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The deposition and etching at a silicon surfacedrpn trichloride gas were overviewed in a
wide temperature range using a chemical vapoursigmo reactor. At temperatures lower than
800°C, while the silicon surface was covered with botbe formed film thickness was
ignorable. At 900C, the boron deposition rate increased to u25min. In the temperature
range between 900 and 10W) the boron film formation was considerable. Imtcast, at 1100
°C, the silicon surface was etched at QU6 mint. At temperatures higher than 10%D), while

the etching occurred along with producing chloasds, the silicon surface after the etching was
still covered with boron. The boron deposition dmel silicon etching might simultaneously
occur at high temperatures by the boron trichlogds. By adjusting the surface temperature to
800°C, the boron and silicon co-deposition was possiblag the gas mixture of dichlorosilane
and boron trichloride.

Al. Doping; Al. Etching: Al. Surface processes; 88Bemical vapor deposition processes; B1.
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1. Introduction

Semiconductor manufacturing processes [1-4] usewsgases, particularly for

chemical vapour deposition (CVD) and dry etchinge®f the very important elements is boron.

It is not only used as a p-type dopant [5] for semductor silicon, but also expected as film

materials for various advanced devices, such as sells [6], micromachines [7], photo

detectors [8-10] and microelectronic devices [Ebr these purposes, the CVD and the ion

implantation [1, 3-6] currently use a diborane dgéswever, because a diborane gas is

significantly toxic and flammable, significantlyredul operations are indispensable.

In contrast, a boron trichloride gas [2] is expddtebe a safe boron source for

fabricating various advanced devices, becausenibhiisflammable and less toxic [2]. Thus, a

boron trichloride gas was used for forming boropeatbsilicon films by a plasma enhanced

CVD [6]. However, a boron trichloride gas is cuttgrused as a useful etchant [1, 12]. The

opposite applications, such as deposition andmgcimay indicate that the chemical behaviour

of boron trichloride gas is complicated. While tiaron trichloride gas for various processes has

been studied by many researchers [6-18], mosteoétildies have been limited to each process.

In order to understand the complicated chemicalreatf boron trichloride gas, the entire

chemical behaviour containing deposition and egikimould be overviewed. The obtained

information will help designing safe and multi-pase processes using only a boron trichloride

gas.

In this study, the overall chemical behaviour ofdyotrichloride gas was thus studied at

the silicon surface over a wide temperature rakgst, the deposition and etching rate at a
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silicon surface were studied at various temperatbyeevaluating gas phase species and surface
chemical conditions. Next, the boron and silicordeposition was shown to be possible by

boron trichloride and dichlorosilane gases by chapthe low temperature range.

2. Experimental procedure

The horizontal cold wall reactor used in this stiglghown in Fig. 1 (a). A (100) silicon
wafer (30 x 30 x 0.72 mm) was placed in a quarandber which had the height and width of 10
and 40 mm, respectively. The wafer was heated &éyntinared light through the transparent
quartz chamber coming from six halogen lamps stteabutside of quartz chamber. The thermal
condition was a cold wall. The boron trichloridedatichlorosilane gases were introduced at the
flow rate of 100 and 0-20 sccm, respectively, alaitty the hydrogen gas typically at 1000 sccm
from the inlet at atmospheric pressure.

A gquadrupole mass spectra (QMS) analyzer and dxciystal microbalance (QCM)
were used for the real-time measurement of cheraaties in the gas phase and of the
byproduct deposition at the exhaust, respectiviglg QMS and QCM were installed at the
position where the exhaust gases were sufficiembted to room temperature.

The QCM is a simple, small and low-cost sensor. @V frequency is sensitively
decreased mainly by)(an arrival of heavy and viscous gases and (ig@mwurrence of
deposition, at the QCM surface [21]. The formesiggificantly quick, the latter is rather slow.

In the report applying the QCM to exhaust gas eatada for the Minimal CVD system [22], the

gas property change and the byproduct depositittimeeagxhaust of reactor were shown to be
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related to the silicon film deposition occurredhie reactor. The detection limit of QCM used in
this study was 0.5 ng cfwhich was significantly lower than the silicon nadayer of 60 ng
cm2,

Figure 1 (b) shows the typical evaluation processmbient hydrogen at atmospheric
pressure. First, the silicon wafer was heated & 2C for 10 minutes in order to obtain a clean
silicon surface by removing the existing nativedexand organic contamination. The boron
trichloride gas was introduced from the inlet f@rr@inutes to the silicon wafers at the
temperatures of 600, 700, 800, 900, 1000, 1050L4A6°C, individually. For performing the
silicon and boron co-deposition, the dichlorosilgas was simultaneously introduced along
with the boron trichloride gas. After terminatirigetboron trichloride gas and dichlorosilane gas,
the silicon wafer was cooled to room temperaturdaéambient hydrogen.

The changes in the thickness and the weight ofittten wafer were measured in order
to evaluate the deposition rate and the etchirgg fdte obtained deposition rate and etching rate
were the average value over the wafer surfacepasgithat the changing rate during the
exposure to boron trichloride gas was constant.chieenical condition of silicon surface was
situ evaluated by an X-ray photoelectron spectroscB8) (Quantera SXM, ULVAC-PHI
Corp., Tokyo, Japan). A secondary ion mass speetiyn(iSIMS, CAMECA IMS-6f, France)
was used for measuring the boron concentratiohgrobtained film. The SIMS measurement
was performed at the Foundation of Promotion ofdvlat Science and Technology of Japan

(Tokyo).



3. Results and discussion
3.1 Deposition and etching

Figure 2 shows the thickness change rate in?) of the silicon wafer after the
exposure to the boron trichloride gas at the conaton of 20 % at various temperatures. In this
figure, the positive and negative values were threib deposition rate and the silicon etching
rate, respectively. At the temperatures betweenaB@0800°C, the thickness change rate was
negligible. This result showed that both the dejpmsiand etching were very slow. At
temperatures higher than 88D, the wafer thickness was shown to increase. €pegition rate
was 0.25um mint at 900°C. In contrast, with the increasing wafer tempagaftom 900 to
1100°C, the thickness change rate decreased. At 4D0the deposition rate decreased to 0.15
um mint. At 1050°C, the thickness change rate again became neadyw@emin! and rather a
negative value. At 110%C, the wafer thickness change rate further decdetasa clearly
negative value. The etching rate was about Ar8anint at 1100°C. The overall trend is
expressed by the solid line in Fig. 2.

Overall, with the increasing temperature from 60Q100°C, the surface chemical
process changed from a negligible thickness chamgealeposition, then finally to an etching.

The detail was real time evaluated using the QMEQEM.

3.2 Gas phase species



In order to clarify the chemical process causintihlibe deposition and etching by the
boron trichloride gas, the gas phase species wataated using the QMS. Figure 3 shows the
mass spectra of the gaseous species taken froexiiaeist of reactor during the boron film
deposition at 1008C. In this figure, the partial pressure of varigaseous species was
normalized using that of hydrogen, which had tighest partial pressure. This figure shows the
existence of boron trichloride near 115 a.m.u. péaks near 80, 45 and 10 were assigned to
BCl,", BCI", and B, respectively. Because they were observed eveoat temperature, they
were considered to be the fragments of boron tialé. The chlorine and hydrogen chloride, in
the range between 35 and 38, were assigned tahmthyproduct of boron film formation and
the fragment of boron trichloride. From Fig. 3, thwron trichloride gas was assumed to form the

boron film due to its decomposition by the hydrogas based on equation (1).

2BCl; + 3H, > 2B + 6HCI (1)

In Fig. 3, the major gaseous species were assigndse supplied from the inlet, except for the
hydrogen chloride.

The gaseous chemical species were next evaluatedydhe silicon wafer etching at
0.36um mint and 1100C, as shown in Fig. 4. The gas concentration wasdme as that for
the deposition at 100. Similar to Fig. 3, the partial pressures of BOBCL*, BCI*, B and
CI* were observed at 115, 80, 45, 10 and 35, respégtivhese were assigned to the boron

trichloride and its fragments, similar to Fig. Jielobvious differences from Fig. 3 were the
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existence of chlorosilanes, such as $iC3iCk*, SiCk* and SiCt at 168, 133, 98 and 63,
respectively. Additionally, the chlorosilane peaksappeared with the boron chloride peaks
immediately after terminating the boron trichlorigis. The four chlorosilanes were the same as
those typically observed for the silicon wafer éghby the hydrogen chloride gas at high
temperatures near 1100 [19].

Based on the observed behaviour, the chlorosilaees considered to be produced
following equations (2) — (5) due to the etchingthg hydrogen chloride gas, which was

produced by equation (1) from the boron trichlomydes.

2Si + 2HCI> 2SiCl + H 2)
SiCl + 2HCI-> 2SiCb + Hp (3)
SiCl + HCI > SiHCL (4)
SiHCl + HCl > SiCly + Hy (5)

The SiC}, SIHCk and SiCl are gaseous species. In the gas phase, theiSKdown to form
(SiClx)n which often causes an oily silane [20] in an exhawube. Because the (Silalformation
was quite slow, such a slow process could be eteaduay a highly sensitive measurement, such
as the QCM.

The QCM frequency behaviour was thus measuredsrsthdy. Figure 5 shows the

QCM frequency change at 1100 after the boron trichloride gas introduction etazseconds.



The QCM frequency quickly shifted down to the 4@@0lower value because of the increase in
the product of the gas density and the gas viscfixlf.

In Fig. 5, after the quick frequency decrease,rdicaous and gradual frequency
decrease occurred. Because the QCM frequency decness proportional to the weight increase
at the QCM sensor surface, the gradual QCM frequdecrease was assigned to the (8iCl
deposition.

When the (SiG)n deposition rate increased at the high temperatthheslownward
shift of the QCM frequency was expected to be eobdreven from the initial stage of the boron
trichloride gas introduction. The (S} deposition on the QCM surface immediately after th
boron trichloride introduction was evaluated in.FdgBecause the QCM frequency shift at the
temperatures between 88D and 90C°C did not show any significant difference, it wasgly
due to the gas property change, not containindgpyipeoduct deposition. Thus, the etching rate
by the hydrogen chloride gas was considered tcelgégible, even though the boron deposition
clearly occurred at 90GC. With the increasing temperature from 9Q0to 1100°C, the
thickness change rate decreased from positivegative, that is, from the deposition to the
etching, respectively. Corresponding to this trehd,QCM frequency shift was enhanced. The
large frequency shift at 110C in Fig. 6 was considered to show the increaskar(SiCh)n
deposition at the QCM surface even during thedhg&iage. This behaviour was consistent with

that of the QMS measurement at 12G0shown in Fig. 4.

3.3 Surface chemical condition



The chemical condition of silicon wafer surfacesathe exposure to the boron
trichloride gas was then evaluated by XPS. Figdrés and (b) show the chemical condition of
boron 1s and silicon 2p orbitals, respectivelyhatsilicon wafer surface which was exposed to
the boron trichloride gas at 800. While silicon peaks appeared at the surfacehas/n in Fig.

7 (b), Fig. 7 (a) simultaneously and clearly showesexistence of boron [23, 24] at the silicon
wafer surface. This indicated that the boron filould be formed at the silicon surface even
though significantly thin at 808C, at which temperature the deposition rate wafigibkg, as
shown in Fig. 2.

The surface being exposed to boron trichlorideag@00 and 1008C showed the
existence and non-existence of boron and silicspectively, by the XPS. Thus, in the
temperature range between 900 and Q@he boron film was considered to be formed at th
silicon surface.

Next, Figure 8 shows the boron 1s spectra of fimsisurface after being exposed to
the boron trichloride gas at 1100, at which temperature the etching rate was Qr86nir?.

The bonding energy of boron became 191 eV whichagagned to boron bonded with oxygen
[24] which was caused due to the oxidation. Trgsrie clearly showed that the boron atoms
remained after the significant etching. This reshitwed that the boron deposition and the
silicon etching simultaneously occurred at theaef At the high temperatures, the etching by
the byproduct of hydrogen chloride gas becamerféisés the deposition by the boron

trichloride gas, while both of the processes wegekerated.



In the last part of this section, the surface pseds studied in detail, from the viewpoint

of an amount of hydrogen chloride gas. First, thengical reaction in equation (1) is assumed to

occur only at the surface. By forming a solid bofitm of n mol, a hydrogen chloride gas ai 3

mol is produced and emitted to the gas phase. &amedusly, the hydrogen chloride gas is

expected to etch the silicon wafer surface, folliywvequations (2) — (5). Additionally, the boron

film formed at the surface is considered to be edcliollowing equation (6).

2B + 6HCI> 2BCk + 3H; (6)

In order to perfectly etch off the formed boromfibf n mol, the hydrogen chloride gas

of more than 8 mol must be supplied to the surface. However, isegome part of the

hydrogen chloride gas produced by equation (llrésady transported away in the gas phase, an

amount of the hydrogen chloride gas still remaiaexlind the surface is less thanr8ol. Thus,

when equation (1) occurs only at the surface, spaneof the boron film could remain. This

behaviour agrees with that at the temperaturesritves 1000C in Fig. 2.

At the temperatures higher than 10@) the thermal decomposition of boron trichloride,

in equation (1), is expected to additionally ocicuthe gas phase. While the produced boron may

be transported away in the gas phase in a forrmafl particles, the hydrogen chloride gas can

arrive at the wafer surface. Assuming the gas preesgion rate follows the Arrhenius law, the

hydrogen chloride gas produced in the gas phasenexyially increases and etches the surface

with those produced by the surface reaction. Ttingsyafer surface is significantly etched; the
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etching rate increases with the increasing tempegdtigher than 1058, as shown in Fig. 2.
However, because the rate of boron film formatimequation (1) also increases due to the high
temperature, the boron film formation and the stgfatching simultaneously occur. The surface
consequently has boron atoms after being expostug thoron trichloride gas at high
temperatures, as shown in Fig. 8.

Overall, the change rate behaviour shown in Fig.eXplained by the surface reaction

and the gas phase thermal decomposition of boidhidride gas.

3.4 Co-deposition of boron and silicon

From Figs. 2 and 7, the boron trichloride gas igeexed to have a slow deposition rate
at the temperatures lower than 8@0 Such a slow rate was expected to be usefuh&oboron
doping of the silicon film deposition. The film w#sus formed using the dichlorosilane gas and
boron trichloride gas at the flow rate of 20 scamd 400 sccm, respectively, at 8@ for 20
minutes. The 2@m-thick film was obtained on the silicon surfacegufes 9 and 10 showed the
XPSex-situ measured for the chemical condition of silicon Bodon, respectively, at the
obtained film surface. The boron at 191 eV indidatet the film surface contained boron oxide
[24]. Because the silicon and boron were clearlseobed, the co-deposition of boron and silicon
was considered to be successfully performed agitiven wafer surface. The average boron
concentration in the obtained film was nearly 5@&measured by SIMS. Such a high

concentration is considered to be possible fronptiese diagram [25].
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3.5 Chemical reaction process by boron trichloride

The results obtained in this study showed thabtiven trichloride gas could produce

the boron film and etch the silicon surface depegain the silicon surface temperature.

Additionally, the dichlorosilane gas mixed with theron trichloride gas could produce the

boron-silicon mixture film. The overall chemicallh@iour of boron trichloride gas is

schematically shown in Fig. 11.

The boron trichloride gas is decomposed to formbitr®n film and the hydrogen

chloride gas at the low and high temperaturesh@tiigh temperatures, because the amount of

hydrogen chloride increases due to the thermalrdposition in the gas phase, the silicon

surface etching becomes active and fast. Thusydhen deposition rate tends to decrease with

the increasing etching rate. Finally, the depositi@s switched to the etching. Such a surface

process change appeared with the increase in thalgmessure of the chlorosilanes on the

QMS and the increase in the deposition of (§#&in the QCM surface. The boron trichloride

decomposition with the reversible reactions otsiti and hydrogen chloride was concluded to

exist at the silicon surface.

Choosing the temperature for adjusting the revlrseactions, the silicon film can be

produced using the gas mixture of dichlorosilang laoron trichloride without using the

significantly toxic and burnable gas, such as diber

The quality of the obtained film should be evaldatefuture, because this process may

become practical and industrial for producing sematictor materials.
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4. Conclusions

The deposition and etching behaviour by the barchloride gas were studied at the
silicon surface and at various temperatures ineanotal vapour deposition reactor. At the
temperatures lower than 800, the silicon surface was covered with a signifibathin boron
layer but the boron film formation rate was verwldn the temperature range between 900 —
1000°C, the boron film formation at the silicon surfagas observed. The boron deposition rate
at 900°C was 0.25um mint. At the temperatures higher than 1080 while the silicon surface
was still covered with the boron atoms after theasure to the boron trichloride gas, it was
significantly etched to produce chlorosilanes bseaaf the high amount of hydrogen chloride,
which was the byproduct of the boron trichloridea®position. Taking into account the
reversible reactions of the deposition and theietghthe gas mixture of dichlorosilane and
boron trichloride could perform the boron and sificco-deposition in the low temperature

range.
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Figure captions

Figure 1 (a) Horizontal cold wall reactor and (bdgess used in this study.

Figure 2 Wafer thickness change rate due to deposnhd etching caused by boron trichloride
gas on silicon surface at various temperatures.

Figure 3 Quadrupole mass spectra of exhaust gasgduwron film deposition at 100C.

Figure 4 Quadrupole mass spectra of exhaust gasgdailicon etching at 110%C.

Figure 5 QCM frequency change versus time afteochicing boron trichloride gas at 11%0.

Figure 6 QCM frequency shift immediately after attucing boron trichloride gas at various
temperatures.

Figure 7 Chemical condition of (a) boron 1s orb#adl (b) silicon 2p orbital after exposed to
boron trichloride gas at 80C.

Figure 8 Chemical condition of boron 1s orbitabakxposed to boron trichloride gas at 1100
°C.

Figure 9 Chemical condition of boron 1s orbitakafxposed to boron trichloride gas and
dichlorosilane gas at 80C.

Figure 10 Chemical condition of silicon 2p orbiégdler exposed to boron trichloride gas and
dichlorosilane gas at 80C.

Figure 11 Schematic of chemical reactions of bar@hloride and dichlorosilane at silicon

surface.
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