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Nanometer scale patterning using focused ion beam milling
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We report on the performance of focused ion bg&iB) milling in order to produce nanometer

scale devices. Resolution issues have been systematically studied as a function of emission current
and working distance, by imaging single pixel lines FIB milled into thin bismuth films deposited on
oxidized silicon. The ion beam profile has been measured, and by carefully optimizing the milling
conditions, 40 nm Hall probe sensors have been fabricate@0@5 American Institute of
Physics.[DOI: 10.1063/1.1844431

FIB milling has proven to be a very powerful tool to structures. The widths of the lines have been measured using
fabricate nanoscale structures. It is used in the developmeithage analysis software: the gray level value has been aver-
of nanoelectronics, nanoscale probe recordiig,and aged over the height of the picture, and the width at half
magnetoelectronicss,or for high resolution modification of maximum has been retained. Bi has originally been used
MFM tips.* We have recently demonstrated the ability of thebecause we are interested in fabricating nanoscale Hall
FIB technique to fabricate 50 nm wide Hall effect sensors. sensors.Additionally, however, the large difference between
The main advantage of FIB is that it is a very rapid, drythe atomic number of Bi and the mean atomic number of
technique, as compared to electron beam lithography for inSiO, causes the SEM contrast between the cleared substrate
stance. FIB patterning consists of exposing the target to and the Bi film to be excellent.
high energy focused ion beam in order to sputter away the In our FIB system, the ion beam is produced by extract-
target material. The resolution which can be reached usingng ions from a LMIS by applying a high voltage relative to
this technique first depends on the selected aperture sizbe source to a nearby electrode. The total ion current ex-
which defines the ion currénand on the target materighe  tracted from the source is the EC, and is of the order of few
lateral damage and sputtering yield induced by the ion beamA. lon beams produced at ever higher EC are known to be
depend on the target composition, as can be estimated froosomposed of an ever increasing proportion of dimers, trim-
TRIM calculation3.® However, for a given ion aperture and ers, and charged clustef'sAt low EC, reducing the EC re-
target we show that it is possible to greatly improve theduces the width of the energy distribution of the beiar,
resolution offered by standard commercial systems by reduand therefore improves the performance of a given source by
ing the emission curreqEC) and working distancéWD). reducing the effect of chromatic aberration in the optical sys-

Measuring the focusing properties of an ion beam can béem. We have measured the effect of reducing the EC below
done by several ways, such as using a Faraday cup of knowthe default value set for basic FIB u$2.2 uA), and have
dimensions and a deconvolution procedraithough the indeed found that reducing it to ZA improves the resolu-
spatial resolution of this technique is limited, or by exposingtion by 20%. The rest of the experiments have therefore been
a target to the ion beam and measuring the damage domerformed using this low value.
to it>'° We have chosen the second method: a 50 nm FIB systems are known to have a large depth of fd€us,
thick Bi film is first deposited by thermal evaporation and this property is used implicitly in commercial systems
(1 A/s,10° mbars on thermally oxidized silicon substrates; where all the settings for the focusing lenses are optimized
FIB milling is then performed using the 1 pA aperture of anfor a particular stage height, called the eucentric height. It
FEI 200xP® FIB workstation(Ga" LMIS operated at will be referred to thereafter as normal working distance
30 keV) and resolution tests are carried out by milling single(NWD). However, reducing the WD should increase the
pixel lines. For milling these 1D structures, the ion beam isresolution*! we have therefore estimated the beam profile at
rastered along a ling@well time 1 ms, overlap 50%, magni- NWD, NWD+4 mm and +8 mm, by measuring the variation
fication X200k), as many times as is needed to achieve thef the width of lines as a function of dose. The areal dose is
required dose. Figure 1 shows two SEM pictures of theselefined asls=1 X t/S, wherel is the ion currenfl pA), t is
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The method we have used should be independent of the tar-
get material and thickness, as the target dependency should
only affect the parameted,. However, this point has not
been verified.
] The mechanical and thermal stage drift has not been
(o) I —ry I taken into account in the previous beam profile analysis. As
we have used exposure times as long as 60 s, its effect can
FIG. 1. SEM images of lines milled in 50 nm Bi deposited on SiO potentially be important, especially if the beam is sharp, as in
that case broadening due to the distance traveled during ex-
the exposure time, anflis the area of the exposed surface. posure might dominate over the broadening due to the natu-
The milling rate of G&a 30 keV into Bi has been estimated ral width of the beam. Stage drift rate measurements pre-
by performing standard AFM depth measurements and theented in Ref. 13 show that the longer the time elapsed since
threshold dosel, necessary to mill through our 50 nm thick the last major stage movement, the smaller the drift. We have
film has been measured at 32.6+3 C2mlon beams are performed drift measurements on our system in the time
known to have a Gaussian distributibmr Gaussian with range that is of interest for us, namely after up to 30 min
exponential tail§:® Such a dose profile is written d@3(x)  after the last main stage movement. No clear trend could be
=d, X di(x) ( d_=1Xt/L is the line dosel is the length of observed with the time after last stage movement between

(2) I — Al nm

the ling, with 30 s and 30 min. The stage drift is isotropic and does not
2 slow down with time in the time range investigated. The
dy(x) = % exp(— X—> for |x| < Xo, (1) mean distancéR) the stage has moved durihgan be mod-
V270 20 eled as a 2D random walR)=VKt. The diffusion coeffi-

X cient VK projected on one directionly the drift in thex
dy(x)=b ex;{— —) for x| > xo. (2) direction mattershas been measured at about 1.2 ni¥s
and up to 2.4 nm$/2 We have estimated the effect of the
The measured width divided by two is then the vakuguch  stage drift for the sharpest beam profile obtained for NWD
that D(x)=d,, so that +8 mm. In the presence of stage drift, HJ) has to be
W slightly transformed, and the dose profile for a timés
40 _ d'( 2) 1

3

= =—, T X— —

b o d , D(x)=+ = f expl - 27 gt (4)
Figure 2a) (circles shows the width vs dose data at NWD L\2maJo 2%

+8 mm:1/d, is plotted as a function of=w/2, and the data ) _ ) _ )
have been made symmetric with respect to the center of th&/e have numerically estimated the width of lines milled
beam. According to Eq(3), this plot is a direct representa- With @ beam profile such as E@l) with the parameters ob-
tion of the beam profilel(x)/d,. The central part of the data fained at NWD+8 mm. The results are displayed in the inset
has been fitted using Egél) and (3), with a/d, and o as of Fig. 2a), where the experimental data are shown together
free parameters, and the external part of the data have peXith the fits obtained without drift, and the curves obtained
fitted using Egs(2) and(3) with b/d, and 8 as free param- when taking the stage drift into account: the dotted line has
eters. An illustration of the result of the fit is shown Figap ~ been obtained usingk=1.2 nm s/ and the dashed lines
(solid lineg. The values found fowr, 8, and the ratioR  Using 2.4 nm 32 As can be seen on this graph, the scatter-
=a/(bV/Z'ra') as a function of WD are shown Fig(l9. As ing of the experimental data can be explained by the exis-
the stage is raised; decreases3 increases, anR increases.  {ence of this stage driftthe dashed line gives a statistical

In summary, the ion beam is sharper as the WD decreaseguperior boundary value to the dat&he calculated effect of
the stage drift on the width of lines milled with the tails of

opom — R the ion beam(high doseyis negligible, as can be seen by
/g comparing the dashed line with the corresponding static fit of
o L7 {100

/'R

i=1,2. (3

the experimental data. The analysis we have done without
N L considering the stage drift has led us to a slight overestima-

e tion of the beam width, and this overestimation is greater as
PRl \ 10 the beam is sharper, i.e., as the WD decreases. Taking the
. " s stage drift fully into account in the beam shape analysis
distance above NWD (mm) would then lead to an even greater change in the paramxeter
(b) with the WD.

. ) . . ) . The shape of the beam profile, more than simply the
W3 =20 0 o0 10 20 30 width of milled lines, determines the ultimate size of features
@) distance to centre of beam (nm ) that can be patterned using FIB, by determining how close
FIG. 2. (a) Inverse of the dose as a function of the half of the width at two I!nes_can be prOUth togetheemember FI.B pqtternmg
NWD+8 mm. Inset: zoom of the>0 side of the data(h) Parameters ~ CONSISts in removing unwanted parts of the film in order to
describing the beam profile as a function of WD. leave the desired structyrd=igure 3 shows the dose profile

=
o
B
T

9
8
7
6
5
4

dose™' (mC™")

Downloaded 21 Apr 2011 to 129.234.252.65. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



026105-3 Notes Rev. Sci. Instrum. 76, 026105 (2005)

1000

100 .

dose density (Cm‘2

o 25 0 25 50 50
( distance (nm) (b) distance (nm)

FIG. 3. Dose profile for 1 s exposure when the ion beam is positioned at
two different points separated by(a) =40 nm;(b) =50 nm.

2

for 1 s exposure as a function of lateral position when the ion
beam is positioned at two different points separated by a
distancel, for NWD (dashed linegsand for 8 mm above 6.4 SEM - | 40 e 50 nm thick Bi Hall
NWD (solid lines, a.'nd for (@ 1=50 nm, and(b) |=40 nm. proBe..The dé?(agrigstar?e?ﬁgt;ipgigés?mstrr;?;,\l\t”h:brighr:n;rteéz ar::‘ tha:a
The upper dotted line represents the dose threstigldhe g fim. The arms of the cross are oriented at 45°.

lower one isdy/10. For large enough the dose at the center

position is negligible in both cases, but fior50 nm(a), at

NWD and NWD+8 mm, an 8 nm wide and 18 nm wide area  We have presented in this paper results concerning pat-
is irradiated with a dose of less thag/10, respectively. As terning resolution using a commercial FIB system. Single

| decreases further, the center position is more and morgixel lines have been milled on a 50 nm thick Bi film depos-
irradiated, until the two milled lines eventually collapse for ited on SiQ and the effect of changing FIB parameters such
small enough. For=40 nm(b), at NWD, the central zone is as the EC and the WD, has been studied by measuring their
irradiated with a dose sufficient to remove one third of thewidths. The beam profile has been measured: it has an in-
thickness of the film, whereas at NWD+8 mm, an 8 nmtense Gaussian central part, which deviates two to three or-
wide area has received a dose less thghl0. We have ders of magnitude below the maximum value to exponential
demonstratetithe ability of the FIB to pattern 50 nm wide, tails. Reducing the EC and the WD significantly improves
70 nm thick Hall devices, by milling 4 lines at right angles the resolution, and the effect of the latter has been quantified
with a gap at the center. The nanosensors in this paper hdty measuring the change in the beam shape parameters. By
been fabricated using an ion current of 1 pA, an EC @A, optimizing the fabrication conditions, we have fabricated
and by placing the sample at NWD. None of the devices#0 nm wide Hall sensors whose transport parameters are
smaller than 50 nm were electrically viable, and this fact hadPresented.

been explained qualitatively by evoking a hypothetical .

Gaussian profile for the ion beam. We see here more quanti- This work has been supported by UK EPSRC.
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away, consequently less likely to sustain any electrical cur- 6ang Xiong, D. A. Allwood, M. D. Cooke, and R. P. Cowburn, Appl.
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structures at this reduced WD should allow a further reduc-°D. Petit, D. Atkinson, S. Johnstone, D. Wood, and R. P. Cowburn, IEE
tion of their sizes. We have indeed been able to fabricate,Pro¢:: Sci.. Meas. Technoll51, 127 (2004). . .

40 nm wide Hall probes which can sustain a current of a few gﬁéﬁgg:ﬁgnji';éﬁ'igak?kl’gasgd U. Litmafkhe Stopping of lons in Matter
tens of uA. Figure 4 shows a SEM image of one of these “c. E. Sosolik, A. C. Lavery, E. B. Dahl, and B. H. Cooper, Rev. Sci.
40 nm wide, 50 nm thick Hall devices. Its Hall sensitivity Instrum. 71, 3326(2000.
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