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Two new tungsten complexes, [WBU)(NMex){ (iPrNLCNMe;}] (2) and [W(NBu)(H)Y{ (iPrN,CNMe;} |
(3), as precursors for metabrganic chemical vapor deposition (MOCVD) of tungsten nitride thin films
were synthesized from the starting compound [MEN.(CH{ (iPrNLCNMe,}] (1) by substitution of the
chloro ligand by a dimethylamido and a hydrido group, respectively. Compdur@8svere characterized
by *H NMR, °C NMR, EI-MS, IR, and elemental analysis including single-crystal X-ray diffraction
studies onl and 3. The thermal properties of the compounds were studied by thermogravimetric and
differential thermal analysis. Precurs@snd3 were compared for the growth of tungsten nitride thin
films by MOCVD. The obtained films were characterized by X-ray diffraction and scanning electron
microscopy and by depth-profiling the composition with secondary neutron mass spectroscopy. Films
grown without ammonia had surprisingly low nitrogen levels, indicating #hahd 3 are not suited as
single-source precursors for pure Wphases. When ammonia was used as a co reactant gas, the carbon
content in the films decreased significantly and crystaljffiRi@/,N was obtained. Interestingly, films
grown in the presence of ammonia by amido compo@ngdelded lower carbon contents than films
obtained from hydrido compourgl

Introduction quite promising as novel types of tailored homogeneous

catalysts for a variety of reactions.

nitrogen-rich, Chelating |igandS with hlgh steric and electronic and ga'“urﬁ and of several ear'y transition mef—alé have

tunability. First reported by Lappert et althey have been
found to support main group met&l$ and transition
metal$5° as well as lanthanides? Due to their excellent

steric and electronic tunability, guanidinato ligands have precursors. Nitrides of early transition metals play an

as metat-organic chemical vapor deposition (MOCVD)

gained considerable attention beyond fundamental structuralimportant role in the miniaturization of micro electronic
coordination chemistry. Guanidinato complexes proved to devices such as thinfilm capacitors orfield effect transi$térs.

be excellent catalysts or initiators for various polymerization The international semiconductor road map includes the
reactions:* > Thus, guanidinato complexes appear to be replacement of aluminum as an interconnect material by
copper, due to its lower resistivity as a consequence of further

* Towhom correspondence should be addressed. E-mail: Roland.Fischer@rub.deMiniaturization. However, copper easily diffuses into silicon
and silicon dioxide, leading to destruction of the intercon-
nections. Thus, stable diffusion barriers are required to ensure
an appropriate lifetime of the device. Promising materials
for this purpose are electrically conductive refractory nitrides
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been found to be volatile (i.e., sublimable without decom-
position), and so are suggested or have already been tested
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Scheme 1. Known Metat-Organic Tungsten Precursors Scheme 2. Synthesis of the New Tungsten Precursors
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The method of choice of WNthin film deposition in ‘( /N
microelectronics would be CVD or CVD-related techniques,
if suitable precursors and processes were developed. In
tungsten nitride CVD process, WHs often used as a LIBEtH
precursor® 20 having the disadvantage of corrosive HF as LiNMe,
a reaction byproduct that might etch the silicon substrate, ﬁ\
N

and of possible fluorine contamination of the films. Only a "
few halide-free metal organic compounds, suitable as MOCVD N | N

for WNy materials precursors, are known to date (Scheme N4"<N7“ ® N¢‘“{N7“ @
1). Kelsey et al. obtained tungsten nitride from tungsten %/ 'LN/ %/ AN/
hexacarbonyl and ammoriaA precursor type suitable for / /

liquid injection CVD is the monoimido tetrachloro complexes

reported by Bchir et a&*25 Another type of precursor is the _ _

bistert-butylimido) dialkylamido complexes, first synthe- ~improved thermal properties. Now herein, we report on the
sized by Nugent and Harlo#.This latter class of precursors ~ Synthesis, structure, and MOCVD application of two new
is used not only in MOCVD of tungsten nitrid®2tbut also ~ tungsten guanidinato complexes, [WEN)(NMe){ (iPrN).-

in atomic layer deposition (ALD) of tungsten nitrid&3and CNMey}] (2) and [W(NBu)(H){ (iPrN,CNMe} ] (3), which

of tungsten carbid& Quite recently, some tungsten guanidi- We derived from the known starting compound [VIgN).Cl>-
nates have been suggested as liquid injection CVD precur-PY] (Scheme 2:22The two compounds exhibit an identical
sors3 We have also successfully demonstrated the use ofS€t of ligands, except th? dlr'nethylf?lmldo group of compound
guanidinato ligands to obtain tailored MOCVD single-source 2 IS replaced by a hydrido ligand in compouBdThe two
precursors for metal nitrides, in particular focusing on TaN. closely related tungsten compounds were tested and com-
In addition, we have started to transfer this knowledge to Pared in MOCVD processes for the growth of tungsten

nato/alkylimido/azidotungsten(VIl) complexgsHowever, WN, were characterized in some detail.
investigation of the thermal properties of these previously ) ]
reported tungsten compounds yielded unsatisfactory results, Experimental Section

and these compounds are not volat_ile enough to use for A General Procedures All manipulations were performed in
MOCVD processes. In an attempt to fine-tune the precursor an inert atmosphere (Ar) glovebox or using standard Schlenck
properties by varying the ligand combinations, we were able techniques. All reaction solvents were purified using an automatic

to synthesize two new volatile tungsten complexes with solvent purification system (MBraun) directly connected to a glove
box ([H20] < 1 ppm, Karl Fischer), except GBl,, which was
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Table 1. Crystallographic Data for Compounds 1 and 3

1 3
empirical formula WCINC;7H3s WCI2N5CigHa1
fw 531.824 582.31
space group C2lc P2i/n
a(Ah) 15.399(2) 8.8327(6)

b (R) 9.5815(15) 19.0411(13)
c(A) 32.617(5) 15.2788(10)
o (deg) 90 90

B (deg) 103.140(15) 101.430(6)
y (deg) 90 90

V (A3) 4686.5(12) 2518.7(3)

z 1 4

Pealed (g €M3) 1.507 1.536

u (mm2) 5.052 4.810

R1 0.0528 0.0263
wR2 0.0863 0.0415
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cooling a saturated solution &fin methylene chloride!H NMR
(250 MHz, GDg): 6 1.22 (d, 6H, NPr); 1.26 (d, 6H, NPr); 1.54
(s, 18H, NBu); 2.15 (s, 6H, NMg); 3.70 (sept, 2H, \Pr); 12.59
(s, 1H, WH).13C NMR (250 MHz, GDg): 6 26.8 (Me;CHN); 27.8
(Me;CHN); 37.2 (NQViey); 41.5 MeN); 47.7 (MeCHN); 48.7
(Me;CHN); 68.8 (NCMe3); 172.8 CN3). FT-IR (KBr, cntl): 2967
S (vc-n); 1854 s ¢w-n). EI-MS [nVz (relative intensity, %)]: 497
(43) [M*]; 482 (13) [M" — Me]; 454 (12) [M" — iPr]; 413 (5)
[M* — iPr — NMe, + HJ; 370 (4) [tBuN);WNMe,]; 356 (12)
[M+ — 2tBu]; 310 (4) [W(NPr)C]; 298 (4) [W(NPr)]; 282 (4)
[WHNIiPrCNJ; 255 (7) [WNtBu]; 171 (8) [H(NIPr,CNMe,]; 156
(4) [H(NiPrpCNMe]; 113 (11) [PrNCNMe]; 99 (13) [IPrNC-
(NH)3]; 85 (9) [MesNCN,H]; 71 (53) [NtBu]; 58 (100) [BuH]; 41
(30) [CH;CHCHy)]; 29 (9) [HCN]. Anal. Calcd for WNC;7H3z9: C,
41.05; H, 7.90; N, 14.08. Found: C, 40.78; H, 8.53; N, 13.99.
C. MOCVD of Tungsten Nitride. All thin film depositions were

were performed under atmospheric pressure in the temperature rang@arried out in a home-built horizontal cold wall, glass reactor

of 25—500 °C under a flowing high-purity (99.9999%) nitrogen
atmosphere.

B. Synthesis of the Tungsten Nitride PrecursorgW(NtBu)(Cl)-
{(iPrN),CNMej}] (1). A 0.55 g portion of LiNMg (10.8 mmol)
was suspended in 60 mL of hexane. A 1.67 mL portiorNg{'-
diisopropylcarbodiimide (10.8 mmol) was added, and the mixture
was stirred until a clear solution formed. This solution was
transferred to another solutiori 6 g of [W(NtBu),Cl,py,] (10.8
mmol) dissolved in 60 mL of toluene. The reaction mixture was
allowed to stir overnight. The solution was filtered, and the solvent
was stripped to leave a yellow crude product, which was recrystal-
lized from toluene to yield 4.6 g of pale yellow crystals (80%).
NMR (250 MHz, GDg): ¢ 1.09 (d, 6H, NIPr); 1.51 (s, 18H, KBu);
1.57 (d, 6H, NPr); 2.19 (s, 6H, NMg; 3.79 (sept, 1H, NPr); 3.91
(sept, 1H, NPr).13C NMR (250 MHz, GDg): ¢ 23.7 (Me;CHN);
24.5 Me,CHN); 32.6 (NQVes); 39.4 (MexN); 45.7 (MeCHN); 48.8
(Me,CHN); 67.5 (NCMe3); 168.4 CN3). EI-MS [mVz (relative
intensity, %)]: 531 (2) [M]; 516 (1) [M* — Me]; 390 (9) [M" —
2NtBu]; 71 (18) [NtBu]; 58 (100) [BuH]; 44 (22) [NMey]; 29 (10)
[HCN]. Anal. Calcd for WCINC,7Hzg: C, 38.39; H, 7.20; N, 13.17.
Found: C, 38.69; H, 7.29; N, 12.59.

[W(NtBup(NMe){ (iPrN),CNMe}] (2). A 0.2 g portion of
LiNMe; (3.8 mmol) was suspended in 30 mL of hexane. A solution
of 2 g of 1 (3.8 mmol) in toluene was added, and the whole mixture
was allowed to stir overnight. The reaction mixture was filtered,
and the solvent was stripped off, leaving a yellow solid crude
product which was sublimed at 10€ and 102 mbar to yield 1.4
g (68%) of a yellow solid!H NMR (250 MHz, GDe): ¢ 1.27 (d,
12H, NiPr); 1.51 (s, 18H, ®Bu); 2.36 (s, 6H, NMg); 3.55 (s, 6H,
NMe,); 3.83 (sept, 2H, NPr).13C NMR (250 MHz, GDg): 6 24.4
(Me,CHN); 32.6 Me,CHN); 34.3 (NQVies); 39.9(MeCHN) 46.5
(Me,CHN); 55.8 (Me:N); 66.7 (NCMes); CN3 not detectable. El-
MS [mVz (relative intensity, %)]: 540 (12) [M]; 495 (100) [M" —
NMe, — HJ; 482 (7) [MT — tBu]; 454 (10) [M" — 2iPr]; 438 (4)
[M* — 2iPr— Me — HJ; 413 (6) [M™ — (iPrN),CJ; 399 (34) [M*

— 2tBu]; 273 (11) [W(NMe),)]; 171 (5) [H{PrNCNMe;]; 114
(11) [IPrNHCNMey]; 99 (12) [iPrNCN:H,]; 85 (9) [iPrNCNH];
71 (19) [N:Bu]; 58 (26) [HBuU]; 43 (18) [Pr]; 29 (6) [HCN]. Anal.
Caled for WN;CigHas: C, 42.23; H, 8.21; N, 15.55. Found: C,
42.14; H, 8.12; N, 15.13.

[W(NtBul(H){ (iPrN).CNMe}] (3). A 4.6 g portion ofl (8.6
mmol) was dissolved in 40 mL of toluene, and 8.6 mL of LiBHEt
in THF (1 mol/L) was added. The solution was heated t0°80
overnight. Now about a quarter of the solvent volume was stripped
in a vacuum, and the resulting solution was filtered. The residual
solvent was stripped to yield to brown crude product which was
sublimed at 100C and 102 mbar to yietl 2 g (47%) of a beige
solid. Crystals suitable for X-ray crystallography were grown by

described elsewhefé.The thin film depositions were carried out

on Si(100) substrates using KB9.9999%) as a carrier gas. hH
(99.995%) was used as a reactive gas wherever indicated. Prior to
the MOCVD experiments, the substrates were cleaned using a
standard method and the native oxide layer was not removed (treated
with ultrasound and subsequently washed and cleaned with 2-pro-
panol and acetone). The substrates were placed aiNastisceptor
which was resistively heated to the desired temperature. A U-shaped
glass tube with Teflon stoppers on both sides, a connection for the
carrier gas on one side, and a connection to the reactor on the other
side was used as an evaporator. The bubbler and the delivery lines
were heated by heating tapes set at 100for the delivery lines.

A bubbler temperature of 100C was used for compound.
Compound3 was heated to 96C. The reactor had a base pressure
of 10-° mbar. All depositions were carried out at 1 mbar of pressure
and a carrier gas () flow rate of 20 sccm. When N§was used

as a co reactant gas, a flow rate of 25 sccm was used. The deposition
time was set to 60 min for all MOCVD experiments.

D. Film Characterization. X-ray diffraction (XRD) measure-
ments were performed using a Bruker AXS D8-Advance diffrac-
tometer with Cu Kx radiation to investigate the crystallinity of the
films. The composition of the films was determined by depth-
profiling using SNMS (secondary neutral mass spectroscopy)
measurements employing a VG SIMSLABB IIIA instrument
[MATS (UK) Ltd.]. The primary ion beam was argon at 10 keV,
usually operated at high currents (6.B.0 uA) over large areas
(0.5 to 4 mm raster size) depending on the total depth requirements.
The surface morphology and thickness measurements of the films
were determined by scanning electron microscopy (SEM) (LEO
(Zeiss) 1530 Gemini instrument), while resistivity measurements
were conducted using a standard four-point probe unit (Jandel).
The film thickness and corresponding growth rates were estimated
by cross-sectional SEM analysis.

Results and Discussion

A. Precursor Synthesis and Spectroscopic and Struc-
tural Characterization. Reaction of [W(NBu).Cl,py,] with
1 equiv of the in situ formed Li(NPr,CNMe, and recrys-
tallization from toluene yielded compourdas pale yellow
crystals (Scheme 1). The proton NMR displays one singlet
for the tert-butylimido group at 1.51 ppm and one at 2.19
ppm for two methyl groups at the guanidinato ligand. It also
reveals two doublets (1.09 and 1.57 ppm) and two septets
(3.79 and 3.91 ppm) belonging to two chemically different
isopropyl groups. The EI-MS ofl shows the expected
molecular ion peak [M] at m'z= 531 (2% relative intensity)
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molecular peak atv/z = 540 (12% relative intensity). The
peak atm/z = 495 (100% relative intensity) is assigned to
the cleavage of a dimethylamido group, the peakvat=
482 (7% relative intensity) is attributed to the loss dég-
o) butyl group, and the peak atvz = 454 (10% relative
intensity) most likely relates to the loss of two isopropyl
groups. Peaks withvz < 171 can be assigned to fragmenta-
tion of the guanidinato ligand, except the peaknéit = 58
(26% relative intensity), which may have its origin in
fragmentation of the guanidinato ligand as well as from the
r_ —\{‘,‘ tBu residue at the imido ligand. Unfortunately, we were not
T able to grow single crystals @fsuitable for X-ray diffraction

(ocen studies to unambiguously clarify the molecular structure of
2 in the solid state.

Adding 1 equiv of LiBEtH solution to compound and
heating it overnight yields the hydrido compouBid The

Figure 1. Molecular structure of compourtin the solid state (ellipsoid
probability 50%). Selected bond lengths (A) and angles (deg): ¥N{)),

1.753(7); W(1¥-N(2), 1.693(7); W(1}N(3), 2.125(6); W(1}N(4), 2.169- proton NMR shows the signal of the hydrido ligand at 12.59
gg) 9\,(\;()1)@:1';1\)/&1?8%(22) Nl(zlz\é\él)) Ni\ég’?V\}(llz) 18%1)“%2%) l\’l\'((g ppm, which could be identified by its tungsten satellites,
W(1)-N(3). 101.3(3); N(2y W(1)-N(4), 121.6(3): N(2}W(1)--CI(1), revealing a coupling constant éﬂW_le 96.8 Hz. This is
97.5(2); N(3-W(1)—N(4), 61.6(2); N(3}-W(1)—Cl(1), 148.01(17); N(4) an unusual downfield shift of a hydrido ligand, with a few
W(1)—-CI(1), 86.54(17). examples in the literaturfé. %% According to the smaller steric

bulk of the hydrido ligand, the NMR exhibits two different
signals for the NPr groups, like described above fbibut
with a smaller splitting of the signals. Hydrogen gas evolution
a fragment ion containing the guanidinato ligand and the occurs wher8 is dissolved in methanol, which indicates the

remaining chloro ligand bonded to the tungsten centet [M h_ydridic character of the WH bond. The EI-MS nic_ely

— 2NtBu]. displays the molecular peak at'z = 497 (43% relative
intensity). The fragmentation pattern ®is very similar to

that of 2, referring to the nearly identical set of ligands of

the two complexes. The IR spectrum exhibits an absorption

and another peak of similar intensityratz = 516 that was
assigned to the loss of one methyl group[M CHs]. The
peak atm/z = 390 (9% relative intensity) was attributed to

The molecular structure of compouddn the solid state
derived from single-crystal X-ray diffraction studies is shown
in Figure 1. The strongly distorted trigonal bipyramidal e X
coordination mode at the tungsten center is expectedly quiteband a}t 1854 le’,wrl'fh is a typical value for WH
similar to that of the closely related congener [VYN),- stretching frequencies:

(CDH{[(NiPrLCNiPr}],% which we have reported earlier; the The molecular structure & in the solid state as obtained

N atoms of the imido groups and one N atom of the from single-crystal X-ray diffraction studies is shown in
guanidinato ligand form the equatorial plane with a sum of Figure 2. One solvent molecule per complex has been
angles of 359, while the chloro ligand occupies an axial included in the elementary cell. The hydrido ligand could
position. The same is true fdrwith a sum of angles in the ~ Not be located in the difference Fourier maps but was
CN; plane of 359.9. The second N atom of the guanidinato included in the structure refinement in a typical position and
ligand is shifted out of the ideal axial position due to its then refined. Compoun@ adopts a trigonal bipyramidal
linkage to the rest of the ligand. Nevertheless, the sum of coordination geometry quite similar to that df with the
angles in the CI(£yN(3)—N(4) plane around the tungsten estimated position of the hydrido group at the axial place
is 360.13, as expected for a trigonal bipyramidal coordina- @nd the imido ligands and the N(4) atom forming the

tion geometry. equatorial plane, where the sum of angles around the tungsten
The treatment of with 1 equiv of lithium dimethylamide 1S 359.9.
yields compoun® as a yellow powder. The proton NMR B. Thermal Characterization of Compounds 2 and 3

shows the singlets for the dimethylamido group, the methyl Simultaneous TG/DTA was carried out to investigate the
groups at the guanidinate, and the imido groups. Similar to suitability of the compounds for CVD application (Figure
[W(NtBu)(NMe){ (NiPr,CNiPr}],° the two isopropyl groups ~ 3). Compounds2 and 3 are low melting point solids (62
have equivalent NMR shifts, which points to a more and 73°C) which begin to volatilize at about 10& (under
symmetrical environment of the guanidinato ligand, which ambient pressure). For both compounds the onsets of
can be explained by the higher steric demand of the volatilization (~105°C) fall in the same temperature range,
dimethylamido group compared to that of a chloro ligand, but the temperature ranges of decomposition are quite
forcing the complex into a more symmetrical structure with
equivalent environments for thBrN groups coordinated to  (34) Holmes, S. M.; Schafer, D. F., II; Wolczanski, P. T.; Lobkovsky, E.
the tungsten cente. In adlion, he fighedonor abity o &) ApChem Sol0 S MR L L
of the amido group with respect to the chloro ligand has to Soc.1995 117, 6609,

be taken into account too. However, more detailed compu- (36) Chisholm, M.; Eichhorn, B. W.; Huffman, J. Organometallics1989
tational analysis of the particular bonding situation is beyond 37) %a?der Zeijden, A. A. H. Sontag, C.; Bosch, H. W.: Shklover,V.
the scope of this work here. The EI-MS gfreveals the Berke, H.Helv. Chim. Actal991, 74, 1194.
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Figure 2. Molecular structure of compoun8 as a methylene chloride
solvate in the solid state (ellipsoid probability 50%). Selected bond lengths
(A) and angles (deg): W(BN(1), 1.758(2); W(1}N(2), 1.752(2); W(1)>
N(3), 2.149(2); W(1)N(4), 2.1603(19); N(yW(1)—N(2), 112.83(9);
N(1)—W(1)—N(3), 107.28(9); N(1yW(1)—N(4), 121.88(9); N(2yW(1)—
N(3), 106.97(9); N(2yW(1)—N(4), 125.19(9); N(3yW(1)—N(4), 60.77-
(8).
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Figure 3. TG analysis of compound® and 3 at a heating rate of 8C/

min.

different. In the case of compourg] the TG curve shows
almost a single-step decomposition behavior, while the TG
curve of compoun@ clearly reveals a multistep decomposi-

Chem. Mater., Vol. 18, No. 25, B00®

carried out with and without N All experiments were
carried out in the temperature range of 4@DO0 °C. All
obtained films were shiny with a mirror-like appearance.
Films deposited below 500C were amorphous without
X-ray diffraction features, while those deposited at and above
500 °C were polycrystalline. The obtained films were
characterized by XRD, SEM, cross-sectional SEM, SNMS
depth-profiling analysis, and resistivity measurements.

Figure 4 shows the effect of the deposition temperature
on the thin film crystallinity using compoun@ without
ammonia. When the deposition temperature was increased
from below 500 to 606800 °C, the deposited material
started to exhibit crystalline domains as indicated in the
XRD; two broad peaks around2= 37.73 and 43.84 were
observed, corresponding to culfieN,N and the (111) and
(200) lattice planes. The parallel formation of ternary
B-WN,C, or binarys-WC (or related phases) cannot be ruled
out from the XRD analysis, as the observed peaks are too
broad and the (111) peak positions of the binaw,N and
B-W,C phases are very close to each other withvalues
of 37.74 and 36.98, respectively. The additional peak at
33.03 represents Si(200) dradiation. No other detectable
peaks corresponding to metallic tungsten or tungsten oxide
phases were observed. When additionakMtds used as a
reactive gas during the depositions, even at 3@0 a
sharpening of the X-ray diffraction peaks was observed
(Figure 4b). Clearly the presence of ammonia is beneficial
for the growth of larger crystalline domains (grains). This
effect increases with increasing temperature possibly due to
the insufficient surface diffusion of Nf-br NHy dissociated
species at lower deposition temperatures.

SEM analysis (Figure 5a) of films grown from precursor
2 without NH; indicates a smooth surface with uniform
distribution of small grains having similar shapes and
dimensions. The inset figure shows the cross-sectional SEM
image. The image indicates the existence of columnar-type
growth of the grains. The SEM micrograph of the films
deposited with NH using compoun@ (Figure 5b) shows a
different surface morphology with almost uniform grain size

tion pattern. It can be seen that the volatilization of compound and shape, as well as an increase of the average grain size
2 starts at 105C with a rather constant evaporation up to (~350 nm) as anticipated from the XRD data. These larger
205°C. An inflection point corresponding to the onset of a Crystals, i.e., elongated cone-shaped grains, are well con-

decomposition process can be seen around203 second
inflection point is observed around 37C, and the weight

glomerated and uniformly distributed throughout the substrate
surface. Again, cross-sectional SEM substantiates the co-

loss remains almost constant at higher temperatures. In thdumnar growth mode (Figure 5b).

case of compound the TG curve shows a constant weight
loss up to 175°C. Evaluation of the TG plot shows two

SNMS depth-profiling was used to determine the film
composition throughout the layer down to the interface to

shoulder curves corresponding to multistep decompositionthe substrate. Without ammonia, both precursors yielded

behavior of compoun@ (from 175 to 275°C and from 275

films with high carbon contents (5660%) and surprisingly

to 370°C). In both the cases, there is a sufficient temperature low nitrogen levels £5%), which is consistent with previ-

window between sublimation and decomposition, which
renders these compounds suitable for MOCVD application.

ously reported results of Kim et &.and of Bchir et al?*
who used W(KBu)(NMe,),* and C(RCN)W(NGHs) (R

Residual masses of 25% and 22% were observed for= Me, Ph¥*as precursors for tungsten nitride film growth,

compound® and3, respectively, in TG analyses, which are

respectively. However, this finding is in sharp contrast to

lower than the residual masses expected for the most likely our related work on TaN MOCVD using similar guanidinato

W,N phase (38% and 35%).

C. MOCVD Experiments. To evaluate the suitability of
compounds2 and 3 in thin film deposition application,
several preliminary control MOCVD experiments were

precursors, e.g., [Ta(NMeEt)>-(NiPrpC(NMeEt)} (NtBu)],
which gave very pure, stoichiometric and carbon-free cubic
TaN in the absence of ammorfid!From the SNMS data
(see the Supporting Information) one can infer that the films
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Figure 4. XRD of films deposited without Nkl (a, left) and with NH (b, right) using compoun@ at different deposition temperatures.
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Figure 5. SEM and cross-sectional SEM images of films deposited withous (di1left) and with NH (b, right) using compoun@ at 800°C.

100+ P of the ligands, as reported by Becker et al. for [Vil§N).-
= (NMey),].22
2w ;" When compound was used in MOCVD experiments,
o0 ] || addition of NH; again proved favorable in terms of selective
growth of the desired tungsten nitride phase. The crystallinity
40 of the films (Figure 7a) increases drastically. SEM images
" | (Figure 8) document growth morphology similar to that
e ___I' discussed in the case of compouh®&NMS depth-profiling
' (Figure 9) reveals that in contrast to compo@ttie addition
e : : __'— . o of NH3 causes an unexpected drop in the N level throughout
0 200 400 600 800 1000 1200 1400 the film with a surprisingly high carbon incorporation of 11
Dapth{ nm atom %. Nevertheless, the SNMS results indicate a substan-
Figure 6. SNMS analysis of a film deposited with NHising compound  tjg| increase in N concentration for these films relative to
2 at 800°C. . SR . .
those grown without NkJ which is in consistent with the
are likely to contain the mixed phases®WN,C, as well results obt_ained from compouril The inc_rease in the C
asf-W,N and8-WC. In addition, the presence of more or cqncentranon may be due to the prereac;'uon of comp@nd
less of the amorphous tungsten oxynitride phase, W(N,0) With NHs (where NH could act as a reducing agent at higher
cannot be ruled out. When additional Mitas used as a co tempqra‘;ures), resultmg in precursor decomposition, prior to
reactant gas during the depositions with precurgom the thin film growth, which may increase the carbon content

nitrogen level of 23 atom % and a tungsten concentration of IN the film. As observed in the TG analysis, compouid
73 atom % were obtained throughout the film thickness showed multistep decomposition behavior unlike in the case

pointing to the-W,N composition (Figure 6). As expected, of compou_n_dz. Clearly, a more detailed inve__c,tigation of the
addition of NH; dramatically increases the N concentration decomposition behaviors of compourgiand3 is warranted
and decreases the C content in the film. This is probably @nd will be presented in a separate study elsewhere.

due to the enhanced NHiecomposition at higher temper- Growth rates of MOCVD experiments were calculated by
atures, which may favor the desorption of hydrocarbon- dividing the film thickness (obtained from cross-sectional
containing fragments from the surface and likely scavenging SEM analysis) by the deposition time. Compoudsnd3

of the carbon species from the film. Another possibility could showed similar trends with respect to the deposition rate
be that the ammonia is acting as a catalyst for the cleavagewithout NH;, and the growth rate was increased with an

Concentration / at%

0
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Figure 7. XRD of films deposited without Nkl (a, left) and with NH (b, right) using compoun@ at different deposition temperatures.
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Figure 8. SEM and cross-sectional SEM images of films deposited withous (dileft) and with NH (b, right) using compoun@ at 700°C.
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Figure 9. SNMS analysis of a film deposited with NHising compound
3 at 700°C.

lamido ligand of compoun@. Resistivity measurements of
the films deposited from both compoung@sand 3 showed
fairly good values for films deposited with and without jH
Films deposited from compounzl at 500°C (amorphous
film) with NH ; revealed the lowest resistivity value of 207
1Q-cm, and 66Q¢Q2-cm was measured for the film deposited
with compound3 at 500°C with NHs. In the case of the
depositions with NH the film resistivity increases with the
deposition temperature, and at 800 films grown from
compound<? and 3 showed resistivity values of 1238 and
1337uQ-cm, respectively. This is likely due to an increase
in the nitrogen concentration in the film, which is known to
increase the film resistivity. Similar observations are reported
in the literature, where a resistivity decrease is expected with
decreasing nitrogen content in WRIms.382° Adhesion of

increase in the deposition temperature (both cases). In thethe films to the substrates was tested by the Scotch tape test.

case of compound the growth rate was increased from 2.8
nm/min (at 500°C) to 13.6 nm/min (at 800C), and in the

case of compoun8 the range of the growth rate increased
from 6.3 to 19.1 nm/min. As expected, with both the
compounds, the addition of NHncreases the growth rate

with increasing deposition temperature, i.e., for compound

2 from 4.23 to 58.28 nm/min and for compouBidrom 3.0

to 32.4 nm/min. However, in the case of depositions without
NHs, compound3 showed higher growth rates compared to
compound2, while, in the case of depositions with NH
compound? had higher growth rates than compow&uch

an increase in the growth rate with Nidepositions with
compound2 may arise from the precursor decomposition
pathways such g&-hydrogen elimination from the dimethy-

It was observed that films deposited at lower temperatures
(T = 600°C) had low adhesion to the substrate, while films
deposited at high temperatures were impossible to remove
from the substrate by this test.

Conclusion

Two new tungsten guanidinato complexes with identical
ligand sets, except a dimethylamido ligand (compo@hd
and a hydrido ligand (compour8), have been synthesized
and characterized in detail. Thermal characterization results

(38) Kim, Y. T.; Min, S.-K., M. Appl. Phys. Lett1991 59 (8), 929.
(39) Lee, C. W.; Kim, Y. T.; Min, S.-K., MAppl. Phys. Lett1993 62
(25), 3312.
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showed that both compounds could be effectively used ascenter and dissociates without problems. The presence of
MOCVD precursors. The new compounds have been testedthis highly tunable guanidinato ligand opens up the possibility
for the growth of tungsten nitride thin films with and without  of tailoring of many different precursors for metal nitride
NHs. SNMS results together with XRD data indicated that thin films. We suggest that the guanidinato group may play
both compounds yield amorphous films of carbon-rich a role for metal nitride precursor development similar to that
B-WN,Cy and-W.N in the absence of N& Thus,2 and3 of the s-diketonates for metal oxide precursors. We intend
behave as poor single-source precursors. WhesMés used  to investigate the use of these compounds to deposit high-
as a co reactant gas during the depositions, both compoundg;yality 8-W.N films using a commercial, industrial reactor
yi_elded crys_talline tungsten r_1itride films. SL_errisineg, the of the type AIX 200 RF (Aixtron, Aachen), and currently
dimethylamido compound yields a film with much less he efforts are under way. Our results may be particularly
carbon contamination (2 atom %) than the hydrido compound interesting for comparison with related guanidinato-type

(1_1 atom %) as evidenced by SNMS. This re.marlkable precursors such as [W{RFC{(iPrNL,C(NMe»)}], the

ggffc:emn;:silijc?ngerit:ctﬁ:;it;cr):; Cg\rj]eaouvz]i(gr? hrz\t/ﬁe?u'ttﬁa?:ﬁg:ﬁ;tsynthesis and thermal properties of which McElwee-White
: . . .7 et al. have reported recenfly.

without NH;, which can also be seen in the TG analysis, P y

where2 exhibits a single-step decomposition, while the TG _ _

of 3 corresponds to a multistep decomposition process. These Acknowledgment. Financial support by the German Re-
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the higher growth rates as well as lower resistivity values. _ _ _ _

Optimization of several CVD parameters as well as the film  Supporting Information Available: - X-ray crystallographic data

thickness, morphology, resistivity, etc. is of course essential; N CIF format for the structures of compoundsand 3 and

our data presented here give just an orientation. The presencéChemet'C of the MOCVD reactor and table with film composition

of a bulky and complex guanidinato ligand in the tungsten (PDF). This material is available free of charge via the Internet at
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on the precursor properties. In fact, it stabilizes the metal CM061999D



