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bstract

Alternating nanometric thin layer films made from poly(diallyldimethylammonium chloride), poly(styrene sulfonate) and montmorillonite clay
ere analyzed with 26 keV C60

+ (433 eV/atom) and 136 keV Au400
4+ (340 eV/atom). Secondary ion (SI) emission depth from such thin films was

etermined to be ∼6–9 nm with C + bombardment. Similar depth of emission was also reported with Au 4+ projectile impacts [Z. Li, S.V.
60 400

erkhoturov, E.A. Schweikert, Anal. Chem. 78 (2006) 7410]. The SI spectra contain recoiled C60 projectile constituents (m/z = 12, 13, 36). They
rack the compositional variation of the assembled thin layers except for C− and CH− whose abundances appear to correlate with the presence of

etal atoms in the topmost layer.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Large cluster projectiles (e.g., C60
+, Au400

4+) have become
ell recognized as advantageous projectiles for secondary ion
ass spectrometry (SIMS) [1–8]. The scope of large cluster

ombardment can be assessed in terms of: (a) secondary ion
SI) yields which are enhanced in comparison to equal velocity
ono or small polyatomic projectiles; (b) the depth of emission

f SIs; and (c) the accuracy of the SI signal. This study presents a
ontribution on the latter two issues with results obtained under
6 keV C60

+ and 136 keV Au400
4+ bombardments. The projec-

iles had comparable impact energies at 433 and 340 eV/atom,
espectively. The depth of SI emission was examined on sam-
les consisting of alternating nanometric layers of oppositely
harged polyions, poly(diallyldimethylammonium chloride)-
DDA, poly(styrene sulfonate)-PSS and montmorillonite clay.
everal papers describe the properties and characteristics of such
ultilayer thin films [9,10]. Given their chemical compositions
nd densities, these assemblies simulate polymeric and biolog-
cal materials. The layered assemblies allowed also to assess
he accuracy with which the SI signals track the compositional
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ariation. We report here on signals affected by recoiled atoms
rom C60 projectile and on an unexpected reversal in the intensi-
ies of the C− and CH− emissions from successive nanolayers.
hese observations are compared below with data obtained on
uplicate samples from Au400

4+ impacts. The SIs examined are
f low m/z, i.e., signals that are abundant in the emission from
rganic, polymeric and biological materials. The experiments
escribed below were performed in the event-by-event bombard-
ent/detection mode, where a sequence of individual projectiles

ach strike an unperturbed area of the target, i.e., a manner anal-
gous to how molecular dynamic (MD) simulations are carried
ut [11,12].

. Experimental

.1. Mass spectrometer

A custom-built C60
+ ion source coupled with time-of-flight

ass spectrometer (Fig. 1) was used for the analysis of the
ayer-by-layer thin films. The C60 instrument has been described
reviously [13,14]. The C60

+ ions were accelerated to +16 keV

owards a negatively biased target (−10 keV), which resulted in
total impact energy of 26 keV. The setup used for the exper-

ments with Au400
4+ projectiles has been described elsewhere

7,8]. A key feature of both instruments is the event-by-event

mailto:Schweikert@mail.chem.tamu.edu
dx.doi.org/10.1016/j.ijms.2007.09.018
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Fig. 1. Schematic of the C60 effusion source time-of-flight mass spectrometer.

ode bombardment/detection. Under such condition, individ-
al primary projectiles impact the sample surface in a discrete
anner. There is no overlap in time or space between succes-

ive projectiles. Secondary ions resulting from single projectile
mpacts are stored individually as singular events. Each spectrum
s a summation of at least 1 × 106 such events over an impact
rea of ∼1 mm2. Secondary ions ejected are detected by a dual
icro-channel plate (MCP) assembly with an 8-anode detector

o improve detection efficiency [7,13]. The SI data are collected
nd analyzed with Total Matrix of Events (TME) software devel-
ped for event-by-event detection [15]. For a given secondary
on A, the percentage yield YA is calculated as follows:

A (%) = 100
∑

xA

xAI(xA)

N
= 100

∑

xA

xAP(xA)

here xA is the number of SIs of type A detected simultaneously
er single impact/emission event (0 ≤ xA ≤ 8); I(xA) is the num-
er of events where ions A are detected; and N is the total number
f projectile impacts. P(xA) is the probability distribution of the
umber of ions A detected per impact/emission event.

.2. Materials

Poly(diallyldimethylammonium chloride)-PDDA,
W = 100,000–200,000, 20% water solution and poly(styrene

ulfonate)-PSS, MW = 70,000 were obtained from Sigma–
ldrich (Milwaukee, WI). Polymer stock solutions
ith concentrations of 5 mg/mL and 0.5 M NaCl were
sed for film assembling. Montmorillonite clay (STx-1,
Ca0.27Na0.04K0.01)[Al2.41Fe(III)0.09Mg0.71Ti0.03][Si8.00]O20(O
as purchased from The Source Clays Repository (Purdue
niversity, West Lafayette, IN) and purified according to

iterature [10]. The clay solution used for film assembling was
.5 mg/mL. Water was purified by Milli-Q system (Millipore,
illerica, MA) with a specific resistance of 18.2 M� cm.

.3. Film assembling
The films were assembled via the layer-by-layer film assem-
ling technique [9] on 1 cm × 1 cm silicon wafer substrates
Waferworld, West Palm Beach, FL). The Si pieces were cleaned
ith Piranha Solution (3:1, v:v, 98% H2SO4:30% H2O2) at

T
6
t
8
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0 ◦C for 15 min and washed with copious amounts of water.
he cleaned wafer was dipped into PDDA stock solution for
0 min, the resulting film was a 1-layer film. To obtain a 2-
ayer film, a 1-layer film was dipped into PSS stock solution for
0 min. For films with more than 3 layers, a wafer with an initial
-layer film was dipped alternately into PDDA and clay stock
olutions. Thus, PSS, which was used as the indicator layer, was
lways located at the 2nd layer of the assembly with a varying
umber of PDDA and clay layers on top. A rinsing and drying
tep was carried out after each dipping step to remove loosely
ound material. One up to 12-layer films were assembled and
ested. The thickness of each assembled layer ranges from less
han 1 to 4 nm. A thickness calibration curve obtained from pre-
ious experiments was used to estimate the thickness of the thin
ayer films [8].

.4. XPS

X-ray photoelectron spectrometry (XPS) experiments were
erformed in the Materials Characterization Facility at Texas
&M University with a Kratos Axis Ultra Imaging XPS (Kratos
nalytical, Chestnut Ridge, NY). The same set of 1–12-layer
lms used for SIMS analysis were tested with XPS for elemental
omposition information.

. Results and discussion

.1. Depth of SI emission

As mentioned above, PSS served as the indicator layer to
est the depth of SI emission. Mass spectra from 2 and 4-layer
ssemblies are shown in Fig. 2. The peak of interest for locating
SS is that of its monomer at m/z = 183. Its signal decreases
adically from the 2 to the 4-layer assembly. The yield data
lotted in Fig. 3 show that the PSS signal disappears for 6-layer
lm and beyond.

The distance between the top of the PSS indicator layer and
he 5th PDDA layer is ∼6 nm, while the distance between the
SS and the 6th clay layer is ∼9 nm. Thus for the assemblies
tudied here, the SI emission depth is between 6 and 9 nm under
6 keV C60

+ projectile impacts. A similar depth of emission has
een reported when Au400

4+ projectiles of roughly comparable
elocity impact these thin layer films [8]. A MD simulation of
keV C60 impacts on an organic surface shows a penetration
epth of ∼5 nm [11]. These computer simulations also indicate
he crater formed after impact has a semispherical shape with

15 nm in diameter and target constituents are emitted from a
epth of ∼10 nm.

The depth of emission can also be assessed by plotting
he yield of SIs due to clay: SiO2OH− at m/z = 77 and
l2O3SiO2OH− at m/z = 179. Fig. 4 shows that the signal at
/z = 179 is solely from the clay layer, indeed no signal above
ackground is observed for 1–3-layer films when clay is absent.

he yields of m/z = 179 increase by ∼30% between the 4 and
-layer films, which indicates a contribution from the clay in
he 4th layer to the SI signal. The signals tend to level off for
, 10 and 12-layer films, suggesting that ions at m/z = 179 are
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Fig. 2. Negative ion mass spectra of: (a) 2-layer PDDA/PSS film and (b) 4-layer PDDA/PSS/PDDA/clay film analyzed with 26 keV C60
+ projectile. Counts are

normalized to the total number of events (∼1 × 106).

illust

F
(

Fig. 3. SI yields of ions m/z = 183 vs. the number of layers. An
ig. 4. Oscillation of negative SI yields m/z = 77 (SiO2OH−) and 179
Al2O3SiO2OH−) with the number of layers.
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ration of the structure of a 12-layer film is shown on the right.

ue mostly to the two topmost clay layers. The oscillation in
he m/z = 179 yield illustrates the sensitivity of SIMS to surface
omposition. It should be noted that m/z = 77 originates from the
i wafer for the low thickness films, but reflects only the presence
f clay in the larger scale assemblies in a similar fashion to that
bserved for m/z = 179.

.2. Evaluation of film quality

Most SIs observed in the mass spectra show oscillation in a
evel range similar to that of m/z = 179. An exception to this trend
s observed for ions m/z = 35, which are assigned to 35Cl−. The
hlorine ions are counter ions for the positively charged PDDA
ayers. The yield is higher for the odd numbered layers, i.e., when
DDA is the topmost layer. In contrast to the plateau observed
or the yield of ions m/z = 77 and 179 (Fig. 4), the yield for ions
/z = 35 keeps increasing for successive odd numbered layers

Fig. 5 left axis). This trend is confirmed with XPS which shows

n increase in the surface concentration of chlorine in successive
DDA layers (Fig. 5 right axis). The information depth of XPS
or an organic surface is in the range of 4–10 nm [16] and thus
omparable to the depth of SI emission.
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ig. 5. SI yields of Cl (left axis) and XPS counts of Cl (right axis) vs. the
umber of layers. SIMS results were obtained with 26 keV C60

+ bombardment.

It has been shown that layer-by-layer films have “self-
ealing” properties, i.e., defects occurring at the initial stage
f assembling disappear with successive addition of overlay-
rs [17]. The overall smoothness of the films increases with the
umber of layers assembled with a concomitant reduction in the
otal surface area. A steady state of SI yields is observed after
he 8th layer for ions from clay (m/z = 77 and 179). This indi-
ates the packing densities of film components remain constant
ith successive layer addition. Thus, a higher surface charge
ensity is required to maintain a stable assembly with reduced
urface area. The observation of increased Cl surface concen-
ration from XPS and SIMS experiments suggests an increased
urface charge density, and thus a better quality of the films as
ore layers are assembled. Again, SI signals at m/z = 35 oscil-

ate with the alternation of the topmost layers. This suggests
ost of the chlorine signals observed in SIMS originate from

he topmost thin layer of the sample surface.

.3. Influence of recoiled projectile constituents on yield
scillations

The data presented so far and those published previously [8],
how an oscillation of the SI yield reflecting the characteristics
f the topmost layer (chemical composition, thickness).

A more complicated behavior of oscillations is observed for
mall carbon and hydrocarbon ions (Fig. 6). First, the amplitude
f oscillations decreases remarkably in the case of C60

+ bom-
ardment. Second, a reversed even/odd oscillation is observed
or C− and CH− ions in the case of Au400

4+ projectile impacts
Fig. 6a and b). The yields of these ions are higher when the clay
ayer is the topmost layer despite the absence of hydrocarbons in
lay. The “expected” order of oscillations is observed for C2H−

nd larger cluster ions (Fig. 6c).

We can quantify the SI yield oscillations with the average
atio, K, of high yields, Y

(high)
i , to adjacent low yields, Y

(low)
i :

= 1

n

n∑

i

Y
(high)
i /Y

(low)
i

s
(
i

C
a
b

ig. 6. SI yields of m/z = 12, 13 and 25 vs. the number of layers obtained
rom bombardment with 26 keV C60

+ and 136 keV Au400
4+ projectiles. The

60 and Au400 TOF-SIMS instruments have similar transmission and detection
fficiencies.

The K values are calculated for 5-layer films and beyond,
here the films have long term stability; n refers to the number
f peak-to-valley pairs. The value of n equals 4, as there are 4
ayer pairs between the 5-layer and the 12-layer films. Table 1
hows the K values for different SIs generated by 26 keV C60

+

433 eV/atom) and 136 keV Au400
4+ (340 eV/atom) projectile

mpacts.

The K values are ∼1 for small carbon clusters such as C−,

2
−, C3

− and CH− in the case of C60
+ bombardment. The

bsence of “layer-specific” oscillation suggests that the car-
on and small carbon cluster ions are mostly due to recoiled
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Table 1
Average ratio of yields (K) for selected SIs with 26 keV C60

+ and 136 keV
Au400

4+ projectile impacts

26 keV C60
+ 136 keV Au400

4+

m/z = 12 C− 1.09 1.71
m/z = 13 CH− 1.01 1.35
m/z = 24 C2

− 1.09 1.09
m/z = 25 C2H− 1.24 1.40
m/z = 26 CN− 2.68 1.97
m/z = 35 35Cl− 8.56 14.7
m/z = 36 C3

− 1.10 1.48
m/z = 37 37Cl− or C3H− 3.27 6.94
m/z = 77 SiO2OH− 1.36 1.74
m −
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/z = 179 Al2O3SiO2OH 1.59 1.91

he accuracy of measuring SI yield oscillation is ±2%.

rojectile constituents [18]. Evidence of projectile constituents
ecoiling as ions with low kinetic energy has been observed pre-
iously in the mass spectrum of secondary ions from an organic
urface bombarded with SiF5

− [19]. A possible mechanism was
iscussed by Shapiro and Tombrello [20]. One should note that
he present experiment and the SiF5

− experiment were both per-
ormed in the “super-static” regime with extremely low doses
f bombardment (∼106 projectiles/mm2) where the projectile
trikes an unperturbed area of the target. Thus, the presence of
ecoiled CH− ions (no oscillations) (Fig. 6b, Table 1) indicates
he extensive recombination processes in the expanding nano-
olume of upward moving atoms, fragments of the analyte and
he shattered projectile. These results are consistent with recent

D simulations of C60 bombardment of hydrocarbon targets
11,12]. Concurrently, strong oscillations (K > 1) observed for
mall carbon and hydrocarbon clusters in the case of Au400

4+

ombardment show that these clusters are secondary ions emit-
ed from topmost layers.

Another indication of recoil emission and recombination is
btained from the comparison of yields of Cl− (m/z = 35 and
7) and C3H− (m/z = 37). As mentioned above, the chlorine is
resent in the PDDA layers (odd topmost layers) as counter ion.
owever, the ratio of yields Y(m/z = 35)/Y(m/z = 37) is lower than

he isotopic ratio of 35Cl/37Cl = 3.12 for both projectiles (Fig. 7).
ut, the ratios are always lower for C60 bombardment due to the
ontribution of C3H− recoils (Fig. 7).

The most intriguing observation related to the yield oscil-
ations is the reversed even/odd oscillations for C− and CH−
ons with Au400

4+ projectile impacts (Fig. 6a and b). This obser-
ation suggests a complex interaction process in the expansion
olume resulting in a variety of emission/ionization mechanisms
or different emitted species. Considering the depth of emis-
ion (∼6–9 nm), it appears that the topmost clay layer does not
creen the polymer layer below, hence the presence of polymer
ragments in the collective outward motion and ion emission.
erhaps, the C and CH neutrals with low electron affinity (1.26
nd 1.24 eV, respectively) are ionized effectively by electron
xchange processes, when colliding in the plume with metal

toms. In this scenario, the topmost clay layer provides the metal
toms that enhance the ionization probability of C and CH. The
echanism proposed here is similar to that involved in the sec-

R

ig. 7. SI yield ratio of ions m/z = 35 and 37 with 26 keV C60
+ and 136 keV

u400
4+ impacts.

ndary ion yield enhancement stimulated by metal deposition on
he surface of analyte [21]. The effectiveness of the interaction is
educed when the polymer layer is on the top and the clay layer
s on the bottom of the interaction volume. In this case the fast

oving carbon atoms and small fragments exit the expansion
olume without interactions with metal atoms from the layer
elow. Larger carbon clusters and hydrocarbons have high elec-
ron affinities (>3 eV) resulting in higher ion yields regardless
f the nature of the topmost layer.

. Conclusions

The SI yields measured in this study range from 0.001 to 0.2
0.1–20%). The yields obtained with Au400

4+ are roughly twice
r more as those measured with C60

+, with the two projectiles of
omparable impact velocities. The SI yields illustrate the high
etection sensitivity achieved with large cluster projectiles; a
rand total of 104–105 projectiles is sufficient for the quantitative
etection of SIs. The high detection sensitivity can be applied to
rack accurately the presence of organics over depth of a few nm
ith two caveats. The SI spectrum from C60

+ impacts includes
contribution of recoiled projectile constituents sufficient to

reclude detection of organics via C−, CH−, C2
− or C3

−. An
nexpected observation is the enhanced ionization of C− and
H− occurring with both C60

+ and Au400
4+, which is attributed

o the presence of metal atoms in the expansion volume. Addi-
ional studies with different multilayer films should provide
urther insight into the efficiency of metal assisted ionization
n large projectile impacts.
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