometer-scale oxide structures. Thisinetics. We produce features with heights ranging from a
allows us to study, in detail, oxidation processes over widdew nanometers up tbundreds of nanometerthe latter be-
length and time scales. We anticipate that studies like thesag one to two orders of magnitude larger than observed in
combined with comprehensive modeling schemes will enother material systems. Most importantly, the growth is well
able scanning probe oxidation to be further developed as eontrolled. We therefore demonstrate the potential of
materials characterization tool as well as a fundamentascanned probe lithography as a materials characterization
probe into hyperthermal surface chemistry. tool that spans a wide range of time and length scales.
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