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1. Introduction

A film formation technique of alloys and doped materials enables various appli-
cations for industrial materials production [1] [2] [3]. Films having various
compositions and dopants are frequently formed by chemical vapor deposition
(CVD) [1]-[7], because the CVD method can flexibly fabricate films having var-
ious compositions, even those in a non-equilibrium state [8] [9].

The boron-doped semiconductor silicon is an important application [1] [2]
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[3]. In order to dope the boron into the silicon CVD film, diborane (B,H;) gas is
currently used. However, the diborane gas must be carefully handled, because it
is significantly flammable and toxic. The use of diborane gas is accepted but is
strictly regulated by the rules and laws in many countries.

As an alternative dopant gas, boron trichloride (BCl;) gas, is expected for use
in the silicon CVD process, because it is moderately reactive, nonflammable and
less toxic [10]. In order to avoid any unexpected accident, the use of a safe gas is
the practical issue for a flexibly-designed manufacturing system, such as the Mi-
nimal Fab [11]-[17]. The Minimal Fab uses compactly-designed reactors and
machines, which are flexibly arranged, day by day, depending on the various
products and processes.

The boron trichloride gas has thus been studied for the formation of the bo-
ron-doped silicon film and the boron-silicon alloy film [6] [18]. While a pre-
vious study used the horizontal cold wall CVD reactor, the slim vertical cold wall
reactor [15] [16] [17] [19] [20] was employed for the CVD of the Minimal Fab.
The slim vertical reactor is expected to achieve the high-speed fabrication of
electronic devices on the half-inch-diameter wafer based on its quick gas trans-
port [20]. Because the gas flow in the slim vertical gas channel is influenced by
the density and viscosity of the gas [20], the gas flow condition should be eva-
luated before employing a new precursor, such as the boron trichloride. For
evaluating the gas flow condition, the in-situ real-time measurement by a quartz
crystal microbalance (QCM) [20] [21] [22] provides the effective information in
detail.

In this study, boron trichloride gas was utilized along with dichlorosilane
(SiH,Cl,, DCS) gas to form the boron-silicon film in the slim vertical cold wall
CVD reactor. The capability to obtain significantly wide boron concentrations in
the formed film was studied taking into account the gas flow condition in the

reactor.

2. Experimental Procedure

Figure 1 shows the CVD reactor for the boron-silicon film formation on the
half-inch-diameter silicon wafer. The wafer was rotated at 10 rpm and heated by
halogen lamps through the transparent quartz glass chamber. The wafer temper-
ature was fixed at about 900°C, at which temperature the boron trichlorosilane
gas had the highest boron film formation rate [6].

The hydrogen, dichlorosilane and boron trichloride gases were introduced at
atmospheric pressure from the inlet at the flow rates of 80, 20 and 0.1 - 20 sccm,
respectively. When the net boron trichloride gas flow rate was adjusted to less
than 1 sccm, argon gas was added for preparing the gas mixture containing the
significantly dilute boron trichloride gas. The gas mixture of the boron trichlo-
ride and argon at 10 sccm was then introduced into the reactor. When the net
boron trichloride gas flow rate was greater than 1 sccm, the argon gas was not
added for the dilution.
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Figure 1. CVD reactor used in this study.

The quartz crystal microbalances (25 MHz), such as QCM1 and QCM2, were
placed at the inlet and outlet, respectively, of the quartz chamber in order to
evaluate the gas flow conditions [19] [20]. Because the QCM frequency is influ-
enced by the density and viscosity of the gas mixture, in addition to the deposi-
tion on its surface [21] [22], the QCM frequency is expected to decrease and in-
crease by the arrival of heavy and light gases, respectively.

Figure 2 shows the overall process and conditions used in this study. The wa-
fer temperature was raised to that higher than 1000°C for removing the silicon
dioxide and organic contamination films on the wafer surface. After the surface
cleaning, the wafer temperature was adjusted to about 900°C. For the film for-
mation, the boron trichloride and dichlorosilane gases were introduced into the
quartz chamber. After the film formation, the boron trichloride and dichlorosi-
lane gases were terminated; the wafer was cooled to room temperature in am-
bient hydrogen by terminating the electric power to the halogen lamps. The
overall process was performed in ambient hydrogen at atmospheric pressure.

At the wafer surface, the boron trichloride and dichlorosilane gases were as-
sumed to have the following overall chemical reactions [2] [6].

Boron trichloride: 2BCl, + 3H, > 2B} + 6HCI? (1)
Dichlorosilane: SiH,Cl, > Si | + 2HCI * (2)

The expected elemental chemical processes at the surface are schematically
shown in Figure 3. The boron trichloride and dichlorosilane are chemisorbed on
the surface to produce the surface intermediate species of *BCl, and *SiCl,, re-

[3vR3]

spectively. The symbol “*” indicates the intermediate species chemisorbed on the
surface. The surface intermediate species are decomposed by the hydrogen to
produce the boron and silicon on the surface while producing the hydrogen
chloride gas.

The film formation rate was obtained by the difference in the weight and
thickness before and after the film formation. The density of the boron-silicon
film was assumed to be the same as that of the silicon. The composition and
chemical condition of the obtained film was evaluated by X-ray photoelectron

spectroscopy (XPS) (Quantera SXM, ULVAC-PHI Corp., Tokyo, Japan), after
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Figure 2. Film formation process in this study.
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Figure 3. Surface chemical process of boron trichloride and
dichlorosilane. *: chemisorbed at surface.

sputtering the 45-nm-thick surface layer. A cross section of the film was ob-
served by a transmission electron microscope (TEM) (H-9500, Hitachi High
Technologies, Tokyo). Secondary ion mass spectrometry (SIMS, CAMECA
IMS-6f, France) evaluated the depth profile of the boron and silicon concentra-
tions. The XPS, TEM and SIMS measurements were performed at the Founda-

tion of Promotion of Material Science and Technology of Japan (Tokyo).

3. Results and Discussion

3.1. Gas Flow

The gas flow condition in the reactor was evaluated using the QCM at the boron
trichloride gas flow rates of 0.1, 5 and 20 sccm, while the gas flow rates of hy-
drogen and dichlorosilane were fixed at 80 and 20 sccm, respectively. The QCM
frequency was normalized so that the minimum frequency became —100 Hz.
Figure 4 shows the QCM frequency behavior at the boron trichloride gas flow
rate of 20 sccm. In order to study the influence of the inlet gas condition on the
outlet one, the gas flow rates of the boron trichloride and dichlorosilane were
intentionally and irregularly changed. At time a in Figure 4, the boron trichlo-
ride gas was added to the ambient hydrogen without adding the dichlorosilane.
The QCM1 frequency at the inlet immediately decreased at time a and quickly

recovered, due to the sudden release of boron trichloride gas which was stored at
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2 atm in the gas tube. The dichlorosilane gas was added from the inlet at time S
The QCM2 frequency continuously and moderately decreased after time y. At
times ¢ and & the boron trichloride and dichlorosilane gases were sequentially
terminated. In contrast, the QCM2 frequency continued to monotonically de-
crease after times J and & From the relationship of the behavior between the
QCM1 and QCM2 frequencies shown in Figure 4, the sudden gas condition
change at the inlet was moderated at the outlet. The gas condition change was
expected to be similarly moderated around the wafer.

The QCM frequency behavior of the film formation is shown in Figure 5 and
Figure 6 at the boron trichloride gas flow rates of 5 and 0.1 sccm, respectively.
In these figures, the letters A and C are the time of QCM1 at the arrival of the
precursors for the film formation and that at the arrival of hydrogen for the
purging, respectively. Similarly, the letters B and D correspond to the time of
QCM2 to the arrival of the precursors and hydrogen, respectively.

~900 °C, H,: SiH,Cl,: BC1,=80: 20: 20 sccm

Frequency (normalized) (Hz)
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Figure 4. QCM frequency behavior measured at the inlet
(QCM1) and exhaust (QCM2) at boron trichloride gas flow
rate of 20 sccm in dichlorosilane-hydrogen system.
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Figure 5. QCM frequency behavior measured at the inlet
(QCM1) and exhaust (QCM2) at boron trichloride gas flow
rate of 5 sccm in dichlorosilane-hydrogen system.
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Figure 6. QCM frequency behavior measured at the inlet
(QCM1) and exhaust (QCM2) at boron trichloride gas flow
rate of 0.1 sccm in dichlorosilane-hydrogen system. Boron
trichloride gas was diluted by argon gas at 9.9 sccm.

Figure 5 shows that the QCMI frequency quickly drops at time A corres-
ponding to the arrival of the heavy boron trichloride and dichlorosilane gases; it
recovers at time C due to the termination of the heavy precursors. In contrast,
the QCM2 frequency gradually decreases and increases after times B and D, re-
spectively. The difference in the frequency behavior between the quick and
moderate changes at QCM1 and QCM2, respectively, indicates the occurrence of
gas recirculation and the non-existence of the plug flow in the quartz chamber,
as reported in a previous study [11] [20].

Additionally, the QCM1 and QCM2 frequency behaviors, shown in Figure 5,
indicate the small fluctuations from time A to C and from time B to D. Based on
the overall frequency behaviors of QCM1 and QCM2, the gas flow in the reactor
is considered to have a moderate and stable recirculation without any unstable
and irregular gas motions.

Figure 6 shows the QCM frequency changes in the reactor when the boron
trichloride gas flow rate was 0.1 sccm. As described in the Experimental proce-
dure, the significantly small boron trichloride gas concentration was prepared by
dilution utilizing the argon gas, as shown in Figure 1. The 0.1-sccm boron
trichloride gas was introduced into the reactor with 9.9-sccm argon gas. The
QCM1 and QCM2 frequencies along with time A to C and time B to D, respec-
tively, showed overall moderate change with the time, similar to those in Figure
5. Thus, the gas flow condition in the quartz chamber was considered to have a

stable gas recirculation.

3.2. Film Formation Rate

Figure 7 shows the film formation rate at about 900°C and at various boron
trichloride gas flow rates, when the hydrogen and dichlorosilane gas flow rates
were fixed at 80 and 20 sccm, respectively. This figure shows that the film for-

mation rate increases with the increasing boron trichloride gas flow rate. The
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film formation rate increase with the increasing boron trichloride gas flow rate is
considered to occur because of the high boron film formation rate at 900°C,
while the surface termination by the BCI, occurred at 800°C that decreased the
film formation rate [6].

3.3. Film Quality

The chemical conditions of the obtained film were evaluated by the XPS. From
the wide-scan XPS results, there were only silicon and boron in the film. Figure
8 shows the chemical condition of boron in the film having the boron concen-
trations of 3%, 82% and 78%, which were obtained at the boron trichloride gas
flow rates of 5, 10 and 20 sccm, respectively. As shown in Figure 8(a), a clear
boron peak was observed for the film obtained at 10 and 20 sccm. At the boron
trichloride gas flow rate of 5 sccm, a weak boron peak was recognized, as shown
in Figure 8(b). Figure 9 shows the condition of silicon, measured by the XPS.
The silicon peak in the film formed at the boron trichloride gas flow rates of 5,

10 and 20 sccm was clearly observed.

4 1 I 1 I

Film formation rate (um min!)

~900 °C, H,: 80 sccm, SiH,CLy: 20 sccm |

0 10 20
Boron trichloride gas flow rate (sccm)

Figure 7. Film formation rate at various boron trichloride
gas flow rates.
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Figure 8. Chemical condition of boron in the obtained film
(XPS B 1s).
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Figure 9. Chemical condition of silicon in the obtained
film (XPS Si 2p).

Figure 10 and Figure 11 show the TEM cross section of the film formed at
the boron trichloride gas flow rate of 20 sccm. This film contained 74% boron
measured by the XPS. Figure 10 shows the TEM image of the film from the in-
terface to the surface. The interface and the surface were flat without any voids;
the main body of the film was dense.

Figure 11 shows a high resolution TEM image of the same film as that of
Figure 10. The periodical arrangement of white dots in the lower region of this
figure indicates the face-centered cubic crystal of silicon. The perfect amorphous
arrangement of white dots is shown in the main body of the obtained film, as
shown in the upper region of Figure 11. There is a 1.3-nm-thick transition layer
showing a slightly different contrast from the substrate and the main body of the
film, similar to a previous study [18]. Figure 11 simultaneously shows that there
are no voids in the obtained film. Additionally, the interface between the silicon
substrate and the obtained film was significantly flat.

Figure 12 shows the depth profile of the secondary ion intensity of boron and
silicon in the film obtained at the boron trichloride gas flow rate of 20 sccm. The
secondary ion intensities of boron and silicon were 8000 - 20,000 counts-sec™
and 30,000 - 70,000 counts-sec”', respectively. Figure 13 shows the depth profile
of the boron and silicon in the film obtained at the boron trichloride gas flow
rate of 0.1 sccm. There is an interface between the obtained film and the sub-
strate at about a 0.5 um-depth. Because the boron trichloride gas was supplied
earlier than the dichlorosilane, a clear boron peak was observed at the interface.
Because the boron concentration peak quickly decreased with the advancing film
formation, the peak width was narrower than 0.05 um. The boron concentration
between the depth of 0.05 - 0.45 pm was 2 x 10" - 2 x 10 atom-cm™. The aver-
age boron concentration in the obtained film was 8 x 10" atom-cm™ (0.16%). As
shown in Figure 12 and Figure 13, while the boron concentration showed some
scattering, its profile was recognized to be flat without any local segregation.

In conclusion, the boron doping and boron-silicon alloy formation was possi-

ble at about 900°C using the boron trichloride and dichlorosilane gases in the
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slim vertical cold wall reactor. The boron trichloride gas is expected to indu-
strially produce the doped and alloy films. In addition, the slim vertical CVD
reactor is applicable to the CVD process utilizing various gases, such as boron

trichloride, because it forms a regular and stable gas flow in the chamber.

~900 °C, H,: SiH,Cl,: BC1;=80: 20: 20 sccm

Film covering surface .
S ttm g Pui «—Film surface

500 nm

P U———

Figure 10. Cross section TEM image of the obtained
film.

S

Si substrate

Figure 11. High-resolution cross section TEM image of
the obtained film.
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Figure 12. Depth profile of boron and silicon in the ob-
tained film.
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Figure 13. Depth profile of boron and silicon in the film
obtained using boron trichloride gas at 0.1 sccm.

4. Conclusion

A boron-silicon film was formed from a boron trichloride gas and a dichlorosi-
lane gas at about 900°C in ambient hydrogen at atmospheric pressure utilizing a
slim vertical cold wall chemical vapor deposition reactor designed for the Mi-
nimal Fab system. The gas flow rates were 80, 20 and 0.1 - 20 sccm for the hy-
drogen, dichlorosilane and boron trichloride gases, respectively. The gas flow in
the reactor was shown to quickly become stable, based on measurements using a
quartz crystal microbalance. A thin film was formed containing various boron
concentrations of 0.16% - 80%, the depth profile of which was flat. By observing
the cross-sectional TEM image, the obtained film was dense. The boron trichlo-
ride gas is expected to be useful for fabricating various materials containing sig-
nificantly low to high boron concentrations. Additionally, the slim vertical cold
wall CVD reactor is applicable to the film formation process utilizing various

gases, such as boron trichloride.
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