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Irradiation of Ti[N(CH,),], by the 1.064-pm line of a pulsed 
Nd:YAG laser in the presence of TiO,, AI,O,, or Si,N, parti- 
cles has been found to form amorphous deposits on the 
oxide particles. The resulting materials can be processed 
into TiN/TiO,, TiN/AI,O,, or TiN/Si,N, composites with the 
TIN component on the surface of the particles. The powders 
have been characterized by Raman spectroscopy and X-ray 
powder diffraction studies. The surface analysis of the 
composites by X-ray photoelectron spectroscopy and high- 
resolution electron microscopy is presented. 

I. Introduction 

ASER synthesis of ceramic materials from gaseous precur- L sors has generated considerable interest in recent years.' 
Haggerty et al.'-' suggest that silicon, Si,N,, Sic, and TiB, 
powders prepared by heating gaseous precursors with infrared 
radiation from a CO, laser have superior morphological proper- 
ties as compared to powders prepared by conventional methods. 
In other work, Rice6 has carried out the laser decomposition of 
1,1,1,3,3,3-hexamethyldisilazane and isolated Si/C/N materials 
from the decomposition products. Each of these applications 
takes advantage of a strong infrared absorption band coincident 
with a wavelength of the CO, laser. Thus, silicon, Si,N,, and 
Sic  were prepared from SiH,, which absorbs at 10.59 pm. Rice 
utilized the coincidence between the lOP(20) CO, laser line and 
the symmetric stretch of =Si-N-Si= at 10.59 pm to decom- 
pose hexamethyldisilazane, [(CH,),Si],NH, for the preparation 
of SiC/Si,N, composites. Other examples of C0,-laser-assisted 
preparation of powders include FeSi,, FeSiC,' and SIB,* and 
boron-based materials such as B,C: B, and TiB,."' 

We have recently shown that tetrakis-(dimethy1amino)tita- 
nium, Ti[N(CH,),J,, decomposes upon irradiation by 
1.064-pm light from a pulsed Nd:YAG laser." Broad-band vis- 
ible emission from the vapor phase above the Ti[N(CH,),], 
sample accompanies the laser irradiation. As the laser intensity 
is increased, the emission develops structure indicating the for- 
mation of Ti and Ti + .  Both the visible emission and the forma- 
tion of atomic titanium indicate multiphoton dissociation of 
Ti[N(CH,),], and/or its decomposition products. 

In our previous work"." which described the spectroscopy 
and dynamics of the laser-induced visible emission, we noted 
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the formation of an amorphous gray-black residue upon pro- 
longed irradiation of Ti[N(CH,),], at 1.064 pm, which could be 
pyrolyzed to TiN or TiN/TiC materials depending on firing 
conditions. We have employed this photodecomposition 
method to prepare a variety of TiN-containing composite mate- 
rials. The impetus for this comes from the improved properties 
of composite materials. For example, TiN/TiO, composites are 
hard, heat-resistant, conductive materials which can be pre- 
pared by heating TiO, in an atmosphere of NH, and/or H,." 
Al,O,/TiN- and/or Tic-containing ceramics are high-strength 
 material^,'^ while composites containing TiN in Si,N, have 
been shown to have improved mechanical proper tie^.'^ These 
powders are traditionally prepared by mechanically mixing the 
components, followed by high-temperature sintering; thus, 
there is a need for improved methods to prepare such materials 
which result in a better distribution of components. 

The present paper describes experiments in which the photo- 
decomposition of Ti[N(CH,),], is carried out in the presence of 
TiO,, Al,O,, or Si,N, powders. The residue adheres to the parti- 
cles and forms TiN/metal oxide or TiN/Si,N, composites on 
firing in a flowing NHJN, atmosphere. This synthetic route 
concentrates the titanium nitride on the surface of particles. The 
experimental conditions employed for the laser-assisted prepa- 
ration of TIN composites are described. The composites have 
been studied by Raman spectroscopy and X-ray powder diffrac- 
tion. X-ray photoelectron spectroscopy (XPS) and high-resolu- 
tion electron microscopy (HREM), which are more surface 
sensitive, are used to determine the surface chemistry and struc- 
ture of the composites. 

11. Experimental Procedure 

All materials used in these experiments were handled in 
either a dry box (argon atmosphere) or a high-vacuum system 
with nitrogen atmosphere using Schlenk techniques to exclude 
air and moisture.I6 Hexanes were carefully dried and stored 
over sodium-benzophenone ketyl. Ti[N(CH,),],, a clear yellow 
liquid (bp 50"C/0.05 mtorr), was prepared according to a litera- 
ture procedure." Aluminum oxide and titanium oxide were 
obtained by hydrolysis of commerical aluminum tris(sec- 
butoxide) and tetrakis(2-propoxo)titanium, respectively, fol- 
lowed by pyrolysis at 800°C. XRD of the samples indicated that 
alumina is polycrystalline and titanium oxide is a mixture of 
two tetragonal phases crystallizing in the space groups Z4llamd 
(141) and P42/mnm (136) (JCPD Card Nos. 21-1272 and 
21-1276, respectively). Commercial Si,N, (hexagonal, SG 
P3 1 c( 159), commonly called a-Si,N,), was used as received. 

( I )  Spectroscopic Measurements 
The apparatus for the experiments is shown in Fig. 1. Laser 1 

was used to dissociate Ti[N(CH,),], and, in the presence of the 
metal oxide or Si,N, particles, to produce residue-coated parti- 
cles. Laser 2 was used to demonstrate that the fluorescence 
observed along the laser beam path within the sample tube 
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originates from multiphoton absorption of the 1.064-+m 
radiation. This laser excites, along the crossarm of the sample 
tube, the gaseous species formed by laser vaporization and/or 
ablation of Ti[N(CH,),], by laser 1 (distance from crossarm to 
sample is -70 cm). Laser-induced fluorescence stimulated by 
laser 2 was collected and focused onto the entrance slits of a 
monochromator (HR320 0.32-m monochromator, Instruments 
SA, Metuchen, NJ). The dispersed emission spectrum was 
recorded by a gated, intensified, diode array detector 
(IPDA-700SB detector and STI 000 controller, Princeton 
Instruments, Trenton, NJ) at a specified time delay (0-5 +s) 
following the laser firing. A brief review of the emission spectra 
is given in Sect. III( 1); a more complete discussion appears in 
Ref. 11. 

(2) General Method for the Preparation of Composites 
The composites were prepared by laser irradiation (laser 1 )  of 

a suspension of TiO,, A1,0,, or Si,N, in excess Ti[N(CH,),], 
using an apparatus similar to that in Fig. 1, except that a quartz 
tube (90 cm by 3.8 cm diameter) without side arms was used. 
The reaction tube was charged with either TiO,, A1,0,, or Si,N, 
and evacuated overnight. Ti[N(CH,),], was introduced into the 
sample tube with a syringe. The powders were kept in suspen- 
sion by stirring. The reaction mixture was irradiated by the 
unfocused (beam diameter = 7 mm) 1.064-+m output of a 
Nd:YAG laser operating at 10 Hz with an energy output of 
approximately 600 mJ/pulse and a pulse width of 9 ns. 

Over the course of several minutes, the titanium amide sam- 
ple turned from clear yellow to opaque black. The irradiation 
was stopped and excess Ti[N(CH,),], and volatile decomposi- 
tion products were distilled out of the reaction vessel under vac- 
uum. The remaining dark gray-black free-flowing powders 
were fired in a flow of ammonia at 800°C. Samples from a sec- 
ond run were first pyrolyzed at 800°C in flowing ammonia. The 
temperature was then raised to 1100°C and the atmosphere was 
changed to flowing N,. The samples, thus prepared, are labeled 
TiN/M,!Xm/800 or TiN/MnX,/I 100, (M,,X, = A1,0,, TiO,, or 
Si,N,) based on thermal treatment. The loading of TIN was cal- 
culated based on the consumed Ti [N(CH,),],. 

Experiments were carried out to find a tentative correlation 
between irradiation time and TIN loading. In the first set of 
experiments, the irradiation was stopped after 10 min, and the 
TIN loading was found to be -7.5%. Irradiation of the samples 
for 45 rnin increased the loading to - 14%. Significant increases 
in loading by prolonged irradiation were hampered, with the 
current apparatus, by a buildup of a film of decomposition prod- 
ucts on the window, which reduced the radiation intensity 
reaching the samples. 

(A )  TiNITiO? Powders: After laser irradiation of a sus- 
pension of TiO, (0.5 g) in Ti[N(CH,),], (1.92 g), excess 

Ti[N(CH,),], (1.28 g) was recovered by distillation and the res- 
idue was pyrolyzed. The samples are referred to as TiN/TiO,/ 
800 and TiN/TiO,/l 100. TIN loading is 24% (w/w). 
(B) TiNIAl,O, Powders: The irradiation of A1,0, (0.5 g) 

in Ti[N(CH,),], (1.92 g) yielded residue-coated particles and 
1.35 g of recovered Ti[N(CH,),],, implying a TIN loading of 
25.8% (w/w). The residue was pyrolyzed to form composites. 
The coated particles are labeled TiN/A1,0,/800 and TIN/ 
AIZO,/l 100. 

(C) TiNISi,N, Powders: 0.5 g of Si,N, was irradiated in 
1.92 g of Ti[N(CH,),],, leaving 1.3 1 g of excess Ti[N(CH,),],; 
thus, the TIN loading is 25% (w/w). The composite formed on 
pyrolysis is labeled TiN/Si,N,/I 100. 

111. Results and Discussion 

( I )  Decomposition Dynamics 
The near-IR spectrum of Ti[N(CH,),], reveals a series of 

very weak absorption peaks in the vicinity of 1 pm. The laser 
wavelength of 1.064 pm, however, lies to the short-wavelength 
side of these features at which the measured extinction cross 
section is less than 7 X lo-" cm', most of which is probably 
due to reflective losses rather than absorption. This is consistent 
with our observation that the 1.064-pm laser radiation initially 
passes through the titanium amide sample (in the absence of 
metal oxide particles) with little loss. Over the course of a few 
minutes, at a laser intensity of 1.6 X lo8 Wcrn-,, the initially 
clear yellow Ti [N(CH,),], begins to turn brown. Concurrently, 
an intense laser-induced fluorescence develops along the entire 
length of the sample tube. Figure 2 shows emission spectra at 
two laser intensities. At the lower intensity, broadband emission 
is observed over the range of 350-700 nm; higher intensity irra- 
diation produces structure in the emission spectrum corres- 
ponding to known Ti and Ti+ emission lines.'* 

The laser-induced fluorescence spectra shown in Fig. 2 result 
from multiphoton absorption by Ti[N(CH,),], and/or its titani- 
um- and nitrogen-containing molecular fragments which have 
been decomposed and volatilized by laser 1. This assertion can 
be substantiated by a number of observations. The excited 
states which lead to emission in the 355-532-nm range can be 
reached only by the absorption of at least three 1.064-nm pho- 
tons; a minimum of two photons are required for emission in the 
532-700 nm range. The dependence of fluorescence intensity 
on laser power is consistent with such multiphoton absorption." 
The emission is not due to laser ablation or pyrolysis of the tita- 
nium amide, since, after a few minutes irradiation of the sample 
by laser 1, the emission spectra in Fig. 2 are observed along the 
crossam of the sample tube upon the firing of laser 2. The emis- 
sion arising from the firing of laser 2 can be observed even an 
hour after irradiation by laser 1 has ceased, indicating that the 
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emission arises from chemically stable species. The emission 
arises from Ti[N(CH,),], and/or its titanium- and nitrogen-con- 
taining molecular fragments, because emission spectra very 
similar to those shown in Fig. 2 are obtained from the irradia- 
tion of (CH,),Si(H)NTiC1,19 and even TIN, whereas no fluo- 
rescence is observed upon the irradiation of TiCI,, 
Ti(i-C,H,O),, B[N(CH,),],, or Si[N(CH,),],." Finally, the 
observation of atomic emission lines from titanium and the for- 
mation of a black coating along the sides of the sample cell 
imply that not only multiphoton absorption, but also multipho- 
ton dissociation occurs. 

The above observations pertain to the vapor phase above 
the titanium amide sample. That the same laser absorp- 
tion/decomposition processes occur in the liquid phase is sup- 
ported by experiments carried out in dilute solutions (0.001M) 
of Ti[N(CH,),], in hexane. These experiments reveal laser- 
induced fluorescence spectra very similar to those shown in Fig. 
2; decomposition is evidenced by the pale yellow solution tum- 
ing brown. We should note, however, that with the 
Ti[N(CH,),],/metal oxide or silicon nitride mixtures used to 
coat the particles in the first step of our laser-assisted composite 
preparation, laser pyrolysis could also play a role. This is 
because the suspensions in titanium amide become (after 
approximately 5-10 min) essentially opaque to 1.064-pm radi- 
ation, in which case significant local heating of the sample 
could take place. 

The major dissociation products obtained after 1.064-pm 
irradiation of Ti [N(CH,),], are dimethylamine, tetramethyl- 
hydrazine (as revealed by GC-mass spectroscopy and NMR 
spectroscopy) and an insoluble, gray-black, residue.n A pyro- 
lytic pathway could explain the formation of dimethyla- 
mine." 

A -  

Tl"(CH,),I, - Ti[N(cH3),I2[NcH,cH,1 -t (CH,),NH 
However, the appearance of N,N,N',N'-tetramethylhydrazine 
suggests that (CH,),N' free radicals are formed and further cor- 
roborates the multiphoton dissociation hypothesis. 

Ti"(CH,),I, - [(CH,),NI,Ti' + (CH,),N' 
h v  

2(CH3)ZN' --$ (CH3)2N"(CH3)2 
In a separate experiment, we found that the dimethylamine does 
not itself undergo decomposition on exposure to 1.064-pm 
laser radiation, thus ruling out the possibility that the dimethyl- 
amine free radicals originate from pyrolysis of Ti [N(CH3),],, 
followed by a dissociation of (CH,),NH. Instead, the dimethyl- 
amine could arise as a result of hydrogen abstraction from the 
dimethylamino groups by dimethylamine radicals. 

The formation of dimethylamine and N,N,N',N'-tetrameth- 
ylhydrazine suggests that the residue which coats the sample 
tube likely arises from the recombination of free radicals gener- 
ated by the laser-induced multiphoton dissociation. The obser- 
vation of absorption bands in the 280&3000-cm-' C-H 
stretching region in the IR spectrum (Galaxy Series FTIR 5000 
spectrometer, Mattson Instruments, Inc., Madison, WI) of the 
residue indicates that it contains organic groups. A reproducible 
elemental analysis of the residue could not be obtained (e.g., C 
23.6%, H 4.4%, Ti 29.2%, N 9.3%, total accounted mass 
66.5%, analyzed by Galbraith Laboratories, Knoxville, TN). 
The residue could be either an oligomer, a polymer, or a mix- 
ture of species. A thermogravimetric analysis of the residue 
shows a weight loss of 35% in the temperature range 50"- 
400"C, a 9% weight decrease in the 600"-720°C range, and no 
further weight loss in the 720"-900°C range. This suggests that 
the residue contains substantial organic groups. 

When the residue is fired at 800°C in a nitrogen or ammonia 
atmosphere, it yields a powder which is identified by X-ray 

qLesser amounts of bis-(dirnethy1amino)rnetane and some low molecular weight 
hydrocarbons are also found in the volatile fraction. 

powder diffraction (XRD) (PAD V XRD, Scintag, Santa Clara, 
CA) to be a mixture of TIN and TIC in 5:l ratio. This powder 
can be converted to pure TIN by firing in an ammonia atmo- 
sphere at 1100°C for 2 h. The yield of TIN is 77%, based on 
decomposed Ti[N(CH,),], (undecomposed Ti[N(CH,),], was 
distilled out of the reaction vessel to obtain an accurate value 
for decomposed Ti[N(CH3)J4). The XRD pattern of the dark 
olive-brown powder showed diffraction peaks at 20 (inten- 
sity) = 42.8(100), 62.0(65), 36.8(54), 74.2( lo), 78.2(7), which 
are in complete agreement with those reported for titanium 
nitride (JCPD Card No. 38-1420). 

(2) Characterization of the TiN/Al,O,, TiNITiO,, and 
TiNlSi,N, Composites 

The preparation of TiN/TiO,, TiN/AI,O,, and TiN/Si,N, 
composites involves irradiation of a suspension of TiO,, A1,0,, 
or Si,N, particles in excess Ti[N(CH,),], with 1.064-pm laser 
light, recovery of the excess Ti [N(CH,),], by distillation, 
followed by firing of the residue-coated particles. The particles 
act as substrates onto which solid decomposition products of 
the laser decomposition adhere. Firing the coated particles 
removes the remaining organic groups and furnishes com- 
posites with a uniform TiN distribution. 

The coated TiO, and AI,O, samples prepared at 800°C are 
suitable for HREM studies. Based on the X-ray powder diffrac- 
tion results below, the coated A1,03 particles were selected for 
HREM examinations. The coated Si,N, particles were not sub- 
jected to this heat treatment, because the particles are thick and 
are not suitable for HREM studies. 

X-ray powder diffraction of TiN/Ti0,/800 shows diffraction 
peaks for tetragonal TiO,, which crystallizes in the space group 
P42/mnm (136) (JCPD Card No. 21-1276). TIN diffraction 
peaks are not seen, due to the poor crystallanity of the TIN. TIN/ 
AI20,/800 particles, on the other hand, exhibit broad TIN and 
y-alumina (JCPD Card No. 29-63, cubic, SG F )  diffraction 
peaks. The broad alumina peaks are due to its crystallization in 
y-form and the small particle size. We also examined these 
samples by XPS and found the binding energy of C 1 s to be 286 
eV, suggesting the absence of titanium carbide (binding energy 
28 1.8 eV2,). It is possible that metal oxide substrates facilitate 
reduction of organic groups, thus preventing formation of tita- 
nium carbide. 

The samples of coated TiO,, AI,O,, and Si,N, were fired at 
1100°C to induce TIN crystallization and crystal growth. The 
loading of TIN was calculated to be in the 24%-26% range, 
based on consumed Ti[N(CH,),],. The samples were analyzed 
by Raman spectroscopy and X-ray powder diffraction studies. 

(A)  Raman Spectroscopy: Powders of TIN are highly 
absorbing in the visible range and are thus susceptible to laser- 
induced oxidation when illuminated with a high-power laser 
typically used for Raman studiesz2 (5  14.5-nm Ar laser, Spectra- 
Physics, Mountain View, CA; triple monochromator, SPEX 
Instruments, Metuchen, NJ; array detector system, EG&G 
PAR, Princeton, NJ). To prevent any laser-induced effects, we 
used 2 mW of laser power focused to a spot size of 5G100 pmZ. 
The resulting power density on the samples was roughly four 
orders of magnitude below that needed to induce Oxidation." 
Long exposure times, -30 min, were used to obtain spectra 
with adequate signal-to-noise ratios. 

There are no first-order-allowed Raman active modes associ- 
ated with the rock salt structure of TIN, and its spectrum con- 
tains no sharp lines. The Raman signature of TIN corresponds 
to weak defect-induced bands that crudely match the one-pho- 
non density-of-states." Second-order scattering can also be 
observed, but these features are even weaker than the defect- 
induced bands. The spectra that best showed the characteristic 
fingerprint of TIN were obtained on the TiN-AI,O, composites, 
an example of which is shown in Fig. 3. The broad band 
extending from 200 to 340 cm- ' corresponds to the acoustic 
phonons, whereas the narrower band centered near 540 cm I 

corresponds to optical phonons. These features are indicated by 
the vertical arrows in Fig. 3, and they match well the TIN 
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Fig. 3. Raman spectra of TiN/AI,O,/I 100, TiN/TiO,/l 100, and TiO,. 

Raman features reported by Spengler and Kaiser." There is no 
interference from the y-Al,O,, which is amorphous and gives 
no observable Raman lines. The spectrum in Fig. 3 also con- 
firms the absence of a-Al,O,, which would have several sharp 
lines in this spectral region. The frequency of the first peak in 
the acoustical range has been shown to depend on the Tim 
ratio." The observed frequency at 200 cm-' corresponds to 
stoichiometric TIN. 

The Raman spectra of the TiN-TiO, composites (Fig. 3) also 
indicated the presence of TIN. In this case, however, there is 
strong interference from the TiO, lines. Spectra from the com- 
posite and a single crystal of the rutile phase of TiO, are shown 
in Fig. 3 .  The presence of TIN in the spectrum from the com- 
posite is indicated by the broadened and shifted band in the 
200-300-cm - region and the shoulder on the low-frequency 
side of the 610-cm-' TiO, line. The TIN-Si,N, composites 
gave a fluorescence signal roughly 10' larger than the other 
samples, preventing us from obtaining any useful Raman 
spectra. 
(B) X-ray Diffi-action: The X-ray powder diffraction pat- 

terns of TiN/TiO,/lIOO, TiN/AI,O,/1100, and TiN/Si,N,/lIOO 
are shown in Fig. 4 and the assignment of diffraction peaks is 
presented in Tables 1-111. TiN/TiO,/l 100 shows TIN diffrac- 
tion peaks for cubic TIN, crystallized in space group Frn3n7 
(225) (JCPD Card No. 38-1420) along with peaks correspond- 
ing to TiO,. The y-alumina and TIN diffraction peaks are broad 
in the XRD of TiN/A1,0,/1100, suggesting that titanium nitride 
is stabilizing alumina in the y-phase. TiN/Si,N,/I 100 shows 
strong diffraction peaks for a-Si,N, (JCPD Card No. 41-360, 
hexagonal, SG P31c (159)) and weak broad peaks for TIN. The 
particle sizes for the TIN component in TiN/TiO,/l100, 
TiN/A1,0,/1100, and TiN/Si,N,/l 100 samples have been ca)- 
culated by Scherrer's formula to be 1050, 223, and 300 A, 
respectively. 

Thus, the Raman spectra and X-ray powder diffraction pat- 
terns of the composites show the presence of titanium nitride in 
TiN/AI,O,, TiN/TiO,, and TiN/Si,N, composites. Further stud- 
ies by X-ray photoelectron spectroscopy (XPS) and high-reso- 
lution transmission electron microscopy show that titanium 
nitride is concentrated on the surface of metal oxide or silicon 
nitride particles. 

4 
T 
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Fig. 4. 
the positions of TiN diffraction peaks. 

X-ray powder diffraction of composites. The arrows indicate 

Table I. X-ray Powder Diffraction Data for 
TiN/TiO, Powders* 

TiN/Ti0,/800 (2H(I)) TiNITiOJ 100 (28(1)) Assignments (hk l )  

27.5(88) 27.3(42) TiO,( 1 10) 
36.0(55) 35.9(41) TiO,( 10 1 ) 

36.6(67) TiN(I 11) 
38.2(44) 39.02(8) Ti0,(200) 
41.0(25) 41.1(37) TiO,( 11 1)  

42.6( 100) TiN(200) 
44.4(9) 44.0(6) Ti0,(210) 
54.4( 100) 54.2(64) Ti0,(211) 
56.8(22) 56.4( 16) Ti0,(220) 

61.9(39) TiN(220) 
62.7(20) 62.9(10) Ti0,(002) 
64.2( 1 1) 64.1(7) Ti0,(3 10) 
68.9(40) 68.7(12) Ti0,(301) 
69.8( 12) 69.5 (8) TiO,( 1 12) 

74.1 ( 1 6) TiN(3 1 1 )  
78. I (  10) TiN(222) 

*Assignments are based on values from JCPD files for TiN (Card No. 38-1420) and 
TiO, (CardNo. 21.1276). 
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Table 11. X-ray Powder Diffraction Data for 
TiN/AI,O, Powders* - _  

TiN/A1,0,/800 (28)' TiN/AI,O,/I 100 (28)$ Assignments (hkl )  

18.4(40) AI,O,( 1 1 1) 
32.5(30) A1,0,(220) 

36.5(82) 36.5 (89) TIN( 1 1 1) 
39.2(23) A1,0,(222) 

42.8 ( 1 00) 42.4( 100) TiN(200) 
46.0(35) 45.3(28) AI20,(400) 

62.0(50) 61.7(47) TiN(220) 

74.0(20) TiN(3 1 1) 
77.9(15) TiN(222) 

60.4(20) A1203(5 1 1 

67.1(52) 67.1(30) AW,(440) 

*Assignments are based on values from JCPD files for TiN (Card No. 38-1420) and 
AI,O, (Card No. 29-63). 'TiN/A1,0,/800 is poorly crystalline and does not exhibit alu- 
mina peaks. There is a peak at 35.7", which could not be assigned. *The alumina peaks 
are broad in the diffraction pattern of TiN/AI,O,/I 100. There are also very weak, sharp 
diffraction peaks at 20 = 25.4,34.9,52.4,57.4,58.8, and 72.6, indicating initiation of 
conversion of y-alumina to a-alumina (JCPDS Card No. 10- 173). 

Table 111. X-ray Powder Diffraction Data for 
TiN/Si,N, Powders* 

TiN/Si,N,/I 100 @@I)) Assignments (hkl)  

13.0(21) 
20.4( 100) 
22.8(48) 
26.4( 34) 
30.8(84) 
3 1.7(12) 
34.5(75) 
35.2(75) 
36.5(11) 
38.8(42) 
39.5(10) 
40. I(7) 
41.8(28) 
42.3(14) 
43.4(32) 
46.7(5) 
48.2(7) 
48.8(7) 
50.4(8) 
5 1.6( 12) 
57.6(15) 
60.0(4) 
61.4(8) 
62.4(20) 
64.7( 16) 
65.7(13) 
66.4(9) 
69 .3  16) 

Si,N,( 100) 
Si,N,(IOl) 
Si,N,( 1 10) 
Si,N,(200) 
Si,N,( 20 1 ) 
Si,N,(002) 
Si,N,( 102) 
Si,N,(2 10) 
TiN(I 11) 
Si,N,(21 1) 
Si,n,( 1 12) 
Si,N,(3OO) 
Si,N,( 202) 
TIN( 200) 
Si,N,(301) 
Si,N,(220) 
Si,N4(2 12) 
Si,N4(3 10) 
Si,N,( 103) 
Si,N,(3 1 1)  
Si,N,( 222) 
Si,N,(320) 
TiN(220) + Si,N,(213) 
Si,N,( 321 ) 
Si,N,(303) 
Si,N,(41 1) 
Si,N,(004) 
Si,Nd(322) 

*Assignments are based on values from JCPD tiles for TIN (Card No. 38-1420) and 
Si,N, (Card No. 41-360). 

(C)  X-ray Photoelectron Spectroscopic Studies: XPS of 
TiN/TiO,/lIOO, TiN/AI,O,/I 100, and TiN/Si,N,/I 100 show 
the presence of Ti, N ,  C, 0 and the metal from the substrate (Ti, 
Al, or Si). The binding energy of C 1s in all three samples is at 
286 eV, suggesting the absence of titanium carbide (281.8 
eVZ4). The titanium and nitrogen regions of the XPS of TIN/ 
TiOJl100 are shown in Fig. 5. TiN/TiO,/l 100 exhibits Ti 2p3/, 
peaks at 455.5 and 459 eV for TIN and TiO,, respectively. 
There is an unresolved region between TIN and TiO, centered 
at 457 eV due to titanium oxynitride." *' The Ti 2p3/, regions 
for the samples TiN/A1,0,/1100 and TiN/Si,N,/llOO are unre- 
solved and consist of peaks due to TIN, TiO,, and titanium oxy- 
nitride. These features have previously been observed in XPS 
studies of unetched titanium nitride coatings.'' 

The N 1s peaks in all three samples are observed at 397 eV 
and are assigned to titanium nitride. In the case of TiN/Si,N,/ 

I \ TIN 

~ ~ l ~ l ~ r ' r ~ l ~ l ' l ~ r ' r ~ Y  
- .- 

471.0 468.5 466.0 463.5 461.0 458.5 456.0 453.5 451.0 440.5 446.0 

402.0 401.0 400.0 399.0 398.0 397.0 396.0 395.0 394.0 393.0 392.0 

Binding Energy, eV 

Fig. 5. XPS of TiN/TiO,/1100: (a) titanium window-the positions 
of Ti peaks for TIN and TiO, are indicated by arrows; (b) nitrogen win- 
dow-the position of N peak for TiN is indicated by an arrow. 

1100, the N 1s peaks for TIN and Si,N, are not resolved. All 
three samples show small unresolved components at 399 eV, 
which could be due to nitrogen contaminants or titanium 
oxynitride." 

have shown that the 
binding energy difference between the Ti 2p and N 1 s peaks is 
linearly related to the concentration of nitrogen in the range 
TiN/N = 0.5-1.0. Thus Ti 2 p  peak broadening could also result 
due to the presence of several nonstoichiometric TIN species on 
the surface. 

These results, thus, support the formation of titanium nitride 
and the absence of titanium carbide on the composite particles. 
The expected surface contamination of the composites due to 
oxidation/nonstoichiometric TIN is also seen in the spectra. 
Such surface oxidation has previously been observed by several 
authors in TiN films prepared by CVD.*5-27 

( D )  Transmission Electron Microscopy Studies: The 
TiN/Ti0,/800 and TiN/A1,0,/800 samples were examined by 
conventional transmission electron microscopy (TEM) (CRI 2 
AEM, Philips, Mahwah, NJ) and the latter by high-resolution 
electron microscopy (HREM) (4000EX HREM, JEOL. Pea- 
body, MA). Both samples have a particle thickness of less than 
20 nm and can be studied directly by HREM without the need to 
thin the sample.29 

TEM examination of TiN/Ti0,/800 showed small particles 
with well-defined boundaries. Energy-dispersive spectra (EDS) 
of several individual particles exhibited Ti, N, and 0 peaks. 
TiN/A1,0,/800 particles were found to occur as small particle 
agglomerates. Several of these were examined via EDS, which 
revealed titanium Ka,  KP and Lo peaks, as well as the nitrogen 
K a  peak. Figure 6 shows a HREM micrograph of the TIN/ 
A1,0,/800 sample. Several individual particles on the order of 
5 nm in diameter can be distinguished (indicated by arrows). 
Figure 6(b) is an enlargement of one such particle. Figure 6(c) 
is the corresponding Fourier transform power spectrum.3o 

It should be pointed out that Porte et 
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Fig. 6. (a) HREM image of TiN/A1,0,/800 particles; note the presence of several small particles indicated by arrows. (b) Enlargement at one such 
point. (c) Corresponding power spectrum indicating a (01 1) fcc zone axis. 

The aspect ratio of this pattern closely matches that of a face- 
centered-cubic structure, looking along a (01 1)  type zone axis. 
Measurements of the reciprocal lattice vectors of this pattern 
were calibrated with reference to similar measurements of the 
[ O l l ]  zone axis power spectrum from a silicon standard. 
Results indicate interplanar spacing of 0.245 and 0.213 nm, 
which compare favorably with { 1 1  I ) and { 002) spacings of 
TIN (JCPDS Card No. 38-1420). Since atomic structure images 
arise from areas within 5-10 nrn of the free surface, these parti- 
cles must reside in the region near the surface. 

IV. Conclusions 

Irradiation of tetrakis-(dimethy1amino)titanium by the 
1.064-Fm fundamental of a Nd:Yag laser results in its decom- 
position, yielding amongst other products a gray-black solid 
residue. The residue can be converted to TIN or TiN/TiC, 
depending on firing conditions. When TiO,, A1,0,, or Si,N, 
particles are present, the residue adheres to the particles, and 
TiN/TiO,, TiN/Al,O,, and TiN/Si,N, composites are formed 
upon firing the residue-covered particles. The XPS and HREM 
studies show that the TIN component is near the surface of the 
particles. 
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