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Electron beam deposition~EBD! provides an inexpensive way to fabricate nanostructures of various
materials in a scanning electron microscope~SEM!. However, the purity of metals deposited from
an organometallic precursor gas is impaired by simultaneously deposited carbon coming both from
the organometallic molecule and the residual contamination gas in the SEM chamber. We discuss
carbon-contamination EBD in a standard high-vacuum SEM and compare it to EBD of Au in an
environmental SEM~ESEM!. The ESEM allowed us to perform ‘‘environmental’’ EBD~E-EBD!,
i.e., EBD in the presence of an environmental gas~1–10 Torr! in addition to the organometallic
precursor gas. We built a simple device that contains a reservoir for the organometallic precursor
and goes on the sample stage of the ESEM. With this device we were able to highlight the
advantages of E-EBD over conventional, high-vacuum EBD. We discuss the basic chemical
reactions underlying the E-EBD process. ©1996 American Vacuum Society.
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I. INTRODUCTION

Conventional deposition techniques currently used in
fabrication of micron or submicron structures~e.g., micro-
electronics devices! do not allow the deposition of material
on a very small area of the substrate. Instead, materials
deposited over the whole substrate and the pattern is defi
afterwards by removing material from the adjacent are
The creation of a given pattern involves several tedious st
~such as masks, resists, photo- or electron-beam lithogra
lift-off, and/or selective etching! which result in costly pro-
cesses and generally require planar substrates. The co
usually justified by the large number of devices produced
parallel. However, alternative techniques are sought
many applications where a few devices suffice. Also, it
particularly important for microsensor engineering to d
velop patterning techniques that are compatible with nonp
nar substrates.

Electron beam deposition~EBD! is an inexpensive tech-
nique suitable for the fabrication of structures of differe
sizes, shapes, and materials in the submicron or nanom
scale. In the presence of a surrounding gas, a finely focu
electron~e2) beam is observed to cause the deposition
material from the gas only in the area irradiated by the bea
In EBD, materials are patterned and depositedsimulta-
neously. This one-step process is comparatively inexpensi
Since it is maskless and resistless, it has the advantage th
allows patterning on nonplanar substrates. On the other ha
since it is induced locally, it is time-consuming. Another di
advantage concerns the purity of the deposits, as will
discussed later.

The observation of EBD is not new. The formation o
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carbonaceous films on surfaces upon electron bombardm
in vacuum haunted researchers for more than 30 yea1

Ennos2 identified specimen contamination in the electro
mixcroscope produced by the interaction between the bo
bardinge2 and the organic molecules adsorbed on the spe
men surface. Broerset al.3 were the first to deposit nanom
eterscale carbon-contamination structures in a scann
transmission electron microscope~STEM!. We describe our
studies on carbon-contamination EBD in Sec. II. By allow
ing a small pressure of an organometallic vapor in the cha
ber of a scanning electron microscope~SEM!, Matsui and
Mori4 deposited 0.15-mm-wide metallic lines. The principle
of EBD is sketched in Fig. 1. The dissociation of some or
of the gas molecules that happen to adsorb on the irradia
spot results in the formation of a deposit consisting of t
nonvolatile remains from that dissociation.5–8The deposition
rate depends on the totale2-beam current density at the
beam spot, on the effective adsorption rate of the precur
gas molecules onto the substrate, and on the probability
an electron to cause EBD of a molecule. In addition, t
beam current density depends not only on the beam spot
but also on the rate of emission of secondary and backs
tered electrons, which also contribute to the process. R
cently, EBD has been demonstrated with a scanning tunn
ing microscope~STM! operated in field-emission mode.9 For
our work we used SEMs because of their flexibility an
availability. We developed an instrumentally simple devi
to perform EBD without needing to modify the SEM cham
ber for introduction of the precursor gas. We call this devi
the ‘‘EBD cell’’ ~Sec. III!. We used it to demonstrate ‘‘envi-
ronmental’’ EBD~E-EBD!. This approach has several adva
tages over conventional EBD~Sec. IV!. The growth process
is analyzed in Sec. V.
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II. CARBON-CONTAMINATION EBD

One may straightforwardly carry out an EBD experime
by means of a standard SEM operated at low beam curr
(;10–50 pA! and high beam energies (;15–30 keV!.
These parameters are generally not critical. A flat sam
with a thin film of sputtered gold to avoid charging wi
generally suffice. A rough sample will make the observati
of the submicron-sized deposits difficult. A requirement
that thee2-beam be well focused. Stopping thee2beam on a
given spot for a few minutes will typically cause the grow
of a submicron-diameter column or tip. The growth rate v
ies greatly from one SEM to another, probably due to diff
ent residual gas pressures and/or composition. If the gro
rate is very slow, beam instabilities and/or drifts will preve
the formation of a fine column.

We deposited columns and lines on a thin film of A
(;1000 Å! on Si with an SEM operating at a base pressu
of 5 3 1025 Torr. A microfabricated trench in the Si sub
strate served as a landmark for easy location of the depo
A set of tips is shown in Fig. 2~a!. A nearby dust speck
helped to finely focus thee2 beam. The tips were grown fo
periods of time varying from 30 s to 10 min, and with bea
currents and acceleration voltages ranging 10–30 pA
15–40 kV, respectively. The apparent conical shape can
attributed to instabilities of thee2 beam that effectively
spread thee2 beam spot, such as noise in the deflecti
electrodes, mechanical vibrations, and thermal drifts. The
pability to write lines is demonstrated in Fig. 2~b!.

An interesting observation is that these contaminants
be present even at lower pressures, as in a scanning A
microanalysis~SAM! system operating at a base pressure
1029–10210 Torr. On an indium-tin-oxide~ITO! sample pre-
viously cleaned by Ar1 sputtering~0.5 min, 20mA/cm2, 2
keV! we exposed a 75mm 3 50mm area by raster scannin
the e2 beam of the SAM for 16 hours. After this period o
time, the exposed area appeared blackened in an elec
micrograph and its Auger analysis revealed the presenc
carbon only. The black appearance can be explained by
particularly low secondary electron emission rate of carb
The thickness of the deposit has to be at least several nan
eters in order to screen the Auger emission of the indium,

FIG. 1. Principle of EBD. A focusede2 beam induces a chemical change o
the precursor gas molecules that are adsorbed on the irradiated spot.
J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996
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and oxygen in the underlying ITO substrate. Therefore, the
amount of carbon present on any given sample is overest
mated because the analyzinge2 beam simultaneously causes
deposition of carbon. This problem poses a challenge to th
characterization of very small deposits. Furthermore, the
composition of a spot or column deposited with a stationary
e2 beam cannot be analyzed with ane2 beam of similar
resolution, since the analysis is comparatively slow and is
severely affected by drifts. Usually, since the efficiency of
Auger electron excitation is very low, high beam currents
(;1 nA! are used in Auger analysis as compared to EBD
(;10 pA!, which results in bigger beam spot sizes. A partial
solution to this problem is to analyze large deposits made b
rastering thee2 beam across a large area (;100mm2).

III. ORGANOMETALLIC EBD: THE ‘‘EBD CELL’’

The nature of the precursor gas determines the compos
tion of the deposits. Metals, for instance, can be deposite
from organometallic precursor gases.4–8 Unfortunately, the
purity of the deposits is affected by undesired deposition o
carbon coming not only from the residual contamination

n

FIG. 2. Illustrative examples of carbon-contamination EBD. The white scale
bar represents 1mm. To deposit a tip, the beam is focused on the desired
spot for a certain amount of time.~a! A set of tips is grown near a dust
speck. The series of 5 tips in a row indicated by arrows was grown for
periods of time of~from left to right! 10, 5, 2.5, 1, and 5 min. Beam current
and energy were 30 pA and 40 keV, respectively.~b! The four 1-mm-long
lines forming the square were deposited in 4 min each with a single line
scan~4 min/mm! at 8 pA and 15 keV. The two broader, taller lines were
deposited under the same beam conditions but 6 times slower~24 min/
mm!.
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gases, as discussed in Sec. II, but also from the organo
tallic precursor compound. Unfortunately also, since h
vacuum is required for operation of the SEM, the precur
gas must be allowed inside the SEM chamber in small qu
tities. This results in low growth rates. Generally, the ga
introduced from an external source into a subchamber~con-
taining the sample! within the SEM chamber@see Fig.
3~a!#.4–6 Some authors used a gas nozzle directed onto
sample.7 The SEM chamber must be modified to accomm
date a gas feedthrough, which may represent a serious in
venience.

It is important to realize that high precursor gas pressu
are desirable not only to obtain high growth rates but als
minimize carbon-contamination incorporation. At very lo
precursor gas pressures carbon deposition dominates an
sults in grossly impure deposits. Therefore, there is an es
tial incompatibility between the high vacuum requireme
of conventional SEMs and the desired purity of the depos

To avoid hardware modifications to the SEM, we mad
small device that acts as aninternal vapor source and goe
on the SEM sample stage. We call this device an ‘‘EBD ce
@see Fig. 3~b!#. The EBD cell is a 3.5-cm-diameter two
chamber assembly: one subchamber for the sample a
reservoir for the precursor material. Three screws hold
two chambers together and a sealing Viton O-ring in

FIG. 3. Schematic of~a! the usual subchamber setup for EBD, and~b! our
‘‘EBD cell’’ setup. The environmental gas, not depicted for clarity, fills
the whole ESEM chamber.
JVST B - Microelectronics and Nanometer Structures
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tween. The vapors of the precursor material leave the reser-
voir through a fixed small aperture~which we call the ‘‘res-
ervoir aperture’’!, enter the sample subchamber and escape
through another fixed aperture~the ‘‘sample aperture’’! that
exposes the sample to thee2 beam. Thus some gas mol-
ecules adsorb on the sample spot that is being irradiated by
the beam. The apertures were TEM diaphragms~with hole
diameters ranging from 5 to 500mm! glued with silver paint
on 1-mm-diameter holes machined on top of each chamber.
In practice, the choice of aperture sizes is limited by~a! the
desired growth rate,~b! the sample area accessible by the
beam,~c! the amount of precursor material given its vapor-
ization rate, and~d! the vacuum requirements of the SEM.
Since the apertures are removable, this is straightforwardly
determined by trial and error. Variable apertures, pressure
gauges and an electrode gauge could be implemented for a
precise control andin situ variation of the growth rates.

To eliminate the vacuum constraints we used an environ-
mental SEM~ESEM!.6 With the ESEM it is possible to im-
age in the presence of up to 20 Torr of certain gases. The
detection of secondary electrons for imaging is possible due
to the highly ionized state of the environmental gas above
the beam spot. We used Ar, H2O 2O, and a mixture of 80%
Ar and 20% O2 ~Ar/O2) as environmental gases.

The performance of the cell was first optimized by experi-
menting with EBD of Fe from iron pentacarbonyl,
Fe~CO!5, a liquid with a vapor pressure of 3 Torr at 20 °C.

11

Then we deposited Au at room temperature from
Au~CH3)2~hexafluoroacetylacetonate!, a liquid with a vapor
pressure of 700 mTorr at 20 °C~hereafter referred to as
DMGHFAC!. We emphasize that both the organometallic
precursor, emanating from the reservoir, and the environ-
mental gas~Ar,H2O, or Ar/O2), filling up the whole ESEM
chamber, were present during deposition.

In all the experiments reported here, the EBD cell was
used in combination with the ESEM, but it has been used
successfully in high vacuum in a standard SEM as well.11 A
few droplets of DMGHFAC last;30 min in the reservoir at
environmental pressures of;1–3 Torr if the reservoir aper-
ture and the sample aperture are 50mm and 1 mm in diam-
eter, respectively. This yields growth rates of around 40
nm/s.8 A key feature of the EBD cell performance is that at
our environmental gas pressures (;1 Torr! the precursor gas
molecules leave the subchamber by diffusion, rather than
ballistically as in previous subchamber setups in vacuum.
This yields low evaporation rates of the precursor compound
while allowing a large sample area exposed to thee2 beam.

IV. ENVIRONMENTAL EBD OF HIGH-ASPECT-
RATIO NANOSTRUCTURES

The concept of environmental EBD~E-EBD!, i.e., EBD in
the presence of an environmental gas in addition to the pre-
cursor gas, can be advantageous for several applications.
This process was recently applied to reduce carbon incorpo-
ration in EBD of Au.8 The environmental gas was either Ar,
H2O, or Ar/O2. The presence of Ar/O2 or H2O reduced the C
content of the deposits~as measured with Auger electron

up
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spectroscopy! whereas Ar did not. Moreover, the Au conte
increased with increasing H2O or Ar/O2 pressure, whereas i
was significantly affected by changes in Ar pressure. T
highest Au contents~50%! were achieved under 10 Torr o
Ar/O2. With H2O vapor, the overall contents were small
~up to 20% under 3 Torr!. Very low Au contents (;2–3 %!
were systematically observed in the absence of environm
tal gas. This indicated a large amount of hydrocarbon
sidual gases in the ESEM chamber and highlighted the
complishment of 50% Au composition by means of E-EB

The concept of E-EBD can also be applied to create hi
aspect-ratio nanostructures. Since the ESEM is able to o
ate at high environmental gas pressures~0–20 Torr!, it is
inherently compatible with higher precursor gas pressu
than standard high-vacuum SEMs. This can yield very h
growth rates and aspect ratios. We achieved linewidths
;100 nm despite the high gas pressures. An example
shown in Fig. 4. A pattern of columns reading ‘‘UB’’ wa
deposited in 5 s/column from DMGHFAC on Si under 2 To
of Ar/O2 and with a 30 keV beam. The columns have
average height of 180 nm, which yields a growth rate of
nm/s. The widths (;100 nm! were measured with an SEM
since in the atomic force microscope~AFM! image the col-
umns appear wider than they really are due to convolut
with the AFM tip. Since every column has the same rou
features on its right sidewall, one can conclude that it is
feature present on the AFM tip itself. This suggests that
rays of EBD columns could be used as calibration tests
know the exact shape of an AFM tip.

The same procedures needed to create column struc
such as those in Fig. 4 are applicable when the substra
not flat. We were able to deposit.4-mm-high, 0.1-mm-thick
columns from DMGHFAC on top of commercial microfab

FIG. 4. AFM image of EBD columns deposited on Si from DMGHFA
vapor at 30 keV. The columns appear convoluted with the AFM tip,
manifested by identical sidewall features on each column.
J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996
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ricated AFM tips. Indeed, the unique capability of EBD for
patterning nonplanar substrates caught the attention of STM
and AFM researchers very early because sharp, high-aspect-
ratio tips are critical in several applications.12 Two examples
are shown in Fig. 5. The deposition parameters were the
same as in Fig. 4. The tips are not perfectly straight because
the deposition of each tip was done with several short expo-
sures (;5 s! to allow re-focusing of the beam between ex-
posures. This was done to avoid broadening of the column.
Tip heights are~a! 4 mm and~b! 1.5mm.

Last but not least, with E-EBD it is possible to fabricate
nanostructures on bulk insulators, such as the silicon nitride
pyramid in Fig. 5~b!, because in the ESEM the sample is
continuously discharged through the ionized environmental
gas.

V. DISCUSSION

It is important to note that the ESEM itself is not essential
to the concept of EEBD. Similarly, we believe that the addi-
tion of a reactive gas to reduce carbon incorporation during
EBD may as well be implemented in high vacuum. One
could, for example, direct two nozzles to a sample in a high-
vacuum SEM, one transporting the organometallic com-
pound and another one transporting pure O2. The composi-
tion of the deposits is probably determined by the ratio of the
flows or partial pressures of the two gases. Furthermore, we
expected electron scattering at our high environmental gas
pressures to broaden the EBD features. However, we ob-
served no dependence between environmental gas pressures
,5 Torr and the width of the EBD features, which was rou-
tinely 100 nm or less~see Figs. 4 and 5!. This is in accor-
dance with the ESEM’s surprisingly high resolution.
Danilatos13 has suggested that the beam is self-focused by a
concentric plasma sheath, and its associated electrostatic
field, around the beam. As noted above, in any case, lower
pressures of similar mixtures of gases could be used in a
high-vacuum EBD setup to deposit features at a slower rate
and higher resolution. We stress that the concept of E-EBD is
applicable to STM-EBD as well.

The composition of the deposits is virtually independent
of thee2 beam energy for the values typically used in SEM
imaging (;10–40 keV!. This observation rules out the pos-

as

FIG. 5. EBD columns deposited on top of pyramidal AFM tips. The white
scale bar represents~a! 5 mm and~b! 1 mm.
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sibility that substrate heating by the impinging electron
plays a significant role in the EBD mechanism, as the heati
effect increases with increasing energy. Essentially, EBD o
gaseous molecule is the rupture of one or more of the chem
cal bonds within the molecule by one or more high-energ
electrons (. 1 keV!, resulting in a solid deposit. Typical
bonds in an organic molecule such as C-C, C-H, or C-O ha
energies of 3.25, 3.43, and 4.31 eV, respectively. Hence
high-energy electron cannot be used to selectively ruptu
the chemical bonds present in an organic molecule. The d
namic role of the continuously changing surface has not be
investigated yet to our knowledge.

We explain our results on E-EBD by noting that highly
reactive species are generated by the dissociation of the p
cursor gas molecules adsorbed on the substrate as well as
the ionization of environmental gas molecules above the s
face. Thus, simultaneously with deposition, C in the depos
can be desorbed as CO or CO2 molecules if an environmen-
tal gas supplies the oxygen ions or molecules necessary
that reaction to occur. Ar/O2 is more effective than H2O at
doing so due to its richer presence of O at the compar
pressures. That is, a total pressure of 10 Torr of Ar/O2 ~80%/
20%! represents a partial pressure of 2 Torr of pure O2. Thus
the density of O atoms in 10 Torr of Ar/O2 is twice as high as
that in 2 Torr of H2O, and accordingly it yields superior Au
contents. Pure O2, which could not be used for safety
reasons,14 should yield higher Au contents at similar environ
mental gas pressures. Finally, in our opinion the inert natu
of Ar satisfactorily explains that Ar does not create a reactiv
environment.

A key observation is that in our experiments on organo
metallic EBD with DMGHFAC there is no trace of F or O in
the Auger analysis of the deposits for standarde2 beam cur-
rent and acceleration voltage deposition parameters~see Ref.
8!. Since high-energy electrons break all bonds unprefere
tially, the above observation suggests that the organometa
molecule is fully dissociated into its atomic constituents b
the e2 beam. Rather than two or more inert molecules, th
outcome of the dissociation is a set of highly reactive ion
probably monatomic, the recombination of which produce
the observable deposit along with volatile compounds. Th
creation of F2 and O2 molecules, for example, satisfactorily
explains the absence of F and O in the Auger analysis of t
deposits. In general, any reducing species present in the
vironmental plasma~such as H1 from H2O! will also con-
tribute to their desorption. In the case of Ar, it is probably
small partial pressure of other residual gases~such as H2O!
that provides the necessary reducing agents. The Au:C:O:F
atomic ratios in the DMGHFAC molecule are 1:7:2:6:8. Al-
though H cannot be detected with Auger spectroscopy, t
above arguments should also hold true for H. For this reaso
we expect the deposit to be composed of only Au and C in
Au:C ratio of 1:7~12.5% Au! at least. Therefore, in EBD of
Au with DMGHFAC, Au contents smaller than 12.5% mus
be attributed to simultaneous carbon-contamination depo
tion from residual hydrocarbon gases in the SEM chambe

Probably, in high vacuum the organometallic compoun
JVST B - Microelectronics and Nanometer Structures
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does not fully dissociate under certain low-electron-density
conditions. Indeed, assuming full dissociation the most likely
recombination favors the creation of two desorbing CO mol-
ecules, other recombinations being far less likely. Accord-
ingly, it should contain up to 16.7% Au~Au:C51:5! at most.
However, higher Au contents have been reported by
others.5,6 This suggests that in high vacuum the molecule is
not fully dissociated and that bigger species are desorbed
We could not investigate ranges of pressure,0.1 Torr with
the ESEM because of its inaccuracy in pressure control. W
explain the higher degree of dissociation observed in E-EBD
as compared to conventional high-vacuum EBD by noting
that in E-EBD the precursor gas molecules adsorbed on th
e2 beam spot are bombarded by electrons as well as b
reactive ions.

VI. CONCLUSIONS

We have described an innovative setup for EBD that re
quires no modifications to the SEM chamber. It consists of a
small subchamber with a built-in reservoir for the precursor
compound, thus eliminating the need for a feedthrough fo
introduction of the precursor gas from outside the SEM
chamber. With this device we had previously introduced the
concept of environmental EBD~E-EBD!. The composition
of Au deposits can be substantially improved by a judicious
choice of the environmental gas and the growth rates can b
much higher than in high-vacuum EBD, which yields high-
aspect-ratio nanostructures. Here we discussed its advantag
and analyzed the beam-induced reaction mechanisms
E-EBD as compared to high-vacuum EBD.
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