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Polycrystalline Al, MO, Ti, and Ta films deposited on Si wafers were systematically depth 
profiled by Auger electron spectroscopy using Ar + and N2+ ions as projectile. In 
agreement with the traditional concept of reactive sputtering, N$ sputtering of Al and MO 
films textured the surface less, thereby improving depth resolution significantly. 
N,+ -sputtered Ti and Ta films, on the other hand, were characterized by microprojections 
thickly covering the bombarded area, forming a striking contrast to Ar + -sputtered Ti 
and Ta displaying less-enhanced surface texturing. As revealed by electron spectroscopy for 
chemical analysis, the Nz+ -bombarded surface was nitrided for every material, and the 
nitride zone was confined to the surface or near-surface for Al and MO and extended far 
below the surface for Ti and Ta. It is thus considered that three-dimensional nitridation lay 
under the enhanced surface texturing observed for N2+ -sputtered Ti and Ta. 

I. INTRODUCTION 

Auger electron spectroscopy ( AES) combined with 
inert-gas ion sputtering is the most popular existing tech- 
nique for compositional analysis of solid surfaces and solid- 
solid interfaces. In so-called Auger depth profiling, the de- 
gree of conformity between the true and measured profiles 
is described in terms of Auger depth resolution. Unfortu- 
nately, bombarding inert-gas ions texture the surface, 
thereby causing a serious deterioration in depth resolution, 
especially for polycrystalline metal targets.lm7 Thus, a way 
to minimize the ion-induced surface texturing has long 
been a problem in surface science and thin-film technology. 

One means to approach the above goal is to use chem- 
ically active ions, typically N2+ ions, as projectiles: sput- 
tering with N2+ ions, for example, has been supposed to 
reduce surface texturing, and hence improve depth resolu- 
tion, for most metallic materials.7-‘1 A widely accepted 
view is that the reduction in surface texturing associated 
with N2+ sputtering is due to the chemical bond formation 
between target and implanted nitrogen atoms, but very 
little evidence7 has been presented so far in support of this 
theory. 

In general, Auger depth resolution is increased by low- 
ering sputtering energy. According to the “shrapnel” 
model proposed by Zalm and Beckers,” the main effect of 
using molecular-ion projectiles is to lower the sputtering 
energy through the disruption of impacting ions. In this 
model, the prime cause of the resolution improvement at- 
tainable with N2+ should be the reduction in effective sput- 
tering energy, not the chemical bond formation. Currently, 
there is no consensus as to whether N2+ ions improve the 
depth resolution chemically or physically. What is also 

“‘To whom correspondence should be addressed. 

unknown is whether or not Nz+ sputtering invariably re- 
duces the surface texturing. To provide satisfactory an- 
swers to these questions, the morphological, structural, 
and chemical features of N2+ -sputtered surfaces must be 
studied systematically, as a function of target material. 

II. EXPERIMENT 

A. AES, SEM, and ESCA 

The samples subjected to surface characterization are 
listed in Table I, together with their dimensional details. 
Also presented in the,table are the nitrides of the respective 
sample materials and their heat of formation.‘3 The sam- 
ples were polycrystalline films of Al, MO, Ti, and Ta de- 
posited on mirror-polished (100) Si wafers using a dc sput- 
tering technique. (The polycrystallinity of the films was 
confirmed by x-ray diffraction.) As seen from the table, the 
nitrides of these metals possess negative heats of formation: 
the metals should react with atomic nitrogen without an 
external heat supply. Typical as-prepared samples observed 
by scanning electron microscopy (SEM) are shown in Fig. 
1. The Al surface was far from smooth, consisting of well- 
developed crystallites, whereas the Ti and Ta surfaces were 
ideally smooth. The MO surface possessed an intermediate 
roughness. The film-substrate interface was thought to be 
as flat as the substrate surface. By AES, the samples were 
determined to be virtually impurity free. 

Every sample was bombarded with Ar ’ and N2+ ions 
in a JAMP-10s scanning Auger microprobe equipped with 
a microbeam ion gun. The incident angle of the ion beam 
was 60” with respect to the surface normal. The ion current 
density and the ion energy were usually regulated to - 100 
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TABLE I. Samples used in this study and the heat of formation of their 
nitrides (H,) at 25 “Cl3 

Material Thickness (nm) Nitride Hf (kcal g-‘mol-‘) 

Al 300 AlN - 57.7 
MO 300 Mo,N - 8.3 
Ti 100 TiN - 73.0 
Ta 300 TaN - 58.2 

Film substrate, mirror-polished (100) Si wafer. 

PA/cm* and 3 keV, respectively, but in some cases Ar ’ 
ions were accelerated to 1.5 keV, in order to confirm the 
physical effect of N2+ sputtering. The ion beam was fo- 
cused into a microbeam - 150 pm across, which allowed 
us to produce two craters or more on the same target (Fig. 
2). No mass separation was done in N2+ sputtering, but 
the nitrogen ions impinging on the sample should mostly 
have been N2+, because of the well-known cracking pattern 
of molecular nitrogen (N2+ -to-N ’ ratio, about 10). The 
energy, absorbed current, and electron-beam diameter in 
Auger analysis were 10 keV, 100 nA, and 400 nm, respec- 
tively. On depth profiling, the normally incident electron 
beam was carefully adjusted to the center of the ion- 
impacted area. The background pressure in the analyzing 
chamber was lower than 1 X lo- ’ Pa, and the chamber 
stayed in the 10 - 6 Pa region even during sputtering, owing 
to differential pumping of the ion gun. The purities of Ar 
and N, gases were higher than 99.999%. 

To determine the topographical change due to ion 
sputtering, the depth-profiled samples were observed by 
high-resolution SEM, using an ISI-DS130 electron micro- 
scope. The chemical state of sputtered surfaces was also 
examined in situ, by means of electron spectroscopy for 
chemical analysis (ESCA) (ESCA LAB MARK-II sys- 
tem). The x-ray excitation was done with the MgKa! line, 
and the measurements were carried out in the constant 
analyzer mode, with the pass energy adjusted to 20 eV. The 
operating pressure of the analyzer was in the lo- ’ Pa 
region, which was low enough to avoid the impurity ad- 
sorption on the measured surface. 

FIG. 1. Typical as-deposited surfaces of (a) Al, (b) MO, (c) Ti, and (d) 
Ta films, observed by high-resolution SEM. The viewing direction was 40” 
with respect to surface normal. 

b 

MO 
Si 

FIG. 2. (a) Low-magni- 
fication SEM image of cra- 
ters produced on an MO film 
by 3-keV Ar + and N: ions. 
(b) Schematic representa- 
tion of the crater cross sec- 
tion. The arrow in (b) indi- 
cates the area examined by 
high-resolution SEM. 

B. TEM 

The sample materials employed are so reactive with 
nitrogen that their interaction with energetic nitrogen ions 
should lead to the nitridation of the area exposed to the idn 
flux. If so, a question arises: how deep is the nitrided zone? 
Since answering this is very informative for discussing the 
fundamental aspects of reactive N2+ sputtering, the bulk 
structural change caused by N2+ -ion impact was checked 
by transmission electron microscopy (TEM), for the re- 
spective sample materials. (ESCA is not available for this 
purpose, because of its information depth as shallow as 
- 1.5 nm14). To do so, rectangular platelets were cut out 
from Marz-grade polycrystalline sheets 0.05 mm thick, and 
then polished chemically at one edge, attaining razorlike 
configurations [Fig. 3(a)]. A platelet thus prepared was 
uprighted in the Auger microprobe, and its sharpened edge 
was bombarded with vertically incident N2+ ions under the 
sputtering conditions described earlier [Fig. 3 (b)]. (Prior 
to ion bombardment, every sample was washed carefully in 
an ultrasonic cleaner.) After sputtering, the sample was 
transferred to a JEM-2OOOFX electron microscope, for de- 
termining the crystalline state of the bombarded area. 
Since the platelets were previously cut so as to be directly 

Ion Beam FIG. 3. (a) Low-magni- 
fication SEM image of a 
bulk sheet target. (b) Direc- 
tions of ion-incidence and 
TEM observation for the 
target (schematic). 
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mountable on the sample stage of the electron microscope, 
sample-holding meshes were unnecessary for their obser- 
vation. 

III. RESULTS 

Figure 4 shows Auger depth profiles for an MO film 
bombarded with 3-keV Ar + and N$ ions, indicating the 
variation of element concentration with sputtering time. 
(The element concentration was calculated using the rela- 
tive element sensitivity factors tabulated in Ref. 15.) Note 
that the nitrogen signal was detected during the sputter 
removal of the MO layer. This suggests the chemical bond 
formation between molybdenum and implanted nitrogen 
atoms.’ The depth profiles for the other materials attained 
by Nzf sputtering also comprised the nitrogen signal, so we 
may conclude that N,+ sputtering of the present materials 
entailed chemical processes more or less. 

The depth resolution, AZ, for the profiles recorded was 
evaluated on the basis of the “two standard deviation.” In 
this definition, the depth resolution is given by the differ- 
ence of the depth coordinate between 84% and 16% (the 
crosses in Fig. 4) of the intensity change at the interface. l6 
The values of depth resolution thus evaluated for thin films 
sputtered with 3-keV Ar + and N2’ are listed in Table II, 
together with the sputtering time needed for the ion beam 
to reach the film-substrate interface. Table II shows that 
N: sputtering improved the resolution for Al and MO, but 
led to less satisfactory resolutions for Ti and Ta. Thus, it 

TABLE II. Auger depth resolutions AZ obtained with‘3-keV Ar + and 
N,+ sputtering, and sputtering times t needed for the ion beam to reach 
the film-substrate interface. Auger depth profiles for KLL Al (1396 eV), 
MNN MO (186 eV), LMM Ti (387 eV) and NNN Ta (179 eV) signals 
were used to evaluate the resolutions. 

AZ (nm) f (min) 

Ion species Art NZ+ Ar+ 

Al 107 46 64 346 
MO 31 25 48 224 
Ti 17 25 21 80 
Ta 8 13 73 267 

FIG. 5. Topographical structures of Ar +-sputtered (a) Al, (b) MO, (c) 
Ti, and (d) Ta surfaces, in the proximity of film-substrate interface (high- 
resolution SEM images). Ion energy: 3 keV. 

turned out that reactive N2+ sputtering is not always su- 
perior to Ari sputtering in resolving depth profiles. In 
addition, N$ sputtering needed a long time for one run: 
typically, the sputtering time to remove a 100 nm thickness 
of Ti was 80 min for 3-keV N$, which was about four 
times longer than that for 3-keV Ar + . Such a long analysis 
time prevents the practical application of N2+ sputtering to 
Auger in-depth analysis. 

The prime factors to govern Auger depth resolution 
are (i) atomic mixing and (ii) radiation-induced surface 
texturing. For polycrystalline metal targets, the latter effect 
is far more dominant,‘-* so that the resolutions listed in 
Table II should reflect the degree of roughness of sputtered 
surfaces. Figure 5 shows the SEM images of the walls of 
craters formed on Al, MO, and Ti surfaces bombarded with 
3-keV Ar +, and indicates the morphological structures in 
the proximity of the film-substrate interface [see Fig. 2(b)]. 
It is seen that the sample surfaces, except for Ta, were 
heavily textured, with conical protrusions grown thickly. 
The average cone dimension decreased in the order of Al, 
MO, and Ti, agreeing very well with the resolution increase 
in the same order. The sputtered Ta surface exhibited no 
texturing detectable by SEM, and this nontextured surface 
was no doubt responsible for a high depth resolution (8 
nm) attained for Ta. Shown in Fig. 6 are Al and MO 
samples exposed to 1.5keV Ar + ions. As determined by 
comparing these SEM images with Figs. 5 (a) and 5 (b), 
the average cone dimension was reduced very slightly by 

,Z =55nm 

FIG. 6. Topographical structures of (a) Al 
and (b) MO surfaces sputtered with 1.5-keV 
Ar+. Inset in the images are the corre- 
sponding depth resolutions. 
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FIG. 7. Topographical structures of N> -sputtered (a) Al, (b) MO, (c) 
Ti, and (d) Ta surfaces. Inset in (a) is an enlarged image of the area 
enclosed by the rectangular. Ion energy: 3 keV. 

halving Ar +-ion energy. The corresponding depth resolu- 
tions, inset in the images, were better than the resolutions 
obtained with 3-keV Ar +, but they were definitely lower 
than those provided by 3-keV N2+. Thus, the resolution 
improvement observed for N2+ -sputtered Al and MO was 
not explicable in terms of the lowering of sputtering energy 
alone: chemical effects might have been involved in the 
N2+ sputtering processes of the metals. 

Compared to Ar + sputtering, N2+ sputtering resulted 
in less-enhanced surface roughening for Al and MO. As 
seen in Fig. 7(a), the Al surfaces sputtered with 3-keV 
N2+ were typically characterized by cone bunches (note 
area enclosed by rectangle), the numerical density of 
which was a little lower than that of the cones formed on 
Ar + sputtered Al. The protrusions developed on 
NC-sputtered MO were much smaller than those formed 
by Ar+, and in addition they exhibited no definite config- 
uration [Fig. 7(b)]. Without doubt, these less-textured sur- 
faces of NC -sputtered Al and MO were directly related to 
the corresponding depth resolution improved markedly. 

It was mentioned already that N2+ sputtering of Ti and 
Ta resulted in resolution loss. Shown in Fig. 7(c) is a Ti 
sample sputtered with N2”, which reveals thickly grown 
protrusions of undefined configurations. In harmony with 
the deteriorated depth resolution, these surface protrusions 
were much more macroscopic than the conical protrusions 
on Ar+ -sputtered Ti. Also, their undefined configurations 
are an indication that the texturing of the Ti surface in- 
volved a bulk chemical process. (For the surface texturing 
due solely to sputter removal of surface atoms, the result- 
ing protrusions are shaped conically.) A more surprising 
fact is that NC ions roughened the originally smooth Ta 
surfaces. As shown in Fig. 7(d), the Ta surfaces sputtered 
with N2+ consisted of fine protrusions, forming a striking 
contrast to the Ar + -sputtered Ta surfaces which main- 
tained the original smoothness. In general, surface grains 
function as the nucleation sites of surface protrusions.‘71’8 
This implies that fine-grained samples are less susceptible 
to ion-induced surface texturing. The textured surfaces of 
N2+ -sputtered Ta would therefore suggest that impacting 
N2’ ions caused the original surface grains to grow, pro- 
viding the ground for surface texturing. 
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FIG. 8. ESCA spectra of Al films bombarded in situ with 40 keV Ar+ 
(broken-line curve) and 4-keV N: (solid-line curve). 

In the light of the Auger and SEM data cited above, 
Nz sputtering of the present materials would presumably 
involve chemical processes. To ascertain this, thin film 
samples bombarded with 4-keV Ar + and N2+ ions were 
observed by ESCA. The result for Al is shown in Fig. 8, in 
which are depicted photoelectron peaks in the Al 2p region 
for N$ -sputtered (full curve) and Ar + -sputtered (broken 
curve) films. The 2p signal from the Ar + -sputtered sur- 
face coincided with clean Al, thus displaying no chemical 
shift.” The N,+ -sputtered surface, by contrast, gave rise to 
a 2p signal shifted to higher energy. The energy shift was 
estimated to be 1.25 eV, which means that the shifted peak 
was due to photoelectrons emitted from AIN.” The ESCA 
data for N2+ -sputtered MO has been described elsewhere in 
detail.’ In brief, the chemical shift was too small to deter- 
mine the chemical composition of nitride, perhaps indicat- 
ing that the nitridation of the MO surface was only partial. 

The shift of ESCA signals was more distinct for Ti and 
Ta sputtered with N2+. For Ti, the energy shift was 1.3 eV, 
which exactly corresponded to TiN (Fig. 9) .I9 Similarly, 
the Ta surface was entirely transformed into TaN by bom- 
barding N2+ ions. 

As already noted, accelerated N2+ ions were mostly 
dissociated into atomic nitrogen upon impact with the tar- 
get,‘2v2’ thereby implanting nitrogen atoms beneath the 
surface. Since the present metals are highly reactive with 
atomic nitrogen, these implanted nitrogen atoms readily 
reacted with neighboring metal atoms to form nitride in 
the near surface. In general, metal nitrides are stable chem- 
ically and possess very high melting points. The nitrides of 
Al, MO, Ti, and Ta are no exception: they are all refractory 
materials and hence resistive to sputtering. The prolonged 
sputtering required for depth profiling with N2’ should be 
ascribable in part to the nonvolatility of the nitrides. 

If the nitride formation associated with N2+ sputtering 
arises from the reaction between metal and implanted ni- 
trogen atoms, the nitrided depth should be of the same 
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FIG. 9. ESCA spectra of Ti films bombarded in situ with 4-keV Ar + 
(broken-line curve) and 4-keV Nr+ (solid-line curve). 

order as the penetration depth of projectiles. The projected 
ranges of 3-keV N2+, or 1.5 N + , hitting the present 
metals were calculated using the LSS theory,22 and the 
results are presented in Table III. These theoretical data 
suggest that the nitridation is confined to the near-surface 
region several nm thick. But this was not the case for Ti 
and Ta, as disclosed by TEM of N2+ -sputtered platelets. 
Figure 10 shows the TEM data of a Ti platelet exposed to 
N$ ions for a prolonged period. The electron diffraction 
(ED) pattern of the edge area of the platelet consisted of 
regularly arranged spots [Fig. 10(b)], and the net formed 
by the spots was confirmed by careful analysis to match the 
(110) reciprocal lattice section of TiN. This assures that 
the sample edge was wholly nitrided into TiN. As clear in 
the dark-field image in Fig. 10(c), the components of the 
edge area were TiN crystallites with a preferred orienta- 
tion: an oriented growth of TiN crystallites took place on 
the N2+ -sputtered area. Since the crystallite dimension 
amounted to 20 nm on the average, the nitrided zone ex- 
tended far below the penetration depth of nitrogen atoms. 

For Ta, too, evidence was obtained that the nitrided 
zone was thicker than the penetration depth of projectiles. 
However, ED patterns of N2+ -sputtered Al and MO dis- 
played no reflections from nitride (Fig. 11). For Al and 
MO, the nitrided zone might have been too thin to diffract 
electrons. 

TABLE III. Projected ranges R, of normally incident 3-keV N;t ions 
determined by LSS calculation. 

Target R, (nm) 

Al 4.5 
MO 2.3 
Ti 4.4 
Ta 1.3 

FIG. 10. TEM image of a Ti bulk target sputtered with 3-keV N: ions 
for 6 h. (a) Bright-field image, (b) ED pattern of the encircled area in 
(a), and (c) dark-field image produced by the spot C. 

IV. DISCUSSION 

The Auger, ESCA, and TEM observations described 
above may lead one to conclude that, as far as the present 
sample materials are concerned, N2+ sputtering involves 
the formation of metal-nitrogen bonds, in addition to the 
rupture of N-N bonds. The same conclusion has also 
been reached for Ag/Mo sandwiches bombarded with 
N2+ .’ Our new finding is that N2+ sputtering is inferior to 
Ar + sputtering, in relation to the resolution improvement 
for Ti and Ta. According to a current theory, the reactive 
sputtering generally reduces surface texturing,8-10 so N2’ 
sputtering of Ti and Ta should lead to a marked improve- 
ment in resolution. The present findings cast doubt on the 
validity of the theory. 

Commonly, radiation-induced surface texturing is en- 
hanced on polycrystalline targets, because crystallites on 
the virgin surface function as the nuclei of surface cones. 
Conversely speaking, surface texturing is less enhanced on 
targets with fine-grained structures. This common rule is 
clearly reflected in the less- and nontextured surfaces of the 
Ar + -bombarded Ti and Ta films [see Figs. 5 (c) and 5 (d)]. 
Disagreeing with the rule, however, the originally smooth 
Ti and Ta surfaces were heavily textured by NC ions. To 
reasonably interpret this finding, it must be hypothesized 
that impacting N2+ ions grew crystallites on Ti and Ta, 

FIG. 11. TEM image of a MO bulk target bombarded with 3-keV Ns+ ions 
for 6 h. (a) Bright-field image and (b) corresponding ED pattern, show- 
ing the ( 100) reflection from the MO lattice. 
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and eroded the surface as well. To view the TEM data in 
Fig. 10, the crystallites would belong to nitrides. In other 
words, the growth of nitride particles was behind the tex- 
turing of N2+ -sputtered Ti and Ta. 

The most common primary ion species in secondary 
ion mass spectrometry (SIMS) is Oz+ . Like N.$, O,+ is 
said to be reactive and to produce smooth surfaces. Ac- 
cording to a recent SIMS study by Moens et a1.,23 however, 
02 sputtering does not result in better resolved profiles 
than does Ar + sputtering, for Ni/Cr sandwiches. This fact 
may be explicable in terms of the growth of oxide crystal- 
lites on the 02+ -bombarded area. (The oxides of Ni and Cr 
are typical refractory ceramics.) 

The fact that the nitrided zones on N2+ -sputtered Al 
and MO were undetectable by TEM implies that the 
growth of AlN and Mo2N layers was well balanced with 
the sputter removal of nitride molecules. At the present 
time, it is not possible to discuss why the growth of such a 
thin nitride layer led to a less-enhanced surface texturing. 
To answer this question, the underlying physical and 
chemical process in reactive N2+ sputtering must be eluci- 
dated. 

Metal nitrides are typical interstitial compounds. In 
this kind of material, light atoms which diffuse into the 
mother lattice occupy interstitial positions. Since the 
atomic diffusion is a thermal process, an external heating is 
generally necessary to grow metal nitrides. The growth of 
nitride crystallites on N2+ -sputtered Ti and Ta in the 
present study is thus convincing evidence that the temper- 
ature of the ion-impacted area was elevated to a degree 
where the implanted nitrogen atoms were mobile. The ion- 
current density employed was as low as 100 pA/cm2, and 
the current consensus is that no thermal process should be 
involved in ion sputtering at such a low current density. In 
the light of our TEM data, this conventional view deserves 
careful reconsideration. 

V. CONCLUDING REMARKS 

The improvement in depth resolution associated with 
N2f sputtering has been shown to be attainable, only when 
the nitride formation is confined to the surface or near- 
surface region. For materials which react with nitrogen so 
fast as to form bulk nitride, NC sputtering does not im- 
prove but compromises the resolution seriously. Further- 
more, Nz+ sputtering requires a long sputtering time for 

one run of depth profiling, which is clearly undesirable 
from the practical point of view. Our conclusion is that 
N2+ sputtering is not a beneficial means to improve the 
practicality of Auger in-depth analysis. 

Finally, it is emphasized once again that the heating up 
of the ion-impacted surfacei must be postulated to inter- 
pret the bulk-nitride formation on N2+ -sputtered Ti and 
Ta. To confirm this hypothesis, systematic experiments are 
now being undertaken, using the N2+ /Ti system. The re- 
sults will be dealt with in a forthcoming paper. 
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