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Abstract Radiation damage and contamination of silicons etched in the CF,+H, and CHF; magnetron
discharges have been characterized using Schottky diode characteristics, TEM, AES, and SIMS as a
function of applied magnetic field strength. It turned out that, as the magnetic field strength increased,
the radiation damage measured by cross-sectional TEM and by leakage current of Schottky diodes de-
creased close to that of wet etched samples especially for CF, plasma etched samples. For CF+H, and
CHF; etched samples, hydrogen from the plasmas introduced extended defects to the silicon and this
caused increased leakage current to the samples etched under high magnetic field, even though it im-
proved electrical properties of the samples etched at low magnetic field strength conditions by hydrogen
passivation. The thickness of polymer residue on the etched silicon measured by TEM and the Auger
depth profiling was also decreased with the increasing magnetic field strength and showed the minimum
polymer residue thickness near the 100Gauss where the silicon etch rate was maximum. Also, other con-

taminants such as target material were found to be minimum on the etched silicon surface near the high-

est etch rate condition.

1. Introduction

In VLSI circuit fabrication, reactive ion-as-
sisted etching (RIE) techniques are replacing
wet etching and plasma etching techniques. In
particular, these new techniques are rapidly
becoming an essential requirement in the delin-
eation of patterns less than 1/m due to their
ability to provide anisotropic etch profiles. One
application of interest 1s obtaining precise
channel lengths and widths in MOSFET devic-
es. Unfortunately, specimens processed by RIE
are subject to radiation damage such as ion
implantation, near surface modification, and
residue formation on etched Si surfaces.

Etching by RIE or reactive ion beam etching
has been studied by many researchers who

AN

have reported on the contamination' and

12~

radiation damage'~*" induced by energetic ion
bombardment to the samples. It has been
shown by Fonash et al.'” that reactive ion

etching and 1on beam eiching using a variety

of gases result in a damaged layer on the sur-
face of etched silicons. Also, it has been shown
that the damaged layer contains positive
charges which can affect the electrical charac-
teristics of the samples. Pang et al.'”® have
shown that MOS capacitors fabricated on the
Si surfaces processed with dry etching display
increased interface state densities which are
strongly dependent on the ion species and en-
ergy. Samples etched with CHF;+0O. plasmas
have becn examined using Transmission elec-
tron microscopy (TEM) by Cerva et al.*"” to in-
vestigate the depth of damaged layer. They
found a polymer layer of a few tens of
nanometers in thickness and a damaged layer
of several hundreds nanometers deep on the
etched silicon surface. Contamination or sur-
face residues caused by reactive ion etching in
CFi+H. gas mixtures have been studied by

13219 ysing X -ray photoelectron

Oehrlein et a
spectroscopy (XPS). They showed that the

change of residue thickness is responsible for
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Si etch rate. As a result, a diffusion-limited Si
etch mechanism has been suggested.

lon bombardment damage of Si resulting
from planar magnetron reactive ion etching
has been studied by Hirobe et al.”’ in a high
pressure range (a few hundreds mTorr) using
CHF,+SF,: gas mixtures. By using Reflected
high energy electron diffraction (RHEED) and
by measuring minority carrier lifetime, they
showed that radiation damage decreased with
increasing applied magnetic fleld strength. The
residue of magnetron etched samples at about
200Gauss of magnetic field was compared
with reactive ion etched samples by Oehrlein et
al™ in 1988. They observed that the thickness
of residue layer of the magnetron etched sam-
ples was less than that of reactive ion etched
samples.

In this paper, experimental results are re-
ported on which the effect of magnetic field
strength on the degree of radiation damage
and contamination of Si samples etched in cy
lindrical magnetron dicharges. The samples
were etched at a fixed power density and with
different gas mixtures. Fven though previous
studies by other researchers showed that mag-
netron reactive lon etching may reduce radia-
tion damage and contamanation, more experi-
ments were needed to quantify the effects of
magnetic field strength on the radiation dam-
age and the degree of contamination in a pres-
sure range of a few mTorr which gives highly

anisotropic etch profiles of interest.
II . Experimental Procedures

The equiment and silicon etch conditions for

3l

the experiment are described elsewhere™ *'". In
general, silicon samples were etched in 3mTorr
CHF, or CF,/Il, gas mixtures and at a fixed
power density of 0.45--0.75W/cm”. The mag-
netic field strengths applied to the plasmas
were varied from 0 to 250Gauss. All of the
samples were exposed to the plasma until 1.5
um of St was etched away.

A. Characterizalion of Radiation Damage

To study the degree of radiation damage,
cross-sectional transmission electron microsco-
pyv(TEM) and 1-V

Schottky diode fabricated from the etched sili-

characteristics  of

cons were used. The first method was used to
study the degree of physical damage and the
second was used to study the degree of electri-
cal damage of etched samples.

Blank S1 wafers with no photolithographic
pattern on them were used to study the degree
of radiation damage. Special precautions were
followed before and after the etching of the
samples. Before the etching, the samples were
cleaned with H.S0, mixed with H.O.(H.SO, : I
0.4 2 1) at 90°C for 20 minutes for degreas-
ing, and dipped in a 10% HF solution for 5
seconds to remove any native SiO,. For the T -
V characteristics, sample were cleaned again
using the method described above after the
ctch.

Transmission electron microscopy (Philips
EM400, acceleration voltage : 120kV and Phil-
ips EM430, acceleration voltage .| 300kV) was
used to study the thickness of residue layer
formed on Si surface during the etching. Some
of the samples were overcoated with 200 A of
Al to help to identify the residue layer. All of
the samples prepared at various conditions, re-
gardless of Al deposition, were cleaved along
< 110> direction into two pieces. The etched
surfaces were glued together with M-Bond
610 Adhesive. The glued samples were com-
pressed together and heated at 150°C for 150
minutes to increase the sticking of the glue to
the samples. These samples were cut into piec-
es along the direction perpendicular to the
cleaved direction. The samples were thinned
down to a direction parallel to the etched sur-
faces(etched surfaces are now facing each
other) using mechanical polishing and ion mill-
Ing to examine the cross section of the sample
interface with TEM. TEM micrographs were
taken along the <110> zone axis to see the
etched surface vertical to the viewing plane.

The defects (dislocations and point defects)
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were observed using TEM to indicate radiation
damage. However, the number of detected de-
fects increased as the sample thickness in the
viewing area increased. To compare the degree
of damage at various conditions, the same
sample thickness at the sampling area was
needed. The sample thickness was approxi-
mately examined by tilting the specimen about
30 degrees and measuring the increase of the
thickness of deposited aluminum. Fortunately,
for our experimental conditions, the variation
of defect densities were not sensitive to the
sample thickness compared to that by the vari-
ation of magnetic field strength.

To make Schottky diodes, the etched sam-
ples were cleaned by the method described
above, and 2000A thick Au was deposited
using a resistively heated evaporator and were
patterened using a lift-off process. The photo-
mask for Schottky contacts had 0.2mm diame-
ter open dots on it. On the back side of the
samples, 2000 A thick aluminum was blank de-
posited using an electron beam evaporator to
make an Ohmic contact. The I-V character-
istics were measured using a semiconductor
parameter analyzer(HP 4145A) in a light
tight probe station. As an estimation of radia-
tion damage, reverse saturation current were
measured and compared to those of reference
samples which were wet etched in 10% HF so-
lution.

B. Characterization of Surface Contamination

To study the degree of contamination on the
etched samples, Auger electron spectroscopy
(AES) and secondary ion mass spectroscopy
(SIMS) were used. AES(Perkin Elmer, PHI
25-120) surface survey was used to study the
composition and species of residue layer and
AES depth profile was used to estimate the
thickness of residue layer. SIMS(CAMECA
IN35f) depth profiling was used to look for the
contamination species that can not be detected
using AES such as hydrogen. Most of the con-
tamination species detected by the SIMS depth

profile were the species that penetrated into

silicon by 1on bombardment. Therefore, it was
also related to radiation damage. All of the
sample were exposed to the plasma until 1.5;m
of Si was etched. The samples were cleaned
before etching by the methods described above

and were kept intact after the etching.
Il. Experimental Results

A. Characterization of Radiation Damage

It has been known that three layers on the
surface may be preseni when Si is exposed to
RIE*"* These layers are not sharply de-
fined ; rather they gradually blend into one an-
other. The schematics of these three layers are
shown in Fig. 1. The uppermost layer is C-F
polymer residue which was formed during the
reactive ion etching and will be discussed in
the next section. The second layer is a heavily
damaged crystal where the Si surface is se-
verely deformed. This layer is formed primari-
ly by the implantation of positive ions from the
plasma driven by dc self-bias voltages devel-
oped on the powered electrode**’. This layer is
a few nanometers in thickness***’ The third
layer 1s lightly damaged and appears to be a
result of diffusion of active species. The diffu-
sion may form dislocations, vacancies, and

Interstitials, extending several tens of nano-

Damage and Contamination of Reactive
Ion Etched Si Surface

Polymer Layer
Heavily Damaged Layer
{_ Hydrogen Contained

Modified Layer
(Lightly Damaged)

"Perfect” Crystal

v

Fig. 1. Schematic diagram of radiation damage
below and contamination on the etched silicon sur-
faces.
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nanometers. The two lower layers affect the
electrical properties of etched Si.

The change of electrical properties resulting
from radiation damage by cylindrical magne-
tron discharges has been investigated by mea-
suring [ -V characteristics of Schottky diodes
and physical properties have been studied
using cross-sectional TEM. The 1 -V charac-
teristics of Schottky diodes were obtained from
the previous experimental results®’.

a. Reverse Saturation Current of Schottky Di-
odes

It has been shown by Fonash et al.”'*'™ "2
that the I -V characteristics of Schottky di-
odes made after the exposure to reactive ion
etching or ion beam etching are very sensitive
to the degree of radiation damage. Also, they
have verified that the exposure to the plasma
which
changes the effective barrier height of the
Schottky diode.

Reverse saturation currents of Schottky di-

introduces positive charges into Si

odes made from magnetron etched samples

" are shown

which were published previously
in Fig. 2. The reverse saturation currents of
the Schottky diodes were extracted from the
1 -V characteristics of the diodes. The sam-
ples were processed in 3mTorr CF;+ H. and
e

SmTorr, 0.75W/cm?

=+ CF4
@~ CHF3
& CF4+20%H2

Wet-etched Sample

Reverse Saturation Current (Amphere)

[N s S
150 200 250

,,,,, [a— L

100

Magnetic Field Strength (Gauss)

Fig 2. The reverse saturation current (leakage
current) of Schottky diodes made from etched Si
for various gas mixtures at different magnetic
field conditions. The dotted line is the leakage cur-
rent for a wet—etched sample.
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CHF; plasmas at a power density of 0.75W/cm®
The reverse saturation currents of the samples
exposed to the magnetron plasmas was com-
pared with that of a wet-etched sample which
was not exposed to the plasma. The magnetic
field strength to the plasmas was varied from 0
Gauss to 250Gauss. As shown in the figure, as
the magnetic field strength increased, the re-
verse saturation currents of Schottky diodes pre-
viously exposed to the plasma decreased from 10°°
—10"® A to near 10" A which was close to
the leakage current of Schottky diode mea-
sured for wet-etched samples. These effects
are responsible for the change in the effective
barrier height'"*. In general, the reverse satu-
ration current (J.) is related to the effective
barrier height (¢,) of Schottky diode from the
equation™’:
J.= A*T exp(—qg./kT)

Where A*
(110 for N-type Si) and T is absolute temper-
ature. Fonash et al.*" showed that the 1-V
curves of Schottky diodes made from RIE

i1s effective Richardson constant

etched samples approach those of wet-etched
samples as the annealing temperature is in-
creased or as the damaged layer is removed.
Consequently, the effective barrier height cal-
culated from the saturation current increased
to the ideal barrier height of Schottky diode.
We therefore interpret our results as stating
that as the magnetic field strength increases in
a cylindrical magnetron discharges, Si samples
receive less radiation damage.

It is seen from the figure that at low mag-
netic field strengths, the leakage currents of
Schottky diodes previously exposed to CF,+ 20
%H. plasmas. However, at the high magnetic
field strength conditions, the leakage currents
of Schottky diodes previously exposed to CF,
plasma are smaller than those of the other con-
ditions.

For reactiveion etched samples, Fonash et al.*®
have shown that the addition of hydrogen to
CF, plasma causes the saturation of dangling
bonds on the etched surface which results from
the 1on bombardment. Therefore, the addition

of hydrogen reduces extra states in the band
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gap of Si and helps to recover the I -V char
acteristics of damaged Schottky diodes close to
the ideal I -V characteristics. In our samples
with low magnetic field strength, the low leak-
age current for the diodes eiched with CF,+ 20
9%H. or CHF; plasmas appears to result from
this effect. For CHF; plasmas, hydrogen atoms

are available from the dissociation of CHF;

Fig 3. Transmission electron micrographs showing the(110) cross-section of Si surface etched 1.5gm in

thickness at 0Gauss. To distinguish the residue layer from the glue layer, a 20nm thick aluminum layer was
deposited on top of the Si. a) CF, plasma etched Si; b) CF,+20%H; plasma etched Si.

and have been observed from optical emission
spectroscopy. At high magnetic field strengths
where the ion energies impinging the surface
are small, hydrogen appears to have an effect
different from the saturation of dangling
bonds in Si. It appears that excess hydrogen it-
self may introduce elecirical defects. When the

necessity for passivation by hydrogen atoms is
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Fig. 4. Transmission electron micrographs showing the(110) cross—section of Si surface etched 1.5um In
thickness at 100Gauss. a) CF, plasma etched Si; b) CHF, plasma etched Si.

removed by reducing radiation damage, the
detrimental effects remain.
b. Transmission Electron Microscopy (TEM)
The effect of added hydrogen in the dis-
charge on radiation damage can be seen by
comparing bright field images shown in Fig. 3
for a CIY, plasma etched sample and a CF,+ 20

%1, plasma etched sample at 0Gauss. In Fig.

4 samples are compared for CF, plasma etch-
ing and CHF, etching at 100Gauss. The CF,
treated sample, as shown in Fig. 3 (a), has a
heavily damaged layer of less than 2nm. The
damage appears as a dark line in the micro-
graph near the surface. The dark band shown
in the picture is actually a thickness fringe not

the damage. It appears that the damage is
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present on the surface but other visible defects
were not found in the Si surface deeper than
2.5nm. To distinguish the polymer layer depos-
ited from plasma processing with a layer of
glue used to prepare TEM specimen, a 20nm
thick aluminum layer was deposited, shown as
a polycrystalline structured layer in the figure.
the

aluminum deposited layer and the heavily dam-

The polymer layer 1s seen between
aged Si surface. The thickness of the polymer
layer was about 5nm. For the sample treated
with a CF,+20%H., plasma shown in Fig. 3
(b), the heavily damaged layer was about
55nm in thickness and no extended defects
were found. The thickness of the polymer
layer was about 6.5nm. For the samples etched
at 100Gauss shown in Fig. 4, the polymer
thickness of the CF, plasma etched sample was
about 2.5nm and that of the CHF, plasma
etched sample was about 5.5nm. The thickness
of the heavily damaged layer has decreased to
10nm for the CHF; etched sample. However,
this sample showed some visible defects having
either short dislocation loops or point defects

up to 150nm deep in thickness.

s edEx A3Y #5F (1993)

The differences in thickness of damaged
layer between the samples etched with CF,+
20%H, and CHF; plasmas and the that etched
with CI, plasmas are caused by hydrogen im-
plantation at the Si surface. These result from
the ion energies being accelerated by dc poten-
tials on the target electrode. The bias voltages
for the above conditions were similar to each
other. (At 0Gauss conditions, the self-bias
voltage of target electrode with a CF, plasma
was 1000 ; for a CF,+20%H., plasma, it was
1050 V.) Hydrogen ions in the plasma pene-
trate into Si deeper than other plasma ions(CF
', CF.", CF', and C'), and make deeper de-
fects near the silicon surface. In Table 1, the
depth of hydrogen ions penetrated in the Si
surface is shown as calculated using TRIM*,
In case of CF./H, and CHF; plasmas, carbon
also penetrates into Si. However, the concen-
tration of carbon ions in the plasma is very
small and the depth of penetration of carbon is
much smaller than hydrogen ions. Therefore,
the depth of damage should be smaller for a
CF, plasma etched sampled than for a CF,+H,

or a CHF; plasma etched sample.

Table 1. Hydrogen penetration ans Si displacemeni ranges caused by ion implantation at various self-bias

voltages associated with given magnetic field strengths. The energies of hydrogen ions were assumed to be

same as the bias voltages.(Calculated by TRIM program)

Biasbvoltages and Hydrogen 7
B fleld strength - ) Iomhgeﬁ - Max. Net
(V) B field Max(A) Min.(A) | Displacement( A
60 100 9o [ 29 ] 0
300 32 | 210 87 96
800 16 ‘ 440 181 280
1000 o | s2 217 38

A comparison of the calculated value of
mean ion range and measured thickness of the
damaged layer in Fig. 3(b) and Fig. 4(b)
showed that the measured layer is close to the
calculated value. The dislocation loops and the
point defects that are deeper than the
hydrogen implantation thickness appear to be

from hydrogen diffusion into Si.

More details of the effect of mangnetic field
strength on the radiation damage of CF,+20
%H, plasma etched samples are shown in Fig.
5. All of the samples were etched at a same
power density of 0.75W/cm® at 3mTorr pres-
sure. For most of the samples, no aluminum
layer was deposited on the samples before

cross sectional TEM examination, therefore,
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(b)

(c) (d)
Fig. 5. Transmission eleciron micrographs showing damage in the (110) cross-section of Si etched with CF
+20%H. plasmas at various magnetic field. a) 250Gauss, b) 100Gauss, ¢) 16Gauss, d) 0Gauss.

polymer layer is not seen in those micrographs. decrcased with increasing magnetic  fleld

In general, the depth of heavily damaged layer strength. This effect is atiributable to the de-
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crease of target blas voltage as the magnetic
field strength increased, as demonstrated from
TRIM calculations. However, the extended de
fects appear 1o be present at deeper positions
for high magnetic field conditions as in Fig. 4
(b) when compared to the samples etched with
0Gauss. [t appears that more diffusion into Si
occurs at high magnetic field strengths possi
bly due to the sample heating during the pro
cessing at high magnetic field strengths. In
Fig. 5, the extended defects were as deep as

225nm at 16 Gauss. and 375nm{dceper than

A5 3 (1993)

the bottom of the picture) at 250Gauss, while
being less than 50nm at 0Gauss.

Jeng et all” studied hydrogen defects in Si
in 1988 for 1. plasma exposed samples and
found many {111} planar defects distributed
in the Si. A high resolution lattice image of
our samples for the defects 1s shown in Fig. 6.
Crossed lines in the figure are {111} atomic
planes spaced at 3.12A and the defects indi-
cated by arrows are located {111} planes.
Therefore the defeets in our samples also ap-

peared as {111} defects.

Fig. 6. A high resolution lattice image of etched Si surface showing {111} planar defects. The etch condi-

tions was 0.75W/cm?, 3mTorr CF, + 20%11., and 16Gauss. The sample was exposed 1o the plasma until 1.5

ym of silicon was etched.

B. Characterization of Surface Contamination
Reactive 1on assisted etching with gas mix-
tures containing carbon results In a residue
layer on Si surface. When CF,+11, gas mix-
tures are used for reactive ion etching, it has

been suggested that this residue layer plays an

important role in the selectivity between Si
and S10.'"". That is, Si0- can be etched easily
without forming a thick polymer layer because
carbon forming the polymer layer can react
with oxyvgen in Si(),, thereby suppressing the

formation of residue. However, Si etching 1s
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suppressed when the polymer is formed on the
surface because carbon arriving on the Si sur-
face tends to form a residue instead of form-
ing volatile species which leave the surface.
The thickness of this polymer layer, its compo-
sition, and the chemical bonding state formed
on the Si surface have been studied by many
authors using AES'"™*' XPS&:-1)

studies have shown that the thickness of poly-

etc. These

mer layer is as large as 3nm. Oehrlein and
Williams'” showed that for CI,+H. plasmas
using a Teflon electrode, the thickness of poly-
mer increased as St etch rate decreased when
the residue thickness was larger than 1nm.
Also, they suggested that Si etch mechanism is
diffusion limited. The incoming I atoms dif-
fuse towards the St and outgoing SiF, diffuse
through the residue layer towards the plasma.
These combined effects control the Si etch
rate.

The impurities implanted in Si and their
chemical bonding states, along with the degree
of lattice damage, were investigated using
SIMS!M-#74 RS,

etc.

Raman scattering”’,

In our experiment, the composition and
thickness of polymer layer on the etched Si
was studied with AES. SIMS was also used to
study other contamination species which can
not be investigated with AES.

a. Auger Electron Spectroscopy (AES)

Surface analyses of the samples etched with
CFy and CF;+35%H. plasmas as a function of
magnetic field strength for a power density of
0.75W/cm? at 3mTorr are shown in Fig. 7 and
8. C, O, F, and S were observed as major con-
taminants. The origins of carbon and fluorine
are from the reactive gas used in the experi-
ment. The oxygen appears to be from exposure
to air before the surface analysis. However,
the orgin of sulfur is not well understood.
When the sensitivity factors of each compo
nent are constdered, the fractional composition
of each residue can be calculated. These values

are shown in Table 2 for carbon, fluorine, and

\,_,_-,-.\m‘(»,‘ FNAL

b) 100 Gauss

|

)
&

S—

_— e

\f Vi I
! B j
, / j

| | ' .
i 0.75 Wiem2 !

| 3mTo
¢} 250 Gauss . CF4

i
“1 | . . !
‘ R L ,-.-'-'-*'“vE1-)f-“‘-vwv‘vz*"-"w“ﬂ
.
I
!

Kinetic Energy (EV)
Fig. 7. Auger electron spectra of the Si surface
etched with a CF, plasma at different magnetic
field strengths. The total pressure was 3mTorr and
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oxygen. taken from Table 2 was less than that of CF,

The compositional change as a function of +H, plasma treated samples. This may result
magnetic fleld strength in Table 2 shows that from the fact that for CF,+H. plasmas,
as the magnetic field strength increases up to hydrogen can react with fluorine by forming
135Gauss, carbon atomic percent tends to in- HF, and reduce F radical concentration in the
crease while fluorine decreases. The C/F ratio plasma.

of CF, plasma treated samples which was

Table 2. Effect of magnetic field strength on the composition of the residue for Si samples exposed to CF,
and CF,+H, plasmas.(Power density . 0.75W/cm® Pressure . 3mTorr, H, is 35% for CF,+H,)

E Fieﬁr STre;gﬁ o \C:rl;n(\%T S f7¥T*_'ILTOI‘R9(TA>)**7 T Oxygen(% )

(Gauss) {ﬁﬁﬁ; 1 cFy T CF+H, | CF, | CF,+H, CF,
o I s 7 3 [ 65 | 7 1 4 T
s s 6 | 1 3 e
100 52 | 40 4|6 28 33
1. sz | o 1 4 T o] 28 R

Coae s 4| as | s | s a
The polymer thickness was investigated

from Auger depth profile in the previous study

3mTorr

¥ and is shown again in Fig. 9. The depth of 3
polymer thickness was a minimum at a mag- ,g 5 -CF4+35%H2, 0.75Wicm?2 i
netic field strength of about 100Gauss. The & —® CF4, 0.45W/cm2 B
thickness of polymer layer decreased with the g j
increase of C/F ratio of residue. The residue. § S
thickness also decreased with increasing Si E T :
etch rate(see Ref. 30 and 31). Therefore, the § 1
residue thickness and the C/F ratio of the ///.
residue layer and the Si etch rate appear to be ’]
related to one another. As the magnetic field o L v
strength Increases, ion densities bombarding Si 0 50 100 150 200 250 300
surface are increased. Therefore, the residue Applied Magnetic Field Strength (Gauss)
layer becomes thinner. However, at the same Fig. 9. The thickness of polymer layers estimated
time, as the magnetic field strength increases, from AES depth profiles.
the 1on bombardment energies decrease. At a
certain threshold bias voltage, therefore, the residue layer measured with TEM. The thick-
residue can not be sputtered off effectively ness of residue layers measured with TEM
and the thickness of residue layer starts to in- showed similar results as those measured with
crease. The change in Si etch rate and C/F AES. The thickness of residue layer estimated
ratio appear to be the result of the change in from TEM was about 2 to 7nm.
the thickness of residue layer. For CHF; plas- b. Secondary lon Mass Spectroscopy (SIMS)
ma etched sample, similar trends were ob- For the plasma containing hydrogen,
served. hydrogen ions tend to penetrate into samples

The thickness of residue layer estimated by ion implantation and diffusion, causing

from AES was compared with the thickness of hydrogen induced defects and contamination.
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To study hydrogen contents in CHF, and CF,
+H, plasma etched samples, SIMS was used
to analyze the depth of penetration using Cs’

The

hydrogen of the etched samples are shown in

ons. depth profiles for fluorine and
the Fig. 10(a) for CF,;+H, plasma etched sam-
ples and (b) for CHF, plasma etched samples
as a function ol magnetic fild strengths. As
shown in the figures the hydrogen contents in
the Si increased as the magnetic field strength
decreased. Also it appeared that the depth of
H, I Corcentration in Etcnec S Surface

SIMS Dspth Profile
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hydrogen penetration increased with decreas-
ing magnetic field strength. Fluorine depth
profiles also showed a similar trend. The pene-
tration depth of fluorine appeared to be close
to that of hydrogen. A separate experiment
with a reference sample which was not plasma
etched showed that during the initial stage of
data acquisition, the specimen tended to heat
up showing high intensities of hydrogen and
fluorine background signals. The intensities of
backgrounds decreased as time went on. There
fore the backgrounds of hydrogen and fluorine
showed similar trends as the signal depth pro-
files. The background level was different for
different species. Therefore, it turned out that
1t 1s difficult to compare the pentration depths
between the different species because the back-
ground levels are different for each species.
However, it was possible to compare penetra-
tion depths for an element at different magnet-
ic fields.

Aluminum (from the ALO; electrode) con-
tamination was also investigated using SIMS
using O.' lons as primary spuitering ions as
shown in Fig. 11 for CHF; plasma etched sam-
ples. In this case, the reference signal (back-
ground) 1s also shown. The aluminum contami-
nation decreased as the magnetic field
strength incerased.
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Fig. 11. SIMS depth profiles of aluminum (a target

component) of Si etched with CHF; plasmas at dif-
ferent magnetic field strengths.
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IV. Discussion

The reduction of radiation damage and cor
tamination of dry etched Si is a goal iIn sub-
micron device fabrication. The reduction of de-
vice size also reduces the allowable extent of
radiation damage and contamination of the de-
vice which must be removed by annealing and
cleaning afterwards. In a dc powered magne-
tron, the addition of magnetic field to the plas-
ma perpendicular to electric field leads elec-
trons to form a circular motion and traps elec-
trons near the cathode™. The concept of the
maghnetron which leads electrons to be trapped
near the cathode does not appear to be applica-
ble to rf magnetrons because when the powred
electrode has the positive potential during an
rf cycle, the trapped electrons are absorbed
into the electrode. Even though rf magnetrons
do not work with exactly the same functional-
ity as dc magnetrons, the addition of magnetic
field to the plasma increases ion and radical
densities and reduces ion bombardment ener-
gies on the powered electrode.

The advantages of magnetron plasmas have
been described as high etch rate and high ani-
sotropy which 1s obtainable by increasing ion
densities, radical densities, and by reduced ion
energies as described in previous studies™ ™",
The highest etch rate and most vertical etch
profile were obtained by making the bias volt-
age about 50 V using a combination of certain
magnetic field strengths and power densities to
the discharge. The advantage of magnetron
plasma etching also can be characterized as
low damage and contamination to the etched
specimen. The 1-V  characteristics of
Schottky diodes made from etched Si as a
function of magnetic field strength show a def-
inite advantage over reactive lon etching by
reducing the reverse saturation currents of
Schottky diodes. The decrease of reverse satu-
ration current has been observed by Mu et al'®.
for CF, RIE samples when Schottky diodes are

annealed at the temperature of about 4507C.

However, higher reverse saturation currents
have observed after annealing for the samples
etched with a CF,+ H., plasma because anneal-
Ing removes hydrogen passivation. In case of
the magnetron plasma etched samples using
CFy, the reverse saturation currents of the
samples etched at magnetic field strengths
higher than 100Gauss were close to that of the
control sample as shown in Fig. 2. Also, for
CF.+H. and CHF, plasma etched samples, the
leakage currents decreased 2 orders of magni-
tude at 100Gauss. The increase of leakage cur-
rents in Schottky diodes means the degrada-
tion of the effective barrier height between
metal and semiconductor. The origin of the in-
crease in the saturation current of damaged
Schottky diodes has been studied by Singh et
al". They demonstrated that it is attributable
to the presence of positive charges in the dam-
aged layer, where the positive ions bend the
bands downward at the silicon surface.

Structural damage as a function of magnet-
ic field strength showed similar results that
are consistent with the I -V characteristics
only if the heavily damaged layers are consid-
ered. Deeper heavily damaged layers appeared
to form at the lower magnetic field strength
condition. The deep defects located on {111}
planes shown in the 16, 100 and 250Gauss
cases in Figs.b must be from hydrogen, howev-
er, the mechanism of damage is not well un-
derstood.

It is interesting to compare the I-V char-
acteristics with TEM results. The leakage cur-
rent of CF, plasma etched sample at 0Gauss
was larger than that of CHF; or CF,+20%H.,
plasma etched samples as shown in Fig. 2.
However, the depth of the defects in Fig. 3
was smaller for the CF; plasma treated sam-
ple. The decrease of leakage current by intro-
ducing hydrogen in Si is caused by the
passivation of electrical defects by hydrogen
even though hydrogen introduces larger physi-
cal defects. For the high magnetic field condi-

tions, The leakage currents for CF; plasma
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etched samples were smaller than that for
CHF, and CF,+H. plasma etched samples
(Fig. 2). Also, the structural defects in the
TEM micrographs were smaller for the sam-
ples etched with CI, plasma. In this case, the
damage caused by hydrogen appears to In-
crease clectrical defects and cause the leakage
current to Increase.

The thickness of residue layver did not de
crease linearly with increasing magnetic field
strength. Instead, it had the minimum thick-
ness in the middle of the magnetic field
strength operating range. Also, the highest sili-
con etch rate was obtained at the minimum
residue thickness. This appears to support the
theory that the Si etch mechanism is diffusion
controlled, as suggested by Oechrlein et al.™.
Because the etch profile 1s mostly anisotropic
at the highest etch rate condition, if the mag-
netron Is operated near this condition, the
thickness of the residue laver can be kept to a
minimum.

From the TRIM calculations (Table 1) and
SIMS depth profiles (Fig. 10), hydrogen con-
tent near the Si surface and hvdrogen penetra
tion depth are larger at lower magnetic field
conditions. Also, impurities such as cathode
material redeposited on the Si are found to the
smaller at higher magnetic field conditions, as
shown in Fig. 11. Therefore, increasing mag
netic field strength tends 1o reduce undesirable

impurity densities in Si.
V. Conculsion

The radiation damage and contamination of
magnetron reactive ion etched samples were
investigated as a function of magnetic field
strength. As the magnetic tield strength in
creased from 0Gauss 1o 250Gauss, [ -V char
acteristics of Schottky diodes made trom reac-
tive ion etched silicon samples improved close
to that of the wet etched sample. At 0Gauss,
the electrical damage of CI7y, plasma etched
samples was higher than that of Ck,4 H. and

CHF, plasma etched samples bacause of

P

hydrogen passivation. However, at 100Gauss,
the electrical characteristics of CIYy plasma
etched samples were better than that of CFy+
I, and CHF, plasma etched samples. This
could result from the hydrogen induced de
fects. The thickness of residue layer was
minmum at the highest Si etch rate and ap-
peared to be related to the threshold value of
ion bombardment cnergy required to sputter
off residue laver and to the densities of 1ons
bombarding the surface. The penetrated
hyvdrogen depth and hydrogen density on the
Si surface decreased with increasing magnetic
field strength. Also, aluminum, which was
sputtered off from the cathode and redeposited
on the Si surface, was found to decrease with
increasing  magnetic  field strength. Conse-
quently, the increase of magnetic field strength
up to the highest eteh rate condition reduced
the degree of radiation damage and contami

nation.
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