电镜内原位制备纳米结构的电子束诱发沉积方法
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随着材料精细结构的研究需求和相关理论和制造技术的发展，电镜内电子束斑的尺寸越来越小，已经能够实现纳米束斑下的原子尺度表征分析。由于电子束较小的束斑尺寸和可操作性，类似于聚焦离子束(Focused ion beam，FIB)，被看作是一种具有良好发展前景的纳米结构制造技术。其中，电子束诱导沉积(Electron beam induced deposition，EBID)是近二十年来发展较为迅速的一种聚焦电子束制造方法，可以实现电镜内纳米结构的原位制备。其原理是利用电镜的微小束斑聚焦电子，与样品室内的含金属成分气体相互作用，从而分解出金属原子沉积形成纳米结构。该方法的主要优点是：1）束斑小可以实现纳米尺寸的结构制备，且最终结构的尺度随电子束斑尺寸可调；2）制备过程可视，能够实现选定位置的原位可控制备和监测；3）电子束的可控性强，可以实现复杂图案和结构的制备；4）相对于聚焦离子束，电子束沉积不引入离子污染。
利用电子束诱发沉积方法，可以在扫描电镜、透射电镜、或扫描透射电镜(STEM)内含不同元素的有机或无机气体环境下，制备不同的纳米结构，如纳米线、纳米杆、纳米柱、纳米镊子、纳米旗等。下图所示为通过控制电子束的运行路径，一次扫描制备的含W成分的纳米人偶三维结构照片。中间为正视图，人偶约800纳米高，由头部和四肢组成；左侧为30度转左视图，艰苦攀登的姿态寓意电子束诱导沉积方法在实际应用中还面临许多困难；右侧为30度转右视图，人偶阔步前行预示着该方法克服技术障碍后将步入新的天地。（注：照片由本人拍摄，已发表于Appl. Phys. A 80(2005)1437-1441）
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图示 电子束一次扫描制备的纳米人偶（Nano-doll）三维结构
实验参数
	电镜设备：JEM-2500 STEM

沉积气氛：W(CO)6
使用基板：C porous film
	加速电压：200kV

环境气压：3(4(10-5Pa

拍摄倍率：(200,000
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ABSTRACT Attempts were made to fabricate three-dimensional
nanostructures on and out of a substrate by electron-beam-
induced deposition in a 200-kV scanning transmission electron
microscope. Structures with parallel wires over the substrate
surface were difficult to fabricate due to the direct deposition
of wires on both top and bottom surfaces of the substrate.
Within the penetration depth of the incident electron beam,
nanotweezers were fabricated by moving the electron beam be-
yond different substrate layers. Combining the deposition of
self-supporting wires and self-standing tips, complicated three-
dimensional doll-like, flag-like, and gate-like nanostructures
that extend out of the substrate were successfully fabricated
with one-step or multi-step scans of the electron beam. Effects
of coarsening, nucleation, and distortion during electron-beam-
induced deposition are discussed.

PACS 81.16.-c; 81.07.-b; 68.37 Lp; 81.15.Jj; 79.20.Fv

1 Introduction

Three-dimensional (3D) nanofabrication is an im-
portant tool in the field of nanotechnology, which can be used
to produce micromachines and devices. Continuous efforts
are being made to obtain increasingly smaller feature sizes in
order to not only improve the degree of integration but also
search for new physical effects. The minimum size of mi-
croelectronic devices formed by traditional mass-production
methods, involving resist lithography, plasmochemical treat-
ment, and lift-off processes, is now approaching limits of ap-
proximately 100nm. Alternatively, beam-induced chemical
or physical reactions are considered as promising techniques
due to their high spatial resolution and the easy comntrol of
the beam position. For example, sub-10nm electron gaps [1]
and nanopores with 1-nm precision [2] can be achieved by
electron-beam lithography. Compared to other direct writing
technologies using photons (lasers) and focused ion beams
(FIBs), electron-beam-induced deposition (EBID) has the ad-
vantages of especially small potential feature sizes, almost
no introduced damage and impurities, high geometrical flexi-
bility, direct formation of structures from the provided ma-
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terials (precursors) on any substrates (targets), and easy re-
alization with commercial optimized electron-beam systems
over a wide range of beam energies and currents. Thus, this
method has been developed as an additive lithography for
nanofabrication of supertips [3—5], field emitters [6—9], etc.
Although EBID was also carried out to fabricate 3D struc-
tures like electron sources [10], twisting coils [11], metal—
insulator—metal (MIM) junctions [12, 13], microtriodes [14],
and conducting bridges [15], the control of deposition is not as
smooth as that using photons [16] and focused ion beams [17],
especially in the vertical direction along the incident elec-
tron beam, which must be improved. Moreover, most of the
above EBIDs were carried out with low-energy electrons
(~ 30keV) in scanning electron microscopes (SEMs) with
a deposited spatial resolution of tens of nanometers. Recently,
a breakthrough was made by using high-energy electrons to
obtain 3.5-nm and 2-nm dots in transmission electron mi-
croscopes (TEMs) and scanning transmission electron micro-
scopes (STEMs) [18, 19]. Fabrication of nanostructures with
even smaller feature sizes may also be feasible by this method.
So far, the application of high-energy electrons in EBID of
three-dimensional nanostructures has not been fully inves-
tigated. This paper presents attempts of three-dimensional
nanofabrication using 200-keV electrons in a STEM. Coars-
ening, nucleation, and distortion effects occurring in and on
structures during EBID are discussed.

2 Experimental

W(CO)¢ (tungsten hexacarbonyl) was chosen as
precursor and a commercial porous carbon film was used
as substrate. A JEM-2500SE STEM equipped with a field-
emission gun was selected for EBID operated at an acceler-
ating voltage of 200 kV. W(CO)s gas was introduced into the
specimen chamber through a nozzle with an inner diameter of
0.2 mm. There was no significant pressure rise in the column
when the W(CO)¢ vapor was admitted, and the basic pres-
sure during deposition atroomtemperature was in therange of
34 % 1073 Pa. To achieve accurate deposition geometry, the
electron beam with a nominal probe size of 0.8 nm was con-
trolled by a scan generator linked to a computer. The beam
current during EBID is approximately 0.5nA for all experi-
ments.
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To deposit self-standing tips with different feature sizes,
the electron beam was fixed at a desired position for different
periods of time in the order of several seconds. For the depo-
sition of various wires, the electron beam was scanned in the
direction normal to the incident beam at different speeds and
distances. In all experiments the electron beam was focused
on the top surface of the substrate without change during
EBID. After deposition, the specimen was tilted +30 degrees
for morphology observation. Both secondary electron (SE)
images and high angle annular dark field (HAADF) images
were recorded for investigation.

3 Results and discussion

31 Nanofabrication of structures on existing carbon

Sfilm substrate

The process of EBID includes adsorption of pre-
cursor molecules onto the surfaces of the substrate, dissoci-
ation of the precursor molecules by impinging electrons of
the electron beam, and deposition of nonvolatile fragments on
the target substrate. New precursor molecules are replenished
principally by surface diffusion of adsorbates [20]. It has been
reported that secondary electrons generated by primary elec-
tronsplay a crucial role in EBID [21]. Their distribution deter-
mines the minimum lateral size of deposited structures [22].
The profile and size of tungsten nanowires deposited on a
carbon film have been investigated, which demonstrates that
smaller lateral sizes can be obtained by using 200-keV elec-
trons in EBID [23]. Here the deposition of wires was used to
construct three-dimensional structures with the deposition of
tips on carbon film substrates.

Attempts were made to fabricate a gate-like structures that
stands on the substrate with a wire above two tips. However,
this failed due to the growth of wires directly on the sub-
strate. Figure 1 shows as-deposited (left-hand column) and
30-degree-tilted (right-hand column) images of deposited tips
A, B, and cross wire CD. The illustration of the tilting direc-
tion was inserted between a and a’. In each set of images the
top oneis a SE image, while the bottomone is acorresponding
HAADF image, which is sensitive to the atomic numbers of
theelements. Alltips were deposited with a deposition time of
300 s, which results in a projected diameter of 80-90 nm and
an upside length (the height above the substrate) in the range
of 320-350 nm. In Fig. 1a, wire CD was scanned at a speed
of 5.4 nm/s from left to right across tips A and B. Its lateral
size measured from the HAADF image is just 8 nm. It was
hoped that this wire would grow from the top of tip A to the
top of tip B to formacross beam above the tips. However, wire
CD grew on the substrate but not on top of the tips as shown
in the tilted image of Fig. 1a’. From this image it is also ob-
served that tips A, B, and wire CD were deposited on both
top and bottom surfaces of the substrate as indicated by ar-
row heads. The bottom wire is brighter than the top one inthe
HAADF image, which implies that the bottom wire contains
more tungsten than the top one. Wire CD in Fig. 1b was de-
posited with alower scan speed of 1.9 nm/s across tips A and
B, and its lateral size in the HAADF image is 23 nm. Again,
this wire did not grow on the top of the tips, but was deposited
on both the top and bottom surfaces of the substrate as shown
inthe tilted image of Fig. 1b’. Comparing the HAADFimages

FIGURE 1  As-deposited (left-hand colimn, a and b) and 30-degree-tilted
(right-hand colwmn, @ and b*) images of struchres fabricated on substrate by
deposition of tips A, B, and cross wire CD, The scan speed for the deposition
of wire CD isa 5.4 nm/s and b 1.9 nm/s. Each set of images consists of a SE
image (top) and a corresponding HAADF image (bottom)

inFig. 1a’ and b’, it is obvious that the bottom wire deposited
at a lower scan speed has a larger size along the direction of
the incident beam, while the sizes of both top wires are almost
the same. This implies that forward electrons are more effect-
ive than the back-emerging electrons in the deposition, which
should be considered in the investigation and application of
EBID.

Depositions of wire CD were also tried at even lower scan
speeds on even higher tips. However, the growth of the wire
was still on the substrate and not over it. Efforts were also
made to move the focus point of the electron beam out of
the substrate during deposition, but the obtained structures
were still on the substrate [23]. Although inclined 3D struc-
tures could be fabricated on the substrate by tilting the spe-
cimen, there were still projected structures attached to the
substrate [10, 11]. Thus it is difficult to fabricate complicated
structures with a parallel or inclined part over the substrate
due to the occurrence of deposition on the substrate. This
problem can be avoided by moving the electron beam out of
the substrate, i.e. to fabricate self-supporting structures.

32 Nanofabrication of self-supporting structures
extending out of substrate

Asdiscussed in Sect. 3.1, deposition takes place on
surfaces if the electron beam encounters the substrate. How-
ever, when the electron beam moves beyond the substrate, e.g.
to a hole in the substrate, the deposit generated on the sub-
strate can follow the electron beam to form a self-supporting
structure. In such a case, secondary electrons that contributed
to EBID initially come from the substrate at the beginning
stage, and then from the deposited material itself at the later
stage. Simple structures can be fabricated by a one-step scan
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of the electron beam in one or two dimensions, and compli-
cated structures are able to be fabricated by a multi-step scan
in three dimensions.

3.2.1 Application of one-step scan of electron beam in
nanofabrication. Within the penetration depth of the inci-
dent electron beam, parallel self-supporting wires can be
deposited simultaneously by a one-step line scan. Figure 2
shows the fabrication of tweezers on a porous carbon film,
which has top and bottom layers at the edge of holes and nar-
row bridges across the holes. The left-hand column represents
as-deposited images, and the right-hand column represents
30-degree-tilted images with the tilting direction indicated
between a and a’. The electron beam was scanned from
the substrate (right-hand side) into the hole area (left-hand
side) during deposition. In Fig. 2a the electron beam passes
through both top and bottom layers at the starting point; thus,
two nanowires were fabricated simultaneously as shown in
Fig. 2a’, which forms a nanotweezers with equal arms. If two
layers (or bridges) were encountered separately during the
beam scan, nanotweezers with unequal arms can be fabricated
as shown in Fig. 2b and b’. These tweezers were deposited
at a scan speed of 4.0nmy/s with a scan distance of 720 nm.

FIGURE2 a As-deposited and a* 30-degree-tilted SE images of tweezers
with equal arms fabricated on top and bottom layers of carbon film. b As-
deposited and b tilted images of tweezers with unequal arms on different
substrate layers. ¢ As-deposited and ¢ tilted images of sealed tweezers by
fixing electron beam at the end

Bt

(a) Al |E
FIGURE 3

According to our recent investigation of the deposition of
self-supporting tungsten wires [24], this scan speed results
in parallel wires lying in the plane normal to the incident
beam. The lateral size of these tweezers is 12—14 nm at their
right root and 8—10 nm at their left end. The smaller end size
than root size is due to the decrease of the diffusion rate of
precursor molecules from the substrate (root) to the end, ac-
companying the lengthening of the wire. If the scan distance
is long enough, a needle end can be obtained with a lateral
size of just 1-2 nm, after which the deposition will interrupt
due to the scan speed exceeding the molecule-supply rate.
The gap between two arms of the tweezers in Fig. 2, which
is determined by the distance between two substrate layers, is
about 150 nm. This distance can be adjusted by the arrange-
ment of different layers along the direction of the incident
beam. Moreover, by fixing the electron beam at the ends of
the arms as shown in Fig. 2c and ¢, nanotips can be deposited
at their ends to decrease or seal the distance between the two
arms. Compared to another process for the fabrication of nan-
otweezers [25], the virtue of this method lies in simultaneous
deposition of two parallel arms, their smaller lateral size, and
the adjustment of the gap between the two arms. Of course,
this method is also capable of fabricating multiple arms placed
one over another if multiple layers are arranged along the
propagation direction of the incident electron beam.

The one-step scan of the electron beam can be two-dimen-
sionally designed to fabricate complicated structures. Fig-
ure 3a is the illustration of a scanroute, which starts from point
Acto circle C and ends at point E. In this process the electron
beam temporarily stops at points B and D for 600 s to deposit
tips and then restarts to scan at a speed of 4.0 nm/s. The as-
deposited image of this structure is shownin Fig. 3b. Figure 3¢
and d are its left and right profiles obtained by +30-degrees
tilting with the directions indicated in the top left corner. This
structure consists of two self-supporting wires A and E, two
self-standing tips B and D, and a self-supporting circle C.
Fromthese images it can be seen that the already-grown parts
were distorted due to the deposition of the following parts.
Thus, only the last wire E was still parallel to the scan direc-
tion, and the tips B and D were not parallel to each other. The
coarsening of already-grown parts also took place during the
deposition of following parts. Therefore, the lateral sizes of
wire Aand circle C are larger than that of wire E. Since the de-
position of circle C began from the middle (thickest) point of
tip B after restarting (see Fig. 3c), the circle C and the wire E
are vertically above wire A. This deposited structure looks

a Tllustration of one-step soan route for the fabrication of nanodoll. b As-deposited, ¢ right-hand-tilted, and d left-hand-tilted SE images of

deposited structure. The nanodoll ssems climbing up a mountain in ¢, and strolling down after reaching the peak in d
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more like a nanodoll about 800-nm high with one head (cir-
cle C), two arms (tips B and D), and twolegs (wires A and E).
Its climbing profile (Fig. 3¢) implies that there is still a long
way to go for the usage of EBID in 3D nanofabrication at the
industrial mass-production level. However, a prosperous fu-
ture can be expected from the strolling profile (Fig. 3d) after
overcoming the difficulties.

3.2.2 Application of multi-step scan of electron beam in
nanofabrication. During deposition of a one-step scan, ad-
justments of scan speed and specimen position are not con-
venient, which are necessary for the fabrication of compli-
cated nanostructures. Thus the electron beam was scanned
intermittently to deposit separate parts of three-dimensional
structures. Figure 4 shows as-deposited (left-hand column)
and 60-degree-tilted (right-hand column) images of flag-like
structures, which were fabricated with the deposition se-
quences of self-supporting wire A (base), self-standing tip
B (flagpole), and self-supporting wire C (flag plate). The
scan speed of wire A was 4.71 nm/s, which resulted in al-
most parallel features and a lateral size of 10-12nm. Tip
B with a projected diameter of 65-70 nm was deposited for
480 s. Its height in Fig. 4a, b, and ¢ is 700 nm, 740 nm, and
780 nm, respectively, which is different due to the various
scan speeds of wire C on it. Wire C, deposited with a speed
of 3.33 nm/s, 1.67 nm/s, and 1.11 nm/s, is shown in Fig. 4a,
b, and c, respectively. Its lateral size (12 nm for a, 22 nm for

FIGURE4  As-deposited (lefi-hand column, a and b) and 60-degree tilted
(right-hand colmn, @ and b*) SE images of three-dimensional flag-like
structures fabricated by deposition of belt-shaped wire A, self-standing tip
B, and wall-shaped wire C. The scan speed for the deposition of wire C is
a333nm/s,b 167 nm/s, and ¢ 1.11 nm/s

b, and 28 nm for ¢) increases with the decrease of beam scan
speed, which is consistent with that observed on a catbon
substrate [23]. When tilted images (right-hand column) are in-
vestigated, it is clear that wire A is belt-shaped and wire C is
wall-shaped. This is due to the large penetration depth of the
electron beam especially for high-energy electrons. The nu-
cleation and growth of wires A and C are not homogeneous.
The wall-shaped wire C is made up of small narrow belts,
which nucleate separately and grow along the scan direction.
It is noticed that the preferable nucleation site of a small belt is
not at the top of the tip. Asshown in Fig. 4a’, wire C deposited
at ascan speed of 3.33 nm/s grew fromthe lower part of tip B.
According to the investigation of a self-standing tungsten tip
fabricated by EBID, this part corresponds to the thickest part
of the tip with the largest projected diameter [26]. Although
nucleation also took place above this part along the shank of
the tip as indicated by arrow heads in Fig. 4a’, the growth of
small narrow belts from these sites was interrupted, which
may be due to the shortage of supplied precursor molecules
that diffused from the carbon substrate through wire A to tip
B. At a half-scan speed of 1.67 nm/s, the supply of precur-
sor molecules can be doubled consuming a constant diffusion
coefficient, which enables the growth of small belts on these
sites to form abig wall-shaped plate as shown inFig. 4b’. With
an even lower scan speed of 1.11 nm/s as shown in Fig. 4c
and ¢’, the nucleation site extended to the top of the tip and
a flag plate (wall-shaped wire C) with a width of 375 nm was
successfully fabricated on a flagpole (tip B).

Combining the deposition of a self-supporting wire and a
self-standing tip, a more complicated gate-like structure was
successfully produced by multi-scan deposition. In Fig. Sa,
wire A was first fabricated by a scan speed of 2.5 nm/s, after
which the electron beam was fixed at the end of wire A for
3005 to deposit tip B. Then wire C and tip D were deposited
with the same experimental parameters. During the deposi-
tion of the second wire C, the first wire A bent to the second
one due to the ‘proximity effect® [27], although the scan di-
rections of wires A and C were parallel to each other. After

§100nm]

FIGURE 5 a As-deposited and 2’ 30-degree-tilted SE images of a gate-like
structure fabricated by deposition of wire A and tip B, wire C' and tip D, and
wire BD. b? Deposition of ciraular symbol E on wall-shaped wire BD. b Side
View of cirenlar symbols with cylinder morphology
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that wire BD was deposited to connect the two tips at a scan
speed of 3.0 nm/s. Since there is no carbon substrate between
wires A and C, wire BD with a lateral size of 12—-18 nm can
be deposited on the standing tips. The 30-degree-tilted image
of this gate-like structure is shown in Fig. 5a’. It can be seen
that wire BD successfully grew on the tops of the tips with
a wall-shaped morphology. At this 30-degree-tilted position
three circular symbols (E) with a diameter of 50 nm were de-
posited on the belt as shown in Fig. 5b’. When this structure
was tilted back to the top-view position of Fig. Sa, it is re-
vealed that the circular symbol E has a cylinder morphology
(see Fig. 5b). Of course, during the deposition of the circular
symbol E coarsening and distortion of the fabricated structure
took place. Thus the structure feature size in Fig. 5b increased
dramatically fromthatin Fig. Sa. Comparing Fig. 1 and Fig. 5,
it is demonstrated that complicated structures, e.g. gate-like
structures, can be fabricated out of the substrate with a multi-
step scan of the electron beam.

4 Conclusions

200-keV electrons were used to carry out EBID
in a scanning transmission electron microscope to fabricate
three-dimensional tungsten nanostructures. It is difficult to
deposit parallel wires over the substrate, e.g. growing from
the top or middle parts of standing tips, because direct depo-
sition on the substrate cannot be prevented in all cases. Wires
deposited on the substrate consist of a top surface part and
a bottom surface part. The bottom surface part contains more
tungsten than the top one due to the high deposition efficiency
of forward electrons. Tweezers with equal or unequal arms
can be fabricated by arrangements of two layers along the
incident electron beam. This method can also be used to fab-
ricate parallel wires placed one over another in the direction
of electron-beam propagation. Using designed scan routes in
two dimensions, three-dimensional structures like nanodolls
can be fabricated by one-step scans. More complicated three-
dimensional structures, e.g. flag-like and gate-like structures,
can be fabricated by multi-step scans of the electron beam
combining the deposition of self-supporting wires and self-
standing tips. The nucleation and growth of wires along the
shank of a standing tip preferably start from the thickest part
and then extend to the top of the tip. Coarsening and distortion
take place on the already-grown structures during the deposi-

tion of the following parts, which influence the precision of
EBID.
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