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A silicon epitaxial growth process in a trichlodasie-hydrogen system was evaluated using a
quartz crystal microbalance (QCM) placed at theaeshof a chemical vapor deposition reactor
designed for the Minimal Fab. The QCM showed twaetyof the frequency decrease behaviors,
that is,i) a quick shift due to the gas property changeaxhby the trichlorosilane gas introduction
into the ambient hydrogen ang the continuous and gradual decrease due to theotyct
deposition on the QCM surface during the silicoiteeqal growth. Because bothandii) showed

a relationship with the silicon epitaxial growtheathein-situ information obtained by the QCM

was expected for the real time monitoring of tte fileposition process.
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1. Introduction

Silicon epitaxial growth has a long history [1,i2]the electronics industry. Its industrial

processes use chlorosilane gases, such as trisidore (SiIHCGJ) and dichlorosilane (SH€l2) [3-

5]. The produced films are uniform and flat at #hemic level and the growth rate is quite high.

Due to its reasonable cost and ease of use, tdarosilane gas has been very often used.

The trichlorosilane gas, having the boiling poihBa °C, is produced by the bubbling technique,

i. e, injecting hydrogen gas into the liquid trichlotase contained in a cylinder. In a mass-

production plant having many epitaxial reactorsléoge diameter wafers, a huge amount of the

trichlorosilane and hydrogen gas mixture is produetethe precisely controlled concentration and

is supplied from a large tank to the reacteagube networks. In contrast, in very small equipten

such as the Minimal Fab [6, 7] using small wafdra balf-inch diameter, the gas supply condition

Is quite different from the mass-production pldrte compact-designed Minimal chemical vapor

deposition (CVD) reactor [8-10] consumes signifitaeamall amounts of the precursors in a short

time period, for example, the trichlorosilane gasha flow rate of 10-20 sccm at atmospheric

pressure for a few minutes. In order to finely cohthe trichlorosilane gas concentration at the

significantly low gas flow rate, anip situ real time measurement method is helpful. Additilgna

the measured information is expected to show tla¢isaship with the epitaxial growth rate.

For this purpose, a piezoelectric crystal microbe¢éga such as a quartz crystal

microbalance (QCM) and a langasite crystal micrabed [11-18], may be a candidate, because it
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can sensitively detect the significantly weak slgrsuch as the change in the gas properties and

the increase in the nano-gram-level weight of ke film formed at the surface. Previous studies

[14-17] have reported that the deposition of thprbglucts of (SiG)», from the trichlorosilane

gas could bén situ measured by the QCM. The byproduct formation aqbdition measured by

such sensors should be evaluated as to whetheh#weya relationship with the epitaxial growth

rate. Such the relationship will help developing aontrolling the epitaxial growth process.

In this study, the QCM was used to measure thewstigas of the silicon epitaxial reactor

designed for the Minimal Fab. The typical QCM freqay changes were, for the first time,

classified and evaluated for obtaining ilmesitu real time information of the epitaxial growth

process.

2. Experimental procedure

Figure 1 shows the Minimal CVD reactor and the Q8&Jdtem. This reactor consists of a

half-inch silicon wafer (12.5-mm diameter and OB thick), a transparent quartz tube, a wafer

holder made of quartz glass, a gas inlet and thea&ng units consisting of a halogen lamp and a

reflector. The inner diameter of the quartz tub4smm. The wafer holder diameter is 19 mm.

The wafer is rotated at the rate of O - 30 rpm. ififiared light emitted from the halogen lamps

for the heating is concentrated on the half-incfiewaurface. The quartz tube wall is cooled from

the outside by flowing air [6] in order to maintdire cold wall environment.
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The precursor gas and the carrier gas, trichlaosiland hydrogen, respectively, are
introduced at atmospheric pressure from the tdpefeactor through the gas inlet. The hydrogen
gas flow rate was 85 sccm, a part of which wasdéidiand injected into the liquid trichlorosilane
cylinder for the bubbling and for producing the gaigture of trichlorosilane and hydrogen. The
trichlorosilane gas of typically 21 sccm at 25 was produced by the hydrogen gas at the flow
rate of 35 sccm, based on the trichlorosilane vagessure [19]. The total gas flow rate was
typically 106 sccm. The trichlorosilane gas congaimin significantly depends on the liquid
temperature.

The trichlorosilane gas causes the surface reachased on equations (1) and (2). The
symbol * indicates the species chemisorbed at tinlace. The rate equation [20] is written as

equation (3) following the Eley-Rideal model.

SiHCls — *SiCl, + HCL. 1)
*SiCl +H, - *Si + 2HCI. )

—_ kadkr [SIHCE][HZ]
R = K, [SIHCL]+k [H,]’ @)

Rsi is the silicon epitaxial growth rate] [s the concentration of specieat the wafer surfacéaqd

andk; are the rate constants of equations (1) and €2perctively.



A significantly small amount of *SiGldesorbs from the silicon surface into the gas @has
for producing SiCGJ, following equation (4) [17]. Even in the cold Wwanvironment, the
trichlorosilane gas produces a significantly sraatbunt of SiCl by thermal decomposition in the
gas phase, as described by equation (5). The f8@lly produces (SiG),, as denoted by equation
(6), in the gas phase and at the solid surface Qibigl sensor is expected to detect the deposition
of (SiChk)n on its surface by means of measuring the sigmfigasmall weight increase at the

ng/cnt level.

*SiCl, — SiChk?1 4)
SiHClz — SIiCk +HCI (5)
nSiCh — (SiCh)n (6)

The voltage applied to the halogen lamps was fete80 V. Because the trichlorosilane

gas absorbs a part of the infrared light emitteanfithe halogen lamps [9, 21], the gas phase

temperature, and consequently the wafer temperatereased with the increasing trichlorosilane

gas concentration. For monitoring the thermal coowli the temperature at the top of the wafer

rotation shaftTshart (°C), shown in Fig. 1, was measured using the Rlypamocouple. Th&shart

value was considerably different from the wafeface temperaturd,surtace Shown in Fig. 1 due

to the distance between them [9].



The QCM sensor (25 MHz, Hallolan Electronics Cdd.L.Tokyo) was installed at the
exhaust, as shown in Fig. 1, for avoiding the nietabntaminations due to the QCM sensor
consisting of various metals. The exhaust gas edteito the QCM box, then passed over the
QCM sensor surface. The QCM frequency was obtdiyethe controller and was recorded by a
personal computer. The QCM is expected to obtagnsthnificantly weak information [14-16]
related to the silicon epitaxial growth processhsas the gas property change and the byproduct
deposition. Although the measurement at the exheught contain the results by various
processes in the reactor, the major trend was &gbéx be obtained even from the scattering data.

Figure 2 shows the process used in this studyléarly observing the QCM frequency
behavior by separating it from the temperatureugtice. During Steps A-B, the wafer was heated
to a high temperature for cleaning the silicon wai@face. During Steps B-C, the temperature
was decreased so that the trichlorosilane did asse any chemical reaction. During Steps C-E,
the trichlorosilane gas was introduced into thect@a By this sequence, the trichlorosilane
introduction could be clearly detected by the QG®bttiency shift. During Steps D-E, the wafer
temperature was increased by means of increasingatflogen lamp voltage in order to initiate the
silicon epitaxial growth. Two minutes after incregsthe halogen lamp voltage, the epitaxial
growth was automatically initiated by the high tergiures. After maintaining Step D for an
additional one minute in order to produce the ailiepitaxial film, the wafer was cooled at Step

E. At the same time, the trichlorosilane gas supgyg terminated. After taking out the wafer from
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the reactor, the epitaxial film thickness was eatdd by measuring the increase in the wafer
weight and the wafer thickness.

Because the exhaust pipe (1/4-inch diameter) betweequartz tube and the QCM box
was sufficiently long and thin, about a 0.5-m lénghd 0.25-inch diameter, respectively, the
exhaust gas was sufficiently cooled to room tentpeea Thus, any temperature change around
the wafer did not influence the QCM frequency.

As reported in a previous study [13], the QCM frexqey change is proportional to the

product of the gas density, and gas viscosityy, to the 1.3-th power,o(1)*. As shown in Fig.

3, the p 1)*3value is nearly proportional to the mole fractadrihe trichlorosilane gas in ambient

hydrogen at room temperature and at atmosphersspre. Based on Fig. 3, the QCM frequency

change corresponds to the increase and decretisetiichlorosilane gas concentration.

3. Results and discussion
3.1 Temperature and film thickness

The relationships between thenattvalue, thélTsuracevalue and the obtained film thickness
were evaluated. Figure 4 shows the silicon epitditra thickness obtained for one minute at
various temperatures in this study. The film thiegs increased with the increasifgar value
following the Arrhenius plot. There was a simplatenship between thEshat value and the film

thickness. At a temperature higher than 47048ahe film thickness became nearlyrh.
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The wafer surface temperatuiigurface Was evaluated using the silicon epitaxial growth
rate. When the epitaxial film is formed at temperas lower than 1008 and at trichlorosilane
gas concentrations higher than about 1%, the sikqotaxial growth rate is determined by the rate
of equation (2). Because the hydrogen concentrasioxearly constant at atmospheric pressure,
the epitaxial growth rate is described as a fumctibthe wafer surface temperatuf@yrfacs [9,

21] as follows:

Growth rate gm/min) = 1.95 x 19&261907g 12d  (Tsurfacsc1000°C). (7)

Figure 5 shows th@surace Values obtained by equation (7) that determinihesfilm
thickness in Fig. 4. In this figure, tAgnart value showed a simple relationship with ®@rtace
while the difference between these values was @is & 400 — 500C. This relationship was
valuable for the various evaluations in this stuslycause th@shart value is the only real time

measurable temperature in this reactor.

3.2 QCM frequency behavior along with the epitagiawth process
Figure 6 shows the typical QCM frequency behaviorresponding to the various
operations along with the silicon epitaxial growgtocesses. In this figure, the (Hz) is the

difference from the intrinsic frequency (25 MHz).
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In this figure, A, B, C, D and E indicate the sapperations as those shown in FigAE.

is the QCM frequency shift caused by the trichldepe gas introduction.Fldt denotes the QCM

frequency gradient during the silicon epitaxialwgtio. D’ indicates the time at which the QCM

frequency gradient slightly changed.

One of the characteristic behaviors is the QCMuesgy from Steps A to C. During

Steps A-B, the wafer temperature was increased fomm temperature to the high temperatures

in order to remove the native oxide film at thacsih wafer surface in ambient hydrogen.

Additionally, the wafer was cooled again during@té3-C to a moderately high temperature.

Although the QCM frequency is quite sensitive te tamperature, the QCM frequency was not

influenced even by such a significant temperathsesnge. This indicated that the exhaust gas could

be sufficiently cooled to room temperature bef@aching the QCM box by means of the flowing

air around the exhaust tube. This result indictttatithe distance between the quartz tube and the

QCM box could be reduced in order to make the nespdime shorter.

In contrast, immediately after introducing the titarosilane gas at Step C, the QCM

frequency quickly decreased about 1000 Hz. Bectusehange occurred before increasing the

wafer temperature at Step D, the QCM frequencyt slfiér Step C was due to the gas property

change following the relationship shown in FiglfBmediately before Step D, the trichlorosilane

concentration in the reactor approached a steath. #fter the Step D heating of the wafer surface

to a high temperature for initiating the siliconitapial growth, the QCM frequency gradient
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slightly increased at Step D’. Taking into accotln@ time necessary for heating and for reaching

the gases from the hot wafer to the QCM box, tiegdency gradient change could be the initiation

of the byproduct, (SiG)n, production in the reactor and deposition at tli&VQsensor surface.

This assumption was reasonable because the QCMeiney became flat soon after terminating

the heating and the trichlorosilane supply at &eplong with purging with hydrogen gas, that

is, the decreasing()!, the QCM frequency again increased to a higharevahd lower than

the initial frequency. The difference in the QCMduency between that at Step A and that a long

time after Step E might correspond to the depasiio the QCM sensor surface.

3.3AF

Figure 7 shows the relationship between Alrevalue and thélshart value during the

epitaxial growth. As described in the Experimestdtion, the trichlorosilane gas absorbs a part

of the infrared light [9, 21] to increase the gd&mge temperature in the reactor. This behavior

could help to increase the wafer temperature. Atttichlorosilane concentration of 0 %, that is,

at theAF value of 0 Hz, th@shat value was near 40TC. With the increasingF value from 0 to

1500 Hz, theTshat Value increased to about 580.

The Tshatt value increases with the increase inTh@racevalue causing an increase in the

silicon epitaxial growth rate. Figure 8 shows takationship between the obtained film thickness

and theAF value. While there was a considerable fluctuattors figure shows the trend in the
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film thickness increase with the increasihig value. This indicated the possibility for predngji

the obtained film thickness immediately after Step

During the silicon epitaxial growth, the QCM frequy was assumed to decrease

corresponding to the byproduct deposition on théA¥ensor surface. Assuming that the thermal

and chemical conditions governed the productiorbath the silicon epitaxial film and the

byproduct, SiG, thedF/dt value given by the byproduct production shouldehawelationship

with the silicon epitaxial film formation.

3.4 dF/dt

Figure 9 shows the behavior of the/dt value with the increasinsnart value. When the

Tshattvalue was lower than 45C, corresponding to the film thickness less thasuéb.5um, the

dF/dt value was nearly zero Hz/s. Due to the very lawgerature, the byproduct production was

not detectable. At th@shart value higher than 458, the dF/dt value became significant. At the

Tshat Value of 490°C, the dF/dt value was about -4 Hz/s.

Because th@surace Value increased with the increasifghar value, the obtained film

thickness should show a relationship with thédtlvalue. This prediction was verified in Fig. 10.

In the obtained film thickness region of less tlah um, the dr/dt value was almost 0 Hz/s.

However, with the increasing film thickness, tHedl value average in the region had negative

values, not positive values. Overall, tie/dt value is concluded to have a relationship with the
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obtained film thickness.

Because thé&F and dF/dt values corresponded to the trichlorosilane comagoh and

the obtained film thickness, respectively, thereusth be a relationship between them. Figure 11

shows the simple linear relationship betweenfReand dF/dt values. This practically indicated

that the high growth rate could be predicted ateituy step of the silicon epitaxial growth based

on theAF behavior immediately after the trichlorosilane gasoduction.

3.5 Thermal and chemical conditions

Taking into account the various information obtdime this study, the behaviors of the

AF value and theRdt value are summarized in Figs. 12 and 13. The tiadi&eat of the infrared

light is absorbed not only by the silicon waferfaae, but also by the trichlorosilane gas in the ga

phase, as shown in Fig. 12. The effective heatrahisa increases th&surracevalue. Particularly,

the Tsurfacevalue increases with the increasing trichlorosilaoncentration, which is measured as

the AF value by the QCM. Additionally, th€@surace Value increases thEshat value by the heat

conduction through the three silicon carbide plates the quartz plate.

The thermal condition shown in Fig. 12 induces masichemical reactions, as shown in

Fig. 13. The trichlorosilane that reached the Hmton surface produces the silicon epitaxial film.

Simultaneously, a significantly small amount of BitS produced as the byproduct in two ways,
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such ag) in the gas phase by the thermal decompositioniiaritbm the surface by the *Sigl

desorption. Because of the cold wall environmenthia reactor, the high temperature region

possible for the trichlorosilane thermal decomposits limited to that near the hot wafer surface.

A part of the SiClfinally produces the (Si@h deposition at the QCM sensor surface thus causing

the negative @/dt value.

In summary, the side reactions of the Si@oduction by both) andii) are mainly

governed by th8surace Value. The high trichlorosilane gas concentratimeasured as thiF,

produces the high values ©§urraceand Tsnatt The highTsurtaceValue produces the high epitaxial

growth rate while slightly producing the (S#al measured as thé-fit. Thus, taking into account

theAF value measured by the QCM during the early sthgepbtained film thickness is expected

to be predicted and finely adjusted.

3.6 QCM frequency for trichlorosilane gas operation

The practical problem and operation are explainethking into account the situation in

the trichlorosilane bubbler. Because the vapor quees of the liquid trichlorosilane at room

temperature [19] is low, any additional vaporizattechnique is useful for supplying a sufficient

amount of trichlorosilane gas to the epitaxial tead’he hydrogen gas is usually injected into the

liquid trichlorosilane for producing small gas bildscontaining the trichlorosilane vapor. By such

a simple operation, the gas mixture of trichlormsé and hydrogen is produced and supplied at
13



the trichlorosilane concentration correspondintheatemperature of the liquid trichlorosilane.

For increasing the trichlorosilane gas concentmatibe liquid container is often heated

to temperatures slightly higher than room tempeeaflihe heating operation easily and effectively

increases the vapor pressure to increase thedragilane concentration. However, because the

vapor pressure depends on the temperatures nedotiliveg point, 31°C, the trichlorosilane

concentration in the gas mixture often fluctuatls.such a situation, thén-situ on-time

measurement of the trichlorosilane concentratiortHeyAF value is expected to be used for

adjusting the trichlorosilane gas concentratioorarer to reproduce the epitaxial growth condition.

For example, when th&F value is low and high, the halogen lamp voltage lwafinely adjusted

to high and low, respectively. Additionally, by thesitu real time evaluation of the the formed

film thickness by the le/dt value, the time period for the epitaxial film faation is expected to be

adjusted.

In addition, various applications are expected. dhé obtained by the QCM have

considerable fluctuation, as shown in Figs. 4, & &11. The information obtained at the outlet,

such as that by the QCM in this study, tends tdainrthose from whole processes happened in

the reactor. In other words, any adjusting andngirior reducing the fluctuation in the various

process conditions will be evaluated by the reductif the QCM data fluctuation at the exhaust.

The control technique of various parameters will d@eloped, improved and verified by

monitoring the QCM frequency behaviour. Particylarsuch the study will improve the
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reproducibility of any temperatures relating to @hgmical reactions at the substrate, at the wafer

holder, at the quartz tube surface, at the reftetidace at the halogen lamps and in the gas phase

4. Conclusions

An in-situ real time evaluation of the silicon epitaxial gtbvprocess in a trichlorosilane-

hydrogen system was studied using the simple classystem of a quartz crystal microbalance

(QCM). The QCM placed at the exhaust of an epitapaactor for the Minimal Fab showed

characteristic behaviors which could be classifeetvo types. The first was a quick shift due to

the gas property change caused by the trichlorasidgs introduction into the ambient hydrogen.

This can monitor the trichlorosilane concentratilbat actually arrives at the reactor. The second

was the continuous gradual decrease due to the@dyptr deposition on the QCM surface. This

has a correlation with the chemical reaction ratepfoducing the silicon epitaxial film and the

SiClk byproduct in the reactor. The-situ real time information obtained by the QCM was

expected to monitor and control the film depositfmocess, such as those for stabilizing the

trichlorosilane gas concentration and for adjusthegfilm thickness.
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Figure captions

Figure 1  Chemical vapor deposition reactor for ikl Fab., having a quartz crystal
microbalance.

Figure 2 Silicon epitaxial growth process usedin study. A: heater on, B: temperature decrease,
C: initiate trichlorosilane supply, D: temperaturerease and E: terminate trichlorosilane
supply and heater off.

Figure 3 Relationship between mol fraction of Sikl&hd  £)* at room temperature and
atmospheric pressure.

Figure 4 Silicon epitaxial film thickness changinigh the temperature at rotation shaft tdghar

Figure 5 Relationship between temperature at mtashaft top,Tshat and substrate surface
temperatureTsurface

Figure 6 QCM frequency; (Hz), measured along with the silicon epitaxiawth process. A, B,
C, D and E correspond to the same letters in FigAR2 QCM frequency shift by
trichlorosilane introduction after Step (F/dt: QCM frequency gradient between Steps
D and E. D’ is the time at whichddt slightly changed.

Figure 7 Relationship between QCM frequency shyfttiichlorosilane introductionAF, and
temperature at rotation shaft tGpnar

Figure 8 Relationship between QCM frequency shyftttichlorosilane introductionAF, and
obtained film thickness.

Figure 9 Relationship between temperature at miathaft topTshatand QCM frequency gradient,
drF/dt.

Figure 10 Relationship between film thickness af@MJX¥requency gradient,Fdt.

Figure 11 Relationship between QCM frequency dhyfttrichlorosilane introductioniAF, and
QCM frequency gradient Fddt.

Figure 12 Thermal condition and chemical process&inimal silicon epitaxial growth process.
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Figure 13 Production of Si film, Sicand (SiCi)n.
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