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Introduction 

AslliconepltaXlalwa6erha5been 壬 ecog Ⅱ lzedt0besultabIe め Ⅱ ma 打 u 肱 c ぬ Ⅱ ng 

cu 戸 Ⅰ ent and ぬ tufe advanced m Ⅰ croelectronics deVlceS, In the 価 m Ⅰ e, the ぬ nhe 戸 

s 血 lnklngdeslgnmle6ormlc Ⅱ oelect 丘 onicdeWceswill 丁 equi 丘 0ave り high 且 a も nes5and 

excellent@nanotopography@of@the@silicon@ep*axial@wafer@[1.@2] ， In@order@to@satisfy@this 

increasing@demand,@many@try-and-error@approaches@have@been@performed@by@modifying 

the reac も oor g ㏄ me 屯り , such as a multlplnlet ln the horlzontal single-wafer Ⅱ eplt Ⅸ lal 

reactor. AlItho Ⅱ ghthem は ltl-lnlet Ⅰ semplrlcallyknowntobeableto 何 りひ sttheentlre 

trend@ of@the@ epiaxial@ @ Ⅰ lm@thikness,@ such@the@reactor@often@ loc8ly@ shows@ a@ Sight 

thickness@variation@[3] ， In@order@to@perform@the@systematic@approach@to@optimize@the 

reactor@design@and@to@minimi   e@the@local@thikness@variation,@is@forma@on@mechanim 

has@been@studied@using@the@theoretical@calculation@[4.@ 5],@accounting@for@the@transport 

phenomena@and@the@exact@geometry@of@the@epiaxial@reactor@including@the@multi-inlet ・ 

Although@these@studies@could@successfully@reproduce@the@trend@of@the@epitaxial@growth 

rate@4stribution,@is@quantitative@relationship@among@many@complicated@factors@in@the 

reactor@has@not@been@extracted@and@clarified ， The@simple@relationship@is@necessary@for 

developing@the@practi   al@way@to@design@the@reactor ・ Ad4tionally,@this@informa Ⅰ     on@will 

help@ the@ scientists@ and@ engineers@ using@ a@ chemical@ vapor@ deposition@ reactor@ with 

surveying@the@optimum@condition@for@film@formation ， 

Therefore,@ in@ this@ study@ which@ advances@ our@ preVous@ W0rk@ [5],@ the 

tnchloros Ⅱ anet Ⅰ a Ⅱ spo Ⅰ t 耳 atelsespeclallyfocusedon, あ mongv 頒 Ⅰ ous 廿 actoFs6orthe 

chemIcalvapordeposi 出 10 几 lnordertocl 班 lfythedo 血 lnant 騰耳 matlonmechanlsmof 

the@loc@@   growth@rate@distribution@and@the@local@thickness@profile@of@the@silicon@epitaxial 

film@in@the@industrially@used@horizontal@cold@wall@Sngle-wafer@epitaxial@reactor ・ The 

local@ thickness@valley@will@be@ shown@to@be@ simply@formed@by@the@local@ gas@phase 

temperature@distribution   
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TheomticalMethods 

lnt ㎡ ssee は o 几 there ㏄ toTg ㏄ 典 e 廿 yan 己 thetheore 伍 uGalmethod 田 屯田 sst ℡ 己 y 打 e 

br 晦 Ⅱ y  described. 

Fjgure  l  shows  the  g ㏄ metryr  of  the  血 dulSttrially-used  hor ラ o Ⅱ tall  cold  wa ℡ 

s 伍 gIe-walfe Ⅰ reactor used め Ⅰ s Ⅱ icon ep Ⅱ サり妊 al 丘 Ⅰ m e て nowth. A gas mn ニぬⅣ e of 

屯 Ⅰ 主 C 田 o Ⅰ nos Ⅱ ;a 皿 e alid hy 血 ogen Ⅰ s m 田 rod Ⅱ lCed at atmosphe Ⅰ n Ⅰ c pressWe t 比 ough the 

mult ト伍Ⅰ et 五 %o the Ⅰ eacto ⅠとⅡⅠ d Ⅰ eacts on モ he s ㎝千め ce ofa 200-111 Ⅱ ト dia ュ Ⅱ eter sllicon 

㎝ bstratew 抽 chlsh じ Ⅰ d 五 or ね on ぬ ℡ yaI 血 ro は tes 托 20%m. Themu Ⅱ ト田 leth 館山Ⅰ ee 

sec 廿 ㏄ お， ㎏ 冊 (L),center  (C)  ㎝㎡ hg 比 (R),w ㎡ ch  荻 e  div 昭 ed  us 伍 9  田拓 t  付 ates  set  at 

the  ce Ⅱ te Ⅰ o ど the  玉田 et ㎝ ュ d  on  the  nght 荻 Ⅰ d  le 食 ， T 王 Ⅰ e  g とⅡ ヨ血 五逆 く t ℡ e  士 Ⅰ owsbetween  the  面 let 

plates,aIld  廿 climbsup  asta 廿 to  app ゼ 0 な ch  thesusceptor 鉱 )dthesubstrate.Theavera 茗 e 

g 俺 veloc 丘 y  下士 he  mu 比 ㌔ 下 letis0 ・ 21%/s 騰 Ⅰ t ね 0L  ㎝ ld  R  sect;om,0 ・ 78 Ⅲ /s ぬ rthe  C 

sect 正 on, な ttheatmosphericPess ℡ eofl.0133X105pa.Atthei Ⅱ Ietofthere ㏄ to 拍 ， the 

concent Ⅰ at Ⅰ onoft 且 c 田 ofoslla Ⅱ e(S 刑 C13) Ⅲ anamb%enthy 旺 ogen(H2)is3.5%.The 

s ⅡⅠ consubst Ⅰ atetempef は 北 We 聴 setatl400K;thetempefat 皿 eof 山 eq 田 工も zw れ llsne 簗 

thes Ⅱ lconsubst 吏 ate 玉 750 色 l Ⅲ eacoldwaIlreact0fused 皿 o ℡ p Ⅰ evIousstudies[6, 

7], 

In  ofderto  c 机 cuIatetheep ね a Ⅹ エ al9 Ⅰ <oW 仁 Ⅱで 砿 e,thet ampo 丘 れ荻 ) 』 ep 九 % コり /mo 己 e1[6. 

    lsapp Ⅱ @edtot 田 ss ぬ dy.T 蝸 smodelconlsistsoft 五 heoreticaIequatlonsforthetr ゑ aInlspo れ 

phenomenaofthe Ⅱ ぬ ss, mo 拍 enn ℡ 几 e 血 ergy 打 ldche ㎝Ⅰ calspeclees ㎝ idthe0 s は f ㏄ e 

reactlo Ⅱ Sto$D 肛 Ⅱ theslllconepItaXlal 廿 lm.Thedlscretlzedequatlonsa Ⅰ ecoup 油 d% 血 d 

solvedus ⅡⅠ 9 位 ieSI ㍉ 仲 LEaIgon 廿 h Ⅱ r1[8]onaCFDso 丘 warep め町 Ckage,Fl ℡ lentversion5.5 

(F Ⅰ℡ e Ⅱ t,I 典 c,).Tbephysicalprope れテ esused 伍 t 田 sstudy ㎝ ethe 鍵 、 measthose 伍 o ℡ 
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previous@studies@[6.@7] ・ 

ThekeypFocesses ぬ Ⅰ thes Ⅱ Ic0nep 珪 a 泊 aI 且 №Ⅰ 穿 oW 屯 h 荻 e Ⅰ ep エ ese 町立 edbythe 

ぬ 1low 血 gtwo  chemicalre ㏄ tions     

Chem 五 so 卯 tion  ofSjHCk3: 

SjHCl3 うホ S ミ C12 千 HCl (1) 

Decompos れ ionofcheemisorbed 斗 ecles, ホ SiCl2(productionofSi Ⅱ lm)     

ホ SiCl2+H2 つ ・ Si+HCl (2 Ⅰ 

In》hese‘quations,》he…hemical《pecies…hemisorbed｛n》he《ilicon《urface‖re 

田 dicated  us 而 9  叶 ，・ The  g Ⅰ ol 甜 h  rate  of  silicon  ep 九 % Ⅹ 五 al  Ⅱ lm,  げ (mol  m-2  s-l),  is 

desc ア五 bed  as  ゐ llows: 

ア ユ 
を "d 七い皿 CL3][HJI 

アナ サ口 [S Ⅲ CL,] 千メ と， Ⅰ H, コ 

(3) 

[z] Ⅰ s 田 e Ⅲ oleconcent Ⅰ a 七五 onofspecies Ⅰ く m0lm.3)8% 七五 es Ⅱ Iconsubst Ⅰ れ tes は $a ㏄ ，ぬ dls   
Results れ nd  Discussion 

A 且 er  bhe 皿 y  sum 皿打ラ Ⅲ g  血 e  resuhs  血 0l は previous  s ぬ dy  [5], 血 e  ぬ rn ℡ tion 

mechanism@of@the@local@thickness@valley@is@discussed   

Loc の / ナん zc わ Ⅰ essvalle     

Fig.2(a)showstheco ℡ itom 肛 Ⅱ 且 esofthecalculatedslliconepItaxialgro Ⅴ れ hrate 

dlstFlbutlonnoImal 色 edusmgthegToWthTateat 血 ecente て oft 五 esubst Ⅰ 3%e.Flg.2(b) 

shows 圭 heconto Ⅰユて l 皿 es0% 十五 ecalcula 土 edgasp 五館 etemper3% ℡ e 毎 t0.003mabovet Ⅱ 0 

sIliconsu ㎏ tT れ上 e.Sla Ⅱ tedsqu 打 es,6D1lowedbyb Ⅰ okenI 丘 Ⅰ es,mdicatetheposItlono ど the 

t ㎞ eei 皿 etpIates.T ね elowgFo Ⅰ 甜 h 耳 ate Ⅰ egionsalongtheb Ⅰ okenl 田 es 田 Flg,2(a)l 肱 ve 
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theMghe Ⅰ g 養 vel0c れ yat ね s 丘 ont0dge,the 田 gheF 屯 e 巾 peTat ℡ e Ⅲ thegasphase,as 

shownusmgle 托 erH 面 Fig.2(b),m6 千 h Ⅱ sSt れ elower 血 chlo Ⅰ nos Ⅱ・ aneeconcentrationt ㎏ n 

the  othe 丁丁 egio ㎎・ Atthe  正正 o 庶 edge  ofthe  substf れ te,the  v 打簗 tion  ofthe  ep 九 %lal 

9 Ⅰ oW 士 h Ⅰ atemthet 丘 a Ⅴ e Ⅰ sed Ⅱ ect Ⅰ onisestin 拙 tedto ㎏ 2-3%. 

Thedeta Ⅱ softhee Ⅱ 士旺 et 耳ぬヱ ㎎ p0 れ phenomena れ ⅠⅠ dthe 穿 oW Ⅰ h Ⅰ 8%el 週 Ⅴ ebeen 

w ⅠⅠは en Ⅲ o ℡ previous 鰍 :udy[5]   

  
ア サ a れ苫   0 ァ Ⅰ 仁 Ⅰ ァ eo   か iC カ fo ァれ 0S Ⅰ i7 晩れ e 

Int ㎡ ssectio 几 a 騰 ⅠⅡ 靭 tionmecl 辺 ㎡ smofthe localg Ⅰ oWthTatedlstTibut Ⅰ onls 

discussed   

InoWp Ⅰ ev Ⅰ ousstudy[5],the Ⅰ e ㌍ onto も mlthech 頒 ㏄ te Ⅰ lstlclocaldistfibutlon 

oftheep Ⅱ な Xlalg Ⅰ ol れ h Ⅰ atewasquaI 珪 ativeIyassumedasgollows: Ⅰ l)Theplateofthe 

m Ⅱ ltL 田 letge 血 eratesthe Ⅰ egionw れ has 血ゑ 1lgasvel0c れ y 打 o ⅢⅠ づ れ selfd ℡ etothee 朋 ect 

of@gas@viscosity ・ (2)@In@this@slow@stream@region,@the@gases@are@rapidly@heated@by@the@hot 

substrate@and@susceptor;@the@gas@volume@is@expanded@to@decrease@the@trichlorosilane@gas 

concentFatlon の e ⅠⅡ㎡ t vol Ⅰ me); and the dlf 面 slv 珪 y of trIchlo ゼ os ね a Ⅱ e gas 

si ⅡⅠⅡ ltaneously 田 cTeases. く 3) The g Ⅰ ol Ⅴ th Ⅰ ate deCre ㏄ e dueto the dec 工 ease 面 the 

tficMoTos Ⅱ ane g ㏄ c0 Ⅱ Cent ざ at エ onc ㎝Ⅲ otbe compensatedby は s 面 c Ⅰ e め ed は eto Ⅰ he 

mcrease 田 thet Ⅰ 王 c 十王 工 orosllaneegasdi 億ュ si Ⅴ i 圭 y.However, aqu ㎝ rtltat ⅠⅤ edesc Ⅰ lptionof 

圭 ， hlsassumpt Ⅰ DCOnhasnotbeenevaluated. 

Thhere ぬ Ⅰ e フ the 吐荻蝸 po れ rateo す甘 ic 抽 oros Ⅱ ane  Isfocused  on.T        m 工 0  acco ㎝ 止 

the  tfanspo 丘 l Ⅱ mIted  region  w ね h  a  suppressed  gas  ph ぬ se  feactlon  田 the  田 dus た Irial 

S Ⅱ lConePItaxial 9 「 0 耐由 COnd 珪 Ⅰ 01 Ⅰ ラ theslllconep 丘 axlal 五 lmgrowt@hr 荻 elscomldered 

tobedo ㎜ atedby 市 etr 皿 spo 「 trateoftheesourcegas 丘 omthegasphasetothe 

subst Ⅰ ate,RT ㎝ s(kgm-2s.1),ThCbel ℡ v Ⅰ o Ⅰ ofRTr ㎝ sc 酊 lbeevaluatedass 山山 且 gthe 

dif 壬廿 s1o Ⅱ tr ゑ Ⅱ spo Ⅱ た 0 で theso は ceg 鋸 species 上汁 om 伍 egasphasetothesubs 巾で ates ℡ 肪 ce, 
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as@expressed@in@equation@(4),@using@the@variables@shown@in@Fig ・ 3   

  l  rg,S 一 rm 市 ㏄ 

RTrans 二 D( ㌦。 )   
乃 乃 

  く 4) 
乃 " 。 

where@Jave@(K)@is@the@average@temperature@in@the@layer@for@the@diffusion@transport@of@the 

Ⅰ nC Ⅲ O 「 0s Ⅱ anegaS   

も ， 十 T ㎡ 鵬 
T@ ， @ave = 

2 
(5) 

冗 s ㎡ ace 鋒 ) md 冗 8 ㏄㏄ ) afe the temperatu Ⅰ es of the subst 戸 ate su ㎡ ace md the 

representative@ temperature@in@the@ gas@ phase,@ respectively ・ D(Tsve)@ (m2         is  the 

diffusivity@ of@the@ trichlorosilane@gas@ evaluated@ at@ Tave ・ Cgas(2gas)@ (kg@ m ， 3)@ is@ the 

concentration@of@the@trichlorosilane@gas@in@the@gas@phase@which@has@the@temperature@of 

Tgas ・ Csurface@(kg@ni ， 3)@is@the@concentration@of@the@trichlorosilane@gas@at@the@substrate 

surface. A (m) 蝸 the distmce 6ofthe di 荻 lsiontrmspo れ音 omthe gas phaset0the 

substrateSu ゴ ace.Cg ㏄ (Zg%)1sobt 傲 neda5 ぬ 1lows: 

C 衿 (Z-au 。 Ⅰ 二二 C.o 三キ 岩   
(6) 

Co@(kg@m ， 3)@is@the@concentration@oftrichlorosilane@gas@at@the@inlet@of@the@reactor ・ In@this 

study,@Co@is@0.22@kg@m ， 3.@which@corresponds@to@the@mole@fraction@of@the@trichlorosilane 

gas@in@hydrogen@gas@of@0.035.@Csurface@is@assumed@to@be@zero,@since@the@trichlorosilane 

gas@concentration@at@the@substrate@surface@at@high@temperatures@in@the@transport@limied 

reglonl5signi Ⅱ cantlysm 杣 le 丘 Ⅰ hanCg 俺 (Z 朗 )[6,7,9], ん 1s0 ・ 0l m, 八 ㎡㏄ e15 色 Xedat 

1400K.A Ⅰ thoughthethe 『 ア l Ⅰ aldif 田 slon Ⅰ sknoW Ⅰ lto Ⅰ n 且 uencethespecie5trmSpo れ ln 

thecold-wallreacto ⅠⅠ 9],ltS Ⅰ mplydecrease5thed;f Ⅱ ュ siontfanspo れ ofthesou 耳 cegasto 

the@substrate@surface@by@several@percent@without@changing@its@entire@trend ・ Therefore, 

this@study@ignores@the@thermal@diffusion@term@in@equation@(4) ・ The@binary@diffusion 
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coe 田 cientoft 皿 chlorosilanelnhydrogen Ⅰ ses た Ⅰ matedbytheme 圭止 hoddesc Ⅱ bedlnthe 

Ⅱ teraature[l0],md Ⅰ sexpressedasai 五 Ⅰ ndlonoftemperature, 

Thelnfnuenceofv 肛 l0us 尤 actorslnthet 皿 c 抽 oros Ⅱ met 丘 a Ⅱ spo れ lnthegasphase 

lsdIscusseduslngequations(4)-(6).Theconcent 騰 れ onoftrlchlorosiIanegaslnthegas 

phase‖nd（ts‥iffiisivity（n》he”ydrogen“as‖re…alculated‖nd《hown（n：ig ， 4‖s‖ 

function｛fゝgas ， D(Tave)（n》he…old-wall〉eactor《hows‖［oderate（ncrease,《inceゝave 

moderately@increases@because@of@fixed@Tsurface@in@equations@(5) ・ In@contrast@to@the@change 
  

in．(Tsve),》he‥ecrease（n，Sas(Tgas)‥ue》o》he」olume‘xpansion（s《ig Ⅰ     ficant ， As 

shown  テ n  F ㎏・ 4,the  v 刮 uesofD( 冗 Ⅳ e)and  Cg0s( 冗袴 Ⅰ at ㌔㏄ of  1400  K  become  200  % 

and・   ely ， As‖〉esult, ， R ， rrans（n》he…old-wall 

reactor‥ecreases『ith（ncreasingゝgas,‖s《hown（n：ig ・ 5. 

Ne ぬ ,thevalueofthegrowtUhratev 打 latlonjs ぬ れ herstudled.Fig.6showsthe 

calcula 土 fedtranspo 珪 rateva Ⅱ at Ⅰ onoft Ⅱ chlorosllanelnduc ㎡ bythelocal79 坤 ,sdi 窟も fence   

Here, 7ssu ㎡㏄ e and the ヰ ocaIl Tp 総 diffefence afe 丘 xed to be l400 K and l00 瓦 

respectively ・ Since》heヽ@rans‥ecreases『ith（ncreasingゝgas;（ts《lope《imultaneously 

decreases,asshownmnFlg,5.thusthetranspo れ r 砿 eva Ⅱ atlonlnducedbytheloc 杣 正理 S 

difference‥ecreases,‖s《hown（n：ig ・ 6.、s《hown（n：ig ， 2(b),》he’ront‘dge｛f》he 

substrate”as》emperature‥ifference｛f・   h》emperature 

region@(indicated@using@letter@A)@and@its@right@and@left@regions@(indicated@uSng@letter@B) 

havinglowtemperatures.Thlstemper な aituredl 代 erenceat0.003mabovethesubs 圭 lrate 

co 庁 ， espondstothelocal 籠め dl 節 erencelar 弩 erthml00Kat あ of0.0lm.Thetrmspo 比 

ra 田 eev ㎡ ation  加工Ⅰ 00  K  iscalculated  to  be  2-3  %  in  the  ユ Ⅱ ム as 「 mge  ofl000-1200  K  jn 

Fig ・ 6.ゝhis…oincides『@h》he」alue｛f》he“rowth〉ate」ariation‖t》he’ront‘dge｛f 

the@substrate@between@the@regions@A@and@B@in@Fig ・ 2(a),@and@8so@agrees@w@h@the@value 

of the thickness variation reported in our previous study [5] ・ Therefore, the 

non-uniform@temperature@ distriution@ in@the@traverse@ direction@ in@the@ gas@ phase@ is 
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concludedto Ⅰ esult ⅡⅠ 圭五 elocalv あ エ latlonoftheep れ切 りれ 19 Ⅰ 0 柄枕 h Ⅰ ate.AddIti0 Ⅱ ゑ llythis 

む ld Ⅱ cesthe Ⅰ ocally 皿 o Ⅱ @1l11 ユカ ormsl Ⅱ conep 九 a Ⅹ ial 行 knthick 皿 essdistfib Ⅱ tion,because 

t 田 S sy 田 met Ⅰ ically あ Ⅰ med 雛 oW 北ね Ⅰれ土 e dlS もⅡ butio Ⅱ 田 the t でなⅤ e%se d 旺 ectlonofthe 

五 0 耳 ユ石 ontal s 伍 gle-w な $e Ⅰ cold-walI re め ctoT, 面 Fig. 2(a), c れヱ皿 ot ㎏㏄ mpensated of 

皿 attened by the 血血 ct 主 on o そ the subs た耳 な土 e で o Ⅰ ation [l1], t 秋雨 9 捷肛工 ave Ⅰ age of 士 he 

ep な切 に al が ow Ⅰ Uh 丘柑 ealongtheco 皿 ce 町立 丘 Ⅰ cc Ⅱ cle. 

・ CoQcl Ⅱ 虹 0 Ⅰ s 

lno Ⅰ derto cl む l 億 the 騰 ⅠⅠⅡ な t Ⅰ onmech れ山 smofthe Ⅰ ocalsl Ⅱ co 血 ep れ %Ial %lm 

t 田 c 隠 lessv 打 la お o 克市 atnc 田 oros Ⅱ a 血 e-hy 血 ogensy 曲 em も the 皿 ue 皿 m く Ⅰ 甘 ofthe Ⅰ Ocally 

no Ⅱ i-u ㎡ 騰 Ⅰ mt Ⅰ nanspo れ Ⅰ atedistnbb ℡ tlbon0ftnCC 出 o Ⅰ pos Ⅱ町立 eg 狐皿 t 五 ueg 養 ph 嬢 sea 恢 Ⅰ vea 

substrateonasl Ⅱ conepIta うれ al 且 lm 肝 oW 屯 hlsstudied.S 拍 bCetheslg ㎡ 五 c ㎝ attdecre 雙 e 伍 

the tnCc 田 Orosila 皿 ue g ㏄ concentr 荻 ton cam 巾 uot be suff 王 cCiently compen 遇配 ed by the 
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Fig,l Industrlally-usedhorlzont 杣 coldwallslngle-waferreactof   

Fig.2 (a) Conto ℡ lines ofthe calculated gfoMh rate of sillcon epltaa:iXlall Ⅱ lm 

nom Ⅰ alizedus Ⅰ Ingthe 肝 oMhr 砿 eatthecenterofthesubstrate. (b)Contour 

lines@ of@the@ calculated@ gas@ temperature@ (K)@ at@ 0.003@ m@ above@ the@ silicon 

substrate@ and@ its@ central@ lateral@ cross@ section ・ Slanted@ squares@ indicate@the 

posiion of》he three inlet plates ・ Broken lines wih arrows indicate the 

pos*ion@of@the@downstream@region@corresponding@to@the@inlet@plate ， Letter@A 

indicates the center region along the broken line, letter B indicates the 

intermediate@re8on@between@the@broken@lines   

Fig ・ 3@ Definition@of@the@variables@in@this@study ・ 

Fig.4  Changes  in  the  di 風雨 vity,D( 几 " 。 ), and  the  concentr 荻 on, Cg 、 ， ( ㌔ ",), ofthe 

trichlorosilane“as（n》he”ydrogen“as『ith》he》emperature（n》he“as｝hase, 

/,lgg 雙 :,lnthecold-wallreactor.Themole 丘 ㏄ tionofthetnchlofos Ⅱ lanegas Ⅰ n 

the@hydrogen@gas@is@0.035. 

Fg ・ 5@ Changes@in@the@transport@rate@of@the@trichl   rosi Ⅰ   ne@gas@to@the@substrate@surface 

wih》he》emperature（n》he“as｝hase, Tgas, in》he…old-wall〉eactor,「sing 

equation(4). エ苅飴 e15 Ⅱ Xedatl400K   

Fl9,6 CalculatedtFmspo れ rateva ⅠⅠ a ぉ lonoftnc 止れ 0 Ⅰ os Ⅱ anegaslnducedbythelocal 

Z 紳 dl 節 erenceofl00K.7% ㎡ acels Ⅱ Xedatl400K. 
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