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ABSTRACT

We studied the etching mechanisms of thermal oxide and borophosphosilicate glass (BPSG) under various HF/H,O
etching conditions. It was found that a high etch selectivity of BPSG over thermal oxide can be obtained by suppressing
the adsorption of H,O on thermal oxide. Adsorption of H,O at the thermal oxide surface can be limited by increasing the
substrate temperature or by reducing the H,O vapor partial pressure. On the other hand, adsorption of H,O at the BPSG
surface is not significantly influenced by the substrate temperature and the H,O partial pressure, because an H,PO,(H,0)
liquid layer is formed on the BPSG surface, even at a substrate temperature of 65°C. The etch rate of oxides in HF vapor
strongly depends on the amount of adsorbed H,O at the oxide surface. The BPSG etch selectivity over thermal oxide can
therefore significantly be improved by reducing H,O adsorption on the thermal oxide surface via an increased substrate
temperature or a reduced H,O vapor partial pressure. In addition, the influence of the substrate temperature and the H,O
vapor partial pressure on the particle generation during the etch process was studied. It was found that particles are
generated in the case of etching at elevated substrate temperatures in combination with high H,O pressure under the

influence of reaction by-products.

Introduction

With the downscaling of the capacitor area in dynamic
random access memory (DRAM) devices, it becomes more
and more difficult to obtain sufficient capacitance with
conventional capacitor electrode structures. In order to in-
crease the surface area of the capacitor electrode, three-di-
mensional cylinder structures have been investigated.’ To
make such a complex structure, the selective HF vapor etch
process is becoming an important technique, due to the
requirement for selective removal of the sacrificial oxide.?

The HF/H,O vapor etching technology was first reported
by Holmes et al. in 1966.° After that early work, the HF
vapor etching process was investigated as a method for
removing native oxide without particle generation and

metal contamination.* In 1990, a new phenomenon of the
HF vapor process was reported by Miki et al.: the selective
etching of phosphosilicate glass (PSG) over undoped ox-
ides.” This selective etching was achieved by reducing the
water vapor concentration in the HF gas to extremely low
levels. After this, we proposed a low pressure HF vapor
process, with which selective etching of PSG is possible
without reducing the water vapor partial pressure to very
low levels.*® By using this low pressure HF vapor etch pro-
cess, three-dimensional structures can be produced easily.
The BPSG or PSG core in the polycrystalline silicon (poly-
Si) cylinder for example can be completely removed, with-
out etching the underlying undoped silicon oxide; undoped
chemical vapor deposited (CVD) SiO, can be used as an
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Fig. 1. Schematic drawing of the reactor showing the quadrupole
mass spectrometer.

etch stopper.® With this process, storage electrodes with a
large surface area can be made, and therefore high capaci-
tance stacked capacitors can be achieved. Recently, HF va-
por etching at elevated temperatures was reported as a
method of obtaining a high etch selectivity.

Here we report on the influence of several process
parameters, such as substrate temperature and process
pressure, on the selectivity of the low pressure HF vapor
process. We have analyzed the etch environments with
quadrupole mass spectrometry (QMS). From these analyses
it is learned that the amount of water at the oxide surface,
which is adsorbed from the vapor and/or generated by the
etch reaction itself, strongly effects the etch reaction.

Experimental

Equipment description.—The low pressure selective HF
vapor etch process was carried out in an experimental HF
vapor reactor (ASM Advance 600/2 vertical reactor cluster
system). This HF vapor reactor is a vertical batch reactor
with a load size of 25 wafers, and is shown schematically in
Fig. 1. The reactor consists of a corrosion resistant chamber
with a volume of 11.5 liters, a gas supply section, and a
vacuum section. For the analysis of the gas composition
during the etching process, a quadrupole mass spectrome-
ter was connected to the reactor. For this study, the HF
vapor and H,0 flows were supplied separately. The purity
of the anhydrous HF was 99.999%. The etch processes were
carried out at room temperature (~20°C), at 45, and at 65°C.

The etch process sequence used is as follows. First, the
wafers are loaded into the reactor, which is heated to the
desired temperature. Subsequently, heated nitrogen gas is
flowed to the chamber for 10 min, while the reactor pres-
sure is kept at 100 Pa. During this treatment the wafer
temperature increases to the desired (set point) tempera-
ture. This was confirmed by attaching thermolabels to sili-
con wafers. The wafer reached the desired set point within
5 min, after which no further increase was observed. Next,
the reactor is evacuated to approximately 0.1 Pa and is
subsequently filled with heated water vapor until the de-
sired partial pressure of water vapor is reached. After that,
heated HF vapor is supplied to the reactor until the total
pressure equals the sum of the desired partial pressure of
the water vapor and the HF vapor. After supplying the H,O
and HF into the chamber, the reactor is isolated for the
duration of the etch process, i.e., the etch time. This means
that in the actual etch step no process gas is flowing to
the reactor.

Experimental details.—In this study, 150 mm n-type
<100> silicon substrates were used as starting material.
Blanket layers of either thermal oxide, BPSG, or PSG were
grown on some of these substrates. On the other substrates
a multilayer structure was fabricated (see Fig. 2a). This
multilayer structure consisted of stacked layers of silicon,
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PSG, BPSG, CVD-oxide, borosilicate glass (BSG), and
thermal oxide. The details of each film are shown in Table 1.

The oxide layers were etched using low pressure HF va-
por in the equipment just described. The etch depth of the
oxide was determined from the difference between before
and after etching by scanning electron microscopy (SEM)
for the multilayer patterns, and ellipsometry for the blan-
ket oxide layers.

Substrates with test cylinder capacitor structures (see
Fig. 2b) were also etched using low pressure HF vapor and
were analyzed with SEM.

To study the etching mechanism, the reactor ambient was
analyzed with a quadrupole mass spectrometer (Balzers,
QMG 420), which is equipped with a vacuum pump. This
analysis was carried out using an electron beam of 70 eV.
During the analysis either blanket thermal oxide films with
a thickness of 10,000 A or blanket BPSG films [P, 4.4 mole
percent (m/o); B, 10 m/o] with a thickness of 5,000 A
were etched.

To determine the number of particles generated in the
etch process a substrate with blanket BPSG (5,000 A) and
a bare silicon substrate were loaded in the etch chamber at
the same time. The BPSG was etched using low pressure
HF vapor. The number of particles added during the etch
process was determined by measuring the number of parti-
cles on the bare silicon substrate before and after the HF
vapor process.

Results

The influence of temperature on etch depth and etch se-
lectivity.—In order to investigate the influence of tempera-
ture on etch characteristics, the etch depth of BPSG and
thermal oxide and the etch selectivity ratio were deter-
mined as functions of the water vapor partial pressure at
room temperature (20°C), at 45, and at 65°C. The etch selec-
tivity ratio is defined as the etch depth of BPSG divided by
the etch depth of thermal oxide. In these experiments, the
HF vapor partial pressure was fixed at 600 Pa and the etch
time at 30 s. The results are shown in Fig. 3. At room tem-
perature, the etch depth of BPSG increases continuously
with an increase of water vapor partial pressure, while the
etch depth of thermal oxide abruptly increases at a water
vapor partial pressure of 600 Pa. The etch depth of the
thermal oxide at water vapor partial pressures of 300 Pa or
below is lower than 50 A and is higher than 5,000 A at
water vapor partial pressures above 600 Pa. Asa result the
etch selectivity ratio of BPSG over thermal oxide shows an
abrupt drop at a water vapor partial pressure of 600 Pa.

The etch depth of BPSG is hardly influenced by the water
vapor partial pressure for etching at 45 or 65°C and equals
approximately 10,000 A. On the other hand, the etch depth
of thermal oxide increases continuously with an increase of
water vapor partial pressure. Contrary to etching at room
temperature, however, no abrupt change in the etch depth
of thermal oxide is observed for etching at 45 and 65°C.
Furthermore, the etch depth of thermal oxide can be de-
creased by increasing the temperature. The process win-
dow for selective etching of BPSG at 45 and 65°C is, there-
fore, wider than at room temperature.

Figure 4 shows SEM photographs of the cylinder elec-
trode structure (see Fig. 2b) after removal of the BPSG core
in the low pressure HF vapor process, under different etch
conditions. From Fig. 4a and b, it is understood that with
pure HF the core BPSG can be selectively etched, i.e., with
little etching of the CVD-SiO, that surrounds the elec-
trodes, and that this process gives the same results at both
room temperature and at 65°C. When etching with an HF/
H,0 vapor mixture (600 Pa/600 Pa) at room temperature
both the core BPSG and the surrounding CVD-SiO, are
etched, indicating a loss of the selectivity (see Fig. 4c). By
increasing the temperature to 65°C, the BPSG can be selec-
tively removed even with an HF/H,0 vapor mixture, as can
be seen in Fig. 4d. From this it is understood that selective
etching for the cylinder electrode structure can be realized
even when water vapor is added, as long as the temperature
is relatively high.
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Fig. 2. Test structure for vapor CVD-SiO2
HF eiching. (a) Cross section of
the multilayer structure. (b) The BSG -
cylinder electrode test structure poly-Si
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Next, the influence of the etch conditions on particle
generation was investigated. The number of particles gen-
erated during the etch process was determined by measur-
ing the particle count on a bare silicon substrate before and
after the etch process. The increase in particle count for
various etch conditions is shown in Table II. The increase in
particle count for etching at room temperature is small. On
the other hand, a combination of high temperature (65°C)
and high water vapor partial pressures results in a drastic
particle increase. To investigate this phenomenon in more
detail, an additional experiment was carried out. In this
experiment a BPSG wafer was etched at room temperature
using an HF/H,O vapor mixture. The temperature was sub-
sequently increased to 65°C, without removing the wafer
from the reactor and without evacuating the reactor. It was
found that the number of particles increased by approxi-
mately 2000, whereas the particle increase during etching
at room temperature with this HF/H,O vapor mixture is
small, as is shown in Table II. In a complementary experi-
ment a bare silicon substrate was exposed to a similar HF/
H,O vapor mixture at 65°C. The number of particles added
to this wafer was less than ten. These results indicate that
the particles are generated during and after etching of sili-
con oxide with high water vapor partial pressures at high
temperatures in the presence of reaction products.

Analysis of the etch environment during etching.—In the
previous section it was shown that the influence of temper-
ature and water vapor partial pressure on the etch depth of
thermal oxide is large. To investigate the etching mechan-
ism, the changes in partial pressure of important gas com-
ponents, such as HF, H,O, SiF,, were measured using QMS
during and after the etch process. Since HF ions react with
SiO, to form SiF, and H,O, the decrease in HF partial pres-
sure and the increase in SiF, partial pressure are indica-

Table 1. The deposition conditions of various films in the
multilayer structure.

Thermal-SiO, Wet oxidation at 900°C

Thickness: 1000 A
BSG Atmospheric pressure CVD at 390°C
with SiH, and B,H; gases
Thickness: 1000 A
B concentration: 10 m/o
Low pressure CVD at 780°C
with SiH, and N,O gases
Thickness: 1000 A
PSG Atmospheric pressure CVD at 390°C
with SiH, and PH; gases
Thickness: 1000 A
P concentration: 4.4 m/o
Atmospheric pressure CVD at 390°C
with SiH,, PH;, and B,H, gases
Thickness: 1000 A
B concentration: 10 m/o
P concentration: 4.4 m/o
Sputtering at room temperature
Thickness: 300 A

CVD-Si0,

BPSG

Si films

(b)

tions of the etch reaction. It is considered that SiF,, which
is the main SiF, component present in the etch environ-
ment, dissociates in the QMS analysis chamber into SiF*,
SiF;, SiF;, and SiF; ions. The plots of the ion current den-
sity vs. the time were similar for the various SiF, compo-
nents, however, the SiF; ion current intensity was by far the
highest. Therefore, the ion current intensity of SiF} is used
hereafter as the measure for the SiF, partial pressure in the
etch chamber. The etching was carried out either at room
temperature or at 65°C using HF vapor or an HF/H,0 vapor
mixture. The results of the various analyses are presented
in the next sections.

Etching of thermal oxide at room temperature.—Figure 5a
shows the intensity of the ion current, which is a measure
for the partial pressure, as a function of time during the
etching of thermal oxide at room temperature. Figure 5b
shows the rates of increase of SiF, and H,O, d(SiF,)/dt,
d(H,0)/dt, and the rate of decrease of HF, —d(HF)/dt, as a
function of time. These derivatives give information on the
etch rate. During this process different etch regimes can be
distinguished. HF vapor (1400 Pa) is introduced 400 s after
starting the analysis. In the period following the HF vapor
introduction, the HF partial pressure decreases slowly
while the partial pressures of SiF, and water vapor in-
crease. The incremental changes of HF, SiF;, and H,O,
(—d(HF)/dt, d(SiF,)/dt, and d(H,0)/dt, respectively) are
exponential functions of time. Furthermore, the etch depth
of thermal oxide was 2000 A after etching for 3000 s. In
complementary experiments it was found that the etch
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Fig. 4. Cross-sectional SEM photograph of the cylinder elecirode test siructure after etching ot room temperature using 600 Pa HF (a}; 65°C,
600 Pa HF {b); room temperature HF/H,0 = 600/600 Pa (c); 65°C, HF/H,0 = 600/600 Pa (d).

depth of thermal oxide is not a linear function of time in
this region. The incremental increase of H,0, which is gen-
erated by the etch reaction, is smaller than the incremental
increase of SiF;. This indicates that part of the generated
H,0 does not desorb from the surface. After approximately
3500 s, a drastic change in the etch environment is ob-
served. The water vapor and HF partial pressures drop by
24 Pa and 1,375 Pa, respectively, within a very short period,
while the SiF, partial pressure abruptly increases. The in-
cremental changes of HF and SiF; show a similar trend
again. The d (HF)/dt and d (SiF;)/dt, however, are not expo-
nential functions of time in this region. In complementary
experiments it was found that the etch rate in the period
after 3,500 s was higher than 1,000 A/min. Finally, the wa-
ter vapor partial pressure starts increasing again when the

riicle count for various etch conditions as
on a bare silicon substrate.

Table Il. The increase in

measv
HF/H,O (Pa)

60070 600/600 600/900 600/1200
2120 2 2 10 28
% .
%1 15 1 20 234 300
3
[N}
§ 65 2 2500 1736 5700

generation of SiF; stops. This phenomenon is elaborated on
in the Discussion section.

The change in etch environment during etching of the
thermal oxide at room temperature was further investi-
gated for a process in which first water vapor (600 Pa) and
then HF vapor (600 Pa) were introduced into the etch
chamber. The results are shown in Fig. 6. During HF vapor
introduction (¢t = 380 s), the water vapor partial pressure
decreases while the SiF, partial pressure abruptly in-
creases. The abrupt increase of the SiF, partial pressure
follows a pattern similar to the one observed for etching
with pure HF at room temperature after 3,500 s (Fig. 5a).
This indicates that thermal oxide was etched rapidly in the
HF and H,0 ambient. The decrease in water vapor partial
pressure upon introduction of HF vapor can be explained
as follows. In case only water vapor is present (0% HF)
the saturation pressure of the vapor is that of pure H,O.
At room temperature this is approximately 2,600 Pa. The
600 Pa H,0 is clearly below this saturation pressure, and
therefore no condensation or enhanced adsorption takes
place. When HF is added to the reactor, the vapor becomes
a two-component mixture of water and HF For the
azeotropic HF-H,O mixture the saturation pressure at 20°C
is 1,600 Pa. It is known that enhanced adsorption starts at
60% of the saturation pressure, i.e., at 1000 Pa.? Therefore,
with a total reactor pressure of 1200 Pa and 50 m/o HF,
enhanced adsorption will take place, leading to a reduction
of water in the reactor gas ambient. The decrease in the
QMS water signal can be attributed to enhanced adsorp-
tion of the HF-H,O mixture.






