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XPS Studies of SiQ/Si System under External Bias
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Thermally grown SiQ layers on Si (100) substrate have been subjected to different external voltage bias
during XPS analysis to induce changes in the measured binding energy difference betiwesd S? in

Si2p and S, regions. The Si2p binding energy difference increases from 3.2 to 4.8 for samples containing
1-7 nm oxide thickness, and furthermore, this difference can be influenced by application of an external
bias to the sample. Application of negative d.c. bias increases the binding energy difference, whereas positive
bias decreases it. The voltage dependence of the binding energy difference exhibits a sigmoid character with
an abrupt change near 0 V. Both the binding energy difference and differential change between the positive
and negative bias have similar functional dependence on the thickness. This is attributed to differential charging
between the silicon oxide layer and silicon substrate, which is decreased when a positive bias is applied to
the sample (and therefore attracting a larger proportion of the stray electrons from the vacuum chamber to
partially neutralize the oxide). Similarly, when negative bias is applied, the stray electrons are repelled from
the sample resulting in less neutralization and an increased differential charging. Through external biasing,
it is determined that charging in the SISi system persists all of the way down to 1 nm. Application of a.c.
(square-wave) bias is equivalent to simultaneous application of negative and positive bias together. However,
the differential change in the binding energy difference in the positive and negative cycle is frequency dependent

and approaches to the d.c. results at lower frequencies.

Introduction palladium layer as a result of the elimination of the surface
charging effect.

Charging, most commonly referred to as surface charging,
as a result of the photoelectron emission from insulators, has
been a serious problem since the early developments of XPS
(or ESCA), and various instrumental techniques have been
developed to overcome €21 The most common technique

involves use of a low energy flood gun for charge neutraliza-
tion .22

The SiQ/Si system has been extensively studied using various
spectroscopic techniques. XPS, X-ray photoelectron spectros-
copy, is one of the most popular because of its capability to
differentiate among the various chemical states by means of
experimentally determined chemical shifts. In the $8D
system, the measured chemical shift betweén &nd S? has
been reported to increase (from ca. 3.2 to 5.0 eV) as a function
of the oxide thickness (210 nm). This increase has been the ] i
subject of a long debate and is attributed to various chemical Constructive use of the surface charging phenomenon for
and/or physical paramete¥st! In general, three components structural/chemical determln.atlons has also been. reported.. Lau
contribute to the measured chemical shifts in XPS analysis. Theyand CO'VYorker%gfzg have published a number of articles dealing
are (i) initial-state effects which are mostly chemical, (ii) final- ~ With various aspects of the use of the surface charging for
state effects (extra-atomic relaxation) which are mostly physical extracting structural and/or electrical properties of ultrathin
(environment dependent)’ and (|||) Charging which is extrinsic dielectric films on semiconductors. Thomas et%have used
and instrument dependent. In a review article, lwata and charging to separate the surface spectrum (mainly silicon
Ishizaka2 compiled and discussed these different components. dioxide) from the silicon substrate spectrum (consisting of
They concluded that for the Si®i system with oxide thickness contamination and silicon dioxide on silicon). Elegant use of
of 1, 3, and 4 nm the true chemical shift is 3:00.2 eV, and surface charging for lateral differentiation of mesoscopic layers
the difference from the measured chemical shift {315 eV) and for depth profiling in +10 nm thin layers have recently
stems mostly from charging induced by the photoemission been reporte@ 32 In most of these studies, surface charging
process. Zhang et df;4constructing structurally homogeneous Wwas controlled/varied via a low energy electron flood gun. In a
silicon oxide films consisting of kBigO12 or H1oSiigO1s layers recent report, Havercroft and Sherwéddiemonstrated that
on silicon, claimed to have minimized the initial state effects simple external biasing of the sample holder by a d.c. power
and directly measured magnitude of the final state effects. From supply can also be used to induce differential surface charging.
the analysis of their data, they concluded that the onset of the They showed that sample biasing using a large negative d.c.
charging was 3 nm. In a recent article, Kobayashi et®al. voltage (25-100 V) could be used to identify chemical
reported that the increase of the energy shift on the oxide differences in oxide films on an aluminum alloy. The present
thickness almost disappeared with the deposition of a thin work reports similar but low (£20 V) d.c. (both positive and

negative) or a.c. (square-wave) external biasing to investigate

*To whom correspondence should be addressed. E-mail: suzer@ th€ charging issue in the SiSi system without and with a
fen.bilkent.edu.tr. thin layer of gold deposited.
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Figure 2. XPS spectra of 4 nm SiI5i system recorded without and
with external d.c. bias. The inset shows the Si2p binding energy
difference between the oxide ¢(S) and the substrate $ias a function

of the applied bias together with its first derivative.
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1.8 nw k range used for the Mg & source (6-1250 eV), hence one has
1.5 "m__/—J k to scan the negative binding energy regier860 eV) to record
1on ' . & them. The chemical shift in the Auger region is approximately
108 104 100 96 2 times larger than that in the Si2p region which can be roughly
Binding Energy (eV) attributed to the fact that 2 holes are involved in the Auger
Figure 1. XPS spectra (using non monochromatic Mgkource) of process as opposed to one hole in the photoemission précess.
6 different thermally grown silicon dioxide layers on silicon substrate: A. d.c. Biasing.External biasing with a negative d.c. source
(8) Sizp region and (b) i, region. shifts the absolute position of the peaks to lower binding
energies (increasing their kinetic energy) and a positive d.c.
source to higher energies as shown in Figure 2. More impor-
Oxide layers were grown thermally on HF-cleaned Si (100) tantly, the chemical shift difference between thé*Sind the
substrates at 50TC in air for various duration. Angle-resolved S0 peaks increases under negative bias and decreases under
XPS is used to estimate the thickness of the overl&yiersome positive bias as also shown in the same figure. This difference
measurements, the SiSi system is used for deposition of thin  ynder bias, as shown in the insert, displays a sigmoid character
layers of gold via (i) direct deposition from 0.001 M aqueous around 0 V, and within 2 V, it reaches saturation at both ends.
HAuCI, solution or (i) vapor deposition by sputtering from a  The first derivative of the binding energy difference, which is
gold metal target in a vacuum. A Kratos ES300 electron a|so displayed in the figure, is a Gaussian-like curve with fwhm
spectrometer with Mgk X-rays (nonmonochromatic) is used of 2.0 eV.
for XPS analysis. A typical sample is a ca. 1-mm-thick silicon |n Figure 3, we display the dependence of the binding energy
watfer with dimensions of 4 12 mm. In the standard geometry,  difference on the thickness of the Si@verlayer without and
the sample accepts X-rays at°4&nd emits photoelectrons at  wijth —10 and+10 V external bias. The difference between
90° with respect to its surface plane. The sample can also benegative and positive bias is also plotted in the same figure,
rotated to decrease the emission angle (electron takeoff anglendicating that the externally induced shift, which will be
in order to enhance surface sensitivity (keeping the X-ray- claimed to be due to differential charging later in the discussion
sample-analyzer angle always at’i5The X-ray power was  section, displays a very similar behavior with respect to the
varied from 50 to 300 W to check the flux dependence. Samples thickness of the oxide layer and, more importantly, persists down
were electrically connected both from the top (oxide layer) and to 1 nm. Accordingly, while the binding energy difference
the bottom (silicon substrate) to the sample holder, which was petween Sit and the SI peaks increases from 3.2 to 4.8 eV
grounded or biased with a d.c. (or a.c.) power supply externally. when grounded, the bias induced difference between the
Additional measurements were also carried out where the samplenegative and positive 10V similarly increases from 0 to ca. 0.30
was connected from the bottom-only in order to assess theevy. Furthermore, the bias-induced shifts for the Si2p and the
effects of different connecting/grounding schemes. Sik.. peaks are numerically equal to each other within our
experimental errors. Taking into account that our experimental
error in determining the binding energy difference to be better
Figure 1 depicts Si2p and @i Auger peaks corresponding than 0.03 eV, the measured bias-induced shifts are consider-
to different samples, clearly indicating that the chemical shift able3® It is also interesting to note that Au deposited on the
between Si and S? peak increases as a function of the oxide SiO; overlayer follows exactly the same changes as the overlayer
thickness as has been reported numerous times in the literafure.  itself and not as the silicon substrate (Figure 4).
Because the unmonochromatized X-ray anodes also emit a sub- The bias-induced shifts were observable both when the
stantial amount of continuous energy X-rays (Bremstrahlung), samples were connected from the bottom and top together or
Auger peaks are also abundant in a typical XPS spectrum. Forfrom the bottom-only (by silver paint).
the SiQ/Si system, the kinetic energy of the corresponding,Si B. a.c. Biasing.Application of a square wave (with dif-
peaks are around 1610 eV which fall outside the binding energy ferent frequencies) is equivalent to application of both negative

Experimental Section

Results
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Figure 3. (a)Variation of the Si2p binding energy difference between
the oxide (Si") and the substrate (iwith the thickness of the oxide
layer recorded without and with application L0 and—10 V bias.

(b) Variation of the binding energy difference between the sample
subjected to-10 and+10 V bias with the thickness of the oxide layer.
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Figure 4. XPS spectra of 4 nm SiI5i with gold deposited on the

overlayer without and with-10 and+10 V external bias: (a) Si2p-
Au4f region and (b) SiL region.
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Figure 5. XPS spectra of 4 nm SiSi system recorded without and
with external d.c. bias together with a.c. (square-wave) bias at 3 different
frequencies.
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Figure 6. Schematic diagram of the XPS setup with external bias.

Discussion and Conclusions

During photoemission, electrons are emitted from the sample
and these electrons are replenished via the ground connection.
However, for samples with low electrical conductivity, a net
surface positive charge develops because of a difference between

and positive bias simultaneously as shown in Figure 5. Here the rate of photoemission and rate of replenishment of the

again, the energy difference betweed™Sand S? varies and
becomes larger.

electrons as illustrated in Figure 6. This has been given as the

For high frequencies, the binding energy reason for the increase of the chemical shift between the silicon

differences at the negative cycle and the positive one are similar, oxide layer and the silicon substrété2 However, some of the

but at sufficiently low frequencies (approaching d.c.), the surface charging may be neutralized by stray electrons within
binding energy difference becomes lower and higher at positive the vacuum chamber originating from the X-ray source and/or
and negative cycles, respectively, as shown in the Figure 5jon gauge(s). When the sample is subjected to external negative
revealing an additional frequency dependent (dynamic) com- pias, the stray electrons are repelled from the sample, causing
ponent. an even larger charging and a larger binding energy difference
C. X-ray Flux Dependence.In all of the experiments we  between the oxide and the substrate. When positive bias is
performed, we could not detect any significant dependence onapplied, a larger proportion of the stray electrons are attracted
the flux of the X-rays (between 50 and 300 W) whether toward the sample holder causing a larger proportion of
grounded or under external bias. neutralization (hence a smaller binding energy difference). In
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Binding energy differences betweert'Sand S? for the Si2p
XPS and the $in Auger regions were recently calculated based
on electrostatic theory in which the extra atomic relaxation (or
core screening) was shown to be effective and varied inversely
with the distance from the oxide/Si interfage®® Accordingly,
Kobayashi et al® attributed the Si2p B.E. shift (displaying an
inverse oxide-thickness dependence) to mostly extra atomic
relaxation in the range of €2 nm and claimed to have

determined that the true chemical shift of silicon oxide layer
thicker than 2 nm to be ca. 3.8 eV. For samples thicker than 4
nm, they attributed the B.E. difference to charging which was
modeled using a linear dependence on the thickness and the

(@ d‘;\\\\ \
/AN 0
)N\t

\ 46Tev capacitance of the oxide layer. For samples having a thickness
N e A PRoai from 2to 4 nm, they considered poth thg screening and phgrging
+10V 164 100 104 100 effects together in agreement with their experimental findings.

Binding Energy (eV)

Figure 7. XPS spectra of 4 nm SiZ5i system: (a) recorded without
and with—10 and+10 V bias under 90electron takeoff angle, (a
the Si2p intensity ratio of the oxide (8) to the substrate (9i (b)
recorded at different electron takeoff angles) e intensity ratio
together with the expected 1/sin(electron takeoff angjle).

A similar conclusion was also reached by Zhang é#&twhere

they claimed thatt-SiO; films should not charge until at least
3—4 nm thick under X-ray fluxes similar to those used in their
experiment (206400 W). Our experimental findings for the
functional dependence of the B.E. difference on the oxide
thickness as shown in Figure 3 are in agreement with these
findings. In addition, we show that charging (under similar X-ray
fluxes), as revealed by increase or decrease in the B.E. difference
after application of negative and positive external voltage bias,
. Co T ) respectively, also displays a very similar functional dependence
together with the Gaussian-like derivativesahV fwhm (Figure on it)he thiciness of tﬁe )(/)xide Igyer. We also demonsptrate that

2) also suppo_rt thls argument. the differential charging is effective all of the way down to 1
Another point is that the change of the angular acceptance nm This is in sharp contrast with the earlier clat#3® but is
of the collected electrons with external bias would increase with complete agreement with Iwata and Ishizak@ur finding
a negative bias and decrease with a positive one. Accordingly, s further supported by the fact that when gold is deposited on
an increase in the angular acceptance would lead to an increasgne oxide the Audf peaks shift together with the oxide Si2p
in the surface sensitivity; hence, the 3iGmponents on the  peay indicating that no differential charging exits between the
surface having a higher binding energy would contribute more 6|4 particles and the ultrathin silicon oxide layer, although
leading to an increase in the binding energy difference betweengeyere differential and externally variable charging exists
the oxide and the substrat®?? To check the validity of this  patveen the oxide layer and the silicon substrate.
claim, we have reproduced the intensity ratio of the oxide 1o jance 3 simple external bias can be a very useful diagnostic
fsubstr_ate S.|2p peaks in F|gurg 7: As deplctgd in the flgure- Fhe tool to establish whether differential charging is operative and
intensity ratio stays constant (within the experimental error limits investigate the proximity of the surface atoms (i.e., Au on
which is believed to be around 10%) when the sample is ye oxide) in nanometer scale structures. External biasing can
subjected to-20 to+20 V external bias, although the binding 5154 pe used to differentiate XPS peaks with respect to their
energy difference changes as was already shown in Figure 25015 or spatial distributions or electrical properties in hetero-
Figure 7 also depicts the intensity ratio when the sample is ganeous samples. One disadvantage is that because the number

intentionally rotated to enhance the surface sensitivity. In thiS gensity of the stray electrons (or the secondary electrons emitted)
case, although the ratio followed the expected 1/sin(takeoff jg not controllable we can not expect to completely eliminate

angle) the binding energy difference stayed the s&®ich  na gitferential charging using this simple external bias as
an effect was indeed observed (i.e., increase of the OXIde/Opposed to use of a flood gun.

substrate intensity under negative bias and decrease under ag \yas depicted in Figure 5, there is additional time-

phositive one)bon!y ;vhf(.ar! vlery large biases are aﬁpljlied (More yependent binding energy differences which may lead to extract
than 100 V) but is definitely not operative at small biases. further information like capacitance and/or impedance of these

Another source for these neutralizing slow electrons is the nanometer scale samples using a.c. biasing which will be the
secondary electrons generated within the sample upon X'raysubject of our future investigation(s).

exposure. When a negative bias is applied, more electrons are

emitted increasing the charging. When a positive bias is applied,  Acknowledgment. We are grateful to Dr. Cemal Yalabik

the electrons stay within the sample and are not emitted so thatand Dr. Ahmet Oral of Bilkent Physics Department, Turkey

charging is reduced. and Dr. Hagai Cohen of the Weizmann Institute, Israel for
Whatever the origin of the neutralizing electrons is, the various suggestions and discussions.
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