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エ ・ Ⅰ nt ど oduction 

Hydrogen@chloride@gas@is@a@widely@used@etchant@in@various@processes@[1-4]@for@man- 

ufacturing@semiconductor@silicon@crystal@and@highly@integrated@microelectronics@de- 

vices ・ For@developing@and@advancing@future@processes@using@hydrogen@chloride@gas, 

a@practical@simulation@technology@for@the@hydrogen@chloride@processes@is@expected   

This@demand@requires@the@rate@equation@and@its@rate@constants,@which@can@reproduce 

and@predict@the@etch@rate@and@its@behavior@by@the@numerical@calculation@accounting 

for@the@entire@transport@phenomena@in@the@reactor ， This@information@by@the@numer- 

ical@ calculation@will@help@ designing@ a@ chemical@process@ using@the@ various@ chemical 

reaction@on@the@ silicon@ surface ， Therefore ， a@rate@theory@on@the@ chemical@ reaction 

between@the@silicon@surface@and@the@hydrogen@chloride@gas@should@be@studied,@for@the 

丘ユ tn ュ re  advance  王 n  the  silicon  technol0 ③『・ 

The@silicon@etch@process@by@hydrogen@chloride@gas@has@been@reported,@in@a@number@of 

studies@[5-22] ， Although@there@are@many@experimental@data@of@the@silicon@surface@etch 

rate@and@behavior,@they@should@be@recognized@as@a@group@of@fragments ・ Most@of@them 

have@been@proposed@a@second@order@chemical@reaction@E   1-15.@17-21]@to@produce@SiCI@, 

based@on ． the@nonlinear@behavior@of@the@etch@rate@in@the@small@hydrogen@chloride@gas 

concentration@region@and@based@on@the@equilibrium@theory ， However ， the@dominant 

etch@product@was@detected@to@be@trichlorosilane@and@tetrachlorosilane[22],@not@SiCIa; 

the@etch@rate@greater@than@2@or@3@ /Ammin@   1@ showed@linear@relationship@with@the 

partial@pressure@of@hydrogen@chloride@gas@[18] ， Furthermore,@the@surface@reaction@rate 

constant@has@not@been@evaluated@using@the@numerical@calculation@taking@the@transport 

phenomena@in@the@reactor@into@account ・ Therefore,@in@order@to@build@a@model@for 

silicon@etch@process@by@hydrogen@chloride@gas,@the@entire@behavior@of@the@etch@rate 

should@be@newly@obtained@and@evaluated ， using@a@fixed@reactor@having@simple@gas 

flo ㎎ and@heat@which@are@suitable@for@performing@the@numerical@ calculation@taking 

the@transport@phenomena@and@the@surface@chemical@reaction@rate@into@account ・ This 

information@will@be@valuable@for@the@high@rate@silicon@etching@including@the@reactor 
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cleaning[l-3] ， 

First,@we@evaluate@the@etch@rate,@the@surface@morphology,@the@gaseous@products,@by 

means@of@an@experiment,@in@this@study ・ Next,@the@dominant@rate@equation@and@the 

overall@rate@constant@of@silicon@etching@by@hydrogen@chloride@gas@are@evaluated,@for 

the@first@time,@using@a@numerical@calculation@taking@the@transport@equations@and@the 

surface@reaction@on@the@ silicon@surface@into@ account   

2.@ Experimental@ details 

In@order@to@ study@the@etching@of@the@ silicon@surface@by@hydrogen@chloride@ gas,@ a 

horizontal@cold-wall@reactor@as@shown@in@Fig ・ 1@was@used ， This@reactor@consists@of 

a@gas@supply@system,@a@quartz@chamber@and@an@infrared@lamp-heating@module ， The 

quartz@chamber@has@a@rectangular@cross@section@of@0.04@m@width@and@0.01@m@height ， Its 

very@small@height@is@designed@to@effectively@suppress@natural@convection ， A@0.03@m@ x 

0.05m@semiconductor@single@crystal@silicon@substrate,@cut@from@the@200@mm-diameter 

silicon@wafer,@is@held@horizontally@on@the@bottom@surface@of@the@quartz@chamber ・ The 

outside@ W8lls@ of@the@ quartz@ chamber@ are@ cooled@ by@ supplying@ cold@ air@ to@ achieve 

a@ cold-wall@ environment ・ The@ gas@ supply@ system@has@the@ function@of@introducing 

hydrogen@chloride@gas@along@with@hydrogen@gas@for@etching@the@silicon@substrate@in 

the@quartz@ chamber ， A@trace@ amount@ of@water@vapor@with@a@dew@point@ less@than 

213@K,@included@in@the@high@purity@hydrogen@gas@(Sumitomo@Seika@Kogyo@Co ・ ,@Ltd ・ , 

Tokyo),@W8s@removed@using@a@liquid@nitrogen@(77@K)@trap@as@shown@in@Fig ， 1.@ High 

purity@hydrogen@chloride@gas@(Sumitomo@Seika@Kogyo@Co ・ ,@Ltd ， ,@Tokyo)@vaporized 

from@the@liquid@gas@container@was@used@without@further@purification   

The@entire@process@performed@in@this@study,@shown@in@Fig ・ 2.@mainly@consisted@of 

three@steps     

(a)@removing@the@native@oxide@and@the@organic@contamination@on@the@silicon@sub- 

strate@surface@by@baking@for@10@min@at@1373@K@in@ambient@hydrogen ， 

(b)‖djusting》he《ilicon《ubstrate》emperature「sed’or》he］ext《tep｜y…hanging 
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the@electric@power@supplied@to@the@infrared@lamps ， and 

(c)@ etching@the@silicon@substrate@surface@using@hydrogen@chloride@gas@mixed@with 

Ⅱ ydrogen  gas   

Since@a@very@wide@concentration@range@of@hydrogen@chloride@gas@is@suitable@in@or- 

der@to@experimentally@estimate@its@reaction@order@and@the@changes@in@the@dominant 

chemical@products@and@process,@ the@ concentration@of@the@hydrogen@chloride@gas@at 

the@inlet@of@the@reactor@was@ 1-100@% ， The@total@flow@rate@of@the@gas@mixture@was 

0.002@ir@mm@   1@ at@atmospheric@pressure@throughout@this@study ， Although@the@hy- 

drogen@pressure@at@each@hydrogen@chloride@gas@concentration@is@the@parameter@to@be 

taken@into@account,@ it@was@only@a4usted@in@order@to@keep@atmospheric@pressure@in 

the@reactor ・ This@is@m8inly@for@avoiding@explosion@due@to@gas@leak@from@this@reactor 

system ， The@silicon@substrate@temperature@was@in@the@range@of@1023-1423@K ・ These 

conditions@include@the@industrially-applicable@condition@for@cleaning@the@silicon@sub- 

strate,@the@susceptor@and@the@chamber@of@the@chemical@vapor@deposition@reactor   

The@silicon@etch@rate@using@the@hydrogen@chloride@gas@was@evaluated@by@measuring 

the@difference@in@the@Woight@of@the@silicon@substrate@before@and@after@the@etching ・ The 

weight@difference@was@10-70%@of@the@silicon@substrate ・ The@etch@rate@obtained@in@this 

study@is@the@average@value@over@the@silicon@substrate@surface   

In@order@to@measure@the@chemical@ species@in@the@gas@phase@without@inducing@any 

unfavorable@influence@L   3@   on@the@gas@flo Ⅳ and@the@chemical@reaction@at@and@above@the 

silicon@substrate,@part@of@the@exhaust@gas@from@the@reactor@was@fed@to@the@quadrupole 

mass@(QMS)@analyzer@(Microvision ， Spectra@International@LLC) ， as@shown@in@Fig ， 1 ， 

similar@to@our@previous@study@[7] ， For@the@measurement@of@the@mass@spectra@to@clearly 

detect@ the@existence@ of@various@ gaseous@species@ and@to@ minimize@their@fragmenta- 

tion@due@to@the@ionization,@the@ionization@energy@and@current@were@set@at@18@eV@and 

0.25mA,@ respectively ・ This@measurement@ system@and@condition@enable@to@ detect 

SiCl ． 2@ and@ SiCI@when@they@are@produced@in@the@ cold@W6ll@reactor ， because@of@the 

minimized@fragmentation@in@the@QMS@and@the@suppression@of@the@gas@phase@chemical 

reaction@due@to@the@loW@temperature@in@the@cold@wall@thermal@environment@[7     
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3,  NumeFical Calcula 七五 0 Ⅱ 

The@ geometry@ of@the@ horizontal@ cold@ wall@ reactor,@ shown@ in@ Fig ・ 1.@ was@ taken 

into@account@ for@a@series@of@calculation@for@evaluating@the@chemical@process@in@this 

study ・ In@order@to@evaluate@the@silicon@etch@rate@in@a@steady@state@in@non-uniformly 

distributed@temperature@and@gas@flow@fields,@two-@and@three-dimensional@equations@of 

the@mass,@momentum,@energy,@species@transport@and@surface@chemical@reaction@were 

solved@simultaneously,@the@same@as@the@transport@and@epitaxy@ Ⅲ 0del@L   ,@6@   for@silicon 

epita ㎡ al 自 m  は owth   

The@gas@velocity@and@pressure@at@the@inlet@were@0.08ms@   1@and@1.0133@ x@ 10s@Pa, 

respecti   ely ， The@ temperature@ change@by@the@heat@ of@reaction@is@ assumed@to@be 

negligible ， Since@accurate@measurement@of@the@temperature@of@the@transparent@quartz 

glass@walls@is@extremely@difficult,@their@temperatures@were@estimated@empirically@and 

assumed@to@vary@linearly@with@the@silicon@substrate@temperature@in@the@range@between 

590@K@ and@ 750@K@[5 ， 6] ・ The@temperature@of@the@other@reactor@walls@was@regarded 

as@300@K ， The@temperature@of@the@chamber@W8ll@between@the@inlet@and@the@silicon 

substrate@ and@ that@ between@the@ outlet@ and@ the@ silicon@ substrate@were@ treated@ as@ a 

heat@conducting@wall@with@the@thermal@conductivity@of@quartz@glass   

The@etching@of@a@silicon@substrate@surface@is@assumed@to@follow@the@overall@reaction 

ine 甲乙㍉ tiCon(I Ⅰ   

Si@+@3HC1@-@@SiHCIs@t@+H2@f   
く 1) 

Mass@changes@due@to@the@chemical@reaction@of@equation@(1)@on@the@silicon@substrate 

surface@are@considered@in ・ the@boundary@conditions@at@the@silicon@substrate@surface ， 

Taking@the@experimental@results@in@this@study@into@account ， the@overall@reaction@shown 

in@equation@(1)@is@assumed@to@be@a@first-order@reaction ・ 

The@concentration@of@each@species@at@the@surface@is@governed@by@a@balance@between 

the@consumption@by@the@chemical@reaction@and@the@diffusion@fluxes@dTven@by@the 

concentration@and@temperature@gradients ， The@boundary@condition@for@conservation 
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of@species@i@on@the@substrate@surface@is 

る lnT 

                                                                る   z   (2) 

where@k@is@the@overall@rate@constant@for@the@reaction@of@equation@(1),@and@the@values 

of@the@molar@stoichiometry@coefficient,@ v@@are@ 1@ for@i@=@SiHCIs@ and@Ha,@ and@-3@for 

i@=@HC1.@ Mi@is@the@ Ⅲ Olecular@WCight@of@species@i@(kgmol@   1) ， [HC1]@ is@the@ Ⅲ Ole 

concentration@of@hydrogen@chloride@ gas@ at@ the@substrate@ surface@ (molm@   3) ・ p@ is 

the@ density@of@the@mixture@of@hydrogen@chloride,@ hydrogen@and@trichlorosilane@ gas 

(kg@in@   3) ・ Pi@is@the@diffusion@coefficient@of@species@i@(nr2s@   1) ， Df@ is@the@thermal 

diffusion@coefficient@of@species@i@(kgm@   1@s@   1) ・㏄ @@is@the@mass@fraction@of@species@i@(-)   

T@is@the@temperature@in@the@reactor@(K) ・ z@is@the@coordinate@in@the@vertical@direction   

The@etched@amount@of@silicon@per@unit@time@and@area@of@the@surface, 

Rsi 二皿 必 i ん [HCl], (3) 

gives@the@etch@rate@of@silicon@surface@as 

何 tch  rate  =  6  X  107Rs ツタ sj  ( が m  血 n 一 I), (4) 

where@ps i@is@the@density@of@solid@silicon,@and@the@factor@6@x@ ・ 107@is@used@for@the@unit 

conversion  ofm  s 一 lto  が m  田 in 一 l. 

To  solve  the  transpo 「 t  equationsdescribed  abov も the  calculation  domain  was 田 - 

vided@into@a@non-uniform@grid@with@4,800@and@96,000@grid@points@for@the@two-@and 

three-dimensional@calculation,@respectively ， Preliminary@calculations@using@different 

numbers@of@grid@points@showed@that@the@grid@points@used@in@this@study@were@suffi- 

cient@to@obtain@accurate@calculation@results ， In@this@study,@the@discretized@equations 

were@coupled@and@solved@using@the@SIMPLE@algorithmE4@   on@a@computational@fluid 

dynamics@software@package ， Fluent@version@5.5@(Fluent ， Inc ・ ， Lebanon ， NH ， USA)   

Additionally,@the@calculations@are@performed@using@the@code@[]@ based@on@the@SIM- 

PLER@algorithmE   4   ・ 

The@gas@properties@of@hydrogen,@trichlorosilane,@hydrogen@chloride@and@their@gas 

mixture,@such@as@viscosity,@thermal@conductivity@and@heat@capacity,@WCre@taken@from 
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the@literature@[25.@26] ， The@properties@of@the@mixed@gas@were@estimated@theoretically 

[27   ， The@diffusion@coefficients@of@trichlorosilane@and@hydrogen@chloride@in@hydrogen 

are@estimated@with@the@ Ⅳ Cthod@described@in@the@literature@L   8   ， 

In@this@study,@the@overall@rate@constant,@k,@in@equation@(3)@is@obtained@so@that@the 

calculated@etch@rates@agree@with@those@measured@at@various@temperatures   

4.@ Results@ and@ Discussion 

In@this@section,@the@etching@process@is@discussed@based@on@various@results,@ such@as 

the@ silicon@etch@rate@behavior,@ the@surface@morphology@ and@the@ gaseous@products   

After@deriving@the@rate@equation@taking@the@dominant@chemical@process@on@the@sili- 

con@substrate@surface@into@account,@the@overall@rate@constant@is@evaluated@using@the 

numerical@ calculation   

4.1  % ぬ co れ e 舌 c わ ℡ 舌 e 

The  silicon  substrate  sur 偽 ce  is  etched  by  the  hydrogen  chloride  g ぬ s  in  ambie 血 

hydrogen@at@ atmospheric@pressure@using@the@cold@V3ll@reactor@shown@in@Fig ・ 1.@ in 

the@temperature@range@of@1023-1423@K ， Circles ， squares ， triangles@and@diamonds@in 

Fig ・ 3@shoW@the@silicon@etch@rate@mCasured@in@this@study ， 

The@ etch@ rate@ at@ each@ temperature@ in@ this@ study@ increased@with@ the@ hydrogen 

chloride@concentration@set@at@the@inlet@of@the@reactor ・ The@largest@etch@rate@obtained 

in@this@study@W8s@80@/ Ⅲ Ⅰ min@   1@at@the@silicon@substrate@temperature@of@1423@K@at@the 

hydrogen@chloride@concentration@of@100@% ・ The@notable@behavior@of@the@silicon@etch 

rate@shown@in@this@figure@is@its@almost@linear@increase@at@each@temperature@even@for 

the@conditions@from@very@large@(100%)@to@very@small@(near@1%)@hydrogen@chloride 

gas@concentration ， Therefore,@the@results@obtained@in@this@study@indicate@that@the 

overall@chemical@reaction ・ order@of@the@hydrogen@chloride@gas@can@be@assumed@to@be 

one@as@written@in@equation@(2),@since@the@almost@linear@increase@of@the@silicon@etch 

rate@over@the@wide@hydrogen ・ chloride@gas@concentration@range@is@observed@in@Fig ， 3   

This@reaction@order@will@be@verified@in@the@later@part@of@this@study ・ 



4.2  S ひ ㎡ Oce  佛 o やん ozo タぴ 

This  section  b で ie 且 y  describes  the  relations ㎡ p  between  the  silicon  etch  rate  and 

the@change@in@the@surface@morphology@of@the@silicon@substrate@during@the@etching, 

since@the@surface@morphology@provides@the@fundamental@information@on@the@increase 

and@the@decrease@in@the@surface@area@influencing@the@surface@chemical@reaction@rate   

Since@the@changes@in@the@surface@ ㎝ Orphology@are@observed@to@be@intense@by@visual 

inspection ， it@is@observed@using@an@optical@digital@microscope@(VH-8000 ， Keyence@Co ， ， 

Ltd ・ ,@Tokyo),@as@shown@in@Fig ・ 4.@ This@figure@shows@the@surface@morphology@etched 

at@ (a)@ the@ silicon@ substrate@ temperature@of@ 1423@K@ for@ 15@min@with@the@hydrogen 

chloride@concentration@of@5%,@and@at@(b)@ 1273@K@for@75min@with@1@% ・ 

As@reported@in@our@previous@study@[3],@the@morphology@of@the@silicon@substrate@sur- 

face@becomes@rough@with@the@increasing@etch@period ， Similarly,@the@silicon@substrate 

surface@in@this@ study@was@observed@to@become@rough@ due@to@the@etching@at@ 1423@K 

for@15@min@with@the@hydrogen@chloride@concentration@of@5@%@as@shown@in@Fig ， 4@(a)   

Fig ， 4@(b)@also@shows@pits@on@the@silicon@substrate@surface@etched@at@1273@K@for@75@min 

with@the@hydrogen@chloride@concentration@of@1@% ， As@shown@in@Fig ・ 4.@the@surface 

morphology@at@ 1273@K@is@rougher@than@that@ at@ the@higher@temperature@of@1423@K ・ 

A@smooth@surface@was@obtained@at@ higher@substrate@temperatures@rather@than@the 

lower@temperatures,@in@this@study ・ This@trend@agrees@with@the@report@by@Lang@and 

Stavish[13]@and@Putte@et@al ・ [19] ， If@the@silicon@surface@roughening@increased@the@reac- 

five@surface@area,@the@silicon@etch@depth@shows@an@exponential-like@increase@with@the 

increasing@etch@period,@due@to@an@increase@in@the@surface@area ， However,@the@linear 

increase@in@the@silicon@etch@depth@with@the@etch@period@was@experimentally@observed 

at@the@hydrogen@chloride@concentration@causing@the@surface@roughening ・ Therefore, 

the@influence@of@the@surface@roughening@on@the@silicon@etch@rate@is@considered@to@be 

negli 目 ble   
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4.3  G08eo ひ s  c ん C 卸 ic 協 p 冊 はひ c 傍 

In  order  to  study  the  chem Ⅰ calreacUons  at  the  silicon  substrate  sur № ce  and  in  the 

gas@phase,@the@gaseous@chemical@species@produced@in@the@reactor@are@evaluated@using 

the@QMS,@as@shown@@@   Fig ， 1.@ Fig ・ 5@shows@the@chemical@species@@Casured@under@the 

condition@using@the@hydrogen@chloride@concentration@of@50@%@and@the@silicon@substrate 

temperature@of@1373@K ・ The@partial@pressure@in@this@figure@is@normalized@using@that 

for@the@mass@of@36@which@shows@the@greatest@partial@pressure@in@this@measurement   

As@shown@in@Fig ・ 5;@five@groups@clearly@existed@at@masses@near@2 ， 36 ， 98;@133@and 

168.@ The@partial@pressures@at@masses@of@1-2@and@35-38@are@assigned@to@hydrogen@gas 

and@hydrogen@chloride@gas@supplied@from@the@inlet@of@the@reactor ， The@great@partial 

pressures@at@the@masses@of@133-140@and@168-176@are@assigned@to@the@SiCI@@group@and 

SiClf  は oup,respec 桶 Wly.  Ta ㎡ ng  the  i 血 uence  ofthe  仕 a 糾 lentaUon  in  the  QMS 

analyzer@into@account,@ the@major@chemical@species@existing@in@the@exhaust@gas@are 

considered@to@be@trichlorosilane@(SiHCIa)@ and@tetrachlorosilane@(SiCU) ， In@spite@of 

the@difference@of@the@thermal@condition,@such@as@cold@wall@and@hot@W6ll ， this@result 

coincides@with@those@by@Nishizawa@and@NihiraL   2     

The@partial@pressures@at@the@masses@of@98-102.@the@SiCI@@group,@WCre@much@lower 

than@those@of@the@SiCit@group@and@SiCit@group ， Because@of@the@very@small@partial 

pressure  of  the  SiCl オ穿 oup  and  the  neg Ⅱ gibly  small  parti ぁ l  pressure  of  the  SiCl 十 

軒 oup  h ゐ ving  the  masses  of  63 円 6,  SiH 接 Cl あ SiCl2  and  SiCl  are  not  ㏄ nsidered  to 

be@the@dominant@product@in@the@silicon@etching@process ・ Because@the@major@gaseous 

products@detected@by@the@QMS@were@the@same@for@every@measurement@using@the@wide 

ranges@of@the@temperature@and@the@hydrogen@chloride@concentration,@the@dominant 

surface@chemical@process@of@the@ silicon@etching@by@hydrogen@ chloride@gas@at@ atmo- 

spheric@ pressure@ is@ concluded@ to@ unchange@ in@the@temperature@range@used@ in@this 

study ， The@excess@amount@of@hydrogen@chloride@gas@supplied@is@considered@to@pro- 

ceed@the@ surface@ chemical@process@to@ form@the@final@product@ of@trichlorosilane ， in 

contrast@to@the@atomic@layer@etching@by@chlorine@[29]   
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4.4 Ch ね C 仰 im ㎡ p 櫛 ce ㏄ 

Ne 蕪 ， the  dominant  chemjcalprocessto  etch  the  silicon  substrate  sur 億 ce  by  hydro- 

gen@chloride@gas@is@described@based@on@the@information@obtained@in@this@study@and@the 

existing@studies@[11-15:@29] ， In@order@to@produce@trichlorosilane@and@tetrachlorosilane ， 

the@successive@reactions@can@be@assumed@as@shown@in@Fig ・ 6@and@as@follows     

Si 十 HCl 弓 ， SiCl 干与 H 乞士・ 
， SiCl 十 HCl づ， SiCl2 干与 H2 丁   
"SiCl2 千 HCl づ SiHCl3T 
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Here,@the@symbol@*@indicates@the@chemisorbed@state@on@the@silicon@substrate@surface ・ 

The@hydrogen@chloride@produces@trichlorosilane,@ which@cannot@ continue@to@stay@on 

the@silicon@substrate@surface@because@of@its@lo Ⅳ boiling@point@of@305@K@and@very@large 

v ゐ por p 「 essu Ⅰ e   

Since@there@is@a@very@large@amount@of@hydrogen ・ chloride@gas@in@the@gas@phase@above 

the@ silicon@ substrate@ surface,@ trichlorosilane@ is@ considered@ to@react@ with@hydrogen 

chloride@to@produce@tetrachlorosilane   

SiHCl3+ Ⅱ Cl- づ SiCL4+             (8) 

Since@the@silicon@epitaxial@growth@can@occur@in@the@trichlorosilane-hydrogen@system, 

the@following@two@reactions@may@simultaneously@occur@on@the@silicon@substrate@surface, 

as@a@reverse@process@of@the@silicon@etching:@[5 ， 6 ， 30-32] 

SiHCl3@-@@ ， SiCIa@+@HC1@f@ ， 

*SiCl2@+@Ha@->@Si@+@2HC1@f   
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Here,@equation@(8)@occurs@only@in@the@gas@phase ， Additionally,@the@rate@of@equa- 

tions@ (9)@ and@ (10)@ are@considered@to@be@suppressed@due@to@the@excess@amount@of 

hydrogen@chloride@gas@in@the@reactor@in@this@study ， Therefore,@equations@(5)-(7)@are 

considered@to@be@dominant@during@the@silicon@etching@by@the@hydrogen@chloride@gas   
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4.5 DOm 』Ⅰちれ 0 れ舌竹はま e,C ヴひ a ぬ O れ 乱れれ 0 ひ le 「はこ正月ほ 廿 eCo れ S 舌 (.0 れ廿 

In@this@section,@the@dominant@rate@equation@of@the@silicon@etch@rate@by@hydrogen 

chloride@gas@is@obtained@and@evaluated,@following@the@rate@theory@[33] ， The@chemi- 

cal@reactions@in@equations@(1),@ (5),@ (6)@ and@(7)@and@the@assumption@for@the@surface 

morphology@influence@are@concluded@to@be@valuable,@when@the@rate@equation@derived 

from@these@equations@can@reproduce@the@experimentally@obtained@etch@rate@in@Fig ， 3   

Assuming@the@successive@surface@chemical@reactions@in@equations@(5)-(7),@and@tak- 

ing@the@fraction@of@surface@reaction@sites@occupied@by@*SiCl@and@*SiCl2@into@account, 

the@silicon@etch@rate@is@described@as@equation@(3)@where@the@overall@rate@constant@of 

silicon@etching,@k,@is@expressed@in@equation@(11)   

ん 一 一 
I 

1 戸 1 千 1/ め十 1 戸 ， ， (11) 

where@A;i,@k@@and@A;s@are@the@rate@constants@(ms@   1)@of@equations@(5),@(6)@and@(7),@re- 

spectively ， Equation@(11)@predicts@that@the@overall@rate@constant@does@not@depend@on 

the@surface@concentrations@of@hydrogen@chloride@gas,@hydrogen@gas@and@trichlorosilane 

gas ・ Next,@the@value@of@the@overall@rate@constant@in@equation@(11)@is@evaluated@so@that 

the@ ℡ Casured@silicon@etch@rate@in@Fig ， 3@is@reproduced@by@the@numerical@calculations   

The@calculation@in@this@study@showed@that@the@gas@floW@in@the@reactor@was@parallel 

to@the@heated@silicon@substrate@ surface@and@that@natural@convection@was@very@well 

suppressed,@following@the@design@concept@of@this@reactor ， 

The@obtained@values@of@the@overall@rate@constant@are@depicted@as@the@Arrhenius@plot 

in@Fig ・ 7.@ From@this@figure,@the@overall@rate@constant@is@shown@to@folloW@the@Arrhenius 

Ⅰ ニ ㍉ w,as  follows     

--1.5  X  Ⅰ 05 
ん =  6  X  t04eXp( 

RT 
)  m  s "'   (12) 

The@ activation@energy@obtained@in@this@study@is@ 1.5@x@lo@mol@   1.@ This@value@is 

consistently@larger@than@the@apparent@activation@energy@of@1.7@x@104@J@mol@   x@reported 

by@Putte@et@al[19],@because@the@activation@energy@by@Putte@et@al ， included@the@influence 
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of@not@only@the@surface@reaction,@ but@also@the@entire@transport@phenomena@in@the 

@actor ・ 

The@solid@lines@in@Fig ・ 3@are@the@calculation@using@the@k@value@of@equation@(12) ・ Since 

the@calculation@is@recognized@to@reproduce@the@etch@rate@changing@with@the@silicon 

substrate@temperature@and@the@hydrogen@chloride@concentration@in@this@study ， the@k 

value@obtained@in@this@study@is@considered@to@be@applicable@to@describe@the@behavior@of 

the@silicon@etch@rate@by@hydrogen@chloride@gas,@and@is@concluded@to@be@independent@of 

the@surface@concentrations@of@hydrogen@chloride,@hydrogen@and@trichlorosilane@gases, 

as@predicted@in@equation@(11) ・ Therefore,@the@rate@equations@(3)@and@(11),@based@on 

the@rate@ process@ shown@in@ Fig ・ 6.@ are@ concluded@to@ be@ valid ・ Simultaneously,@ the 

silicon@deposition@due@to@the@gaseous@product@of@trichlorosilane@is@considered@to@have 

a@negligible@influence@on@the@silicon@etch@rate@in@this@study ・ 

The@very@slight@non-linearity@of@the@measured@etch@rate@in@Fig ・ 3@is@considered@to 

be@due@to@the@transport@phenomena@in@the@gas@phase,@similar@to@the@silicon@epitaxial 

growth@L   ] ・ Especially,@the@trichlorosilane@gas@and@tetrachlorosilane@gas@produced@at 

and@around@the@silicon@surface@are@considered@to@be@very@slowly@transported@away ， 

because@they@have@the@very@smaller@diffusion ・ coefficient@than@the@rest@of@gases@in@the 

reactor ， 

The@influence@of@ambient@gas@on@the@silicon@etch@rate@has@been@reported@to@exist 

[19] ， However,@ since@ silicon@etch@rate@is@very@large@ at@ the@ hydrogen@chloride@ gas 

concentration@of@100@%,@silicon@etching@is@concluded@to@be@possible@without@hydrogen 

gas,@in@contrast@to@the@silicon@epitaxial@growth@in@a@chlorosilane-hydrogen@systemL   1]   

In@order@to@further@clarify@the@dominant@chemical@process@of@silicon@surface@etching, 

the@behavior@of@the@silicon@etch@rate@using@various@ambient@gases@is@considered@to@be 

necessary ・ 

5.@ Summary 

The@ etch@rate@ of@the@ silicon@ substrate@ surface@ using@ hydrogen@ chloride@ gas@ and 

its@rate@process@are@studied@using@ambient@hydrogen@at@ atmospheric@pressure@in@a 

12 



temperature@range@of@1023-1423@K@and@a@hydrogen@chloride@concentration@range@of 

1-100% ， The@rate@theory@of@silicon@surface@etching@using@hydrogen@chloride@gas@is 

studied@by@means@of@calculations@using@transport@equations@and@the@surface@chemical 

reaction@rate ・ The@dominant@surface@chemical@process@is@assumed@to@consist@of@the 

first-order@successive@reaction@to@produce@trichlorosilane ・ The@activation@energy@of 

the@overall@rate@constant@is@evaluated@to@be@1.5x@105@Jrnol@   1.@ Since@the@rate@equation 

obtained@in@this@study@can@reproduce@the@silicon@etch@rate,@the@rate@equation@and@the 

rate@process@are@concluded@to@be@valid ， Simultaneously,@the@silicon@deposition@by@the 

gaseous@by-product ， trichlorosilane ， is@shown@to@have@a@negligible@influence@on@the 

silicon@etch@rate   
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Figurecaptions 

Fig ・ 1. Horizontal…old『all…hemical」apor‥eposition〉eactor「sed（n》his《tudy 

for@etching@silicon@substrate@surface ， T Ⅱ     s@reactor@consists@of@a@silicon@substrate, 

a quartz chamber, halogen〕amps‖nd“as《upply《ystem｛f”ydrogen gas and 

hydrogen@chloride@gas ・ A@quadrupole@mass@spectrometer@is@used@for@analyzing@the 

gaseous@chemical@species@in@the@exhaust@gas   

Fig ・ 2.@ Process@ for@ cleaning@and@etching@of@the@ silicon@ substrate@ surface@ in@this 

study ， 

Fig ， 3. Etch〉ate｛f《ilicon《urface‖t》he《ilicon《ubstrate》emperatures｛f・ 

1423K@by@hydrogen@chloride@gas@in@ambient@hydrogen@at@atmospheric@pressure   

Circles,《quares,》riangles‖nd‥iamonds‖re》he［easurement ， Solid〕ines‖re》he 

calculation ， 

Fig ， 4. Silicon《ubstrate《urface‘tched｜y”ydrogen…hloride gas（n‖mbient hy- 

drogen@at@ atmospheric@pressure@using@the@optical@digital@microscope ， The@te Ⅲ - 

perature and》he hydrogen…hloride concentration》o‘tch》he《ilicon substrate 

surface@is@(a)@ 1373@ Kwith・ 1273゜『ith・ ， 

respectively ・ 

Fig ・ 5.@ Quadrupole@mass@spectra@of@the@exhaust@ gas@during@the@etching@of@silicon 

substrate@surface@at@the@hydrogen@chloride@concentration@of@50@%@at@the@silicon 

substrate@temperature@of@1373@K   

Fig ・ 6.@ Chemical@process@of@etching@and@epitaxy@at@the@silicon@surface@and@in@the 

gas｝hase’or‖”ydrogen…hloride-trichlorosilane-hydrogen《ystem ・ 

Fig ・ 7.@ Arrherdus@plot@of@the@rate@constant@of@silicon@surface@etching@by@hydrogen 

ぬ hlo て宝 de  gas   
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