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T
he patterning of metallic nanostruc-
tures on surfaces is of great interest
in fabricating nanoelectronics and

quantum devices. For example, nanometer
scale metals are potentially useful not only
as interconnects between devices but also
as functional elements of Coulomb block-
ade devices such as single electron transis-
tors (SETs).1 To operate a SET at room tem-
perature, the island size must be smaller
than 10 nm.2 Current top-down fabrication
technologies used in industry involve con-
ventional lithographic processes, which are
approaching their fundamental size limits.
Sub-10 nm features are hard to achieve us-
ing the conventional lithographic technol-
ogy, even for electron beam lithography.3

To overcome this barrier, new fabrication
strategies must be developed.

In 1994, Lyding et al. demonstrated cre-
ating atomic scale silicon dangling bond
patterns on a hydrogen-passivated
Si(100)-2 � 1 surface using a UHV-STM.4

The difference in reactivity between bare
and hydrogen-terminated silicon allows
nanometer scale metal patterning on sili-
con surfaces.5 Both physical vapor deposi-
tion (PVD)6�14 and chemical vapor deposi-
tion (CVD)15�19 methods were exploited for
metal delivery to silicon substrates. In most

PVD experiments, metal grows preferen-

tially on bare silicon areas. However, undes-

ired metal growth on the hydrogen-

terminated region limits its application. In

contrast, a molecular precursor dissociates

and deposits metal primarily on the bare

silicon area by CVD, leading to minimal con-

tamination of the hydrogen-terminated

background. In CVD, the substrate is usu-

ally heated to induce the CVD reaction. The

precursor molecules must be carefully cho-

sen so that the CVD reaction temperature

will not exceed the hydrogen desorption

temperature (520 °C).20

Electron beam induced deposition

(EBID) is an alternative to the PVD and CVD

methods. It is a direct writing method which

forgoes the nanolithography steps and no

substrate heating is required.21 EBID em-

ploys a scanning electron microscope elec-

tron beam to crack molecules that are intro-

duced to a surface in the gas phase.

Typically, these molecules are the same

ones used for thermal CVD. To further en-

hance the spatial resolution of EBID, a nega-

tively biased scanning tunneling micro-

scope (STM) tip can be used as the electron

source. The resulting fragments deposit

onto the surface in patterns governed by

the movement of the STM tip. STM-EBID ex-

periments have been performed to write

sub-10 nm features using CVD precursors

for several metals, including W,22 Fe,23,24

Al,18,25 Ti,16 Ni,26 and Pd,27 but these experi-

ments did not confirm that the deposits

were metallic, for example, by means of

transport or scanning tunneling spectros-

copy (STS) measurements. Most CVD pre-

cursors afford pure films only if certain spe-

cific bonds are cleaved; in contrast, primary

electrons from the EBID beam and second-

ary electrons emitted by the surface are en-
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ABSTRACT Sub-5 nm metallic hafnium diboride (HfB2) nanostructures were directly written onto Si(100)-2

� 1:H surfaces using ultrahigh vacuum scanning tunneling microscope (UHV-STM) electron beam induced

deposition (EBID) of a carbon-free precursor molecule, tetrakis(tetrahydroborato)hafnium, Hf(BH4)4. Scanning

tunneling spectroscopy data confirm the metallic nature of the HfB2 nanostructures, which have been written

down to lateral dimensions of �2.5 nm. To our knowledge, this is the first demonstration of sub-5 nm metallic

nanostructures in an STM-EBID experiment.
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ergetic enough to break every bond. For this reason,

EBID often is unable to produce the clean deposits that

are characteristic of CVD with the same precursor. For

example, EBID of organometallic CVD precursors typi-

cally results in the incorporation of high levels of car-

bon: whereas Fe(CO)5 gives iron films under CVD condi-

tions, STM-EBID deposition from this same precursor

affords carbide films with carbon contents of 27�52

atom %.23

To avoid the carbon contamination issue while re-

taining the resolution benefits of STM-EBID, we have

deposited metallic hafnium diboride (HfB2) from a

carbon-free precursor tetrakis(tetrahydroborato)hafni-

um, Hf(BH4)4. HfB2 is a metallic ceramic with attractive

engineering properties: a high melting point of 3250 °C,

a low bulk resistivity of 15 �� · cm, and a high bulk

hardness of 29 GPa.28 Recent research has shown that

highly conductive HfB2 thin films can be deposited by

thermal CVD from Hf(BH4)4 at low CVD growth temper-

atures (�200 °C).29,30 In this work, we use the Hf(BH4)4

precursor to write metallic HfB2 nanostructures directly

onto hydrogen-passivated Si(100)-2 � 1 surfaces using

STM-EBID at room temperature. Spatially resolved tun-

neling current�voltage (I�V) spectroscopy is used to

characterize the electronic properties of the

nanostructures.

RESULTS AND DISCUSSION
To investigate the adsorption of Hf(BH4)4 on the sili-

con surface and the selectivity of Hf(BH4)4 between bare

and hydrogen-terminated silicon at room temperature,

we patterned the Si(100)-2 � 1:H surface by desorbing

hydrogen in selective areas. Figure 1a shows an image

where the hydrogen has been desorbed in a square pat-

tern by moving the STM tip in a series of closely spaced

parallel lines. The sample patterning bias was 7 V, and

the current and electron dose were 0.1 nA and 1.0 �

10�4 C/cm, respectively. The clean silicon appears

brighter (�1.5 Å´ higher) in Figure 1a due to the en-

hanced density of states of dangling bonds.

Figure 1b shows the same patterned area after dos-

ing Hf(BH4)4 at a local pressure of 2 � 10�6 Torr for 2

min at room temperature. The Hf(BH4)4 shows great se-

lectivity between bare and H-terminated silicon. No ad-

sorption of Hf(BH4)4 was observed on the hydrogen-

terminated area, and even the silicon dangling bonds

remained intact. However, more than 70% of patterned

bare silicon area was repassivated. Further dosing of Hf-

(BH4)4 results in no change of the pattern. Figure 1c is

a zoom-in image of the square area in Figure 1b taken

from the interior of the patterned area. Silicon dimer

rows are clearly visible all over the image; the bright

ball-shaped features are unpassivated dangling bonds

with a height around 1.5 Å´, while the repassivated re-

gions are darker due to the lower density of states for

tunneling.

Although the detailed mechanism of how the Hf-

(BH4)4 reacts with bare silicon surface is still under inves-

tigation, we speculate that at room temperature Hf-

(BH4)4 cracks dissociatively on Si(100). The atomic

hydrogen produced in the process passivates the clean

silicon surface. With the increase of the repassivated

area, the decomposition of additional Hf(BH4)4 is inhib-

ited due to a steric effect, leading to a partial

repassivation.

It is important to note that no deposition of HfB2 is

observed on either the hydrogen-passivated or clean

silicon areas. This is expected since the CVD reaction of

Hf(BH4)4 will not occur under 200 °C.29 We did not ob-

serve any adsorbed fragments on the surface after ex-

posure to the precursor, suggesting a low sticking coef-

ficient of Hf-containing species on both H-terminated

and bare silicon surface. All features higher than dan-

gling bonds observed in Figure 1c were present prior to

exposure.

The aforementioned control experiment suggests

that a certain amount of energy is required to initiate

the HfB2 deposition on the silicon surface. In contrast to

conventional thermal CVD, which uses the thermal en-

ergy from the surface of a heated substrate, we use the

electron beam from the STM tip to decompose the Hf-

(BH4)4 molecules and initiate the deposition under the

tip. By repeatedly scanning the STM tip along a line

path, well-defined HfB2 nanowires are directly written

Figure 1. (a) Filled states STM image after desorbing hydrogen in a square pattern by writing closely spaced parallel lines
at a sample bias of 7 V, 0.1 nA and a line dose of 1.0 � 10�4 C/cm. (b) STM image of the patterned Si(100)-2 � 1:H surface
after dosing with Hf(BH4)4 at room temperature. (c) Enlarged image of area highlighted in (b).
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onto the silicon surface. No deposit forms in the ab-

sence of the precursor, which rules out the possibility

that the deposits are tungsten transferred from the tip.

Figure 2a is a topographic image of a HfB2 nanowire de-

posited on the surface using �7 V sample bias and 0.1
nA tunneling current. During deposition, the STM tip
was scanned over a line 36 times with a writing speed
of 10 nm/s. The Hf(BH4)4 background pressure is 5 �

10�9 Torr, which gives a local pressure of �1 � 10�5

Torr. The height profiles in Figure 2b,c show that the re-
sulting nanowires are only 4 nm wide and 2 nm thick
on average. The HfB2 is deposited only under the STM
tip; the surrounding substrate remains clean. Deposi-
tion occurs at both positive and negative sample bias,
with a much higher deposition rate at positive sample
bias. By comparing the volume of the nanostructures
fabricated at the same conditions except bias polarity,
we found the deposition rate at positive sample bias
could be 30 times greater than that at negative sample
bias. The deposition rates increase with writing volt-
age, and no voltage threshold was observed so far. It is
interesting to note that tip length increases at nega-
tive writing voltage, indicating HfB2 grows on the tip.
It could be used as a tip-conditioning method. In ther-
mal CVD using the same precursor, Kumar et al. found
that dehydrogenation of a hydrogen-terminated Si(100)
substrate by remote plasma treatment enhanced the
HfB2 nucleation density by 2 orders of magnitude.31 As
a working hypothesis, we assume that hydrogen de-
sorption by the STM tip is required before HfB2 can
grow in our experiment.

To investigate the mechanism by which the HfB2

wires are deposited by STM-CVD, we wrote a series of
wires with varying writing time. Figure 3a shows four
HfB2 nanowires deposited onto the Si(100)-2 � 1:H sur-
face, varying only the number of repetitions. Wires
1�4 were deposited at a �5 V sample bias and a 1 nA

tunneling current with a writing speed of 10 nm/s. The

number of repetitions of each wire is 20, 40, 60, and 80

times, respectively, giving rise to a deposit time of 80,

160, 240, and 320 s, respectively, on each wire. The lo-

cal Hf(BH4)4 pressure was �4 � 10�6 Torr. Figure 3b
shows a line contour taken from the topographic im-
age in Figure 3a. The height of the HfB2 nanowires in-
creases with writing time, whereas the line width re-
mains nearly the same. This result suggests that lateral
diffusion of the precursor fragments, either in the gas
phase or on the surface, must be relatively unimportant.
Instead, as usual, the line width is governed principally
by the size of the electron beam and the angular range
of the secondary electrons emitted by the surface.

At the earliest stage of growth, discontinuous HfB2

islands are formed. The size of the HfB2 islands increases
with further deposition, and eventually the islands coa-
lesce to form a continuous line. This behavior indicates
that inhomogeneous growth at HfB2 sites is faster than
homogeneous growth along the tip path. The rough
morphology of the wires is similar to that seen before.24

Two mechanisms can account for this rate difference.
First, the HfB2 that is initially deposited may form cata-
lytically active sites for subsequent deposition; thus re-
activity is enhanced at initial islands relative to the Si
substrate.30 Second, the initial island sites protrude
from the surface so that they are preferential targets
for electrons from the tip, thus increasing the deposi-
tion rates at these sites in comparison to the surround-
ing surface.24

After STM-EBID, there are bright features in the back-
ground around the HfB2 wires. The density of these fea-
tures increases with the writing time. Subsequent de-
passivation confirms that they are silicon dangling
bonds. They could be formed by spurious depassiva-
tion from the STM tip or by the atomic hydrogen re-
leased from the decomposed precursor molecules.

Figure 2. HfB2 nanowires made by STM-EBID on a Si(100)-2 � 1:H surface. (a) A 100 � 100 nm2 STM image after direct writ-
ing a HfB2 line. Deposition conditions: sample bias � 7 V, I � 0.1 nA, Hf(BH4)4 pressure � �1 � 10�5 Torr. (b) Line contour
from (a) perpendicular to the nanowire (yellow dotted line). (c) Line contour from (a) parallel to the nanowire (blue dashed
line).
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The efficiency of precursor dissociation by the

STM electron beam can be estimated from the vol-

ume of the HfB2 nanostructures deposited and the

electron dose used. However, so far, all of the writ-

ing has been performed at local pressures of Hf(BH4)4

at or below �1 � 10�5 Torr. Under these condi-

tions, the HfB2 growth rate increases with the precur-

sor pressure but is insensitive to the writing current

or electron dose, which indicates that the writing

process is in the transport limited regime. In Figure

4, we plot the number of HfB2 molecules versus writ-

ing time for a series of HfB2 nanowires. These wires

were all deposited at 7 V, 0.1 nA, and the local Hf-

(BH4)4 pressure was �1 � 10�5 Torr. The number of

molecules was estimated from the apparent volume

of the HfB2 wires and the bulk density of HfB2. Two

growth regimes are clearly seen from the plot. At the

initial growth regime, a low growth rate of �45 mol-

ecules/s is observed. We assume that dehydrogena-

Figure 3. (a) Four HfB2 nanowires deposited on H-Si(100) surface by STM-EBID. Deposition conditions: sample bias � 5 V, I � 1 nA, Hf-
(BH4)4 background pressure � 2 � 10�9 Torr. (b) STM topographic line contour from (a). (c�f) average I�V tunneling spectra for wires
1�4 shown in (a).

Figure 4. Number of HfB2 molecules versus writing time of a
series of HfB2 nanowires (images not shown) deposited at 7 V
and 0.1 nA with a Hf(BH4)4 pressure of �1 � 10�5 Torr.
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tion and HfB2 nucleation occur in this regime. A

higher growth rate of �191 molecules/s is observed

at the second growth regime, in which the subse-

quent deposition of HfB2 is on the HfB2 islands, giv-

ing rise to a higher growth rate.

Scanning tunneling spectroscopy (STS) data have

also been collected for each HfB2 nanowire in Fig-

ure 3a to confirm metallic behavior. For each wire,

10 I�V spectra were collected at different locations

along the wire, mainly on HfB2 islands. The average

I�V spectra are plotted on a semilogarithmic scale in

Figure 3c�f. The HfB2 nanowires are all metallic ex-

cept line 1, which exhibits a small gap in the I�V

spectrum, due to the incomplete coverage of this

wire on the substrate. Due to the small size of the

HfB2 nanowires deposited on the surface, their

chemical composition cannot be directly analyzed.

However, the pure metallic behavior of the nano-

wires seen by STS suggests that the nanostructures

very likely have compositions close to HfB2, which is

the only metallic phase in the Hf�B phase diagram

(apart from Hf itself, which is unlikely to be formed

under these conditions).

HfB2 nanodots are deposited by holding the STM

tip motionless at one location while dosing with Hf-

(BH4)4. Figure 5a shows four HfB2 nanodots formed by

depositions of 5, 10, 20, and 25 s, all with a �5 V sample

voltage, a 1 nA tunneling current, and a Hf(BH4)4 pres-

sure of �4 � 10�6 Torr. The height profiles of the nano-

dots are shown in Figure 5b,c.

We clearly see that nanodot height and width both

increase with exposure time to the electron beam from

the STM tip. The increased widths seen for increased

write times are most likely due to the local dissociation

rate of precursor exceeding the incorporation rate of

HfB2 into the growing feature. Consequently, molecu-

lar fragments can diffuse laterally before being incorpo-

rated into the nanodot. Figure 5d,e shows log I�V spec-

tra maps taken along the dotted red lines in Figure 5a,

which elucidate local variations in electronic structure

of the nanodots and the proximal Si surface. The HfB2

nanodots show metallic behavior in the I�V maps,

whereas the surrounding Si substrate remains

semiconducting.

By holding the STM tip at �5 V and employing a 1

nA tunneling current for 1 s, with a Hf(BH4)4 pressure of

�4 � 10�6 Torr, HfB2 dots with diameters less than 2.5 nm

are deposited, as shown in Figure 6a,b. Figure 6c,d shows

the log I�V maps along the dotted red lines in Figure

6a. Despite the small amount of material deposited, the

nanodots show pure metallic behavior, indicating that

they consist of relatively pure HfB2.

In summary, metallic HfB2 nanostructures have been

deposited on H-passivated silicon surfaces by local de-

composition of Hf(BH4)4 molecules under a STM tip at

room temperature. HfB2 nanowires with a line width of

4 nm and nanodots as small as 2.5 nm have been suc-

cessfully deposited. STS data confirm that the nano-

structures deposited are purely metallic, indicating that

they are essentially pure HfB2. To our knowledge, this

Figure 5. (a) STM topograph of four HfB2 dots deposited by STM-EBID. Deposition conditions: sample bias � 5 V, I �
1 nA, Hf(BH4)4 pressure � 4 � 10�6 Torr. The writing time for each dot is 5, 10, 20, and 25 s, respectively. STM line con-
tours are plotted for (b) the top two dots and for (c) the bottom two dots. Log I�V spectra are plotted as a function
of position for (d) the top two dots and (e) the bottom two dots. The dotted red lines in (a) denote where the I�V maps
were obtained.
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is the first demonstration of sub-5 nm metallic nano-
structures in an STM-EBID experiment, and it opens new

opportunities for making deterministic molecular scale
metallic contacts.

EXPERIMENTAL METHODS
Our experiments were performed using a home-built room

temperature UHV-STM with a base pressure of less than 7.5 �
10�11 Torr.32 The Hf(BH4)4 gas delivery system consists of a Hf-
(BH4)4 reservoir, a leak valve, and a stainless steel capillary doser
in the UHV chamber. The precursor Hf(BH4)4 is a solid with a con-
venient vapor pressure of �15 Torr at room temperature. The
precursor was maintained at 0 °C in a glass vial immersed in an
ice�water bath in order to enhance its shelf life. The flow was
regulated by the leak valve and delivered to the sample through
a 0.4 mm i.d. stainless steel tube pointing directly at the
tip�sample junction at a distance of about 1 cm. For this config-
uration, the local precursor pressure at the tip�sample junction
is estimated to be about a factor of 2000 greater than the meas-
ured chamber background pressure.33

HfB2 depositions were conducted on B-dopd p-type Si(100)-2
� 1:H substrates with a resistivity of 0.01�0.02 � · cm. Electro-
chemically etched tungsten tips were used for both imaging and
metal deposition. Topographic images were acquired in a
constant-current mode, current set point was typically 50 pA,
and the sample was biased at �2 V. STS data were collected by
holding the STM tip at a predefined position within the scan win-
dow, disabling the feedback loop, and sweeping the sample volt-
age from �2 to 2 V while recording the tunneling current.
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