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A space-charge region (SCR) can develop in silicon due to the presence of built-in charges in

dielectric thin films that are used in silicon-based device architectures. To study both the strength

and polarity of the electric field in such a SCR, the authors performed second-harmonic (SH)

generation spectroscopy in the vicinity of the E1 critical point (2.7–3.5 eV) of silicon. As multiple

contributions add coherently to SH intensity spectra, the electric-field-induced contribution cannot

always be distinguished unambiguously from the intensity data in the absence of complementary

phase information. Combined SH intensity and phase measurements were therefore performed to

resolve this ambiguity. Using a coherent superposition of critical-point-like resonances with

excitonic line shapes, the intensity and phase spectra of several SiO2- and Al2O3-based samples

were simultaneously modeled. This analysis reveals that not only the polarity of the space-charge

field can be determined unambiguously but also that the sensitivity to the electric field strength is

significantly enhanced. VC 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4862145]

I. INTRODUCTION

The performance of modern silicon-based semiconductor

devices is highly affected by the presence (either intentionally

or not) of built-in charges in (high-j) dielectric thin films. This

is mainly due to the fact that such charges lead to the develop-

ment of a space-charge region (SCR) in crystalline silicon at

the dielectric interface.1–5 A fundamental insight into the influ-

ence of built-in charges on the silicon SCR is therefore of

prime importance. This implies that it is desirable to directly

measure the strength and polarity of the space-charge field

with high sensitivity. A very suitable technique in this respect

is optical second-harmonic generation (SHG) due to its con-

tactless and background-free character.6–10 Besides being

directly sensitive to the electric field in the silicon SCR,

through the effect of electric-field-induced SHG (EFISH), this

technique is also interface specific for centrosymmetric media

such as crystalline silicon and amorphous materials.11 To char-

acterize the space-charge field under steady-state conditions, it

is necessary to carry out spectroscopic second-harmonic (SH)

intensity measurements.12–14

In case of silicon covered with transparent oxide films,

the frequency dependence of the SH intensity is typically

composed of multiple contributions that are related to the sil-

icon interface and to the electric field in the silicon SCR.11,12

Due to interference phenomena caused by the phase differ-

ence between the various contributions, it is virtually impos-

sible to directly distinguish between them from the

spectroscopic data. Moreover, when only performing SH in-

tensity measurements direct information on the phase of

each contribution is lost by definition.15 This implies that the

strength of the space-charge field, which is related to the

EFISH intensity, and the polarity of the space-charge field,

which is related to phase of the EFISH contribution, can also

not be determined directly.12,13,16 One way to isolate the

interfering contributions is by using a critical-point (CP)

model, which describes the SH intensity spectrum by a

coherent superposition of CP-like resonances with excitonic

line shapes.17 These line shapes are defined by an amplitude,

a resonance energy, a linewidth (or broadening), and exci-

tonic phase. The excitonic parameters of each contribution

are used to fit the model to the intensity data. However, due

to the large number of adjustable parameters, the various

contributions can still not be unambiguously isolated.

Information can then only be extracted when certain parame-

ters of the excitonic line shapes are known in advance, for

example, the resonance energy, or when other sound

assumptions can be made, for example, about the absence of

a specific contribution depending on the experimental con-

figuration. Furthermore, the excitonic phase in the model is

an indirect parameter with respect to the SH intensity. To

solve the ambiguity, the measurement of the complementary

phase of the SH radiation is required.18,19

In this paper, we show that combined second-harmonic

intensity and phase spectroscopy allows for the unambiguous

determination of the polarity of the space-charge field and

also leads to a significant enhancement in the sensitivity to

the field strength.

II. SAMPLE CHOICE AND PREPARATION

SH intensity and phase spectra were obtained for four

SiO2- and Al2O3-based samples. These samples were

selected because they contain different number densities of

built-in charges. This sample choice allows us to highlight

the benefit of simultaneously modeling intensity and phase

data in terms of extracting the EFISH intensity and phase.

Table I shows the details of each sample, their built-in

charge density Qbuilt-in, and the sample names for further

reference. All sample structures are of relevance for photo-

voltaic and microelectronic devices.2,20–23

a)Author to whom correspondence should be addressed. Electronic mail:

w.m.m.kessels@tue.nl
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Ultrathin SiO2 films were prepared by atomic layer depo-

sition (ALD), at a substrate temperature of �200 �C, using

ultrashort doses (<100 ms) of H2Si[N(C2H5)2]2 (SAM.24,

Air Liquide) and a few seconds of O2 plasma exposure that

were separated by Ar purges.2 A thicker SiO2 film was

grown by wet thermal oxidation via the exposure of a silicon

wafer to H2O vapor at a substrate temperature of �900 �C.

Thin Al2O3 films with a nominal thickness of (31.5 6 0.5)

nm were prepared by plasma ALD, at a substrate tempera-

ture of �200 �C, using Al(CH3)3 as the metal precursor and

O2 as the plasma gas.24 The films were deposited at both

sides of float zone Si(100) wafers (n- or p-type, 2–3 X�cm,

280 lm) preceded by a HF dip to obtain a H-terminated sur-

face. After deposition, samples A, B, and C received a post-

deposition anneal for 10 min. at 400 �C in N2, whereas

sample D received a forming-gas anneal for 10–20 min. at

400 �C using a mixture of 10% H2 in N2.

Note that the samples have been characterized “as-

processed” without fabricating a device structure, which

might impact the intrinsic sample properties.

III. PHASE-SENSITIVE MEASUREMENTS

A. Principles

SH phase-sensitive techniques are generally based on the

principle of interference between a SH reference pulse and

the SH pulse generated at the sample of interest. The inter-

ference can be either recorded in the time15,19,25 or in the

spectral18,26,27 domain. For the work described here, we

adopted the time-domain variant. In this variant, the SH ref-

erence pulse is typically generated in a spectrally flat nonlin-

ear film (e.g., indium tin oxide or tricyanovinylaniline

polymer) on a glass substrate, which is placed in the incident

fundamental beam of a narrowband pulsed laser. The SH ref-

erence pulse generated in transmission interferes with the

SH pulse generated at the sample in reflection. By changing

the optical phase delay between the fundamental and SH ref-

erence pulses a time-domain interferogram is obtained from

which the total phase of the interfering SH radiation can be

deduced.15,19 In our work, the phase delay is changed by

sequentially changing the distance between the reference

and the sample as schematically depicted in Fig. 1. The

phase difference (/) between the SH reference pulse and the

SH pulse generated in the sample of interest is measured.

Note that the optical phase delay (Dk�d) is predominantly

introduced due to the difference in propagation velocity

between the fundamental and SH reference pulse in the me-

dium (air in this work) that is present between the reference

and sample.

B. Implementation of the interferometric setup

To change the distance between the reference and the

sample a computer-controlled translation stage (Thorlabs

LTS300S, D¼ 300 mm, d¼ 4 lm) is used. As the phase ref-

erence sample we use a (100 6 25) nm thick film of indium

tin oxide (ITO) on a �1 mm thick glass substrate. According

to Dolgova et al.,19,28 the choice of ITO, with this thickness,

satisfies the conditions for a reference sample that it is (1)

thin enough to avoid Maker fringes in the SH response while

tuning the fundamental wavelength, (2) optically inactive to

conserve the polarization state of the fundamental radiation

as it passes through it, and (3) has no resonant features

TABLE I. Properties of each sample. Sample A is an Al2O3 film deposited

directly on silicon with an interfacial SiO2 present. Samples B and C are

ALD-prepared stacks of Si/SiO2/Al2O3 with intentionally grown SiO2 inter-

layers. Sample D is a SiO2 film obtained from wet thermal oxidation of sili-

con, which contains no Al2O3 film. The film thicknesses were obtained from

spectroscopic ellipsometry (Ref. 43). Note that the negative built-in charges

in the dielectric films induce a positive space-charge region in silicon for all

samples. The strength of the corresponding space-charge field reduces from

samples A to D.

Sample

name

Silicon

type tSiO2
(nm) SiO2 type tAl2O3

(nm) Qbuilt-in (cm�2)

A p 1.5 6 0.5 Interfacial 31.5 6 0.5 �5.8� 1012a

B p 4.7 6 0.5 Plasma ALD 31.5 6 0.5 �1.4� 1012b

C p 10.8 6 0.5 Plasma ALD 31.5 6 0.5 �2.0� 1011b

D n 47.0 6 0.5 Wet thermal — �7.8� 1010c

aValue from Ref. 21.
bValue from Ref. 43.
cValue estimated in this work.

FIG. 1. (Color online) Principle of inducing an optical phase delay (Dk�d)

between the fundamental (x) and SH reference pulse (2x) by using the dis-

persion of the propagation velocity of optical radiation in air, with Dk the

phase-mismatch parameter [cf. Eq. (3)]. The phase difference (/) between

the SH reference pulse and the SH pulse generated in the sample of interest

is measured. The process is shown at different moments in time (t) with

t0< t1< t2. For clarity, the generation of SH radiation at the sample of inter-

est is sketched in transmission mode whereas the actual setup is in reflection

mode.
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within the wavelength range of both the fundamental and SH

radiation applied in this work. Figure 2 shows a schematic

representation of the interferometric setup.

The phase reference sample, from this point onwards

referred to as the reference, is placed in the incident funda-

mental beam between the lens and the sample with the ITO

film facing the sample. Positioning the reference in this way

ensures that the phase shift remains small since the SH

radiation generated in the ITO by the fundamental beam

does not pass through the highly dispersive glass substrate.

Furthermore, the reference sample is placed at an oblique

angle to prevent SH radiation from multiple passes of the

fundamental beam in the ITO film to become part of the pri-

mary transmitted reference pulse. The reference signal is

collinear with the fundamental beam and as such reflected

by the sample. After passing through the reference the

focused fundamental beam generates also a SH signal at the

sample in reflection. The SH signal of both the reference and

sample are directed toward the detector where their interfer-

ence is measured.

Spectroscopic measurements were performed using

p-polarized femtosecond (�90 fs) laser radiation from a

Ti:sapphire oscillator (Spectra-Physics Tsunami), tunable in

the 1.33–1.75 eV photon energy range, and focused on the

sample at a 35� angle of incidence to a beam waist of

�100 lm. SH radiation generated in reflection, using a flu-

ence at the sample of �1–4 lJ�cm�2 per pulse, was separated

from the fundamental radiation using optical and spatial fil-

tering and detected in p-polarization with a photomultiplier

tube (PMT) connected to single photon counting electron-

ics.29 The SHG data are represented in terms of the SH

intensity as calculated from the detected SH signal after cor-

rection for the applied laser intensity and the response of the

optical system. The optical response comprises the optical

transmission of the colored glass filters and the polarizer in

the exit beam path and the quantum efficiency of the PMT.

In all experiments, the Si(100) substrates were oriented with

the [011] crystal axis parallel to the plane of incidence of the

laser beam. In case of the phase measurements, the SH inten-

sity is obtained at every set position of the translation stage

for each fundamental wavelength. This results in a spectrum

of interferograms from which a phase spectrum can be

extracted.

C. Analysis of the interferometric data

Figure 3 shows the type of interferograms typically

obtained from the interferometric measurements at four dif-

ferent two-photon energies. The data is obtained from a

SiO2/Al2O3 thin film stack on a silicon substrate (sample B

in Table I). For clarity, the interferograms are offset verti-

cally. They all clearly show the expected oscillations of the

SH intensity as a function of the reference position. More

specifically, it can be observed that the amplitude of the

oscillations increases when the distance between the refer-

ence and the sample becomes smaller. This is due to the fact

that the focusing on the reference improves when moving it

toward the sample, which leads to an enhanced SH response

from the reference. It is important, however, that the signal

from the sample and reference remain more or less equal. If

either of the two signals dominates the total response, the in-

terference effect, which causes the oscillations, is lost. In the

situation that the reference signal would be dominant an

exponential-like [cf. Eq. (1)] increase is observed for

decreasing distance. Because, in the case of the interfero-

grams in Fig. 3, the oscillations dominate even when the

FIG. 2. (Color online) Schematic representation of the interferometric setup.

The fundamental radiation (x) generates a SH signal at the ITO reference

sample (2xref) and at the sample (2xsample) of interest. The distance d is var-

ied by using a computer-controlled translation stage to accurately change

the optical phase delay between the fundamental radiation and the SH radia-

tion of the reference at x¼ 0. Note that the focus of the fundamental beam

changes within the translation range of the reference sample.

FIG. 3. (Color online) Interferograms obtained for sample B at four different

two-photon energies. The solid lines are fits to the data according to Eq. (1).

For clarity, a vertical offset is applied to the interferograms. (a) The SH

intensity as function of reference position d, and (b) the SH intensity as func-

tion of dimensionless parameter Dk�d, which allows to highlight the shift in

the total SH relative phase D/ between the different two-photon energies.
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reference is closest to the sample, the ratio between the sig-

nals appears to be fairly optimal. It can be also seen that the

amplitude of the oscillations depends on the two-photon

energy. This is primarily caused by the change in the ratio

between the signal from the sample and the reference due to

the spectral response of silicon. The oscillation period is

determined by the optical dispersion of air. In Fig. 3(a), the

exact position of the minima and maxima depend on the op-

tical dispersion as well as the total SH relative phase. By

plotting the SH intensity as function of the dimensionless pa-

rameter Dk�d, with Dk the phase-mismatch parameter, only

the total SH relative phase / determines the position of the

extrema. The shift in the extrema between the different

two-photon energies is now directly related to the change in

total SH relative phase D/ as indicated in Fig. 3(b).

To extract the total SH relative phase / from each indi-

vidual interferogram, the data are reproduced by

I2x dð Þ ¼ jE2x
samplej

2 þ
���� E2x

reference

1þ d=d0ð Þ2

����
2

þ 2jE2x
samplej

���� E2x
reference

1þ d=d0ð Þ2

����cos Dk � d þ /ð Þ; (1)

where d is the distance between the two samples (see Fig. 2)

and I2xðdÞ is the distance-dependent SH intensity. In this

equation, E2x
sample and E2x

reference are the SH electric fields gen-

erated at the sample and at the reference, respectively. The

total SH relative phase is given as

/ ¼ /v
sample þ /prop

sample � /v
ref � /prop

ref ; (2)

with /v
sample and /v

ref the relative phase of the SH signal from

the sample and reference, respectively, and /prop
sample and /prop

ref

the phase shifts caused by the propagation of the SH radia-

tion through the thin-film-system. The factor ½1þ ðd=d0Þ2��1

in Eq. (1) describes Gaussian beam focusing, in which d0 is

the Rayleigh length, and it corrects for the changing spot

size on the reference when traversing the distance d. The

phase-mismatch parameter Dk describes the propagation

delay in air between the fundamental and SH radiation from

the reference and is defined as

Dk ¼ 4p
kx

0

Dn ¼ 4p
kx

0

n2x
air � nx

air

� �
; (3)

where kx
0 is the fundamental wavelength in vacuum, and Dn

is the difference between the refractive index of air at the SH

(n2x
air ) and fundamental (nx

air) wavelength. Using tabulated

dispersion data for the refractive index of air the oscillation

length can be calculated.30 This can be used to estimate the

number of oscillation periods expected for a given travel

range of the stage. With a travel range of �8 cm in our

experiments, the number of oscillation periods expected for

a fundamental wavelength of 800 nm is approximately one

and a half. This is indeed observed for the curve in Fig. 3 at

a two-photon energy of 3.1 eV which corresponds to a funda-

mental wavelength of 800 nm. At least one oscillation period

should be acquired to accurately obtain the total SH relative

phase from fitting Eq. (1) to the interferometric data.

Consequently, the number of oscillation periods between

one and two in our data, as depending on the fundamental

wavelength, is sufficient.

The solid lines in Fig. 3 are the result of fitting Eq. (1) to the

experimental data using E2x
sample, E2x

reference, d0, Dk, and / as fit

parameters. Starting values for the parameters are estimated

from the characteristics of the interferograms and from Eq. (3)

using known values for the refractive index of air. Each inter-

ferogram is fitted separately because all parameters depend on

the photon energy. Although the SH response of the reference

is expected to be spectrally flat this is not a priori imposed by

using a single fit parameter E2x
reference for all interferograms.19,28

Thus, if the tail of the resonance of ITO at �6.5 eV has some

influence on the measurements within the applied two-photon

energy range (2.9–3.5 eV) it can be accounted for. An excel-

lent agreement between the data and the model can be

observed for all the interferograms. By performing the analysis

for each wavelength at which an interferogram has been meas-

ured, the frequency dependence of the fit parameters of interest

can be obtained. Figure 4 shows the total SH relative phase /,

the phase-mismatch parameter Dk, and the SH intensity of the

FIG. 4. (Color online) Total SH relative phase / (top panel), the SH intensity

I2x (middle panel), and phase-mismatch parameter Dk (bottom panel) as a

function of two-photon energy. The individual data points were acquired by

fitting the interferograms obtained for sample B using Eq. (1). The solid line

in (b) represents intensity data of the sample acquired from separate

intensity measurements. The solid line in the bottom panel was calculated

via Eq. (3) using tabulated values for the refractive index of air.
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sample, I2x
sample¼jE2x

samplej
2
, and reference, I2x

reference¼jE2x
referencej

2
,

as a function of the two-photon energy for sample B.

A change in the total SH phase of �1.2p radians occurs

within the two-photon energy range of 2.9–3.5 eV as is visi-

ble in Fig. 4(a). The change is largest around the region of

3.3–3.5 eV, which indicates that a resonant feature is present

in this energy range. This is also clear from the extracted SH

intensity spectrum of the sample (diamond markers) as

shown in Fig. 4(b) with a maximum intensity at �3.4 eV.

This two-photon energy coincides with the resonance energy

of the E1 interband transition of bulk silicon.31 Note that the

ITO reference sample has a flat spectral response (circular

markers) which is consistent with the literature.19,28 It must

be stressed that both the SH intensity and phase spectrum

can be simultaneously obtained from the interferometric

measurements as represented by the data markers. The sensi-

tivity to both intensity and phase originates from the conven-

ient choice of placing the ITO reference sample behind

the lens that focuses the fundamental beam on the sample

(Fig. 2). Depending on the position of the reference, the fo-

cusing of the laser beam on the reference changes, which

causes the intensity from the reference to vary with respect

to the intensity of the sample during an interferometric mea-

surement. This enables the model to effectively discriminate

between the signal from the sample and reference. The solid

line in Fig. 4(b) represents intensity data of the sample,

which was acquired with high accuracy from separate inten-

sity measurements. It is evident that the two data-sets over-

lap almost exactly. As can be seen in Fig. 4(c), the values of

the phase-mismatch parameter Dk extracted from the inter-

ferograms (markers) match with the trend (solid line) calcu-

lated via Eq. (3). The beam waist x0, as calculated from the

obtained Rayleigh lengths via d0¼px0
2k�1, is about 90 lm

for the wavelengths k used in this experiment, which is in

agreement with the previously measured value.29

In summary, the data in Fig. 4 clearly validate the inter-

ferometric technique and the analysis of the interferograms

on the basis of Eq. (1). In the following sections, SH phase

spectra obtained from the interferometric data for all samples

in Table I as well as their independently acquired SH inten-

sity spectra will be considered. A critical-point model will

be used to simultaneously reproduce the intensity and phase

data. This allows us to demonstrate that by exploiting the

complementary phase information the goodness of the model

fit improves and that the EFISH contribution can be accu-

rately isolated from the overall intensity spectrum.

IV. RESULTS AND DISCUSSION

A. Second-harmonic intensity and phase spectra

Figure 5 shows the SH intensity (bottom panel) and

phase (upper panel) spectra of all samples in the two-

photon energy range of 2.6–3.6 eV. It must be stressed at

this point that the SH response is dominated by bulk-type

interband transitions at critical points (CP) of the bulk

Brillouin zone of crystalline silicon.12,13,32,33 No resonant

SHG occurs at the SiO2/Al2O3 interface or at the surface of

either SiO2 or Al2O3 due to the fact that the band gap of

these amorphous materials lies outside the fundamental and

second-harmonic photon energy range.

Pronounced differences in the SH intensity (Fig. 5, bot-

tom panel) can be observed between the samples. The inten-

sity decreases in magnitude from samples A to D with a

factor of �46 between the lowest and the highest value.

From the inset, it can be seen that the spectrum of sample D

has an asymmetric peak shape. The maximum intensity for

sample A and B is obtained at a two-photon energy of

�3.4 eV, which is very similar to the resonance energy of

the E1 interband transition of bulk silicon. This indicates that

the EFISH contribution from the silicon SCR dominates the

spectral response, as is indeed expected for these two sam-

ples with a high built-in charge density (Table I). However,

the peak position of sample C and D are red-shifted to 3.35

and 3.3 eV with respect to 3.4 eV, respectively. This suggests

that for these samples the EFISH contribution is less

dominant, or absent, such that the interface contributions34

have more influence on the overall SH spectrum. These con-

tributions are energy-shifted due to the loss of the silicon

bulk properties in the vicinity of the interface.12 The

red-shift and low intensity for sample C and D are consistent

with their relatively low number densities of built-in charges

as listed in Table I. The determination of the charge density

value for sample D is described in Sec. IV C. Due to the

almost negligible EFISH contribution, this determination

from the SH data is only possible by modeling the intensity

and phase data simultaneously.

FIG. 5. (Color online) SH intensity (bottom panel) and total phase (upper

panel) spectra of the samples listed in Table I. The intensity spectra were

obtained from separate measurements and not deduced from the interfero-

metric data. The solid lines are fits to the data according to Eqs. (7) and (8).

A vertical offset is applied to the phase spectra of samples A, B, and C for

clarity. The inset shows the intensity spectra of samples C and D on a differ-

ent vertical scale. Error values were estimated from the signal-to-noise ratio

of the measurements.
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The SH phase spectra in the top panel of Fig. 5 show a

general trend of increasing total phase for increasing two-

photon energy. Note that for clarity a vertical offset has been

applied to the data of samples A, B, and C. Subtle differen-

ces between the samples can be observed in terms of abso-

lute phase, total phase increase within the two-photon

energy range, and overall shape of the phase spectrum. This

shows that the variation in sample properties, most distinctly

the changes in built-in charge density, not only influence the

SH intensity but also has a visible impact on the spectral

phase response. Sample D has a clearly different phase spec-

trum compared to the other samples with a strong decrease

in total phase at a two-photon energy of �3.5 eV.

B. Critical-point modeling of the spectroscopic data

To extract more quantitative information from the spec-

troscopic data in Fig. 5, the obtained spectra need to be

described by a model. The SH response of silicon to the driv-

ing electric field is determined by the second-order suscepti-

bility tensor v
$ð2Þ

I ð2xÞ of the interface. The frequency

dependence of the components of this interface second-order

susceptibility can be approximated by a coherent superposi-

tion of CP-like resonances with excitonic line shapes

as17,31,35

v 2ð Þ
I;ijk 2xð Þ ¼

X
q

v 2ð Þ
q 2xð Þ /

X
q

hqei/q

2x� xq þ iCq
; (4)

where i,j,k �{x,y,z} and hq denotes the (real) amplitude, xq

the resonance frequency, Cq the linewidth (or broadening),

and /q the excitonic phase of resonance q. This equation

shows clearly the phase dependent summation of the differ-

ent contributions q that contribute to the overall SH spectral

response. It can be intuitively shown that the intensity and

phase are complementary to each other by isolating a single

excitonic resonance from the summation term in Eq. (4). For

such a single excitonic transition, the quantity that would be

measured when performing intensity measurements is

ISH / jv 2ð Þ
q j

2 ¼ jhqj2

j2x� xq þ iCqj2
: (5)

The SH intensity (ISH) in Eq. (5) scales quadratically with

hq, which is therefore a “direct” parameter. Note, however,

that the excitonic phase /q does not appear, which means

that the SH intensity contains no explicit information on the

relative phase. In case of phase measurements, the quantity

that would be measured for a single excitonic transition

scales with the SH phase (/SH) as

/SH / arg v 2ð Þ
q

� �
¼ /q � arctan

Cq

2x� xq

� �
; (6)

in which the excitonic phase /q is the “direct” parameter

while the amplitude hq does not appear. However, this clear

separation between amplitude and phase in case of a single

resonance is not so strict when multiple contributions are

present. In that case, the amplitudes hq lead to a weighted

summation of the total phase, and the excitonic phases /q

lead to a weighted summation of the intensity [cf. Eqs. (7)

and (8)]. The latter is the reason why, in general, intensity

spectra “indirectly” contain information about the excitonic

phase of the various contributions.

With the expression for the interface second-order sus-

ceptibility given in Eq. (4), the frequency dependence of the

SH intensity and total SH relative phase can be written as

ISH 2xð Þ /
����A x;hð Þ

X
q

hqei/q

2x� xq þ iCq

����
2

I2
in xð Þ (7)

and

/SH 2xð Þ / arg B x;hð Þ
X

q

hqei/q

2x� xq þ iCq

 !
; (8)

respectively, with IinðxÞ the intensity of the fundamental

radiation at frequency x. The complex function Aðx; hÞ,
where h is the angle of incidence, describes the propagation

of both the fundamental and SH radiation through the thin

film system, and includes linear optical phenomena such as

refraction, absorption, and interference due to multiple

reflections.36 The complex function Bðx; hÞ is slightly differ-

ent from Aðx; hÞ as it also takes into account the propagation

of the SH radiation from the reference sample through the

thin film system. To compute A and B the thickness and lin-

ear optical properties of the SiO2 and Al2O3 films need to be

known in advance. For this reason, spectroscopic ellipsome-

try measurements (190–1000 nm) were performed using a

J.A. Woollam Co., Inc M-2000U rotating compensator ellip-

someter mounted on a variable angle stage.

Equations (7) and (8) were simultaneously fitted to the

SH intensity and phase spectra in Fig. 5. The data were ana-

lyzed only in terms of tensor element vð2Þzzz although also the

elements vð2Þzxx and vð2Þxxz contribute to SHG for p-polarized

fundamental and SH radiation. It has been shown in the liter-

ature, however, that vð2Þzzz dominates and that the spectral pa-

rameters show only minor differences in fits for each of the

three tensor elements.13,34 Following the approach of

Rumpel et al.,13 three distinct contributions were taken into

account. These are each assigned to interband transitions of

Si for different configurations of Si-Si bonds. More specifi-

cally, a Si-Si interface contribution (�3.3 eV) and EFISH

contribution (�3.4 eV) around the bulk E1 resonance, and a

Si-SiO suboxide contribution (�3.7 eV), which is resonant

in between the E1 and E2 resonances of bulk Si. The parame-

ters describing the excitonic line shape, i.e., amplitude, reso-

nance energy, broadening, and phase, for each contribution

are used to fit the model to the SH intensity and phase spec-

tra. Because the Si-SiO suboxide contribution lies mostly

outside our available photon energy range, its resonance

energy and broadening were taken from the literature and

kept fixed at 3.6 and 0.30 eV, respectively.13 The broadening

of the Si-Si interface contribution was not fitted but man-

ually optimized to obtain the best fit result taking typical
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values found in the literature into account.12,13 The excitonic

phases of the various contributions are determined relative to

excitonic phase of the Si-Si interface contribution. This

phase cannot be set to zero, as is usually done for the model-

ing of intensity-only data, because the total SH phase is

determined relative to the unknown SH phase of the refer-

ence sample [see Eq. (2) and Fig. 1]. To facilitate compari-

son of the excitonic phases obtained in this paper with

previously obtained values, and those reported in the litera-

ture, the excitonic phase of the Si-Si interface contribution is

subtracted from the excitonic phases for all contributions af-

ter modeling. To account for silicon resonances at high pho-

ton energy (E2 at �4.5 eV and E1
0 at �5.3 eV) a nonresonant

contribution was added to the description for the

second-order nonlinear susceptibility given by Eq. (4) with

only an amplitude and a phase, i.e., hnre
i/nr .

A multisample fitting procedure was employed to

improve the stability and goodness of the fit. This means that

the data of all samples were simultaneously modeled with a

single variable for certain model parameters. The multisam-

ple fitting procedure allows for unconstraint model parame-

ters without their values becoming unrealistic. The solid

lines through the experimental points in Fig. 5 represent the

model fits to the data. An excellent agreement between the

model and the data has been obtained for both the SH inten-

sity and phase spectra of each sample. The reduced-chi-

squared value of the model fit is determined for the total data

set consisting of both the intensity and phase data of all sam-

ples with appropriate weighting factors. The parameter val-

ues resulting from the analysis are listed in Table II for each

sample. Those values which are printed in italic had a single

variable in the multisample fitting procedure and those

printed in bold were fixed. Unlike the modeling for the inten-

sity only data in our previous works only few of the model

parameters need to be fixed.14,37,38

C. Interpretation of the modeling results

The resonance energy and broadening obtained for the Si-

Si interface and EFISH contributions agree very well to the

values typically found in the literature.12,13,32,34 A constant

amplitude of the Si-Si interface contribution as well as the

Si-SiO suboxide contribution was obtained for all samples.

The excitonic phase of the Si-SiO suboxide contribution is

the same for all samples. However, the obtained values are

not consistent with those found by Rumpel et al. for ther-

mally oxidized silicon.13 This might be related to a differ-

ence in the Si/SiO2 interface characteristics for our samples

compared to those in the literature. Since the Si-SiO inter-

face contribution is supposed to be very sensitive to the bond

configuration at the Si/SiO2 interface its resonance parame-

ters can be expected to depend on the exact processing con-

ditions. On the other hand, the value for the phase of the

Si-SiO interface contribution specified by Rumpel et al. was

determined only from intensity data that contain no direct in-

formation about the excitonic phases. The complementary

phase data in this work improve the sensitivity of the model

to the excitonic phases and it may therefore be expected that

their values can be obtained more accurately.

The trend in the obtained EFISH amplitudes matches the

trend in the charge densities for all samples listed in Table I.

From the EFISH phase, the polarity of the space-charge field

and, thus, the built-in charges can be determined, i.e., �0

radians is positive charge and �p radians is negative charge,

depending slightly on the strength of the electric field.13,39 A

negative charge density is therefore present in all samples.

Although expected for samples A, B, and C, this appears to

be also the case for sample D. In general, however, thermally

grown SiO2 films are known to contain positive charges.40

The charges in sample D originate therefore most likely

from charged interface states at the Si/SiO2 interface. In case

of n-type silicon, these states, which are primarily caused by

Pb defect centers, are negatively charged.41 This intuitively

explains the presence of negative charges in sample D for

which an n-type silicon substrate was used. Moreover, the

relatively low defect density of �1010 eV�1�cm�2 typically

obtained for thermally grown SiO2 films accounts for the

low absolute number density of charged interface states

found.5,42

Using a previously established procedure, the charge den-

sity in sample D can be determined from the parameters of

the EFISH contribution.14 Via this procedure a charge den-

sity of �7.8� 1010 cm�2 is obtained, which corresponds to

an electric field at the Si/SiO2 interface of �10 kV�cm�1.

This is a factor two lower compared to the lower limit of

�20 kV�cm�1 previously obtained using the critical-point

modeling for intensity data only.14 The combined SH inten-

sity and phase modeling thus improves the sensitivity of

EFISH to the strength of the electric field in the SCR. To the

best of our knowledge, the minimum detectable electric field

strength reported for EFISH is on the order of �1 kV�cm�1.7

However, this value was obtained using an externally

applied bias voltage on a special sample structure while hav-

ing the sample orientation and input polarization such that

TABLE II. Excitonic parameters of the various contributions to the SH

response as obtained from simultaneously modeling the SH intensity and

phase spectra using a multisample fitting procedure. After modeling, /1 was

subtracted from all excitonic phases. Parameter values printed in italic had a

single variable in the multisample fit and those printed in bold were fixed.

Parameter A B C D

Si-Si interface contribution (E1)

h1 (arb. unit) 0.2 0.2 0.2 0.2

�hx1 (eV) 3.32 3.32 3.32 3.32

C1 (eV) 0.09 0.09 0.09 0.09

EFISH contribution (E1)

h2 (arb. unit) 3.1 1.2 0.8 0.2

�hx2 (eV) 3.39 3.39 3.39 3.39

C2 (eV) 0.11 0.11 0.11 0.11

/2 (p rad) 0.6 0.5 0.7 0.6

Si-SiO interface contribution

h3 (arb. unit) 1.3 1.3 1.3 1.3

�hx3 (eV) 3.60 3.60 3.60 3.60

C3 (eV) 0.30 0.30 0.30 0.30

/3 (p rad) 1.8 1.8 1.8 1.8
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only EFISH contributes to the SH response. The EFISH con-

tribution was then determined with high sensitivity by

employing the interference between the EFISH signal and a

separately generated SH reference signal. The lower limit of

�10 kV�cm�1 obtained in this work using a straightforward

experimental scheme and in the presence of multiple contri-

butions to the SH response is therefore quite an achievement.

The sensitivity to the electric field strength of our approach

appears high enough to probe charged defect states at the sil-

icon interface.

To illustrate the impact of adding the SH phase data on

the goodness of the model fit, the EFISH relative phase was

intentionally varied with respect to the value acquired from

the simultaneous SH intensity and phase modeling, i.e.,

/0EFISH ¼ /EFISH6d with /EFISH the original value and d a

variable offset. With /0EFISH fixed, the model has been fitted

only to the intensity data as well as simultaneously to both

the intensity and phase data. From the parameter values

obtained for the intensity-only fit, the corresponding SH

phase spectrum has been simulated. The result of repeating

this procedure for different values of /0EFISH is shown in

Fig. 6 using the data of sample A. As can be seen in Fig. 6(a)

small variations in EFISH relative phase have quite an

impact on the modeled SH phase spectra, i.e., most of the

calculated curves do not match the data at all. Strikingly,

however, the SH intensity spectrum is hardly affected by the

EFISH relative phase values as shown in Fig. 6(b). To quan-

tify the impact of the complementary phase data on the

goodness of fit the reduced-chi squared v2
reduced has been cal-

culated as a function of the change in EFISH relative phase

(d) for both the combined and the intensity-only modeling.

Figure 6(c) shows that in case of the combined modeling a

sharp and low minimum in v2
reduced is obtained. Note that the

minimum is obtained at the EFISH relative phase (d¼ 0)

originally acquired from the simultaneous SH intensity and

phase modeling. For the intensity-only modeling, no clear

minimum in v2
reduced is obtained and its average value is sig-

nificantly higher than for the combined modeling.

In summary, the results in Fig. 6 demonstrate that by the

simultaneous modeling of SH intensity and phase spectra the

goodness of the model fit is significantly improved. This

means that without the SH phase data the model parameters

will not always be uniquely determined. Nevertheless, our

conclusions drawn from the modeling results in our previous

works for intensity-only data are still reliable as additional

information on some of the fit parameters was pres-

ent.2,21,37,38 Despite the improved goodness of fit when using

the complementary phase information, it was not possible to

perform a fit with all parameters released because this leads

to unphysical parameter values. This is the result of the small

photon energy range used for the spectroscopic measure-

ments and could, therefore, be resolved by extending the

range up to the resonance energy (�4.5 eV) of the E2 transi-

tion of bulk silicon.

V. CONCLUSIONS

The phase of SH radiation contains complementary infor-

mation with respect to the SH intensity. To acquire the phase

information, we implemented a SH phase-sensitive experi-

mental setup based on the interference between a SH refer-

ence signal and the SH signal from the sample of interest.

Using this setup, time-domain interferograms were acquired

at various two-photon energies. From the analysis of these

interferograms, the frequency dependence of the total

SH relative phase was obtained. Combined SH intensity and

phase spectroscopy was performed for four SiO2- and

Al2O3-based samples that contain different number densities

of built-in charges. This sample choice allowed us to high-

light the benefit of simultaneously modeling SH intensity

and phase spectra in terms of isolating the EFISH contribu-

tion from interfering contributions. The analysis revealed

that the polarity of the space-charge field can be unambigu-

ously determined and that the sensitivity to the electric

field strength is also significantly enhanced. This makes

second-harmonic generation spectroscopy more powerful for

the characterization of the SCR in semiconductors as

induced by charged dielectric films or otherwise.

ACKNOWLEDGMENTS

The authors thank C. van Helvoirt for preparing the sam-

ples and for other experimental support. M. J. F. van de

Sande, J. J. A. Zeebregts, and J. J. L. M. Meulendijks are

kindly acknowledged for their skillful technical assistance.

This work was supported by the Chemical Sciences division

of the Netherlands Organisation for Scientific Research

(NWO) under contract number 700.56.027 (“ECHO”) and

by the Technology Foundation STW through the VICI pro-

gram on “Nanomanufacturing.”

1S. Dauwe, L. Mittelstadt, A. Metz, and R. Hezel, Prog. Photovoltaics 10,

271 (2002).
2G. Dingemans, N. M. Terlinden, M. A. Verheijen, M. C. M. van de

Sanden, and W. M. M. Kessels, J. Appl. Phys. 110, 093715 (2011).
3O. Engstrom, ECS Trans. 35, 19 (2011).

FIG. 6. (Color online) Visualization of the impact of intentional changes in

the EFISH relative phase d on the model fit. The individual points represent

the experimental data obtained for sample A. The solid lines are the results

obtained from the combined intensity and phase modeling, whereas the

dashed lines are the results for the intensity-only modeling with /0EFISH

fixed in both cases. (a) The total SH relative phase spectrum, (b) the SH in-

tensity spectrum, and (c) the reduced chi-squared v2
reduced as function of d.

021103-8 Terlinden et al.: Second-harmonic intensity and phase spectroscopy 021103-8

J. Vac. Sci. Technol. A, Vol. 32, No. 2, Mar/Apr 2014

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  131.155.151.148 On: Mon, 10 Feb 2014 13:28:58

http://dx.doi.org/10.1002/pip.420
http://dx.doi.org/10.1063/1.3658246
http://dx.doi.org/10.1149/1.3572273


4J. Robertson, Rep. Prog. Phys. 69, 327 (2006).
5G. D. Wilk, R. M. Wallace, and J. M. Anthony, J. Appl. Phys. 89, 5243

(2001).
6O. A. Aktsipetrov, A. A. Fedyanin, V. N. Golovkina, and T. V Murzina,

Opt. Lett. 19, 1450 (1994).
7J. I. Dadap, J. Shan, A. S. Weling, J. A. Misewich, and T. F. Heinz, Appl.

Phys. B 68, 333 (1999).
8P. Godefroy, W. de Jong, C. W. van Hasselt, M. A. C. Devillers, and T.

Rasing, Appl. Phys. Lett. 68, 1981 (1996).
9J. I. Dadap, X. F. Hu, M. H. Anderson, M. C. Downer, J. K. Lowell, and

O. A. Aktsipetrov, Phys. Rev. B 53, R7607 (1996).
10G. Lupke, Surf. Sci. Rep. 35, 75 (1999).
11T. F. Heinz, in Nonlinear Surface Electromagnetic Phenomena, edited by

H. E. Ponath and G. I. Stegeman (Elsevier, Amsterdam, 1991), p. 353.
12W. Daum, Appl. Phys. A 87, 451 (2007).
13A. Rumpel, B. Manschwetus, G. Lilienkamp, H. Schmidt, and W. Daum,

Phys. Rev. B 74, 81303 (2006).
14N. M. Terlinden, “Second-harmonic generation spectroscopy for interface

studies of dielectric thin films on silicon,” Ph.D. thesis, Eindhoven

University of Technology, 2012.
15R. Stolle, G. Marowsky, E. Schwarzberg, and G. Berkovic, Appl. Phys. B

63, 491 (1996).
16J. I. Dadap, J. Shan, A. S. Weling, J. A. Misewich, A. Nahata, and T. F.

Heinz, Opt. Lett. 24, 1059 (1999).
17G. Erley, R. Butz, and W. Daum, Phys. Rev. B 59, 2915 (1999).
18Y. Q. An, R. Carriles, and M. C. Downer, Phys. Rev. B 75, 241307

(2007).
19T. V. Dolgova, A. A. Fedyanin, O. A. Aktsipetrov, and G. Marowsky,

Phys. Rev. B 66, 33305 (2002).
20S. J. Won, S. Suh, M. S. Huh, and H. J. Kim, IEEE Electron Device Lett.

31, 857 (2010).
21G. Dingemans, N. M. Terlinden, D. Pierreux, H. B. Profijt, M. C. M. van

de Sanden, and W. M. M. Kessels, Electrochem. Solid State Lett. 14, H1

(2011).
22D. Hoogeland, K. B. Jinesh, F. Roozeboom, W. F. A. Besling, M. C. M.

van de Sanden, and W. M. M. Kessels, J. Appl. Phys. 106, 114107 (2009).
23S. Shen, Y. Liu, R. G. Gordon, and L. J. Brillson, Appl. Phys. Lett. 98,

172902 (2011).

24G. Dingemans, R. Seguin, P. Engelhart, M. C. M. van de Sanden, and W.

M. M. Kessels, Phys. Status Solidi (RRL) 4, 10 (2010).
25R. K. Chang, J. Ducuing, and N. Bloembergen, Phys. Rev. Lett. 15, 6

(1965).
26K. J. Veenstra, A. V. Petukhov, A. P. de Boer, and T. Rasing, Phys. Rev.

B 58, R16020 (1998).
27P. T. Wilson, Y. Jiang, R. Carriles, and M. C. Downer, J. Opt. Soc. Am. B

20, 2548 (2003).
28T. V. Dolgova, D. Schuhmacher, G. Marowsky, A. A. Fedyanin, and O. A.

Aktsipetrov, Appl. Phys. B 74, 653 (2002).
29J. J. H. Gielis, P. M. Gevers, I. M. P. Aarts, M. C. M. van de Sanden, and

W. M. M. Kessels, J. Vac. Sci. Technol. A 26, 1519 (2008).
30P. E. Ciddor, Appl. Opt. 35, 1566 (1996).
31P. Lautenschlager, M. Garriga, L. Vina, and M. Cardona, Phys. Rev. B 36,

4821 (1987).
32G. Erley and W. Daum, Phys. Rev. B 58, R1734 (1998).
33J. J. H. Gielis, P. J. van den Oever, B. Hoex, M. C. M. van de Sanden, and

W. M. M. Kessels, Phys. Rev. B 77, 205329 (2008).
34W. Daum, H. J. Krause, U. Reichel, and H. Ibach, Phys. Rev. Lett. 71,

1234 (1993).
35Y. R. Shen, The Principles of Nonlinear Optics (Wiley, New York,

1984).
36J. E. Sipe, J. Opt. Soc. Am. B 4, 481 (1987).
37J. J. H. Gielis, B. Hoex, M. C. M. van de Sanden, and W. M. M. Kessels,

J. Appl. Phys. 104, 73701 (2008).
38N. M. Terlinden, G. Dingemans, M. C. M. van de Sanden, and W. M. M.

Kessels, Appl. Phys. Lett. 96, 112101 (2010).
39V. Vandalon, N. M. Terlinden, R. H. E. C. Bosch, and W. M. M. Kessels,

“Influence of the space-charge region strength in Si on electric-field-

induced second-harmonic generation” (unpublished).
40B. E. Deal, M. Sklar, A. S. Grove, and E. H. Snow, J. Electrochem. Soc.

114, 266 (1967).
41P. M. Lenahan and J. F. Conley, J. Vac. Sci. Technol. B 16, 2134

(1998).
42C. H. Bjorkman, J. T. Fitch, and G. Lucovsky, Appl. Phys. Lett. 56, 1983

(1990).
43N. M. Terlinden, G. Dingemans, V. Vandalon, R. H. E. C. Bosch, and

W. M. M. Kessels, J. Appl. Phys. 115, 033708 (2014).

021103-9 Terlinden et al.: Second-harmonic intensity and phase spectroscopy 021103-9

JVST A - Vacuum, Surfaces, and Films

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  131.155.151.148 On: Mon, 10 Feb 2014 13:28:58

http://dx.doi.org/10.1088/0034-4885/69/2/R02
http://dx.doi.org/10.1063/1.1361065
http://dx.doi.org/10.1364/OL.19.001450
http://dx.doi.org/10.1007/s003400050628
http://dx.doi.org/10.1007/s003400050628
http://dx.doi.org/10.1063/1.115646
http://dx.doi.org/10.1103/PhysRevB.53.R7607
http://dx.doi.org/10.1016/S0167-5729(99)00007-2
http://dx.doi.org/10.1007/s00339-007-3913-0
http://dx.doi.org/10.1103/PhysRevB.74.081303
http://dx.doi.org/10.1007/BF01828946
http://dx.doi.org/10.1364/OL.24.001059
http://dx.doi.org/10.1103/PhysRevB.59.2915
http://dx.doi.org/10.1103/PhysRevB.75.241307
http://dx.doi.org/10.1103/PhysRevB.66.033305
http://dx.doi.org/10.1109/LED.2010.2049978
http://dx.doi.org/10.1149/1.3501970
http://dx.doi.org/10.1063/1.3267299
http://dx.doi.org/10.1063/1.3583462
http://dx.doi.org/10.1002/pssr.200903334
http://dx.doi.org/10.1103/PhysRevLett.15.6
http://dx.doi.org/10.1103/PhysRevB.58.R16020
http://dx.doi.org/10.1103/PhysRevB.58.R16020
http://dx.doi.org/10.1364/JOSAB.20.002548
http://dx.doi.org/10.1007/s00340-002-0917-5
http://dx.doi.org/10.1116/1.2990854
http://dx.doi.org/10.1364/AO.35.001566
http://dx.doi.org/10.1103/PhysRevB.36.4821
http://dx.doi.org/10.1103/PhysRevB.58.R1734
http://dx.doi.org/10.1103/PhysRevB.77.205329
http://dx.doi.org/10.1103/PhysRevLett.71.1234
http://dx.doi.org/10.1364/JOSAB.4.000481
http://dx.doi.org/10.1063/1.2985906
http://dx.doi.org/10.1063/1.3334729
http://dx.doi.org/10.1149/1.2426565
http://dx.doi.org/10.1116/1.590301
http://dx.doi.org/10.1063/1.103228
http://dx.doi.org/10.1063/1.4857075

