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Electron-induced x-ray emission spectroscqKES) associate with a semi-empirical electron
scattering model is used to determine thicknesses between 2 and 21 nm,dfli&8on Si. The

small charging effect occurring upon electron irradiation is taken into account by introducing a
retarding potential in the model. The results are in very close agreement with those obtained by
spectroscopic ellipsometry and x-ray reflectometry. It is demonstrated that the EXES with its model
is a well-suited method for the quantitative analysis of thin insulating films with an uncertainty
lower than 5%. ©2002 American Institute of Physic§DOI: 10.1063/1.1511281

The new generation of electronic devices has led to thelectron energies. Previous quantitative models do not permit
down-scaling in the dimensions of the complementarygood performances in the low electron energy5(keV) and
metal—oxide—semiconduct@@MOS). This down-scaling re- low overvoltages E,/E;<1.2) used in our case. In order to
guires accurate quantitative measurements with depth resoperate in these conditions, a simulation model for the low
lution of a few nanometers or better. There is only a smallenergy electron region at high depth resolution was
number of techniqués® with such a resolution. Most of the developed:® In this model the target is cut in imaginary
surface technigues use electrons as incident or detected palices along planes parallel to the sample surface. Electrons
ticles, because of their continuous slowing down in the materossing such an elementary layer of thicknésslocated at
ter and their short path relative to photons. In such casedepthz, are scattered back and forth between two virtual
however, these techniques become sensitive to the chargipdanes. The depth distribution of the ionizations in this el-
effect, and the analysis of insulating sample can be difffcult. ementary layer results in the sum of the contribution of all
We propose to use the electron-induced x-ray emission spethe electrons that are transmitted, backscattered, and trans-
troscopy (EXES) associated with a semi-empirical electron mitted a second time. The model takes into account the
scattering model taking into account the charging effect tgphysical parameters that describe the electron—matter inter-
perform high depth resolution quantitative analysis of veryaction, such as the electron transmission and backscattering
thin SiO, films on Si. We compare our results with those coefficients® the electron enerdyand anguldt distributions,
obtained by spectroscopic ellipsometry and x-ray reflectomand the ionization cross sectioht. also takes into account
etry to demonstrate the good performances of the EXE$he absorption of the outgoing photons in the sample. This
method. model is used in order to carry out the quantitative analysis

The EXES is a nondestructive technique in which theof homogeneous or stratified samples, pure or comflex.
sample is irradiated by an electron beam. Following the ion-  When a nonconducting material is irradiated by an elec-
ization of the analyzed element, characteristic x-rays aréron beam, charging phenomena can occur. An electric field
emitted. By increasing the electron energy from the ionizais built up in the material by the electrons trapped below the
tion energyEg up to several times this energy, the analyzedsurface, which can modify the parameters of the electron—
thickness(i.e., the thickness for which primary electrons matter interaction. The consequence is that the shape of the
have an energy greater than the emission threshold energipn-depth distribution function of the characteristic x-ray pro-
can be varied from a few nanometéi®., the surface zone duction is distorted!"**The distortion is due to the fact that
up to a depth of several hundreds of nanometers. This erthe retarding electric field induces a slowing down of the
ables us to probe samples with inhomogeneous depth. incident electrons and their deflection in the sample. This

The quantitative interpretation of the x-ray intensity re-reduces the penetration depth. Thus, the charging effect in-
quires appropriate models for describing electron—matter induces changes in measurable quantities such as the back-
teraction. The aim of these models is to reproduce the inscattering coefficient and the x-ray signal. We have used the
depth distribution of the ionizations in a wide range of formalism developed by Cazatixand assumed a steady

charge distribution. The sample surface is irradiated with a
0n leave to CAMECA, 103 Boulevard Saint Denis, BP 86, beam whose qimenSions .ar.e far larger than the maXimum
F-92403 Courbevoie cedex, France. depth penetratior,, of the incident electron. In our analyti-
YElectronic mail: jonnard@ccr.jussieu.fr cal conditions, the irradiated sample surface is about 4 cm
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Thus, the electric field depends only on the depth. The elecFABLE I. Comparison of the thicknesén nm) of the SiQ films as deter-

tric field built u inside the material is aCCOI’dIng to mined from the simulation of the EXES experiments and by ellipsometry
P ! and x-ray reflectometry.

Cazaux!
EXES Ellipsometry Reflectometry
) 2]
V=Vyl|l=—| —2|=—|]|, 1.9+0.1 1.9-0.5 1.90- 0.04
Zm Zm 10.4+0.2 9.5-1.0 10.8-0.2
: 13.0+0.3 13.0:1.0 13.0:0.3
with 21.0+0.6 21.0-1.0 22.0-0.4
VM = - FMZM/Z,
whereF ), is a constant and where R is reflectivity of the rough surface anB
=|rg|? is reflectivity of an ideally smooth surface. Experi-
zy=C(Ey—Eg)/p, mentally one measures the reflectivRy=|r|2. The angular

. . : 14 dependent reflectivity spectra were evaluated by least-
where_C Isa cons_tanlm IS a_consta_nt which qlepends By quares fits of the theyoretical curves to the measurements by
andp is the density of the insulating material. . : i : .

As we have seen, the major phenomenon is the SIOWir]varymg the followm_g paramete_rs. the dielectric cpnstant, the

. . : s roughness height and thickness of the ,Sfin, the
down of electrons, which decreases their penetration dep%." . f the substrate. and the rms roughness at
from zy, to zy, . Thus, by introducing the retarding potential |e|¢ctr|c constant o ’ . ghne
V,, in the former equation: the mFerface betwgen the substrgte and fllm. Ip a first itera-

M ' tion, fits were carried out for which the film thickness, the
z,,=C[ER— (Es+eVy)"|/p. values of the surface a'nd interface.roughness, as'well as
optical constants of the film, were varied. Thus the thickness
Note that this correction can be applied to the case of posief the film (see Table)l and the roughness could be deter-
tive charging(accelerating potentigby changing the sign of mined. Finally, the optical constants of the film have been
V- fitted again with fixed values for thickness and roughness.

With the aim of studying the potential applicability of The x-ray spectra are measured with a wavelength dis-
the EXES method, measurements of the x-ray intensity emitpersive spectromet€rusing a TIAP(001) crystal at the first
ted by thin films of known composition are performed. Thereflection order. Excitation curves, that is, the intensity of the
samples consist of SiCfilms, 1.9, 9.5, 13, and 21 nm thick, characteristic <, x-ray emission as a function of the inci-
produced by dry oxidation of silico11l) single crystals. dent electron energl, from 0.53 up to 5 keV, are measured
From the x-ray measurements and the electron scatterinigr the various Si@/Si samples. A beam current density of
model, the thicknesses are determined and compared withmA/cn? is applied. The presented excitation curves are the
those obtained by ellipsometry and reflectometry used as rekccumulation of about four excitation curves with a 15 s
erences. acquisition time for each electron energy level. The stability

The spectroscopic ellipsometry is widely used to controlof the x-ray intensity along these curves was carefully
the thickness and the optical properties of thin films. In thischecked and no evolution has been detected. The intensity of
method, the amplitude and phase changes of a polarized réhe OK, emission of a 120-nm-thick Si@Si standard
diation are measured after reflection on the sanle. sample is used to calibrate the intensity scale.

Concerning reflectometry experiments, the optical con-  The experimental intensities for the samples are com-
stants of amorphous SjGand Si have been calculated from pared in Fig. 1 to those calculated by the electron scattering
reflectivity measurements as a function of the glancing anglenodel and found to be in close agreement. For all the
6. The data were derived using a recursion equafidhFor ~ samples, the intensity begins to increase and then decreases
a single layer(indicated by subscrip€) of thicknessd and
dielectric constant, located between the incident medium
(vacuum indicated by subscript) and an unbounded me-
dium (semi-infinite substrate indicated by subscrit the
reflection coefficient is written

w
rv€+rfsexp<2id E\/Eg_cog 0)

w )
1+rv€rfsexp<2id E\/E"_COE 0)

where f; is the Fresnel coefficient at the interface be-
tweeni andj and w/c is the wave number in vacuum. Ac- 0
cording to the theory of Beckmann and SpizzichtAdhe
specular reflectivity of a sample with a statistical rough sur-

face with a rms height of the surface roughnes's FIG. 1. OK, intensity as a function of the electron energy for the various
SiO, /Si samples. The indicated SjGhicknesses are those deduced from
cu 2 the ellipsometry measurements. Dots: EXES experiments normalized for
R=R-Xexy —!|2—asine 1 mA/cn? and 30 s; line: simulations performed with the semi-empirical
’ " ' \ (o} J ' electron scattering model taking into account the charging effect.
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for Eq greater than 2—3 keV. Indeed, as soon as the electrorihin films with an uncertainty lower than 5% for the thick-
reach the surface the characteristic x-ray line is emittedness determination.

However, the intensity decreases because the ionization cross )
section decreases, and at high energies the film thickness js 1N€ authors wish to thank Professor C. Bonnelle and Dr.
smaller than the analyzed one. The intensity threshold takes M- Andrefor valuable discussions and their help. One of
place at the energy threshold of thekQ emission(i.e., for ~ US (C. H.) wishes to thank the support given by CAMECA
an electron energy equal to the © hinding energy. This ~ @1d ANVAR (No. 9604165 Q AT.

shows that the potential at the surface of the sample is zero

and that the Cazaux’s model can be applied.
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