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ABSTRACT

Reduced pressure etching of thermal oxide in anhydrous HF gas with three different alcoholic solvent vapors is studied.
Thermal oxide etch rates as functions of temperature, pressure, time, and HF partial pressure are presented for methanol,
ethanol-water azeotrope (95.6% ethanol, 4.4% water), and 2-propanol (isopropy! alcohol). The etch rates are interpreted
in terms of alcohol vapor pressure, HF ionization, and reaction product desorption. The efficient desorption of reaction
products compared to vapor HF/H,O is believed to be responsible for both the wider process window for alcoholic solvents
and the alleviation of the solid residue formation problem. Among the alcoholic solvents studied, methanol has the best
potential while 2-propanol can also be useful in selected applications.

Introduction

Vapor-phase oxide etching in anhydrous hydrogen fluo-
ride (AHF) gas and water vapor (vapor HF etching) is being
used in several applications. It can be used as a single-
wafer process for both wafer surface conditioning and ox-
ide removal. Process and tool development for vapor HF
oxide etching applications has focused primarily on keep-
ing pace with increasingly strict uniformity, selectivity, and
repeatability requirements while at the same time reducing
residues which remain on the wafer following such etching.
Passivation against reoxidation is also required for chemi-
cal vapor deposition (CVD) and contact applications. Not
all these requirements have been equally satisfied using
vapor HF chemistry alone. Most notably, a water rinse is
required following the vapor HF etch to remove residue
which remains on the surface.! The rinse represents a par-
tial retreat to aqueous cleaning and complicates the inte-
gration of the vapor HF etch with gas-phase reduced pres-
sure process steps.

Recently, the substitution of alcohol for water vapor in
AHF etching has been found to offer advantages in gas-
phase oxide etching.”® The alcohols replace water in the
roles of etch initiator and mediator. The advantages associ-
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ated with alcohols stem from the ability to control the H,O
by-product concentration in the condensed surface react-
ing layer. By eliminating H,O from the oxide surface, alco-
hols continuously remove the least volatile species in the
etch reaction, and the surface condensed layer is controlled
to minimal thickness. Consequently, AHF/alcohol etching
promises to be an effective part of an overall cleaning strat-
egy for implementation in cluster tools.

Here, we extend our preliminary report in which pres-
sure, temperature, and gas flow rates are used to control the
oxide etch rate with AHF and methanol.® Different AHF
solvents are compared in the same cluster compatible reac-
tor using thermal SiO, etch rate as the basis for comparison
to gain insight into the nature of the differences between
them. Ethanol-water azeotrope and 2-propanol (isopropyl
alcohol), are used in addition to methanol as organic sol-
vent vapors in AHF etching of dry thermal SiO,. These
solvents are miscible with both water and AHF in any pro-
portion. The reason for using ethanol-water azeotrope,
rather than pure ethanol, was to investigate the effect on
thermal oxide etching of adding a small controlled amount
of water to the solvent gas. The ethanol-water mixture has
an azeotrope with only 4.4% water at 1 atm, which is less
water content than in the propanol-water azeotrope.

To interpret the AHF/alcohol etch rates, it is helpful to
consider the vapor pressures of the feed gases and how the
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I'Feig. 1. Vapor pressures of reagents and reaction products encoun-
tered over the femperature range of interest for gas-phase cleaning.

different AHF solvents affect the removal of reaction prod-
ucts (Fig. 1). Water, an etch product, has the lowest vapor
pressure, followed by 2-propanol, ethanol, methanol, and
AHF. The different alcohols are expected to change the en-
thalpy of vaporization of the surface adsorbed layer to dif-
ferent degrees. Specifically, methanol is expected to en-
hance the removal of H,O reaction product to a greater
extent than the other alcohols. Since 2-propanol has the
lowest vapor pressure among the alcohols tested, it is ex-
pected to encompass a wider range of etch rates for a given
AHF flow and total pressure.

Experimental

The reactor used here is a prototype commercial cluster
compatible module designed specifically for gas-phase
cleaning.® A schematic reactor cross section is shown in
Fig. 2. The hydrofluoric acid (HF) gas (99.9% pure), con-
tained in a nickel cylinder at room temperature, is fed at
cylinder pressure through a heated gas line into a tempera-
ture-controlled mass flow controller. The solvent is deliv-
ered via a temperature-controlled nitrogen bubbler. The
temperature controller spans the range between 7 and
40°C. The bubbler temperature is varied so that the solvent
vapor pressure inside the bubbler was a constant 40 Torr
for each of the different alcohols used. Reactor components
in contact with condensable gases are heated, including the
vacuum lines upstream of the pressure control valve. The
solvent vapor delivery line is heated to above 150°C and the
HF gas stream to 40°C. The etch chamber is also heated to
prevent condensation of reactants and to shorten pumping
times. The 200 mm wafer on which etched samples are sup-
ported is heated by infrared (IR) lamps shining through a
sapphire window (Fig. 2). The wafer temperature is meas-
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Fig. 2. Schematic diagram of cross section of the gas-phase clean-
ina reactor.
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Fig. 3. Mean overall SiO, etch rate for AHF with different alcoholic
solvents at 100 Torr total pressure.

ured by an optical pyrometer operating in the 8 to 14 pm
wavelength range. A dry mechanical pump, capacitance
manometer, downstream pressure control valve, and pres-
sure controller are used to maintain the pressure setting. A
computer controls gas flows, wafer temperature, and
chamber pressure. Dry thermal SiO, of 1000 A initial thick-
ness grown on p-type (100) wafers were used. Oxide thick-
ness is determined by ellipsometry at the centers of the
samples. A minimum of five runs per single etch condition
were performed.

Results and Discussion

This study consists of three parts: (i) the effect of temper-
ature and pressure on the thermal SiO, etch rate for the
different alcohol/AHF mixtures is characterized; (ii) the
thermal SiO, etch depth vs. etch time is recorded for the
different AHF/alcohol mixtures; and (iiZ) the effects of
AHF partial pressure on thermal SiO, etch initiation period
and etch rate are investigated.

Earlier experiments with AHF/methanol chemistry us-
ing the present system® showed a decreasing etch rate with
decreasing pressure and increasing temperature. AHF
alone was insufficient to etch dry thermal SiO,, and both
methanol vapor and AHF together were needed to etch dry
thermal SiO,. The trends of the previous study suggest that
the vapor pressures of the different aliphatic alcohols used
here should determine the etch rate, other conditions being
equal. The vapor pressures of the solvents follow the order
Py > Py, > Pgo, where the 4.4% water in ethanol-water
azeotrope decreases its vapor pressure from that of pure
ethanol, but not below that of 2-propanol. Hence, using R
to denote average overall etch rate, the following etch rate
relationship is expected for a given temperature and pres-
sure: Rz—propanol (RISO) > Rethanol—water azeotrope (REA) > Rmethanol (RM)

Figures 3-5 illustrate the dependence of the SiO, etch
rate on temperature and total pressure. The curves in
Fig. 3-5 represent the best fit to the distribution and
range of five temperatures per pressure per alcohol, and of
at least five runs per temperature. That is, each curve in
Fig. 3-5 represents a minimum of 25 experiments where the
curves are drawn through the centers of the etch rate distri-
butions at each temperature. The sequences of the curves in
Fig. 3-5 illustrate the roles of the alcohol vapor pressure
and presence of H,0O in determining the SiO,
etch rate.

Figure 3 shows the average overall SiO, etch rates for the
different alcohols as a function of temperature at 100 Torr
total pressure. The overall SiO, etch rate is defined as ratio
of etch depth to etch time. As seen in this figure, at temper-
atures under 70°C, Ry, is greater than Rg,, which is opposite
of what is expected based solely on the vapor pressures
shown in Fig. 1; hence, the solvent vapor pressure is not the
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Fig. 4. Mean overall SiO, etch rate for AHF with different alcoholic
solvents at 300 Torr total pressure.

only factor which determines the different etch rates for
the different solvents. To probe further into the relative
influence of solvent vapor pressure on thermal SiO, etch
rates, the same experiment was performed under the high
total pressures of 300 and 500 Torr.

Figures 4 and 5 show the overall etch rate vs. tempera-
ture for 2-propanol, ethanol-water azeotrope, and meth-
anol at 300 and 500 Torr total pressure, respectively. The
differences in the behavior of the overall etch rate vs. tem-

i TNO TMATS NN
perature curves for the different solvents become more pro-

nounced as, due to the higher pressure, more favorable con-
ditions for condensation are maintained in the reactor. As
in etching at 100 Torr (Fig. 3), Riso > Rgs and Ry, but the Ry,
and Ry curves are closer to one another. At these higher
total pressures, Ry remains higher than Ry, at the lower
temperatures, as was the case for the 100 Torr etch (Fig. 3),
but Ry falls below Rg, as the temperature is increased
above 70°C. Therefore, as the wafer temperature is raised
above 70°C, the etch rates in Fig. 3-5 begin to follow the
order expected based on solvent vapor pressures (Fig. 1).
However, even at the highest temperatures used here the
relative differences in overall etch rate between the differ-
ent solvents does not correspond to the relative differences
in solvent vapor pressure. These data again suggest that the
solvent vapor pressure is not the only factor controlling the
etch rates obtained here. In particular, the ethanol-water
azeotrope is behaving differently than methanol and 2-
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Fig. 5. Mean overall SiO, etch rate for AHF with different alcoholic
solvents at 500 Torr total pressure.
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propanol. In this context, the role of water addition to
ethanol must be considered.

The trends in Fig. 3-5 may be analyzed within the frame-
work of the current theory of the water vapor-AHF-SiC,
reaction. A detailed mechanism of H,O vapor-HF etching
of SiO, is given by Helms and Deal.” Generally, the overall
etch rate is determined by the rate-limiting step among: (i)
transport of active species to the oxide surface, (ii) reaction
with the oxide, and (ii7) desorption of reaction products. As
conditions inside the reactor shift the dynamic equilibrium
of the etch reaction, the rate-limiting step is expected to
shift between these three mechanisms. Also, depending on
the specific HF solvent used, different limiting steps may
control the SiO, etch rate. The following discussion details
the systematic variation of external variables in this study
which was used to probe the differences among AHF sol-
vents in terms of these three possible rate-limiting steps.

The transport of active species to the oxide surface gen-
erally depends on the detailed equilibrium inside the reac-
tor, but the situation is Slmpuutzu by the fOHO"w'H‘lg two
assumptions. First, we assume that the role of H,O is negli-
gible during the initial stages of etching, with the exception
of ethanol azeotrope. We neglect H,O during etch initiation
with methanol or 2-propanol because it is not intentionally
added to the input gases, and also because there is no etch-
ing with AHF alone.® The last observation indicates that
there is not enough residual H,O coming from the chamber
walls and other potential uncontrolled sources to initiate
etching. Second, we assume that the SiO, etch rate is unaf-
fected by concentration gradients within the molecular
surface reacting film. Under the typical conditions here, a
stable condensed phase of the separate etchant and product
species is thermodynamically unfavorable (Fig. 1). Never-
theless, enhanced adenrnhnn is indicated hv the temnera-
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ture dependence of the etch rates. With these assumptions,
transport of active species to the oxide surface involves
only two consecutive steps: (i) molecular condensation of
the AHF/alcohol mixture onto the oxide surface to form a
molecular surface film and (i) chemical ionization of the
condensed molecules, resulting in the formation of the
chemically active species.

After the chemically active species are transported to the
oxide surface, they must react with the oxide. Continuing
with the analogy with the AHF-water vapor-SiO, system,
OH™ and HF; are presumed to be the dominant active spe-
cies,*™ and the reaction mechanics consist of oxide hydrol-
ysis followed by fluorine substitution. That is, hydroxyl
groups first saturate the SiO, surface, and then fluorine,
supplied mostly by HF;, substitutes for OH. The final form
of silicon is then SiF, and that of oxygen is H,0. > The delay
before initial SiF, formation, termed HF loading, is re-
sponsible for an initiation period, 7, during which SiO, is
exposed to the reagents but no etching takes place. Interac-
tions of active species with SiO, are therefore subdivided
into two time periods: the initiation time period and the
linear etch period.

Following 7, intermediate Si-OH bonds form rapidly
enough so as to be negligible as a rate-limiting step.”* For
the chemistry used here, the solvent vapor is responsible for
the initial OH™ buildup.”? Hence, the initiation time is a
function of the rates of reactant adsorption, Si-OH forma-
tion, and fluorine substitution. If the formation of Si-OH
and substitution of fluroine were equally rapid among
methanol, ethanol-water azeotrope, and 2-propanol, then
the initiation period would increase with increasing sol-
vent vapor pressure. However, the time dependence of SiO,
etch depth, shown in Fig. 6, indicates that factors other
than solvent vapor pressure can determine 7. The solvent
vapor pressures follow the order Py, < Pg, < Py, but the
initiation times in Fig. 6 follow the order Tjp, < Ty < Tg4. The
longer initiation period for ethanol-water azeotrope than
for methanol despite the lower vapor pressure of ethanol-
water azeotrope indicates that HF loading is not controlled
by vapor pressure alone.

As seen in FIg. 6, following the initiation period 7, the
etch is linear with time. Figure 6 also shows that the slopes
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