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Short Communication
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The first and rigorous sensitivity comparison of the most used positive-tone resist (PMMA 950K) exposure
to both electrons and gallium ions in a wide range of exposure doses at the same beam energy was carried out.
It was found that the PMMA 950K resist has a positive sensitivity of 0.15 uC/cm2, which is about three orders
of magnitude more sensitive to gallium ions than to electrons, all at the same conditions. At high Ga exposure
doses, as well as with electron exposure, negative sensitivity is observed. The depth of the resist after etching
in a solvent depending on the exposure dose was also studied, and based on this an analytical model using the
absorbed energy density in the form of a displaced Gaussian, that allows one to restore the resist contrast and
the energy length from experimental data, was proposed. The model accurately describes the both
experimental and simulation results. It was shown that the contrast for the PMMA 950K resist is y~ 3.1 for
the energies of gallium ions and the energy length is L. = 43 nm.
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1. INTRODUCTION

For various reasons, ion-beam lithography is less
known than electron-beam lithography. Ion-beam li-
thography mainly uses beams of light ions, such as
protons and helium ions [1-5], and heavy ions are used
for chemical and radiation modification of the surface
[6, 7]. It is well known that an ion beam has much
weaker angular scattering in matter than an electron
beam, moreover, secondary particles have very short
ranges, and these circumstances allow ion-beam lithog-
raphy to overcome the resolution limit of electron-beam
lithography. Since the energy loss of ions in the poly-
mer resist is several orders of magnitude higher than
that of electrons, then the sensitivity of the resist to the
ion-beam is higher and exposure is much faster, and
this is a rather important technological parameter.

Thus, based on the foregoing, the task was set to
experimentally study the interaction of Ga* ions (heavy
compared to H* and He*) with the most used resist
PMMA 950K to obtain information on the distribution
of energy deposited in the resist and the main parame-
ters characterizing the lithographic process.

2. EXPERIMENTAL DETAILS

Exposures were carried out in SEM Quanta 3D 2001
dual beam system with Nanomaker pattern generator
system. The currents of electrons and ion beams were
measured by using Faraday cup. The deviation of the
beam currents during exposure did not exceed 2 %. The
PMMA 950K resist was spin coated on the Si wafer
with the speed of 6500 rpm and 3000 rpm for 30 s, the
thickness was about 40-70 nm and 140 nm, respectively.
The sample was pre-baked on a hot plate at 180 °C for
180 s. Next, the structure of the so-called dose wedge
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PACS numbers: 82.35. — x, 85.40.Hp

was exposed by focused Ga* ions in a wide range of
doses at 30 keV. After exposure to the ion-beam, sam-
ple was developed at MIBK: IPA developer (1:3) for 8 s
and 5 s dip in stopper (IPA). Topography of dose wedg-
es was performed using AFM.

3. RESULTS AND DISCUSSION

The sensitivity of the PMMA 950K resist to electron
and gallium ion exposure was compared. The comparison
presented in Table 1 shows that the positive sensitivity to
ion-beam exposure is about 0.15 uC/cm? and it is three
orders of magnitude higher compared with typical sensi-
tivity to electron-beam exposure at the same conditions.
It should be noted that at high doses of exposure, as in
the case of electron-beam exposure, a region of negative
sensitivity is also observed. This comparison was carried
out on a resist with a thickness of 50 nm. Gallium ion
exposure of the resist with a dose of up to 10 uC/cm?2 did
not lead to a significant sputtering of the resist.

The second series of the experimental study con-
cerned the investigation of etching depth of the (thick)
resist depending on the radiation dose (Fig. 1, blue
dots). It is found that, in contrast to electron-beam, the
distribution of energy deposited by Ga* FIB is strongly
inhomogeneous in depth, which results in strongly in-
homogeneous etching rate as a function of depth and
radiation dose.

Table 1 — Experimental sensitivity of positive tone resist
(PMMA 950K) to 30 keV electron and gallium ion irradiations

Positive, Negative,

[uC/em?] [uC/em?]
Electrons ~ 150 ~ 5000
Tons ~0.15 ~ 2.2
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These data served as the basis for attempts to re-
store quantitatively the spatial distribution of the en-
ergy losses of fast ions in matter.

The fitting procedure is based on the formula (1), in
which the dissolution rate of the resist V was related to
the density of energy Eemp absorbed in the z layer, the
exposure dose D and the contrast of the resist y:

Z — DEemP (Z) i (1)
Vo D, ’
where Vo is the dissolution rate of the resist at the ex-
posure dose Do.

Expressing D as a function of z, we obtain the fol-
lowing relation:

z dz
0 J.o (Eemp(z))y

The density of the absorbed energy was described
by the empirical formula (3) in the form of a displaced
Gaussian obtained in [8, 9] by the Monte Carlo simula-
tion (TRIM program)

@)

i)
E,., (z) =Aexp| —~—%—2|. 3)

There is a good agreement between the experimental
and calculated data (Fig. 1). It is possible to restore from
the fitting the contrast of the resist as y=3.1 and the
mean free path of ions in the PMMA 950K L.=43 nm.
This value is approximately 20 % less than the energy
length obtained by modeling (53 nm). It is not yet clear
whether this difference is due to the imperfection of the
formulas (interaction cross sections of TRIM) embedded
in the modeling algorithm, or the difference is due to the
simplicity of the development model.

An important feature of ion-beam lithography is not-
ed in the discussion. Compared with electron-beam li-
thography, a strong dependence of the sensitivity of the
resist on its thickness is observed. With an increase in
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thickness from 10 nm to 70 nm, the sensitivity measured
in units of [uC/cm?] changes by an order of magnitude
remaining, however, surprisingly high in comparison to
the sensitivity to electron irradiation.
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Fig. 1 — Comparison of the experimental etching depth (blue
dots) with the etching simulation (yellow dots) allows to de-
termine the contrast value of the resist and the energy length
of Ga* ions in the PMMA 950K

4. CONCLUSIONS

It was shown that the sensitivity of the positive tone
resist PMMA 950K to gallium ions with an energy of
30 keV is approximately 0.15 pC/cm?2, which is 1000 times
higher, and the negative sensitivity is more than 2200
times higher than that to electrons at the same energy.

We developed an analytical model for extracting the
main parameters characterizing the lithographic pro-
cess from the experimental curve dependence of the
exposure dose on the depth D(z). There has been shown
good agreement between the analytical model and ex-
perimental data. Thus, in addition to the practical sig-
nificance of the measured characteristics, the present-
ed method opens up an experimental method for study-
ing the interaction processes of fast ions with matter.
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ExcnepumenrasibHe DocaimkeHHS PO3mOaily eHeprii mpu ocaaskeHHi chOKyCOBaHUM
iOHHMM IIPpOMEHEM B iOHHO-IIPOMEHEeRBii JiTorpadii
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ByJio mpoBemeHo mepime 1 peresibHe MOPIBHAHHA YyTIUBOCTI HANOLIBII YACTO BUKOPHUCTOBYBAHOTO MOK-
purta PMMA 950K 110 BIUIMBY SIK €JIEKTPOHIB, TaK 1 10HIB TaJIii0 B IIMPOKOMY TIaIla30Hl 103 OIIPOMIHEHHS
P OJHAKOBIN eHeprii myuyka. Bysio BcraHossewno, mo moxkpurts PMMA 950K mMae MO3UTHUBHY UyTJIMBICTD
0,15 mxKir/cm2, 1 mpubIn3HO HA TPU MOPSIKK OLIBIN YyTJIMBE [0 10HIB TaJiiio, HIsK 0 €JIEKTPOHIB B THX Ca-
Mux ymoBax. [Ipu BHCOKMX J03aX OIMPOMIHEHHS 10HAMU TaJIiio, 4 TAKOK [P OMPOMIHEHH] eJIEKTPOHAMH CIIO-
crepiraeTbCsi HeraTUBHA UyTJUBICTH. Takok BHUBYAIM TVIHOMHY TpaBieHHA mokputtss PMMA 950K micis
#0r0 TpaBJIEHHS B PO3YNHHUKY 3aJIEJKHO BIJ JI03W ONPOMiHEHHS. BUXoaadu 3 11b0r0, OyJiIa 3alrpomoHOBAHA
aHaIITHYHA MOJIEJIh 3 BUKOPUCTAHHSIM TYCTHHH IIOTJIMHYTOI eHeprii y dopmi 3MINIEHOTO rayciaHa, SKa J10-
3BOJIMJIA BIIHOBHUTH KOHTpACTHICTH mokpurtss PMMA 950K Ta eHepreTHuHy MOBMKHUHY 38 €KCIIEPUMEHTAIIb-
HUMU JaHUMU. 3aIpPOIIOHOBAHA MOJIE/Ib TOUHO OIIUCYE AK €KCIePUMEHTAJIbHI peayJIbTaTH, TaK 1 pe3yJIbTaTh
MomesoBanHsa. Byso morasano, mo koHTpacTHicTh A nokpurtss PMMA 950K cranosuth y~ 3,1 miis eHep-
Tiif 10HIB TaJIII0, 4 €HePreTHYHA JIOBKUHA € PIBHOW L. = 43 HM.

Knrouyori ciaosa: lonHo-mpomenesa usitorpadisi, [loxkpurrs, FIB (cdoxrycoranuit ionuuit npomins), Iloi-
(metunmerarpuiar) (PMMA), Iou rasmiwo, Yyrmmsicrs, KorrpacrHicTs.
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