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Atomic Layer Deposition of Tungsten Nitride Films Using Sequential
Surface Reactions

J. W. Klaus , S. J. Ferro, and S. M. George
Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309, USA

Tungsten nitride films were deposited with atomic layer control using sequential surface reactions. The tungsten nitdaehfilm g
was accomplished by separating the binary reactiong2WRH; = W,N + 3HF + 9/2F,; into two half-reactions. Successive
application of the Wgand NH; half-reactions in an ABAB... sequence produced tungsten nitride deposition at substrate temper-
atures between 600 and 800 K. Transmission Fourier transform infrared (FTIR) spectroscopy monitored the covefagedof WF
NHJ surface species on high surface area particles during th@wdNH; half-reactions. The FTIR spectroscopic results demon-
strated that the WFand NH; half-reactions were complete and self-limiting at temperate@80 K. In situ spectroscopic ellip-
sometry monitored the film growth on Si(100) substragetemperature and reactant exposure. A tungsten nitride deposition rate
of 2.55 A/AB cycle was measured at 600-800 K fordsRd NH; reactant exposures3000 L and 10,000 L, respectively. X-ray
photoelectron spectroscopy depth-profiling experiments determined that the films had stdighiometry with low C and O
impurity concentrations. X-ray diffraction investigations revealed that the tungsten nitride films were microcrystalline. Atomi
force microscopy measurements of the deposited films observed remarkably flat surfaces indicating smooth film growth. These
smooth tungsten nitride films deposited with atomic layer control should be useful as diffusion barriers for Cu on cortact and
holes.
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The deposition of diffusion barriers is an important processing In each half-reaction, the WFand WNH; surface species react
challenge in semiconductor device manufactutiliffusion barri- with the gas-phase precursors. The surface reactions continue until all
ers become increasingly important as device dimensions approadf the initial surface species have been converted to new surface
the nanometer scale and the need to prevent intralayer and dopasgecies and volatile product molecules. The surface reactions self-ter-
diffusion becomes more urgent. Refractory metal nitrides are leadminate after the consumption of all the initial surface species and addi-
ing candidates for diffusion barriers because of their high stability ational reactant exposure results in no additional growth. Application of
temperatures >48C .2 In particular, tungsten nitride has generated the half-reactions in a ABAB... reaction sequence results in atomic
considerable interest because tungsten nitride is an excellent barrityer deposition. If the surface half-reactions are allowed to reach
for Cu diffusion into Si at elevated temperatutég he conformal  completion everywhere on the substrate, changes in reactant pressure
deposition of ultrathin tungsten nitride films on high aspect ratioor total reactant exposure will not change the growth per AB éycle.
structures is required for the most critical applications. Ultrathin  The atomic layer deposition of tungsten nitride was investigated
tungsten nitride deposition on contact holes is necessary to prepausing two sets of experiments. In the first set of experimensitu
stable Cu/Si contacts with extremely low resistadft@Conformal transmission Fourier transform infrared (FTIR) spectroscopy exper-
tungsten nitride deposition on via holes of multiple level intercon-iments were performed on high surface area particles to monitor the
nects is needed to provide a barrier for Cu diffusion into, 810  surface chemical reactions during the tungsten nitride film growth.
other lowk dielectrics>® The coverages of WFand NH surface species were monitonesi

Self-terminating surface reactions applied in a sequential manndime by observing the Wsfstretching mode and the N;lstretching
can be used to achieve conformal and atomic layer controlled thiand bending modes. In the second set of experiments, tungsten
film growth.”® This sequential surface reaction apfroach has beemitride films were deposited on Si(100) substrates and examined
used to grow a variety of oxid&4 nitride 1° sulfidel® and phos-  usingin situ spectroscopic ellipsometry. The ellipsometry measure-
phide” thin films. Smooth single-element metallic tungsten thin ments determined the tungsten nitride film thickness and index of
films have also been deposited recently with atomic layer cdfitrol. refractionvs deposition temperature and reactant exposure.

Atomic layer controlled growth using sequential surface reactions is These two sets of experiments revealed that atomic layer con-
ideal for precise and conformal deposition on both flat and hightrolled growth of tungsten nitride can be attained using sequential
aspect ratio structures. This method is known to produce pinholeexposures to Wfrand NH;. Additional atomic force microscopy

free films and is easily extended to large substrate areas. studies characterized the flatness of the tungsten nitride films rela-

The thermal chemical vapor deposition (CVD) reaction tive to the initial Si(100) substrate. The tungsten nitride film proper-

ties were also evaluated by X-ray photoelectron spectroscopy (XPS
2WFg(g) + NHs(g) = WoN(s) + 3HF(@) + 9/2R(9) [l gepth-profiling to determir¥e filmysrioichiometry anpd X-ray d%rgc- :
has been used previously to deposit tungsten nitfi@®Plasma-  tion experiments to ascertain film structure. These studies all indi-
enhanced CVD with Wé:and NHS has also been emp|0yed to grow cate that atomlc. Iayer depOSltlon technlque.S.ShOL.lld be usef_ul n
tungsten nitride film§:21-23To deposit tungsten nitride films with ~ depositing ultrathin and conformal tungsten nitride diffusion barriers
atomic layer control, the thermal CVD reaction was split into the fol-in semiconductor device fabrication.
lowing two half-reactions Experimental

(A) WFE + NHg(g) > W-NH® + aHF(g) + bF,(g) 2] FTIR spectroscopy studies on silica powderhe FTIR spec-
X 3 y 2 . . N
troscopy experiments were conducted in a high vacuum chamber

(B)  W-NHJ + WFg(g) > WN-WF; + cHF(g) + dFx(9)  [3]  designed forin situ transmission FTIR spectroscopic investiga-

esIghy . . . 0ScC
The asterisks in the above reactions designate the surface specig/g.ns' A schematic of this apparatus is shown in Fig. 1. The cham-

The stoichiometry is kept indefinite because our surface chemistr ‘?rhhazoaobl_al‘se ptr)essulre 01|<5LO TorE.:TIhe‘ cgamberés eun;pKled
studies indicate that there are several possible reaction pathways. VIt 2 : s turbomolecular pump, Csl windows, a Bayard-Alpert
ionization gauge, a capacitance manometer, and a Dycor quadrupole

2 E-mail: Georges@Spot.Colorado.Edu mass spectrometer. The vibrational spectra were recorded with a
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Figure 1.Expeimental sbemadic of vacuum tdamber ér transmission FTIR
studies on high suate aea samples. SiOpaticles with a surice aea of
380 n?/g ae pessed into a tungstenidjand positioned in the irdred beam.

Nicolet 740 FTIR speabmeter and an MGB detectorTo adieve
sufficient surfice sensitity, high surfce aea silica pwder
(Aldrich fumed silica380 nf/g) was pessed into a tungsten pho
toetdhed sceen (Bu&bee-Meas, 100 LPI,0.002 in. thik) and sus
pended beteen copper posts on the sample méarthis sample
could be esistiely heded to~1000 K.

The IR spectrm of the silica parder ecoded immeditely after
loading into \acuum ghibited a ponounced suétce vibetional fea
ture tha extended fom 3750-3000 cmt. This feaure is dtributed
to SiOH* surhce specie€® The tydroxylated SiQ surface is ery
steble and does notemct diectly with WFg. 27 To facilitate the
nudedion of the tungsten nitfe films, the SiG surface vas frst
exposed to 10orr of SiCl, at 600 K for 30 min.This reaction po-
duced a Cl-teninaed SiG surface haracteized ty a stong Si-Cl
stretching vibration & ~650 cm 1, 26

The sur&ce teminaed with SiCl* species as futher exposed to
10Torr of NHz at 700 K for 30 min.This reaction esults in eplace
ment of the SiCI* species with amino goups®® The SiNH;
amino goups vere then allved to eact with~1 Torr of WFg for
30 min. This reaction poduced a suaice teminaed with WK}
speciesA few WFg and NH; reaction gcles were subsequentlper
formed on this suaice to tansbrm the SiQ surface into a tungsten
nitride surbce The WFg and NH; surface eactions were examined
on this tungsten nigle surbce

Transmission FTIR spedscopy was utilizd to measertheWF;
species and N’;, species dung theWFg and NH; half- reactionsThe
FTIR specta were recoded & 340 K after aiousWFg or NH; expo-
sures & different tempeatures. Gée \alves potected the Csl win
dows duing the eactant posues.The WF; surface species ee
monitored using th&V-F stetching mode loceed a ~680cm 1. 28
The NI—(/* surface species @e monitoed by obseving the dominant
N-H, stretching modes and N-fscissos mode cented & ~3400
and 1500 cmi, respectiely.29-31

Spectoscopic ellipsomeyr studies on Si(108)-The tungsten
nitride film growth expeliments vere perbrmed in a high &acuum
appastus tha has been desbed in detail elsgher.1°A schema-
ic of this &peiimental setup inading thein situ ellipsometer is
illustrated in Fg. 2. In bief, the pawetus consists of a sample load
lock chambeya cental deposition dlamberand an ultahigh \acu
um chamber 6r surbice anajsis. The cental deposition hiamber is
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Figure 2.Expeimental sbemadic of vacuum @pastus for in situ specto-
scopic ellipsomeyr studies on Si(100) sampleBhis gpawtus contains a
sample load Idcg a cental dgposition hiamber equipped with the spestr
scopic ellipsometerand a sudce anajlsis ciamber

cgpable of automéed dosing of molecular ecusors under a wide
vailiety of conditionsThe deosition tlamber is pumped with either
a 175 L/s difusion pump baked by a liquid N, trap and a mdran
ical pump or tv searmte liquid N, traps ba&ed by medanical
pumps.This chamber has a baseegsue of 1 X 10-7 Torr.

The cental deposition tlamber is equipped with an situ spee
troscopic ellipsometer ([@. Woolam Co. M-44) thiacollects ellipse
metic daa & 44 viside wavelengths simltaneoust. The spect-
scopic ellipsomett measuements detenined the efractve index
and thikness of the tungsten nite films using a Loentz oscill#or
model®233The 88 dta points ¥ andA for the 44 indiidual wave-
lengths) vere fit using two oscilldors and theilim thickness. Edt
oscillaor has a cerait enegy, amplitude and width.The weak cou
pling between theeal and imginary refractive index (fi = n + ik) and
the thikness allaved the unique deteination of these pametes.

The ellipsometer is mounted on the cahtigosition diamber
employing potts positioned 88C° with respect to the sua€e nomal.
Gae \alves potect the biefringent-free ellipsometer windes from
deposition duing theWFg and NH; exposues.The suréice analsis
chamber contains a UTI-100C quadole mass specmeter and a
Bayard-Alpert ionizaion gauge. Mass spectomaetr anaysis of the
gases in the ceral dgosition tiamber is pedrmed using a con
trolled leak to the suate analsis chamber The surfce analsis
chamber is pumpedyba 210 L/s turbomolecular pump to obtain a
base pessue of 1x 1079 Torr.

The sample subste was a Si(100) wafer corered with 125 A of
SiO, formed ly themal oxidation. The Si(100) wafers were p-type
boron-doped with aasistiity of p = 0.01-0.03) cm. Squae pieces
of the Si(100) wafer with dimensions of 0.7% 0.75 in. vere used
as the sample3he highly doped Si(100) sampleseve suspended
between copper posts using 0.25 mm Md &nd could beesis
tively heded to >1100 KThe sample tempaiure was detemined
by a Chomel-Alumel themocouple pessed onto the SiGsurface
using a spng dip.

The Si(100) samplesare deaned with methanohcetoneand
distilled water bebre mounting and loading into th&éamber The
SiO, surface vas futher deaned in mcuum ly an annealts900 K
for 5 min. This themal anneal as bllowed ty a high fequeng
H,O plasma didtaige & 300 K.This H,O plasma fuly hydroxylat-
ed the SiQ surface andemoved suréice carbon contamitian.
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To initiate the tungsten nitte film growth, the hydroxylated
SiO, surface vas frst exposed to 10 mdrr of SpHg at 600 K for
~5 min. Under these conditionB;TIR spectoscopy indicaes tha
Si,Hg reacts with the suace lydroxyl groups and deosits surdéce
species containing Si-H stiching vibrations: e.g.,, SIOH* +
Si,;Hg— SiOSiH; + SiH,. After the initial SpHg treament,tungsten
nitride film growth could be pedrmed & reaction tempetures
between 550-800 KA few WFg and NH; reaction gcles were utk
lized to tansbrm the SiQ surface to a tungsten nitie surbice The
dependence of the tungsten e gowth rate onWFg and NH
reactant gposue was &amined on this tungsten nde surfice

Results

FTIR spectoscopy studies of suaice dhiemisty.—Several in-
frared diference spectr recoded duing the NH; half-reaction &
600 K ae displged in Fg. 3. These infared diference spect ae
referenced to a tungsten nde surfice th& had edrer receved a
sauration exposue of WFg at 600 K.The spect after arious NH;
exposues ae ofset for darity in presentéion. The infrared spect
shav N-H, stretching vibrations a ~ 3450 cri® and N-H, scissos
vibrations a@ ~1500 cn L. These esults indicte tha the Nl—g Sur
face species is imnarily a NH; surface speciedhe infrared spectt
also displg W-F, stretching vibrations @ 680 cmL. The spect
reveal a gadual incease in the dominant I\El—tsurface species tha
is coupled with a ceesponding loss iWF; surface speciegs NHy
exposue. The loss ofWF} surface speciesppeas as a ngative
absorbance

Figure 4 displas infrared diference spec# recoded duing the
subsequentVFg exposue & 600 K.The diference spectr ae ajain
offset to displg the dhanges vs WFg exposue. Ead difference
spectum displys the diang in the infared &sorbanceaferenced
to a tungsten nittle surfice thahad eceved a sturation NH; expo-
sure & 600 K.The gain of WF; surface species is coneant with a
loss of NI—§ surface speciesThe loss of Nlﬁ surface species
appeas as a ngetive ébsorbance

The nomalized intgyrated dsorbances ding the NH, andWFg
half-reactions a displged in Fg. 5. The loss ofWF; surface
species dung the NH; half-reaction occus moe rapidly than the
corresponding gin of the NI—I surface speciesThis behaior indi-
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Figure 3.FTIR difference spectrin the N-H stretch, N-H, bend andW-F,
stretch regions recoded after wrious NH; exposues duing the NH; half-

reaction 8600 K. Eab difference spectim is eferenced to a suate tha
had edlier receved a sturation WFg exposue & 600 K.
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Figure 4.FTIR difference specirin the N-H stretch, N-H, bend andW-F,
stretch regions recoded after arious WFg exposues duing the WFg half-
reaction & 600 K. Eab difference spectim is eferenced to a tungsten
nitride surfice th&thad edrer receved a sturation NH; exposue & 600 K.

caes thaeah NH; molecule my initially react with nultiple WK
surface species. In coast,the qain of WF; surface species ding
the WFg half-reaction is concuent with the loss of N§I surface

1.0

P (@
/ T=600K

05
-@- VF, Stretch

—8- N-H, Stretch W
a

1.0

(b) WF

Normalized Integrated Absorbance
(=]
=)

- N-H2 Stretch

0.5 —@- W-F, Stretch| |

~N
|1 | SgE8, A
102 10! 10° 10" 10%2 10° 10*
Reactant Exposure (Torr min)

Figure 5.Normalized intgrated dsorbancesar theW-F, stretching mode
(~680 cnml) and the N-H stretching mode 3400 cm?) vs. reactant
exposue duing the (a) NH and (b)WFg half-reactions 5600 K.

0.0

0 1073



1178

Journal of The Electochemical Societyl47(3) 1175-1181 (2000)

S0013-4651(99)05-028-4 CC&7.00 © The Electochemical Societyinc.

speC|esTh|s behaior indicates a 1:1 eaction betwenWFg and
NH> surface species.

The loss of Nlﬂ surface ceerage duing theWFg half-reaction
results in the pwth of WF}, surface coerage. When theWFg half-
reaction eadhes completiorthisWF;‘ surface coerage is equialent
to theWF; surface coerage measted pior to the NH half-reaction.
Similary, the loss ofWFy sur(ace coerage duing the NH; half-
reaction esults in thegrowth of NH2 surface coerage thda becomes
equialent to theNHZ surface ceerage measwed pior to theWkg
half-reaction.These esults indicte tha the NH; and WFg surface
reactions poceed to completiont 00 K with suficient reactant x-
posue. In adlition, eat reaction is self-limiting and terinates with
the consumption of the initial sade functional gups.

Infrared diference spectr were also ecoded duing the WFg
and NH; half-reactions 8700 and 500 KAt 700 K, the WFg and
NH; half-reactions wre obseved to be dster than 8600 K. Hav-
ever, conductance limit@gons in the high suaice aea silica pavder
prevented a quantitave desdption of the elaive reaction ates.
The half-eactions 8700 K were self-limiting and teminated with
the consumption of the initial sade speciesThe intgrated -
sorbancesdr theWFg and NH; half-reactions 8700 K sheved tha
the initial loss ofWF} surface species ding the Nl-g half-reaction
did not corespond W|th a concrent gowth ofNH2 surface species.
This behaior is consistent with eacNH; molecule initialy react
ing with even moe WF; surface speciesta00 than 8600 K. In
contrast,the WFg half—reactlon 4700 K occured with a concuent
gain of WF; surface species and IossMHz surface species.

At 500 K the NH; half-reaction vas obsered to sturate after
remaving only ~60 % of theNF} surface species. Lger NH; reac
tant exposues did notemove adlitional WF; surface species his
behaior indicates tha the NH; half-reaction does not pceed to
completion & 500 K. In contast, the WF4 half-reaction vas ob
sered to consume all of the sade NH speciesesulting fom the
NH; reaction 8500 K. TheWFg half-reaction 4500 K was also per
formed on a tungsten nitle suraice thahad edier receved a stau-
ration exposue of NH; at 600 K. This expetiment levealed thaisuf
ficient WFg exposues can consume all the I§IHurface speciesta
500 K.The inaility of the NH; half-reaction to eact with allWF;
surface speciest®00 K indicdes tha tungsten niide film growth
should be pedrmed & tempeatures=600 K to obtain the best tung
sten nitide films.

Spectoscopic ellipsomeyr studies ofilim growth—The deen
dence of the halfeactions on th&/Fg and NH; reactant gposues
was &amined ly measuing the tungsten nitte film thickness de
posited ly 3 AB cycles @ 600 K.A typical AB cycle occured with
the llowing sequenceaxposeWFg (1-10 mrr)/N, purge 1-3min/
expose NH (1-10 mrr)/N, purge 1-3 min.The ellipsomeic meas
urements shon in Fg. 6 and 7 demonste tha the WFg and NH,
half-reactions a self-limiting @ 600 K. Once a halfeaction eates
completion,additional reactant eposue pioduces no atitional film
growth.

Figure 6 displas the tungsten nitte film thickness obtaineds.
NH; reactant gposue with aWFg reactant gposue of 4300 LThis
WFg exposue is suficient for a completéVFg half-reaction. kg-

ure 6 shavs thd the NH; half-reaction is incomplete and the tung

sten nitide film thickness dposited ly threeAB cycles is d@endent
on NH; reactant gposue for NH; exposues <10,000 L. In cordst,

additional NH; exposue results in no fuher tungsten niide depo-

sition for NH; exposues=10,000 L.The suréce eactions & com

plete and self-limiting in thisegime. The eror bas represent the
90% conidence limits detenined ty the unceainty in the ellipse

metiic daa. The solid line is intended onto guide the ge.

The flm thicknesses meased in Kg. 7 were obtained with a
variable WFg exposue and a NH reactant gposue of 12,000 L.
This NH; exposue is suficient for a complete NKl half-reaction.
Figure 7 shavs tha the tungsten niite film thickness dposited ly
3 AB cycles is dpendent on th&VFg reactant gposue for WFg
exposues <3000 L. In conast, additional Wkg reactant gposue
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Figure 6.Ellipsometic measuements of the tungsten rgte film thickness
deposited ly threeAB cyclesvs.NH; exposue & 600 K.A WFg exposue of
4300 L was suficient for a complet&VFg half-reaction 4600 K.

results in no aditional tungsten nitde deposition br WFg reactant
exposues=3000 L.

Figure 8 shavs the ellipsomeir measuements of the tungsten
nitride film thicknessvs.the rumber ofAB cycles @ 600 K.TheWFg
reactant gposue of 4300 L and NKlreactant gposue of 12,000 L
were suficient for complete halfeactions dung eat AB cycle.
The flm thickness is diectly propottional to the mmber of AB
cycles.The solid line displgs the least sques linear it to the déa.

The tungsten niide film thicknessvs number ofAB cycles is
extremey linear The least squas ft yields a gowth rate of 2.554/
AB cycle & 600 K.This gowth rate ayrees vell with theW,N lat-
tice constant of 2.4 A obtaineg the X-ray diffraction (XRD) meas
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Figure 7.Ellipsometic measuements of the tungsten rite film thickness
deposited ly threeAB cyclesvs.WFg exposue & 600 K.A NH3 exposue of
12,000 L vas suficient for a complete NElhalf-reaction £600 K.
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Figure 8.Tungsten nitide film thickness meased ly ellipsomety vs.num-
ber ofAB cycles & 600 K.The NH; exposue of 12,000 L antlVF4 exposue
of 4300 L were suficient for complete halfeactions dung ea® AB cycle.

urementsThe linear gowth rate indicdes tha the umber of eac
tive surhice sites@mains constant dmg tungsten nitde deosk
tion. The constant mwth rate also agues thaithe tungsten niide
films are gowing with no surhce pughening
The ellipsomeic measuements of the tungsten nite film

thickness dposited ly three AB reaction gcles vs. substete tem
perture ae displyed in kg. 9. The WFg and NH, reactant gpo-
sures & eat tempeature were suficient for complete half@actions
and adlitional reactant gposue resulted in no fuher dgosition.
The solid line connects the tdgpoints,and the aor bas represent
the 90% coriflence limits. gure 9 shavs thad the tungsten niite
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Figure 9.Ellipsometic measuements of the tungsten nite film thickness
deposited ly three AB cycles d various substte tempegtures. Reactant
exposues were suficient for complete halfeactions fiead tempeature.

film thickness dposited ly three AB cycles inceasesapidly with

substete tempeature from 400 to 600 K. In this tempature regime,

the FTIR spectiscoly measuements indice thd the suréce half-
reactions do not pceed to completion and snproduce aVFg:NH;

adduct species.

After the apid risevs.tempeature from 400 to 600 Kthe tung
sten nitide film thickness dposited ly 3 AB cycles inceases oyl
vely slightly for substate tempestures betveen 600-800 KThese
tempeeatures ae suficient for complete halfeactions accaling to
the FTIR vibetional studiesThe nedly constant tungsten niiie
deposition ete of ~2.5 A/AB ¢ycle for tempeatures betveen 600
and 800 K is consistent with the tkiess of aV,N monolger.

The surfce topgraphy of the dgosited tungsten nitte films
was &amined with ant@amic force micoscope (AFM) opeting in
tapping mode (Digal Instuments-Nanoscope lll).igure 10 shws
a 3.0 ly 3.0 um scan of a~350 A thik tungsten niide film de-
posited ly 140AB cycles @ 600 K.The leactant gposues were suf
ficient for both half-eactions to @acn completion ér all 140AB
cycles. The light-to-dak gray scale in k. 10 spans less than 25 A.

The AFM images of the dgosited tungsten nitte films exhibit
a surhice oughness of-6.1 A (oot-mean-squa). In compason,
the surbce pughness of the initial SiOsurface on Si(100) as
+2.5 A. The paver special density of the suate pughness also
exhibited the same diatical characteistics as the initial SiQsur
face on Si(1003° This smooth sugfce topgraphy with a oughness
compaeble to the initial surdce indicées tha the tungsten niitle
films are gowing with negligible roughening

The tungsten nitde film composition vas &aluaed using X-ay
photoelecton spectwscopy (XPS) deth-piofiling.2 The XPS dpth-
profiling expeiments emplged a 4 kVAr* ion beam opeting with
a 10 mA/cn? ion curent to sputter slaly through the 350 A thic
tungsten nitide film. The suréce of the tungsten nite film exhib-
ited characteistic signals ér W, C, N, F, and O goms.After several
minutes of sputténg through the sugce egion, the elemental con
centetions in the hlk tungsten niide flm were constant until en
counteing the unddying SiO, film.

The XPS dpth-profiling results evealed thathe lulk tungsten
nitride films had aw to N ratio of ~3:1. The flms also contained
small @omic pecentaye concenttions of ~5% C and~3.6% Q
These imputies mg be dtributed to CO dissocien resulting fom
the CO patial pressues in our difusion-pumped cerdat dgoosition

2These gpeiments vere perbrmed ly Eli Mateeva of the Dpartment of Metalluf
gical and Maerials Engneeing & the Coloado Stiool of Mines.

2
E
s
5
==

Roughness = 6.1 A

Figure 10.AFM image of a 350 A thik tungsten niide film deposited &
600 K after 14Q\B cycles on a 125 A thic SiO, film on Si(100) The eac

tant exposues of 12,000 L NKland 4300 IWFg were suficient for complete
half-reactions dung eat AB cycle. The light-to-dak range is 25 A.
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chamber* Alternatively, the impuities may result fom atifacts en
counteed duing Ar* sputteing of metal and metal nitte films.3°
The lage W:N ratio may result fom the peferential emoval of N
atoms ty Ar™ sputteing tha is often obsered for metal nitides3®

Glancing angle XRDxpeliments vere also pedrmed to galu-
ate the cystallographic stucture of the tungsten nitte flms. [See
footnote? on the pevious pae.] Using Cu kx radidion incident &
4°, the tungsten niide films displayed seeral diffraction peaksta
angles B equal to 3743, and 63. The most dominant peakas
obseved d 37°. These difraction peaks ar consistent with the
(111), (200), (220) eflections of cubicW,N.36:37 The estimted
grain siz of theW,N crystallites detenined flom the width of the
(111) difraction peak ws~110 A.

The adhesion of the tungsteihmis to the stamg SiO, surface
was qualitdively examined with the“adhesve tge test”proce
dure.38 The tungsten nitde films suwvived the test with novidence
of delamindion. The esistvity of the tungsten niide films was also
detemined using adur-point piobe gpaetus with siker paint elee
trical contact$® The measued esistvity was 4500 rf2 cm.

Discussion

Surface demisty of tungsten nitde deposition—The suréce
chemisty of tungsten nifde deosition can be studied/bmonitor
ing the vibetional @soption feaures of the NE andWF} surface
speciesThe N-H, vibrational stetcing region of the infared spee
tra exhibits signifcant dhanges with eaction tempeture. At 700 K,
the N-H, stretching region exhibited two shap feaures @ 3435 and
3515 cntl tha are assigned to the asymnietand symmetc
stretching modes of NB surface species’he N-H, bending egion
displayed a stong peak 81550 cni? that is dtributed to the N-H
scissos mode29.30The frequencies of these #e modes arconsis
tent with NH; surface species with tae-coodinae N @oms (W
NH,).2%30 A small peak alsoppeaed a 1485 cmi! tha can be
assigned todur-coorinae surbce N #oms (W-NH,).2%:30

Reduction of theaaction tempeture to 600 K esulted in seer-
al nev spectal fegures thaare shovn in FHg. 3 and 4. In adition to
the 3435 and 3515 cm feaures obsared & 700 K, the N-H, stretch-
ing region also displgs two nev fedures locéed a 3350 and
3290cm~1. In adlition to the 1550 cmt peak obsefed a 700 K,the
N-H, bending egion also eveals a ppminent 1485 cm? feaure and
a weak 1610 cm! fedure. The adiitional infrared feaures & 600 K
are dtributed to NH surface species withofi-coordinate N doms
(W,-NH,).2°3%These bur-coorinate surtice N #oms eist together
with the thee-coodinae surice N goms.The 1610 cm? fedure is
attributed to a small NEi surface coerage.?-3!

Further danges in the N-fjstretching and bendingegions occur
when the eaction tempeiture is lovered to 500 KThe thee-coor
dinate N-H, stretching and bending modeseanealy extinguished
at 3515,3435,and 1550 cml. In adlition, the four-coodinae N-H,
stretching and bending modeseapesistent & 3350, 3290, and
1485cm™ L. Two prominent spectl feaures ae also obseed a
3455 and 1610 cm. These ne feaures ae atributed to molecu
lar NH3 surface specie®’3! The pesence of molecular NHsur
face species myandicéae the brmation of anWF,:NH5 adduct. This
adduct has been obsed ealier when usingWFg and NH; reac
tants?® Tungsten niide flms tha have incoporated theWF,:NHg
adduct ehibit poor adhesion and eleictl propeties?°

The W-F, stretching vibration in FAg. 3 and 4 is obseed &
~680cm™2. This vibrational feaure echibited ony subtle banges
with reaction tempeture. TheW-F, stretching mode bwadened and
shifted to slighty higher fequencies as theaction tempeture was
lowered from 700 to 500 KThis frequeng shift may be consistent
with a higher ceerage of surbce fuorine speciestdower reaction
tempestures.

An anaysis of the namalized inteyrated dsorbance da pre-
sented in K. 5 yields aditional details Bout the eactions 8600K.
In Fig. 5a,loss of WF; surface coerage duing the NH half-reac
tion is coincident with theajn of NH; surface coerage. Likewisg
the loss of Nlé surface ceerage in Hg. 5b is alvays concurent

with the gowth of WF; surface coerage. This symmety between
loss and gin sugests thaboth the halfeactions occur in anpa
proximately 1:1 fashion.The NH; reactant consume&/'F; surface
species and gesits N5 surface speciesThe WFg reactant con
sumes NI% surface species and pigsitsWF; surface species.

The FTIR spect ae consistent with self-limiting sw€ée diem
istry and the tomic layer contolled gowth of tungsten nitde. The
FTIR specta do displg some tempeture dgendence thtamay
affect the dposited fim stoichiomety. At 700 K duing the NH
half-reactiontheWF; surface coerage initially deceases with ery
little coresponding in@ase in the NE| surface ceerage. This ob
sewation sugyests thaeah NH; molecule caneact initialy with
multiple WF}; surface speciest&00 K. Duing theWFg half-reac
tion & 700 K, the loss of NH surface ceerage and gin of WF}
surface cwerage ae symmetical and similar to the bekhmr ob-
served d 600 K.

When the eaction tempeture is lovered to 500 Kthe NH; pre-
cursor cannoteact with all of theVF; surface speciesThis NHz
half-reaction sturates after emoving only ~60 % of the initialWFy;
surface ceoerage. In contast, the WFg half-reaction displgs \ery
symmetical behaior a 500 K.The loss of N-kjabsorbanceddures
and @guin of W-F, absorbancedaures ae in dose corespondence

The tempesture dependence of the Nfhalf-reaction sugests
that the N content of the gesited tungsten nitte films may change
with reaction tempeture. A lower N content mya be obsered d
700 K because ead\H; molecule can initiajf react with nultiple
WF; surface specie§his pediction is consistent with other studies
that obseve lover N concenttions in tungsten niide flms de
posited & higher eaction tempetures19.36.37ikewise, a lover N
content my also be meased & 500 K because the Nthalf-reac
tion does not mrceed to completioriThese pedictions should be
tested B evaluaing the stoibiomety of tungsten nifde flms de
posited adifferent subsate tempeatures.

Tungsten nitide flm growth on Si(100}—Figures 6 and 7 demen
strate the self-limiting nare of the NH andWFg half-reactions &
600 K.These esults eveal tha NH; exposues of 10,000 L and/Fg
exposues of 3000 L a neededdr complete sudce half-eactions
at 600 K. Using sturation exposues of NH;, andWFg, the deosited
tungsten niide thidknessvs. number of AB reaction gcles was
examined in kg. 8. The flm growth was etremey linear with a
tungsten nitde deposition ete of 2.55 A/AB gcle.

The linear gowth obseved in Fg. 8 indicdes thathe tungsten
nitride flms are gowing very smoothy on the Si(100) subste.
The AFM image in Hg. 10 conirms the dposition of \ery smooth
and unibrm tungsten nitde films. The suréce pughness of this
tungsten nitde film is only +6.1 A (oot-mean-squa). The slight
roughness of thisilin may be dtributed in parto the pesence of
small tungsten nitde ciystallites.

Figure 9 eveals thathe tungsten niie deposition is ery con
stant br tempeatures =600 K. This constant deosition ete vs.
tempesture was not obsered in edlier studies ofAl ,O; and SiQ
atomic layer contolled gowth 1211 This ealier tempeature depen
dence vas dtributed to the loss ofyllroxyl groups onAl,O5; and
SiO, by delydroxylation*%41 The constant tungsten rite deposk
tion rate vs.tempesature ma result flom the higher thenal stéoili-
ty of theWF; and NH; surface species. If th&/F; and NH; sur
face ceerages emain constantta=600 K, the same mmber of
tungsten and nibgen @oms should be gmsited edcAB cycle.

The specwscopic ellipsomeit measuements detenined tha
the eal and imginary refractive index (i = n + ik) varied with film
thicknessThe efractive index wasn = 2.2+ 0.6 andk = 0.7 = 0.3
at N = 632 nm br a 45 A thi& tungsten niide film. The efractive
index wasn = 3.29+ 0.35 anck = 1.78 = 0.27 d A = 632 nm br
a 275 A thik film. Tungsten nitde film thicknesses=275 A result
ed in no futher dange in the efractive inde.

The dandng refractive index with film thickness mg simply
result flom the &olution of the electinic band sticture with film
thickness.The flm composition is not belieed to \ary vs. film
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thickness because the tungstenidérdeposition ete perAB cycle
remained constants. film thickness.The measwed optical con
stants 6r the thi& tungsten niide films =275 A ae consistent
with tungsten niide films tha have aW:N ratio between 2:1 and
1:142 Tungsten nitde films thicker than~500 A could not be
measued using ellipsomegrbecause of stng light dsomption by
the metallic fim.

Tungsten nitde films commony exist asw,N or WN with a 2:1
or 1:1W/N stoichiometry.36 A 1:2 W/N stoichiomety is unlikely
because th&/N, stiucture is \ery unstdle. The tungsten niide
crystal stucture consists of aate centerd cubic (fcc) suhttice of
W atoms. Half of the octahedlrholes ag filled with N &oms in the
W,N structure. All of the octahedal holes ae filled with N aoms in
theWN stucture. These arangements poduce a cubic gstal latice
for W,N and a heagonal latice stucture for WN.*3The cubic cys-
tal lattice for W,N is the most stae stiucture and is almost akys
obseved in tungsten niile flm growth studie$2923The hea of
formation of —5.3 kcal/mol ér W,N is slighty more exothemic
than the hezof formation of —3.6 kcal/mol br WN.5

The XRD measwments of the tungsten nite films revealed
mainly cubicW,N with a dominant (111) peakhe ldtice constant
deiived from the (111) peak as~2.4 A.This ldtice constantgrees
with the tungsten nilde gowth rate of 2.55 A/AB gcle obtained
from the measa@ments shon in Hg. 8. The gain si2 of the tung
sten nitide films was estimted to be~110 A from the (111) dif
fraction peakThese X-ay results indicte thd the tungsten niite
films have not deeloped a lage gain ciystallized stucture. The
AFM measuements shon in FHg. 10 mg be obsering some small
crystallites on the tungsten nde surfice thaare consistent with the
XRD results. Small grstalline gains ae commory obseved in
tungsten nitide films grown & low tempeature.2-6

The 3:1WI/N stoichiomety detemined ly the XPS sputter
depth-profiling measuements is in diggeement with the XRD
anaysis tha indicaed aW,N film stoichiomety. Similar disgree
ment has been obsed in other tungsten nigle film growth stud
ies1®%7 These studies ka also obseed W,N by XRD and meas
ured either higher or \er W/N stoichiomety by Ar™ sputter po-
filing.1937 Ar+ ion beam sputtérg usualy results in peferential
removal of N @oms tha yields atificially high W:N ratios 3° Extra
N aoms ae also belieed to «ist & grain boundades betveen tung
sten nitide ciystallites?3” These gtra N @aoms a the gain bound
aries ae not obsered ty the XRD &peiiment and my contibute to
a lover W:N ratio measued duing sputter dpth-profiling.

Condusions

The @omic layer deposition of tungsten nitle films was demon
strated using self-limiting sequential sade eactionsAlternating
exposues of NH;, andWFg in anABAB... reaction sequenceere
used to dposit the tungsten nitte films. Transmission FTIR spec
troscoyy studies indiceed tha the NH; andWFg surface eactions
were complete and self-limitingtd = 600 K. In situ spectoscopic
ellipsomety measuements detenined tha the tungsten niide
growth perAB cycle was etremey linear with gowth rates of
~2.5A/AB cycle & 600-800 K.

AFM images evealed thathe dgosited tungsten nitte films
were exceptionally flat with a loughness similar to the initial sur
face XRD expeiments evealed theifms consisted of smalV,N
crystallites with a diameter110 A and a mfered (111) ocienta
tion. XPS deth-piofiling measuements of the tungsten ndte films
obseved ony low C, O, and F impuity concentations. The domic
layer deposition of smooth tungsten nie films should ind mary
applicaions and my be paticulaly impoitant as a dffision barier
for Cu on contact and via holes.
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