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Differential charging is often regarded as a problem in X-ray photoelectron spectroscopic studies, especially for
insulating or partially conducting samples. Application of a positive bias can reduce the effect of differential charging
by attracting stray electrons from the system, thereby compensating for the electron loss. On the other hand, differential
charging effect can be enhanced by the application of a negative bias to the sample during spectrum acquisition. The
successful use of the differential charging technique to distinguish between multi- and monolayer organophosphonate
films on oxide-covered silicon has been reported. A detailed description of this technique is now presented which
shows how differential charging can be used as an important tool for the characterization of self-assembled films
deposited on various surfaces. The dependence of this technique on the conductivity of the substrate has been investigated
by studying the spectral behavior of the deposited films of phosphonic acid on conducting, semiconducting, and
insulating samples (stainless steel, silicon, and glass). Application of either positive or negative dc electrical bias affects
the carbon core-level (C1s) line shape and intensity, which is dependent on the atom’s physical location above the
surface.

electron flood-gun technique has been used successfully for the

neutralization of these excess electréhd® An alternative

approach to this problem is to use an external bias, as first reported
noy Dickinson et al*However, there is a fundamental difference
fields such as electronic devices or biological senSansler- . between the two methods. For the electron flood-gun technique,
standing the growth and structure of these SAMSs is key to their excess electrons are supplied by an external source located above

su%cess{ul |frnsp'la\el\;|ne_nta?on mtthese ?ewces. (Ijnﬂt]h's context, thfethe sample, and thus results are independent of the conductivity
unitormity o S IS ot great importance and Ih€ présence ot ¢y,q sample. Moreover, over-neutralization leading to an excess

;nu|t|la}%/e:r|]s_landﬁ_|ls undeswatt))le. Hr:)vnever, ?|st|ngl:|sh|ng StAMSI of negative charge on the surface is also possible, especially for
rorrp u rah n mtu !aﬁ?fs ianh eac a_ﬁ?g'_al_ %r';réos c;)hnv;nt Ict)k?a the samples with poor conductivity. In the latter case, the flow

surlace characterization techniques. The 1- metho (te €I of electrons is from the ground to the sample and is, therefore,
ing by aggregation and growth) has been shown to be simple and

reliable to grow SAMs of alkylphosphonic acids on oxide dependent on the conductivity of the sample.
surface€. SAM films are by definition very thin, and therefore, Since the early development of surface analytical techniques,

Introduction

Self-assembled monolayers (SAMs) are widely used to modify

; fiaat £ struct d bonding in SAM . charging effects have been widely observed and reported to be
investigation of structure and bonding in S Tequires -, oplematict®1However, surface charging has also been shown

to yield chemical, physical, and structural informatiga3-17-23
The increasing use of charging effects to provide sample
information is reflected in extensive work by Suzer et‘af®

characterization technigues that are sensitive to only a few atomic

layers. XPS analysis of organic SAM films has been widely used
to provide information on film structure, composition, and
bonding3*However, sample charging is often a problem when
using XPS to analyze insulating or only partially conducting
materials such as these SAM films due to the incomplete
neutralization of the photoemitted electréng® The low-energy
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Recently we have demonstrated the use of charging to derive _ -
information about the thickness of the organic film on various A ose k e s < T g
surfaces. Charging can be troublesome when different regions multilayer Egr’é{- %jj% : r’f 2
of the sample experience different electrical potential, leading Q" 5 b,i’ﬁ multilayer §%» ,\;g,’
to differential charging. This can arise when the sample is ey Saef : J‘_p"’:&,\,ﬁ’“r _____
composed of various materials of different electrical conductivity. monolayer % % monolayer
Havercroft etal., have utilized such differential charging to obtain — -,
chemical information on aluminum alloys where a complex !
surface chemistry includes surface contaminatfoA.similar ‘e \
situation could also arise where a nonuniform thin filmis deposited ~
on a surface. Thus, in principle, an ideal SAM film could be j_
distinguished from a nonuniform, yet ultrathin multilayer, film —
by the detection of differential surface charging inthe latter case. Figure 1. Schematic drawing of charge compensation for a
We have shown this to be the case for SAMs of alkylphosphonic monolayer and a multilayer film (left) on application of negative
acid deposited on the native oxide of silicon by the T-BAG bias and (right) on the application of a positive bias.
technique® Here we describe the concept of differential charging
and further elaborate the use of this technique for the charac- Results and Discussion
terization of SAMs grown on three different substrates: stainless
steel (SS), the native oxide of silicon, and glass. We also discuss
the effect of substrate conductivity on the efficiency of the external
biasing for differential charging neutralization.

Differential charging was used to distinguish between a
multilayer and a monolayer film deposited on conducting,
semiconducting, and insulating samples. The principle of this
method is shown schematically in Figure 1. SAMs of phosphonic
acid are grown on oxide surfaces by the T-BAG method. The

Experimental Section lack of uniformity of the deposited film and/or the presence of

Sample Preparations.Coupons (approximately % 1 cn¥) of mu!tilayers might lead to the differential charging of the surfage
stainless steel, silicon, and glass were used as conducting, semiduring XPS measurements. Electron compensation or neutraliza-
conducting, and insulating surfaces, respectively. T-BAG was used tion of the film regions lying closer to the substrate is easy
here to prepare octadecylphosphonic acid (ODPA) films on these compared with that for regions physically further removed from
surfaces; a detailed description of the deposition method has beerthe sample surface. This leads to differential charging in the
presented elsewhefeODPA self-assembles on the precleaned same species depending on the distance of such regions from the
coupons by holding them vertically in a 28/ solution of the acid sample surface. This differential charging can be amplified or
indry THF. The solvent is allowed to evaporate at room temperature, reduced by the application of external biasing. On application
and the coated coupons are then heated in an oven aC1# 48 of a negative bias, electron compensation near the surface takes
h after which they are cleaned in a series of organic solvents 0 hace easily, whereas this is not the case for regions of the film
remove any mulplay_ers._Threehcycltleshof depositions with multiple ¢, e from the surface, so differential charging is amplified in
EWnOSIJlglga;er]rdfilsn?]?I\(I:v?]t(;c:’galg nTjt”:;gr filﬁ;/: Ve:r%n O‘ést:ic:] etg gsti'r?eathis case. .On application of a positive bias, stray electrons from

filaments in the vacuum system are attracted to the surface and

T-BAG deposition followed by baking without rinsing. Three .
samples, a clean reference substrate, a monolayer ODPA film, andthus compensate the loss of electrons from the film components

multilayer ODPA on each of the three substrate materials were at the top layer, thereby decreasing differential charging. In this

prepared and transferred into the UHV system (base pressure of 55tudy, the filament of a nude-type ion-gauge was turned on to

x 107° Torr) for XPS analysis. supply stray electrons along with the application of positive bias.
Analysis. All samples were analyzed by XPS using a Phoibos It haS- been ShOW!’] in_ our previous work .that the diffe_rentia'

150 hemispherical energy analyzer (SPECS) and a monochromaticcharging and application of the external bias affect mainly the

Alsource (1486.6 eV). The spectrometer was calibrated to the position position and shape of the C1s peak, while O1s and P2s lines,

of the 3d,, line of §putter-cleaned Ag at a binding energy of 368.25 originating from the deposited ODPA, are less affected.

eV and the Cls line of HOPG at 284.5 &VA pass energy of 30 Multilayer ODPA on the Native Oxide of Silicon. The survey

eV was used for wide-range scans, while 10 or 15 eV pass energieSscan of a silicon sample in the range of-S8DO eV is shown

\g’t?&:ihlézet% Iﬁ; Qégﬂp{gi‘g:gg%y";e;?rfe?segiz'e ﬁ:'inst%";flfjr:’geégi Figure 2, asis that for the sample after deposition of a multilayer
electrical contact. The external electrical bias was applied with a . ?PAtfllrgiThe sk|I|cor:1' sr]arnple .STO\(;VS S;|2p,dS|2?,t.and a I%W'
variable dc power supply connected to the sample holder plate viaM€NSIty ©1S peak, which IS mainly due to adventitious carbon

afeed-through pin, as shown in Figure 1. Electrical bias in the range cOntamination. The O1s peak is observed at about 530 eV (not
of +30 to—30 V was applied. Curve fitting of the core XPS lines Shown in the figure). After deposition of multilayer ODPA, the

was carried out using CasaXPS softwaraith a Gaussiaf relative intensities of the C1s and O1s lines increase concomitantly
Lorentzian product function and a nonlinear Shirley background with adecrease inintensity of the Si2p and Si2s lines. In addition,
subtractior?? a low-intensity P2s peak can also be identified, whereas the P2p
peak is superimposed on the very pronounced plasmon loss peaks
(27) Karadas, F.; Ertas, G.; Suzer JSPhys. Chem. B004 108(4), 1515~ (2hwsg) of silicon at 134 eV.
15%38) Suzer, SAnal. Chem2003 75 (24), 7026-7029. High-resolution XP spectra of S|2_p, Cls,_ z_:md Ols Ime_s were
(29) Tunc, 1.; Suzer, S.; Correa-Duarte, M. A.; Liz-Marzan, L. }.Phys. measured for the silicon sample using positive or negative bias
Chem. B2005 109 (16), 7597-7600. applied to the sample in the rangele30 to—30 V while recording
2352)45'_"’“’9'”0“ N.J.; Sherwood, P. M. urf. Interface Anal200q 29(3), XPS measurements (Supporting Information). No variations of
(31) Seah, M. P.; Gilmore, L. S.: Beamson,&rf. Interface Anal1998 26 Clsor other line-shapes or intensities were observed, indicating
(9), 642-649. that adventitious carbon contamination is very thin and/or uniform.

(32) http://lwww.casaxps.comGasaXPS VAMAS Processing Software . . . . .
(33) D. Briggs, M. P. SPractical Surface Analysis. Volume 1. Auger and Thus, no differential charging is generated during the measure-

X-ray photoelectrospectroscopy; John Wiley and Sons: Chichester, 1990, 233. ments of the native oxide of silicon.



Characterization of Self-Assembled Organic Films Langmuir, Vol. 22, No. 10, 20651

294 291 288 285 282
Binding Energy (eV)

Si2s Sizp o
—
[2])
=
c
=
o)
™
©
-~ -
wn
= | Cls >
s Si - blank G B
= 5 Y
£ £
& PO b
Q ! ! 1
w
=
[}
~N—
=
[l ]

Figure 4. XPS Cl1s core level line of a multilayer ODPA film on
silicon measured concurrently with the application—€20 V dc
electrical bias. The, 3, andy peaks are introduced to fit the curve
and they can be attributed to a number of overlapping lines, which
vary by different values of surface charging.
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Figure 2. Typical survey scan in the 360 eV range of silicon ~
sample (top) and silicon sample after deposition of multilayer ODPA @
film (bottom). g 3
-
o
8
o
—_ g Ir' “’l; 27
7)) E L) K4
2 ¢ B 3
XA B [
S |3 P &
FEE 'y z
- Y --- 120V -~ .
) e ! 1 - oV !
~ 294 292 290 288 286 284 282 ! \ 0 1 Vv [
3‘ Binding Energy (eV) : l‘ -------- 20V : "
w T T T T T T T T Il T T
g -30 -20 -10 0 10 20
< External Bias (Volts)

Figure 5. Plot of (y—a) peak separation vs the applied potential
for the C1s core level lines of a multilayer ODPA film on silicon.

“oV" is the difference in the negative and positive potential after
which there is no further peak separation.

294 292 290 288 286 284 282 o ) )
Binding Energy (eV) application of—20 V external bias leads to the broadening of

Figure 3. XPS C1s core level lines of a multilayer ODPA film on the peaks, and curve-fitting required at least one additional peak

silicon measured concurrently with the application of a dc electrical &t 289.3 eV (denoted gsin Figure 4). _
bias to the sample holder. The binding energy corresponding to the  The fwhm’s offf andy peaks (2.9 and 2.1 eV) are much higher
applied potential has been corrected for the grounded sample. Thethan might be expected for an individual bonding state (ca. 1 eV
insert shows the fit of the C1s line measured without external bias. under the experimental conditions used in the present work).
This can be attributed to the presence of a number of overlapping
The C1s line measured with and without sample biasing for lines which vary according to different amounts of surface
multilayer ODPA deposited on silicon is shown in Figure 3. The charging. Itis observed that application of negative biasincreases
line-shape observed for the unbiased sample is asymmetricalthe broadening of the peak, whereas application of positive bias
with a well-defined shoulder on the higher-binding-energy side. decreases the broadening. The relationship between el
This line may be fit to two peaks, at 285.6 and 286.8 eV, denoted y peaks separation and the external supplied voltage is shown
aso andp, respectively (see the insert in Figure 3). This usually in Figure 5. It can be seen that the application of negative bias
indicates that there are two different types of carbon speciesbelow—25 V or positive bias above 10 V does not affect the
present on the surface. However, on application of a positive peak separation significantlyoV” is defined as the difference
bias, all the peaks merge to produce a single line positioned atbetween these two potentials. The broadening of the peak may
285.6 eV. This is consistent with there being only one type of probably correlate with the thickness of the organic film on the
carbon (aliphatic) present on the surface;dhendg peaks are surface. In this regard, a sigmoidal curve can be fit to these data
caused by differential charging of the surface. Theoretically, this and a correlation can be established between the thickness of the
differential charging can be increased by the application of a organic film and the voltage required to stabilize the peak. In
negative potential; this is observed, as shown in Figure 4. The addition to film thickness, other factors may be present such as
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Figure 6. XPS Cl1s core level lines of a multilayer ODPA film on  applied potential has been subtracted for clarity.
SS measured concurrently with the application of a dc electrical bias
to the sample holder. The binding energy corresponding to the applied L

potential has been subtracted to show a better comparison. SIVODPA Si2s-plasmon

the conductivity and roughness of the surface on whigttan
depend. Further studies have to be carried out to determine this
correlation. Additional control of the flow of the electrons to the
surface may be achieved by using a well-controlled flood gun.
This has been demonstrated by Cohen and co-workers to measure&
the conductivity of the organic layers on the surf&t#It should
also be emphasized that there was no change in the peak shape'g
or intensity of Si2p and Si2s lines, which further indicates that
differential charging originates from variation in thickness of
the deposited organic film on the surface.

Multilayers of ODPA on Stainless Steel and Glass Sub-
strates. The dependence of differential charging and its
compensation by sample biasing on the conductivity of the N e e
substrate was studied for an ODPA film deposited on glassand 196 194 192 190 188 186 184 182 180
SS samples. The effect of external bias on the C1s region of the Binding Energy (eV)

ODPA on SS is shown in Figure 6. An important point here is .

the absence of any clear evidence of surface charging when nd;/9uré 8. Angle-dependent XPS of P2s line of a monolayer ODPA

bias is applied. However, on application of negative bias, there flm on silicon: takeoff angles of 90(top) and 20 (bottom).
pp ; pp g :

iS Clearevidence Of peak broader“ng COnCOm|tantW|th adecreas%harging, and peaks Sh|fted during acqu|s|t|on Th|s made |t

in overall intensity. The application of positive bias reduced the (jfficult to study the effect of differential charging on this sample.

effect of differential charging, and as a result, a higher-intensity Thjs jllustrates the fact that using a positive external bias with

and more Symmetl’iC peak at 285.3 eV was Observed. ThUS, thean ion gauge can be used to Compensate on'y Sma" Charglng

same general trends were observed on application of positiveproplems when a monochromatic X-ray source is used for XPS
and negative sample biases during spectral acquisition either formeasurements.

conductive SS or the semiconductive silicon substrate coated Monolayer of ODPA on Silicon. Monolayer ODPA films
with a thin native oxide film. However, in the case of SS, the ere deposited on the native oxide of silicon and studied using
peak separation is less pronounced compared to that observeghis piasing technique. The C1s region of the Si sample with a
on silicon. Nevertheless, this peak can be fit with a number of monolayer film on the surface measured under different condi-
overlapping lines which vary by different values depending on tjons, 0,—20, and+20 V of external bias, is shown in Figure
their surface charging. The Cl1s region of the blank SS sample7_ |t is evident from the graph that application of positive and
and the sample with monolayer film remained unchanged by the negative bias had no effect on the intensity or shape of the C1s
application of external bias (see Supporting Information). line. However, one might conclude that multiple rinsings with

Not surprisingly, the glass surface had the highestinitial surface sonjcation might have removed any film from the surface, and
charging, as it is an insulating material. Surface charging was therefore, similar results are observed as for a clean surface. This
so intense that the peaks shifted during spectral acquisition. Thenad been ruled out by a detailed quantitative XPS analysis in our
spectra were stabilized by the applicationtdfO V external bias  earlier work, which confirmed the presence of phosphorus on
simultaneously with the operation of a nude ion gauge (as anthe surfacé. Angle resolved studies were conducted in the
electron Source) in the V|C|n|ty of the Sample holder. Detailed phosphorus region’ and as shown in Figure 8' the intensity of
scans, which require h|gher acquisition times, showed increasedthe P2s peak (1921 eV) increased appreciably in the case of

(34) Cohen. HAppl. Phys. LetiZ004 85, 1271 grazin.g incidence (2’9, as compared to normallincidence‘(}.ao

(35) Cohen. H.: Nogues, C.. Zon, I.- LubomirskJl. Appl. Phys2005 97, The Si2p peak remained the same on application of negative and
113701. positive bias as expected.
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Conclusions flood gun to overcome small charging problems that are inherent

Differential surface charging has been used to distinguish © Nigh-resolution monochromatic XPS measurements.

between a multilayer and a monolayer phosphonate film on the Acknowledgment. This research was supported in part by

oxide surfaces of silicon, SS, and glass. A correlation can be ine National Science Foundation. Grant No. CHE-0310178.
established between the thickness of the film and the value of '

the external electrical biasdY) required to stabilize the Supporting Information Available: XPS C1s core level lines
broadening of the C1s core level line in the XP spectra. It has of areference silicon sample measured concurrently with the application
also been demonstrated that the application of a positive biasOf @ dc electrical bias to the sample holder. This material is available
along with the presence of an electron source (ion gauge in the/™€ Of charge via the Internet at http://pubs.acs.org.

vicinity of the sample holder) can act as an inexpensive electron LA053445F



