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Abstract

We present the first experimental data on secondary ion emission characteristics from the impact of 26'kaNdAi4.6—-114.6 keV
Augog™. In particular we show secondary ion yield distributions and secondary ion and coincidental ion yields of molecular cluster ions from
single impact events. The target consisted of an amorphousJ§#SiO;). 4 layer deposited on a Si wafer. Large increases in higher order
emission events and both secondary ion and coincidental ion yields within these events were observed for bombardmeg*iviveAu
though the energy per atom of this projectile is more than an order of magnitude less fian Au
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction detection mode, i.e. the bombardment amounts to successive
individual Awog** impacts each resolved in time and space.

A key factor affecting the performance of secondary ion The data acquisition scheme was designed to record each im-
mass spectrometry (SIMS) as a surface analytical tool is thepact and any resulting secondary ions individually. With this
effectiveness of the bombarding projectile to generate sec-approach we could identify and quantify “multi-ion events”,
ondary iond1,2]. A useful approach for increasing the sec- i.e. the emission of multiple secondary ions from single pro-
ondary ion yield is to bombard with polyatomic instead of jectile impacts.
atomic projectiles, as documented in studies involving, for ~ The inventory of the types of emission events is
example, the secondary ions produced from{d < n < 9) of interest to address fundamental questions on the
or Cgo* impacts[3—6]. Data from more massive projectiles desorption—ionization processes involved in low velocity
are sparse. They show promising trends: molecular ion yields Augog** impacts. In the context of SIMS, multi-ion events
and the ratio of molecular-to-fragment ions increase as thehold promise for the analysis of nano-domains since co-
size of the bombarding cluster increaf®&9]. A recent study emitted secondary ions must originate from molecules lo-
with 40 keV Awgg*t suggests that the analytical signal in- cated together within the surface volume perturbed by a single
creases faster than the damage cross-section, i.e. the volumprojectile[11]. The relevance for analysis of nano-structures
of sample destroyed per projectile imp&bd]. The present  will depend on the effectiveness of Ags** to cause co-
study further examines Agg** as a projectile for SIMS. The  emission of two or more analytically significant secondary
experiments were run in the event-by-event bombardmentions. We present below the first experimental data on multi-

ion emission from Augg**. Data on similar types of emis-
* Corresponding author. Tel.: +1 979 845 2341; fax: +1 979 845 1655, SION events obtained with All bombardment are included
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2. Experimental ions created by that particular primary ion. The secondary
ions are accelerated towards a drift tube (60 cm) where they
2.1. Instrumentation then separate, based on the square root of their mass-to-
charge, before striking an eight-anode MCP detector array.
A schematic of the instrument is given Kig. 1 Gold The multi-anode detector assembly consists of two MCPs

primary ions were produced using a liquid metal ion source with a 25 mm active area in a chevron configuration. The
(LMIS) described elsewhef]. Briefly, a reservoir and nee-  multi-anode detector is located 2 mm from the last MCP. The
dle assembly, filled with an Au/Si eutectic, is heated. Once the detector is manufactured from a copper coated circuit board
eutectic melts, and a critical extraction voltage is applied, ion with eight equivalent pie-shaped anodes etched onto the cir-
formation occurs at the tip of the needle, creatingAions. cuit board. The eight anodes are separated from each other
Recent experiments with this source have shown that, underby a 1.5 mm gap separated by ground. This design minimizes
certain conditions, higher mass clusters can be extracted thatross-talk between adjacent anodes. The degree of cross-talk
have a mass-to-charge ratio of approximately 20,[1CH). was tested by masking non-adjacent anodes. In this configu-
Under these conditions, it was determined that, on average ration no signal from the masked anodes should be recorded.
each cluster contained 400 atoms with an overall net chargewhen the counts on each anode were examined, the degree
of +4 on the cluster. The initial kinetic energy of the primary of cross-talk between the exposed and masked anodes was
ions could be adjusted from +10 to +20 keV. less than 0.1%. The total transmission/detection efficiency

The extracted current was focused with a series of elec-for secondary ions is estimated to 6.3, as a product of
trostatic lenses into a Wien filter. The Wien filter allows a three efficiencies: transmission of the grids (0.73), active sur-
projectile with a particular velocity to pass while deflecting face of the MCP (0.50), and active area of the multi-anode
all others. All of these experiments were conducted in the (0.8). The signal from each detector is converted into a logic
event-by-event bombardment/detection mode. The primary pulse by a constant fraction discriminator (CFD) before being
concern is that the detected secondary ions are ejected fronpassed through a fast time-to-digital converter, TDC (CTN-
the impact of asingle projectile. To meet this requirement M4 Orsay Electronics).
the filtered beam is passed between a set of high voltage
deflection plates, pulsed between +1 antlkV at 10 kHz, 2.2. Measurement
to reduce the intensity of the primary ion beam. The beam
then passes through a 0.4 mm aperture before reaching the As mentioned earlier, each experiment is carried out in
target. Through a combination of defocusing, pulsing, and the event-by-event mode at the limit of single ion impacts.
using apertures, we are able to meet the condition of single An event is described as the interaction of the primary ion
projectile impacts with an average of 0.1 primary ions per with the target. This interaction can result in the ejection of
pulse. secondary ions or neutrals. For these experiments we detect

For all experiments the target potential was kept at a con- only the secondary ions. In practice the number of secondary
stant—8.6 kV. Secondary electrons, from the impact of the ions ejected by a single projectile is statistically insignificant,
primary ion, are steered by a weak magnetic field to a chevronto overcome this obstacle many f£a0') single projectile
array micro-channel plate (MCP) detector generating a startimpact events are recorded. From this number of events it is
signal for a time-of-flight mass spectrum of any secondary possible to generate information that is statistically represen-
tative of the sample.

Data are acquired in what is termed as the total matrix

Start Detector (e e .
| ) | \ 8-segment of events mod¢7]. More specifically, the arrival of the sec-
Anode

Anode ondary electron at the start detector signals the start of the
first event, g. Secondary ions, created in,E&re accelerated
towards the eight-anode stop detector. The arrival time of sec-
ondaryion 1fromevent1, %Iis recorded by a time-to-digital
converter (TDC). The arrival times of co-emitted secondary

Magnetic Deﬂectlo‘n_‘-' MCP

MCP
- @ .

Target ¢ ions, up to the last from this event,‘Shre recorded, and
5 o, Stesning then passed to the data acquisition computer. The variable
y k is the total number of detected ions from that event. This
7 @ HV Pulser process is then repeated for the next evept,tErough the
Xy Wien Filte last recorded event fEwith eachk-ion emission event stored
% i as an additional row in its respective array.
;2 Focusing

Q’»”%. LMIS 2.3. Sample

Fig. 1. Schematic of To-SIMS instrument with LMIS and eight-anode sec- The sample, provided by International SEMATECH, con-
ondary ion detector. sisted of a mixture of 40% Sifand 60% HfQ deposited as



R.D. Rickman et al. / International Journal

an amorphous layer approximately 4 nm thick on a Si wafer.
The complex composition provided multiple secondary ions

of both homogeneous Hf and Si oxides and heterogeneous 0-040-§

HfSi oxides.

3. Results and discussion
3.1. Mass spectra

The total matrix of events data acquisition mode coupled
with the eight-anode detector allows for the recording of up
to eight identical ions, from the same event, provided they
strike different anodedrig. 2 shows a mass spectrum of
negative ions from 74.6 keV Agg** bombardment of the
(HfO2)0.6(Si02)0.4 sample. This spectrum consists of sec-
ondary ions accumulated from?2 x 10’ primary ion im-

pacts. The spectrum shows heterogeneous and homogenemﬁ,g 3. Secondary ion yield¥,
. . 1

clusters of HfQ and SiQ. Also present are peaks for Au
and Ay ~. Although not shown, a peak for Au was also
observed. The presence of gold in the spectrum is attributed
to reflection of gold atoms from the projectjE0]. The same
targets were also examined with 26 keV #uln this case
there was no visible peak for this cluster ion.

3.2. Secondary ion yields

One measure of the efficiency of a projectile is the sec-
ondary ion yield. The secondary ion yield for ian(e.g.
Si0z7), Y, is defined as:

Y=Y Yi(k)=)_ U
k k

N
whereY;(k) andlj(k) are the yield and the number of de-
tected secondary ions, respectively, for ian k-ion emis-
sion events, andll is the total number of eventBig. 3is a
plot of the secondary ion yields of various secondary ions as

@)

100000 =5
X
90000 3
E AU (HIO,)OH™ _ -
80000 3 107 | o580 (HI0,)(SI0,)0H
E 285-289
70000 3
; HiO, , )
,, 600003 208-212 (SIOZ%}OH
S 50000
[=]
&)
40000 3
E Cen- (HI0,)(SI0,),0H |
30000 3 60 SIOZ 2 2/2
: /- (Si0,)OH" S
20000 4 \
10000 4 J
ENAN

0 50 100 150 200

m/e

250 300 350 400

Fig. 2. Negative ion mass spectrum from 74.6 keVyéfit bombardment
of an amorphous HfSigtarget.

of Mass Spectrometry 241 (2005) 57-61 59

0.045 3

- SI0,0H A
b HFO,OH
1 | @ (HfO,)(SIO,)OH" .
0.035 :
-
0.030 4 )
0,025 3 n
> 3 -
0.020 4
E
0.015 3 &

0.010 3

0.005 3

as a function of the primary ion (Abo**)
kinetic energy for the indicated cluster ions. The margins of error in the
values ofY; are less thar-2%. Lines are to guide the eye.

a function of projectile kinetic energ¥. There is a linear
dependency of yields versus energy in this range. Note that
projectile energy increases by a factor of 1.6, but secondary
ion yields for SIQOH™ increase by a factor of 3 and by a
factor of ~2 for the other two secondary ions.

The more pronounced dependency of the,8~ yield
onE may be explained by considering the source of the,SiO
A further comment can be made about the depth of emis-
sion. Bombardment of Hf@layers having thickness from
2 to 20 nm on silicon substrates shows that the Hf- and Si-
containing secondary ions are emitted from depths of up to
10nm[13]. The depth of secondary ion emission exceeds
the range of an equal velocity Awrojectile, due perhaps
to high energy density deposition. With that information one
can consider two contributions to the yield of S{@H~. One
is from the deposited mixture of Hf and Si oxides (4 nm in
thickness), the other comes from the interfacial Si@yer
on the Si substrate. As the energy of the projectile increases
so does the contribution of Sydrom the interfacial Si@
layer. This results in inflated yields for this secondary ion
due to changing stoichiometry in the volume perturbed by
the projectile.

This prompts the question to what extent “multi-ion
events” contribute to these yields. To address this, the overall
secondary ion yieldy;, can be separated into two subsets,
one isY(k=1) and the other i¥(k > 2) corresponding to sin-
gle ion emission events and multiple ion emission events or
“multi-ion events”.Fig. 4is a plot of the yield of SIQOH™
for these two types of events. For this ion the yields increase
with E, however after about 80 keV the “multi-ion events” be-
gin to become more productive with respect to the emission
of thision and at 114 keV they are over twice as efficient for
production of SIQOH™. Figs. 5 and @Gre similar plots for
HfO,OH™ and the heterogeneous cluster (Hf(3iO2)OH ™.
Similar trends are present for these two analytically signifi-
cant secondary ions.
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Fig. 4. Secondary ion yields for S@OH~ from single and multiple sec-
ondary ion emission events as a function of primary iontt) kinetic
energy. The margins of error in the valuesY§SiO,OH™) are less than
+2%. Lines are to guide the eye.

Fig. 6. Secondary ion yields for the heterogeneous cluster {HfO
(SiOz)OH™ from single and multiple secondary ion emission events as a
function of primary ion (Augg**) kinetic energy. The margins of error in
the values ofy((HfO)(SiO,)OH™) are less thar:2%. Lines are to guide
the eye.

3.3. Coincidental ion yields

These are multiple secondary ion emission events. The ({0,)(Si0,)OH~. The coincidental ion yields increase by

yield of co-emitted iong andj, Yjj, is defined as: a factor of~4 and~5, respectively, over the energy range.
1:i(k) Thisincrease is almost twice of that observed in the secondary
Y=Y Yik)=>Y jT (2) ion yields for these ions.
k k Fig. 8is a plot of the yields of SigOH™ as a function of

where Y;(k) and Ij(k) are the yield and number of co- E for cases where two or three of these ions were detected
emitted ions detected, respectively, for idnandj. Fig. 7 from the impact of a single projectile. In both cases there

is a plot of these yields for two sets of secondary ions. The IS & linear dependency of the yields as a functiofeoThe
first set comprises the yields for cases where $B0~ is slope of the lines begins to deviate B 95keV with the
co-emitted with (Hf@)OH~ and the second set comprises CaS€ where three SYOH™ ions are detected changing more

the yields for cases where (SIDH- is co-emitted with  "apidly.
0.0065 -
0.0060—% - M- Single lon Emission Events . 8.0x10 3 = =
@ Multiple lon Emission Events | ~®-i=(SIOJOH |=(HO,OH .
0.0055 - 7.0x10° =(Si0JOH ™ | = (HfO,)(SiO,)OH" g
0.0050 - 'y ]
0.0045 - ' 6.0x1074 .
g o E '
5 o o 5.0%10° o m
Q" 0.0035 ” E
I > 4.0x10*
S 0.0030 ; : e ] %10 ] o a
i g : 3.0x10" rd -
0.0020 - S o .
°® 2.0x1074 -
0.0015 - @ s
111111 T DUV AR ——— 10x10"4 ®
70 75 80 8 90 95 100 105 110 115 120 E I — — — N S — — — preeeeerrs
E (keV) 70 75 80 8 9 95 100 105 110 115 120
E (keV)
Fig. 5. Secondary ion yields for HE®H~ from single and multiple sec-
ondary ion emission events as a function of primary ion4gtf) kinetic Fig. 7. Coincidental secondary ion yield§;,, as a function of primary ion
energy. The margins of error in the valuesY§HfO,OH™) are less than (Augoe™*") kinetic energy for the selected ion combinations. The margins of

+2%. Lines are to guide the eye. error in the values ofj are less thag-2%. Lines are to guide the eye.
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0.0040 the impact energy increases. There are more cases of multiple
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1| -®- 3Si0,0H detected (Y x 50) re e gle ion emission events. For reference, multi-ion
— : emission data for 26.2keV Ati bombardment are also
3 shown. The effectiveness of Asy** for producing multiple
0.0025 3 . ' secondary ion emission is clearly evident.
Sh e e 4. Conclusions
0.0015 3 S u
E P ' Massive projectiles such as A4y can expand the scope
0.0010 it ;j: o of SIMS. To gain some insight into how their impact trans-
F lates into the emission of secondary ions, we have applied a
0.0005 4 gt . . . .
i = novel method to investigate the collision cascade. A key find-
R U S R L S ing is the preponderance of multi-ion events with increasing
E (keV) projectile energy. A further surprising observation is that the

analyte specific secondary ions originate from depths of sev-
Fig. 8. Coincidental secondary ion yieldé,, as a function of primary ion eral nm. Thus, Augo offers, via the secondary ions emitted

(Auagq™) kinetic energy for SIQOH" for cases where two or three ions  jn multi-ion events, a means for probing nano-environments
were detected._The margins of error in the value¥;oére less thag-2%. truly within a solid.
Lines are to guide the eye.
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