J. Phys. Chem. B006,110,11371140 1137

X-ray Photoelectron Spectroscopic Analysis of Si Nanoclusters in SiMatrix
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We investigated silicon nanoclusters Si(nc) in a Si@trix prepared by the plasma-enhanced chemical vapor
deposition technique, using X-ray photoelectron spectroscopy (XPS) with external voltage stimuli in both
static and pulsed modes. This method enables us to induce an additional charging shift of 0.8 eV between the
Si2p peaks of the oxide and the underlying silicon, both in static and time-resolved modes, for a silicon
sample containiga 6 nmoxide layer. In the case of the sample containing silicon nanoclusters, both Si2p
peaks of Si(nc) and host Si@ndergo a charging shift that is 1 order of magnitude large5(eV), with no
measurable difference between them (i.e., no differential charging between the silicon nanoclusters and the
oxide matrix could be detected). By use of a measured Auger parameter, we estimate the relaxation energy
of the Si(nc) in the Si@matrix as—0.4 eV, which yields a-0.6 eV shift in the binding energy of the Si(nc)

with respect to that of bulk Si in the opposite direction of the expected quantum size effect. This must be
related to the residual differential charging between the silicon nanoclusters and the oxide host. Therefore,
differential charging is still the biggest obstacle for extracting size-dependent binding energy shifts with XPS
when one uses the oxide peak as the reference.

Introduction (resulting from the contamination on the oxide surfae).
Although this correction brought down the observed binding
energy of the Si" to that of bulk SiQ, there was no internal
reference that could be used for the Si(nc). Normally, smaller

nigues have been developed for their preparation; among thes lusters are expected to exhibit a pos_itive bindin_g energy shift
ion implantation and plasma-enhanced chemical vapor deposi- rom their tzulk_ V?"“es becaus_e of _the_lr smaller size. However,
tion (PECVD) are the most successful technicftésln addition Chen et al.’s finding for the Si2p binding energy suggested ca.
to X-ray diffraction (XRD), scanning electron microscopy and a _.0'6 ev Sh'ﬁ. for the 3'(.) nm S|l(nc) in the Opposite d|rect|qn,
transmission electron microscopy (SEM and TEM), and tun- which they attrl_buted to differential charging between the oxide
neling techniques such as scanning tunneling microscopy (STM)hOSt and the Si(nc). . .

and scanning capacitance microscopy (SCM) have widely been Although accurqte referencing for.the Si(nc) seems hp peless,
employed for optical, electrical, and structural characterization °N€ Practical experimental approaahsing controlied charging

of these nanocluste#83For chemical characterization, spec- " offer some help in th'.s regard._As we reported recently,
troscopic techniques such as IR, Raman,-Xis—NIR, X-ray one can cqntrol the charglrjg of various surface structures by
absorption, and X-ray photoemission have been utili#é8. the application of voltage stlmuh.m static and/or pulsed modes
X-ray photoelectron spectroscopy (XPS) is especially powerful Io th? sa_lmple rod while recordl_ng .XPS spectr&” In th's. .
due to the perfect match of its probe length with the size of c_o_ntrlbutlon, we extend_ our a_lppllcatlon to samples containing
these nanoclusters, and several articles have been publishe&IIICOn nanqclusters Si(nc) in ca. 300 nm- thin §|ﬁms
characterizing the silicon nanoclusters, mostly using the chemi- Prépared using the PECVD technique; we are attempting to offer
cal shifts to derive information about the nature and the chargefurth(_er exp_enmental data for e_Iu0|dat|ng various chemical/
state of Si in the nanoclusters and/or the effect of the surroundingPysical shifts of small nanoparticles measured by XPS.
matrix on these clustefd: 2!

Since silicon nanoclusters are usually embedded in an
insulating matrix, charging is an experimental obstacle to  The silicon-rich oxide films were grown in a PECVD reactor
accurate separation of the various chemical/physical parametergPlasmalab 8510C) on precleaned (001) Si substrates using 180
contributing to the derived chemical shifsIn an attempt to sccm SiH (2% in Np) and 22 sccm N@as precursor gases, at
determine the quantum size effect of the silicon nanoclusters a sample temperature of 35C, a process pressure of 1000
embedded in a SiPmatrix, Chen et al. recently reported the mTorr under an applied RF power of 10 W. Different film
variations observed in the chemical shifts of the five oxidation thicknesses were obtained by growing for calibrated times.
states Si" (n = 0, 1, 2, 3, and 4) during annealing of the Samples were then annealed in a &mosphere in a quartz
nanoclusters, after correcting for charging by using C1s peak oven at temperatures of 980200 °C for 2 h. The samples

- were loaded and unloaded rapidly, resulting in ramp times of
fen*t]—ilcl)(evr\ll{]ce)g]u gorresloondence should be addressed. E-mail: suzer@ gphoyt 1 min. Control samples were prepared in the same way

T Bilkent University, Physics Department. except that N@ flow rate was 180 sccm resulting in near

* Bilkent University, Chemistry Department. stoichiometric SiQfilms. Thickness and the refractive indices

Interest in silicon nanoclusters, Si(nc), is ever increasing due
to their potential for incorporation into micro- and/or optoelec-
tronic devices and systemis? Several physical/chemical tech-
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Figure 1. Relative photoluminescence intensity of the Si(nc) in a ca. ;" kY
300 nm SiQ matrix sample annealed at three different temperatures ; . : *
) : SiO_(stoich.) :
using a 514.5-nm line of an Arlaser. 2 7 5
......»-"'""‘j N\
of all samples were measured using a Rudolph Elipsometer at N,
632 nm, and the thickness values were further verified by using - T 1 1 °© 1
a stylus profilometer. Photoluminescence measurements were 1600 1605 1610 1615 1620

performed using the 514.5-nm line of an"Aaser. Spectra were
collected through a monochromator (Jobin Yvon U1000) using

a PMT with a GaAs photocathode and the necessary photon-Figure 2. Part of the XPS spectrum corresponding to the.SAuger
counting electronics. region of the sample as in Figure 1 before and after annealing at 1100

°C together with a near stoichiometric Si®@ample for comparison.

Kinetic Energy (eV)

A Kratos ES300 electron spectrometer with Mg K-rays
(nonmonochromatic) is used for XPS measurements. The X-raypeaks of the sample before and after annealing at TT0
tube also emits broad and more energetic bremsttrahlung X-rays,Spectrum of a near-stoichiometric Si€ample is also repro-
which lead to production of characteristic Auger peaks (albeit duced for comparison. Since the oxide layer is ca. 300 nm for
with reduced intensity). For Si the more intense components of all these samples, the peak corresponding to the silicon substrate
the Sk, are observed around 1600 eV. A typical sample is a ¢annot be observed. As can be gathered from the figure, for
ca. 2 mm thick wafer with dimensions of4 8 mm:; it is tied the sample containing S(nc) additional features at high kinetic
to the sample rod and the voltage stress (direct current (dc) or€nergy side are present, which become better separated after

pulsed) is applied externally to the sample rod. A filament is annealing. We chose the Auger region to reflect our observations
placed within 5 cm of the sample to supply extra low energy Since it is well known that the chemical shifts between various

electrong® For time-resolved measurements, the bias is stepped®Xidation states are more pr;gsounced (roughly twice) when
and pulsed. During each pulse, 200 measurements with 10-mscompared to Si2p photopeaks.Accordingly, we fit the
resolution are recorded; the voltage is stepped and pulsed forc°MPosite peak to five different components corresponding to
the next 200 measurements until a region is completed. Severaf€ 0: 1, +2, +3, and+4 charge states of Si, using the

; : : PSPEAK95 Version 2.8 Upon annealing two spectral
scans are accumulated for signal averaging. The result is a . . .
collection of 200 time-resolved spec#a?® features emerge, (i) all the suboxides and tljfé;ﬁaks lose

their intensities due to enhanced oxidation during annealing and

(i) the binding energy difference between thé(6¢) and the
Si*t peaks increases, due most probably to better phase

Figure 1 shows the photoluminescence of the sample which separation and, more importantly, to enhanced differential
has ca. 300 nm thick oxide layer (containing also the silicon charging (see the discussion below). As shown in Figure 3, the
nanoparticles) after annealing at 900, 1100, and TZQChis Si2p region is also fitted to 5 components yielding a difference
displays an increasing PL intensity with temperature. Although of 4.3+ 0.1 eV between the §nc) and the Si" peaks. Taking
it is accepted that defects also contribute to PL, defect-relatedthe bulk value of the Si2p binding energy of the $&3 103.4,
PL peaks in oxides and nitrides are known to generally decreasewe obtain 99.1 eV for the Si2p binding energy of the Si(nc) in
with increasing annealing time and temperature. However, Si- this SiQ, matrix, which is—0.2 & 0.1 eV lower than the bulk
(nc) peaks are known to enhance in magnitude and shift towardvalue of Si (99.3 eV).
red due to their increased siz&" Moreover, defect related PL Three physicochemical factors contribute to the obtained
is generally observed between 350 and 600 nm and does nobinding energy shift: (i) quantum size effect which is expected
red shift with annealing. On the basis of the observed enhance-to give a positive shift, (ii) the relaxation effect of the matrix,
ment and red shift of the PL with increasing annealing time defined as the response of the matrix to the photohole created,
and temperature, we conclude that our samples contain siliconthis too is expected to give a positive contribution in the case
nanocrystal$:> Another piece of evidence for the presence of of the silicon oxide matrix, and (iii) to the differential charging
nanocrystals comes from capacitaneeltage (CV) measure-  between the Si(nc) and the oxide host. The Auger parameter
ments. Accordingly, MOS capacitors with bare oxide do not (AP), a, which is defined as the sum of the binding energy of
show any hysteresis in the CV curves, whereas capacitors withthe Si2p peak and the kinetic energy of the corresponding Si
Si(nc) show hysteresis that depends on the nanocrystal densityAuger peak, is another experimental parameter reflecting the
(adjusted by annealing temperatutejhich is also the case for  effects of the particle size, and/or the matrix. In addition, the
the samples used in this work. AP is known to be free from charging effeéfs®?-34 Our

In Figure 2 we show spectra corresponding to the SAuger measured AP for the Si(nc) in the Si@atrix is 1715.1+ 0.1

Results and Discussion



XPS Analysis of Si Nanoclusters in the Si®latrix J. Phys. Chem. B, Vol. 110, No. 3, 2006139

Sixu. smaller than that on Si, which is a furthei0.60 eV smaller

than that on Cu, due to the matrix relaxation efféétSince

our experimental finding reveals the presence of silicon sub-
oxides, there must be few layers of these suboxides in the
immediate vicinity of the Si(nc); these are expected to provide
a smaller relaxation shift than the full oxide, in agreement with
our findings. The contribution of the relaxation effect on binding
energy shift can be estimated using the simple approximation
introduced by Wagner and Thon3&g?

ABEJSi(nc) — Si(bulk)] = —0.2 eV= Ae — ARE

‘ T T T
1610 1615 | 1620 and

.. 1605 ]
Kinetic Energy (eV) ' A JARE 0.84 0.1 6V
[ o= =—0. dle
III ﬁ‘ lI
i ! where,ABE, A¢, andARE are, respectively, the binding energy
si2p F difference, the true chemical shift, and the relaxation energy

difference between the Si(nc) and the bulk Si. From this, we
get a value of-0.4 eV for the relaxation effect, and by use of
the —0.2 eV binding energy difference, we obtain a chemical
shift of Ae = —0.6 £ 0.1 eV for the Si(nc) with respect to bulk
Si. This shift is also in the opposite direction of the expected
guantum-size effedg 3536
To induce further charging/neutralization between the Si(nc)
r i T 7 T " T and the oxide matrix, and to get additional experimental
110 105 100 95 evidence for differential charging between the two, we recorded
Binding Energy (eV) the XPS spectra under external voltage stimuli. In Figure 4 we
Figure 3. Part of the XPS spectrum of the annealed sample corre- Show the Si2p region of the sample annealed at 1300
sponding to Si2p and the @i Auger regions. Both regions are curve- ~ recorded: (i) grounded, (i) undet10 V, and (i) —10 V
fitted to 5 components corresponding td'Sfn = 4, 3, 2, 1, and 0). external bias, together with a silicon sample containing ca. a
6-nm thermal oxide layer for comparison. A small gold metal
eV, slightly lower than the value of the bulk Si (1715.9 eV). strip is attached to both samples for referencing. As we reported
The difference Ao = —0.8 eV) is within the expected earlier for the silicon sample with a thin thermal oxide layer,
magnitude and direction, since it is well established that the the observed binding energy corresponding to the oxide layer
less electronically conducting matrix decreases the AP; for (Si*") is decreased under positive bias (to 3:90.1 eV) and
example, the corresponding value for Al on $i®—1.10 eV increased under negative bias (to £0.1 eV) due to reduced

$10,(300nm)| ° ° ° | Si(nc)

$i0,(6nm)
Si

' ' T 8'{)-10\!

Binding Energy (eV)

Figure 4. The Si2p and the Au4f region underl0 V, ground, and-10 V dc bias for the Si(nc) sample and a silicon sample containing a ca. 6
nm thermal oxide layer included to demonstrate our method of detecting differential charging between the oxide layer and silicon substrate.
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B _ A e prepared by PECVD technique, surprisingly no measurable
binding energy difference between the corresponding Si2p peaks
could be detected. By use of the measured AP difference, we
estimate a—0.4-eV shift for the relaxation energy, and com-
bining it with the determined 4.3 eV shift in the Si2p binding
energy difference between the Si(nc) in the slicon oxide matrix,
we obtain a shift of~ 0.6 eV for the Si(nc) from that of the
74 bulk Si, in the opposite direction of the expected quantum-size
shift. Hence as long as one uses the oxide peak as the reference
to determine the binding energy of the silicon clusters, dif-
ferential charging is still the greatest obstacle to extract size-
dependent binding energy shifts using XPS.
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