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TIlE T_ER_LY S:T_LE WNfG_As SCIIOTTKY
CONTACTS:

,Ii. D,i_ng,B:. Lee, E. M. Yu_,R. G,ronsky, and J_. Washburn, Materi:_ls and Chemiical Scf
, en_ces D_iMsion,, Lawrence B_erke[ey Laboratory, University of Call f!orniia Berkeley, Cali-

f0rniia 94[720

_S:TRACT

-_ l"_(Nx/G_ Schottl¢5 contacts formed by reactive spu tt,ering were found to be t,l_er-
mallly stabl!e u_p to an _nnealiing tempr_tuve of _900°C. The interface morphology and

stru_cture of rh,is contract u_nder ldgh temperature anne_lihg cond_iltions ( > 700°C ) have
been, iin_estiigated by t,r_nsmission electron: microscopy (TEM)and x-ray di:ffr_ctomet, ry
techn,i,et_es. For the* as-deposi,ted' samples, the tlfin fiilm had an amorp,hous structure.
At!ter anneMlng st h,igh t,empel, atu_res, the amorphous phase tzransf0rmed to o,-W and
_,V',N pleases. However, the contact i,nterface rem_i:ned therm_lly stable tap to 850"C!.
Cross-sectional TEM mi:crographs revealed that annealing _t, temperatures above 850°C
resu_lted in the formation of 'pockets' beneath the interface. This phenomenon has been
correlated wiith _he electri,ca_l properties of' the con,facts, e. g., Bn enhancement, of' the
barri:er heigh¢, oi' the con,tact. Comparisons between tile i,nterface morphology of tills
system and other refractory m et,_l ni:icicle contacts (e. g., TI!N/Ga_)sre also presented:.

INTRODUCTION

One oi' the most iimportant processing steps in the fabrication oi' G_ M_,SFET's
using the selt'-aligned: technique iinvolves _>_800°C post-implant annealing to _cti_,ate the
i,m,pl!an_teddopan, ts i,n the G_._,_ su_bstr_te after the formation of the g_te contact. A
hum, ber ofl investigations h.ave shown that refractory metal silicides and nitrides are
excel:len_t cand:Mates for the thermal:br stable g_te metals needed in the self'aligned tech-

nology due to their liigh thel'modynamic st,abi:li;ty and low resisti_it, y [:Li. Retch,fly, the
study by Zh,_ng et M. [2] sho_ed that the refractory metal nitrides (NbN, TiN and ZrN)
used _ Schottky ga_,e me_als sre ve_:y promising not only becm_se of their high thermal
stabiilil:ty and: 10w resistiviity, but also because o[' their improved elect_,ical characteristics

after anne_l_ing at hi gll temperat, uves up to900°C. Tungsten (W), its silicide (_A'rSix)and
niibrid!e _IWNx)have also received atten,tions from researchers. This is especially true for

11 tungsten nitride (W-Nx), si:ace WN x has lower resisti'vi_ty than tungsten sillcide, and can

be _0rmed easily by reactive sp,uttering from a pure W target in Ar/N 2 atmosphere. Yu
ct, Bl. [3:] recently reported a systematic study on the structural and electrical characteris-
ti_csof WNx/Ga_s con,facts u:nder various annealing condiitions, e. g., different nitrogen
con,ten,_ in the filims, annealed wi,th or without a capping layer, and annealed in ._ over-
pressure and a flowing No ambient.

Iin; this study, TEM and x-ray diffractometry (:_D) were used to investigate _he

I i:n,_ert!ace str.u:ctm,e and: morphology of tile _h,rNx/G_ cont,act._. The results of this

structural stu:dhr are correlated with the electri;cal characteristics.



EXP'ER_NTS;

Undbped! and_ Si-doped (ND= l_.5,X10_'rem -3) Ga_ wailers with (1;00) ori:entation

were prepaJred fbr WN x deposiil;i!on by d!egreasi':ng in organi;c sol!v:_nts, ct,thing in DC!I:'H,,O

sollu,t,ion:,, riinsi:ng in de-i:onized water a:nd drying rx,it\ nil;rogen _s. Prior t,o load:ing, int,o

l;lie deposiiti:on ch_mper,, t_he wM'ers were dipped i:n a NH,,O_H:_,,Osolution tbr 1; rain. [br

removal of' l;he na.titre oxide t!rom the Cl_.,_ surf%_ce. Tile WN x _:lms (----200, nra) then

were deposi:,t,ed on the Cb_.,ks.substr_l;es by re_cl;ive die spu_tt,ering.. The t,ot,M gas pressu,re

was kept, _t 10_ retort during the deposit,ion. The relative p:_rt,ia,l pressu:re of nit,rogen

was used to eon_t,rol ni:+l;rogen eont,ent, iin t,he _-deposi:l;ed _VN.x ft:Ims. ['n t,his work, th'e

partii_l pressure of! ni,trogen was "20°_.

, e j :aThe _EN x samples were ann.Me.d under different condit,ions. A set, of samples were

capped wi:=l;han SiO,, layer (_1;00 =nm) 1)y chemiea.1 va:por deposition. The sample._.... w,¢.i.'_

then furnace annealed (FA) at, 700-8.50'_'C , tbr 30 mi:n. u,nder :¢n ._gs-ovelrpressure or in

flowing N.e. ,q f' -( ° '_.ome o the capped s:_m.ples were annealed at 8,.50, !)00 :_nd 9o:) C t!or 1:0

seeonds i_n a flowing rkr ambient in n, hMogen lamp r_pid t,hern_:_l :_nnealing (R;TA) sys-
l;em.

Cross-seetionM samples were pI'ep:_red 133:the st,_nd:_rd t,echniques tbr TEM invesl;i-

g_l;ions [4]. The study of r.he int,eI'faee st,rucl;ure :_nd. morphology of l;l_e \,VNx/G:L4.s con-
0 ') I -l;aets before and' afi;er lR,TA was pertormed in a Philips EM400 TEN'[ and :_ ,EO,L "00CX

TEM. A Siemens D'500 x-ray diffr:-_,etometer was ai'so used t,o ch:_r:-_cterize the st,ructure

ot' the samples befbre and M%er annealing, and l;o confirm the TEM result, s on :_ m:zcros-

eopie seMe.

RESULTS AND DISCUSSIONS

The inl;erfaee morphology and st,ruct,ure of the W_Nx/G:_ks conl;:_cts have been stu-

died by TEM. Figure 1; shows l;he TEM images of eross-sectionM sa,mples betbre _,nct

M'ter RTA al; 850°C, 000°C and 950°C. For the as-deposited sample, the interface w:_s

relal;ively flal; and no nat,ire oxide was observed. The structure of the as-deposited \,\,'Nx
t,hin ftlm with o,,07.,w;o N,, was st,ud'.ied by l;he selected are,_ diffr:_el;ion t,echniq:ue. Figure 2a

shows a selected a,rea diffraetion pal;t,ern fbr l;his as-d:eposil;ed s:_mple in which a /3-W

amorphous ring pattern is superimposed on t,he [I1;0] G_&s diffract,ion p:-_t,t,ern. Since

this di:ffraetion p_tl;ern was l;aken from abe inl;erfaee area where l;he amorphous film h_d

_ tl_:ickness of only ---I.5 nra, only t,he strongest, 2_0 reflect, ion ['rom t,he /3-W amorphous

film is visible. /3-W has _ cubic structure with a l_l;tiee param:el;er go = 0.5050 nra.

The in,terrace morphology of l;he sample M'l;er RTA at 850 °C is sl_own in Fig. l.b.
," ( (a • aThe in,l;erface i.n l;his case was not, flat, and there was some ex,l:t.ncc that inl;erf'ace ,.

in_erdiffusion oeeured during annealing. [:l; is likely l;h_zt, some of the Ga and ,,ks at,ores

diffused into the WN x ft,lm locally, and some As at,ores may have diffused out Mong t,he

grain boundaries in the film. RTA at, 8500C resulted in a cryst, Mlizat, ion of the :_s-

deposi,l;ed amorphous film. The cryst, Mli;zed grMns i.n the film have been idenl;ified t,o be

o.,-W and WoN by _D and electron diffract, ion l;eehniques. As can be seen in Fig. 2b, a

[gl_] a-W diffrael;ion p_l;tern f'rom one oe-W single grain is superimposed on l;he [tt0]
G_ diiffraetion patl;ern. Nol;e also l;hat, 1;1;0 c_-W diffrael;ion spot, s from another o'-\,V

grMn shown on_ l;he lM'l; of I;he diffraction pal;tern are only a few degrees from the 11;1

diffrael;ion spots of W.2N. Tl_t,is may i'ndieate an epitaxiM relat,ionship between t,his o'-\,V

I si ngl!e g,rMn and: tl_e W,-eN grMn since t,lie l:attiee mismatc l_ between the I1;0 o'-W d' -

' o..,_o. Bor, h o,-Wr. spacing (0.erasnra)and the 111 X'\r.-eNd-sp_ze_ng (0.e3senra) is only " o_
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pe_kl diiicli_ot _p,pe_r, aJn,di Mso, the GI_ _4!00_)pe,-'-'mkh+_ :_ veiny lou: ]nt;ens]r,.y +tu(e pr,bl:,-

ab,l{y _o. m,i:sorie,m_batfion_of l_{,_.eG;aut,s s_,bstraJ_e f!bom+_:_(]JOO,)pl!_m_e,,oi: t,h_e llm,ge t,h_iic'krl,esso17

l_he. ftil!m, fbrm, edl ota, the G+a,"JCssuJbstI_'_te. Compacedl _,o._be speot, rl,l_m [h'o.m _,he (::_p+ped+

sam_l,pl!e, t_he speetr'_,m f_i'om _lte c_Jp,l!ess:_m_p,lle shows _dlctiiii_ion_Mlr,e::_ks correspon4ir_g t,o.

W,2.,_r_. B'._edl on, _ pcevioms _u,t,h,erfiOt:d! b::_c'kse_:_ttetqagspectro,m,e.t,ry !-RB'S)stt+(-ly [3;], itr,

is bel]:evedi t,h,_ t,h_,isW:.,M% p,h,ase w_ [bem,e(:t!on: the surll;1,(reol' t;he _,hin film 1!)3.,l,he l_e.::_(r-
_,ion off VV on, _,he s_,_,rf%ceot_ t,l_.e fiil!m,_m,d _-:_mAs overp.vessl..l_r-, (:t:l+rit_g,,_n,ne;_l'.iin_g. Pr, is Ms(0

ii.mterestiin,g tr. mote tb_;_r,l_he drff_v_c.lnon_iinCensit,y o[' W,N i,n. l:he ('::_p,less .s::m_ple is [_.iig.he,r

th,_n _h+_toft iin, the c_:_ppeds_m,p,l!e, This is Mso i'n good _gl_'-ee+m.en_,+_. wi,r,h t,he pI:ex,'ious

RB'Sstt+d:y[:_:]i.

Figure ,5. shows t,h.e el!(e(:.t,ri('M (:.l___,r_._(:-

[i._,,,/(_._,1! t,eL'ist,i;(:S 0[' t,he _:\_Nx / C,+:._'_scc, nt,:_(:t,s Lctot _./ t.md M'ter n,nneMing {n. (:liffbrent, (:on,di:,t,io n_

in the r,emper:_t, ut:e r:._nge of 70(')-8;3(,),"C [;OI:
FA ;._nd 7(0(')-(,)_;5(()_"C' for _;TA. Yu ct, M. al.is-

0,7- _A ctlsse(] the (_[].(.r,so[' nitrogen ;_ml _.m_,_,(_.;z_liln%(:on,d!i,t,ions on _,het,hermM' st,M>,i¢.i¢,v;_n,d I'_',_e."

(NIT_RQGEN AMBiEINT), '"

.o _A_,_,_._,_ T he b;_rvi:er hei,gh,r, e.nh_:_r_(:em,(..'n:t,wit, h

o,.- .-., ._. ";'_ _ _ttrib=u,ted t,o t,l_e i,(.?mov:._l of Slr,,t,_t,t;(_i:i'.ng

[ d;:_m:._g(_,mn(:t (:ot_su,m[,+_,iom o[! t,he n;_t,ive
_+ _- c.)x.lcle_m_the lnr,er[%(:e. Tit.+(-remsons ['()r t,lw.

in(:re_se o[' ti_e b;_rri:er hel:Ight, l_n t,he [._it,rh:ie

°'_--r-.-, .-, , , , -,,0 (:ont,z_ct,._y..sstems,... Miter _:_nneMing ',_t,r,e mp<_rt.t-

riot. of _:_m.et,_l/ + ' -'p -C,::_,k_s/n-G,',-_k_s(:ont,_:_(:t:

Fi_g.5. P'loi_s of' _b s,rld n as _ ftr+sr- by ineorpor::_t,i<_n of Mt, rogen i:n_,o t,he sub-

tion: orr as,meM!iing _emper_tuce u+a,d'er st,trite [:2']:;(2'): t,lne ch_rge st,:_t,es o[' G_:_v_._(:a,n-

d_liff;ere_$ s_meMiln,g con,d,i_t,i:ons f_or (:irs tbvm, ed m(_;:u,t,h<+l:n.t,erlY_re [3.]; (3) the

"vVNx/G_ d¢iodes, eff_.ct,rx,_. eleet,_oneg;._t,ivit, y of t,he ph;-_e in
int, im:-:_,e(:o_r,a,:r, wi:th C;;_.,k.s[3]. The (:or,esr:t,

expl:_n+:_t,ion is st,iil!lnot, c le_:u'.

The tc._,ult,s of _h_is i,rlveslfi,g_,ion show t,h,;:_t,most of _,he int, er[Y_(:e is in, i,nt,i.m_r,e con-

• e ' ('_ _ _ t tl+P,Lt_:.,_t, t Fig[+ct, wlt, h W,2N M't,er ;znneMing, t:_nd: _,he ir_¢,+rfa.e ls st,M+>leu:p t,o 8.50"C. l_t,is " +'>._ ", ,,

+ r,o noi:e f0h:_t,t,h e pocket,-liike p.r'ot,rusions were f!ot,m_ed M_ove :¢ (:rit,ii(:M [cmF(.r_r,ure'-_,_ 9(,)O"C'

. _TA as 'a,lso. [,ol_,nd [or the Ti,N/G_ co._l_.itl-i_J_ltwhere t,he first, ;_p,pe;._r_n,c:eo(: the po(:.kei:s

o<'curr.edi M'_,er ,500+'C', RTA. The [Torm,_:_i_ionof poekeys c_n be exl:._l:_i_neclby c)ut,diifl'usion

o[' .:Ls oi: G_.__m+d!_s. Th, is loss o[? As (or G,_ and ,&s (:_:m c h._:m.get,he eleci,t_'(>rt,i,(: stru,ct, t,.l,l,e,

_s,((t cre_:_l,e elec.t;ri;cM!ly active diefrecl,s _t oi" mrs,i, the i+n¢,+rfr:_.(.e',",_ wbi;ch mi%ht, vesu,l,t,' i;n t,he

b.arri'er h.ei_ff,t, en(ffancemen_l_. For exn,mp.le, it, could ct,e_:_,e t:_ p+-GmAs l_h,i,n l_awer sm,-

e.ot,m(:i!i+n<gthe pockets [!,5],or' iit,may cb_:mge tl_e p,i_nMn,g posit, ior_ of t,he Fermi-liev(_l i.n t,he

G_ t_,s;n,(i;ga,p :by loss oiiAs as diisct,.lssed; elsewhee.e [6].

l]n su,rn+m.a_¢y,._l_,e i+n<t,erf_ce morphology s,m:t', stt:_l_.il'+i_yo(: t,he \,VN._/G_s (:on+t,_ci_s

l_e.i:e.,s __.n.r!imff'ter a_n,meM!i_m,g_t, kiigh te.mper_t._¢es ( > 700,"C )+t,tnder d!iffet;ez,t (:(:,.t+l_dq¢,]ons
/ "" 1_ i: rn, i. I 1+ 1: 1.... Ik ....

ff,_vs been is;vest, i',ga_ted by TEM _m_(i'_D ;:_n+Mysts, 'i't_e as-deposh_,ed v_,_'_xmm _._ ,:,,:,:<.,
[bt,:i.n+dt,o be/3-W wi+t,h+?mm.,mmorpho.ris., st,r't+ct,v.i>re. 2knt++eMliim,g?+t;t,emp .te',,mt,u+res i+ip_,o 8-+0,<'C

_' ,, ...... II ' I1' . _1 , '. .................. ,I'll II_ i"' ' ' ' illIIl I
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diiid nor, eh,an,ge tih.e in_,erf:z('e morphology si,,g[,li,fi,(:'zn_,13;,Ja<ler ::d'.l:zn,ne::_lin,_ (:or.td]tion:s, b+,t,

aJmoep.hous /3-W r,r:tnsform,ed_ to o_-W :.rod \,'v"N,: [:,h_nses, wi¢,h \,VN:.: in inl;i_n.tn,r,e, conl,_ct,
,- :, (:,, [- '...wii_,l_,tl_e, G;_ s@Dstr_a,_,e. P'oc'ke_-lii_ke p,so_,rusions I_,<n:.,:,,_l:_l;l_-.' (;,ri!_i,rtnJ i_nr,erla,('P v,,er(.'

obser_vedl a,l[l_e.r_TA a,l_ t_e.m,per_:_l_u,r,es _lbove 9(0(O_°C. O,l_:_@iiffi_siio,m_o[i ._s or. Ga, am,d

aJl'om,g l_l_.,e,grmii.m,bol_,n,dl_Hies is eo,msiidleredl l_o,lbe _,[_.em,ost; l!i,keliyexp,l!;._m,:._,i:o.m,[[0r t,h_e[t0,rm,_-,-

l;ion, o[_ t_.l_.esepoe'k:e ts. Tl__ese p(oc'ke._sm,_:_ylSe p._rt;lly irespo,t_siilb,lie1101_t,li_,ee.m.,[_:.vn.cetn._l,e.n,to[i

1,5_rr,i,e_ l_e.iig.l_,l',_D,e.e ._"gA a_t_tem, pem_tu, r,e.s @,5ore 85@°C .

,o

m,e.n,l_s. Tt_,is work is spo,_sored! by SD,_O_flST _.>im,iit_,isr,_.te.l. b,v t-),_%_:_,n,(_l!er,'(_,_,t_:_(:.t

NO00_1J.-t!-S&-l_-0668::_n_d_,by _,[_,eD,i,rec_,o_, O,[*D'e o[I En, etrgy P,_ese:_rc'I_,,O_[_i(:eotl B':m]_eSd-

e,n,ces, bc_]aBe.rt,a_ls Sc]ie_,(.'es Di,vision,, o{! t[_e U.S. D'ep,',_etm,en,t o[I E r_eI'_5; u_m,dler C,(.n4;r:Bc.tNo.

D(E-AC03a76SF60098. glieetro_ m@mseo,p,y ,a,:m e rf0rm_(_d_ :_t,_,l_.,eN::_r,i;on,::fl_C:e.ne,e.t,o[!p . : : . .

El!e(:l_eo.m,N@'msco,py ,,g:_wrem,('e Be_ k(:.l<v L:mbotr:m_,ory,_B:e_rkeliey 'C,:mll,[_ort_,l_:m.
.,,
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