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Abstract : Diff e rent silicidation p rocesses are employed t o f orm NiSi , and t he NiSi/ Si inte rf ace cor resp onding t o

each p rocess is studied by cross2section t ransmission elect ron microscop y ( X TEM) . Wit h t he sp ut ter dep osition of

a nickel t hin f ilm , nickel silicidation is realized on undoped and dop ed (As and B) Si (001) subst rates by rapid t her2
mal p rocessing ( R TP) . The f ormation of NiSi is demonst rated by X2ray diff raction and Raman scat te ring spect ros2
cop y. The inf luence of t he subst rate doping and annealing p rocess (one2step R TP and two2step R TP) on t he NiSi/

Si inte rf ace is investigated. The results show t hat f or one2step R TP t he silicidation on As2doped and undop ed Si

subst rates causes a rougher NiSi/ Si inte rf ace ,w hile t he two2step R TP results in a much smoot her NiSi/ Si interf ace .

High resolution X TEM study shows t hat axiotaxy along t he Si〈111〉direction f orms in all samples ,in which specif2
ic NiSi planes align wit h Si (111) planes in t he subst rate . Axiotaxy wit h sp acing mismatch is also discussed.
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1 　Introduction

Self2aligned silicide technology is widely used in

complementary metal2oxide2semiconductor ( CMOS )

manufacturing to reduce sheet and contact resistances

of the gate ,source ,and drain areas[ 1 ,2 ] . Recently ,NiSi

has been considered as a p romising candidate f or sub2
90nm nodes because of its low resistivity , relatively

low f ormation temperature , low silicon consumption ,

and no resistivity increase on narrow lines [ 1～4 ] . As a

direct contact to Si ,a smooth NiSi/ Si interf ace ,which

generally yields a better elect rical perf ormance of the

devices ,is always expected[ 5 ,6 ] . The interf ace may be

influenced by the subst rate doping[ 7 ] . The subst rate

doping affects the thermal stability of NiSi film , in

which the agglomeration is greatly related to the Ni2
Si/ Si interf ace [ 7 ] . The specific NiSi f ormation

p rocess , e . g. , one2step or two2step rapid thermal

p rocess ( R TP) , may also affect NiSi/ Si interf ace [ 8 ] .

The p ossibility of a single2step R TP below 600 ℃was

initially considered to be a significant advantage f or

NiSi f ormation[ 3 ] . Recent studies , however , have

shown that one2step R TP not only results in excess si2
licidation of gate and junction contacts [ 9 ] , but also in2
creases the inhomogeneity of the contact interface [ 8 ] .

A two2step R TP has been p rop osed ,in which some of

the dep osited Ni reacts during the first annealing
( R TP1) at low temperature ( < 310 ℃) . The unreact2
ed Ni is t he n re moved by che mical etc hi ng , a nd f i2
nally a second a n neali ng ( R TP2) a t 400～600 ℃is

ca r rie d out t o f or m t he low resistivit y NiSi

p hase [ 9 ] . I n t his p ap e r , dif f e re nt silicidation

p rocesses a re e mployed t o f orm NiSi on Si sub2
st ra tes wit h va rious dop a nts , a nd t he NiSi/ Si in2
te rf ace cor resp onding t o eac h case is st udied by

cross2section t ra ns mission elect ron microscop y
( X TEM) .

2 　Experiment

Bla nket 200m m Si (001) subst rates wit h n + / p
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or p + / n junctions (～50nm junction dep t h) were

p rep a red by t he impla ntation of As at 4keV a nd 2

×1015 c m - 2 i nt o p2t yp e Si , or of B at 1ke V a nd 2 ×
1015 c m - 2 i nt o n2t yp e Si , resp ectively , f ollowe d by

a 1050 ℃sp i ke a nneali ng t o activate t he dop a nts .

The junction subst ra tes as well as t he undop ed

subst rates were clea ned by a R CA p roce dure just

bef ore t he sp ut te r dep osition of a 13nm Ni f ilm ,

duri ng w hich t he waf e r te mp erat ure was kep t a t

30 ℃. The silicida tion was ca r rie d out duri ng a 30s

soa k a nneali ng at te mp erat ures ra ngi ng f rom 260

t o 550 ℃. O ur p relimi na ry exp e ri me nts ha d s how n

t hat a 260 ℃/ 30s a n neali ng ca n f ully consume a

13 nm2t hic k Ni laye r . He nce , no selective etch was

used . The s heet resist a nce ( Rs ) dep e nde nce on a n2
neali ng te mp erat ure f or t he silicide on undop e d2Si
(u2silicide) , n + / p ( n2silicide ) or p + / n (p2silicide )

junctions is comp a red i n Fig. 1 . In t he low te mp e r2
at ure ra nge (260～310 ℃f or u2 a nd p2silicide , 260

～330 ℃ f or n2silicide ) Rs is much highe r f or u2
a nd p2silicide t ha n n2silicide . The much highe r re2
sistivit y of t he subst ra te was not resp onsible f or

t he dif f e re nce i n Rs . Accordi ng t o t he Rs be havior

on diff e re nt subst rates , t o successf ully realize NiSi

f ormation , a one2step R TP at 450 ℃ wit h a 30s

soa k ti me a nd a tw o2step R TP at 290 ℃f or R TP1

a nd 450 ℃ f or R TP2 , eac h wit h 30s soa k ti me ,

we re e mployed . X2ray dif f raction ( X RD) a nd Ra2
ma n scat te ri ng sp ect roscop y ( RSS) were used t o i2
de ntif y t he p hase of t he f ormed silicide . X TEM

was e mployed t o st udy t he silicide/ Si inte rf ace .

Fig. 1 　Sheet resistance ( Rs ) of the silicide f ormed on

different subst rates versus annealing temperature of R TP1

3 　Results and discussion

Ta ble 1 lists t he sa mples’p rocess hist ory i n2

f or mation . For t he tw o2step R TP a selective etch
(S E) is i nt roduce d betwee n R TP1 a nd R TP2 , i n

w hich a H2 SO 4 ∶H2 O 2 = 4 ∶1 solution is e m2
p loyed as t he etching c he mical . X RD a nd RSS a re

use d t o a nalyze t he p hase of t he f or me d silicide .

As ca n be see n i n Fig. 2 , X RD ( Fig. 2 ( a ) ) a nd

RSS ( Fig. 2 ( b) ) bot h de monst ra te t he successf ul

f or mation of NiSi i n all sa mples .

Table 1 　Process hist ory descrip tion f or all samples

Sample

ID
Process history

# 1 Ni (13nm) / p + / n2Si (001) , one2step R TP ,450 ℃/ 30s

# 2 Ni (13nm) / n + / p2Si (001) , one2step R TP ,450 ℃/ 30s

# 3 Ni (13nm) / undoped2Si (001) , one2step R TP ,450 ℃/ 30s

# 4 Ni (13nm) / undoped2Si (001) , two2step R TP ,290 ℃/ 30s + S E + 450 ℃/ 30s

Fig. 2 　XRD (a) and RSS ( b) results f or all samples

NiSi f ormation is demonst rated in all samples .

Figure 3 shows low2resolution X TEM i mages

f or all sa mples wit h dif f e re nt scales . As ca n be

see n , f or all sa mples a nneale d by one2step R TP
( # 1～3) t he silicida tion on undop ed a nd n + / p2Si

subst rates results i n a rougher NiSi/ Si i nte rf ace ,

w hile a smoot he r i nte rf ace is obse rve d on p + / n2Si

subst rate . A rougher i nte rf ace always i ndicates

t hat t he grai n size of t he f or med NiSi is la rge r ,

w hich will cause a p oore r t he r mal sta bilit y f or

t hi n f il ms [ 7 ] . I n view of t he rmodyna mics a roug2
he r i nte rf ace will i ncrease t he t otal contact inte r2
f ace a rea , w hic h ge ne rally mea ns t ha t t he NiSi/ Si

i nte rf ace e ne rgy f or u2 a nd n2silicide is smalle r

t ha n t hat f or p2silicide . I n ot he r w ords , t he boron

dop a nt may i ncrease t he NiSi/ Si i nte rf ace e ne rgy.

He reby t he subst rate dop i ng does i nf lue nce t he

NiSi/ Si i nte rf ace c ha racte ristics . I n a ddition , a

sp ecif ic a nneali ng p rocess also af f ects t he NiSi/ Si

i nte rf ace . As ca n be see n f rom Fig. 3 , f or u2sili2
cide , comp a re d wit h one2step R TP (sa mple # 3)

422
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Fig. 3 　X TEM images f or all samples wit h diff erent

scales 　(a) 50nm ; (b) 20nm

t he two2step R TP ( sa mple # 4 ) yields a much

s moot he r NiSi/ Si i nte rf ace . A si mila r result is also

obtai ned f or p2 a nd n2silicide ( not s how n here ) .

Alt hough t he highest p rocess te mp erat ure f or one2
step a nd two2step R TP is t he sa me ( 450 ℃/ 30s ) ,

t he hea ti ng ra mp ra te is dif f e re nt . I t has bee n

de monst rate d t hat t he hea ting ra mp ra te does i n2
f lue nce t he NiSi/ Si contact c ha racte ristics [ 10 ] . For

one2step R TP , t o reac h 450 ℃ t he hea ti ng ra mp

rate is ge ne rally highe r t ha n t hat t o reac h 290 ℃.

Thus f or t he tw o2step R TP wit h R TP1 soa k2a n2
neale d at 290 ℃, t he requi red time t o reach t he

sa me te mp era ture of 290 ℃should be longe r t ha n

t hat f or t he one2step R TP wit h a soa k te mp e ra2
t ure of 450 ℃. The ref ore Ni at oms have a longe r

ti me t o late rally dif f use along t he f ormed silicide/

Si i nte rf ace ,w hic h ge ne rally results i n a smoot he r

growi ng f ront ( i nte rf ace ) . Moreove r , t he re is a

30s soa k a nneal time f or R TP1 at 290 ℃ i n t he

two2step R TP ,w hile 290 ℃is only a t ra nsie nt te m2
p e ra t ure f or t he one2step R TP of 450 ℃/ 30s . So Ni

at oms should have a long e nough ti me t o la te rally

dif f use a nd ge ne rate a s moot h growi ng f ront af te r

R TP1 f or t he tw o2step R TP. Af te r S E , t he unre2
acted Ni will be re moved. A s moot h i nte rf ace has

f or med i n R TP1 , a nd R TP2 will not only convert

t he high resistivit y silicide p hase f ormed in R TP1

but also ge ne rally keep t he smoot h growing f ront .

Fi nally a smoot h NiSi/ Si i nte rf ace will f or m .

He nce it is de monst rated t ha t t he sp ecif ic a n nea2
li ng p rocess may also i nf lue nce t he NiSi/ Si inte r2
f ace c ha racte ristics .

Rece ntly , a new t yp e of text ure in t hin f il m

syste ms , i . e . , axiotaxy , has bee n rep orte d , w hich

is cha racte rize d by t he alignme nt of p la nes i n t he

f il m a nd subst rate t hat s ha re t he sa me d2sp ac2
i ng [ 11 ] . This p ref e r re d alignme nt of p la nes ac ross

t he inte rf ace ma nif ests itself as a f ibre text ure ly2
i ng of f2normal t o t he sa mple surf ace , wit h t he f i2
bre axis p e rp e ndicula r t o ce rtain p la nes i n t he sub2
st ra te . This text ure f or ms because it results i n a n

i nte rf ace t ha t is p e riodic i n one di me nsion a nd is

p rese rved i ndep e nde ntly of i nte rf acial curva t ure .

Figure 4 s hows high2resolution X TEM images f or

all sa mples .

As show n in Fig. 4 , af te r p rop e r i mage p ro2
cessi ng t he p la ne alignme nt betwee n t he NiSi f il m

a nd Si subst rate does exist f or all sa mples . I t is ,

however , dif f e re nt f rom t he axiotaxy i n Ref .

[ 11 ] . Alt hough t he align me nt is obse rved he re , t he

aligne d p la nes ac ross t he NiSi/ Si inte rf ace do not

s ha re t he sa me d2sp aci ng. Moreove r , because t he

i ncide nt elect ron duri ng X TEM i maging is along

t he Si〈110〉ra t he r t ha n Si〈100〉di rection , af te r

Fourie r f ilte ri ng t he p la nes kep t i n t he subst rate

a re t he Si ( 111 ) p la nes wit h a p la ne sp acing of

01 3136nm . Suc h a n align me nt is also dif f e re nt

f rom Ref . [ 11 ] , in w hic h t he i ncide nt elect ron is

along Si〈100〉a nd t he p la nes i n t he NiSi f il m align

522



半 　导 　体 　学 　报 第 27 卷

Fig. 4 　High resolution X TEM images f or all samples 　(a) Sample # 1 ; (b) Sample # 2 ; (c) Sample # 3 ; ( d) Sample

# 4 　For each image group , t he lef t image is t he original high resolution X T EM image , t he middle is t he amplif ied im2
age of t he selected p art on t he lef t ; and on t he right is t he middle image af te r Fourie r f ilte ring. O n t he right , only

planes along Si〈111〉are kep t . Besides t he alignment between t he NiSi f ilm and Si subst rate ,p lane mismatches labeled

by t he dashed circle are also revealed on t he right .

wit h t he Si ( 110 ) p la nes . D ue t o t he dif f e re nt d2
sp aci ng , ve ry wea k (eve n no) axiotxay across t he

NiSi/ Si i nte rf ace s hould f orm , a nd eve n if it does

f orm t he cor resp ondi ng la t tice p la nes i n t he NiSi

f il m s hould tilt so t hat eac h p la ne i n t he NiSi f il m

ca n exactly align wit h its cor resp ondi ng Si ( 111 )

p la ne i n t he subst rate [ 11 ] . The results s how n i n

Fig. 4 , however , de monst rate t hat t he alignme nt

betwee n p la nes i n t he NiSi f ilm a nd Si subst rate

ca n still exist eve n t hough t he d2sp aci ng across t he
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NiSi/ Si i nte rf ace is dif f e re nt . Prese rvi ng t he a2
lign me nt across t he i nte rf ace p la ne mismatch a2
long t he NiSi/ Si i nte rf ace is unavoida ble w he n

t he re is no p la ne tilt . As show n i n Fig. 4 , af te r

Fourie r f ilte ri ng t he dashed ci rcle clea rly shows

t he p la ne mismatch . Thus t he new typ e of texture ,

called axiotaxy , is exte nded t o a wide r ra nge ,

w hich mea ns t hat t he alignme nt across t he NiSi/ Si

i nte rf ace ca n f or m eve n w he n t he p la nes on each

side do not sha re t he sa me d2sp aci ng. A pla ne mis2
match will occur i nstea d of a p la ne tilt t o p rese rve

t he alignme nt . A pla ne alignme nt wit h a mis match

ac ross t he NiSi/ Si inte rf ace will ma ke it easie r t o

f orm a rougher i nte rf ace , a nd it may also int ro2
duce excessive st ress i n t he NiSi f il m w hich is li ke2
ly related t o its t he rmal sta bilit y [ 12 ] .

4 　Conclusion

I n t his p ap e r nic kel t hi n f ilm silicida tion is

realized on undop e d , As2dop ed , a nd B2dop ed Si

subst rate by R TP usi ng dif f e re nt a nneali ng

p rocesses . X TEM is e mployed t o investigate t he

NiSi/ Si i nte rf ace i n each case . L ow2resolution

X TEM i mages s how t hat f or t he one2step R TP ,

t he NiSi/ Si i nte rf ace is t he smoot hest f or t he sili2
cidation on B2dop ed Si subst rate . I t is also de mon2
st ra ted t ha t t he inte rf ace rough ness , i n p ri ncip le ,

ca n be greatly supp resse d by t he two2step R TP.

For t he f i rst ti me , non2ideal axiotaxy is obse rved

by high resolution X TEM , in w hic h t he p la nes i n

NiSi f il m ca n still align wit h Si p la nes i n t he sub2
st ra te but wit h p la ne mismatc hes across t he NiSi/

Si i nte rf ace .
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NiSi/ Si 界面的剖面透射电镜研究 3

蒋玉龙 　茹国平 　屈新萍 　李炳宗

(复旦大学微电子学系 , 上海　200433)

摘要 : 采用不同硅化工艺制备了 NiSi 薄膜并用剖面透射电镜 ( X TEM) 对样品的 NiSi/ Si 界面进行了研究. 在未掺
杂和掺杂 (包括 As 和 B) 的硅衬底上通过物理溅射淀积 Ni 薄膜 ,经快速热处理过程 ( R TP) 完成硅化反应. X 射线
衍射和喇曼散射谱分析表明在各种样品中都形成了 NiSi . 还研究了硅衬底掺杂和退火过程对 NiSi/ Si 界面的影响.

研究表明 :使用一步 R TP 形成 NiSi 的硅化工艺 ,在未掺杂和掺 As 的硅衬底上 , NiSi/ Si 界面较粗糙 ;而使用两步
R TP 形成 NiSi 所对应的 NiSi/ Si 界面要比一步 R TP 的平坦得多. 高分辨率 X TEM 分析表明 ,在所有样品中都形
成了沿衬底硅〈111〉方向的轴延2NiSi 薄膜中的一些特定晶面与衬底硅中的 (111) 面对准生长. 同时讨论了轴延中
的晶面失配问题.

关键词 : 接触界面 ; NiSi ; 镍硅化物 ; 固相反应 ; 快速热处理
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