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Direct-write electron beam lithography in silicon dioxide at low energy
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Electron beam lithography in silicon dioxide has been investigated with energies ranging from 0.5
up to 6 keV. The etch ratio of SiO, has been studied and interpreted with regard to the limited
penetration of electrons at such low energies. Monte Carlo simulations have been carried out to
investigate the depth of penetration and the density of energy absorbed by SiO,. The etch ratio is
also shown to depend on the dilution of the developer (a buffered hydrofluoric acid diluted in water).
Finally, a possible application of low energy direct writing in silicon dioxide is described for the
control of damascene processes, enabling the fabrication of nanodevices embedded in an
insulator. © 2010 American Vacuum Society. [DOI: 10.1116/1.3478304]

I. INTRODUCTION

Electron beam lithography (EBL) is widely used for the
fabrication of nanostructures. Because they feature high sen-
sitivity and high contrast, organic resists have become the
standards for transferring nanoscale patterns into different
functional layers. It is possible to use inorganic materials as
an alternative to organic resist patterning. Their advantage is
that they feature high resolution while enabling direct writ-
ing into materials with useful properties (e.g., electrical or
optical). However, inorganic resists are mostly less sensitive
than organic ones, and the throughput loss related to this
issue restricts the applications of these materials to research
purposes. The use of low energy EBL somewhat increases
the speed of the patterning of inorganic materials but not
enough to compensate the intrinsically high doses required to
alter their properties. However, low energy electron beams
may be attractive for direct writing of nanoscale research
prototypes because the penetration of electrons is limited to a
few nanometers under the surface of the target material.
Moreover, it is able to reach nanoscale resolution, thanks to
recent improvements in EBL systems enabled by the spread
of field emission guns providing electron beams of less than
5 nm in diameter with acceleration voltages of a few keV.
Early studies on inorganic resists dealt with the use of SiO,
because it is the original insulator of Si-based microelectron-
ics. Direct writing in silicon dioxide was first demonstrated
by O’Keeffe and Handy in 1968, but it has attracted much
attention later in the 1990s after Allee and Broers showed
that this technique had nanometer scale capabilities.2 A sig-
nificant amount of data has been published at that time for
high energy (>50 keV) direct patterning of SiO,.>™ The
best result reported in terms of resolution is an array of 5 nm
wide lines with a 10.8 nm pitch achieved with an energy of
300 keV and optimized lithography conditions.” However,
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very little data are available at low energy,l’9 whereas it con-
siderably fastens the process time and reduces eventual irra-
diation damage in the substrate due to the penetration of
energetic electrons. This paper consequently reports on etch
ratio (ER) and sensitivity of SiO, as a direct writing material
at low acceleration voltage (<6 kV). An emphasis is also
put on how to use it to monitor the progress of chemical
mechanical planarization (CMP) steps in damascene pro-
cesses.

Il. MATERIALS AND METHODS

Undoped Si wafers were oxidized for 25 min at 900 °C in
pure oxygen, providing an 80 nm thick SiO, layer. EBL was
performed on 1X1 cm? samples in a LEO Supra 55 VP
scanning electron microscope (SEM) equipped with a pattern
generator software (NPGS 9.0 by J. Nabity). Acceleration
voltage was varied from 1 to 6 kV. Patterns consisted in 40
X 10 um? rectangles exposed with area doses ranging from
0.02 to 0.10 C cm™2. High dose electron beam exposure im-
plies the deposit of thin organic compounds at the surface of
the samples due mainly to contamination of the SEM cham-
ber. Therefore, a pure O, plasma was applied to the samples
in a barrel-asher (Tegal Plasmaline 211) with a power of 50
W for 2 min before development. The developer is a buffered
oxide etchant (6:1 NH,F:HF) solution diluted in water. The
HF concentration was typically 2% in volume, but this ratio
was also varied from 1% to 5% in volume in order to inves-
tigate its influence on results. The depth of 40X 10 um?
trenches was measured with regard to the development time
by successive profilometer measurements (Tencor P-1). The
thickness of nonexposed areas was measured with a Wool-
lam Alpha-SE ellipsometer before and after each etch step to
deduce remaining oxide thickness.

©2010 American Vacuum Society 940
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| Oxide before etching

- Oxide after etching

FIG. 1. (Color online) Schematic of the variables involved in the calculation
of oxide etch ratios after development in HF-based solutions.

lll. RESULTS AND DISCUSSION

Irradiating a stoichiometric SiO, layer with energetic
electrons is suggested to modify the density and the stoichi-
ometry of the oxide layer.l’2 Thus, it produces a SiO, (x
<2), which shows a higher etch rate in HF-based aqueous
solutions."* The ratio between the etch rate of exposed areas
and nonexposed areas is hereafter designed as the ER. In this
paper, ER was calculated with the relation ER
=TRIT/TROT, where TRIT is the thickness removed in the
trenches and TROT is the thickness removed outside the
trenches according to the conventions sketched in Fig. 1.
Since TRIT=DOT+TROT, where DOT is the depth of
trenches, it is more convenient to use the relationship ER
=1+DOT/TROT because it involves two quantities actually
measurable after lithography and development: DOT is mea-
sured by profilometry and TROT is measured by ellipsom-
etry.

A. Etch ratio measurements and analysis

In Fig. 2, the SiO,/Si0, ER is shown as a function of the
area dose for different electron beam energies (E;,). When the
dose is increased, ER first increases and then saturates. The
saturation dose is proportional to E,. For E;, greater than 3
keV, the saturation dose is not reached due to the dose range
considered in this study. Maximal ER values are about 3 for
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FiG. 2. (Color online) Etch ratio measured by profilometry for several EBL
energies ranging from 0.5 to 6 kV as a function of the area dose. Measure-
ments were performed on 40X 10 um? structures developed in a
HF:NH,F:H,O (1:6:93) solution (HF concentration of 1% in volume) for
180 s.
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FIG. 3. (Color online) Electrons range simulated with the software CASINO
2.42 as a function of the acceleration voltage in an 80 nm thick SiO, layer
over a Si substrate. The inset illustrates how the stopping range is defined:
the areas represented under the electron beam with shades ranging from
light to dark represent the increasing ratio of energy transferred from inci-
dent nonbackscattered electrons to the target material.

energies of 1.5, 2, and 2.5 keV. This is in agreement with
values previously reported for higher energies,l’3‘4‘6 indicat-
ing that there is a continuity in the physical behavior of SiO,
irradiated with electrons from 300 keV down to 1.5 keV. As
a consequence, 1.5 kV is an acceleration voltage of choice
for direct-write EBL since it reaches the maximal ER for the
lowest area dose (0.07 C cm™). In other words, an energy of
1.5 keV enables the best sensitivity, commonly defined to be
the ER/dose ratio. However, ER is found to saturate at 1.6
and 2.5 for energies of 0.5 and 1 keV, respectively. These
values may be interpreted by considering that the etch time
was fixed at 180 s. Under these conditions, ER values are
related to the electron range. Indeed, during EBL, the elec-
trons lose their energy in a limited volume of material
(named as the interaction volume and hereafter abbreviated
as EMIV for electron-material interaction volume). If the
etch time is longer than the time needed to completely etch
the EMIV, a removal regime with a ratio of 1 takes place.
This consequently decreases the final ER, which is then an
average over the etch period of the ER inside the EMIV and
ER=1 outside the EMIV. This interpretation is made plau-
sible by the observation that the decrease in ER occurs with
the lowest energies. Indeed, with the highest energies, the
EMIV is expected to be too deep to be completely etched
with the diluted HF solution and the etch time used in this
study. A further validation was carried out by simulating the
electron range using the Monte Carlo software CASINO 2.42
as a function of the acceleration voltage used for the
1ithography.10 The simulations are shown in Fig. 3, where the
depth of the EMIV, i.e., the stopping range (“z range”) of the
electrons, is defined as the depth at which 99.9% of the en-
ergy of nonbackscattered electrons is absorbed by the mate-
rial. As expected, the stopping range increases when the ac-
celeration voltage increases. For doses high enough to reach
saturation plateaus in Fig. 2, ER is assumed to be constant
and equal to ER,,,, the maximal ratio measured for energies
of 1.5, 2, and 2.5 kV. The mean ER may then be evaluated by
the relation
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FIG. 4. (Color online) Mean etch ratio extracted from the plateaus of Fig. 2
plotted versus the acceleration voltage and compared to values calculated by
Eq. (1).
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where R; is the etch rate inside the EMIV, R, is the etch rate
outside the EMIV, 7., is the time needed to etch the EMLV,
and f,, is the total etching time. Mean ERs calculated with
this relation are plotted in Fig. 4 versus the acceleration volt-
age, and a good agreement is found with experimental data.
This confirms that for acceleration voltages of 0.5 and 1 kV,
the EMIV was completely etched, and some underlying non-
irradiated SiO, was also etched. This is why the acceleration
voltage has to be carefully chosen with regard to the depth
targeted by the lithography process. This choice may be done
with Monte Carlo simulations of the range of electrons for a
given acceleration voltage. For instance, the energy absorbed
during a lithography performed with an acceleration voltage
of 1.5 kV was simulated with CASINO as a function of the
depth in an 80 nm thick SiO, layer (Fig. 5(a)). The range of
the electrons was extracted, and then the etch rate was moni-
tored by ellipsometry during the development of patterns
processed with this acceleration voltage (Fig. 5(b)). As ex-
pected, ER measured by profilometry was found superior to
1 until the etched depth equals the electron range (65 nm in
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FIG. 6. (Color online) Etch ratio plotted versus the dose/energy ratio. Shapes
of data points correspond to the acceleration voltage used for lithography:
0.5 kV (squares), 1 kV (triangles), and superior to 1.5-6 kV (circles).

this case). Further development of the patterns resulted in a
ratio equal to 1, which means that no additional depth could
be obtained: In this case, the maximal depth of the patterns is
35 nm.

B. Relation between dose, energy, and etch ratio

From the data presented in Fig. 2, a consistent relation
between dose (D), energy (E), and resulting ER was found.
Indeed, as shown in Fig. 6, for energies above 1.5 keV, an
ER vs D/E graph results in a straight line (D/E
<0.2 CeV!'m™) followed by a plateau. For lower ener-
gies, the trend is similar, but since the EMIV is completely
removed the etch rate is lowered, as discussed in Sec. I. The
plateau observed for E>1.5 kV is related to the maximal
ER (around 3) than can be reached by the lithography in
Si0,. On the other hand, the straight line suggests that an
increase in energy requires a linear increase in dose to obtain
a given ER. This trend has already been reported experimen-
tally in various resists such as ZEP-520," hydrogen
silsesquioxane,12 calixarene,"® and polystyrene.14 This linear-
ity is generally attributed to the relation existing between the
dose, the energy, and the ER through the concept of stopping
power. In Ref. 15, Bethe defined the stopping power, i.e., the
energy loss by unit length in the depth direction z, as
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FiG. 5. (Color online) (a) Plot of the total absorbed energy simulated with an acceleration voltage of 1.5 kV versus depth. (b) Thickness removed in the

patterns plotted versus the thickness etched out of the patterns.
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where E is the energy of the electron beam (in eV), z is the
depth in the target material, Z is the atomic number, p is the
density of the material (in g/cm?), A is the atomic mass, and
J is the excitation energy (in eV). This relation is the non-
relativistic form of the Bethe stopping power, known to be
relevant for energies inferior to 30 keV as it is the case in this
study. However, its validity is questionable for energies be-
low 10 keV,'® and it is worth noting that the logarithm be-
comes negative if E is smaller than J/1.166. This led Joy and
Luo to modify Bethe’s relation empirically in order to ad-
dress low energy electrons.!” But the trajectories of low en-
ergy electrons are also strongly affected by forward scatter-
ing. Then, this has to be taken into account to predict the
density of energy transferred to the resist, which may be
achieved with Monte Carlo simulators. Figure 7(a) shows
simulations of the energy density transferred to SiO, calcu-
lated using CASINO (with Joy and Luo’s stopping power) for
energies ranging from 0.5 to 6 kV. The energy density was
averaged over the first few tens of nanometers beneath the
SiO, surface. These average values were found to be in-
versely proportional to the energy for E>1.5 keV, as illus-
trated in Fig. 7(b) for the first 10, 20, and 30 nm beneath the
Si0, surface. Similar results may be found by averaging over
larger depths, but since the range of low energy electrons
would then be reached the results would only be valid for
high energies. This also explains why in Fig. 7(b) the linear-
ity is lost for the lowest energies (i.e., the highest 1/E ratios)
and more clearly when averaging over the first 30 nm be-
neath the SiO, surface. The energy absorbed in the SiO, is
also proportional to the dose, i.e., the number of electrons
incident per unit area of material. Thus, the density of energy
loss per unit volume in the EMIV is linearly related to the
dose/energy ratio:

dE D

x—, 3)
dxdydz E

D being the dose and dxdydz a unit volume of material in the
EMIV. Consequently, the shape of the curve presented in Fig.
6 is correctly interpreted if one assumes that ER is linear to
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the density of energy loss per unit volume and saturates
when it reaches ER,,,. Such a graph is a helpful tool for
electron beam lithography since a trade-off has to be found
between the dose (i.e., the lithography processing time) and
the energy, which has to be chosen according to the targeted
depth of the patterns, on one hand, and to the targeted reso-
lution, on the other hand. Indeed, in current SEMs, the lateral
resolution of e-beam lithography is better when the accelera-
tion voltage is high. However, a careful choice of the accel-
eration voltage for the fabrication of patterns leads to a wide
range of available D/E ratios, which means a reasonable
range of ERs. The usefulness of the D/E relationship lies in
the fact that it is far more convenient to change the dose
(with the exposure dwell time during the lithography) than
the acceleration voltage (which requires new settings for the
scanning electron microscope).

C. Effect of HF dilution

In the previous sections, the development steps were per-
formed with a buffered HF solution diluted in water (2% in
volume). In order to check the effect of the dilution of the
developer on ER, the dilution was varied from 1% up to 5%
in volume while keeping other parameters fixed. The results
are presented in Fig. 8, showing that ER decreases when the
concentration is increased. The plateau on the left hand of
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2.0

L 1 ' 1 * 1 L4 1
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FIG. 8. (Color online) Etch ratio versus the HF percentage in volume of the
developer. Electron beam lithography was performed with an acceleration
voltage of 1.5 kV and a dose of 0.1 C cm™.
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the curve suggests that further dilution would not lead to a
further increase in ER. This trend is attributed to the complex
dissociation of HF in water, which is known to result in the
coexistence of many different species of ions with various
concentrations as a function of the developer dilution. This
would indicate that the maximum ER observed in this study
(and similar to most of the values reported in the literature) is
related to the predominance of particular ions in the solution,
appearing only in largely diluted BHF solutions.®

D. Application to stair-shaped end point structures
for damascene processes

Processes based on SiO, direct-write electron beam li-
thography have already been proposed for the fabrication of
nanodevices. Most of them are based on the fabrication of
thin SiO, hard masks useful to dry etch the underlying
silicon'™ or selectively growing silicon nanowires by
epitaxy.19 Although the use of low energy electrons decreases
the dose required for the fabrication of useable structures,
direct write remains several orders of magnitude slower than
patterning equivalent areas by means of organic resists.
Therefore, its use is limited to the fabrication of research
nanodevices, which do not require fast processes but could
benefit from the possibility to fabricate in one step patterns
with various depths and nanometer resolution. More recently,
it was also used in a nanodamascene process delivering
single electron transistors (SETs) operating at room
temperature.zo’21 In brief, the electrodes of the SETs are
elaborated as follows: Thin trenches are first fabricated in a
Si0, layer, and some metal is then deposited onto the entire
sample surface. A CMP step finally removes the metal out-
side the trenches, but these remain filled with metal, consti-
tuting metallic nanowires embedded in the oxide. As dis-
cussed above, direct writing enables one to control the depth
of patterns in SiO, by choosing an appropriate ER for each
pattern. This is achieved by setting the dose/energy ratio ac-
cording to an experimental ER vs D/E graph (Fig. 6). Be-
cause this technique enables us to create patterns of chosen
depth directly in a SiO, layer, it was integrated into a dama-
scene process to create metal-filled patterns of various
depths. This study was driven by the need of end point de-
tection in the nanodamascene process. Figure 9 illustrates the
principle of the damascene process for the elaboration of
stair-shaped structures. It consists in subsequently patterning
a SiO, layer, depositing a metal over the entire sample sur-
face (Fig. 9(a)) and then performing a CMP step until reach-
ing the oxide surface (Fig. 9(b)). This technique is of practi-
cal interest to fabricate visual indicators in the aim to
monitor the progress of the CMP step in damascene pro-
cesses. Indeed, the nanostructures elaborated by nanodama-
scene are assumed to have the same depth as the micrometric
stair-shaped structures, enabling for monitoring the progress
of the CMP step by a simple observation with an optical
microscope. In Fig. 10(a), an optical micrograph of four
single electron transistors is shown with a stair-shaped struc-
ture in the center. Figure 10(b) illustrates the cross-sectional
view along the dotted line in Fig. 10. The end point structure
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FIG. 9. (Color online) Schematic illustrating the process used for the fabri-
cation of stair-shaped structures. After SiO, patterning and metal deposition
(a), metal-filled trenches are revealed by CMP (b).

consists of the numbers 1, 2, and 3 in the center of the optical
micrograph. Here, the shallower mark (1) positioned at the
left hand side of 2 was removed during the CMP step. Pat-
tern 2 is not clearly visible since its depth was chosen as the
end point of the CMP. Pattern 3 appears very brightly and
has the same color as the electrodes of the devices, showing
that its state is representative of the titanium thickness re-

(a)

E 10 pm

()
-SET n BT seT

FiG. 10. (Color online) (a) Optical micrograph of four single electron tran-
sistors surrounding a three-stair damascene end point. (b) Cross-sectional
sketch along the dotted line in the optical micrograph illustrating the depth
of the patterns.
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maining in the trenches constituting the single electron tran-
sistors. Although such end point detection is not accurate
enough to control the titanium thickness in the trenches of
the devices, it constitutes a convenient optical test during
CMP since it may be quickly performed after each polishing
step. The progress of the process is further examined by
resistivity measurements at the surface of the sample to con-
firm the absence of metal out of the patterns. Moreover, at
least one of the four structures is simply a metal line used as
a short-circuit test structure rather than a complete single
electron transistor. Measurements of the resistivity of the
leads are then performed to evaluate the progress of titanium
removal in neighbor single electron devices.

IV. SUMMARY

The etch ratio of SiO, as an inorganic resist for electron
beam direct writing has been studied at low energy for which
the penetration of electrons is limited. ER has been shown to
be linear with the dose/energy ratio, which is well explained
by Monte Carlo simulations of the energy density absorbed
in silicon dioxide during lithography. The dilution of the
buffered HF developer is also an important parameter to pre-
dict ER after development. In our study, the lowest HF con-
centration (<2% in volume) led to the highest ER (around
3). Direct-write electron beam lithography into SiO, appears
as a useful technique to create patterns with chosen depths
although its low speed confines it to research purposes. The
control is achieved by choosing an appropriate ER for each
pattern through the setting of the dose/energy ratio according
to an experimental ER vs D/E graph. This opens the way to
various applications in research; among them the creation of
end point structures for critical CMP processes is described
in this paper.
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