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Chlorosilane gas transport in ambient hydrogen islim vertical cold wall chemical vapor
deposition reactor was real-time monitored usimgiartz crystal microbalance (QCM) using its
behaviour responding to the properties of the gastune. The QCM frequency quickly
decreased by introducing the trichlorosilane gdslenit slowly decreased by the dichlorosilane
gas. The QCM frequency behavior was explained bBygdis flow condition, such as the plug
flow and recirculating flow, in the reactor. Thdatenship was consistent with the gas flow
calculations, because the heavy and light gaselsl anectly flow downward and recirculate,
respectively, in the chamber due to natural coneecThe information obtained from the QCM
frequency behavior is expected to be utilized lier teal-time gas monitoring and for the process
design.
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1. Introduction

In order to improve the quality, safety, and prdduty of film formation during the

Chemical Vapor Deposition (CVD), the process seqgeesnd time for utilizing various gases

should be carefully and finely designed. Speciiigdhe details for controlling the arrival and

purge of the gases are expected to be real-timéoned.

As the process monitoring tool for scientific pusps, quadruple mass spectrometry

(QMS) and infrared (IR) light absorption spectrgsgdhave been used [1-6]. In order to

significantly improve the industrial manufacturirgystem and process control, taking into

account the concept of the Internet of Things (IpT)8], the real-time monitoring devices are

expected to be installed at multiple monitoringnt®iwhile achieving a reasonable cost. The

process control requires real-time information akbe gas flowing through many parts of the

system, such as the gas cylinder, the mass flowraltars for the precursors, the gas inlet, the

gas exhaust and the waste gas cleaner. For exaimplarrival time of each precursor at the inlet

should be finely controlled. Additionally, the tinoé film formation can be finely controlled, if

the real-time monitoring of the gas condition ae timlet was possible. Furthermore, the

characteristic gas transport in the chamber is@egeo be obtained by means of comparing the

real-time gas concentration increase and decreetseebn the inlet and outlet. However, an

applicable real-time monitoring tool has not betrmlied.

One of the manufacturing systems for real-time nooimg is the Minimal Fab [9-13].

This is the semiconductor device manufacturingesysbased on the quick process developed

for the small wafers with a half-inch diameterohier to make the Minimal CVD process fast as



possible, the multiple-point monitoring techniqug bmall and reasonable-cost sensors is
expected.

For this purpose, a piezoelectric crystal microbeda[14-18], such as a quartz crystal
microbalance (QCM), was considered. The QCM isvgpk, small and low-cost sensor. It could
sensitively detect various phenomena that occuelkeded to the CVD process, such as the gas
density and viscosity change in the reactor intamidio the deposition on the surface [14-17]. In
the first study applying the QCM to the Minimal C\4dystem [18], the gas property change and
the byproduct deposition at the exhaust of thetogagere studied relating to the silicon film
deposition in a trichlorosilane-hydrogen system.

For developing the real-time monitoring techniqoe the Minimal CVD, the QCM
system should be further studied for obtaining di@amt information about the gas transport. A
suitable example to be verified is the gas trangifference between the gas precursors, such as
the trichlorosilane (SiHG) and dichlorosilane (Si#€l2). Both of them are the major precursors
for the silicon film formation. While producing arslar chemical reaction, they have different
gas densities, which may govern the gas transpmrtliton, such as that related to natural
convection in a vertical gas channel.

This study used the QCM sensors placed at the amdtthe exhaust tube of a slim
vertical cold wall CVD reactor for the Minimal Falm order to extend the application of the
real-time monitoring technique. The transport cbemastics of the trichlorosilane and

dichlorosilane gases in ambient hydrogeps) (idere focused on.



2. Experimental procedure

Figure 1 shows the slim vertical cold wall CVD remcused in this study. A
half-inch-diameter silicon wafer was placed atdbater position of the slim vertical quartz tube.
The wafer was heated by infrared light through tlaasparent quartz tube coming from three
halogen lamps. The wafer was rotated at the ratel-@#0 rpm. The trichlorosilane and
dichlorosilane gases were used as the precursorsi@n to form the silicon epitaxial film on the
silicon wafer surface. The precursor gases wereddo the ambient hydrogen at atmospheric
pressure from the gas inlet situated on top ofrdaetor. The overall chemical reactions are

assumed as follows:

SiHCh + Hz > Si + 3HCI (1)

SiHzCl, > Si + 2 HCI )

These gases passed over the QCM sensor surfdoe @QM box, as shown in Figure 1 (b). The
QCM box placed at the inlet, as shown in Figura)l heasured the gases before causing any
chemical reactions. The gases after these reaatieresagain measured by the QCM box placed
at the exhaust position. The exhaust gases coulguffieiently cooled to room temperature
before arriving at the QCM sensor so that the Q@&ddency in this study was influenced by
the gas properties and the byproduct depositiod, rast by the wafer and gas temperatures
changing in the quartz tube. The QCM frequency N&%z) was measured and recorded by a

personal computer.



The silicon film deposition was performed followitige process shown in Figure 2. The
silicon wafer surface was first cleaned at tempeeat higher than 1008 in ambient hydrogen
between Steps A and B for one minute. The nativdeoand organic contaminations present on
the silicon wafer surface were removed. During SBpthe silicon wafer temperature was
decreased to a sufficiently low value to have nactien with the trichlorosilane and
dichlorosilane gases. After adding the trichlomsd or dichlorosilane gas at Step C, the wafer
temperature was again increased at Step D to thiecsilicon epitaxial film formation. The
chlorosilane gases arrived at the reactor aftenggdhrough the gas tube when the wafer
temperature reached that for the epitaxial filmrfation. In this study, the concentrations of the
trichlorosilane and dichlorosilane gases were 20 % in the ambient hydrogen. The total gas
flow rate was about 100 sccm. Taking into accobettime for the precursors to approach and
go through the reactor chamber, the duration fersihicon film deposition was about one minute.
The epitaxial growth rate was evaluated by thegase in the thickness and weight of the wafer.

The influences of various CVD parameters and phemanon the QCM frequency are
briefly explained and shown in Figure 3. Becausettithlorosilane and dichlorosilane gases are
heavier and more viscous than the ambient hydrotien,QCM frequency was assumed to
decrease following the change in the deng®yad viscosity £) of the gas mixture based on the

experiment reported in a previous study [15].

QCM frequency changél(pox )" ®)



Such a gas property change immediately occurs syuoreling to the arrival of the precursor gas
and can be distinguished using the slope of the @@Nuency change, as shown in Fig. 3. The
QCM frequency is simultaneously influenced by theighit increaselw, due to any deposition

on the QCM sensor surface. Because such a weigimgehwas generally slower than the gas
property change, it tends to appear after the gapepty change. Thus, the gradual and
continuous QCM frequency decrease that occurredr athe quick decrease could be
distinguished and assigned to the deposition obypeoduct.

This study focused on the gas property change.qlick QCM frequency change for
about 20 - 50 seconds after starting the decrease compared and evaluated between the
trichlorosilane and the dichlorosilane.

The dichlorosilane gas behaviour was observed is dtudy. The measurement and
calculation of the trichlorosilane gas transporthda@gour obtained in previous studies [18, 19]

were further evaluated and compared with that cldrosilane gas.

3. Results and discussion
3.1 QCM frequency behaviour

The QCM frequency behaviour was measured at tle¢ arld exhaust of the reactor.
After the arrival of the dichlorosilane gas at aoentration of 10 %, the QCM frequency at the
inlet quickly decreased for about 20 seconds, as/shn Figure 4.

The QCM frequency was next measured at the exlagasshown in Figure 5 when the

silicon epitaxial growth rate was OLifn mirt* by the process shown in Figure 2. As predicted by
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the preliminary evaluation [18], the QCM frequenegs not influenced by any temperature
change in the quartz tube. Actually, in Figurette QCM frequency did not change between
Steps Aand C.

The time of the trichlorosilane and dichlorosilageses arriving at the QCM surface
was indicated as zero seconds in Figure 5. In ribblarosilane-hydrogen system, the QCM
frequency suddenly started decreasing at zero dec@uch a frequency decrease from 0 to
-1000 Hz was considered to be due to the quickpgagerty change from the hydrogen to the
gas mixture containing the trichlorosilane. Thec§uQCM frequency decrease continued for
about 20 seconds. This indicated the arrival ofttishlorosilane at the QCM. After 20 seconds,
the QCM frequency still continued decreasing, betdlope became very gradual. This could be
due to the byproduct deposition, as shown in Figure

Figure 5 simultaneously shows the QCM frequency abem in the
dichlorosilane-hydrogen system. The QCM frequerayrelase between 0 and 20 seconds in this
system was clearly slower than that in the triabdtdane-hydrogen system. At the dichlorosilane
gas concentration of 20 %, the QCM frequency dadedecrease at zero seconds, similar to the
trichlorosilane gas. The QCM frequency decreasethf® Hz to about -200 Hz for about 50
seconds. At nearly 50 seconds, the slope of the Q@§uency became moderate. At 300
seconds after the continuous QCM frequency decréas&€)CM frequency became nearly -500
Hz. Overall, the change in the QCM frequency atdlohlorosilane gas concentration of 20%
was more moderate than that at the trichlorosilgaee concentration of 20%. For example, the

drop in the QCM frequency at zero seconds was slamd shallow in the



dichlorosilane-hydrogen system. This shallow dr@gswlue to the small decrease in thg){3
value. Specifically, because the molecular weidhhe dichlorosilane, 101, is lower than that of
the trichlorosilane, 135.5, the QCM frequency daipzero seconds was quite small in the
dichlorosilane-hydrogen system. At the dichloros#lagas concentration of 10 %, the QCM
frequency decrease between 0 and 50 seconds bevamdurther slower because of the fewer
decrease in the average molecular weight of thergetsire.

The depth of the QCM frequency drop, being deepsiradiow at zero seconds, could
be clearly and theoretically related to the averagsecular weight of the gas mixture. In
contrast, the slope of the QCM frequency drop ateill at zero seconds, being quick and slow,

could be caused by a different mechanism, sucheafidwing gas.

3.2 Gas density and gas flow

The average molecular weight of the gas mixtuMae (-), is considered to
significantly affect the natural convection in tkertical gas channel [20]. Thus, the gas
movements at various average molecular weights stecked, accounting for the calculations of
the gas flow at the wafer temperature of 1800n the trichlorosilane-hydrogen system [19]. For
the gas mixture containing 20% trichlorosilane gashe ambient hydrogen, tHdWave value
was 28.7. At the 10 and 20% dichlorosilane gas eoinations in the ambient hydrogen, the
MWave values were 11.9 and 21.8, respectively.

Taking into account thM\Wayve value, the gas flows and the gas temperaturdseisiim

vertical gas channel were studied, as shown inregyé and 7. The temperature distribution was
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also evaluated for easily determining the influeotgas flow.

Figure 6 shows the gas flows at thB\a.e values of (a) 8.7, (b) 15.3 and (c) 28.7,
corresponding to the trichlorosilane gas conceotatof 5, 10 and 20%, respectively. The gas
flows for theMWaye value at the 10 % dichlorosilane gas concentrai@nconsidered to be that
between Figures 6 (a) and (b). Similarly, the dgasvs for the MWave value at the 20 %
dichlorosilane gas concentration are assumed tthaee between Figures 6 (b) and (c). The
MWave Value of Figures 6 (a), (b) and (c) are the sasnth@ temperature distribution in Figures 7
(@), (b) and (c), respectively.

As shown in Figure 6 (a), the upward gas flow friti@ wafer surface is dominant at the
low MWaye values, because of the high natural convectiongiBom the hot wafer surface. As
shown in Figure 7 (a), the high temperature regsoextended to a very high position above the
wafer. A tall region of high temperatures was fodnaeie to the upward gas flow rising from the
hot wafer surface, as shown in Figure 6 (a).

With the increasindiWayve values, the upward motions tend to be suppresseshown
in Figure 6 (b). In this figure, the upward gaswflseems to be limited to near the hot wafer
surface. Thus, the hot temperature region shrusmikhawn in Figure 7 (b), because the upward
flow becomes weak corresponding to the increasledyas density.

At the highMWaye value for the 20% trichlorosilane gas concentrgtibe gas mixture
injected from the reactor top flows directly dowmdiéo the wafer surface, as shown in Figure 6
(c). Figure 7 (c) shows that the high temperataggon is significantly suppressed near the wafer

surface by the gas mixture having the highVae value. Taking into account the gas flows



shown in Figure 6 (c), the cold gas coming fromttye of the slim vertical gas channel directly
flows downward to the wafer surface to cool the pjaase.

The gas flow paths in the slim vertical gas charamel schematically summarized and
shown in Figure 8. In this figure, the hatched oegindicates that the chlorosilane gas arrived.
(D and (1) show the flows of heavy and light gasxtures, respectively. The chlorosilane gas
advances following (a), (b), (c) and (d). FigurgeBis the typical QCM frequency behaviour.

As shown in Figures 8 (1)-(a), (b), (c) and (dk tieavy gas supplied from the top of the
very slim gas channel goes quickly straight dowmwtarapproach the wafer surface. Such a gas
flow is recognized to be plug flow. The low tempera region is extended from the top of the
chamber to the space near the wafer surface. Tdneylgas quickly goes through the bottom of
the reactor to reach the QCM, purging the hydrog@s present. Thus, the heavy gas was not
mixed with the hydrogen gas. Following the gas fivawn in Figure 8 (1), the QCM frequency
at the trichlorosilane gas concentration of 20 %wsd a quick decrease from 0O to about -1000
Hz within 20 seconds, as shown in Figures 5 arlg-&).

In contrast, at the low dichlorosilane concentraiothe light gas moves with a strong
upward flow and recirculation due to natural coniet as shown in Figures 8 (Il)-(a), (b), (¢)
and (d). The dichlorosilane gas supplied from tyedf the reactor chamber is considered to be
indirectly transported to the wafer surface follogithe gas recirculation. The chlorosilane gas is
mixed with the hydrogen gas above the hot wafefasar Along with accompanying such a
mixing, the chlorosilane gas goes through the lbotbd the reactor to reach the QCM. Thus, the

dichlorosilane gas concentration gradually increasethe exhaust. The QCM frequency in the
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dichlorosilane-hydrogen system showed a slow dseteas shown in Figures 5 and 8 (I1)-(e).
Consequently, the difference in the gas transpadh as the plug flow and the recirculating flow,
could be real-time monitored and identified by tjueck and slow, respectively, QCM frequency

decrease.

4. Conclusions

The gas flow condition and the temperature distitoufrom the inlet to the outlet of
the CVD reactor, influencing the thin film depositi were studied, based on the information
obtained by the QCM sensors set at the inlet atidtanf the CVD reactor.

The QCM measurement was performed for the silicpitaxial growth from the
trichlorosilane and dichlorosilane gases in amblgrdrogen using the slim vertical cold wall
CVD reactor for the Minimal Fab. The QCM frequermhaviour responding to the properties
of the gas mixture was utilized. Although the QCMdquency measured at the inlet quickly
decreased for about 20 seconds, that at the exivasddifferent from that at the inlet. The QCM
frequency quickly decreased by introducing the kegas, trichlorosilane, while it slowly
decreased by introducing the light gas, dichloamsl This difference was consistent with the
gas flow and heat calculations which explained pheg flow and recirculating flow that
occurred due to the heavy gas and the light gapentively, in the reactor. The QCM is

expected to real-time detect, distinguish and asi$ig gas transport condition.
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Figure captions

Figure 1 Chemical vapor deposition reactor havimg @CM sensor as a real-time monitoring

system. (a) the reactor and (b) the QCM box.

Figure 2 Silicon epitaxial growth consisting of tveeparated processease., wafer surface

cleaning and silicon epitaxial growth.

Figure 3 QCM frequency behavior influenced by gabvignt and deposition on surface.

Figure 4 Quartz crystal microbalance frequency bieinaneasured when the 10 % Sk gas

arrived at the QCM box set at the inlet.

Figure 5 Quartz crystal microbalance frequency bieginaneasured at the exhaust of the reactor

during silicon epitaxial film deposition using Silk@nd SiHCl..

Figure 6 Gas motions at tiMWave values of (a) 8.7, (b) 15.3 and (c) 28.7.

Figure 7 Contour diagram of gas phase temperatutee®Wae values of (a) 8.7, (b) 15.3 and

(c) 28.7.

Figure 8 Schematic of gas flow in vertical cold Walactor. (I) Heavy gas mixture and (Il)

light gas mixture. Hatched region: chlorosilane gasition. (a), (b), (c) and (d):

chlorosilane gas advance, and (e): QCM frequenbg\deur.
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