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The silicon epitaxial growth behaviour was studisdan application of the parallel-Langmuir
process using SHTI> gas and SikCHs gas. The SikCHs gas was used fon situ producing the
SiHx gas by thermal decomposition in the reactor. Withincreasing gas concentration of
SiH3CHs, several results were obtained, suchathé silicon epitaxial growth rate increased
exceeding the value saturated using theGIHl (ii) the gas phase concentrations of the
chlorosilanes at the exhaust decreased, (iii) #pedaluct deposition at the exhaust decreased,
and (iv) the gas phase concentration of HCI aetfeust decreased. As a conclusion, the SiH
helped consuming the Sill> gas for producing a silicon epitaxial film withdgcing the
byproduct deposition. Additionally, the Silshight produce SikCl2 in the gas phase by the
reaction with the HCI gas.
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1. Introduction

For producing various electronic devices [1-3]¢en epitaxial films are prepared using
trichlorosilane (SiHG), dichlorosilane (SikLCl.), silane (SiH) and disilane (SHs) gases, in
ambient hydrogen (#). For satisfying the expanding demands for teabgiek including the
information, communication and power control, thieen epitaxial growth process should have
a high productivity. For this purpose, the epitagi@mwth rate is one of the key issues.

Generally, the epitaxial growth rate can be inceddsy the increasing precursor supply.
However, the silicon epitaxial growth rate in aarbkilane-hydrogen system undergoes a
saturation following the Eley-Rideal model [4, ®hen the surface is fully covered with the
intermediate species at the sufficiently high obélane concentrations. The issue for improving
the epitaxial growth productivity is an additiomeibcess for exceeding such a saturation.

For this purpose, silicon hydride, Sikvas found to help overcome the growth rate
saturation in the SiIHGIH> system, as reported in previous studies [6-8]. Mbehanism was
explained by the Langmuir processes, which werdiphelland parallel at the surface. For
expanding the application of this concept, thez8ikigas [1, 9-11] should be studied as to
whether it showed a behavior similar to the Sit§als, because it was also a major precursor for
the silicon epitaxial growth. Although the combioatof SiHCl> and SiH was mainly
evaluated by the plasma enhanced chemical vapposd®on (PECVD) [12-16], the thermal

CVD process has been scarce [17-20].



The additional scientific advantage of Sk is fewer chlorine atoms which might
experimentally clarify the chemical reaction of H@th SiHx for producing chlorosilanes in the
gas phase.

In this study, the behavior of the silicon epitdxgeowth rate in the SikClo-SiHx-Ho
system was studied in detail for developing thieail epitaxial process having a high
productivity by applying the parallel-Langmuir pess [6-8]. Additionally, the gas phase

chemical reactions of HCI with SiHvere experimentally evaluated.

2. Rate theory

Accounting for the parallel processes consistingaftiple precursors in various fields
[17-24], the parallel-Langmuir process for thecsih epitaxial growth in a SHCI>-SiHx-H>
system is assumed, as shown in Fig. 1, similanabin the SIHG-SiHx-H2 system [6-8]. In
order to focus on the rate process governing tbesttrrate, the surface reactions and their
reaction rates are assumed based on the follovguagtiens.

(A) Silicon epitaxial film production by Si¥Cl> [1, 9]:

SiH,Cl, —* SiCl, + H,, (1A)
Vaa = kaa(1 — 6)[SiH,Cl,]. (1B)
% SiCl, + H, —* Si + 2HC, (2A)
Viq = ky,10[Hz]. (2B)
* SiCl, + SiH, — 2 * Si+ 2HCl + ((x — 2)/2)H,. (3A)
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VT‘,Z - Zkr,ze[SIHX] (BB)
“*” indicates the surface chemical speci@dss the surface coverage by *SiCl

(B) Silicon epitaxial film production by SiH1]:

SiH, —*Si + (x/2)H, . (4A)

(C) The desorption of Sigfrom the surface [25, 26] :
% SiCl, = SiCl,. (5A)

Vds = kdse' (SB)

Based on the Eley-Rideal model of the $IH-H2 system [1, 9], the silicon epitaxial

growth is described by the following equation.

_ kagky, 1[H2][SiH,Cly]
kr, 1[Hz]+kpg[SiHCl]"

(6)

When thekad[SiH2Cl7] is significantly greater thak, 1[H2], for increasing the growth rate by
means of the high precursor concentration, theasilepitaxial growth rate depends only on the

H2 gas concentration.

Ve = k1 [Hp]. (7)



Because the Hgas concentration is limited to that determinedhgyambient pressure,
equation (7) shows the upper limit, that is, it ergbes saturation.
Using equations (1A) — (5A), the value and the silicon film formation raté;, were

obtained taking into account the mass balanceef$hCh.

_ kAd[SiH2C12]
(kadl[SiH2Clo]+ky, 1 [Ho]+ 2Ky, 2 [SiHy]+K4s)

(8)

(Kky, 1[Ho]+2k;, 2[SiHy]) (kaq[SiH2Clz]+kp[SiHk]) +kgskp[SiHy]
(aalSiH2Clo]+ky, 1 [Hz]+2ky, 2 [SiHyl+kqs)

Ve = Vr,l + Vr,Z +Vp = (9)

Whenkad[SiH2Cl2] is significantly greater thak, 1[H2] , 2k, 2J[SiHy], kis and ko[SiHy], the

silicon epitaxial growth rate simply depends onghe concentrations of:tdnd SiH, as

equation (10).

VG = kr, 1[H2] + Zkr,Z[Sin] (10)

As predicted by this equation, the silicon epithgr@wth rate in this system does not

saturate, even when the S concentration is significantly high.

3. Experimental procedure



The silicon epitaxial film was formed using theata shown in Fig. 2. The (100) silicon
wafer placed in the chamber was heated by halagapd. The chemical reaction was performed
under the cold wall thermal condition. The $iHHs gas and the S#€l2 gas (Tri Chemical
Laboratories, Inc., Yamanashi, Japan) were intredweaith the H gas (99.9999%, Sumitomo
Seika Chemicals Co., Ltd., Tokyo Japan) from thetiat atmospheric pressure for 20 min. For
safety reasons, this study used $iHs gas instead of Sitjas. The SikCHz gas is supplied by
vaporization from its liquid contained in a cylimd# is very often used for producing silicon
carbide thin films [27-30]. The S#€Hs gas is safely and thermally decomposed to produce
SiHx with CHx in the gas phase [27]. The Siptoduced from the S#€Hs was assumed to have
the same effect as that t8#H4 had The Hflow rate was fixed at 1.05 sIm. The SEHs flow
rate was 0 — 15 sccm, while the StHb flow rate was 5 - 20 sccm. The wafer temperatuas w
measured using a R-type thermocouple in an amhitngen at various voltages loaded to
halogen lamps, prior to the deposition. The wafas Weated at the halogen lamp voltage which
could heat the wafer to 60C in nitrogen ambient. Such the low temperature etasen for
suppressing the unnecessary gas phase reactions.

This reactor did not have a susceptor for supppttie wafer. Additionally, a parasitic
deposition on the chamber wall did not occur is gtudy. Thus, the depletion of any precursors
did not occur before arriving at the wafer surface.

A part of the exhaust gas was fed to the quadrupales (QMS) analyzer (PrismaPlus
QMG220, Pfeiffer Vacuum, Germany). The exhaustgeaattached at the end of the chamber

had a connecting port to the quartz crystal midiantze (QCM) sensor (25MHz, detection limit:
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0.5 ng cnt HZzY, Halloran Electronics, Tokyo Japan). This sensar & sufficient sensitivity and
repeatability to detect any small weight changg [@8s than that of the silicon monolayer (60
ng cnt?). The frequency of the QCM sensor was monitoretiranorded by a computer. The
temperature of the exhaust flange was maintainedrithan 40C during the silicon deposition
process.

The epitaxial film thickness was measured by theromneter and by the weight change
of the substrate. The carbon incorporation from @itd the silicon epitaxial film was less than
the detection limit of th&-ray photoelectron spectrometer (Quantera SXM, ULVAC-PHI
Corp., Tokyo, Japan). In our previous study [6] performed in SiREiH-H2 system, the
secondary ion mass spectrometry (SIMS) showedhleatarbon concentration was lower than
the detection limitThus, the carbon incorporation was assumed to have no influence on the

growth rate, similar to the previous study.[6]

4. Results and discussion
4.1 Silicon epitaxial growth rate

Figures 3 shows the measurement of the silicomepitgrowth rate obtained in the
SiHCl>-H2 system. Prior to this study, the epitaxial grovéte only by the Sikdwas determined
to be significantly lower than that by the S@h. As shown in Fig. 3, while the epitaxial growth
rate by the SikCl increased with the increasing S&. gas concentration, it saturated at 0.2
um/min, which was the same rate as that saturat88Q2C using the SiHGHH, system in our

previous study [6, 8]. The saturation behavionxiglained by that predicted by equation (7).
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Figure 4 shows the silicon epitaxial growth ratéha SiHCl>-SiHx-H2 system. With the
increasing Sikflow rate, the silicon epitaxial growth rate inglsystem increased from 0.2 to
0.5um/min at the SikCl> gas concentrations of 10, 15 and 20 sccm, iniameghere the
silicon epitaxial growth rate saturated as showhig 3. This behavior was the same at the
SiH2Cl2 gas concentrations of 10, 15 and 20 sccm. Thassilicon epitaxial growth rate was
increased by the SgEH3 gas concentration, while it was not by the £H gas concentration.

The scattering of the growth rate in Fig. 4 migatdue to the reproducibility of wafer
temperature which sensitively influenced the grovetie at the temperatures in the reaction
limited region.

The tentative value of the rate constant obtairsgdguthe SiHCHs gas concentration at
the inlet was 6 x T6m s?, although the correct value should be determiakihg¢ into account
the transport phenomena in the entire reactor fhdb8]. For evaluating the epitaxial film
guality, various measurements, such as SIMS, plitmescence (PL) and lifetime
measurement, are necessary.

Overall, this behavior was the same as that foSIRECk-SiHx-H2 system. Thus, the

parallel-Langmuir process was possible for £iH in addition to SIHG.

4.2 Gas phase species
Figures 5 shows the mass spectra of the gas ppases contained in the exhaust gas
during the silicon epitaxial growth measured by @MS. When the epitaxial growth was

performed using SikCl> and SiHCH;z in ambient hydrogen, the SiClgroup near 98 amu was
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assigned to the Spgl> and the SiCl The SiC} gas was caused by the thermal decomposition of
SiHCl> and the desorption from the silicon surface basedquation (5A) [25, 26]. The peaks
near 63 amu was assigned to the fragments afChitdnd SiC). These were clearly observed
with the byproduct of the HClgroup near 36 amu. Because the partial pressuhe &iCt"
group was significantly low, the SiHE&broduction by the gas phase reaction was negtigibl

The SiHCHs was observed as the S{EH;" group in the mass region from 40 to 46 amu.
The partial pressure peaks in the mass region leet®8 and 32 indicate the Sithermally
decomposed in the gas phase and the fragment eCHig-bccurred in the mass analyzer. The
small peaks between 12 — 16 amu and that betweerll8Gmu were assigned to £ahd HO,
respectively.

Figure 5 clearly showed that there were no peal&l€hLCHsz (mass 115) and
SiH2CICHz (mass 80). This indicated that the gas phase tetye in the cold wall thermal
condition was sufficiently low to suppress the ghase reaction between HCI and $iHi
[27].

The epitaxial growth rate increase in Fig. 4 shdaddachieved by the effective
consumption of SikClo. Figure 6 shows the partial pressures of SiSICb™ and SiC4*. With
the increasing SikCHs gas concentration, the partial pressure of theetkbhlorosilanes in the
gas phase were shown to decrease. The summatibe nbrmalized partial pressures were
about 0.3 at the SHEH3 gas concentration of 0%. It decreased to lessQ@taat the SikCHs
gas concentration of 1%. Thus, the iz addition was considered to enhance theSii

consumption.



Because the Si€lgroup contains the gas phase species ot Si€ldecrease is expected
to indicate the decrease in the Sigas concentration in the reactor. This assumptias
verified by the QCM. Figure 7 shows the depositiehavior of the byproduct which was
(SiCk)n formed from the SiGlgas in the gas phase [25]. Although the plots stigwificant
scatter, the highest values at the variousGHi concentrations showed that the byproduct
deposition decreased with the increasingsSiHk concentration.

Next, the HCI gas concentration was evaluatedndgated in Fig. 5, the HCI gas did
not react with the Si¢CHz gas, which could be stable because of the suftigidow gas phase
temperature. However, when the unstable intermedgigécies, such as the fikbexisted in the
gas phase, it was expected to react with the HEt@aause various species, such asGi
Figure 8 shows the partial pressure of the'HfEbup, normalized by that of the'Hyroup.

While the normalized partial pressure of H@las about 0.008 at the SiEHs gas concentration
of 0 %, it gradually decreased with the increaSiitgsCHs gas concentration. At the SEHz

gas concentration of 1 %, the normalized partiabpure of HClwas about 0.004.

4.3 SiHCl, production in gas phase
For evaluating the behavior of the HCI concentratiothe gas phase, two chemical
reactions to form the Sg€l. were assumed, as shown in Fig. 9.

The first one is the S, production from SiGland H.
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Vbesi=kpcsi [SiCl;][H,] (11B)

Equation (11A) is the reverse reaction of equatioX) in the gas phase. The Sl is expected

to have a reversible reaction with Si§@hd H [10, 11]. However, the occurrence of equation
(11A) cannot be verified by the QMS in this stubdgcause the mass analyzer cannot accurately
distinguish the SiGlgas from the SikCl> gas and its fragments.

The second one is the SiEl; formation from SiH and HCI.

SiCly+2HCI - SiH,Cl, + == H, (12A)

Vbesz=kpcsz [SiH][HCI]™ (12B)

Equation (12B) was assumed to bertkté order reaction. In the steady state and irgtse
phase near the hot substrate surface, the sumnudtiba HCI gas production rate by equations
(2B) and (3B) was assumed to be the same as thg&#Qionsumption rate by equation (12B).

Additionally, equation (8) was taken into accoumbbtain the HCI gas concentration.

1
Vi,1 4 SV 2=Vies2 (13)
k. 10 [Ho]+ k; 20 [SiHg]=kpcs [SiH ] [HCI]™ (14)

n _ [ _kra1[Hal ky, 2 kaq[SiH,Cly]
HCI™ = (chsz[Sin] + chsz) kad[SiH2Clp]+ky, 1 [Hp]+2k,, 2[SiHy]+kgs (15)
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Based on equation (15), the HCI gas concentratanedises with the increasing gihs

concentration. The Sitbas produced from the S§8Hz gas was expected to react with the HCI

gas to cause the Sifll; gas. Equation (15) qualitatively agreed with tlemdl shown in Fig. 8.

Equation (12A) was considered to compensate theedse in the SitCl> concentration due to

the consumption by the silicon epitaxial film fortioa.

This study focused on the reaction design. Thééurstudies using wide conditions of

the precursor concentration, the wafer temperatndethe pressure should be performed.

Additionally, the physical concepts, such as nuaeaphase change and super saturation,

contained in the rate equation and the rate constaould be extracted and clarified by any

studies of the molecular dynamics, the quantumrihaind the other methods.

6. Conclusions

The parallel-Langmuir process was evaluated fostli@n epitaxial growth in the

SiHCl2-SiHx-H2 system. At a sufficiently high gas concentratiéi®Sit.Clz, while the silicon

epitaxial growth rate saturated following the ERigleal model, it exceeded and increased to a

higher value with the increasing SIEHz gas concentration. Simultaneously, at the exh#ust,

chlorosilane gas concentration, the (*S)etleposition rate and the HCI gas concentration

decreased. Based on these results, thediblwas shown to have various roles, such as the

acceleration of the *Sigldecomposition at the surface and thez8ilkilgas production in the gas

phase. The parallel-Langmuir process was concltmbé possible for the silicon epitaxial
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growth in the SiHCI>-SiHx-H2 system in order to improve the productivity of gikcon

epitaxial film.
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Figure captions

Figure 1. Parallel-Langmuir process in a $£iH-SiHyx-H2 system.

Figure 2 Horizontal cold wall reactor for silicopigaxial growth used in this study.

Figure 3 Silicon epitaxial growth rate by S{E, gas.

Figure 4 Silicon epitaxial growth rate by S{E, and SiH gases.

Figure 5 Mass spectra of chemical species contamttk exhaust gas of the S{E,-SiHx-H>
system.

Figure 6 Partial pressures of SiC8ICb" and SiC4" groups.

Figure 7 Byproduct (SiG)n deposition on QCM at various SiEHz gas concentrations at the
inlet.

Figure 8 HCI partial pressure at various £iHs concentrations.

Figure 9 Recycling between S{HHCI, H> and SiHCI> in the gas phase.
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