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ABSTRACT

During MeV “N+ backscattering analysis to detect sub-monolayer heavy |

impurities, a "beam effect”, i.e. high impurity loss was found. To clarify
the situation a systematic study was done on gold evaporated films /in the
thickness range of 0.5-3200 atom/nm2/ onto silieon. Results suggest that
sputtering of cascades induced by energetic nitrogen ions is responsible

for the phenomenon. The sputtering yield of gold_was a linear function of
surface coverage in the range of 0.5-130 atom/nmZ, Foy thick overlayers

/> 800 atom/nm</ a saturation value of S ~ 0.8 gold/N" was found. Between
these two regions intermediate bhaviour was experienced. A rough theoreti.al
model is outlined for overlayer sputtering in the MeV energy region.

AHHOTAUMNA !

InAg onpeneneHns TAXeNHX TOPEPXHOCTHHX MNpHMeceR, MeHee TOHKHX, YeM MOHO-
CNOR, yCReiHo NPHMEHAeTCHA aHaNM3, OCHOBAHHHA Ha OOGPATHOM paccesiHHMH HWOHoB 14Nt
B OoGnacTH 3HeprHH mnopsaka M3B. fIpH ero ocymecrsneuun HatmomaeTca "atddext nyu-
ka”, KOJIKUeCTPO MOBEPXHOCTHHX NPHMECER B Xofe aHanu3a yOMBHTENbHO OHCTPO i
yMeHbuaeTcAa. i OoOGBACHEHHA 3TOro 3¢dexTa NpoBOAATCA CHCTEeMaTHYeCKHe HCCnenos
BaHMA HA CJl0e 30JI0TA, HAMHJIEHHOTO HAa KpPeMHHft P o6nacTH TosmguH 0,5-3200 aTt/HM,
llonyyeHHHe pe3ysnbTaTH YKA3HBAWT HA TO, YTO OTPETCTBEHHHM 3a Npollecc ABNAETCA
pPacribieHHe, BH3IBaHHOE HOHAMM a’30Ta C 3Hepry¥ef nopanka M3B. BHXOO PpacnHJieHHs
3onota B o6nacth 0,5-130 aT/HM2 NHHEAHO 3aBMCHT OT TOJMMMHKHE NOKPHTHA. B cnyvae )
TosAICTHX cnoeB />800 aT/HMZ/ HacteHne cocTtasndeTr S % 0,8 Au/N*. llokasawo nepe-

XOHHOe MOoBpefleHHe Mexny NBYMA oGslacTAMH, Pa3spafoTaHa Takxe TeopeTHYecKaa ¢eHO-
MeHOJIOTHYecKas MofeNlk IUIA KOJNIMYECTBEHHOr'O OMNHCAHHA ABJIeHHS .

KIVONAT

A monorétegnél vékon¥abb nehéz felllleti szennyezdk kimutat&slra igen
alkalmas a MeV energi&ju l4N+-ionok visszasz6résén alapuld analizis. Ennek
megvalésitésa folyamén "nyaldb effektust” tapasztaltunk, a felllleti szennye-
20k mennyisége az analizis sor&n meglepden gyorsan csbkkent. Az effektus
megértésére szisztematikus vizsg&latokat végeztliink sziliciumra p&rolt arany-
rétegeken a 0,5-3200 atom/nm¢ vastags&gtartomanyban. Az eredméryek arra utal-
nak, hogy a MeV-es energidju nitrogén ionok okozta gorlédés felelds a folva-
matért. Az arany porl6d&si hozama a 0,5~-130 atom/nm¢ vastagsSgtartoménybss a
bevonat vastagsédgénak lineiris fliggvénye. Vastag rétegek esetén /> 800 atom/nm
§ v 0.8 Au/N* értékli telitést tal&ltunk, A két tartomlny k¥zbtt &tmeneti vi-
selkedést mutattunk ki. A fentieken tul fenomenologikus elméleti modellt dol-
goztunk ki a jelenség kvantitativ leirédséra.
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1. Introduction

Rutherford backscatterinq /RBS/ has proved to be an ef-
fective method for surface layer analysis. It is often refer-
red that the non-destructive character would be one of its
basic advantages. Some indications existed, however, that
"beam effect” could be experienced even with light ion bom-
Pardmentl). Using MeV energy nitrogen ions, the detection
limits for heavy impurities on the surface will be lowered
and this seems to be the most sensitive and straightforward
method to check plasma contamination in CTR. This idea was
2)

proposed by Dearnaley et al.”’. Previous papers also em-

phasized that using heavier ions for RBS (C*, O+, N+), ra-
diation damage might occur both on the target and surface £

barrier detector.

w2 have employed this technique for similar purposes
and during the check runs for sensitivity and reproducibili-
ty to detect sub-monolayer gold, iron, molibdenum etc. im-
purities on silicon, surprisingly high impurity losses were
found. To clarify the nature of this "beam effect", a syste-
matic study was made using evaporated gold films on sili-
con and it is suggested that sputtering of cascades initi-

ated by energetic 14N+ ions are responsible for this artifact




2. Experimental

To study the beam effect i.e. for sputtering measurements,
gold films of several thicxnesses (0.5, 3, 11, 52, 130, 310,
9u0, 3200 atomlnmz) were prepared by vacuum evaporation onto
4 Qcm chemically polished siiicon single-crystals with <111>
orientation. For analysis, 2 MeV 14+ beam from a 5 MeV Van
de Graaff generator was used. As for a crucial point when ab-
solute sputtering yields are measured, special care was taken
to detect bombarding dose properly. Both the conventional cur-
rent integration with electron suporession, and thé monitor-
ing of scattering yield from a 2 nm gold-covered carbon pro-
peller were applied. Both methods were calibrate& first. For
this purpose two type of samples'were used. Heliur. backscat-
tering measurements were done on several spots on an approxi-
mately 1 nm thick gold film on silicon to calculate the aver-
age quantity. The lateral homogenity of this sample was.about
4 %. The second way of calibration accepted the surface yield
of a 40 nm gold film to be accurate and the bombarding dose
was determined using tabulated yield and stopping power data
fiom literaturel) ’d),
Standard silicon surface barrier detector with resolu-

“N+ particles was placed

tion 13 kev for ‘He* and 40 kev for
at 12 cm distance from the target with a collimator system.
The so0lid angle was 1.24 msr. Measuring the area of gho bom-

barded spot one could calculate the total nitrogen dose on




the unit area with a maximum error of 15 %.

The sputtering of surface gold was investigated by suc-

cessive measurements in the dose range of 0.2-10 uC /typically
1 uC/ on the same spot with a size of 1 mmz. Typically 1-5 nA
current was applied, but spuitering yields 4id not show any
change even for 30 nA. The number of gold atoms removed by

the nitrogen bombardment was calculated frcm the decrease of
the area of gold peak. The ratio of this quantity and total
dose was regarded as the sputtering yield. For thick layers,
however, the broadening of gold distribution was also used

to get sputtering yield. Some but non-systematic investigations
were done with Fe, Co, Ni evaporated films on silicon, too,
with similar result. For control, Sb implanted silicon with

15

3C keV energy and 10 atom/cm2 dose was also investigated

similarly. In this case no antimony loss was experienced.

5 %

The vacuum was kept during measurements at 5.10 "Pa.

Special care was taken for pile-up inspection and dead time

correction, too.

3. Results

Pig. 1 shows nitrogen backscattering spectra taken on a

2

sample that was initially covered by 7 atom/nm” gold. It can

be seen the loss of gold after prolonged bembardment. The




2 AuIN+.

calculated sputtering yielc was (1.020.2):10

Fig. 2 summarizes the results. The sputteriné yield is
proportional to thg quantity of gold on the surface in the
range of coverage between 0.5-130 atomlmn2 with the value of
S % 10”3 Nt, where Nt gives the number of gold atoms in
(Eﬁig) units. For thicker layers (in the range of 900-3200
atom/nmz) saturation was found. Here S = 0.8 AuIN+ is a maxi-
mum value, which presumably characterizes the sputtering of
*infinite" thick evaporated layer.

The experimental data suggest an intermediate region
between linear and saturated part of sputtering yield. The
behavior of sputtering yield as a functior of surface cover-
age will be discussed in next paragraph, where a rough theory
will be outlined for thin film sputtering in the Rutherford
energy region. |

Beam effect of this kind is a rather unpleasant phe-

nomenon at medium mass ion wnalysis. As a next step, some at-

tempts were done to prevent the thin film sputtering. Some

4 Pa) where

moasurements were repeated in worse vacuum (310
carbon deposition onto surface could occur. In these samples
at the very beginning of bombardment only a little gold loss
was found with smaller sputtering yield but after 1-5 uC dose,
depending on the vacuum, the area of gold peak did not show
any change. 80 one can avoid the beam effect of nitrogen ions
at ultra thin film analysis with 1-3 nm carbon evaporation

onto sample.




4. A _theoretical speculation of thin layer sputtering

Let us consider an X average thickness of B element on
an A bulk material and bombarding this system with rt ions

of E energy.

As a function of X both A and B will be sputtered due
to cascades initiated by energetic I+ jons. The first com-
prehensive theory of sputtering of elemental targets was
made by P. Sigmunds). Even a rough model as a mcdification
of Sigmund’s theory can explain the sputtering of both bulk
and overlayer atoms,

According to Sigmund’s theory the sputtering yield of

some K elemental material for I' ion bombardment can be given

|
!

4.2 |
Sk1(E) = —U_oal(IenKI(E) ’ (1)

i

where Uo is the surface binding energy of K atomé in eV units,
ary is a dimensionless constant depending on masé rétio of

target and projectile atoms and follows a weak eﬁergy depend-
ence. In the MeV energy range Gry is 0.5 1ndepenéent1y of the

previous parametersS). The ¢

2

nkp (E) 18 the nuclear stopping

cross-section in eVenm” units for given projectile-target com-

bination and energy and it can be derived from shKI nuclear
stopping-power divided by Nx atomic density. Generally, this

value can be calculated from the energy deposition function




into nuclear processes, F(X,E) at X = O point. If the ion
energy is so high that recoiled atoms lose a substantial
- part of their energy in electronic processes, the Sn(E) is
to be calculated by

Tﬁ

Ido(n,'r)v('r) , (2)
(0]

where T is the energy of recoiled atoms in the target, v(T)
function gives the part of recoiled energy left in atomic
motions, AG(E,T) is the differential cross-section of T
energy transfer for E energy ions, Tm = YKIE' where YKi =

= 4 MIMKI(HI+MK)2 is the maximum of energy transfer. Calcu-

7 and tabulated

lations of this type were made by Brice
values were extrapolated for the present case.

To apply Eq. 1 to thin film sputtering, first the cover-
age of bulk by B atoms has to be taken into account by con-
sidering a AX effective depth, where sputtered atoms are
coming from. According to Sigmund, this AX can be given as
41 atomslnmz, independently of all parameters. Assuming that
all atoms can leave this effective thickness with the same

probability, the S sputteringvyield will be proportional

BI
to a dimensionless factor:

, 1£X< X ,
C(X) = (3)
1, 1£X> X 3




and the S, bulk sputtering is proportional to (1-C(X)].

The Uo energy varies from quB (the binding energy of
a B atom on A surface if X ~ 0) to UoB if X > 20 atomlnmz.
As Uo values are betwenn 2-8 eV, it is reasonable to use
UoB for impurity sputtering and UoA for bulk process.

Yo evaluate the nuciear stopping-power, we have to
take into consideration that ions ldse energy both in
B and A material so enABI(E,X) should be a combination of
enAI(E’ and enBI(E) and the coverage of surface.

Bulk sputtering takes place only if X is s0 thin that

nuclear stopping can be neglected in it. So
(E) . (4)

In the intermediate region it is assumed that a surface layer
of D thickness is responsible for the cverlayer sputtering.
As a further simplification, we regard all cascades originat-
ing in this layer to have the same effeci on the surface pro-
cesses, furthermore, that the nuclear stopping is constant
over this layer. If one does not distinguish between A-B and

B-B type collisions, the result can be written as:

(E)x+can(E)(D-x)
D
B (EX) X (5)

€hABI
anI(E) , £ X>D

cnBI

, i£ X <D




D

In an A-B type collision, however, the maximum energy trans-
fer to the B specimen is Yga times less than that of a B-B
T type.

A way to take into account this effect is to multiply € AI

Yga* So Eq. 5 13 modified,
€ (E) X+e (E) (D-X) v
nbI Al BA jfx<D,
D =
B
]
enBI(E) s ifX>D . :

Summarizing the above theoretical speculations the sputtering

yields are:

4.2°0.5 i
SAI(E'X) = —TJ-;-;——SDAI(E) (7) |
o s 1f X > AX . i
|
€ ., (E)X+e_. _(E) (D-X)Y |
nBI ngl BA' 1£X<D,
Spp(F,x) = 4:2:0.3 .
oB
enBI(E) s IE X >D ,
A X < ax
™ (8)

1, 1£X> a8 .,

To compare our model with experimental data, the foilowing

numerical values were used:




- 3 3)
“Au 59 atom/nm
- 8) |
quu - 3.8 eV
s (2 MeV) = 25 eV/nm N
nAuNt
- 7) -
The only fitting parameter was D = 900 atomlnmz. ;,‘
It can be seen that experimental points are higher with
a factor of three than the solid line which represents the
calculated sputtering yield. This difference presumably comes “:!

partly from the Uo enerqgy, because it was chosen as binding

energy. For evaporated layers, however, a Van der Waals adhe-

'~

T ST ST

sion is more reasonable ro count with. Besides this model

6)

dirregards SII type sputtering ° which may have some contri-
-»

bution to the sputtering yield in the Rutherford region. E

Wich all these restrictions this rather qualitative model

might be a basis of a more elaborated theoretical work.

5. Acknowledgement

The authors are greatful to Dr. G. Pethd for preparing
the evaporated layers.




5 i e i sy L e T TR
R W R A E :
. P 49 X _STERINS o ~ 5 S P

1)

2)

3)

4)
5)
6)

7)

8)

-lo_

References

J. Haskell, E. Rimini and J.W. Mayer: J. Appl. Phys.,
43, 3425 (1972);

G. Dearnaley, G.M. McCracken, J.F. Turner arnd J. Vince:
Nucl. Instr. and Meth., 149, 253 (1978);

Ion Beam Handbook for Material Analysis

(Editors: J.W. Mayer and E. Rimini), Academic Press,

New York, (1977);

L.C. Northcliffe and R.F. Schilling: Nuclear Data Tables,
A7, 233 (1970);

P. Sigmund: Phys. Rev., 184, 383 (19€9);

R. Weissmann and R. Behrisch: Rad. Eff., 19, 69 (1973);
D.K. Brice: Ion Implantation Range and Energy Deposition
Distribution, Plenum Press, New York, (1975):

K.A. Gschneider Jr., Solid State Phys., 16, 275 (1964):;



- 11 -

Figure captions

Figure 1l

Nitrogen backscattering spectra taken on a silicon sample
covered by 7 atomlnm2 gold. During prdlonged bombardment

the gold sputtering yield is (1.010.2)-10'2 AulN+.

Figure 2

Sputtering yield data (full points) as a function of surface
coverage. Solid line represents the results of present the-

oretical calculations.
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The loss of gold atoms in atom/ion unitg
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