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ABSTRACT

We propose a model for a gas-phase etching of silicon dioxide using anhydrous HF gas and methanol (CH;OH) vapor
on the basis of its mechanism and characteristics which were reported by previous researchers. Here, the etch reaction
rate was assumed to be determined by the formation step of HF; resulting from the ionization reaction between HF and
CH,OH adsorbed physcially on the oxide surface. The validity of this etch model was confirmed by the experimental data
obtained from etching thermal oxide and tetraethylorthosilicate (TEOS) oxide at various etching conditions: HF partial
pressure of 2 to 35 Torr, CH,OH partial pressures of 0.3 to 4.5 Torr, and wafer temperatures of 25 to75°C. It was shown
that the gas-phase etching of the oxides could be well characterized by the behaviors of physical adsorptions for HF and
CH,OH molecules on the oxides, which were expected from the Brunauer-Emmett-Teller (BET) equation with the values
of parameters in the etch model. Also, it was shown that the etch selectivities between the thermal oxide and the TEOS
were mainly dependent on the wafer temperature and the reactant partial pressures, and could be in the range of 2 to 30

according to the etching conditions in the gas-phase regime.

Introduction

After Holmes et al. reported HF/H,O vapor etching tech-
nology in 1966, the etching of silicon dioxide using
HF/H,O vapor has been extensively characterized as a
promising method to replace HF wet processes used in sil-
icon processing technology.”* In the early stage, such etch-
ing of silicon dioxide was mainly performed at pressures
to form a condensed layer of HF/H,0O mixture on the oxide
surface.

Recently, the gas-phase etching of silicon oxide at
reduced pressures has been found to have advantages in
the reduction of particle generation, high etch selectivity
between different oxide films, and compatibility for clus-
ter system.”'® In addition, it has been found that using
methanol (CH,OH) vapor instead of water vapor in the HF
vapor etching of SiO, layers on silicon suppresses the for-
mation of solid residue on the etched surface and results in
improved etch characteristics as compared to HF/H,O
vapor process.''™

Consequently, the gas-phase etching of oxide films using
anhydrous HF gas and CH,OH vapor promises to be a very
effective technology for cleaning and etching processes.
However, a detailed model for the gas-phase etching of sil-
icon dioxide has not been proposed yet, although its mech-
anisms and characteristics have been reported by previous
researchers.

In this paper, we propose a model for the gas-phase
etching of silicon dioxide film on silicon wafer using anhy-
drous HF gas and CH,OH vapor on the basis of such mech-

anisms and characteristics. The etch model was verified

using the experimental data obtained from etching ther-
mal oxide and tetraethylorthosilicate (TEOS) oxide at var-
ious etching conditions of the reactant partial pressures
and wafer temperatures. The etch rates and selectivities
for the thermal oxide and the TEOS were characterized by
the behaviors of physical adsorptions for HF and CH,0H
on the oxide surfaces depending on their partial pressures,
wafer temperature, and the kind of oxide films.

Etch Model

It has been recongnized that etching in a gas-phase
regime takes place via a slow gas-solid reaction that is cat-
alyzed by adsorbed moisture on the oxide surface. HF;,
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which is formed by ionization of HF molecules at the oxide
surface due to the adsorbed H,O (or CH,OH) molecules, is
the most significant reactant in the gas-phase etching of
silicon oxide” just as in the liquid-phase etching.'* It was
also reported that the etch rate and selectivity for oxides
in the gas-phase etching were affected by the amounts of
HF and H,0 adsorbed physically on the oxide surface.®

From these elements, the etching reaction steps can be
proposed as follows; the HF gas molecules and the CH,OH
(or H,0) gas moledules in the etch chamber adsorb physi-
cally onto the oxide surface

HF(g) = HF(ads) 1)
M(g) = M(ads) (M = CH,OH or H,0) [2]

The ionization reaction between the adsorbed HF and the
adsorbed CH,OH (or adsorbed H,O) as shown in Eq. 3
results in HF, that is the most significant species for etch-
ing of silicon oxide. Here, this ionization reaction step is
assumed to determine the etch reaction rate. This
assumption can be supported by the facts that the etch
reaction is limited by the presence or the partial pressure
of CH,0H (or H,0)

2HF(ads) + M(ads) — HF, (ads) + MH"(ads) [3]

It can be imagined that the etching of oxide will proceed
with sequential substitutions of O atoms in the oxide with
F in HF, resulting from Eq. 3, however, the precise chem-
istry of each substitution reaction step is not yet available.
Therefore, an overall chemical reaction of etching oxide is
shown in Eq. 4 that might be divided into many elemen-
tary reaction steps

Si0,(s) + 2HF; (ads) + 2MH ' (ads) — SiF,(ads)
+ 2H,O (ads) + 2M(ads) [4]
Equation 5 and 6 indicate the desorption steps
SiF,(ads) = SiF,(g) [5]
M(ads) = M(g) (6]

From the above-mentioned steps, especially considering
the assumption that the ionization reaction is a rate-deter-
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mining step, the oxide etch rate is proportional to the ion-
ization reaction rate. Here, the effect of H,O formed by
the etching reaction is disregarded because the effect of
H,O can be excluded by feeding methanol vapor as shown
in Fig. 2

ER = k; 0jx0y {7

where ER is the oxide etch rate, k, is an ionization rate
constant; 0y and 6, are the amounts of HF and CH,OH
molecules adsorbed on the oxide surface, respectively. From
Eq. 7, the etch rate of oxide can be expressed as follows

ER = k8irby {8l

where k, is a reaction rate constant including the ioniza-
tion rate constant, k;. The amounts of HF and CH,OH
adsorbed physically onto the oxide surface can be predict-
ed from the BET equation®

v [ c ] P (9]
R CA
P jlc-1
where v/v, is the ratio of the volume of gas actually
adsorbed to that which could be adsorbed in a monolayer
at a pressure P and an absolute temperature T, and corre-
sponds to the 6 term in Eq. 9; P, is the vapor pressure of
the gas at temperature T; and ¢ is a constant exponential-
ly related to the heat of adsorption of the first layer (E)
and the heat of liquefaction of the gas (E.), and can be
expressed in a form of a’e*®*", where a’ is a constant and
AE is equal to (E, — E.).

To simplify Eq. 9, it is assumed that ¢ >> 1 for the
adsorptions of HF and CH,OH onto the oxide surface, then
¢/{c — 1) = 1. This assumption is verified by fitting the
experimental data to the etch model. Finally, the equation
for the oxide etch rate can be derived from Eq. 8 and 9.

ER =k, Xur :| ‘: XM J [10]
(1= Xup)Weye + Xup) | [ (1= Xa) (10 + Xy

where . is a reaction rate constant, which can be
expressed in a form of the Arrhenius equation, equal to
ke e = P/P,, 1/caqr = a X exp (eue/T) for HF; xoy =
P/P,, 1/cy = b exp (ey/T) for CH,OH. In order to determine
the constants by fitting the experimental data to this etch
model, Eq. 10 can be modified to Eq. 11 containing the fit-
ting parameters

XuHr T
(1 ~ Xur )(ll exp (EHF/T) + XHF)

ER =k, exp (eR/T)[

XM
[(1 ~ X )b €xp (e /T) + XMJ [11]

where kg, @, b, €, €y, and €, constants can be obtained by
experiments.

Experimental

Thermal oxide films 450 nm thick were grown on 5 in.
p-type wafers (Rs = 1 ~ 30 Q cm) by wet oxidation at
950°C in a furnace, and 800 nm thick TEOS films were
deposited on other silicon wafers by low pressure chemi-
cal vapor deposition (LPCVD) at 710°C. Etching experi-
ments for the thermal oxide and the TEOS films were car-
ried out in an etch system using anhydrous HF gas (99.9%
pure) and CH;OH (99.9% pure) vapor.

A scheme of the etch system used in this work is shown
in Fig. 1. The etch chamber was made of aluminum and
was coated by Teflon film to prevent corrosion. The tem-
peratures of wafer and chamber wall could be controlled
up to 80°C. Anhydrous HF gas and CH;OH vapor were
delivered to the reaction chamber through a gas shower
head for uniform gas distribution. Flow rates of the anhy-
drous HF gas were controlled to below 400 sccm by a mass
flow controller. Flow rates of the CH,OH vapor were con-
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fig. 1. A schemaiic diagram of ihe oxide eich sysiem using anhy-
drous HF gas and CH,OH vapor.

trolled by flow rates of N, carrier gas controlled by a mass
flow controller, and the flow rates of CH;OH vapor were
measured by quantitative analyses using a quadrupole
mass spectrometer (Hiden, HAL/3F). Process pressures
were controlled by using a throttle valve system in combi-
nation with a Baratron capacitance manometer for pres-
sure readout.

All of these experiments were carried out at the etching
conditions at constant pressure and constant wafer tem-
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Fig. 2. The efched thicknesses of (a} the thermal oxide and {b) the
TEOS according to the etch time. The dotted line represents fitting of
data for P, = 0, and the solid lines represent fittings of data for P,
=0.04.
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perature. The temperature of the chamber wall was always
set to be equal to that of the wafer. The amount of oxide
removed in the etch process was calculated from the oxide
thicknesses measured by Nanometrics Nanospec before
and after etching.

Results and Discussion

In order to investigate the dependence of etch rate on
etch time, the etch time was varied while other parameters
were fixed. Figure 2 shows the etched thickness of (a) the
thermal oxide and (b) the TEOS at 25°C as a function of
the etch time at various ratios of CH,;OH partial pressure
(Py) to HF partial pressure (Pyy). The dotted line (P, = 0)
indicates that the etch rate increases with etch time, but
the solid lines (Py/Pyr = 0.04) indicate that the etch rates
are almost constant. These results mean that in the
absence of CH,OH, the gas-phase etching can be initiated
by trace moisture contained in the input gas or on the
oxide surface, and the etch rate increases due to the
increase of HF, on the oxide surface according to the for-
mation of H,0 during the etching process. On the other
hand, the increase of the etch rates due to the formation of
H,O can be dramatically reduced by the introduction of
CH,OH. This can be explained by the facts that the CH;OH
not only acts as a promoter in the ionization reaction just
as the H,O does, but CH,0H also makes the H,0O more
volatile enabling it to be easily desorbed from the surface.
Therefore, the effect of H,O formed by the etch reaction
can be disregarded if only the feeding rate of CH,OH is
sufficient to attenuate the H,O. Here, the effect of H,O for-
mation on the oxide etch rates was disregarded in our etch
model because the oxide etch rates with introducing
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Fig. 3. Correspondence between the experimental data and the
calculated data of etch rates for (a) the thermal oxide and (b} the
TEOS at various efching conditions of HF partial pressures of 2 to
35 Torr, CH,OH partial pressures of 0.3 to 4.5 Torr, and tempera-
tures of 25 to 75°C.
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Fig. 4. Comparisons between the experimental data and the cal-
culated data of etch rates for {a) the thermal oxide and (b} the TEOS
as a function of HF partial pressure. The solid lines represent the cal-
culated data from the etch model.

CH,OH were almost constant as shown in Fig. 2. The etch
rates of the oxide were assumed to be zero at P, = 0 and
constant to etch time at Py/Pyr = 0.04. All etching in this
experiment was performed at the conditions of Py/Py: =
0.04. The etch rates were calculated by the total etched
thicknesses divided by the etch time.

The etch rates of the thermal oxide and the TEOS were
investigated at various conditions of the HF partial pres-
sures of 2 to 35 Torr, the CH,OH partial pressures of 0.3 to
4.5 Torr, and the wafer temperatures of 25 to 75°C. These
etching conditions should be in the gas-phase regime as
compared to each saturation vapor pressure which was
916.5 Torr for HF and 121.5 Torr for CH,0H at 25°C. ¥ In
order to determine the values for the constants in the etch
model, all experimental data were fitted to Eq. 11 by a
least squares method. These data are shown in Fig. 3, and
the values for the constants were determined as follows:
for the thermal oxide k, = 2.913 X 10 (nm/min), ¢ =
3.093 X 10%, b = 5.889 X 107%, ¢, = —4.949 X 10° (K), €yp =
—2.711 X 10®* (K), and ¢, = 2.523 X 10° (K); and for the
TEOS, k, = 4.561 X 10" (nm/min), ¢ = 1.953 X 10% b =
1.600 X 10 % eg = —4.807 X 10° (K), € = —3.375 X 10° (K),
and ey = —3.016 X 10° (K).

From these values, ¢y and ¢y, can be calculated; while
the wafer temperature varies from 25 to 75°C, ¢z = 28.9 to
7.8, and ¢y = 35.7 to 120.5 for the thermal oxide, and ¢y
= 41.7 to 8.3 and ¢y = 172 to 149.3 for the TEOS. These
values mean that the above-mentioned assumption (¢ >> 1)
is adequate. As mentioned in the etch model, the values for
eyr and €, for each oxide film are related to the heats of
adsorption of the first layer and the heat of liquefaction of
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as a function of temperature. The solid lines represent the calculat-

ed data from the etch model.

the gas. Thus, the magnitudes of these values in physical
adsorption should be similar to the heat of liquefaction of
the gas (i.e.,, ~9 kcal/mol for CH,OH). Here, the values
obtained in this model were shown to be in these ranges.
For the thermal oxide, €, has a positive value, which
means E, < E;, in contrast to that for the TEOS. Similarly,
the case where E; < E; can be also found out in the adsorp-
tions of water vapor on glass and toluene on glass.” These
facts support the validity of the etch model. Although the
detailed explanations are beyond the scope of our works in
this paper, all the differences of parameters between the
thermal oxide and the TEOS can be thought to come from
the differences of inherent surface properties such as the
bonding environments, including atomic composition and
structure, atomic density, surface morphology, impurities,
and so on. In addition, Fig. 3 represents the correspon-
dence between the experimental data and the calculated
data of etch rates for (a) the thermal oxide and (b) the
TEOS. The calculated data were obtained from the etch
model Eq. 11 with the values for the constants mentioned
above. As shown in this figure, the calculated data agree
well with the experimental data. Thus, it can be conclud-
ed that the etch model proposed in this study is valid in the
gas-phase etching of the oxides.

To show these data more clearly, the oxide etch rates as
a function of the process parameter were shown in Fig. 4
and 5. Figure 4 represents comparisons between the exper-
imental data and the calculated data of etch rates at 25°C
for (a) the thermal oxide and (b) the TEOS as a function of
HF partial pressure according to the ratio of CH,OH par-
tial nressure (P.) to HF partial pressure (P.:). The solid

J. Electrochem. Soc., Vol. 143, No. 3, March 1996 © The Electrochemical Society, Inc.

The etch model was shown to agree well with the experi-
mental data. The etch rates increase as the HF partial
pressure or the ratio of P, to Pyrincreases, because of the
increases of reactant species adsorbed on the oxide surface

duea to t 1 1 i
due to the increase of each partial pressure. Figure 5 rep-

resents comparisons between the experimental data and
the calculated data of the etch rates for (a) the thermal
oxide and (b) the TEOS as a function of the wafer temper-
ature at various ratios of CH,OH partial pressure (P) to
HF partial pressure (Pyg). The solid lines represent the cal-
culated data from the etch model. The etch model was
shown to agree well with the experimental data. The etch
rates decrease as the temperature increases, because of the
decreases of reactant species adsorbed on each oxide sur-
face due to the increase in temperature.

The above-mentioned gas-phase etching process can be
better characterized by the behaviors of physical adsorp-
tions for HF and CH,OH on the oxide surface, as shown in
Fig. 6, which can be expected from the BET equation with
the values of parameters in the etch model. The etch rate
depends on the amounts of reactant molecules adsorbed.
The etch selectivity, the etch rate ratio of the TEOS to the
thermal oxide, depends on the differences between the
amounts of reactant molecules adsorbed on each oxide
film.

Figure 6 shows the amounts of (a) HF and (b) CH,O0H
adsorbed physically on the thermal oxide and the TEOS at
the wafer temperatures of 25 and 75°C as a function of
each partial pressure. The physical adsorption is shown to
be mainly affected by each partial pressure, temperature,
and the kind of oxide films. As each partial pressure
increases, the amounts of reactant molecules adsorbed on
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