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Abstract 

The Sputtered Thermal Ion Mass Spectrometry 
method (STIMS) consists of collecting a part of 
the matter sputtered from a solid by ion bombard­
ment into a heated cell where it is reduced into 
atoms. A thermal ionization process or an electron 
impact process taking place in the cell yields ions 
which are extracted and mass analyzed. The composi­
tion of the solid is determined from ion intensi­
ties after calibration of ionization coefficients. 
It has been demonstrated that the method has an 
absolute quantitative character. Applications to 
elemental quantitative analysis (identification 
of new compounds in diffusion couples, dust parti­
cle analysis) and in-depth analysis of thin layers 
(unannealed, ·annealed and amorphous layers) are 
being developed. We have found that in-depth reso­
lution is better in annealed layers than in unan­
nealed ones, it can be improved by lowering the 
primary ion energy below 2 keV and it is very good 
in amorphous materials. 

Key words : In depth analysis, Ion Sputtering, 
Mass Spectrometry, Surface analysis method, Thin 
layer, Thermal Ionization, Solid quantitative 
analysis, Diffusion. 
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Introduction 

Since Castaing and Slodzian (Castaing and 
Slodzian, 1962, Slodzian, 1964) have proposed the 
first localized analysis method of solid surfaces 
using the secondary ion emission ~,hich results 
from ion sputtering, many other analytical approa­
ches, also based upon sputtering, have recently 
been proposed. Among the most attractive, I would 
mention the sputtered neutral mass spectrometry 
(SNMS) proposed by Oechsner et al. (1979), the 
laser probe mass spectrometry (LPMS) developed by 
Eloy (1980) or the optical spectroscopy and mass 
spectrometry methods using the glow discharge or 
the hollow cathode discharge (Marcyk and Street man, 
1976, Harrison and Magee, 1974). These methods 
share the property of deriving directly the analy­
tical information from the initial state of parti­
cles as they are emitted in the sputtering process: 
ejected atoms and aggregates- neutral, excited or 
ionized- are used in the mass spectrometry techni­
ques and optical spectroscopy. In all the methods, 
the sputtering proces s utilized to sample solids 
simultaneou sly conditions more or le ss the charac­
ter and intensity of the physical process used 
for analytical purposes. The most obvious case is 
the secondary ion emission in which ion specie s 
and their intensitie s are very strongl y affected 
by the nature of elements present in the solid or 
at the surface and their chemical affinity 
(Slodzian, 1975, Blaise and Bernheim, 1975). As a 
result of this, signals depend not only on the 
composition of the sample, which is the goal looked 
for, but also on the chemical nature of the matter. 
We say that we have to do with matrix effects. 

In order to eliminate matrix effects it is 
necessary that the withdrawal of matter and the 
physical process which allows the chemical identi­
fication of elements are independent. This implies 
a treatment of the sputtered matter. In the glow 
discharge optical spectroscopy the plasma density 
seems sufficiently high for the sputtered matter 
to be close to the plasma temperature. Thus the 
observed optical spectrum is rather characteristic 
of the plasma than of sputtering. However, in this 
case, the treatment is not really complete first 
because ion bombardment induced light emission 
still contributes to signal, second because recom­
binations of the sputtered species in the plasma 
do not necessarily reflect the sample composition 
congruously. 
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The method that Castaing and I have developed 
involves a thermal treatment of sputtered matter 
Bl aise and Castaing (1977, 1978) , Castaing and 
Blaise (1980). The complexi ty of this 
matter is well known, but it turns out that under 
the stat ionar y sputtering regime, its overall compo­
sition is identical to that of the sample. Thus a 
treatment that "would mill" the matter to reduce it 
in atomic components would open the way to a quanti­
tative method of analysis. The thermal treatment 
consists of collecting a part of the sputtered 
matter in a cel l brought at a very high tempera­
ture where it remains for a suf ficiently long 
time to be thermalized. Then analysis is performed 
by extracting from the cell ionized atoms that one 
determines by mass spectrometr y. The association 
of sput tering and thermalization lead s us to bap­
tize this method "Sputtered Thermal Ion Mass 
Spectrometry" (STIMS). This is essentially a quan­
titative method for characterizing the elemental 
composition of solid samples. 

Solid surface analysis evidently i s not limi­
ted to determining the sample elemental composition­
electron spectroscopy and secondary ion emission 
are rich in informations of all kinds- but now 
we, too often, neglect the advantage of an elemen­
tal composition analysis which in a way constitute s 
the stumbling-block of the knowledge of so complex 
a structure as a surface. 

Having described the method and presented its 
main features we will present a certain number of 
its applications for quantitative elemental analy­
sis and in-depth analysis of thin laye rs. 

The s uttered thermal ion mass s ectrometr method. 
Bl aise and Castaing 1978 , Castaing and Bl aise 

(1980). 

A fraction of sputtered particles is collec­
ted in a heated cell through the opening O' under 
a solid angle tn (see Fig. 1). The cell is made 
of a refractor y metal (tantalum or tun gsten) and 
is heated to a high temperature( ~ 3000 K). In 
the course of their collision s on the cell wall 
molecular aggregates are progre ss ively dissociated 
into their atomic components and a proportion of 
them i s ionized,either by a thermal-ionization 
process at the cell wall or by electron impact 
using a filament-cell diode device which will be 
described further. Ions produced in one of these 
modes are extracted by an external electric field 
throu gh another aperture O opposite to O'. The 
ion beam is then conveniently focused by an appro­
priate ion-optical system (L1, L2 on Fig. 2) onto 
the entrance slit of a mass spectrometer. Opening 
O' is set off the optical axis in order to prevent 
a direct passing of secondary ions sputtered from 
the sample through the cell. A multidetection 
system composed of channeltrons is used which can 
be moved along the exit face of the magnet. They 
are fixed at appropriate positions to collect 
particular elements s imultaneously. Signals are 
integrated over one second of time and stored in 
a computer. A program allows to calculate concen­
trations and to plot them as a function of depth 
in in-depth applications, as the experiment 
proceeds. 
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Characteristics of the heated cell . ----------------------------------
Collection of sputtered particles : In order 

to keep the composition of the sputtered material 
entering the cell unchanged, it is essential that 
no discrimination among the sputtered species takes 
place in the collection angle tn . In the first 
place, this requires a field free region between 
the sample and the heated chamber in order to 
collect ions of any charge. Secondly the same 
emission anisotropy for the various molecular 
species is necessary. Earlier studies of a copper­
aluminium alloy found the Al to Cu concentration 
ratio to be independent of the emergence angle 
(Tarento, 1982). From this, it is concluded that 
the emission anisotropy is about the same for the 
two species. 

The number of atoms n injected into the cell 
per second is given by (Fig. 1) : 

n = N ~ tn cos a (1) 
p 1T 

where N is the number of primary ions impinging 
on the ~ample per second, S(8) the sputter ing yi eld 
at 8 incidence angle, a the collection angle to 
the surface normal and tn the collection solid 
angle. For a monoatomic solid bombarded at a few 
keV energy by a primary beam of a few µA, the flux 
of incoming particles is n ~ 1011 at/sec with 
e = 45° , a = 1r/2 - e and tn = 2.10- 3 srd. If the 
sample contains an element A at concentration CA 
the flux of incoming A atoms will be : 

nA = n CA. (2) 

Thermalization : The role of the cell i s to 
ensure the thermal1zation of sputtered matter which 
consists of the di ssoc iation of aggregates, elimi­
nation of secondary ions and slowing down of sput­
tered particles to thermal velocities. 

Let d be the diameter of openings O and O' 
and D that of the cell supposed to be spherical. 
The average number of col li sions on the wall s of 
a particle before its coming out will be 2(D/d) 2

, 

that is about a hundred collisions for D ~ 10 mm 
and d ~ 1 mm. This is probably sufficient for a 
good thermalization. A recent work (Hennequin and 
Couchouron, 1979, Couchouron, 1983) dealing with 
the accommodation of sputtered particles with a 
hot metal surface has shown that, in fact, most 
of them seem to be thermalized after a single 
collision. 

When the cell is supplied under the permanent 
sputteri ng regime, the atomic volume density of 
the matter ng is gi ven by 

n = _n_ (21rm)l/2 
g s

0
+s

0
, kT 

(3) 

For openings s0 ~ s0 , ~ 1 mm2
, n ~ 1011 at/sec 

we get ng ~ 2.l0- 3nat /cm3 at T = 3000 K; that 

i s an equivalent pre ssur e Pg ~ 10-1 torr. Let us 
notice that at the same temperature the vapor 
pressure of the cell wall is ~ 10-4 torr. 

If T is the resident time of a particle on 
the cell wall, the density of the adsorbed phase 
nad is expressed as : 
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For T"' 10- 3s we find n d ~ 5. 109 at /cm2which i s 
very small compared to the atomic surface density 
of the cell wall ~ 3.10 14 at/cm 2

• Therefore the 
coverage of the cell wall with sputtered atoms 
will be extremely low if the resident time is 
short enough. This condition will be generally 
fulfilled at high temperature except for some' 
elements exhibiting a very high surface attach­
ment energy. 

Assuming thermal equilibrium the molecular 
di ssoc iation degree calculated at 3000 K reaches 
107 for molecules with a binding energy Do~ 5 eV 
and drops to 0.3 for Do~ 10 eV. This means that 
most molecules will be dissociated except those 
whose binding energy is unusually high, 

Ionization : The evolution of the sputtered 
matter ,n the cell to thermal equilibrium gives 
iise to the production of ions in a proportion 
determined by the Saha-Langmuir equation : 

+ e(Vi - ¢) 
a i "' exp -

kT 
( 5) 

where a~ is the ionization coefficient of species 

i, Vi its ionization potential and ¢ the work 
function of the cell wall, that is ¢ = 4.10 V for 
tantalum. For an element with an ionization poten­
tia l Vi "' 8 V, the ionization coefficient calcula­
ted at 3000 K is about a+ "' 10- 1

• For a f l ux of 
incoming particles n "' 1011 at/sec this leads to 
a maximum signal of the order of 104 c/s. Taking 
into account the instrumental factors this signal 
would drop to the detection limit of a few hundred 
counts /s ec. This estimation demonstrates the ther­
mal ionization process becomes inefficient for 
elements with an ionization potential higher than 
8 V. This means t hat only metal el ements with l ow 
ionization potential will be detectable. This is 

◄ magnet 
//,"""'',,,. 

// ',, 
,,.,// ',,, 

,/ ' , slit ,,,,, ===~- ",,, 
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/ 

M2 
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a tremendous re striction on the applicability of 
the method. 

A practical utili zation of the cell wall vapor 
thermal ionization as internal thermometer deserve s 
to be mentioned. Combining the temperature dependen­
ce of the vapor pressure with the ionization proba­
bility we obtain the following expression for the 
ta ntalum i on emission as a function of T: 

cd+e(VTa-¢) 
I(Ta+) = AT-1exp - - - ---

kT 
(6) 

with the numerical values VTa = 7.7 V, ¢ 4.15 V 
and £d = 8.15 eV for the bindin g energy, we get: 

1_7 1013T-1 exp_ 135652 ( 7) 
T 

Coefficient A has been measured by bringing the 
cell up to the tantalum melting point (Tm= 3270 K). 
Using eq. (6) the Ta+ signal can be used as an 
internal thermometer whose absolute precision is 
only about 50 K but whose sensitivity is very high. 
For example a variation of 10 % of Ta+ intensity 
corresponds to 5 K temperature variation. There­
fore, by adjusting the tantalum intensity it is 
possible to reproduce temperature conditions at a 
few degrees which is essential for the calibration 
of the thermal ionization coefficients of elements. 

The limitation imposed by the thermal ioniza­
tion process to the detection of elements leads 
us to look for a complementary ionization means 
compatible with the thermalization function of the 
cel l . The proposed solution consists of producing 
an electron impact ionization inside the cell 
(Blaise et al., 1984). For that a fil ament is 
stretched through the cel l, facing the exit opening 
0 (Fig. 1, 2). When the fi l ament is negatively 
biased with respect to the cel l wall the emitted 
electrons are accelerated towards the opening O 
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and thereby ionize atoms present in this region. 
Ions produced are then drained by the external 
electric field and conveyed to the mass spectro­
meter. The efficiency of this ionization process 
is shown in Fig. 3 where we have plotted the cu+ 
signal as a function of the negative filament vol­
tage V. For V = 0 we have a copper thermal ioniza­
tion signal of about 1500 c/ s under the experimen­
tal conditions. When Vis slightly negative, this 
signal drops to zero until the electron energy 
becomes close to the copper ionization energy. 
Beyond this value the copper signal starts increa­
sing again in proportion as Vis becoming more 
negative. At the same time the background also 
increases more rapidly than the signal. This back­
ground is produced by impuritie s contained in the 
cell wall and also components of the residual at­
mosphere. For V = - 50 V, the copper signal reaches 
16000 c/s which is an appreciable gain over the 
thermal ionization signal and the signal to back­
ground ratio is stil large enough to allow a good 
preci sion on the measurements . 

As the efficiency of electron-impact ioniza­
tion i s not very dependent on the ionization 
potential, all elements are, in principle, detec­
table with ion yie ld s of the same magnitude. With 
the device in present use, the useful yield, 
including the mass spectrometer transmission and 
the detector quantum yield, is about 10-6

• This 
leads to signals of the order of 105 c/s for pure 
elements. 
Analytical_proc ed ure. 

Quantitative aspect: Whether the ionization 
process 1s thermal or electronic, the ion inten­
sity ratio of two elements A and Bis expressed 
proportionally to their respective concentration 
ratio as : 

+ + 
I(A )/I(B) = kABCA/CB (8) 

where kAB is the relative ionization coefficient 
measured from standards. 

The absolute quantitative character of the 
method has been demonstrated by showing that kAB 
is specif ic for elements A and B, and independent 
of the compound in which they were embedded. The 
procedure we used for that consists of measuring 
kAB on a cyclic sequence of compounds containing 
A-B ; B-C; ... X-A. If analysis is quantitative 
we should get kAB' kBc· kco··· kxA = 1. In the 
two examples given in table 1, one obtains 1, 07 

34 

TABLE 1 

Rei.alive. ,LOYUZation coe.66,i,ue.~ Qi~ m~Ulle.d 
by w.,,i,ng the1tmal. ,i,oruzation ; QAB me.MUJte.d by 
w.,,i_ng ei.e.~on ,i,mpact. 

Al-Cu Cu-Mg Mg-Al Al-Zn Zn-Cu 

kth 
AB 468 0.091 0.025 

kAB 1. 25 0.205 2.2 1. 75 

and 0.98 for the product of coefficients, using 
respectively thermal ionization or electron impact 
ionization. These values are compatible with the 
precision of 5 % of the measurement of each coeffi­
cient. 
This demonstrates the absolute quantitative charac­
ter of the method (many applications have confirmed 
this).This conclusion is particularly important in 
the case of electron impact ionization because we 
could fear the electric field produced in the cell 
by the filament is prejudicial to a quantitative 
result. 

The originality of the electron impact ioniza­
tion device we have used comes from the fact that 
ionization stil l takes place in the cell itself 
where sputtered products are thermalized. This is 
why quantitative results are still maintained. This 
re sult would not have been obtained by simply ioni­
zing sputtered species coming directly from the 
sample because of matri x effects related to the 
presence of secondary ions and molecular species. 

From a practical point of view kAB can be 
measured from any standard containing elements A 
and B. It i s not necessary to use standards whose 
composition i s close to that of the sample as for 
example in SIMS. 

The detection limit, calculated for surface 
analysis of material sputtered from one or two 
atomic layers over an extended area of 1 mm2 is 
about 0. 1 % with 10 % stat i stica l accuracy, using 
the electron impact ionization device. However, 
two limitations to the detection of elements should 
be mentioned. One has first to consider the chemical 
reactivity of the cell. For some elements the 
attachment energy is so high that memory effects 
may become important (e.g . niobium) ; for others, 
such as oxygen, carbon or boron, these are comple­
tely dissolved in the tantalum cell wall, which 
makes them undetectable. The second limitation is 
due to the components of the residual atmosphere 
which are ionized by electron impact. Some major 
components, such as Nt(28), give signa ls so intense 
that elements of the same mass, Si+(28) for example, 
are not detectable. These two disadvantages could 
be overcome by using refractory cell materials 
which are less chemically active than Ta and W 
and by using the hot chamber in an ultra-high 
vacuum environment for the heated cell (the resi­
dual pressure being now~ 10-7 torr). 

In-depth analysis : Despite the improvements 
to be considered, there is little hope to be able 
to perform a lateral analysis on the scale of a 
micron as is possible by SIMS. However, in-depth 
profiling is possible with the same depth resolu­
tion as by SIMS. In our case, in-depth profiling 
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requires the sample to be laterally homogeneous 
over a minimum area of a few mm2 • Uniform etching 
is obtained over the analyzed area b¥ scanning 
the primary ion beam over several mm. Using an 
ion energy in the range of 2 to 6 keV and an ion 
current density of about 2 µA/mm2 , erosion progres­
ses at a rate of a few atomic layers per second. 
Since signals are integrated over one second of 
time, this means that each integration is repre­
sentative of the sample composition over a few 
atomic layers. 

In most profiling methods, intensities -or 
sometimes concentrations- are plotted as a func­
tion of the sputter time. In-depth calibration is 
then obtained by measuring the depth of the crater. 
This procedure requires very stable sputtering 
conditions together with constant sputtering yield 
during erosion. Except for selected materials such 
as semi-conductors, thi s last condition is not 
often fulfilled (Magee et al , 1982). We propose a 
procedure th at can be adapted to any quantitative 
method. It consists of plotting concentrations as 
a function of the mass thickness, that is the 
amount of sputtered material per unit area (such 
a procedure i s already used in electron probe 
micro-analy si s (Heinrich, 1981)). 

Let Q(A+) be the number of A+ ions collected 
during the sputtering of a mass per unit area 
µ(A) of the sample. As the method i s quantitative 
we can expre ss the proportionality of these two 
quantities as : 

+ + 
Q(A} = TyA aA µ(A) (9) 

where Tis an instrumental factor independent of 
the element to be considered, a+A the ion yield 
and YA a proportionality factor. Coefficient 
fA = TYA a; i s measured by sputtering a la yer of 
known thickne ss (evaporated la yer for exampl e), 
only composed of atoms A. 

Let us now consider a compound A-8, From 
eq.(9) the ion charge 6Q(A+, 6t) collected during 
a sputter unit time 6t i s related to the corres­
ponding mass thickne ss 6µ(A, 6t) of A by : 

+ 6Q(A , 6t) = rA 6µ( A, 6t) (10) 
If 6µ( A-B, ~t) i s the mass thickness of the com­
pound and CA the weight concentration, we get: 

6µ(A, 6t) = 6µ(A-B, 6t) C~ (11) 

After a sputter time n 6t, the corresponding mass 
thicknes s of the material i s given by : 

n 6µ . (A, 6t) 
µ(A-B, n6t) = r i (12) 

i =1 c :: 
Ai 

The in-depth profiling procedure consists of cal­
culating concentrations at successive time inter­
vals 6t using eq.( 8) and then the corresponding 
mass thickness from eq. (10,11). The concentration 
profile is obtained by plotting atomic-or weight­
concentrations as a function of the integrated 
mass thickness given by eq. (12). To convert the 
mass thickness into depth it is necessary to divi­
de the mass thickness 6µ; by the density dAB· 

i 
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measured at the ; th time interval and to sum up : 

z(n6t) 
n 6µi(A-B, 6t ) 
r 

i=l dAB. 
l 

(13) 

In many cases it is not necessar y to convert the 
mass thickne ss into depth to grasp the peculiari­
ties of the profile. If it is, the knowledge of 
the density as a function of composition is requi­
red. Two cases have to be considered : (i) if the 
profile reveals compounds whose density is known 
there is no problem for the depth calibration ; 
(ii) if no density measurement is available inter­
polation between two known compounds most often 
gives a good approximation. 

Attention is drawn to the fact that the proce­
dure has the advantage of being independent on the 
sputtering conditions because the mass thicknes s 
is a quantity of matter intrinsic to the sample. 
Therefore, fluctuation s of the ion gun intensity 
or energy have no incidence on the obtained profile. 
In our experiments, concentration profiles are 
directly represented as a function of the mass 
thickness by usi ng a computer program. 

The procedure we have described has been te s­
ted on a Cu-Al alloy prepared by intermetallic 
diffusion of two thin aluminium and copper layer s 
(Fig. 4) ; a copper l ayer 650 ~ thick evaporated 
on oxidized silicon, covered with a 600 ~ thick 
aluminium l ayer. The total mass thickne ss was 
74.7 µg/cm2

• After 40 mn diffusion at 300°C, a 
compound Al20Cu30 (weight concentration) corres­
ponding to Y2 in the phase diagram has been obtai­
ned. This compound i s homogeneous in the bulk. At 
the surface the initial aluminium oxide layer acted 
as a diffu sion barrier which explains the aluminium 
concentration corresponding to alumina and the 
absence of copper. Diff usion in si licon was also 
blocked by the oxide la yer . Coefficients r~1 and 
r cu have been measured independently and alterna­
tively used to recalculate the initial mass thick­
ness . We obtained in both cases a good agreement 
with the expected value. 

Fields of applications of the STIMS method 

El ement a l _q uantitativ e _analysis. 

Identification of intermetallic compounds : 
Intermetal lic phase diagrams often are not well 
known at low temperature. In many cases a s imple 
extrapolation of the phase boundarie s determined 
at high temperature is considered. A direct approach 
to the problem has been proposed by preparing thin 
layer diffusion couples at low temperature (Tarento, 
1982). An example is given in Fig. 5. A thin 
aluminium film is deposited onto a single copper 
crystal carefully polished and cleaned. After 
annealing at 285°C for 2 h 45 mn in-depth analy-
sis was achieved by STIMS. 

We are interested for the moment in the compo­
sition of the phase diagram not in the in-depth 
profile that will be discussed further. The diffu­
sion profile exhibits 6 successive plateaus in the 
aluminium concentration range 0.5 - 0. 2 which 
correspond to the formation of compounds. After 
a calibration of coefficient kAl-Cu with a known 
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homogeneous Al-Cu alloy we were able to determine 
the composition of the se compounds with accuracy. 
Aluminium concentrations are indicated in table 2 
with the proposed compounds. 

The Al-Cu phase diagram i s well-known for its 
complexity to such an extent that it i s still a 
matter of controversy. At low temperature some of 
the detected compounds were unknown (Cu11Al9 and 

Cu15Al4 for example) whereas there was a great 
confusion regarding the exi stence and composition 
of others. So, for the three followin g compounds 
cu30Al20, Cu32A119 and cu9Al4 it is noted in the 
literature (Hansen, 1958) : "These three types 
of structure are so closely related that no two­
phase region can be formed between them". Our 

experiment clearly demonstrates the existence of 
the se three types of compounds and their distinct 
spatial nucleation without any doubt. 

Dust particle analysis : As was suggested by 
Casta ,ng the method i s quite valua ble for 
analyzing dust particles of size between 0.1 and 
10 µm just by letting them fall into the cell. The 
experiment was achieved by thermal ionization with 
(Al2o3)0_1-( cr 2D3)0_9 composite crystais prepared 
by sintering at 1550° C for 24 hours . The melting 
point of thi s solution i s about 2300°C. The siz e 
of the grains controlled by X-ray diffraction was 
between 0,1 and 1 µm, A histogram of the number 
of gra in s as a funct io n of the signal ratio 
n(cr+)/n(Al+) i s repr esented in Fig . 6. A peak, 
whose maximum at 0.108 is close to the expected 
value 0.105 (standard value), i s observed with a 
rather large dispersion a~ 10 %. The origin of 
thi s dispersion is due to the statistical fluc­
tuation of the les s intense chromium signal in 
small grain s whereas in large grains it comes 
fr om the saturation of the detector receiving the 
most inten se aluminium signal. 

An Olivine of composition Si04MgxFeyCao 02 was 
also studied under the same conditions. As in the 
previous case a peak was obtained for the thermal 
ionization signal ratio Fe+/ Mg+ with a comparable 
dispersion, from which we deduced the concentration 
ratio x/y = 0.12 ± 0.02. A study of thi s sample 
with the electron microprobe gave a similar result 
but with a better accuracy x/y = 0.113 ± 0.004. 

These two examples demonstrate the capability 
of the thermal ionization method in this important 

TABLE 2 Al -Cu phcv.,e. ~911.am a;t l ow te.mpe.11.atulle. (285°C) 

CAl (at %) 50 45 40 37.5 31 21 

Compound CuAl Cu11Alg Cu30Al20 Cu32 Al19 Cu9Al4 Cu15Al4 
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field of dust grains analysis. However any of this 
application would require a spec ial attention to 
specif ic problems such as : 
(i) Contamination of the cell : the liquid film 
formed by the melting and spreading of a grain 
at the contact of a cell wall may diffuse in the 
metal and form very stable compounds, causing 
memory effects prejudicial to analysis. Contami­
nation of the cell is spec ific to certain elements. 
For example aluminium is chemically very active 
with a tungsten cell. Tantalum seems to be more 
appropriate for this type of experiment. 
(ii) Fractional distillation: some elements 
evaporate more rapidly than others. As a result 
quantitation may be disturbed due to the presence 
of openings in the cell. To reduce this effect 
it is convenient to use a large cell with very 
small openings and to let the grains fall far 
away from these openings. 
(iii) Saturation of detectors : in our instrument, 
we have used channeltrons as detectors for multi­
collection purposes on account of their small size 
but they have the disadvantage of being saturated 
very rapidly ; saturation effects are discernible 
above 30,000 c/s. Let us consider a particle of 
1 µm3 of volume that contai ns about 1011 atoms. 
For average thermal ionization yields of 10- 5 

-

10- 6 thi s lead s to a burst of several hundreds of 
thousand s ions arriving on the detector in a time 
of a few tenths of second. The saturation of the 
detector is not surprising in these conditions 
(see Fig. 6). Dinode electron multipliers should 
be better for this type of analysis but, in any 
case, the maximum volume acceptable is a few µm3

• 

Behaviour of solid surfaces und er ion bombardment . 

Many parameters have an influence on the 
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quality of ion erosion. Some of them are characte­
ristic of the sample (nature, structure, roughness, 
preparation of the surface, ... ) others of the ion 
gun (nature, intensity, energy of ions) still others 
of the ion- surface interaction conditions (incidence 
angle, ion density, sputtering yield, ... ). 

Most often, the ion sputtering technique is 
carried out in surface analysis apparatus, under 
fixed conditions in such a manner that experimenters 
have no possibility to adapt this technique for 
the best of their analytical problem. As a result, 
the reader is overwhelmed with a superabundant 
literature from which it is difficult to extract 
the most relevant information. Fortunately recent 
comprehensive review papers (Navinsek, 1977, Betz, 
1980, Magee et al. 1982, Hauffe, 1982) cast some 
light on the main features relative to the ion 
bombardment on solid surfaces. Our contribution in 
this field, using the STIMS method, is st ill too 
recent for offering a general view of the subject. 
Emphasis will be placed on some feature s illustra­
ted by typical examples. 

Unnannealed microcrystalline vapor deposited 
layer s : a typical depth prof, le of a vapor depo­
siteaaluminium layer (250 A) on a single crystal 
copper substrate is shown in Fig . 7. Erosion was 
achieved with Ar+ ions of 5 keV energy. It is 
clear that in-depth resolution is very poor in 
this experiment. The examination of the surface 
after bombardment in a scanning electron microscope 
reveals the presence of cones whose height is an 
appreciable part of the layer thickness. Such a 
topography which has often been reported (Navinsek, 
1977) i s characteristic of unannealed vapor depos it­
ed l ayers. The only inter es ting point in the curve 
of Fig. 7 is the Al+ s i gnal increases at the onset 
of erosion. This variation is that typical of the 
presence gf an oxide layer whose thickness is 
about 30 A in this case. 

In-depth anal ys i s under these conditions i s 
obviousl y of little interest. An embedded layer of 
a few atomic la yers would appear completely dilu­
ted in such a profile. So we have to understand 
the origin of the cones responsible for the bad 
resolution and look for better sputter ing condi­
tions. 

A nickel/chromium sandwich multilayer sample 
compo~ed of 9 successive layers representing about 
5000 A of total thickness has been bombarded by 
A+ ions of 4 and 2 keV energy respectively on two 
distinct regions. The experimental procedure i s 
that described in section on in-depth analysis. 
After calibration of the relative nickel/chromium 
ionization coefficient and measurements of r Ni and 
rcr• we plotted nickel and chromium concentrations 
as a function of depth by introducing the respecti­
ve densitie s of the two metals. If erosion were 
perfect we should have O and 1 alternatively for 
the respective concentrations. The topography 
created by erosion produces an interpenetration 
of Ni/Cr layers. So concentrations at depth z 
represent the fraction areas of the two elements. 
Figure 8 shows the variation of the apparent 
chromium concentration as a function of depth in 
both cases (Ni concentration is just the comple­
mentary). Before comparing the two curves let us 
point out that each experiment lasted 3000 seconds 
which corresponds to 3000 measurements for each 
element. It hesults that erosion velocity was 
about 1 1/2 A per second. 
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The difference in the in-depth resolution i s 
fl agra nt from the comparison of the two curves. 
Under a 4 keV ion bombardment resolution is dimi­
nishing very rapidly. There is a complete mixing 
of layers beyond the first two ones. This situa­
tion i s similar to that in Figure 7. Under a 2 keV 
ion bombardment, Ni and Cr concentrations reach 
unity even in the deepest embedded layer s on half 
of the thickne ss at least. As there is a complete 
separa tion between Ni and Cr signals we were able, 
in that case, to recalculate the thickness of the 
successive layers just by integrating independently 
each signal. It appears that Cr and Ni layer s are 
respectively about 500 i and 600 a thick with a 
slight disper sion of ±30 a that could come from 
our experimental procedure. 

This influence of the ion energy on the depth 
resolution deserves a special attention. There are 
two major causes of the degradation of resolution 
with depth : the original surface roughness 
(Hofmann et al., 1977) and the crystalline trans­
parency (Blaise and Castaing, 1978, Coudray et al., 
1982). The incidence angle dependence of the 
sputtering yield S(e) ~ S0/cos e (Sigmund, 1972) 
(8 being measured to the surface normal) leads to 
emphasize the relief of a rough surface. On the 
other hand the crystalline dependence of the 
sputtering yield causes the erosion velocity to 
vary in large proportions (by a factor of 2 on 
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the average) fr om one grain to another in a poly­
crystalline sample (as vapor deposited layer s are), 
from which a stepped relief is created. Combina­
tion of the se two effects results in the formation 
of cones. 

In our two experiments the initial roughness 
was the same. But S(e) dependence is less pronoun­
ced at low energy than expected from the theory as 
it was observed by Oechsner (1975) (see appendix). 
On the other side, transparenc y effects are also 
le ss pronounced at low energy since colli sion 
cascades are developing closer to the surface 
(see appendix). Combination of these two propi­
tious circumstance s makes in-depth resolution 
better at low energy. What i s surprising in our 
experiments is the rapid transition from a very 
bad situation at 4 keV to a better one at 2 keV. 
We are going to study this problem in detail in the 
near future by varying step by step the ion energy 
from 5 keV to a few hundreds eV. 

Annealed microcrystalline vapor deposited 
layers : The ,on erosion of annealed layers was 
s1'uc1Ted in the course of an extensive work on thin 
layer intermetallic diffusion (Tarento, 1982). The 
general procedure consists of evaporating a thin 
layer of a few thousands i of metal A onto a single 
crystal substrate B. After diffusion, in-depth 
analysis must reveal the intermetallic compounds 
formed. An example has been given in Fig. 5 already. 
But now, our ambition was to detect these compounds 
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just after their nucleation at the first stage of 
their growth in order to determine germinatio n 
compositions, diffusion coefficients, activation 
energies, growth kinetics. So we were expecting 
very thin layers distributed in successive stra­
ta parallel to the surface with sudden composi­
tion changes from one compound to another. Extre­
mely good in-depth resolution was required for 
such an analysis and we could fear the worst from 
the results obtained on unannealed layers. Fortu­
nately the situat ion seems quite different in 
annealed layers. An example is given in Figure 9 
for the Al-Ni couple where the aluminium concen­
tration has been plotted as a function of the mass 
thickness. The total diffusion profile is about 
4000 A. Annealing temperature was 220°C for 6 h 
50 mn. In-depth analysis was carried out with 
4 keV A+ ion energy. A monotonous decrease of the 
Al concentration is first observed at the surface, 
followed by a cascade of plateaus till the a (Al, 
Ni) solid solution. The initial Al concentration 
decrease corresponds to a rapid intergranular 
nickel diffusion in the polycrystalline aluminium 
layer. Each plateau i s a compound. We have found 
6 compounds : NiAl3, NiAl2, Ni2Al3, Ni3Al4, Ni3Al2, 

Ni3Al. Except for the first one they were unknown 
at low temperature. When the diffusion time is 
increased or the temperature raised no new compound 
appears. We have just observed a growing of these 
ones. In the present state of diffusion their 
respective thickness was varying from ~ 30-50 A 
(NiAl2 and Ni2Al3) to 300 A (Ni3Al). 

In these experiments, it is quite remarkable 
to detect such thin layers embedded so deeply 
(at about 2000 A) under a polycry stalline layer. 
It demonstrates the ion erosion of an annealed 
layer i s les s sensitive to bombarding conditions 
than an unannealed one. Therefore, the problem 
of in-depth resolution appear s to be extremely 
complex. The interpretation we gave in the previous 
section is not in contradiction with what we obtai­
ned here, but it requires one to consider the 
specificity of the sample to be eroded : the annea­
ling of a vapor deposited la yer changes the origi­
nal topography thoroughly by recry stalli sation. 
This is probably why erosion becomes more uniform. 
Examination of the eroded surface in a scanning 
electron microscope reveal s no pronounced relief: 
at a magnification of 4.10 4 a waved surface is 
faintly visible with a periodicity of about 1000 A 
and an amplitude not measurable. 

Looking carefull y at the depth resolution 
between two successive plateaus, the composition 
change requires a few atomic layers in general 
which is quite good. However between Ni3Al2 and 
Ni3Al (Fig. 9) the transition is longer. This can 
be ascribed to an heterogeneous germination of 
these two compounds on both sides of the.original 
Al/Ni interface. 

From a metallurgical point of view these 
experiments allow us to show the non stoichiome ­
tric germination of compounds (for example there 
i s a depletion of 2 at % of Al concentration at 
Ni3Al germination) ; to identify new compounds 
unknown at low temperature (for example NiAl2, 
Ni2Al3, Ni3Al4, Ni3Al2, Ni3Al) ; to measure 
diffusion coefficients and activation ener gies. 

39 

It i s interesting to note that most of the new 
compounds correspond to the phase boundaries of 
the domains of stability determined at higher 
temperatures. For the diffusion coef fi cients 
they are of the order of l0- 16 cm2 /s at 220°C ; 
that is several orders of magnitude higher than 
expected from the extrapolation of high tempera­
ture measurements. 

To conclude this section, we would suggest 
that intermetallic diffusion at low temperature 
could be used for preparing standards of well 
defined compositions as those presented in Fig. 9, 
to quantify Auger Spectroscopy for example. 

Metal amorphous compounds : In an amorphous 
structure sputtering effects relative to crystal­
line texture are vani shing . So we can expect the 
erosion i s less sens itive to the bombarding condi­
tions ; the only ultimate li mitation being the 
depth fluctuations due to the random character of 
sputtering. 

Metal amorphous layers have been prepared by 
cathodic sputtering of CuTi and Cu3Ti (Tarento, 
1982). A 20 µm thick layer of CuTi was first 
deposited on a silicon substrate, then a 2000 A 
thick Cu3Ti layer. The amorphous character was 
controlled before and after in-depth anal ysis. In­
depth analysis was carried out with 4 keV energy 
A+ ions. The Cu/Ti concentration ratio is plotted 
as a function of depth in Figure 10. The step 
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observed between the two plateaus is les s than 
60 ~ thick. Compared to the ero sion of unannealed 
polycrystalline layer (Fig. 7) this is extremely 
good. This result confirms the absence of crystal­
l inity is determinant for the quality of erosion. 
The same sample was studied af ter diffusion at 220°C 
for 5h 30 min. The in-depth profile i s shown in 
Fig. 10. The diffusion profile obtained i s not of 
a usual shape : it is characterized by an assym­
metry which reminds us of a percolation of copper 
from the Cu3Ti layer through the underlying CuTi 
layer. 

Ion bombardment induced surface compositional 
changes : Surface compositional changes induced by 
ion bombardment have been extensively investigated 
recently by methods analyzing either the remaining 
surface composition as Auger Spectroscopy (Ho et 
al., 1976, 1977, Betz, 1980, Betz et al., 1981) 
or the composition of the sputtered matter as SIMS 
(Toyokawa et al, 1981). In f act a comprehensive 
view of the problem would require a correlated 
investigation of surface and sputtered matter 
compositions since the se two compositions are 
complementary. This is what we have done by 
associating Auger Spectroscopy with STIMS (manus­
cript submitted). 

Let us consider a binary compound A-B whose 
surface concentration ratio is (CA/C8)s urface(z). 
At dept h z, we have : 

CA C 
(-) (z) = vAB (~) (z) (14) 
c8 surface c8 sputtered 

Such a relation has often been proposed for rela­
ting surface and bulk concentrations under steady 
state sputtering conditions. In fact eq. (14) is 
valid at any stage of ero sion, in particular 
during the tran sient regime of the compositional 
change. Coefficient VAS is one of the fundamental 
parameters of the process of composition change. 
It has been measured in the case of Zn-Cu alloy s 
(manuscript submitted) and found to be constant 
over a large concentration range (up to 33 at % of 
Zn) : vzncv = 0.36. Including thi s value in eq. (14) 
we were able to recalculate the erosion time depen­
dence of the surface composition in a Zn0 67cu0 33 
alloy from measurements of the sputtered matter· 
composition by STIMS (Fig. 11). In thi s figure, 
zinc and copper concentrations have been plotted 
as a function of the sputter time. Open circles 
and crosses represent the time evolution of the 
sputtered matter composition. Dashed curves are 
the surface compositions recalculated from eq. (14). 
It is noticed that the sputtered matter composition 
equals the bulk composition Zn0.67cu0.33 when the 
sputtering steady state is reached ; the original 
composition at t = 0 being different. Surface 
composition under the sputtering steady state 
exhibits a depletion of Zn (C! = 0.15) and an 
excess of copper (Cs= 0.85) "with respect to 
the bulk compositio~~ In the case of these Zn-Cu 
alloys the composition change is particularly 
strong, about 60 % of the bulk Zn concentration. 
The origina l surface composition appears sl ightly 
enriched in zinc(~ 0.45) compared to the bulk 
(0.33). This calculation of the surface composition 
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is in good agreement with AES measurements. Measu­
rement of coefficient v was also used for the 
benefit of Auger spectroscopy for determining the 
real alloy composition (manuscript submitted). 
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Conclusion 

Sputtered thermal ion mass spectrometry 
is a new quantitative method of solid analysis 
devoid of matri x effects. Its sensitivity is 
comparable to or even better than that of elec­
tron spectroscopy methods . Unfortunately some 
major elements such as oxygen, carbon or boron 
are not yet detectable. But these difficulties 
can hopefully be overcome by using le ss chemically 
active materials than Ta or W for the hot cell. 

An important application is the quantitative 
elemental analysis of compounds produced in thin 
layers, for example, or dust particle of medium 
size 0.1 to 10 µm. 

Due to its quantitativeness it can be used 
for the study of ion bombardment in-depth resolu­
tion in various solids and under various condi­
tions and the study of ion bombardment induced 
surface compositional changes. In-depth analysis 
constitutes its major field of application. 
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Appendix 

Remarks on th e incidence angle and crystalline 
s tructures_dep endenc es _of_the_s p utterin g _yield. 

1) For 8 ~ 70° the angular dependence of the 
sputtering yield is predic t ed to vary as 
5( 8) = s0 cos e-S/2 fran Sigmund' s theory (Oechsner, 
1975) ; S0 being the sµ.ittering yield at normal 
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incidenc e , 8 the incid ence angle to the surface 
norm3.l. Experimentally a cos e-n law is observed 
with n ~ 1 at high energy(~ 20 keV) (Blaise, 1978) 
whereas at low energies n << 1 (1 keV for example 
(Oechsner , 1975)). 

Let r be the radius of the core of the colli­
sion cascades considered as the emissive source of 
sputtered atans. If the core is located at depth 
z below the surface, such as z >> r, that is at 
high energy, the escape probability of an atom 
will be proportional to A/Z where A is the mean 
free path. Therefore a cos e-n law with n ~ 1 
will be observed for the sputtering yield angular 
dependence: the higher the angle 0 , the closer to 
the surface the emission core. 

Now, if energy is low enough such as z << r 
whatever the incidence angle is, the above argument 
is no longer valid. The core of the collision cas­
cades intersecting the surface, becanes the direct 
emission source of sputtered atans, almost indepen­
dent of the primary ion incident angl e . Therefor e 
it is normal to observe an attenuation of the angu­
lar dependence of the sputtering yield (n << 1) 
at low energy; and consequently a reduction of 
effec ts induced by the origina l surface roughness. 

2) About the crystalline dependence of the 
sputtering yie ld it is well known (Blaise, 1978, 
Coudray et al., 1982) that sputtering with ions 
of a few keV energy is initiated by the number of 
primary collisions ==ring in the first 3 or 4 
atanic la yers , most of the sputtered atans caning 
from the top layer. Transparenc y ef fects are rela­
ted to the probab ilit y of producing primary colli­
sions in these 3 or 4 atanic layers, according to 
the relative orientation of the primary beam with 
respect to the crystalline rows. As the primary 
energy is lowered, primary collisions involved in 
the sputtering process must be located closer to 
the surface; that is in the first or in the second 
layer, which reduces transparency effects in propor­
tion. At the limit if energy was low enough we 
could imagine that only primary collisions in the 
top lay er could initiate microcascade s leading to 
the ejection of atans fran this layer. In that 
case transparency effects w::iuld be canpletely 
suppressed. 
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Discussion with Revi ewers 

W. Katz : The acronym STIMS is not reall y correct 
s ince thi s method employs electron impact as well 
as thermal ionization. 
Author: The originality of our method is the ther­
mali zation of the sput tered matter which opens the 
way to a quantitative analysis procedure. This is why 
we have chosen thi s acronym. The ionization process 
used i s of little importance. Processes other tha n 
tho se mentioned in the text could be used (ioniza­
tion by a laser or a metastable beam for example). 
R. Gijbels : I assume from the text that for dust 
particle analysis no electron impact ionization 
is used, only thermal ionization : is it correct? 
How many submicron size grains are introduced into 
the hot cell, and how is this done in practice? 
Author: This experiment on dust particles was 
carried out by using thermal ionization at a time 
when the electron impact ionization device was not 
yet developed. Of course there is no objection to 
use an electron impact ionization in these experi­
ments. Dust particle s were deposited on an appro­
priate grid place above one of the openings of the 
cell and maintained by a long rod. A knock on the 
rod produced a vibration that was sufficient to 
separate the particles from the grid and let them 
fall into the cell. 
R. Gijbels : How was the amorphous character of 
tne metal layers controlled before and after in­
depth analysis? 
Author: The amorphous character was proved by 
Uieooservation of the X-rays characteristic dif­
fusion annulus. 
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R. Gijbels : Does the author have any metal in 
mind which has a sufficiently high melting point, 
but which is le ss reactive than Ta or W for use as 
a hot cell ? 
Author : The only other metal having a sufficiently 
'fi,gnnielting point i s Re but it is more reactive 
than Ta or W. So I think that the solution is in 
the use of compounds such as carbides or borides. 

R. Gijbels : Is it not more usual to observe a 
decrease in the Al+ signal (Fig. 7) from an oxidi­
zed, argon bombarded Al metal surface, as a func­
tion of depth? 
W. Katz: My major concern is with the state-
ment that this method is free of matrix effects. 
The profile of Al (Fig. 7) shows clearly oxygen 
enhancement of the surface as is noted in all SIMS 
experiments. 
Author : In SIMS experiments the metal ion inten­
s-ity"H+ is very sensitive to the presence of oxygen: 
there is a stronq enhancement of the ionization 
coefficient (this is the chemical effect). For 
example, in SIMS the Al+ signal emitted by Al203 
is about 100 times higher than in pure aluminum 
when bombarding with argon . 
As the surface of a metal i s always oxidized it 

is usual to observe a decrease of M+ by several 
orders of magnitude during the erosion of the 
natural oxidized layer by argon ions, before 
stabilization. 

In our case we have no chemical enhancement effect 
due to oxygen. For example, when bombarding Alz03 
and Al with an argon beam we observe an intensity 
ratio of the two Al+ signals~ 0.2-0.6. This ratio 
i s the product of the aluminum concentration in 
the oxide 0.4 by the ratio of the two sputtering 
yields that i s : 

0.4 SAl 03/SAl ~ 0.2-0.6 
2 

This is the variation of SAl with the crystalline 
orientation which causes the variation from 0.2 
to 0,6 of the intensity ratio. 

In the profile presented in Fig. 7 the depletion 
at the surface of the Al+ signal corresponds to 
the values indicated above. It is due to the 
presence of a very thin oxide la yer. 
All our experiment s demonstrated that under state 

sputtering conditions ; there are no matr i x effects 
as those observed in SIMS ; that is matri x effects 
related to the sample chemical composition. In 
our method the ionization coefficients could be 
affected by the sample. composition if the cell 
was contaminated by the sputtered matter itself. 
This is ~,hy it is necessary to operate at a very 
high temperature to prevent the cell from conta­
mination. 
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