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Growth of High Aspect Ratio Nanometer-Scale
Magnets with Chemical Vapor Deposition and
Scanning Tunneling Microscopy

Andrew D. Kent,* Thomas M. Shaw, Stephan von Molnar,
David D. Awschalom

A combination of chemical vapor deposition and scanning tunneling microscopy tech-
niques have been used to produce nanometer-scale, iron-containing deposits with high
aspect ratios from an iron pentacarbonyl precursor both on a substrate and on the tunneling
tip itself. The structure and composition of the resulting nanodeposits were determined by
transmission electron microscopy and high spatial resolution Auger electron spectroscopy.
Either polycrystalline, relatively pure, body-centered-cubic iron or disordered carbon-rich
material can be deposited, depending on the bias conditions of the tip sample junction and
the precursor pressure. Two mechanisms of decomposition are inferred from the growth

phenomenology.

The ability to control matter on decreasing
length scales is expected to lead to signifi-
cant scientific and technological advances.
The scanning tunneling microscope (STM)
offers the ultimate spatial resolution possi-
ble—manipulating materials down to the
atomic level (1). For example, single atoms
have been positioned on specific metal and
semiconductor surfaces (2—4). The creation
of interesting nanostructures requires the
further ability to deposit a variety of differ-
ent materials on substrates and to create
clusters of atoms. Combining chemical va-
por deposition (CVD) techniques with the
STM offers great promise in this regard.
Metal organic precursors are commercially
available for many elements because of
their widespread use in thin film technology
(5). Furthermore, the local interactions
present in an STM have already proved
capable, in initial investigations (6-10), of
decomposing certain precursors to leave
behind metallic deposits. An additional
and important challenge in such growth
studies is knowing the nature of the result-
ing material. In general, it is difficult to
characterize STM deposits by other micro-
scopic or analytical techniques because of
the small quantity of matter present (11).
Although STM images provide an idea of
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the topology of small structures, it is not
possible to discern their composition or
crystalline phase.

We present here the results of an inves-
tigation of the growth of nanometer-scale
iron deposits with a combination of CVD
and STM techniques. In this study we were
able to deduce the crystalline phase and
composition of an STM deposit using trans-
mission electron microscopy (TEM) and
high-resolution Auger electron spectrosco-
py (AES). This leads to an understanding
of the growth phenomenology and control
of the resulting materials structure, compo-
sition, and shape on a nanometer scale.
Specifically, we can control depositions on
either the substrate or the tip by varying the
growth conditions. We demonstrate the
ability to produce high aspect ratio iron
filaments with diameters less than 10 nm
and aspect ratios greater than 80. Further-
more, by varying the bias conditions and
precursor pressure we can form either amor-
phous or polycrystalline material. Filaments
can be directly deposited on the apex of a
silicon tip, which is part of a microfabri-
cated silicon cantilever used in scanning
force microscopy. Such nanodeposits will
therefore find use in a variety of scanning
probe microscopy experiments and are ex-
pected to extend the spatial resolution of
these techniques.

We have used a modified commercial
STM (12) in an ultrahigh vacuum (UHV)
chamber (5 X 10719 torr) designed to
handle reactive gases over a wide range of
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pressures (107° to 107! torr) (13). In most
of our growth studies we have used iron
pentacarbonyl [Fe(CO)s] gas on silicon
(111) substrates (14). This precursor has
been used in thermal and photoassisted
CVD of iron thin films (5) as well as in
prior STM work (10). Moreover, transition
metal carbonyls are known to decompose
under low-energy electron bombardment,
making them attractive candidates for STM
deposition (5).

The precursor was introduced into the
chamber, and the tip sample bias voltage
was slowly raised at constant current until
deposits formed on the substrate. Growth
occurred in the field emission regime in
which electrons have an energy greater
than the work function of either the tip or
the sample depending on the bias polarity.
For Fe(CO),, we found that decomposi-
tion occurs at bias voltages as low as 5 V
and that there is no minimum current
down to 25 pA. However, the deposition
was more reproducible at higher bias volt-
ages (>15 V) and low current (~50 pA).
During growth, the STM feedback loop
retracts the tip to maintain a constant
current, and thus constant height, be-
tween the tip and growing deposit. The tip
was fully retracted when the deposit
reached the desired height above the sur-
face (10). After deposition the structures
were imaged with the STM in the tunnel-
ing regime (bias, 2 V).

STM images of iron dots deposited on
silicon are presented in Fig. 1. Figure 1A

Fig. 1. STM images of
iron dots formed at a tip
bias of —25V, a current
of 50 pA, in a Fe(CO),
pressure of 107¢ torr.
(A) Single dot; (B) a 5
X 5 element array, 80-
nm spacing.
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shows a single dot, 14 nm in diameter and
7 nm high, deposited at a tip bias of =25V,
a current of 50 pA, and a Fe(CO); pressure
of 107° torr. Visible in the background are
monoatomic steps that run at a 25° angle
from the y axis in this image. [The Si is
miscut 1° from the (111) plane.] In a
second experiment, we repeated the same
deposition process in an array with 80-nm
spacing (Fig. 1B). From these images, there
is evidence for material deposited over an
area of the surface around each dot. In Fig.
1B this background obscures the steps in
the silicon surface. There is also a distribu-
tion of sizes evident in Fig. 1B with the
smallest clusters having an approximate
diameter of 10 nm. These are the smallest
deposits we have been able to form with
this precursor.

Considerable insight into the deposition
process can be gained by forming larger
dots.  Scanning electron micrographs
(SEMs) are shown in Fig. 2 of such deposits
that are part of 100-dot arrays with 0.5-pum
spacing. The dots were grown at a tip bias
of —15 V and a current of 50 pA while the
height and precursor pressure were varied
between the different arrays. In Fig. 2A
(pressure P = 1 X 1072 torr) dots 35 nm in
diameter and 70 nm high are shown. Ma-
terial with a darker appearance in the SEM
is found spread over a 300-nm diameter.
The background consists of small ~10-nm
particles. The result of growing 100-nm
filaments (P = 4 X 107> torr) is shown in
Fig. 2B. For these taller dots, secondary

z(nm)

1
500 0 500

re————t

Fig. 2. Scanning electron micrographs (at a 45° tilt) of arrays deposited at a tip bias of —15V, a
current of 50 pA, and different pressures: (A) P =1 x 1075 torr; (B) higher aspect ratio deposits,
P=4x 1075 and (C) P= 4 x 10~* torr.
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deposits fill the entire area between the
elements in the array. Increasing the pre-
cursor pressure (P = 4 X 107* torr) while
maintaining the same aspect ratio reduces
the extent of the background deposits (Fig.
2C). The dot growth rate increases with
pressure so that in Fig. 2C it is 100 nm/s.
Thus, the time per deposit is reduced in Fig.
2C to 1 s relative to 10 s for the deposits in
Fig. 2B. The corresponding reduction in
the background is strong evidence for diffu-
sion. For such a process the length r varies
as r~VDt, where D is the diffusion constant
and t is the time. On the assumption that
the diffusion constant is independent of
pressure, a reduction in the deposition time
by 10 s results in a factor of 3 decrease in
the diffusion distance as approximately ob-
served (compare Figs. 2B and 2C). We
believe that the background of small clus-
ters is due to a catalytic reaction of diffused
reaction products with an absorbed precur-
sor layer (15).

We used AES to determine the compo-
sition of the deposits depicted in Fig. 2. A
depth profile revealed a contaminated car-
bon layer common to air- and SEM-exposed
samples. After this layer (~12 nm) had
been sputtered away, different areas were
analyzed. Over a surface encompassing the
entire matrix (5 pm by 5 pm) the compo-
sition of the arrays were similar [atomic
percent: 42% iron, 52% carbon, and 6%
oxygen (uncertainty of £5%)]. An analysis
with the electron beam focused on a dot
from the array shown in Fig. 2A indicated

110

200 nm

Fig. 3. Transmissiocn electron micrograph of
a high aspect ratio filament on the apex of
a silicon tip. The inner filament shows diffrac-
tion contrast, has a diameter of 9 nm, and is
880 nm high. A ring of diffraction spots in-
dexed to (110) planes of bcc iron is shown in
the inset.



69% iron with the remainder being carbon,
and oxygen below the detectable limit
(1%). In Figs. 2B and 2C we found 63%
and 50% iron, respectively. The area ana-
lyzed in these cases is limited by the elec-
tron beam and scattering to an area larger
(=50 nm in diameter) than a single dot.
Because the background has a higher car-
bon content, this analysis is likely to un-
derestimate the metal content of the cen-
tral deposits. The different geometry of the
deposits complicates quantitative compari-
sons of the results among arrays. The de-
creasing iron signal reflects both the smaller
dot diameter (~20 nm) in Figs. 2B and 2C
and a reduction in the metal content with
increasing precursor pressure. These qualita-
tive results are consistent with TEM mea-
surements (discussed below) that reveal a
small central region of pure iron in a deposit.

Reversing the polarity of the voltage
bias, electrons are field-emitted from the
sample and similar dots can be deposited on
the STM tip. Structural analysis can then
be performed with TEM. An image of an
880-nm-long filament on a microfabricated
silicon tip is shown in Fig. 3 (P = 7 x 1073
torr; tip bias, +15 V; and current, 50 pA).
A contamination coating around a denser

Fig. 4. (A) SEM and (B) TEM micrographs at
the same magnification of a filament grown on a
negatively biased silicon tip. The as-deposited
filament had a diameter of 7 nm and a height of
150 nm.
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interior is observed in the micrograph. This
layer is built up during prior SEM and TEM
observation of this structure. The internal
core shows diffraction contrast indicative of
a polycrystalline material with the grain size
approximately equal to the fiber diameter
(~9 nm). In diffraction, six distinct lines
were visible, each of which could be in-
dexed to the body-centered-cubic (bcc)
phase of iron. The most intense ring of
(110) spots is indicated in the inset of Fig.
3. This phase is a ferromagnet at room
temperature. At carbon concentrations
>0.4%, however, the equilibrium phase of
Fe—C is face-centered-cubic. The presence
of the bcc phase is evidence for pure iron
and nearly complete decompositon of the
precursor. We repeated the TEM measure-
ments 2 months after growth and found no
change in either the central fiber diameter
or the diffraction pattern. The deposit with
the contamination coating is thus stable
against oxidation in air.

Susceptibility measurements of arrays of
dots (20 nm in diameter by 50 nm high
with 1-pm spacing) deposited in the input
coil of a superconducting quantum infer-
ence device (SQUID) indicate that these
dots are indeed magnetic. The susceptibil-
ity increases with decreasing temperature,
indicative of paramagnetic behavior, and
saturates at low temperature (150 mK). The
magnitude of the signal corresponds to 3.7
X 10° spins per particle and is consistent
with the expected number of iron atoms in
each dot (16).

Growth also occurs on the negatively
biased surface. For example, during the
formation of arrays on a positively biased
substrate (as in Fig. 2), filaments also grow
on the tip. Inspection of a tip in an SEM
reveals the formation of a nanofilament on

Fig. 5. Dots (40 nm in diameter) deposited in
rough areas of a negatively biased (—15 V)
substrate. Under these conditions deposits are
not formed in adjacent smooth regions of the
substrate.
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its apex (Fig. 4A). This structure was grown
on a silicon tip at a bias of —15 V while 25
100-nm tall dots were formed on a substrate
(P = 6 x 1072 torr). The growth rate of 8
nm/s is 1/16 of that on the opposing sample.
The resulting structure is conducting and
stable enough to be used to image the
surface of silicon in the tunneling regime
(bias, 2 V).

In a TEM micrograph of the same tip
(Fig. 4B) we again observe a layer over a
denser core. Because of contamination
buildup, the overall diameter of the fiber
has appeared to increase between the SEM
and TEM observations. The as-deposited
filament had a diameter of 7 nm and was
150 nm in length. Unlike the case in Fig.
3, there is no diffraction contrast in the
micrograph, nor were we able to record a
diffraction pattern. This result implies that
the material is amorphous or that the grain
size is significantly less than the fiber
diameter.

A high local electric field appears to be
necessary to form such structures. The local
surface topology thus influences their place-
ment and growth. For example, on a nega-
tively biased substrate, we find little or no
growth in flat regions. However, in rough
areas in which larger local fields are gener-
ated, deposits form. This is shown in Fig. 5,
where we have produced a sequence of dots
in a part of the substrate that has been
scribed with a diamond tip. There are no
secondary deposits in this case. An AES
analysis reveals an approximate composi-
tion of 10% iron and 90% carbon, with
oxygen below the detectable limit. This
carbon-rich material is very different from
the material produced on a positively biased
substrate, where the iron content deter-
mined by AES was always greater than 50%
and the detailed TEM analysis showed pure
iron.

We associate different mechanisms of
decomposition of the precursor with the
two distinct growth modes we have ob-
served. Energetic electrons are primarily
responsible for the deposition on the posi-
tively biased surface. Electron impact disso-
ciation probably dominates in this case as in
plasma and electron beam deposition (5).
On the negative surface, a field-induced
reaction occurs. Such a mechanism has
been used to produce whiskers and den-
drites on emitter tips from tungsten hexa-
carbonyl, W(CO)s, (17). The strong local
fields in an STM are expected to influence
the decomposition to a certain degree on
both surfaces. For example, the extreme
polarizability of Fe(CO)s (I18) may be im-
portant in drawing molecules into the high
local field region under the tip.

The growth phenomenology, however,
is very different for these two modes (elec-
tron- or field-induced decomposition). For
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electron-induced growth, although the de-
composition occurs locally, the reaction prod-
ucts are mobile on the surface. Here we
believe an analogy can be drawn between the
deposition of nanoscale filaments and thin
film nucleation and growth theory. We ob-
serve that metallic (>50% iron) deposits do
not grow until the decomposition rate is
sufficiently rapid that critically sized clusters
form under the tip. This rate, in the present
experiments, is limited by the adsorption of
precursors on the surface and hence the pres-
sure. We find that below ~107° torr filaments
do not form and the reaction products are
dispersed on the surface like the background
in Fig. 2. As we have illustrated, increasing
the pressure reduces the spatial extent of the
background and allows the formation of iron-
rich deposits. The minimum diameter of me-
tallic clusters is ~10 nm. We expect that
smaller iron clusters could be formed if the
mobility of adatoms on the surface were re-
duced by, for example, cooling the substrate.

In contrast to this behavior, in the case
of field-induced reactions, there is little or
no diffusion of material. The reaction oc-
curs in the high-field regions of the STM
junction, and the products are apparently
immobilized. The resulting structures are
carbonaceous filaments with a small per-
centage of iron.

In conclusion, the ability to fabricate and
position magnets on a nanometer scale offers
unique scientific and technological opportu-
nities. For example, increasing the storage
capacity of magnetic media requires, among
other important practical considerations, re-
ducing the size of magnetized domains. At a
certain dimension even in the absence of
thermal activation, macroscopic quantum
tunneling of the magnetization is predicted to
occur and to present a fundamental quantum
limit to magnetic storage (19). Moreover, the
combination of nanomagnets with present
semiconductor technology may lead to new
classes of magnetically active devices that rely
on the interplay between magnetic and
electronic degrees of freedom in confined
geometries. STM structures will permit
studies of the ramifications of such mag-
netic miniaturization.
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Uncertainties in Carbon Dioxide Radiative
Forcing in Atmospheric General Circulation Models
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Global warming, caused by an increase in the concentrations of greenhouse gases, is the
direct result of greenhouse gas—induced radiative forcing. When a doubling of atmospheric
carbon dioxide is considered, this forcing differed substantially among 15 atmospheric
general circulation models. Although there are several potential causes, the largest con-
tributor was the carbon dioxide radiation parameterizations of the models.

The most comprehensive way to estimate
climate change caused by increasing con-
centrations of greenhouse gases is to use
three-dimensional general circulation mod-
els (GCMs). But even for the most straight-
forward climate-change simulation, a
change in equilibrium climate that results
from a doubling of atmospheric CO,, there
is a roughly threefold variation in the pre-
dicted increase in global mean surface tem-
perature (I, 2) (Fig. 1). Global climate
change caused by a CO, doubling may be
conceptually interpreted as a two-stage pro-
cess: forcing and response. The forcing is
the direct radiative perturbation caused by
the CO, increase, whereas the response is
the climate change associated with restor-
ing the global-mean radiation balance. Cli-
mate feedback mechanisms that govern the
response differ substantially among GCMs
(3-7), but it is not known to what extent
differences in Fig. 1 are attributable to
variations in forcing among models. In an
earlier comparison (8), significant differ-
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ences were found in CO, radiative forcing
from radiation codes used in several GCMs.

Potential forcing differences attributable
to other facets of the GCMs were not,
however, addressed. These included:

1) Forcing is dependent on lapse rate,
which is the decrease of atmospheric tem-
perature with height. Because CO, forcing
is a change in the greenhouse effect, it
could be affected by differences in lapse
rate among models (9).

2) The forcing is substantially reduced
through radiative overlap of the CO, absorp-
tion bands by the absorption of water vapor
(8), so differences in atmospheric water va-
por distributions among models could like-
wise affect CO, forcing, as well as differences
in the parameterization of radiative overlap
in the radiation codes.

3) Clouds also reduce the forcing (10),
so the substantial differences among differ-
ent GCMs’ cloud fields (6) could cause
forcing differences.

In this study we specifically address these






