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A pulsed beam of hyperthermal fluorine atoms with an average translational energy of 4.8 eV has
been used to demonstrate anisotropic etching of Si. For 1.4 Hz operation, a room-temperature etch
rate of 300 Å/min for Si~100! has been measured at a distance of 30 cm from the source. A 14%
undercutting for room-temperature etching of Novolac-masked Si features was achieved under
single-collision conditions, with no detectable mask erosion. Translational energy and angular
distributions of scattered fluorine atoms during steady-state etching of Si by a normal-incidence,
collimated beam demonstrate that unreacted F atoms can scatter inelastically, retaining a significant
fraction of their initial kinetic energies. The observed undercutting can be explained by secondary
impingement of these high-energy F atoms, which are more reactive upon interaction with the
sidewalls than would be expected if they desorbed from the surface at thermal energies after full
accommodation. Time-of-flight distributions of volatile reaction products were also collected, and
they show evidence for a dominant nonthermal reaction mechanism of the incident atoms with the
surface in addition to a thermal reaction channel. ©1995 American Vacuum Society.
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I. INTRODUCTION

The ever-decreasing feature dimensions in semicondu
device fabrication have placed unprecedented demand
dry etching technology.1,2 Most notably, there is an urgen
need for a substantial reduction in energetic ion bomba
ment damage2 and charge-induced damage,3,4 occurring dur-
ing reactive ion etching~RIE!. While bombardment damag
can in principle be reduced by decoupling the plasma g
eration means from the processing electrode~typically done
with new high-density plasma tools4!, mitigation of charge-
induced damage is inherently more difficult because the v
nature of plasmas is based on charged particles. Ne
beams of energetic reactive species have thus been prop
as a way to eliminate both problems simultaneously.4–10Col-
limated beams of hyperthermal neutral atoms or molecu
might allow for highly directional etching. Any barrier t
etching could be overcome by sufficient translational ene
of the etchant species in the beam. If energetic neutral be
are to be useful, it is important first to demonstrate that p
file control can be achieved and then to verify damage-f
etching of a real device.

Some progress has already been made toward the go
profile control during etching with neutral beams. Anis
tropic etching of semiconductors~Si, GaAs! with a super-
sonic beam of neutral Cl2 molecules has been demo
strated.7–9 In addition, work from the space environment
effects community has shown that a beam of energetic o
gen atoms can etch 0.3-mm-wide features in an organic poly
mer with insignificant undercutting.11 An observation com-
mon to both types of etching is the existence of a depende
of the etch rate on initial collision energy. Typically, whe

a!Authors to whom correspondence should be addressed.
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energy-dependent etching data are fit with an Arrhenius-lik
expression, activation energies in the range of 0.2–0.4 eV a
derived.8,12,13 In the case of silicon etching with Cl2, a
threshold to etching of 2.0 eV was observed.9 These findings
indicate that practical etching with neutral beams might on
be achieved with hyperthermal translational energies; how
ever, in order to avoid bombardment damage, energi
should be kept below the threshold for atomic displaceme
from the crystalline lattice, e.g., 12.9 eV for silicon.6,14

The hyperthermal regime of 2–12 eV is not easily acce
sible. A technique is needed not only to accelerate neut
halogen species to these kinetic energies but also to gene
a collimated beam of these species over an area that wo
permit fabrication of a real chip~.5 cm2!. Conventional
supersonic and effusive beam techniques,7–9 as well as a la-
ser blow-off technique,15 have been used to study the inter
action of neutral species with semiconductor surfaces. A
though these experiments reveal much about the interact
mechanisms under the conditions they are studied, the pr
tical range of incident kinetic energies is limited to a few
electron volts or less, and the combination of energy an
incident flux usually results in too low an etch rate for a
study of etch profiles. Furthermore, achievable exposure a
eas are less than 1 cm2, making it difficult to fabricate even a
prototype device for testing.

We present here a new application of a hypertherm
atomic oxygen source to the production of a halogen-ato
beam that can yield practical etch rates over comparative
large areas. Included are operating characteristics of t
beam, a demonstration of anisotropic etching, and a prelim
nary investigation of beam–surface interaction mechanism
This study reveals etching results within a previously unex
plored regime~a directed beam of halogen atoms with hy
9595/13(3)/959/7/$6.00 ©1995 American Vacuum Society
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FIG. 1. Schematic depiction of the hyperthermal atom beam source, the differentially pumped scattering region, and the rotatable quadrupole mass
eter detector.ui anduf are the incident and final scattering angles, respectively, defined with respect to the surface normal.
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perthermal incident kinetic energies in the range 2–12 e!
and illustrates some important interactions that govern
shape of the etched sidewalls.

II. EXPERIMENTAL DETAILS

Our neutral beam etching studies are based on the c
pling of a fast-atom beam source16 with a crossed molecular
beams apparatus.17 Figure 1 shows a schematic diagram
the essential elements of the apparatus. A pulsed beam
energetic atoms with velocities in the range 4–11 km/s
directed at a target, which can be placed at a variety of d
tances from the source. At one of the target positions, 92
from the apex of the conical nozzle source, the target an
mass spectrometer detector can be rotated about the s
axis; therefore, inelastic and reactive species emerging fr
the target surface during etching can be detected, and
velocities and intensities of these volatile species can
measured as a function of incident and final scattering ang
ui anduf . The detector can also be positioned such that
detection axis coincides with the beam axis in order to d
termine the species in the beam and their velocities.

The beam source is based on the laser detonation so
described in Ref. 16. We focus the light pulse from an Allt
model 851 CO2 TEA laser into a 10-cm-long, water-coole
copper nozzle by means of a gold mirror placed 50 cm fro
the apex of the cone. A home-built piezoelectric pulsed m
lecular beam valve18 is used to inject pure SF6 gas, at a
stagnation pressure of 125 psig, into the nozzle cone thro
a 1-mm-diam orifice at the apex. The SF6 gas is atomized in
the laser-induced plasma, and, following electron-ion reco
bination in the expanding, high-density plasma, a nomina
neutral beam of high-velocity atomic fluorine and sulfu
emerges. The beam has a nominal direction, determined
the 20° full included angle of the conical nozzle; howeve
the angular divergence of the beam can be significantly
J. Vac. Sci. Technol. A, Vol. 13, No. 3, May/Jun 1995
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duced with the use of an aperture. We estimate the F-at
beam flux on axis 30 cm from the nozzle apex to be appro
mately 231015 atoms/cm2/pulse.19 Previous results with an
atomic oxygen beam have shown that the average beam
on axis, as determined from the erosion yield of a polymer,
proportional to the inverse square of the distance from t
source;13 thus, the estimated average atomic fluorine flux
the position of the detector rotation axis is 231014

atoms/cm2/s.
Characterization of the hyperthermal beam was perform

by aligning the detector and beam axes and collecting sig
at various mass-to-charge ratios~m/e! as a function of time
following the laser detonation pulse. These beam time-o
flight ~TOF! distributionsN(t) were used to derive transla-
tional energy distributionsP(E) for the various species in
the beam pulse that traveled 126.5 cm from the nozzle ap
to the detector ionizer.20,21 A beam TOF distributionN(t),
collected atm/e519 with the mass spectrometer directly
viewing the beam, is shown in Fig. 2~A!; Fig. 2~B! shows the
corresponding translational energy distributionP(E). The
average translational energy of the F atoms in the beam w
4.8 eV, and the energy spread@full width at half-maximum
~FWHM!# was ;3.0 eV. The respective quantities for the
sulfur component of the beam were 8.2 and 5.5 eV. Wh
these beam characteristics apply to the experiments
scribed here, the average F-atom kinetic energy can be va
easily over the range 3–7 eV by adjusting the valve-las
timing and the stagnation pressure of the gas behind
nozzle.

The beam composition was investigated by collectin
TOF distributions at all masses that showed beam-modula
signal. The mass spectrum, shown in Fig. 3, demonstra
that the beam consisted almost entirely of atomic fluorin
and sulfur.22 The relative ion content of the beam was dete
mined to be negligible by comparing the signals at vario
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masses with the ionizer turned on to those with the ioniz
turned off. Atm/e519, the integrated signal with the ionizer
off dropped to less than one percent of the value measu
with the ionizer on. We thus concluded that the ion fractio
in the beam must have been!1% because neutrals are ion
ized with an efficiency of;1024 in our modified Brink-type
ionizer.17~a! We cannot rule out the possibility that metastab
atoms are present in the beam. Metastable fluorine ato
have been detected at times as long as 35ms following elec-
tron impact excitation of SF6,

23 and some metastables could
have lifetimes greater than 100ms.24 Even though metastable

FIG. 2. ~A! Beam time-of-flight distribution collected atm/e519 ~F1!. Time
zero corresponds to the firing of the laser pulse.~B! Translational energy
distribution of F atoms in beam, derived from the TOF distribution in~A!.

FIG. 3. Mass spectrum of hyperthermal beam, obtained from integrat
beam time-of-flight distributions.
JVST A - Vacuum, Surfaces, and Films
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atoms are probably formed in our source, the local pressu
during the laser-sustained discharge may lead to efficie
electronic quenching25 before the atoms exit the source re
gion.

Two types of experiments were performed with the hype
thermal beam described above operating at 1.4 Hz:~1!
Masked, semi-insulating silicon wafers, kept at room tem
perature, were etched in the beam path at distances of 30
~in the source chamber! and 92 cm~in the scattering cham-
ber! from the nozzle apex, and~2! TOF distributions of prod-
ucts scattered inelastically and reactively from ann-type,
epitaxial Si~100! surface26 ~held at 345 K and situated 92 cm
from the source! were monitored with the rotatable mass
spectrometer detector. All etching experiments consisted
exposure of the masked wafers to the atomic beam at norm
incidence~ui50°!. Scattering data were collected at a variet
of incident and final angles~see Fig. 1!, after reaching
steady-state etching conditions, as determined from the
producibility in the shape of the TOF distributions. At the 92
cm nozzle–surface distance, the beam diameter was redu
as a result of its passage through a 25-mm-diam orifice~etch-
ing experiment! or a 3-mm-diam skimmer~scattering experi-
ment! both of which were placed 85 cm from the nozzle
apex. The aperture was the dividing line between two diffe
entially pumped regions of the apparatus. The source cha
ber, pumped by a 10 in. diffusion pump with an ethano
cooled baffle kept at227 °C, had an ultimate pressure of
231026 Torr and went up to approximately 1 mTorr during
the beam pulse. The main scattering chamber was pump
by two 10 in. cryopumps and a liquid-nitrogen cryopanel an
had an ultimate pressure of 131027 Torr. The pressure in this
chamber rose to 231026 Torr during the beam pulse with the
larger aperture and 231027 Torr with the smaller aperture.
81 000 pulses were used to etch the wafer at the 92 c
position, and a variety of exposure durations, all,80 000
pulses, were used to etch wafers at the 30 cm position. Ty
cal counting times for the TOF distributions of scattered sp
cies were 200–1000 pulses. The time resolution of the TO
distributions was determined by the width of the inciden
beam pulse. The TOF distributions presented in this artic
have been corrected for the ion flight time in the detector, 2
~m/e!1/2 ms.

III. ETCHING RESULTS

The scanning electron micrograph~SEM! in Fig. 4 shows
a cross-sectional view of trenches that were etched into
masked Si wafer27 placed 92 cm from the nozzle. The shape
of the mask was a result of incomplete clearing in an oxyge
plasma; no observable alteration~erosion, sputtering! of the
mask occurred even after etching to a depth of 5mm. The
room-temperature etch rate observed at the 92 cm positi
was 10 Å/min. The profiles were undercut by 14%, which i
comparable to what is expected and seen in RIE of Si
room temperature with fluorine-based chemistry and no s
multaneous deposition on the sidewalls.28 We also observed
features typically seen in RIE profiles, such as microtrenc
ing and dovetailing;2 however, in contrast with typical RIE
profiles, the features in Fig. 4 also exhibit ‘‘inverse micro
loading,’’ or a higher etch rate between two closely space
d
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features than in an open area away from masked featu
The surface appearance after etching was rough~grainy! with
an average grain size of approximately 50 nm for an e
depth of 1mm. We have also etched the same structures
the source chamber at a distance of 30 cm from the noz
apex, where the profiles~not shown here! were undercut by
50% and the etch rate was 300 Å/min, a much higher e
rate than would have been expected by the inverse squ
dependence on the beam flux.

This unexpectedly high etch rate might arise from a no
linear flux dependence and/or a high ambient F-atom pr
sure in the source chamber during the pulse. The amb
pressure in the source chamber increases significantly du
the beam pulse, so a wafer placed in this region is subjec
continued spontaneous etching from thermal F atoms a
the initial hyperthermal pulse has dissipated but before
chamber is thoroughly evacuated. Any contribution fro
such spontaneous etching would enhance undercutting
material removal rate.

A high local pressure at the surface during the beam pu
could also contribute to undercutting. The relatively hig
beam flux at the 30 cm position can result in a press
buildup at the surface, especially in confined regions b
tween features. Gas-phase scattering of the slower portio
the beam pulse could then lead to more isotropic etching

The origin of the undercutting is important because of
implications for anisotropic etching by directed fast neutr
beams6,8 and also because of its relevance to RIE.28,29 In our
experiment, the undercutting at the 92 cm position is parti
larly relevant to the ultimate potential of neutral beam etc
ing because the beam of neutral F atoms interacted with
Si surface under conditions where gas-phase scattering
negligible and background pressure was low. Therefore,
undercutting must be the result of one or more surface m
diated processes. In RIE profiles, undercutting has been c
monly attributed to thermal desorption6,8,29 and surface

FIG. 4. SEM cross-sectional view of trenches in Si etched by the hyperth
mal neutral F atom beam to a depth of approximately 0.9mm. Reentrant
mask shape is due to mask definition in an oxygen plasma; no mask ero
occurred during the hyperthermal beam processing.
J. Vac. Sci. Technol. A, Vol. 13, No. 3, May/Jun 1995
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diffusion30 of unreacted fluorine atoms from the bottom of
the trenches. Singhet al.29 explored these processes in a
model of the profile evolution during RIE in an SF6 plasma.
Their simulation was based on a fit of one experimental pro
file which determined the value of the sticking probability as
well as the neutral-to-ion flux ratio on the etched surface
They discounted surface diffusion because they found that
would require an unreasonably long time scale in order to b
an important mechanism in profile evolution. Nevertheless
they were able to predict etch profiles by considering contri
butions from thermal desorption alone. However, their fitting
procedure resulted in a very low sticking probability of 0.01
and led to the conclusion that, in order to predict the sub
stantial undercutting, a very large number of unreacted fluo
rine atoms must leave the surface at thermal energies. Whi
a sticking probability of 0.01 is expected when spontaneou
etching takes place, ion bombardment during RIE facilitate
a reduction in surface coverage which in turn leads to a
increased sticking probability.31 An alternative explanation
suggests that this unrealistic modeling result for the highly
reactive F1Si system may be unnecessary. The undercuttin
may occur even when the sticking probability is much highe
than 0.01 if the unreacted fluorine atoms havehigher trans-
lational energies than expected from a Maxwell–Boltzmann
distribution and are, therefore, more reactive upon impac
with the sidewalls. Higher translational energies could resul
from nonthermal~direct! inelastic scattering,32–35 where an
incoming atom retains memory of the incidence conditions
The contribution of direct inelastic scattering to undercutting
has received little attention in relation to etching.

IV. SCATTERING DYNAMICS

Figure 5 shows a representative set of TOF distribution
taken atui50° anduf547° for five masses corresponding to
reactive products and one mass~m/e519! corresponding to
inelastically scattered F atoms, which emerge from the su
face without reaction.36 The scattered fluorine atoms have an
average translational energy substantially higher than tha
expected from a Maxwell–Boltzmann distribution, indicat-
ing that thermal desorption accounts only for a minor frac-
tion of unreacted F atoms. Indeed, them/e519 TOF distri-
bution of Fig. 5 implies a peak translational energy of 0.32
eV for the scattered F atoms exiting atuf547°. This value
increases to 0.38 eV for F atoms scattered atuf562°, the
largest exit angle monitored. The surface temperature woul
have to be in the range 2500–3000 K in order to impar
desorbing atoms with kinetic energies in this range. The su
face was, in fact, kept at 345 K during the interaction. Fur-
thermore, the shape of allm/e519 TOF distributions indi-
cates that the velocity distribution of F atoms emerging from
the surface is not Maxwell–Boltzmann. Finally, the angular
distribution of scattered F atoms is not cosine, as would b
expected for thermally desorbed F atoms. Therefore, mo
unreacted fluorine atoms must scatter from the surface via
nonthermal process and thus retain a significant fraction o
their incident energies. This fraction increases at larger sca
tering angles. For example, at the largest scattering angle

er-
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963 Giapis, Moore, and Minton: Hyperthermal neutral beam etching 963
monitored~ui560° anduf562°!, the peak in the TOF distri-
bution corresponds to F atoms with 2.9 eV of translation
energy, which is 60% of the incident energy.

Although the initial interaction results in three-
dimensional scattering, the TOF distributions of Fig. 5 giv
an idea of the relative magnitude of the F-atom signal in th
scattering plane. When converted to a flux distribution fro
a number density distribution20 and corrected for relative
ionization cross sections and number of fluorine atoms
each detected product species, the TOF distributions rev
that the flux of inelastically scattered F atoms is roughly 65
of the flux of F atoms contained in reactive products exitin
the surface atuf547°. Other combinations of incident and
final angles also show substantial scattered flux of unreac
F atoms in the scattering plane. Our scattering data theref
support the conclusion that undercutting comes from secon
ary impingement of energetic fluorine atoms which scatt
inelastically upon initial impact with the fluorinated Si sur
face. If the impinging F atoms encountered a virgin Si su
face or one with reduced surface coverage, they would
more likely to react,31 and undercutting resulting from in-
elastic scattering should be diminished.

The TOF distributions of the reactive products detected
m/e585, 66, 47 are bimodal, suggesting that at least tw
interaction mechanisms with the surface lead to ejection
volatile reaction products. The slower component~longer ar-
rival times! at each mass can largely be explained by ioniz
fragmentation of heavier products which are traveling at v
locities corresponding to the surface temperature. For e

FIG. 5. Time-of-flight distributions of inelastically scattered fluorine~m/e
519! and reactive products detected at the variousm/e ratios indicated,
taken forui50° anduf547° with a surface temperature of 345 K. Time zero
corresponds to the firing of the laser pulse.
JVST A - Vacuum, Surfaces, and Films
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ample, the slower component of them/e585 ~SiF3
1! TOF

distribution has approximately the same arrival time an
shape as them/e5104 ~SiF4

1! TOF distribution. This obser-
vation and the relatively high SiF3

1 signal are consistent with
the conclusions of earlier experiments10,37 that SiF4 products
exit the surface at thermal energies and fragment in the io
izer to give a dominant mass peak atm/e585. The faster, or
hyperthermal, component~short arrival times! at m/e585
has no corresponding peak atm/e5104 or 151 ~heavier
products were not detected!. Unless a product heavier than
85 amu happens to exit the surface at hyperthermal velocit
and fragment much more in the ionizer than the same pro
uct exiting at thermal velocities, then the hyperthermal com
ponent atm/e585 must originate from an SiF3 reaction
product. The hyperthermal signal seen at lower masses m
come from a combination of ionizer fragmentation of SiF3
and direct ejection of SiF2 and SiF products. While the de-
tailed reaction mechanisms giving rise to the two compo
nents observed in the TOF distributions are unclear, it
clear that~a! thermal and nonthermal interactions are takin
place at the surface and~b! the dominant reactive signals are
the result of one or more nonthermal processes.

The dependencies of the nonthermal signal on scatteri
angle and surface temperature provide clues to its origi
Figure 6 showsm/e585 TOF distributions collected at
ui560° anduf562° for two surface temperatures, 345 and
640 K. The fast peak in the TOF distribution of products
emerging from the lower-temperature sample corresponds
an SiF3 translational energy of;0.60 eV. In contrast, the
peak translational energy derived from them/e585 TOF dis-
tribution in Fig. 5~whereui50° anduf547°! is;0.31 eV. In
general, we have observed angular dependencies on tran
tional energy for the hyperthermal reactive and nonreactiv
products that mirror the scattering of energetic rare gas a
oms from liquid surfaces:35 the translational energy of the

FIG. 6. Time-of-flight distributions collected atm/e585 for the two tem-
peratures indicated. The incident and final angles wereu i560° anduf562°.
Time zero corresponds to the firing of the laser pulse.
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964 Giapis, Moore, and Minton: Hyperthermal neutral beam etching 964
scattered species increases with increasing total includ
scattering angle~ui1uf!. For a reactive process, this behavio
could be indicative of either a direct~Eley–Rideal! reaction38

or collision induced desorption.39,40The large decrease in the
nonthermal reactive signal when the surface temperature
increased~see Fig. 6! could result from either mechanism if
a temperature increase makes thermal desorption of the
propriate collision partner more competitive with the reactiv
processes taking place on the surface during interaction w
the beam pulse. More work must be done in order to distin
guish between the possible mechanisms and to determ
what role, if any, metastable atoms play in the beam–surfa
interaction. It should be noted that the existence of a no
thermal, collision-cascade mechanism in connection wi
ion-assisted etching has been reported and debated in
literature.41,42 Also, Szabo´ et al. have recently proven that
collision-induced desorption plays a role in the reaction o
chlorine with silicon.43 Although not typically observed,
nonthermal processes, such as direct reaction and collisio
induced desorption, could be important in the regime of hig
incident energy and instantaneous flux, where we are stud
ing neutral beam etching.

During the scattering experiments, no SiSx products were
detected in the mass spectrometer. Furthermore, after the
periment, the exposed surface was examined by x-ray ph
toelectron spectroscopy~after air transfer!, and no sulfur was
detected. Therefore, we concluded that sulfur atoms did n
react with the surface. Their role in etching due to energ
transfer during bombardment of the surface might, howeve
be important.

V. SUMMARY AND CONCLUSIONS

A neutral beam of hyperthermal fluorine atoms, produce
by laser detonation of SF6 and possessing an average trans
lational energy of 4.8 eV, has been used to etch submicr
features in silicon. We observed 14% undercutting for etch
ing at room temperature and concluded from scattering e
periments that the undercutting resulted largely from fluorin
atoms scattering inelastically at hyperthermal velocities from
the fluorinated silicon surface. Angle- and velocity-resolve
measurements demonstrated that fluorine atoms can retai
fraction of their incident energy even after head-on collision
with the etched surface and suggest that secondary imping
ment of energetic etchant species should be included in mo
eling studies of profile evolution. A significant flux of ener-
getic reaction products~e.g., SiF3! might also need to be
considered as a source of undercutting if they themselves a
reactive. Finally, some TOF distributions of reactive product
are bimodal, suggesting the existence of at least two react
processes at the surface, one thermal and the other nonth
mal.

These experiments imply that improved anisotropy wil
be achieved by reducing the reactivity and flux of scattere
reactive species. Approaches that can be considered inclu
~a! increasing the mass of the etchant species to enhan
energy transfer during the initial interaction so that inelast
cally scattered species carry less energy to the sidewalls;~b!
increasing the reactivity during the first encounter of th
etchant species with the surface so that the flux of the sc
J. Vac. Sci. Technol. A, Vol. 13, No. 3, May/Jun 1995
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tered reactive species is reduced;~c! reducing the surface
temperature and thus reactivity so that the energy of the sc
tered species is not enough to facilitate reaction at the si
walls; ~d! reducing the translational energy of the inciden
beam in order to lower the energy of the scattered react
species; and~e! choosing an etchant species that requir
more translational energy to react.
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