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Ellipsometric detection of optically and electron-beam induced changes in
the optical properties of materials
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The main purpose of this paper is to present the results of a preliminary study of the possibility to combine two experimental
methods: ellipsometry and scanning electron microscopy (SEM). Ellipsometry is a well-developed non-destructive contactless method
with great sensitivity to optical properties and/or geometry of the investigated specimens in the direction perpendicular to the interface.
Its lateral resolution, however, is limited by the size of the probe beam and is lesser than what could be achieved with SEM. With regard
to the latter, along with the already exploited interactions (collecting secondary and/or backscattered electrons, cathodoluminescence,
EDX, etc.), electron beam irradiation leads to local temperature changes and carrier injection. Ellipsometric measurement of the sub-
sequent refractive index alteration could be used for visualization of thermal properties with micron resolution. A series of simulations
were performed to study the electron beam heating effect in SEM and to estimate the optimal conditions for its optical detection. Model
experiments were also conducted to confirm the results, obtained by the simulations.
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INTRODUCTION

Ellipsometry is a well-developed method for
studying the optical properties of materials by mea-
suring changes in the polarisation of a probe beam
after interaction (usually reflection) with the speci-
men. It is a contactless and non-destructive technique
that is commonly used not only in science laborato-
ries but in industrial facilities as well. In the context
of ellipsometry a forward and inverse problem are
considered. The latter involves estimating the values
of some of the material properties by interpreting the
measured optical response of the specimen. This is
often a complex problem that has to be solved nu-
merically, but with the contemporary computational
resources and technology it is possible to conduct ac-
curate measurements in real-time. With longitudinal
resolution of 1 Å and less [1], ellipsometry can be
used for high-precision control over thickness of thin
films and layers. However, the signal is averaged over
the entire irradiated area, so the lateral resolution is
limited by the probe beam diameter. Furthermore,
only a single point of the specimen is observed. It
is possible to obtain a raster image of a larger area
by translating the interaction spot over the specimen
(scanning ellipsometry) [2]. Alternatively, a full-field
image can also be achieved with imaging ellipso-
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metry [1] – basically the photodetector is replaced by
a CCD camera, each pixel of which is then used as a
separate detector.

Significantly greater lateral resolution is inher-
ent for SEM – top values are in the range of 1-
10 nm [3]. The specimen is scanned by beam of
accelerated electrons that interact with it in vari-
ous ways. Some of the interactions can be used
to collect data about the material [3]: topology can
be observed by collecting secondary (SE) and/or
backscattered electrons (BSE); elemental composi-
tion can be determined roughly by collecting BSE
and more precisely with energy-dispersive (EDX)
or wavelength-dispersive x-ray spectroscopy (WDX).
However, there are electron-matter interactions that
are still unexploited as data sources, e.g. electron-
beam induced heating of the specimen [4–6] and car-
rier injection. Both effects result in local refractive
index changes, modulated at the scanning frequency.
Such alterations can be detected optically, ellipsomet-
rically in particular.

Our work involves investigating the possibility to
employ a new data source in SEM – the ellipsometric
measurement of local electron-beam induced changes
in the refractive index of the specimen. Although, our
present investigations are focused on thermal effect
modulation, they can be easily extended to carrier in-
jection effect as well. Despite the fact that similar
studies are already present (e.g. thermo- [7, 8] and
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photoreflectance [9, 10], scanning electron acoustic
microscopy (SEAM) [11]), the combination of SEM
and ellipsometry up to our best knowledge has never
been considered. Therefore a series of simulations
have been performed to study the possibility for sig-
nal generation and the optimal conditions for its opti-
cal detection. Furthermore, model experiments have
been conducted to verify and confirm that it is indeed
possible to achieve detectable signal.

THERMAL BALANCE SIMULATIONS

Theoretically speaking, the specimen temperature
should be locally risen by the electron beam irradia-
tion and the heating effect should vanish shortly after
the beam moves to another location. Therefore the
process of signal extraction from this effect is very
similar to the thermoreflectance problem [7,8]. How-
ever the already conducted experiments usually em-
ploy light beams that are collimated or focused by
objective lens from regular optical microscope. In
the case of SEM the diameter of the electron beam
is significantly smaller, so it is possible that the heat-
ing effect would be negligible and therefore impossi-
ble to measure. Furthermore there is a possibility that
the material under examination is too inert (with re-
spect to the heating modulation), which would cause
dephasing of the induced thermal signal and the mod-
ulated incident beam, and additionally trouble the in-
terpretation of the measured results.

All of the mentioned potential problems are pre-
requisites for conducting a more in-depth study of the

Fig. 1. Schematic representation of the set-up used for
the simulations. A cylindrical Si-specimen with diameter
2rs = 5 mm and thickness ds = 1 mm is heated by a beam
(heat flux), with an integral energy of 90 mW, having Gaus-
sian distribution of the energy. The beam diameter d = 6σ

may vary (1 µm ≤ d ≤ 50 µm). The bottom side of the
specimen has constant temperature (293 K), whereas the
other surfaces may cool down via surface-to-ambient radi-
ation mechanism

electron-beam heating effect on micron scale. For
this purpose a series of thermal balance simulations
has been performed by specialised software – COM-
SOL Multiphysics. The simulated experimental setup
is shown in Fig. 1: a cylindrical silicon specimen with
diameter 2rs = 5 mm and thickness ds = 1 mm is con-
sidered.

By means of the simulations, the heat transfer
equation, Eq. (1), is solved(k stands for the mate-
rial’s thermal conductivity, and Qi are all the heat
sources (positive value) and heat sinks (negative sign)
in W/m3 units).

ρCP
dT
dt
−∇ · (k∇T ) = ∑Qi (1)

To reach the desired solution some boundary condi-
tions have been set. The bottom side of the cylindri-
cal shaped sample has constant temperature of 293 K,
which is also considered to be the initial tempera-
ture of the entire specimen. The rest of the surface
is cooled by surface-to-ambient radiation, described
by the following equation:

−~n · (−k∇T ) = εσS
(
T 4

0 −T 4) (2)

The left-hand side of this equation represents the heat
flux through the specimen surface. Since the only
considered in our model way for the specimen to cool
down is radiation, the right-hand side of Eq. (2) is
simply the Stefan-Boltzmann law, applied for grey
body. In the discussed equation ~n is normal vector
to the specimen surface, k is the specimen’s thermal
conductivity, σS is the Stefan-Boltzmann constant and
T0 is the room temperature. The material’s emissivity
ε accounts for the deviation from the black-body ra-
diation model.

Due to heating, the boundary condition for the top
side is slightly more complicated.

−~n · (−k∇T ) = εσS
(
T 4

0 −T 4)+P0G(r,σ)w(t) (3)

Here a Gaussian-distribution G(r,σ) of the energy
is considered, the beam diameter is estimated by the
standard deviation (D = 6σ ). P0 is the integral power
of the heat source and w(t) is a modulation function
that simulates chopping of the heating beam. The
nature of the energy flux source is not defined, so
any result from these simulations apply for both heat
sources: electron and laser beams. This is an impor-
tant notice, as some of our experiments model the
SEM heating effect by introducing a focused laser
beam.

149



S. A. Hadjiiski et al.: Ellipsometric detection of optically and electron-beam induced changes in the optical properties of materials

Fig. 2. Time dependences of the thermal (solid blue line)
and the incident modulated signal (700 Hz, d= 5 mm,
90 mW.) (dashed red line). Modulation is a (smoothed)
square-wave signal that is used to chop the flux of the heat
source. T(k) is the temperature in the center of the heated
area (measured on the specimen surface).

The simulations show that under typical condi-
tions (beam diameter, integral heating power, mod-
ulation, etc.), the expected dephasing between the
modulated incident and the induced thermal signals is
negligible. Representative time dependences for inci-
dent 700 Hz modulated signal, with a beam diame-
ter of 5 micrometers, and integral power of the heat
source 90 mW, and that of the induced thermal signal
are shown in Fig. 2. Simulations covered frequencies
up to 1 kHz and no dephasing was observed even at
the upper boundary. The results show the possibility
of employing a thermoreflectance-like technique for
material investigations.

Fig. 3. Amplitude of the induced signal in the center of the
heated area (see the red plot on Fig. 2), ∆Tmax, as function
of the beam diameter d. The simulations are done for con-
stant modulation frequency of 700 Hz and integral power
of 90 mW of the incident beam.

The possible temperature amplitudes have also
been simulated. A representative plot is shown in
Fig. 3 where the incident beam modulation frequency
of 700 Hz and 90 mW integral incident power were
fixed and the beam diameter was varied. It is ev-
ident that with well focused beam it is possible to
achieve relatively high temperature amplitudes. To
ensure that such temperature changes are measur-
able a simple calculation was performed. For silicon
the thermo-optic coefficient has order of magnitude
dn/dT ∼ 10−4 K−1 [12]. By means of an appro-
priate simulation, the relative changes in the reflec-
tion, R, at normal incidence, caused by infinitesimal
refractive index alteration, could be estimated to be
(dR/dn)/R ∼ 10−1. Therefore the relative reflection
change, caused by temperature variations (see Fig. 3),
is of the order of 10−5 K−1, estimated by the follow-
ing equation:

1
R

dR
dT

=

(
1
R

dR
dn

)
dn
dT

(4)

Hence, if in the experimental set-up a lock-in ampli-
fier with threshold

(∆R
R

)
th ∼ 10−6 is employed, the

discussed relative variation of the reflectance, caused
by the discussed temperature variations (see Fig. 3)
can be considered detectable.

As stated above, the signal detection is optical –
a probe beam is used to measure the changes in the
materials reflection coefficient. Thus another concern
raises – the heating effect could be focused in such a

Fig. 4. Dependence of the induced thermal signal ampli-
tude (see the red plot on Fig. 2), ∆T , on the radial distance
from the beam (heat source) center. The incident beam has
modulation frequency of 700 Hz, integral power 90 mW
and 20 µm diameter.
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tiny area, that it is much smaller than the field, illu-
minated by the probe beam. As already mentioned,
the received signal is integrally averaged over the en-
tire irradiated area, i.e. it is possible that the gen-
erated signal would be too weak for detection even
with the used lock-in amplification methods. There-
fore the radial distribution of the surface temperature
of the specimen has also been examined. Fig. 4 shows
the dependence of the induced thermal signal ampli-
tude on the radial distance from the heating center (all
data points are located on the specimen’s top surface).
Simulation results show that under these conditions
the temperature amplitude is detectably high even at
the distance of 60 µm. Our experience shows that
with the use of standard optics a probe laser beam
of about 200 microns in diameter can be achieved.
Hence, the induced thermal signal, even localized
around the incident beam, could be detected by means
of optical methods.

OPTIMAL CONDITIONS FOR DETECTION OF
THERMALLY-INDUCED ALTERATION OF

THE REFRACTIVE INDEX

Even if one has achieved a measurable SEM
beam heat effect, a lack of optimal experimental
conditions could trouble the success of the experi-
ments. Thus an important part of the current re-
search is to define the optimal conditions for op-
tical detection of the thermally-induced changes in
the refractive index, i.e. to examine the sensitiv-
ity of the ellipsometric angles (ψ,∆) with respect
to the incident angle of the probe beam. The sen-
sitivity of the reflection coefficients for both polar-
izations, Rp and Rs, having more general meaning,
were also investigated, in order to find out whether
optimal conditions exist, at which utilizing simple
model experiments the general idea of the present
work could be tested. Here, the theoretical optical
response of a bulk material is simulated. For each
of the four investigated parameters (ψ,∆,Rp or Rs)

several steps are performed. Let F be any of those 4
parameters, then the simulation steps were as follows:
• Tabulation of F for discreet set of incidence an-

gles, in the interval from 0◦ to 90◦, with a step
of 0.1◦, assuming a constant refractive index;
• Alteration of the refractive index by ∆n= 0.001

and subsequent tabulation of Falt in the same in-
terval as F;
• as the thermo-optic coefficient dn/dT is rela-

tively stable under constant external conditions,
the sensitivity S, with respect to the angle of in-
cidence, φ , can be evaluated by a derivative of
type:

S (φ) =
(

dF
dT

)

φ

≈ dn
dT

Falt (φ)−F (φ)

∆n
(5)

In the simulations, three different types of materi-
als were involved: with real refractive index (glass);
with complex refractive index (gold and silver); sys-
tem with complex refractive index of the substrate and
a dielectric thin layer with known thickness, grown
onto the substrate (SiO2 layer applied onto a silicon
substrate). Representative graphics for the last group
are shown in Fig. 5. Based on the detailed analysis of
the obtained results, the optimal values of the incident
angle depending on the particular investigated optical
parameter were defined (see Table 1).

MODEL EXPERIMENTS

The satisfactory simulation results were a strong
motive for going further and conducting some sim-
ple model experiments. Their main purpose was to
confirm the possibility to achieve optically detectable
changes in the refractive index of a material, induced
by heat source(beam), mimicking the SEM electron
beam interaction with the specimens.

Initial experiments were performed with a set-up,
which scheme is given in Fig. 6, where the heat-
ing effect is achieved by applying square-wave elec-
trical pulses to the specimen (a 20 nm gold layer).

Table 1. Optimal angle of incidence, φopt, and polarization for investigation of different ellipsometric angles (ψ,∆) and
reflection coefficients (Rp,Rs) for different materials

Material With regard to ψ,∆ With regard to Rp,Rs

Glass φopt = 60◦ φopt = 0◦ s-polarization
Silver 65◦ ≤ φopt ≤ 75◦ 0◦ ≤ φopt ≤ 75◦ both
Gold 65◦ ≤ φopt ≤ 75◦ 0◦ ≤ φopt ≤ 75◦ both
Si / SiO2 (5 nm) φopt = 75◦ (narrow interval) φopt = 0◦ s-polarization
Si / SiO2 (180 nm) 55◦ ≤ φopt ≤ 75◦ φopt = 70◦ both
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Fig. 5. Results (simulation) for a thin 180 nm SiO2 layer, grown onto a Si substrate. Dependences on the angle of the
beam incidence, φ , of the optical response of the system with respect to different ellipsometric and optical parameters: a)
The optical response dψ/dn and d∆/dn where ψ and ∆ are the ellipsometric angles and dn is infinitesimal change in the
real part of the refractive index of Si. The complex part, k, as well as the refractive index of SiO2 are considered constant;
b) the optical response with respect to the more general parameters, the reflection coefficients Rp and Rs (same conditions
as a.); c) dψ/dκ and d∆/dκ , where the complex part of the Si refractive index is varied (constant real part and SiO2
refractive index); d) Optical response with respect to Rp and Rs under the same conditions as c.; e) dψ/dn and d∆/dn,
when the refractive index of SiO2 is varied and that of the silicon remains constant; f) Optical response of the system with
respect to Rp and Rs (same conditions as e.).

152



S. A. Hadjiiski et al.: Ellipsometric detection of optically and electron-beam induced changes in the optical properties of materials

Fig. 6. Set-up for the electrically heating sample exper-
iment. A 20 nm thick gold film(specimen) was heated
by square-wave current pulses with chosen frequency and
duty cycle (heating power is approximately 1.3 W). A
658 nm semiconductor laser provided the probe beam. A
lock-in amplifier was used to analyze the signal. The pho-
todetector used was Thorlabs PDA36A.

Refractive index changes were detected by continu-
ous monitoring the intensity of a normally reflected
probe beam. The pulse frequency and duty cycle
could be controlled by the operator. Synchronizing
pulses were also fed from the generator to the lock-
in amplifier, which analyses the signal and measures
its amplitude at low signal-to-noise ratio. Due to in-
sufficient isolation from external noises, good repro-
ducibility of the experiments was not achieved, but
our observations made it evident that variation of the

Fig. 7. Set-up for the laser heating experiment. A pump
laser (532 nm) is focused on the specimen, providing the
heating effect. Incident beam modulation (723 Hz, 50%
duty cycle) is achieved by mechanical chopper. The probe
laser (658 nm) passes through the oculars and the objec-
tive lens, then reflects normally. The photodetector used
was Thorlabs PDA36A. Both laser beams are spectrally
isolated.

pulse amplitude changed the indication of the lock-
in amplifier, i.e. a desired sensitivity of the method
existed. We believe that the generated thermal signal
could be measured, provided that the external noises
are eliminated.

Apart from the expected optical signal, also acous-
tic wave generation was detected. Surprisingly, the
sound was loud enough to be heard by the operator in
a silent laboratory, i.e. the acoustic signal seemed to
be much more intense than the optical one. However,
future use of this side effect is yet to be discussed,
since the sound waves, which were generated in our
experiment in air, have to be detected in appropriate
manner, since the experiments in SEM chamber are
carried out under vacuum. Similar results have been
obtained before, and an entire experimental technique
has been developed, known as SEAM [11].

A second series of experiment was also con-
ducted. The experimental set-up ( Fig. 7) was built to
better resemble the real experimental conditions. As
heat source, a laser beam (semiconductor laser with
wavelength of 658 nm) was used, which modulation
was achieved by mechanical chopper. For more sta-
ble and easily constructed assembly, a standard opti-
cal microscope was used. Its objective lenses focus
both the probe and the pump laser beams on the spec-
imen surface. To spectrally isolate the beams colour
filters were used.

The probe laser beam passes through one of the
oculars, and then normally reflected beam (from
the specimen surface) reaches the photodetector,
mounted into the other ocular. The signal is once
again analyzed by a lock-in amplifier. A total of two
materials were examined: silicon and indium phos-
phide plates. The obtained initial results are shown
in Table 2. Despite the small amount of conducted
experiments, a good data reproducibility under con-
stant conditions was observed. However, there were

Table 2. Experimental values of relative reflection coeffi-
cient, ∆R/R, with respect to the gain, B, of the photode-
tector, for two different samples, obtained by the set-up,
shown in Fig. 7

.
Specimen (∆R/R)×106 B, dB

Si 25 60
InP 10 50
InP 7 50
InP 20 60
InP 16 60
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still external noise sources present, e.g. the vibrations
of the mechanical chopper. An interesting observa-
tion was the non-linearity of the gathered signal – al-
though the relative reflection coefficient changes were
measured (∆R/R), different gain levels of the detec-
tor’s pre-amplifier yielded different signal amplitudes
(see Table 2). This result is still to be investigated,
since the DC signal levels were well below the detec-
tor’s saturation cap in all measurements.

CONCLUSIONS

In general, heating effect and/or carrier injection
induced by accelerated electrons, result in material re-
fractive index variation. The possibility to detect such
alterations by means of optical methods and in par-
ticular with ellipsometry, was investigated. A series
of simulations has been performed, and the results
confirmed that detectable signal could be generated,
when a heat effect appeared in a sample, heated by
a beam (heat source). Another series of simulations
helped one to find the optimal condition for signal
detection. Based on these results, two simple set-ups
were built up and model experiments were conducted.
The experimental results confirm in general, the sen-
sitivity of the reflection coefficient to the induced, by
the heat, local optical properties changes. Thus it is
noteworthy to continue the research with new, more
realistic experiments, e.g. measuring the optical re-
sponse under high vacuum and moving on to deter-
mine the ellipsometric angles instead of reflection co-
efficient.
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ЕЛИПСОМЕТРИЧНА ДЕТЕКЦИЯ НА ОПТИЧНО И ЕЛЕКТРОННО-ЛЪЧЕВО ИНДУЦИРАНО
ИЗМЕНЕНИЕ НА ОПТИЧНИТЕ СВОЙСТВА НА МАТЕРИАЛИ И СТРУКТУРИ
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(Резюме)

Целта на тази работа е предварителноизследване на възможността за съчетаване на предимствата на две различни експери-
ментални техники – елипсометрия и сканираща електронна микроскопия (СЕМ). Елипсометрията е добре развит безконтактен
и безразрушителен метод с много добра чувствителност по отношение на изменение на оптичните свойства и/или геометрия-
та, перпендикулярно на интерфейса, но има ограничена разделителна способност в равнината. От друга страна СЕМ предлага
много по-добра разделителна способност, като обикновено детектирания сигнал са вторични или обратно разсеяни електрони,
фотони (катодолуминесценция) или рентгеново лъчение (EDX). В допълнение, взаимодействието на електронния лъч с повър-
хността на образеца води до локално изменение на температурата и до инжекция на токоносители. Това от своя страна изменя
локално показателя на пречупване и може да бъде детектирано по принцип елипсометрично, давайки възможност за визуали-
зация на термичните свойства с микронна разделителна способност.

Проведени са редица симулации за изучаване на електронно-лъчевото загряване в СЕМ и са изследвани оптималните усло-
вия за оптична детекция. Поставени са и моделни експерименти, потвърждаващи получените от симулациите данни.
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