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Chapter 1

Introduction

1.1 Introduction

The Talbot effect [1], also referred as a self-imaging phenomenon of periodic
objects, states that any distribution, which is a periodic function of x and y, will be

also periodic in the direction of propagation z due to Fresnel diffraction.

In recent years the Talbot effect [1] and Talbot self-images localization have
received much attention, both as a fundamental optical phenomenon and because of
its optical applications such as interferometry [2], nanolithography [3], spectrometry
[4], and in optical metrology. In optical metrology the Talbot effect has been used for
range sensing [5], for real-time depth measurement [6], for 3D contouring of diffuse
objects [7], for displacement measurement [8], for profilometry by phase-shifted
Talbot images [9], for measuring amplitude of vibration [10], and for evaluating focal
lengths [11]. In all of these applications a grating is illuminated by monochromatic
spatially coherent light in order to obtain information about range, depth or

displacement.

The problem of localization and analysis of self-images is reduced to the finding
the planes of maximal light pattern visibility and is the key issue in investigation of
fundamental optics and proposed applications. The common approach to analyze the
light pattern visibility is to use a CCD camera as an input sensor with the posterior
processing of the acquired images. For a simplest case of a sinusoidal periodical
pattern it is enough to know the maximum and the minimum intensity of the image in

order to determine its visibility [12,13].

This standard definition of contrast has been used to analyze the effect of rough-



ness in the self-imaging process of steel reflection grating. Talbot effect was
theoretically analyzed when the grating is rough and experimentally was shown that
the roughness of the surface makes the average intensity decrease exponentially with
the distance [14].

There are several conventional techniques that determine the contrast of an
intensity distribution generated by a periodical object, such as root mean square
(RMS) method [15], histogram-based method [16,17] and semivariogram-based
method [18].

The root mean square (RMS) method [15] is commonly used to evaluate the
contrast in the case of a periodical pattern [19] or compound images [20] analyzing
the data statistically [21]. The RMS method was employed in Ref. 21 to obtain the
contrast of images, and their results support that the RMS contrast is a good indicator

of the visibility of broadband images, which is in line with previous studies [20,22].

Other is the histogram-based method, which provides a global description of the
statistical characters of an image. The histogram of a digital image can be represented
by a graph that relations the pixels that are of the same gray level [17]. The histogram
has been applied for contrast measurement of fringe patterns in the presence of noise
and with patterns composed of fringes that are not straight. The method is based on
fitting the histogram of the measured image to the histogram of a model function that
depends on several parameters; these give information about contrast and noise level
[16].

Another is the semivariogram [19] method based on estimation of the spatial
variability of the intensity distribution. In the case of images obtained by CCD
camera, the semivariogram function measures the spatial correlation of the image and
has been employed to estimate the standard deviation of nonuniform images, besides
this technique has been effectively used as a tool for determining the contrast of an
intensity distribution in the presence of noise [18].

In all these techniques, a CCD camera is used to record the light patterns that

are processed and analyzed in order to find the self-image position. Despite of their



simplicity, all CCD-based methods share common weaknesses, namely, necessity of
a filter for avoid the saturation of the camera and sensitivity to the environmental

vibrations.

In this thesis only the root mean square (RMS) method and the semivariogram-
based method are used to determine the contrast.

Recently it has been proposed to use the photodetector based on the non-steady-
state photo-electromotive force (photo-EMF) effect for measuring the visibility and
for localizing the Fresnel diffraction patterns (Talbot self-images) generated by a

grating [23].

Photo-EMF effect [24] reveals itself as alternating current (ac) induced in a
short-circuited photoconductive sample by a vibrating non-uniform light distribution.
Standard theory developed for the simplest case of sinusoidal light pattern created by
the interference of two plane waves (only one spatial harmonic being presented)
predicts that the output current amplitude is proportional to the square of the light
pattern visibility, which makes the photo-EMF based detector suitable for the direct
measurements of the changes on the light pattern contrast.

Due to its temporal adaptability to the slow phase drifts [25], this detector
posses additional robustness to the environmental vibrations. For these outstanding
properties photo-EMF based detector has already been proposed for a number of
practical applications such as for measuring the coherent length of several light
sources [26], for sensing laser induced ultrasonic detection [27], for laser vibrometry
[28], etc.

The photodetector based on photo-EMF effect was used in Ref. [23] for
analyzing the Talbot effect, because it can produce an electrical current that is
proportional to the square of the visibility of the Fresnel diffraction patterns. This
method was employed to measure experimentally visibility in real time, with high

spatial resolution, and without any signal processing.



However is necessary to perform the theoretical analysis of the photo-EMF
effect induced by a periodical pattern that contains spatial harmonics, and to derive an
analytical expression for complex amplitude of the photo-EMF current density in a
general case of periodical light pattern containing only odd harmonics, because it does
not exist, for understanding and analyzing the experimental results shown in Ref.
[23].

The main objective of this thesis is the theoretical and experimental
investigation of the non-steady-state photo-EMF effect induced by light distributions
that contains spatial harmonics i.e. periodical one-dimensional (1-D) light patterns,

and its applications to Talbot interferometry.

In order to fulfill this goal, first the theoretical analysis of non-steady-state
photo-EMF current induced by an arbitrary 1-D periodical pattern using the model of
monopolar photoconductor with a single impurity center is performed, and an
analytical expression for complex amplitude of the photo-EMF current density in a

general case of periodical light pattern containing only odd harmonics is derived.

Then, the experimental study of the non-steady-state photoelectromotive force
(photo-EMF) effect in presence of spatial harmonics induced by diffraction light

patterns generated by a Ronchi grating in near field is performed.

Here, the comparative analysis (theoretical and experimental) of the photo-EMF
based-method against the conventional CCD-based methods (RMS and

semivariogram techniques) for measuring contrast distribution is realized.
Finally, experimental demonstration of the possibility for measuring the
distance of a mirror-like target by using the adaptive photodetector based on the non-

steady-state photoelectromotive force effect, and the Talbot effect.

Present Ph. D. Thesis is structured on 7 Chapters:



Chapter 2 contains the literature review of the basic concepts of interference,
coherence, diffraction, RMS and semivariogram based-methods, as well as that the

non-steady-state photo-EMF effect.

Chapter 3 includes brief description of the detection system (experimental
setups) of self-images for experiments with photo-EMF detector and CCD-based

methods used in this work.

Chapter 4 is devoted to the original theoretical model for the non-steady-state
photo-EMF effect induced by a periodical one-dimensional light pattern in a
photoconductive sample. The expression for photo-EMF current density induced by
light distribution containing only odd harmonics is derived and it is used to analyze an
axial distribution of photo-EMF signal produced by light pattern generated by
diffraction in binary grating on near field. Besides, experimental results of photo-
EMF effect induced by light patterns produced by Fresnel diffraction on Ronchi

grating using GaAs detector at different experimental conditions are presented.

The first part of Chapter 5 consists of the experimental results obtained with
photo-EMF detector and CCD-based methods. Then numerical simulations of light
patterns created in near field by the diffraction on binary grating object are performed
in order to generate an input data for the three proposed methods. These data have
been processed using RMS and semivariogram algorithms. In case of the photo-EMF
technique the ac current induced by a specific light distribution is analytically
calculated on base of the theory developed by us. Finally, the comparative analysis of
the performance of the proposed method against conventional CCD-based techniques

has been accomplished.

In Chapter 6 the technique based on the adaptive photo-detectors and the Talbot

effect are used to measure distance or the axial shifts of a mirror-like target.

Finally in Chapter 7 the conclusions are presented.
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Chapter 2 Literature review

2.1. Introduction

In this chapter a review of the fundamental concepts used in this thesis is given.
In the first and second sections the phenomena of interference and diffraction are
briefly described. The third section is dedicated to the description of the contrast and
the techniques that are used to measure it. In the last section the theoretical model and

the typical features of the photo-EMF effect are reviewed.

2.2. Interference

Interference is the result of the superposition of two or more waves in the space,
generating an intensity pattern that does not corresponds to the sum of the intensities

of each wave [1,2].

Interference is derived from the superposition principle [1,3]. In agreement with
this principle, the intensity of the electric field E , produced by several different

sources is equal to:

E=E +E,+.. (2.1)

In order to observe the interference pattern, the two interfering waves must meet

the following conditions [1, 4]: the waves should be monochromatic, the waves ought
to have the same polarization, and the phase differences between the two waves need

to constant, i.e. the waves should exhibit coherence.



2.2.1 Interference of two waves

Hence, considering two plane linearly polarized waves and assuming that the

waves have the same frequency [5,6], so that:
E, =E, exp [i(k,-r— ot + )} 2.2)
E,=E,, exp [i(k, r— ot +¢,)} (2.3)
where E,, and E,, are the amplitudes of each wave, k=27/4 is the propagation

vector or the wave’s vector, r IS the position vector, « is the angular frequency, and

the quantities ¢, and ¢, have been introduced to allow any phase difference.

The resultant wave’s intensity | is proportional to the square of the amplitude
of the field. So the superposition of the two monochromatic plane waves, neglecting
the constants of proportionality [7,8], results in:

| =|E[ =E-E" =(E, + E,) - (E; + E;), (2. 4)

= |E,[" +|E,|" + 2Re(E,E}), 2.5)

= |E," +|E,[* + 2E,E, cos[(k, — k;) - ¥ + (¢, — 0,)], (2. 6)

=L +1,+2/11, cos & (2.7)

I, and I, are the intensities of each wave where | =1, + 1, is the average intensity;

and the phase difference between the two waves is defined as
G=(k,-r—k,-r+@ —@,). In the third term of the equation, 2./1,1, cos&, all the

information about the interference is contained.
Considering two plane waves whose phase difference is constant and whose

wave vectors are in the plane x z:

X X
A A
E
N 2 4
\\\kl ’/,
\ﬂ > 7 /\>L9/2 > 7
//, \\19/2
//, k N
4 k2 ! 4 E2

Fig. 2.1. Interference of two plane waves.
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where the wave vectors (k, and k,) and its difference are define as:

k, = [— ksin ﬁ,o,kcos ‘9} (2.8)
2 2
k, = (ksin Q,O,kcos '9), (2.9)
2 2
.9
k,—k, = [stm 2,O,Oj. (2.10)

Evaluating the result in the plane where the interference is observed, Eq. (2.7)

becomes:
I=1+1,+2, I,Izcos{kasin('zgﬂ, (2.11)
27X
=1, +1,+2, |1|2COS(AJ, (2.12)

where A =A4/2sin($/2) is the period of the interference pattern. Eq. (2.12) can be

I = I,,[1+V cos[znxﬂ =1,+ Acos(znxj, (2.13)
A A

where [, =1 +1, is the average intensity, V is the interference pattern visibility.

rewritten as:

[9,10] or contrast, and A is the amplitude of the pattern. The intensity distribution

generated for the interference of two waves [Eq. (2.13)] is shown in Fig. 2.2:

1(x)

Fig. 2.2. Intensity distribution generated for interference of two waves.

The visibility V is useful for describing the quality of the interference pattern

and it can be described using the Michelson definition [11]:

-1 2.1,
Vo= L= me min _ TV 1 2. (2 14)
I0 Imax—'—lmin I1+|2
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In order to know the visibility V is enough with to calculate I, and I, .

Besides, one can see that V also can be expressed in terms of average intensity and

amplitude.

For a simplest case of sinusoidal light distribution the possible values of the
visibility or contrast are between 0 and 1 [12]. In the case of V =1, the interference
fringes have the maximum contrast, and when V =0, the interference fringes cannot

be observed.

2.3. Diffraction

The essential feature of diffraction is a deviation from rectilinear propagation
arising when a wave is obstructed in some way. If the amplitude or phase of a portion
of the wave is altered by transparent or opaque obstacle, the diffraction phenomena
will be observed [1].

The application of the rigorous diffraction theory is very difficult and for of the
most problems an approximate scalar theory is used resulting in an integral called the
Huygens- Fresnel integral (see Ref. 1 and Ref. 13). Approximate analytic solutions of
this integral are usually obtained using one of the two approximations: Fresnel and

Fraunhofer approximations [14].

2.3.1 Huygens-Fresnel principle

The diffraction phenomena can be explained phenomenologically by Huygens’
principle [15,16]. The Huygens’ principle affirms that the propagation of a light wave
can be predicted by assuming that every unobstructed point of the wavefront, at a
given instant, can be treated as a source of spherical secondary wavelets (with the
same frequency as that of the primary wave) that spreads out in all directions (see Ref.
13 and Ref. 17). Therefore, at any particular time, the new wavefront is supposed to

be the envelope of all the secondary waves.
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g
=27+ (= 2+ (y =1’ > Pok”

Fig. 2.3. Diagram of Huygens-Fresnel principle.

In Fig. 2.3 the diffraction aperture is assumed to lie in the (£,7) plane, and its
illuminated in the positive direction of z. The wavefield across the (x,y) plane, which
is parallel to the (&,7) plane, can be calculated. The Huygens-Fresnel principle [18]

can be represented mathematically as:

U(P)= 51 [Ju (PI)WCOS ods, (2. 15)

01

where 6 is the angle between the normal n and the vector r,, pointing from P, to P,

and cosé = z/r,, (see Fig. 2.3). The Huygens-Fresnel principle can be rewritten as:

v =l 0 # o, (2. 16)
where U(x,y) represents the field P, in the (x,y) plane at a distance z of the (&,7)
plane. Eq. (2.16) shows us: that the distribution in the (£,77) plane is considered a set
of sources, where in every point of the source emerge a spherical wave, and that in the
case of the distribution in the (x,y) plane it consists in contributions of the group of
irradiated fields from all the sources. Besides, the distance r,, is stated by:

Ty = \/zz+(x - §)2 +(y- 77)2 = z\/l o+ %[x—_é)z + %(%UT . (2.17)

z

To resolve Eq. (2.16) that corresponds to the Huygens-Fresnel integral is
necessary to apply additional approximations: Fresnel and Fraunhofer

approximations. In the next sections these are described.
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2.3.2 The Fresnel approximation

Considering that the angle between 7 and 7, is small [< (z/10)rad], it means
that the inclination factor can be approximated to 1 (cos@~1). This first
consideration is called paraxial approximation. Therefore, the approximation

1/r,, =1/z is introduced into Eq. (2.16) [19].

On the other side, considering the binomial expansion [20,21]:
12 1 1.
X=(1+Db) :1+§b_§b +... (2.18)

and applying this expansion into Eq. (2.17), r,, in paraxial approximation can be

represented as [22]:

(x=&)°+(y=-m° [(x=&)°+(y-m1* (2. 19)

r.—=z+
ot 27 82°

Thus, substituting Eqg. (2.19) into Eg. (2.16) [only the first two terms] the

contribution of the source point P, located in the (&,7) plane to the point P, can be

expressed as:

U y) = 220D [Ty mepli K- +(y-nbdedn,  @.20)
iz 7 2z

this equation is known as the Fresnel diffraction integral in the paraxial
approximation, and when this approximation is valid, the observer is said to be in the
near field of the aperture [18]. This equation represents a superposition of spherical
waves in the paraxial approximation and the amplitude for these waves is proportional

to the complex amplitude of the incident field in the diffracted aperture.

2.3.3 The Fraunhofer approximation

Another form of the Eq. (2.20) is [18]:
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ikz

€
U(X’ y) = we

kK, o
I—(X
22( +y

22 i K2ty | S K e
)J- I{U(f,ﬂ)e E(ﬁ n )}é 22(5 y'])dfdﬂ, (2. 21)

—00 —00

in this case if the condition z>> k(& + 772)/2 is satisfied, then the quadratic phase
factor is approximately 1, and substituting k =27/ therefore:

" iXodey) T T 27 xé+yn)
Uxy)=__¢ [ JuEne dédn, (2. 22)
11z o
this result is known as the Fraunhofer diffraction, and when this approximation is
valid, the observer is said to be in the far field of the aperture. In this case, the

observation plane is far compared with the size of the diffracting aperture.

Comparing Eg. (2.22) with the definition of Fourier transform the diffracted

field can be expressed as:

oo = e RUE L (2. 23)

In conclusion, the complex amplitude of the Fraunhofer diffraction is

proportional to the Fourier transform of the aperture distribution in the (&,7) plane.

2.3.4 Talbot effect

The Talbot effect [23], also referred as a self-imaging phenomenon of periodic
objects, states that any distribution, which is a periodic function of x and y, will be
also periodic in the direction of propagation z. H. F. Talbot [23] described such effect
in 1836, whereas Lord Rayleigh [24] rediscovered the effect, provided a theoretical
explanation, and showed that the Talbot effect is a natural consequence of Fresnel
diffraction.

Considering a grating (one-dimensional) with amplitude transmittance t(x) of a

period A, illuminated by an on-axis plane wave of wavelength A, the diffracted
intensity will reproduce an exact image of the grating in a series of equally spaced

planes [25]. These planes, usually called Talbot planes, are located at distances from
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the grating that are integer multiples of the Talbot distance (see Fig. 2.4):

Grating
/ Talbot
Subimage
/ Phase-reversed
\ Talbot image
e Talbot
P Subimage

Talbot

/ image

il

Fig. 2.4. Localization of Talbot image planes behind the grating.

First, the effect for a simplest case of sinusoidal grating is analyzed. Assuming
that a uniform wave plane illuminates a sinusoidal amplitude grating, the field

immediately behind the grating is equal to its amplitude transmittance. Then, the
standard notation for the complex amplitude transmittance t(&) of the grating can be

expressed as [18]:

t(&,n) = ;{u mcos(zrfﬂ, (2. 24)

where A is the period of the grating, and m represents the peak to peak change of

amplitude transmittance.

Employing the Fresnel formulation [Eq. (2.20)], the next expression is obtained:
exp(ikz) 7 .k

Uxy) = 2202 [ IU(§)e><p{l[(x—§)2]}dé‘, (2. 25)
iz - 2z

substituting the complex amplitude transmittance of the grating:
1 exp(ikz) ¢ 27& T >
U(x,z)== 1 - —[(x— dé&, 2.26
(x2)=3 " j +meos| == [lopqi o [(x-¢)]pdg (2. 26)

therefore if cos(z) =[exp(iz) +exp(—iz)]/2/2 [26], Eq. (2.26) can be represented by:
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1exp(|kz) 127\ m 127
002250 1. ool 20| Do - 205 |

i |27zx§ iE°
exp( iz A A Jdg'

(2.27)

To calculate the Fresnel diffraction integral, each term is evaluated:

T (mx |27zx§ Iﬂinsz:\/@. 2.2

Tlm i27& i i2m& imE?)
L{Z ( ﬂem( Az Az " Az jdé&_

" - (2. 29)
. i27% iz
=5 zon| 2% Jom( 177
|27r§ im? i2m& imE?) L
Ji }exp[ Az Az ’ Az ]dé_ (2. 30)
: 127X i 7z '
- 5 izon( 2% ep 172
Eq. (2.27) can be rewritten as:
_ lexp(ikz) m 127X iz
Ux2)=2 = { iz + x@exp( j XP( A j
m - 127X 7z
e -5 os[ - 172 |-
(2. 31)

_exp(ikz)| 1 1, mexp(mﬂxjexp(— imiz)
iz |2 4 A N

Bl el )

Thus, the Fourier transform of Eq. (2.24), at distance z from the grating is [18]:

U(x,2) = {1+ m xp( |;?z)c0$[27zxﬂ1 (2.32)

A

where the term exp(ikz) /+/ilz was omitted.

Finally, the intensity distribution of Fresnel diffraction pattern can be evaluated

as [18]:
1(x,2) = {1+ 2m cos( ”ﬂzjcos( Zﬂxj +m? cosz(zmﬂ. (2. 33)
A A A
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Considering three special cases of this result, some expressions of intensity
distribution of Fresnel diffraction patterns (Talbot images) that are formed behind of

the grating are obtained:

. 2nA
(a) Propagationto z =

Substituting z into Eq. (2.33) the intensity distribution can be rewritten as [18]:

1(x,2) = ﬂljt mcos(zzxﬂ : (2. 34)

Eq. (2.34) can be interpreted as an exact image (Talbot image) of the intensity
that would be observed behind the grating (see Fig. 2.4).

2
(b) Propagation to z = M

(2n+)A*

If the distance satisfies z = the intensity distribution is given by

[18]:

1(x,2) = Ll‘[l— mcos(zzxﬂ : (2. 35)

At this length, one can observe that the image of the grating has reversed
visibility or that the intensity distribution has a 180° spatial phase shift (see Fig. 2.4).

This image is called Talbot negative self-image [27].

(2n-DA*

¢) Propagation to z =
(c) Propag >

_(2n-YA?
22

If the observation distance now satisfies z the intensity

distribution is [18]:

1(x,2) = jl-.|:l+ m? cosz(zzxﬂ = iKu rr;J + n:cos[ﬁzxﬂ. (2. 36)

At this length, i.e. at smaller regular fractions of the Talbot length, the
intensity distribution is almost uniform and subimages can also be observed. Here, the

visibility is minimal and the subimages have reduced contrast.
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Next, the effect for a binary grating is analyzed. In principle, assuming that a
uniform wave plane illuminates the binary grating, the field immediately behind the
grating is equal to its amplitude transmittance. Then, the complex amplitude

transmittance t(&) of the grating can be expressed by Fourier series as [28,29]:

(&) = ianexp[iz’f ”j, (2.37)

where n=2m-1 m=0123... is the period of the grating, and a, are Fourier

coefficients.

Employing the Fresnel formulation [Eg. (2.20)], the next expression is obtained:
U 2)=[" U(é)exp{m(x 2l } .39
Eq. (2.38) can be rewritten as [30]:
U(x,2) = f;U (V) exp[—iAzv?] exp [i27xv] dv, (2. 39)
where U (v) is the Fourier transform of U (&) . Here:

UMW) = t(&) exp[-i2ave] dé,
[ Y a,e0 {izfn}exp[—iZﬂvﬁ] de, 2. 40)

ioan o {v - /1\}

Substituting the value of U (v) into Eq. (2.39):

U(x,z)= J': ian 5{v— /1\} exp [—izizv? ]exp[i2zxv] dv, (2. 41)

applying a property of the delta function [31], the complex amplitude of the Fresnel

diffraction pattern of a binary grating can be rewritten as:

V)= Ya exp{—m( ﬂ xp['z’f“} (2. 42)

N=—
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Thus, the intensity distribution of the Fresnel diffraction pattern is given by
[28]:

1(x,2) = U (x, z)\2 =U(x,2)-U"(x,2) =

- Sl oo} Sl ol

N ? ' 2 2 i (2. 43)
= 2,809 _'”/12(2] EXF’[IZT\”) Za:em[imlz(/n\zﬂexp[— '275\)(”)

Z : r-n
= a exp| — /1 expli2ax| —— ||
z aae {Iizz :|XD{I7ZX[AJ}
With the following change of variable | =r —n, Eq. (2.43) can be rewritten as [28]:

2 & . . 12+2In I
l(x,z>=|_zmzwa.+nanexp{—mzz( g ﬂ o izof 1|
|7r/”tzl2 2 i27z4zIn i27 x|
_Zm|: zalm n [ AZ jj|exp( A j' (2 44)

N=—o0

_ Zau(z)eXp(IZEXIJ

where A (z) is the complex amplitude of the /zz harmonic, and can be represented as

[28]:

A(z)=exp[ 2rl's JZ ( '2”;”22} (2. 49

T

where z, = 2A%/A is the Talbot distance.

Finally, for a binary grating, if the observation distance satisfies z=z; /4, i.e. at
one quarter of the Talbot distance, the intensity distribution of the Fresnel diffraction
pattern is uniform. Thus, if the observation distance now satisfies z=1z;/2, the

intensity distribution of the grating has reversed visibility [28].
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2.4 CCD-based techniques for analysis of contrast

2.4.1 Contrast

Contrast is an essential perceptual attribute of an image or an object, i.e. is the
variation in visual properties that makes an image or an object noticeable from other

images or objects and their surroundings [32].

In recent years the contrast measurement have received much attention and
numerous techniques have been developed to determine it because is a useful tool in
several optics applications, such as metrology [33,34], interferometry [35,36], and
biomedical optics [37,38].

In case when the intensity distribution presents only one spatial harmonics e.g.
in case of interference of two waves, it is enough to know the maximum and the

minimum intensity (1, and I ) of the pattern in order to determine its contrast or

min

visibility V using the Michelson definition [Eq. (2.14)] [11].

However, evaluation of contrast using Michelson definition presents a
disadvantage: the contrast is evaluated only by the maximum and the minimum
intensity of the signal, which can be ambiguous for complex intensity distribution,
e.g. when more than one spatial harmonic is present, when the interference fringes are
distorted, or in the presence of noise, etc. In this case, statistical techniques or more
complex algorithms of image processing should be applied in order to evaluate the

contrast.

To date there are several conventional techniques that determine the contrast of
an intensity distribution, being the root mean square (RMS) method [32], histogram-
based method [39,40] and semivariogram-based method [41] most representative of
them. All this techniques share the common feature: a CCD camera is used as an input
sensor, the image of the intensity patterns is recorded, and then processed and
analyzed, in order to find the contrast value. Next, the most characteristic features of
these techniques will be described.
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2.4.2 CCD-based techniques

2.4.2.1 Root Mean Square (RMS)

The root mean square (RMS), also known as the quadratic mean, is the square
root of the mean of the squares of the sample values and it is a useful tool in many
fields, including physics and electric engineering [42].

In RMS method all the signal data are considered and analyzed statistically, and
the ratio of standard deviation and average signal is found, and it is a common way to
evaluate the contrast in the case of a periodical pattern [43] or compound images [44].

Therefore, the RMS contrast Cy,,s calculation is the standard deviation [45,46]

of the n pixels intensities from the average level | (see Ref. 32 and 43) and results

in:

1 &, Lf
L_lgui—n} |

| = e (2. 46)

CRMS =

where n is the total number of pixels in the input image. Intensities |, are normalized

to a maximum value of 1, and | is the average intensity across the image [47]. This

quantity is relative easy to calculate for a simple (one-dimensional) periodical pattern.

The RMS method was employed in Ref. 47 to obtain the contrast of images, and
their results support that the RMS contrast is a good indicator of the visibility of

images, which is in line with previous studies [44,48].
However, the disadvantage of this technique is that the amplitude of the signal

can be affected in presence of noise [43]. In order to avoid this problem other

techniques more robust to evaluate the contrast have been developed.
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2.4.2.2 Semivariogram method

The semivariogram [49,50] describes the magnitude, spatial scale, and general
form of the variation in a given set of data [51], and has been used widely to quantify
and to characterize the spatial variability the phenomenon under study [52]. The
semivariogram is used in geostatistics [53,54] in applications as mining [55], geology

[56,57], ecology [58], texture classification of satellite images [59,60], etc.

Semivariogram [61,62] is a graphical representation of a spatial variability and
provide a means of measuring the spatial dependency of continuously varying
phenomenon [63] by a function that relates semivariance with distance or spatial
separation [64,65].

Spatial dependence describes the phenomenon that attributes at locations close
to each other are probable to have similar values while those that are far apart are
probable to have different values [66,67], and semivariance is frequently applied to
image processing [68] because expresses the degree of relationship between pixels in
an image [63]. Therefore, if there is a strong spatial dependence, pixels that are closer

together will have a smaller semivariance.

In the case of images obtained by CCD camera, the semivariogram function

y(h) measures the spatial correlation of the image and has been employed to estimate

the standard deviation of nonuniform images [41].

The semivariogram function [69] of a given one-dimensional periodical
intensity distribution 1(x) can be defined as [43]:

y(h)=;<[l(x+h)—l(x)]2>, (2.47)

where <*> means averaging with respect to x and h means a displacement along x

axis. The semivariogram captures the variations of spatial dependence of signals

I(x+h) and 1(x). Clearly, the value of y is maximum when h is equal to a half of

the period p/2 of asignal 1(x).
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To determine the semivariogram of a sampled signal, it is necessary that the

periodical pattern in the image should be aligning with the y axis for averaging the
values of the intensities in each column, and therefore a one-dimensional signal 1(x)

is obtained.

The semivariogram function [Eq. (2.47)] was used in Ref. 43 for measuring the
contrast of sinusoidal intensity distribution in presence of noise, and it was
demonstrated that this technique is quite robust since the semivariogram is obtained as
an average process (as RMS method) and noise affects hardly any to the contrast
estimation. Besides, experimentally was showed the advantage of using it for the
Talbot effect because the results obtained are better compared with other techniques
[43].

It was demonstrated [43] that the difference between the maximum and
minimum values of the semivariogram is equal to the square of the amplitude of the

signal A:

A =[y(p/2-7(0)] (2. 48)
Therefore the contrast or visibility can be represented by [43]:

y _pr2-po) :/IA_ 2. 49)

e

where » means that the value has been obtained by an extrapolation. The

semivariogram is a measure of contrast as a function of distance and, this quantity

coincides with Michelson’s equation for sinusoidal patterns [see Eq. (2.14)].

However, the contrast estimation using semivariogram function for more
complicated light intensity distribution, which includes higher spatial harmonics, has
not been done yet.

Despite of their simplicity, all CCD-based methods share common weaknesses,

namely, the necessity for image processing, necessity of a filter for avoid the

saturation of the camera, and sensitivity to the environmental vibrations.
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2.5 Basic principles of non-steady-state photo-electromotive force
(photo-EMF) effect

Non-steady-state photo-electromotive force (photo-EMF) effect was described
by Petrov et al. [70] in 1990°s.

The photo-EMF effect manifests itself as an alternating current (ac) through a
short-circuited photoconductive sample illuminated by an oscillating non-uniform
light distribution 1(xt).

The adaptive photodetectors [71] based on the photo-EMF effect [72] have
already been proposed for a number of practical applications. In particular are used
for detecting vibrations of diffusely scattering objects [73], measuring the coherent
length of several light sources [74], for sensing laser-generated ultrasonic
displacements [75,76], for laser vibrometry [77], for characterizing femtosecond
pulses [78], for determining photoelectric parameters of organic photoconductors
[79], etc.

A detailed analysis of photo-EMF effect for sinusoidal light distribution can be

found in Ref. 80, and here it is only briefly discussed.

2.5.1 General description

The standard configuration for observing the photo-EMF effect is shown in Fig.
2.5. Under illumination by two coherent plane waves one of which is periodically

modulated in phase with the frequency Q=27 f and amplitude A an oscillating

sinusoidal light distribution is created inside photoconductive material [81]:

(x,t) =1, + 1,Vcos[Kx — Asin (Qt)], (2. 50)
generating spatially non-uniform distribution of the mobile carriers n(x,t). Here 1, is

the average light intensity, V is the visibility or contrast, K =2x/A is the spatial

frequency of the interference pattern, and A is the fringe spacing.
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Fig. 2.5. Standard configuration for photo-EMF effect. Here I; and I, are the intensities of each
wave, EOM is the electro-optical modulator, J is the photo-EMF current, Ug, is the photo-

EMF voltage, and R, is the load resistor.

Mobile charge redistribution due to the diffusion/drift and its subsequent

trapping gives rise to a relatively stable space charged electric field E. (x,t).

109, o(x) | |
+5\ | )/+§+

ESC(X)

1(x) , o(x)

Fig. 2.6. Diagram of space-charge electric field generation in non-steady-state photo-EMF effect.

The expression for the total current density flowing through the sample is:

JE (x,1)
d 1

3, (x,t) = eun (6 E, (x,t) +eD < ”g("t) . 2.51)
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where € is the electronic charge, u the mobility, #(x,7) is the density of the mobile
photoelectrons in the conduction band, D is the diffusion coefficient, ¢ is the

permittivity, and &, is the vacuum permittivity.

If the Eq. (2.51) is integrated in the interval of 0 to L and due to the boundary

conditions n(0,t) =n(L,t) the averaged diffusion current [the second term of the Eq.

(2.51)] caused by the nonuniform photocarriers density, has to be equal to zero [82]:
jde n(L,t)= n(0,t) =0. (2.52)

Because of the potential nature of the electric field, the averaged displacement
current through the sample represented by the third term of the Eq. (2.51) is equal to
zero. Therefore, the density of the total current thought the sample is equal to drift

current:
A
3, (x,t) = ef [EHn(xtx. (2. 53)
0

Under the steady state conditions, the diffusion-driven sinusoidal distribution of

E.. is shifted by A/4 with respect to o(x), (see Fig. 2.6), therefore the photo-EMF

current is zero.

However, if the intensity distribution moves, the situation is different. It is

assumed that the photoconductivity o(x,t) follows the vibrations of the illuminating
intensity distribution 1(x,t) almost instantaneously, while the distribution E_(x,t)
possesses certain inertia with response time 7. As a result of the phase shift between
o(x,t), concentration distributions n(x,t), and space charge field E.(Xt)

different from A/4, the non-steady-state photo-electromotive force (photo-EMF) is

created giving rise to alternating current through the short-circuited semiconductor
[81, 83].

In order to calculate the photo-EMF current amplitude, first the complex
amplitudes of space charge field distribution, as well as the carriers concentration
should be found, solving the standard set of equations, described e.g. in [80].
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2.5.2 Main equations of the theoretical description of the photo-EMF effect in

monopolar photoconductor

Next, let us consider the main equations, which describe the process of photo-
EMF current formation. For the simplicity the widely assumed model of a monopolar
(n-type) photoconductor with a single deep impurity level is used. The recombination
that occurs through the same deep trap level is used. Dark conductivity (due to the
thermal excitation) and saturation of the impurity centers are neglected. Besides, no

external bias is applied to the sample (£, =0).

In this model, absorption of light photon leads to the excitation of the mobile
electron from the impurity center with the generation rate g. The mobile carriers are

driven by drift and/or diffusion and they are redistributed on the conduction band.

After some time, defined as a recombination time z, their recombine on available

acceptor level.

>

-0-0-0-910-0-0-0  |aw

s I
d

1
N} N}

W, X
Fig. 2.7. Energy levels structure used for model of a monopolar photoconductor. The conduction

band and the valence band are W and W, respectively. Initial concentrations of

donor and acceptor centers (for electrons) are Ng and Ng respectively.

The balance equation for mobile carriers (with concentration n(x,¢)) in the
conduction band and for ionized deep impurities (with concentration N*(x,7)) can be
written as follows:

a(xt) t) n(x t) 1dz(x t)
4 g(x,t)— 2 (2.54)
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hence
AN (x,1) n(x,t)
A ®D_n -2 2. 55
> g(x,7) - (2. 55)

where e is the electronic charge. The expression for current density J(x,¢) [80]:

Jo(x,t)=eun(x,t)E, (x,1)+ eD%x’[), (2. 56)

includes two main contributions: drift (with the mobility «) driven by a space-charge
field E_ and diffusion (with the diffusion coefficient D) driven by carriers’

concentration gradient.

The space-charge field £ is created by a nonuniform distribution of charges
with the density p=e (N T n) and both are related through the Poisson’s equation:
M = ip(x,t). (2. 57)
X &,
Finally, the continuity equation which relates the current density J;(x,z) and

the space-charge density p(x,?), can be written as [80]:

ap(x,t) _ Ay (x, t)'

> Bt (2. 58)

2.5.3 Photo-EMF current amplitude

The solution of Eq. (2.53) can be obtained in the approximation of low

amplitude of oscillations (A <<1) and low contrast (V <<1) of the illuminating

interference pattern.

As a result of this solution the amplitude of the first harmonic of photo-EMF

current can be expressed as [80]:

0 V?
3= 3,(8) 3,(8) o

(2. 59)

| 2B, -Qry(Ey+Ey) | —2IE, - Qr,(iE, — Ey)
1+iQr, 1+ K22 +iKL,)  1+iQ7,(1+ K?LE —iKL,) |
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where o, is the average photoconductivity, E, is the external electric field applied to
the sample, 7,=&,/0, is the dielectric relaxation time due to the average
photoconductivity, E,=KD/x is the diffusion electric field, L, =+/Dz is the

diffusion length, and L, = x7 E; is the drift length of the charge carriers.

For the simplest case of zero external electric field (E,, L, =0), the amplitude

of the first harmonic of the photo-EMF current can be expressed as [80,84]:

AV? o —iQ/Q
s = ¢~ Ep Q| (2. 60)
4 1+K’L C1+iQ/Q,

where the characteristic cutoff frequency €2 can be defined as:
Q, =7 =[r,; A+ KL, (2. 61)

here 7, is equal to the recording/erasure time of the electric field grating [85].

There are some dependencies of the effect that are important to mention. First,

the frequency transfer function of J;* is similar to the transfer function of RC circuit
[86], i.e. at low frequencies 2 <<Q, the signal grows up to the cutoff frequency Q,,

and then has a constant level at frequencies 0, <<Q (see Fig. 2.8).
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Fig. 2.8. Dependence of the photo-EMF signal versus the modulation frequency Q.
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This kind of transfer function of J;* is responsible for the inherent adaptive
properties of the photo-EMF effect for detection of phase-modulated signals. In other
words, by the nature of the photo-EMF effect the photodetector has the ability to
compensate slow environmental phase drifts [81], i.e. possess additional robustness to

the environmental vibrations.

In addition the effect possess spatial adaptability to the wavefront irregularities
in the interfering beams, since the space charge field and concentration distribution
are the exact replica of the intensity distributions, i.e. the detection can be performed

in presence of speckle or aberrations.

For these outstanding properties photo-EMF based detector has already been

proposed for a number of practical applications such as it was mentioned before.

Another is the dependence of the photo-EMF signal in function of the spatial

frequency K of the interference pattern, and it is shown in Fig. 2.9.
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Fig. 2.9. Dependence of the photo-EMF signal versus the spatial frequency K .

One can see that the signal grows linearly with the increasing spatial frequency,
reach some maximum and then decays. The linear growth is determined by the

increasing with spatial frequency diffusion field E, = KD/x, while the decay is
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produced by the reduced effective contrast when the transport length of the carriers

are greater than the spatial period of the interference pattern. The maximum of this

dependence corresponds to a spatial frequency equal to the inverse carriers’ diffusion
length:

Kop = L o- (2. 62)

This spatial frequency is considered to be an optimum one when using the

photo-EMF effect for the detection purposes since the maximal value of the signal-to-

noise ratio is observed.

The theoretical dependence of the photo-EMF signal amplitude J;* [Eq. (2.60)]
as a function of modulation amplitude A is shown in Fig. 2.10. One can see that for
arbitrary modulation amplitudes the photo-EMF signal is proportional to the product
of two Bessel functions [87]:

J(A) oc J,(A) I, (A), (2.63)
where J,(A) and J,(A) are the zero-order and the first-order Bessel functions

respectively. At small vibration amplitude (A <<1) the photo-EMF signal grows

linearly with the amplitude of the phase modulation J* oc A . This property of photo-
EMF effect allows its use as an adaptive detector of the vibrations amplitudes in laser

vibrometry, and ultrasound detection.
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Fig. 2.10. Dependence of the photo-EMF signal versus the modulation amplitude K at frequency
Q<< Q.
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Finally, Eq. (2.60) shows that the output current amplitude is proportional to the
square of the light pattern visibility or contrast Jg ocV?, which makes the photo-

EMF effect suitable for the direct measurements of the changes on the light pattern
visibility.

Because of this property, the photodetector based on photo-EMF effect was
used in Ref. 88 for analyzing the Talbot effect, since an electrical current that is
proportional to the square of the visibility of the Fresnel diffraction patterns can be
produced directly. It was demonstrated that photo-EMF effect can be used for Talbot
self-images localization in real time, with high spatial resolution, and without any
signal processing.

However, the direct application of the photo-EMF effect for the general
problem of measurement of contrast distribution and related Talbot self-images

localization requires solving several problems.

First of all, most of the practical applications of Talbot effect use the diffraction
on a binary grating, which means that more than one spatial harmonic is involved in
intensity distribution on photo-EMF detector. However, the widely used theoretical
model of photo-EMF effect available up to now is based on the assumption that the

intensity distribution is a sinusoidal one.

The details of photo-EMF current formation in the presence of additional spatial
harmonics are not clear. It is necessary to verify also how the dynamics of space
charge grating formation is affected in such a case. And, the most important, the
global question of “what is the visibility which is measured in such condition” should

be answered.

In addition, the comparative analysis of the photo-EMF effect with the already
existent techniques which are currently used for a measurement of contrast is still

absent.
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Therefore, the main objective of this thesis is the theoretical and experimental
investigation of the non-steady-state photo-EMF effect induced by light distributions
that contains spatial harmonics i.e. periodical one-dimensional (1-D) light patterns,

and its applications to Talbot interferometry.

2.6 References

[1] E. Hetch, Optica, Addison Wesley Iberoamericana, 3ra ed., Madrid, 2000.

[2] R. H. Webb, Elementary wave optics, Dover publications, INC., 2nd ed., New
York, 2005.

[3] A. Ghatak, Optics, Mc Graw Hill, 4th ed., New Delhi, 2009.

[4] E. Hetch, Optics, Addison Wesley, 4th ed., San Francisco CA, 2002.

[5] G. R. Fowles, Introduction to modern optics, Dover publications, INC., 2nd ed.,
New York, 1989.

[6] P. Drude, The theory of optics, Dover publications, INC., 1st. ed., New York,
1959.

[7] E. Hetch, Optics, Schaum’s outline of theory and problems of optics, McGraw-
Hill, USA, 1975.

[8] K. D. Moller, Optics, University Science Books, California, 1st. ed., 1988.

[9] M. Born and E. Wolf, Principles of optics, Cambridge University Press, 7th. ed.,
Cambridge, 1999.

[10] J. R. Meyer-Arendt, Introduction to classical and modern optics, Prentice Hall,
1st Ed, N. J., 1972.

[11] A. A. Michelson, Studies in Optics, U. Chicago Press, Chicago, Ill., 1927.

[12] W. T. Silfvast, Laser fundamentals, Cambridge University Press, 2nd ed., 2004.
[13] R. D. Guenter, Modern optics, John Wiley & Sons, Canada, 1990.

[14]G. B. Parrent, and B. J Thompson, Physical optics notebook, Society of Photo-
optical Instrumentation Engineers, California, 1969.

[15] D. Malacara, Optica basica, Fondo de Cultura Econdmica, 2a ed., México, 2004.
[16] J. Strong, Concepts of classical optics, W. H. Freeman & Company, San
Francisco, 1958.

[17] C. Huygens, Treatise on light, Dover publications, New York, 1962 (1690).

34



[18] J. W. Goodman, Introduction to Fourier Optics, McGraw-Hill international
editions, 2nd ed., 1996.

[19] C E. J. Carreon Gonzalez, “Sintesis de rejillas de fase bidimensionales mediante
holografia binaria”, Tesis de maestria, INAOE, 1997.

[20] M. Abramowitz, and I. A. Stegun, Handbook of mathematical functions with
formulas, graphs, and mathematical tables, Dover publications, INC., 9th ed., New
York, 1972.

[21] E. Kreysig, Mateméticas avanzadas para ingenieria Vol. Il, Limusa Wiley, 3a
ed., Mexico, 2000.

[22] K. lizuka, Elements of photonics Vol. 1, Wiley-Interscience, New York, 2002.
[23] H. F. Talbot, “Facts relating to optical science No. IV”, Philos. Mag. 9, 401-407
(1836).

[24] H. Lord Rayleigh, “On copying diffraction gratings and on some phenomenon
and its applications”, Philos. Mag. 11, 196-205 (1881).

[25] H A. W. Lohmann, Optical information processing, 2nd ed., Germany, 1978.
[26] J. W. Brown and R. V. Churchill, Variable compleja y aplicaciones, McGraw-
Hill, 7a. ed., Espafa, 2004.

[27] J. T. Winthrop and C. R. Worthington, “Theory of fresnel images. I. Plane
periodic objects in monochromatic light”, J. Opt. Soc. Am. 55, 373-381 (1965).

[28] J. Ibarra and J. Ojeda-Castafieda, “Talbot interferometry: a new geometry”, Opt.
Comm. 96, 294-301 (1993).

[29] J. C. Barreiro-Hervas, “Autoimagenes con luz espacialmente coherente e
incoherente. Aplicaciones al procesado optico de informacion”, Tesis de doctorado,
Universitat de Valencia, Departamento de Optica, 1992.

[30] C. Frausto-Reyes, “Efecto Lau en la reduccion de ruido multiplicativo”, Tesis de
doctorado, INAOE, 1999.

[31] H. P. Hsu, Analisis de Fourier, Prentice Hall, 1st ed., México, 1998.

[32] E. Peli, “Contrast in complex images”, J. Opt. Soc. Am. A 7 (10), 2032-2040
(1990).

[33] G. C. Holts, CCD Arrays, cameras and displays, Society for photo-optical
instrumentation engineers, 1996.

[34] E. Cuche, P. Marquet, and C. Depeursinge, “Simultaneous amplitude-contrast

and quantitative phase-contrast microscopy by numerical reconstruction of Fresnel

35



off-axis holograms”, Appl. Opt. 38 (34), 6994-7001 (1999).

[35] P. Hariharan, Optical interferometry, Academic, 1989.

[36] H. C. Hsieh, W. T. Wu, W. Y. Chang, Y. L. Chen, and D. C. Su, “Optimal
sampling conditions for a commonly used charge-coupled device camera in the full-
field heterodyne”, Opt. Eng. 50 (4), 045601-045601-4 (2011).

[37] J. D. Briers, G. Richards, and X. W. He, “Capillary blood flow monitoring using
laser speckle contrast analysis (LASCA)”, J. Biomed. Opt. 4 (01), 164-175 (1999).
[38] P. Marquet, B. Rappaz, P. J. Magistretti, E. Cuche, Y. Emery, T. Colomb, and C.
Depeursinge, “Digital holographic microscopy: a non-invasive contrast imaging
technique allowing quantitative visualization of living cells with subwavelength axial
accuracy”, Opt. Lett. 30 (5), 468-470 (2005).

[39] L. M. Sanchez-Brea, J. A. Quiroga, A. Garcia-Botella, and E. Bernabeu,
“Histogram-based method for contrast measurement”, Appl. Opt. 39 (23), 4098-4106
(2000).

[40] S. Lai, and G. von Bally, “Fringe contrast evaluation by means of histograms”, in
OPTIKA *98: 5th Congress on Modern Optics, Proc. SPIE 3573, 384-387 (1998).
[41] L. M. Sanchez-Brea, F. J. Torcal-Milla, and E. Bernabeu, “On the standard
deviation in charge-coupled device cameras: A variogram-based technique for
nouniform images”, J. Electron. Imaging 11 (2), 121-126 (2002).

[42] J. D. Irwin, Andlisis béasico de circuitos en ingenieria, Editorial Mc Graw Hill,
1988.

[43] J L. M. Sanchez-Brea, F.J. Torcal-Milla, and E. Bernabeu, “Variogram-based
method for contrast measurement,” Appl. Opt. 47 (22), 5027-5033 (2007).

[44] K. Tiippana, R. Nasanen, and J. Rovamo, “Contrast matching of two-
dimensional compund gratings,” Vision Res. 34, 1157-1163 (1994).

[45] D. C. Montgomery y G. C. Runger, Probabilidad y estadistica aplicadas a la
ingenieria, Editorial Mc Graw Hill, México,1994.

[46] D. C. Montgomery and G. C. Runger, Applied statistics and probability for
engineers, Jonh Wiley & Sons, Inc., 3rd ed., New Jersey, 2003.

[47] P. Bex and W. Makous, “Spatial frequency, phase, and the contrast of natural
images”, J. Opt. Soc. Am. A. 19 (6), 1096-1106 (2002).

36



[48] B. Moulden, F. Kingdom, and L. F. Gatley, “The standard deviation of
luminance as a metric for contrast in random-dot images”, Perception 19 (1), 79-101
(1990).

[49] G. Matheron, “Principles of geostatistics”, Econ. Geo. 58 (8), 1246-1266 (1963).
[50] H. Wackernagel, Multivariate geostatistics. An introduction with applications,
Springer, 3rd ed., New York, 2003.

[51] G. Ramstein, and M. Raffy, “Analysis of the structure of radiometric remotely
sensed images”, Int. J. Rem. Sens. 10 (6), 1049-1073 (1989).

[52] R. Barnes, “Variogram Tutorial”, Golden Software, Inc.

[53] I. Clark, Practical geostatistics, Applied Science Publishers Ltd., London, 1979.
[54] M. Armstrong, Basic linear geostatistics, Springer-Verlag, New York, 1997.

[55] A. G. Journel, and G. H. Huijbregts, Mining geostatistics, Academic Press, New
York, 1978.

[56] O. Dubrule, Geostatistics in petroleum geology, American Association of
Petroleum Geologists, Tulsa, Oklahoma, 1998.

[57] M. E. Hohn, Geostatistics and petroleum geology, Kluwer Academic Publishers,
2nd ed., Norwell, MA, U.S.A., 1998.

[58] R. E. Rossi, D. J. Mulla, A. G. Journel, and E. H. Franz, “Geostatistical tools for
modelling and interpreting ecological spatial dependence”, Ecologycal Monographs
62 (2), 277-314 (1992).

[59] M. Durrieu, L. A. Ruiz, and A. Balanguer, “Analysis of geostatistical parmeters
for texture classification of satellite images”, Procceedings of the 25th EARSeL
Symposium, Porto, Portugal, 11-18 (2005).

[60] M. Chica-Olmo, and F. Abarca-Hernandez, “Computing geostatistical image
texture for remotely sensed data classification”, Computers and Geosciences 26 (4),
373-383 (2000).

[61] J. R. Carr, “The semivariogram in comparison of the co-occurrence matrix for
classification of image texture”, IEEE Transactions on Geoscience and Remote
Sensing 36 (6), 1945-1952 (1998).

[62] J E. H. Isaaks, and R. M. Srivastava, An introduction to applied geostatistics,
Oxford University Press, New York, 1989.

[63] N. M. A. Daley, C. N. Burnett, M. Wulder, K. O. Niemann, and D. G.

Goodenough, “Comparison of fixed-size and variable-sized windows for the

37



estimation of tree crown position”, IEEE International Geoscience and Remote
Sensing Symposium, 1323-1325 (1998).

[64] P. J. Curran, “The semivariogram in remote sensing: An introduction”, Rem.
Sens. Env. 24 (3), 493-507 (1988).

[65] P. M. Atkinson, “The effect of spatial resolution on the experimental variogram
of airborne MSS imagery”, Int. J. Rem. Sens. 14 (5), 1005-1011 (1993).

[66] M. F. Goodchild, Spatial autocorrelation, Concepts and Techniques in Modern
Geography, Geo Books, Norwich, 1986.

[67] L. Bian, and Z. Xie, “A spatial dependence approach to retrieving industrial
complexes from digital images”, the Professional Geographer 56 (3), 381-393 (2004).
[68] S. Franklin, M. Wulder, and M. Laigne, “Automated derivation of geographic
windows sizes for use in remote sensing digital image texture analysis”, Computers &
Geosciences 22 (6), 665-673 (1996).

[69] N. A. Cressie, Statistics for Spatial Data, John Wiley and Sons, New York, 1991.
[70] M. Petrov, S. Stepanov, and A. Khomenko, Photorefractive crystals in coherent
optics, Springer, Berlin, 1991.

[71] P. V. Mitchell, S. W. McCahon, M. B. Klein, T. R. O’Meara, G. J. Dunning, D.
M. Pepper, Tech. Digest of Photorefractive Materials, Effects and Applications,
Conference Aspen, Lodge, USA (1995). .

[72] S. Stepanov, “Sensitivity of non steady-state photo electromotive force-based
adaptive photodetector and characterization techniques”, Appl. Opt. 33 (6), 915-917
(1994).

[73]. 1. Sokolov, S. Stepanov and G. Trofimov, “Measurements Of small vibration
amplitudes of the diffuse objects using adaptive GaAs:Cr photodetectors”, Sov.
Acoustic J. 37 (5), 519-521 (1991).

[74] M. L. Arroyo-Carrasco, P. Rodriguez-Montero, and S. Stepanov, “Measurement
of the coherence length of diffusely scattered laser beams with adaptive
photodetectors”, Opt. Commun. 157 (1-6), 105-110 (1998).

[75] S. Stepanov, P. Rodriguez-Montero, S. Trivedi, and C. C. Wang, “Effective
broadband detection of nanometer laser-induced ultrasonic surface displacements by
CdTe:V adaptive photoelectromotive force detector,” Appl. Phys. Lett. 84 (3), 446-
448 (2004).

[76] J. Castillo-Mixcoatl, “Optimizacion de un fotodetector adaptivo de GaAs basado

38



en el efecto foto-FEM, para aplicaciones de deteccion de ultrasonido”, Tesis de
doctorado, INAOE, 2003.

[77] P. Rodriguez-Montero, S. Trivedi, F. Jin, C. C. Wang, S. Stepanov, G. Elliott, J.
F. Meyers, J. Lee, and J. Khurgin, “Pulsed-laser vibrometer using photoelectromotive-
force sensors”, Appl. Phys. Lett. 83 (9), 1893-1895 (2003).

[78] Y. Ding, 1. Lahiri, D. Nolte, G. J. Dunning, and D. M. Pepper, “Electric-field
correlation of femtosecond pulses by use of a photo-electromotive force detector”, J.
Opt. Soc. Am. B 15, (7) 2013-2017 (1998).

[79] Y M. C. Gather, S. Mansurova, and K. Meerholz, “Determining the photoelectric
parameters of an organic photoconductor by the photoelectromotrive-force
technique”, Phys. Rev. B 75, (16) 165203-165212 (2007).

[80] M. Petrov, 1. Sokolov, S. Stepanov and G. Trofimov, ‘“Non-steady-state photo-
electromotive-force induced by dynamic gratings in partially compensated
photoconductors”, J. Appl. Phys. 68 (5), 2216-2225 (1990).

[81] S. Stepanov, Photo-electromotive-force in semiconductors, Handbook of
Advanced Electronic and Photonics Materials and Devices, Vol. 11, Academic Press,
2001.

[82] L. Solimar, D. J. Webb, and A. Grunnet-Jepsen, The physics and application of
photorefractive materials, Claredon Press, Oxford, 1996.

[83] A. Aguirre-Lopez, “Investigacion y optimizacion de un fotodetector adaptivo
basado en el efecto foto-FEM”, Tesis de maestria, INAOE, 2000.

[84] N. Korneev, S. Mansurova, S. Stepanov, T. J. Hall, and A. K. Powell, “Non-
steady-state photo-electromotive force in semiconductor photorefractive crystals
biased by dc field”, J. Opt. Soc. Am. B 13 (10), 2278-2285 (1996).

[85] I. Sokolov and S. Stepanov, ‘“Non-steady-state photo-electromotive force in
crystals with long photocarrier lifetimes”, J. Opt. Soc. Am. B 8 (10), 1483-1488
(1993).

[86] J. A. Edminister, Circuitos electronicos, Mc Graw Hill, 2a ed., México (1986).
[87] 1. Sokolov and S. Stepanov, “Detection of optical signals with high-amplitude
phase modulation by adaptive photodetectors”, Appl. Opt. 32 (11) 1958-1964 (1993).
[88] P. Rodriguez-Montero, C. M. Gomez-Sarabia, and J. Ojeda-Castafieda,
“Adaptive photodetector for assisted Talbot effect”, Appl. Opt. 47 (21), 3778-3783
(2008).

39



Chapter 3

Experimental Methods

3.1 Introduction

This chapter gives a general description of the experimental arrangements,
equipment, and materials used for the localization and analysis of the diffraction
patterns generated by a Ronchi grating. Two principle schemes are described: the first
one that uses an adaptive photodetector based on the non-steady-state photo-
electromotive force (photo-EMF) effect and the second one uses CCD as an input
sensor (RMS and semivariogram techniques). The relevant characteristics of devices
used in the experiments are presented. The main characteristics of experimental

methods for characterizations and localization of the Talbot patterns are discussed.

3.2 Description of experimental setup for self-images generation

A schematic of the experimental arrangement for self-images generation is
shown in Fig. 3.2. The experiments were basically performed with a standard Melles

Griot He-Ne laser linearly polarized with a wavelength A ~633nm and an output

power of approximately 11mwW .

Using a 10x microscope objective the beam from the laser was expanded and
pinhole with a diameter equal to 10 zm was used to filter out the light. The diverging
beam was incident on the collimating lens of focal length 20cm. This collimated

beam illuminated the binary grating.
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A Dbinary grating, also called Ronchi grating or Ronchi ruling consists in
alternate dark and clear stripes. The geometry of a Ronchi grating is illustrated in Fig.
3.1, where A is the amplitude, and A is the period of the slit. These gratings usually
are used for optical testing purposes. In the experiments, a binary grating with a
period of A =100 m, i.e. 10,000 /ines/m is used.

A

A _

0 A2
+—>

A
Fig. 3.1. Geometry of a Ronchi grating.

The expected Talbot distance (where the self-images are located) was

estimating by the equation z, =2A° /ﬂ. Substituting the period of the grating and the

wavelength, the value for the Talbot distance is approximately z, =~ 31.6 mm.

Both detectors (photo-EMF detector or CCD camera) were mounted in a
Newport translation stage (the resolution of its milimetric screw was approximately
5 um with steps of 10 #m) for scanning along the optical axis z, and were placed

around 5th self-image (approximately 15cm from the grating where the self-image

had better contrast).

Detector

Selfimages: ; Photo-EMF
detector
or

CCD camera

Ronchi Grating
(100m)

Microscope
objective

He-Ne Laser
(A=633nm)

Fig. 3.2. Schematic diagram of experimental set-up for self-images generation.
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3.3 Characterization of adaptive photodetectors

The experimental setup for the characterization of adaptive photodetectors is
presented in Fig. 3.3. The experiments were performed with the same Melles Griot

He-Ne laser.

The beam from the laser passed through a beam splitter and was divided into
two beams, which intersected on the surface of the photoconductive crystal (adaptive

photodetector) and produced interference fringes.

A mirror was attached to the piezo-electric transducer to induce the vibrations
of the interference fringes. The piezo-electric was driven by the signal generator,
which also provided the reference signal to the lock-in amplifier. Finally, the lock-in

amplifier detected the photo-EMF signal.

The frequency of excitation from the function generator was approximately

1kHz and the amplitude applied to the piezo-electric was approximately 20Vpp,

which ensures that the condition A <<1 holds in our experiment.

He-Ne Laser M, ]
(A=633nm) BS, Vibrant
= ' i

0 |—> Signal
Photo-EMF

M, ' detector
5, L

4

Fig. 3.3. Experimental setup for characterization of photo-EMF detectors. Here M, and M, are

mirrors, BS, and BS, are beam splitters, and 6 is the angle.

The experiments were carried out with two crystals (principally), which
consisted in a semi-insulating GaAs crystals, with a pair of silver paste electrodes
deposited onto the front face. The dimensions of the crystals are shown in the next

figures.
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Crystal 1 Crystal 2

Fig. 3.4. Dimensions of adaptive photodetectors.

In Fig. 3.5 and Fig. 3.6 the dependence of photo-EMF signal as function of the

beam crossing angle can be observed.

As it is shown in Fig. 3.5 and Fig. 3.6, the photo-EMF current behavior with the
variations of beam crossing angle is consistent with the predictions of standard theory
of the photo-EMF effect [1] when the beam crossing angle increases the photo-EMF

signal grows up linearly until it reaches a maximum and then the signal decays.

1.0- )
) Grating

)
0.8 l 100 4am

0.6 -
0.4

0.2

Normalized photo-EMF signal

0.0 : . : . ; . .
0.000 0.002 0.004 0.006 0.008

Beam crossing angle (rad )

Fig. 3.5 Dependence of the photo-EMF signal as a function of the beam crossing angle

for crystal 1.
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Fig. 3.6. Dependence of the photo-EMF signal as a function of the beam crossing angle
for crystal 2.

Solid line in Fig. 3.5 and Fig. 3.6 are the theoretical fitting of experimental data.
It is well known (see Ref. 2) that the maximum of the photo-EMF signal occurs when
the product of spatial frequency of the interference fringes and diffusion length equals
to one KL, =1, so the carriers’ diffusion length can be determined from the maxima

position.

Ly=K —Dum 3.1)
2r

In paraxial approximation (for small angles) the period of fringes can be

approximated as A = 4/, obtaining L, = 1/226,, .
Fitting of theoretical results gave the values of 0.0025 rad and 0.032 rad for

the values of beam crossing angles at which maximal photo-EMF signal have been

observed. Using the expression (Eq. 3.1), the carriers’ diffusion length L, was

approximately 40 ym for crystal 1 and 3 zm for crystal 2.

3.4 Description of detection system of self-images
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Two kinds of experiments were performed: first one consists in acquiring
images by CCD camera with posterior image processing and analysis by RMS and
semivariogram-based methods, and the second one uses the adaptive photo-EMF

detector.

3.4.1CCD

For CCD-based experiments (see Fig. 3.7) the light distribution was scanned

along the optical axis z (moving the translation stage) with steps of 1mm.

In each step an image of the light pattern (512 x 480 pixels in size) was
recorded by a CCD video camera. This is a SONY device and corresponds to XC-75
series. The XC-75 is a monochrome instrument with a total number of pixels of
[811(H) x 508(V)].

All the images recorded, were processed using software of CCD camera [beam
analyzer (Spiricon)] in order to determine the intensity distributions generated by
binary grating. These data (the intensity distributions) were processed using RMS and
semivariogram algorithms. Finally, the numerical computations of these algorithms

were realized with two different programs (Octave [3] and Matlab).

CCD camera

Ronchi Grating
(1004m)

Microscope
objective

He-Ne Laser
(A=633nm)

Fig. 3.7. Schematic diagram of experimental set-up for CCD camera.
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In Fig. 3.8, as an example, the image captured by CCD camera at a distance

z =5z, that corresponds to a self-image of the binary grating is shown.

Fig. 3.8. Image of Talbot self-image for the binary grating recorded by CCD camera.

It is important to mention that for CCD experiments, a filter was used for avoid

saturation of the camera.

3.4.2 Photo-EMF

In the photo-EMF experiments (see Fig. 3.9) the binary grating was attached to

the piezo-electric transducer to induce vibrations of the light patterns.

To achieve the requisite of small phase modulation A <<1 the piezo-electric
transducer was set to generate amplitude of vibrations smaller than the wavelength of
the laser. Therefore, the piezo-electric was exited with a frequency of 600FHz and

with amplitude of 11Vpp by the function generator.
The ac current induced by a vibrating light pattern was detected by an adaptive

photodetector placed on a translation stage. The crystal 1 described in Section 3.3 was
used as photodetector.
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The photo-EMF signal was scanned along the optical axis z with steps of 1mm
and 250 #m moving the translation stage. A SR530 lock-in amplifier detected photo-
EMF current generated by the photodetector, with an input resistance of 100 MQ and
an input capacitance of 25 pF, by a coaxial cable connected to the silver electrodes

of the photodetector. The SR530 is an instrument that can measure AC signals as

nanovolts in the presence of much larger noise levels.

Photo-EMF

ctor
. U

Self-images 7;

Lock-in
amplifier

(100,:m)

Microscope
objective

- Function
Lens Generator
He-Ne Laser
(A=633nm)

Fig. 3.9. Details of photo-EMF based arrangement.

3.4.2.1 Characterization of the piezo-electric

In Fig. 3.10 the results of the dependence of photo-EMF signal as a function of

the peak to peak voltage Vpp applied to the piezo-electric are observed. In this case
the frequency of excitation from the function generator was fixed in 600 Hz and the

Vpp applied to the piezo-electric varied from 1 to 20.

The behavior of the results (Fig. 3.10) shows that when the Vpp increase the
photo-EMF signal grows linearly.
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Fig. 3.10. Dependence of photo-EMF signal as a function of the Vpp. Here the wavelength
A ~ 633nm, the output power of ~11mW , and with a frequency of 600 Hz.

In Fig. 3.11 the results of the dependence of photo-EMF signal as function of
the frequency applied to the piezo-electric are observed. In this case the amplitude

from the function generator was fixed on 11Vpp. The frequency of excitation varies
from 400 Hz to 800 Hz . Here, the maximum of the signal is located at approximately
600 Hz i.e. the frequency approaches to resonance frequency of piezoelectric

transducer. In our experiments this frequency of modulation was used, since it ensures

the large modulation amplitudes.

184 :
1 1
— i )
< 1.6‘ :
= 1.4 !
s 1.24 :
S \
E 0.8 /° S S
4 I
H 0.6+ |
n _ /°'° !
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Frequency (Hz )

Fig. 3.11. Dependence of photo-EMF signal as a function of the frequency. Here the wavelength
A =~ 633nm, the output power of ~11mW , and with amplitude of 11Vpp.
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In Fig. 3.12 the results of the dependence of photo-EMF signal as a function of
the output power are shown. In this case the amplitude from the function generator

was fixed on 11Vpp and the frequency in 600 Hz. A filter modified the output power
and it varies from 1mW to approximately 11mW . Here, the photo-EMF signal grows

linearly as a function of the output power.

1.0
09_'—0—Data
—_ " | ==Linear Fit of Data
=
=
S
=
=
=11]
‘»
&
=
K
g
Q
=
[a
OAO"|'|'|'|'|'|'|'|'|'|'|'|'
0o 1 2 3 4 5 6 7 8 9 10 11 12 13

Output power (mW)

Fig. 3.12. Dependence of photo-EMF signal as a function of the output power. Here the
wavelength A = 633nm, with a frequency of 600 Az, and with amplitude of 11Vpp.

In Fig. 3.13 the results of the dependence of the distance between self-images

versus position of the collimation lens are shown.

34
=Q@= Data o
334 -~
9
zZ = ZT
32_ ___________________ 9/0
31- /

30- / i
29 /O |
28-

Distance between self-images (mm)

27

-3 -2 -1 0 1 2 3

Position of the collimation lens (mm )

Fig. 3.13. Dependence of the distance between self-images versus position of the collimation lens.
Here the wavelength A = 633nm, the output power of ~11mW , with a frequency of 600 Hz,
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and with amplitude of 11Vpp.

In this case the amplitude from the function generator was fixed on 11Vpp and
the frequency in 600 Hz. The collimation lens was mounted in a translation stage for
scanning along the optical axis z, and was placed close to 5th self-image
(approximately 15cm from the grating where the self-image had better contrast). The
distance was scanned along the optical axis z with steps of 1mm moving the

translation stage.

Here, the distance between self-images has a linear trend as function of the

position of the collimation lens.

3.5 Description of detection system of self-images for turbid media

The possibility for localization of self-images in turbid media was also
investigated. A turbid media can be defined as a medium that contain suspended

particles that scattering light in all directions under illumination.

To carry out the experiments of the localization of Talbot self-images, a glass
cell that contained different concentrations of semi-skimmed milk (Parmalat brand),

as a strongly-scattering or turbid media, diluted in deionized water was used.

Milk is an opaque white fluid. The chemical composition of the milk is
complex, is a colloid of butterfat globules within a water-based fluid, and shows
analogy with blood [4]. The appearance of the milk is determined by its optical
properties. Light scattering by fat globules and caseins micelles causes milk to appear

turbid and opaque [5].

Hence, the experimental arrangement for localization of self-images in turbid

media for photo-EMF detector is observed in Fig. 3.14.
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Photo-EMF detector
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Self-images I 7

2 §
Ronchi Grating \
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objective

Generator

He-Ne Laser
(A=633nm)

Fig. 3.14. Details of photo-EMF based arrangement with glass cell.

3.6 Analysis of diffraction orders collected by system

If a screen or detector is placed some distance away from the grating, the light
intensity coming from the grating produces several spots, which corresponding to
different orders of diffraction (see Fig. 3.15). In fact, for a grating a mathematical
relationship can be derived which relates the angle of the diffraction &, the period of
the grating A, the wavelength A, and the diffraction orders m, this is called the
grating equation [6,7] and is given by:

Asin@
A

: (3.2)

m =

where @ =tan(y/5z; )=tan(y/158mm). For the experimental analysis the

number of diffraction orders collected by the system (both detectors) was calculated

using Eq. (3.2), and substituting the period of the grating A =100 zm, the wavelength
A =633nm, and the angle &
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A ~633nm

Fig. 3.15. Diagram for calculation of the diffraction orders collected by the system.

It was found that in general three diffraction orders were collected (m=+3)

[see Fig. (3.16)].

Photo-EMF detector
or
CCD camera

Fig. 3.16. Diagram of the diffraction orders collected by the system.
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Chapter 4
Non-steady-state photo-EMF effect induced by an arbitrary

periodical one-dimensional light pattern

4.1 Introduction

In this chapter detailed theoretical analysis for non-steady-state photo-EMF
effect induced by a periodical one-dimensional (1-D) light pattern in a
photoconductive sample is developed. As a result of this analysis the expression for
photo-EMF current density induced by light distribution containing only odd
harmonics is derived. This expression was used to analyze an axial distribution of
photo-EMF current produced by light pattern generated by diffraction in binary
grating on near field. Next to the theoretical analysis, experimental results on
investigation of photo-EMF effect induced by light patterns produced by Fresnel
diffraction on Ronchi grating using GaAs detector at different experimental
conditions are presented. Finally, the discussion of the obtained results is

performed.

4.2 Theoretical analysis

4.2.1 Incident light distribution

First, an infinite photoconductor illuminated by an arbitrary one-dimensional (1-

D) periodical (with a period A) light pattern with the intensity distribution 7(x) is
considered. The periodical function 7(x) can be represented in terms of Fourier [1,2]

series:
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1(x,t)= iAe“KX, 4.1)

where K=27z/A is the fundamental spatial frequency, [ is the number of spatial

harmonic and the coefficients A, are defined as:

4, :% Tl(x) e "™ dx. 4.2

0
If the light pattern is oscillating periodically in time with a frequency Q and
amplitude A, then the resulting spatial and temporal dependence of I(x,7) can be

written as [3]:

I(X, t): ZAleil(Kx+A sinQr) _ ZAleile eilA sith’ (4 3)

|=—0 [=—0
Considering small amplitude of vibrations A <<1, the exponential function can

be expanded on Taylor series [4] where only the linear term is left:

@A) ~ | T A sinQ + ... (4. 4)
Using Euler’s formula [5]:
iQt —iQt
SinQYf = % (4. 5)
1

The expression for the intensity distribution can be represented by the following

series:
|(X,t) — Zl:Ame“Kx n A10A2|ei(IKX+Qt) + AioAzlei(leQt)}
. (. 6)
— Z[Ame”KX + Ailei(IKx+Qt) + A_lei(le—Qt)],

|=—c0

where
Al Al
Ay =4, 7’ and 4, =-4, Ta 4.7)

here the first sub-index indicates the number of spatial harmonic and the second one is

the number of temporal harmonic.
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4.2.2 Main equations of the theoretical description of the photo-EMF effect in
monopolar photoconductor

Next, let us consider the main equations, which we are planning to use in our
theoretical analysis. For the simplicity the widely assumed model of a monopolar (n-
type) photoconductor with a single deep impurity level is used. The recombination
that occurs through the same deep trap level is used. Dark conductivity (due to the
thermal excitation) and saturation of the impurity centers are neglected. Besides, no

external bias is applied to the sample (£, =0).

Absorption of light photon leads to the excitation of the mobile electron from
the impurity center with the generation rate g. The mobile carriers are driven by drift
and/or diffusion and they are redistributed on the conduction band. After some time,

defined as a recombination time z, their recombine on available acceptor level.

The standard set of equations [(2.54) - (2.58)] — balance equation, current
equation, continuity and Poisson equations — have been used in order to describe the
processes of charge generation transport and trapping, as well as the process of space

charge field formation.

Once again, in order to simplify the solution of the set of equations [(2.54) -
(2.58)], the quasi-stationary condition, which is valid when the carriers’ lifetime 7 is
negligible compared to any other characteristic time of the process: period of
oscillations 7' and dielectric relaxation time 7, is assumed. This approximation
allows neglecting the temporal derivatives /A ~0 and, combining the equations

[(2.54) - (2.58)], two master equations are obtained:

)00 E g f_j

0=g(x,) . J{,un(x,t)chr,uEdc%decz. (4.8)
fE(X»f)_iﬂV*_i( _ﬁj__i( E g @J

&a e, a e, 87 &, ﬂné}c+'LIEé3c+D0’}c2. (4.9)
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4.2.3 Solution in linear approximation

The set of equations [(4.8) and (4.9)] cannot be solved analytically. The usual
approach is to get analytical solution applying a linearization procedure assuming an
approximation of low (or small) contrast of spatial modulation:

A4,/ A4, <<1. (4. 10)

The value of contrast can be controlled by an additional uniform illumination or

if the grating with the transmittance different from 0 and 1.

Then, all unknown variables can be written in a similar way to that of the input

excitation [Eq. (4.3)]. This allows writing [6]:

E(x,t)=D E, e™ + E, ™+, &M ycc, (4.11)
=0

n(x, t):ano ™ 4p, TN Ly, e e 4.12)
=0

The next step is to find the complex amplitude of space charge field E(x,7) and

the concentration distribution n(x,?).

Here, the input light distribution contains only odd harmonics /=1,3,... (like
e.g. in case of a binary grating). Substituting Eq. (4.8) and (4.9) to Eq. (2.57) and

(2.58) the expressions for n,, and E, can be obtained.

4.2.4 Steady-state solution

The solution for steady-state distribution of charge carriers’ concentration

yields:

=80 7 (4.13)
where n,, is the average concentration of photoelectrons, and g, is the average

photogeneration rate of the carriers.
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Next, the expression for E,, can be obtained. Since odd harmonics only are

presented Eqg. (4.9) can be written in a following way:

&v eile d’l eile 0‘)2n eile
,uno—”)& + UE, ’Oék +D ’asz =0. (4. 14)
Applying the partial derivative &/ one can obtain:
png E,y iKl+ Dy (KLY =0, (4. 15)
E, ——ik12 4o (4. 16)
Ay,

One can see that this result is quite similar to that obtained in case of sinusoidal
light distribution: the /¢ spatial harmonic of space-charge field is proportional to the
modulation depth of the corresponding intensity distribution harmonic, and to the
diffusion field E,, = (KID /).

4.2.5 Solution for the first temporal harmonics

Now, the expression for first temporal harmonics of space charge field
distribution E, and carriers’ concentration 7, can be obtained. Using master
equations and applying temporal and spatial derivatives, one can get:

E,,(iKI iQ) = ——°[1n, E,,iK1 + Dn, (iK1 Y], (4. 17)
&

0

71 1

o LU B —
! n, [[Qr,+1]

E,, (4.18)

where E,, =(KD/u) s the diffusion electric field.

Using the first master equation [Eq. (4.8)] and Eq. (4.9), the expression for n,

can be written as following:

0= g, — " +[zn, E,iKl + Dn,, (iK1 ¥, (4. 19)
T
n, :ﬂ (iQTd[+ 1) :ﬁ (iQTdi+ l) . (4.20)
ny Ay (Qr,+ )1+ LLK°F )Ly, K°F | Ay 1+iQz,(1+ LK)
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The result of Eq. (4.20) can be substituted into Eq. (4.18), and E,, can be finally

expressed as:

A 1 A 1
E,=—ilE |1 =(lE,)) 4.21
i b Ao l+iQTdi(1+L2DKzlz ) ( AO (1+iQTsd) ( )
where
Ay _ 4, Al (4. 22)
A, A, 2°

and the term z_, is the space charge field build-up time to I th harmonic given by the

expression 7, = 7,(1+K°L,/*)

Note, that in case of short diffusion lengths /KL, <<1 the characteristic time of
space charge electric field recording is the same for all spatial harmonics and it is
determined by the dielectric relaxation time 7., = z,. For the opposite case of large

diffusion lengths [KL,>>1 the expression for the characteristic time becomes

S

T, = rdi(KszDlz) and it is clear that higher harmonics possess longer recording time.

4.2.6 Photo-EMF current density

Total current flowing through the short-circuited photoconductor with Ohmic

contacts can be calculated using the equation derived in reference [3]:

I horo-EME = % T E(x,t) n(x,1) dx. (4. 23)

0

It can be shown that substituting Eq. [(4.11) and (4.12)] into Eq. (4.23) three
components of current appear, corresponding to DC current, to the fundamental and to

the second temporal harmonic:

Jphoto—EMF = eﬂz [E/O e™ + E, o) 4 E, o' (=) 4 c.c]x

I=—0
0
ilkx i(lhx+Qt i(lhx—Qt
e,uZ[n,Oe +n, e 4 el )+c.c] (4. 24)
J=—00
i2Q0¢

_ Q0
Jphoto—EMF =Jy+ J;?hoto—EMF e+ Jphoto—EMF e tc.c.
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Now, the interest is the analysis of photo-EMF current at fundamental temporal
harmonic. Reducing Eq. (4.24) one can show that the complex amplitude of photo-

EMF total current density is given by the expression:
J [g)zhot(}EMF = eﬂ{Z[Em N+ By +Eng + Ellnlo]}’

:Ii[J |Q ]

Inserting the equations that correspond to n,, [Eq. 4.15)], E,, [Eq. (4.16)], n,
[Eq. (4.20)], and E,, [EQq. (4.21)] into Eq. (4.25) the expression for the photo-EMF

(4. 25)

current component induced by the |th spatial harmonic of the input light distribution
can be obtained [7]:
AP(4,) O
J=" S o B, (4. 26)
2 \ 4, 1+iQ7,,
It can be seen that the current amplitude J9 is proportional to modulation
amplitude A, the square of the number of harmonic /, the square of input harmonic

contrast 4,/A4,, the photoconductivity o, and the electric diffusion field E,,.

4.2.7 Analysis of the dynamics of photo-EMF current in the presence of multiple

spatial harmonics

It is clear from the Eq. (4.26) that the frequency transfer function of each spatial
harmonic possesses a high pass filter shape observed for a sinusoidal input light
distribution: i.e. the current amplitude grows linearly up to some cut-off frequency
and keeps constant at higher frequencies.

However, as it was mentioned above (section 4.2.5) that the characteristic time
of recording for each spatial harmonic depends on the product number of harmonic,
spatial frequency and diffusion length (/KL,): for IKL, <<1 all spatial harmonics are
recorded with the same speed and for /KL, >>1 the higher spatial harmonic is, the

slower is its rate of recording.
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The dynamic of the first, third and fifth component of photo-EMF current can
be observed in figures 4.1(a) and 4.1(b). It can be seen that for a case of short

diffusion length /KL, <<1 the cut off frequency is independent on the number of
harmonics [Fig. 4.1(a)], while for a case of long diffusion length /KL, >>1 the cut of

frequency €, of higher harmonics is shifted to the lower frequency region and it is

proportional to the inverse square of the number of harmonic €3, oc(l/lz) [Fig. 4.1(b)].
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Fig. 4.1. Theoretical dependence of the photo-EMF current J;* amplitude versus modulation

frequency Q for different values of KL, =0.1,3 and different harmonic number A =1,3.
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Fig. 4.2. Theoretical dependence of the total photo-EMF current J?homEMF amplitude versus
modulation frequency Q for different values of KL, =0.1,3 and different harmonic number

H=1,3,10.
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As to the total photo-EMF current amplitude, which is composed by the sum of
the current component induced by corresponding harmonic of spatial distribution of
light intensity, its dynamics for a different limiting cases is shown in Fig. 4.2.

Once again at the limiting case of short diffusion length /KL, <<1 the
characteristic cut off frequency is independent on the total number of harmonics being
presented in the input intensity distribution and the frequency transfer function
possess a classical high pass filter form [Fig. 4.2(a)]. For a case of long diffusion
length /KL, >>1, however, even when the cut of frequency is independent on the
harmonic content of the input signal, the different speed of recording for higher
harmonics leads to the dispersion of the photo-EMF current at low modulation

frequency Qrz,, <<1 and the dependence of the thoMMF vs. Q is not linear anymore
[Fig. 4.2(b)].

Next, the obtained equation [Eq. (4.26)] /th component of photo-EMF current
amplitude is analyzed under the simplifying assumption of high modulation frequency

Qr  >>1:

scl

2

AP A4 1

d ZTH o PR, .20
0 D

It can be seen from the Eq. (4.27) that two limiting cases may be distinguished
depending on relation between carriers’ diffusion length L, spatial frequency K and

harmonic number /:

a) Short diffusion length (IKL, <<1):

2
A*| A4

0

as a consequence total photo-EMF current:

2
- A - A
‘]j?)hot(rEMF ~ Z‘]? =E()-OE‘D ZZZ(A_ZJ . (4 29)
[=—0 [=—0

0

One can see [EQ. (4.29)], that the complex amplitude of photo-EMF total

current density is proportional to the sum of the square of input harmonics contrasts
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times square of the number of harmonic [, for spatial harmonic whose period
A=2x/K1 is shorter than inverse diffusion length. Therefore, in this regime, for
higher spatial harmonics in the input illumination pattern the photo-EMF current

response is amplified by factor /°.

b) Large diffusion length (KL, >>1):
Vi ~A—lz(ﬁlza B (4. 30)
P2 \y,) VPR '
as a result:

hoto—EMF ZJQ [K 22 Ji(?) . (4. 31)

[=—©

One can observe [Eq. (4.31)], that for a limiting case of large diffusion length
the signal (the complex amplitude of photo-EMF total current density) is proportional

to the sum of squares of corresponding harmonics contrasts ¥V, = (A, /4,).

Next the expression obtained above can be applied to the light distribution
corresponding to the specific case of a binary grating with the complex amplitude of
I th harmonic 4, =2/Ix.

a) Short diffusion length (KL, <<1):

For the case of a binary grating with the period of fundamental harmonic A
much bigger than the carriers’ diffusion length L, two factors (/> and 4;) cancel

each other, as a result the relative contributions of different harmonics to J*

photo-EMF are

exactly the same, i.e.:

2
< A oo 2)( 1
‘]i))hoto-EMF ~ Z‘J|Q = EO-OED zlz(} () . (4.32)

|=—0 |=—o0 Iﬂ'
One can see that the obtained solution in this case has no physical meaning

because the infinite sum at /— oo diverges J,,,,, ;i — 0. However, one has to keep

in mind that at /— oo at least two conditions at which the above analysis has been
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performed are no longer valid. First of all at /— oo the above inequality /KL, <<1
does not hold. Second, the condition of small vibration amplitude /A <<1 is violated
and the linearization procedure described above cannot be applied. And finally, in real

optical system the number of harmonic is always finite.
b) Large diffusion length (IKL, >>1):

For a limiting case of large diffusion length:
2 2
E, \&(A) A =
oo = 300 = Sl S |5 A ] < S J32

The complex amplitude of photo-EMF total current density is proportional to

the sum of squares of corresponding harmonics contrasts 7, =(4,/4,). Note, that in

this case the sum of squares of Fourier coefficients converges and its value can be
easily calculated using Parseval’s theorem [8]. By this theorem the sum of squares of
Fourier coefficients is equal to the integral (on an interval equal to the period) of the

original function (intensity distribution):

W ﬂl (4.34)

|=—0
For a case of binary grating with transmission amplitude 1, the above integral

equals to I§/2. Since zero order coefficient of Fourier series representing intensity

distribution is 4,=1,/2, the total sum in Eq. (4.33) become unit. The physical
meaning of this result is clear, if one reminds another possible formulation of
Parseval’s theorem [8], namely that the normalized power of a periodic signal is equal
to the sum of squares of the amplitudes of its harmonic components. Taking all this
into account the expression for a total photo-EMF current becomes:

A E,

NE I e - N (4. 35)
photo-EMF 2 0 KszD

and its value does not depend on the shape of the input intensity distribution.

Next the main dependencies of the photo-EMF current amplitude can be

analyzed in details.
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4.3 Graphs of the limiting cases

Graphs of the theoretical dependence of both limiting cases (depending on
carriers’ diffusion length) applied to a binary grating were performed in Perl and the

results are shown in the next figures. The expression for /¢ harmonic of the photo-
EMF current amplitude J;* and the complex amplitude of photo-EMF total current
density J5,, e for the limiting cases were programmed. For the simplicity the

following conditions have been assumed: A=1and o,E, =1.

In Fig. 4.3 the results of the dependence of photo-EMF total current versus
number of harmonic / for different values of diffusion length L, can be observed.
Here K =1 inall cases.
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Number of harmonic (/)

Fig. 4.3. Theoretical dependence of the photo-EMF total current Jf:hm _ versus number of

o-EMF

harmonic [ for different values of KL, =0.03,0.1,1,10.

For a case of KL, =0.03 [see Fig. 4.3 where relation /KL, <<1 holds] the
response is constant (i.e. the intensity distribution varies as the grating) which

illustrates that at this condition photo-EMF response depends on number of harmonic
but not as strongly as the others.
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At the increasing diffusion length the signal is constant at low harmonic and it
decays as 1//* at higher harmonics. At large diffusion length IKL, >>1 the signal

decays at the increasing the number of harmonic /.

The dependence of photo-EMF total current on spatial frequency K for different
harmonic number H=1,2,3,10 being presented in the input intensity distribution is

shown in Fig. 4.4. Here L,=1, and K represent the spatial frequency of the
fundamental harmonic.

(a.u.)

photo-EMF

Q

IE3 001 01 1 10 100 1000
Spatial frequency ( K) (a.u.)

Fig. 4.4. Theoretical dependence of the photo-EMF total current versus spatial frequency K for

different harmonic number H =1,2,3,10 where L, =1.
One can observe that the J,,,,, - VS. K dependencies present some common
features, namely: the signal first grows linearly at low spatial frequencies, when

K =Lg the photo-EMF current reaches its maximum absolute and then it starts to

decay as the inverse of the spatial frequency 1/K.

All this features are well described by the standard theory of photo-EMF current
[6]: the linear growth occurs due to the increasing diffusion field £, while the decay

at high spatial frequencies is due to the diffusion-induced decay of contrast of the
mobile carriers’ grating. In difference from the conventional theory when the

harmonic content of the input light illumination increases the maximum of the graphs
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in the vicinity of /KL, =1 flattens more and more. It means that increasing the
harmonic number H, there is a region where the photo-EMF current does not depend
on the period of the input grating.

It is important to note, that at in agreement with our theory, at low spatial
frequency the amplitude of the photo-EMF current is bigger for a cases when more
spatial harmonics are presented in the input illumination (Fig. 4.3), while for a high
spatial frequencies all curves converges, independently on the harmonic content of the

input intensity distribution.

4.4 Theoretical analysis of axial distribution of the photo-EMF
current produced by light pattern generated by diffraction on binary

grating on near field

In order to be able to analyze the axial distribution of the photo-EMF current
produced by light pattern generated by diffraction on binary grating on near field the

complex amplitude of the 1th harmonic 4, at a different z should be evaluated.

Using Eq. (2.45) the amplitude of Ith spatial harmonic of light intensity

distribution can be written as:

0

A(Z)=exp(—i2722'zjZa.ma;‘exp(—izmmn} (4. 36)

T n=—o0 Zr

where a are the Fourier coefficients of the transmission function of a binary

n,l+n

grating [Eq. (2.45)]. For ideal binary grating the coefficients a_ . are non-zero only

n,l+n

for odd values of sub index n and |: | =2s+1, n=2t+1, s=t=0,1,2,3.... Since the
sum | +n=2(s+t+1) produce an even number, practically all coefficients of the sum
in Eq. (4.36) are zero, except for two terms with n=0 and n=-1. Thus Eg. (4.36)
reduces to:

A(z)= exp(— izzuzj{a, a, +a,a’, exp(izﬁ zl Znﬂ. (4.37)

T Zy
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Since the Fourier coefficients are real, and they are even function of |, a =a’,
Eq. (4.37) can be rewritten as:

A() =exp(— iz’zz'zja.a; [1+aoai. exp(iz“z'zﬂ,

T Z;

(27{ zI? j
= 2a,a,C0S .
Zy

(4. 38)

Finally, the expression for |th component of photo-EMF current amplitude

[Eq. (4.26)] is:

2
Al? 2rzl? 1
J&(2) = = 2a, cos ocE, —~ | 4. 39
@ 2{ ' [ z, ﬂ TP141PK2L (4.39)

and the total current density [Eq. (4.25)] is given by:

2
0 2 0 2
P e (2) = ZJ.Q(z)=A2'ooED12{2a. cos(z”Z ‘ ﬂ (. 40)

= 1+ 1°K?L2 (& .

In the following, the axial dependencies of the photo-EMF current J . ey (2)

are discussed.

The evolution of the photo-EMF current amplitude as a function of the position
along the optical axis z normalized to the Talbot distance z, for a grating with only
one spatial harmonic (sinusoidal distribution), for different KL, =0.1,1, 3 is presented

in Fig. 4.5.
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Fig. 4.5. Theoretical dependence of the photo-EMF current amplitude (a) versus axial position
z/z; and (b) versus KL, for H=1 (I=1).
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One can see that, when only one harmonic is present the signal varies
sinusoidally and exhibits a maximum at z,, where the Talbot self-image should be
situated, and it is zero at 3z,/4 and 5z,/4 when minimal visibility is expected. The
largest signal is observed at /KL, =1 as it is expected from the standard photo-EMF

theory.

When an additional harmonic is introduced to the input grating transmittance
function (1s¢ and 3rd harmonics are now presented) the axial dependence of the
photo-EMF current is changed in a way shown in Fig. 4.6. Again [Fig. 4.6(a)] the

signal exhibits a maximum at z, i.e. where the Talbot self-image should be situated,

and it is almost zero at 3z, /4.

One can see that the presence of the 3rd spatial harmonic in the grating
transmittance function leads to the appearance of nine peaks superposed to the
fundamental sinusoidal distribution shown in Fig. 4.5. These peaks correspond to a

nine secondary Talbot self-images, produced by a third harmonic of the input grating

at distances: z§/2 = (A/3)’ /.

0.30 H=2
—KL_=01
0.25 — KL=l
KL, =3
0.20 —_
— = 1
>S5 3 1
< 015 &
S . |
G _ ~"
™ 0.10 i
' |
0.05 | ' |
1 1
1 1
0.00 ‘/ , , , \’ 1E-4 T ! v . . .
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1E-3 0.01 0.1 1 10 100 1000
Axial position :
p G/=zr) KL, (a)
cY (b)

Fig. 4.6. Theoretical dependence of the photo-EMF current amplitude (a) versus axial position

z/z; and (b) versus KL, for H=2 (/=1,3).
As in the previous case the signal amplitude is maximal at /KL, =1. At small

diffusion length /KL, <<1 the shape of the signal is the same, though the overall

amplitude is reduced in accordance with the theoretical predictions (Fig. 4.4 and Eq.
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4.37). However at large diffusion length /KL, >>1 one can see that the relative
contribution of 1st and 3rd harmonics is almost the same, again as it is expected
from the theoretical analysis (Eq. 4.38 and Eq. 4.40).

Fig. 4.7(a) and Fig. 4.7(b) illustrate the axial dependence of the photo-EMF

current in presence of three (/=1,3,5) and ten (/=1,3,5,...19) spatial harmonics in the

transmittance function of the input grating.

035 0.45
H=3 H=10
0.30 — KL, =01 0.40+
—KL=1 035
0.25+ -
KL,=3 0.30-
—~ 0.20 —~ i
3 l 3 0%
& o154 A A < 0.204
<] | S
- = 015
0.10 v v
M MA 0.10
0.05 Y Y 0,05
v v
0.00 ; ; . 0.00 . ; ; : :
07 08 09 10 11 12 13 07 08 09 10 11 12 13
Axial position (z/z7) Axial position (z/z7)
(@ (b)

Fig. 4.7. Theoretical dependence of the photo-EMF current amplitude versus axial position z/z;

for (@) H=3 (/=1,3,5)and (b) H=10 (I=13,5,...19).

The same features as in the previous cases can be observed, however, the side

peaks are sharpened due to the presence of higher harmonics in input grating: there

are 25 new Talbot planes z{/2 = (A/5Y /4 [Fig. 4.7(a)].

Note that at small diffusion length /KL, <<1 the axial dependence of photo-
EMF current possesses sharp peaks and dips, but overall structure seems to be offset.
The reason for this once more is that the relative contributions to the photo-EMF

current amplitude J;* produced by different harmonics of the input grating are exactly

the same (Eq. 4.37).
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Fig. 4.8. Theoretical dependence of the photo-EMF total current versus axial position z/z, for

different values of harmonic number H =1,2,3,10 where KL, =0.11,3.

Fig. 4.8 illustrates the dependence of the photo-EMF total current versus axial
position z/z, for different values of harmonic number H=1,2,3,10 in the input
grating transmittance function and for different product of fundamental spatial
frequency and carriers’ diffusion length KL, =0.1,1,3. These figures are the

compilation of all the results obtained from Fig. 4.5 to Fig. 4.7 and summarize the
above results.
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Fig. 4.9. Theoretical dependence of the photo-EMF current amplitude versus axial position z/z;

for different values of 4, where KL, =10.

Fig. 4.9 shows the evolution of the photo-EMF current amplitude as a function
of the position along the optical axis z for different values of coefficients A4, which
corresponds to different levels of average light intensity transmitted through the
grating. Here the product of fundamental spatial frequency and carriers’ diffusion
length is KL, =10. As it is expected from the theoretical analysis the reduction of
visibility leads to the decrease of the photo-EMF current amplitude: the signal decays

proportionally to the inverse square of visibility.

Next, the results of detailed experimental investigation of non-steady-state

photo-EMF effect induced by a 1-D periodical light pattern are presented.

4.5 Experimental results of axial distribution of the photo-EMF
current produced by light pattern generated by diffraction on binary

grating on near field

Here, the experimental results on investigation of photo-EMF effect induced by
light patterns produced by Fresnel diffraction on Ronchi grating using GaAs detector
at different experimental conditions are presented.
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Illumination patterns created by diffraction in near field on binary grating are
well suited for this purpose: they can be easily generated and modified, and in
addition allows applying the results of this investigation to the practical case of
detection of Talbot self-images for metrological application [9,10]. GaAs based
detectors have been used for this investigation.

The choice of active material for the detector was motivated by its fast response
(dielectric relaxation time in microsecond range at 633nm and 0.1 W/cm2 average
light intensity) and also by the fact that typical values of carriers’ diffusion lengths
(ten microns range) are comparable to the period of Ronchi grating used in our
experiment, which allow us to check the most important theoretical results shown

above.

As a first step the detectors used in our experiment have been characterized.

4.5.1 Experimental results of adaptive photo-detectors

Next the results of experimental investigation on detection of periodical patterns
by photo-EMF detectors, using for this purpose Fresnel diffraction patterns of Ronchi
grating are presented. The experiments were carried out with the experimental setup
described in Fig. 3.10 in Chapter 3.

The experimental dependence of photo-EMF current using the crystal 2 as a

detector versus axial position z is presented in Fig. 4.10.

One can observe that the signal is almost zero at 3z,/4 and 5z,/4 when
minimal visibility is expected. In between there are 11 peaks. The amplitude of the
peaks is almost constant, except for two peaks (number 4 and 8), whose amplitude is
higher.

73



T ] T
—_ 0.6 : =Q==crystal 2 : :
= | | X X
£ os{ ! F, ! :
= 1 | Z=zp I
S 044 \o e '
= | 1 Q @ A @ 29 !
I e 5 op I
& 034 i |
E - 1 0’ v ) 0’ J OM 1@
K -":? Jb OQI%O %o%:l
I=] 0.24 \. 9 0? : d \,
K | Sl S S |
T o1l ! \9
' 1
| Z:3ZT/4 : ZZSZT/4 ?
0-0 T T T T T T T T T T T T T T T T T T T
150 152 154 156 158 160 162 164 166
z(mm)

Fig. 4.10. Experimental dependence of the photo-EMF signal versus axial position z for crystal 2

with L, ~3um. Here the wavelength A ~ 633nm, the output power of =11mW , with a
frequency of 600 Hz, with amplitude of 11Vpp, and the binary grating with a period of
A =100 um.

Let us now to compare the obtained dependence with the predictions of our
theoretical model. Remember that carriers’ diffusion length L, in this crystal was

approximately 3m. For the Ronchi grating used in our experiment (fundamental

period A =100xm and spatial period KL, =0.25) the condition /KL, <<1 holds.

On the other side, the analysis of the numerical aperture of the optical system
performed in Section 3.3 in Chapter 3 showed that at the distance where the axial scan
has been performed (z=5z, =16cm from the grating) there are three diffraction

orders, and as a consequence three spatial harmonics (1st,3rd and 5th) are involved

in formation of periodical light pattern.

Our theory predicts that at these experimental conditions the expected axial
dependence corresponds to that shown in Fig. 4.7(a). Indeed, the theory predicts that
25 peaks of almost comparable amplitude due to the condition /KL, <<1, at which
photo-EMF effect amplifies higher spatial harmonics, and as a result the relative
contribution of all harmonics is almost the same. The disagreement with the theory

can be observed in a number of peaks (11 observed vs. 25 expected) and large
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amplitudes of peaks 4 and 8. The number of peaks is less than expected because of
not sufficient resolution of the scanning system.
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Fig. 4.11. Experimental dependence of photo-EMF signal versus axial position z. Here the

wavelength 1 ~ 633nm, the output power of ~11mW , with a frequency of 600 Hz, with
amplitude of 11 /pp, and the binary grating with a period of A =100 .

One can expect that when the detector is situated closer to the grating plane, the
higher harmonics can participate on the formation of periodical pattern, which can

lead to the formation of multiple peaks in J,,,,, - dependence. Axial scan of photo-
EMF current at the distance equal to 2z, was performed (Fig. 4.11) and indeed,
noticed that the photo-EMF output current presented sharp variations along the scan

which can be attributed to the superposition of multiple Talbot planes due to the
presence of higher harmonics.

Fig. 4.12 shows the experimental dependence of photo-EMF in GaAs crystal 1.
It can be observed that, besides the common feature of pronounced dips at the
position z, which corresponds to the expected plains of minimal visibility (3z,/4 and
5z,/4), the qualitative behavior of non-steady-state photo-EMF current as a function
of axial position is rather different from that observed in crystal 2. Indeed, there are
several peaks but their amplitude varies significantly, being the central peak the

highest one.
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Fig. 4.12. Experimental dependence of photo-EMF signal versus axial position z in steps of

250 pm for crystal 1 with L, =~ 40 wm. Here the wavelength A = 633nm, the output power
of ~11mW , with a frequency of 600 Hz, with amplitude of 11¥Vpp, and the binary grating
with a period of A =100 zm.

The explanation for this difference relays in the fact that crystal 1 possess much
larger carriers’ diffusion length (approximately 40m) than crystal 2. It means that
for this crystal the opposite condition /KL, >>1 is valid, which, as it was shown by
the above theoretical analysis, remarkably changes the axial dependence of the non-

steady photo-EMF current.

Indeed, at this condition the signal is proportional to the sum of the squares of
the harmonics contrasts, and as a result the axial dependence is the superposition of
fundamental, third and fifth harmonic diffraction patterns z{?/2=(A/5)' /2 [Fig.
4.7(a) and Eq. (4.33)]. This leads to the appearance of 25 peaks (produced by 25
secondary Talbot planes) offset by fundamental sinusoidal distribution with the period
equal to the Talbot distance z,. This behavior is quite similar to that observed
experimentally, except for a number of peaks: there are five pronounced peaks,
instead of 25 and another four can barely be distinguished on the experimental
dependence (Fig. 4.12).

The same experiment was repeated in GaAs crystal 1, but with a grating with

bigger spatial period A =508 m, such as KL, =0.5 and the previous condition
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IKL, >>1 is inverted. It can be observed (Fig. 4.13) that the axial dependence of the
photo-EMF signal changes drastically: instead of the absolute maximum there are
multiple peaks of comparable amplitude (the difference is within a factor of 2) in a
way similar to that predicted by the theory. The remarkable feature, for which it is not
feasible to provide a reasonable explanation, is that the central peak is almost absent,
while two lateral are quite pronounced.
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Fig. 4.13. Experimental dependence of photo-EMF signal versus axial position z for crystal 1
with L, =~ 40 um. Here the wavelength A ~ 633 nm, the output power of = 11mW , with a

frequency of 600 Hz, with amplitude of 11Vpp, and the binary grating with a period of
A =508 rom.

Fig. 4.14 shows experimental dependence of photo-EMF current at the
condition /KL >>1 in two different GaAs crystals (like crystal 1), aiming to prove that
theoretical results are valid independently on the crystal geometry and its
photoconductive properties. The crystals possess different inter-electrode distance:

Imm and 2.5mm.
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Fig. 4.14. Experimental dependence of the photo-EMF signal versus axial position z of two

crystals with different inter-electrode distances: 1mm and 2.5mm. Here the wavelength
A =~ 633nm, the output power of ~11mW , with a frequency of 600 Hz, with
amplitude of 11Vpp, and the binary grating with a period of A =100 zm.

One can see that photo-EMF dependence on z is qualitatively the same in both
crystals, the only difference is the absolute value of signal amplitude: the signal is

higher for the crystal with bigger inter-electrode spacing.

Summarizing, theoretical analysis of non-steady-state photo-EMF current
induced by arbitrary 1-D periodical pattern have been performed using the model of
monopolar photoconductor with a single impurity center. Analytical expression for
complex amplitude of the photo-EMF current density has been derived in a general

case of periodical light pattern containing only odd harmonics.

The analysis of this expression showed that for a case of small diffusion length
IKL, <<1 photo-EMF current is proportional to the sum of square of harmonics
contrasts times square of the number of harmonic /, i.e. the higher harmonics are
amplified. In the opposite case of large diffusion length /KL, >>1 the photo-EMF

current is proportional to the sum of squares of harmonics contrasts.

As to the dynamics of the photo-EMF current, it was demonstrated that at

IKL, <<1 the characteristic time of space charge grating rebuilt is not sensitive to the
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harmonic content, while at /KL, >>1 this characteristic time is larger for a higher
harmonics, leading to a sub-linear dependence of photo-EMF current at low frequency

of modulation.

The results of this analysis have been applied to the specific case of axial
dependence of the photo-EMF current induced by the illumination patterns produced
by the diffraction of light on binary grating. Theoretical dependencies of photo-EMF

current on axial position have been derived and analyzed in details.

Theoretically predicted axial dependencies of photo-EMF current have been
observed at different experimental conditions using different GaAs detectors and main
results of the theoretical analysis have been confirmed. It was shown that the observed
axial dependence rely strongly on the relation between the fundamental spatial
frequency K of Ronchi ruling and the transport properties of the semiconductor used

for the detector, namely on its carriers’ diffusion length L.

Depending on /KL, product, two qualitatively different kinds of axial
dependencies can be observed. At /KL, <<1 the sequence of peaks of comparable
amplitude produced by different Talbot planes appears on axial dependence of photo-
EMF current. As a consequence the main Talbot plane, produced by the fundamental
harmonic cannot be identified unambiguously. At /KL, >>1 the peaks produced by
higher harmonic are offset by the large sinusoidal signal produced by the fundamental
spatial frequency, hence the main Talbot plane can be detected directly from the

position of absolute maximum.

Aiming the use of adaptive photo-EMF detectors for a purpose of Talbot
interferometry it is feasible to realize that as a result of the above analysis, that the
main criteria for a choice of detectors operation regime is that the condition
IKL,, <<1 should be avoided. The condition /KL, ~1 seems to be the best optimal
one since in this case the condition for unambiguous identification of Talbot plane is

still observed, while signal-to-noise ratio is maximized.
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Chapter 5

Comparative analysis: photo-EMF versus CCD methods

5.1 Introduction

In this chapter the comparative analysis (numerical simulations and the
experimental study) of three methods that are used for localization and analysis of the

Talbot patterns generated by a Ronchi grating is performed.

The first method uses an adaptive photodetector based on the non-steady-state
photo-electromotive force (photo-EMF), the second and third ones are conventional
CCD-based methods (RMS and semivariogram techniques) for the localization and

analysis of the Talbot patterns.

Numerical simulations of light patterns created in near field by the diffraction
on binary grating object are performed in order to generate an input data for the three
proposed methods. These data are processed using RMS and semivariogram
algorithms and the photo-EMF equation.

The comparative experimental analysis of the technique based on photo-EMF
effect against the CCD-based methods using RMS and semivariogram function is

performed.

Finally, the possibility for localization of self-images in turbid media is also

investigated, using a milk solution as a strongly-scattering media.
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5.2 Theoretical comparison of axial dependence of contrast
distribution evaluated by RMS, semivariogram, and photo-EMF
effect

5.2.1 Numerical simulations of diffraction intensity distributions generated by

binary grating

First, the input images for the comparative analysis of the three proposed
methods are generated. Since the goal of this work is the Talbot self-images
localization problem, the convenient source of images can be the numerical
simulation of light patterns created by the diffraction of periodical object (binary

grating) in near field.

For the numerical computation of diffraction intensity distributions generated
by binary grating, the complex amplitude U(x,z), and the image intensity distribution
I(x,z) of the Fresnel diffraction pattern [see Eq. (2.42) and Eq. (2.43) in Chapter 2]

were programmed in Octave or Matlab and the results are shown in Fig. 5.1.

In Fig. 5.1, the intensity distributions created by diffraction on a binary grating
which only contains 3 spatial harmonics (/=1,3,5) at different axial positions in units
of Talbot distances z, (between z, =3z, /4 and z=z, in steps of z,/32) are shown.
Note that because of the symmetry of the effect, only a quarter part of Talbot period

was scanned.
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Fig. 5.1. Numerical simulations of intensity distributions generated by a binary grating which

contains 3 harmonics at different positions of z-axis.
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5.2.2 Axial dependence of contrast using the RMS and semivariogram methods

Using the above input data (intensity distributions), RMS and semivariogram of
a given data array (I,) at different z positions were calculated applying the RMS
contrast equation and the semivariogram function [see Eq. (2.35) and Eq. (2.38) in
Chapter 2] programmed in Matlab. The axial dependence of the contrast evaluated

using these methods are shown in the next figures [1]:
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Fig. 5.2. Contrast dependence versus axial position using (a) RMS and (b) semivariogram
function.

84



In Fig. 5.2, the planes where the Fresnel diffraction patterns have minimum
visibility or contrast at z= 3z, /4 and maximum contrast at z =z, and side peaks are

identified.

In case of the numerical simulation with RMS method Fig. 5.2(a), the maximum
position cannot be defined clearly, since there are two other side lobes with the same
amplitudes, while in case of semivariogram-based method Fig. 5.2(b), there is an

absolute maximum.

5.2.3 Axial dependence of contrast using the photo-EMF effect

The photo-EMF response for a given intensity distribution I(x) was analytically
calculated in previous Chapter, and here the axial dependence of photo-EMF signal
generated by Eq. (4.33) (for the case of KL, >1) shown in Section 4.4 for comparison
purposes is presented (see Fig. 5.3). Note that the array of data for statistical analysis

IS not created, as in previous cases, since analytical solution is known.
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Fig. 5.3. Contrast dependence versus axial position using Eq. (4.33) for photo-EMF effect.

Fig. 5.3 presents resembles dependencies shown in Fig. 5.2. The signal is

almost zero at z=3z,/4, i.e. when minimal visibility is expected. There is a
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maximum at z =z, i.e. where the Talbot self-images should be located, and nine side
peaks are identified. These peaks correspond to a 25 secondary Talbot self images,
produced by the fifth harmonic of the input grating at distances z{/2 = (A/5) /4
superimposed to the fundamental one z,/2=A?/A. One can observe only nine side

peaks because of the resolution of the graph.

These side peaks are barely distinguished in RMS and semivariogram axial
dependencies methods while they are very well pronounced in the theoretical curve

generated by photo-EMF equation.

5.3 Experimental analysis of axial dependence of contrast
distribution evaluated by RMS, semivariogram, and photo-EMF
effect

5.3.1 Experimental intensity distributions generated by a binary grating

The input images used in the experimental analysis for the RMS and
semivariogram methods were generated by recording the diffracted light pattern by
CCD camera. The 2-D image was processed averaging the intensity on y direction to

obtain the intensity patterns in one dimension (1-D).

The experimental set up is shown in Fig. 3.7 in Chapter 3. The examples of

intensity distribution /(x) averaged in y at different axial positions z are shown in

Fig. 5.4.
It is important to notice that the distance z at which the CCD camera started the

scanning corresponds to the position, z, ~z,, +3z,/4, where z,, ~126.4 mm is the

position of 4th Talbot plane.
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Comparing Fig. 5.4 with Fig. 5.1, the same general characteristics are observed.
At a distance equal to z=3z,/4 the intensity of the image of the grating, is
practically uniform. At a distance equal to z =z, the intensity of the image of the
grating corresponds to Talbot self-image. In between there are some complicated

structures [Fig. 5.4(b)-5.4(e)] due to the superposition of different harmonics.

One can observed from the intensity distributions, that the system acts as low-
pass spatial filter cutting all spatial harmonics higher than fifth. This can be explained
by the fact that at the given axial position (distance from the grating to the detector)

and the optics used only three first diffracted orders are collected by the system.

5.3.2 Experimental results in free space
5.3.2.1 RMS and semivariogram methods

Applying the experimental 1-D intensity distributions (see Fig. 5.4), RMS and
semivariogram at different z positions were determined. In the case of RMS method,
the RMS contrast equation was employed and for convenience the program Excel was
used. On the other case, the semivariogram function was used, and it was

programmed in Matlab. The results are shown in Fig. 5.5 [2].
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Fig. 5.5. Experimental dependence of contrast estimated by (a) RMS and (b) semivariogram
using the data generated by CCD camera as a function of the axial position z.

Here the wavelength A ~ 633 nm, the output power of ~11mW , and

the binary grating with a period of A =100 tm.

The difference obtained experimentally between the position of planes of
minimal and maximal contrast are in good agreement with the estimations of Talbot

distance z, for a grating with a 100 zzn period that is approximately 31.6mm.

Comparing these experimental results with the contrast estimated by numerical
simulations (see Fig. 5.2), one can recognize that at z=3z,/4 the Fresnel diffraction
patterns have the lowest level of contrast and at z =z, the upper level of contrast. The
maximum is clearly visible, with both techniques, but is more pronounces in the case

of semivariogram.

The ratio between minimal (at 3z, /4) and maximal (at z,) value of the contrast
is approximately 4.2 for RMS and 5.5 for semivariogram. However, the axial
dependence of contrast determined in our experiment also presents some secondary
periodical structure (side peaks: 3 for RMS and 5 for semivariogram), though this

structure is less pronounced than that predicted by the theory.
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Comparing the experimental results obtained in Ref. [3] against our
experimental results, there is a good agreement between them: the planes of minimal
and maximal (where the Talbot self-image should be located) contrasts are well
defined for RMS, and semivariogram methods. However, is clearly visible that the
secondary peaks in the axial distribution are almost imperceptibles in Ref. [3]. It can
be explained considering that in our experiment a better overlapping of the diffracted

orders is achieved.

5.3.2.2 Photo-EMF

The experimental results obtained by axial scanning of the adaptive
photodetector based on the photo-EMF effect instead of CCD camera, are presented
in Fig. 5.6.

Here, the results are obtained directly the lock-in amplifier (the integration time
of the lock-in amplifier was set at 1s) and an image processing is not necessary. Note,
however, that photo-EMF measurements does not provide the absolute value of the
contrast (value between 0 and 1) in difference from the methods discussed above.

Fig. 5.6 shows the photo-EMF signal as a function of the axial position of the
detector, scanning a range where the 5 Talbot self-image is located [Fig. 5.6 (a)] in
steps of 50m [Fig. 5.6 (b)], 250m [Fig. 5.6 (c)], and 1mm [Fig. 5.6 (d)]. Again,
the planes of maximal and minimal contrasts can be easily identified on this figure

and their position coincides very well with the numerical estimations.

In Fig. 5.6, the sharp maximum is well defined, and the value of the ratio of the
signal amplitude at the plane of maximal (at z,) and minimal (at 3z,/4) contrast is
approximately 12. The amplitude of the signal at the plane of minimum contrast is a
result of two components: due to the vibrating speckle pattern, which cannot be
avoided and electric noise of the detection system. In our experiment, the second
component was the dominating one, and by proper grounding the signal-to-noise ratio
as large as 50 can be obtained.
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Note, that in addition to the main periodical structure defined by fundamental

harmonic (main Talbot planes) with a period z,/2 there are secondary periodical

structure (5 peaks) that are related with higher harmonics of the input grating, as it

was shown in previous Chapter. Note that similar to the case of RMS and

semivariogram this secondary structure is less pronounced than the predicted by the

theory.
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Fig. 5.6. Experimental dependence of photo-EMF signal as a function of the axial position of the

detector. Here the wavelength A ~ 633 nm, the output power of ~11mWW , with a frequency of

600 Hz , with amplitude of 11 Vpp, and the binary grating with a period of A =100 m.
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5.3.2.3 Discussion

Considering the experimental results (Fig. 5.5 and Fig. 5.6), one can verified
that the three methods are suitable for effective localization of Talbot self-images,
since the planes of minimal and maximal visibility can be identified. Next, the
comparative analysis of advantages and limiting factors of these techniques is

performed.

First of all, CCD based techniques needs image recording and posterior signal
processing, so its response time is limited by the CCD acquisition time and the
velocity of the signal processing which can be as fast as video rate, as stated in Ref.
[3]. In its turn, the response time of the photo-EMF based photodetector is limited by
the dielectric relaxation time of the crystal which can be as short as few nanoseconds
in semiconductor illuminated by light with the wavelength at which band-to-band

absorption occurs.

It can be an important advantage in applications which require fast response
time, for instance for measurements of vibrations or axial displacements, as is

described in following Chapter 6.

Next, the sensitivity of the techniques to the changes of contrast is discussed.
The ratio of the maximum and minimum signal obtained by the photo-EMF technique
is larger than that observed in CCD-based experiments, even when in CCD-based
experiments a bandpass filter at the wavelength of the He-Ne laser was used, while

the photo-EMF experiment was performed with environment lighting on.

We believe that the possible explanation can be drawn if one takes into account
the photo-EMF signal is proportional to the square of the contrast, while the CCD-
based techniques are linearly dependent on the contrast. Also, note that the maximum
of the photo-EMF signal is determined by the square of the contrast of the
fundamental harmonic, and this contrast is larger than unit (~1.2). The minimum
signal (if one controls the electrical noise) is proportional to the square of the

background illumination contrast. This latter is speckle-like and it is produced by the
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grating imperfections and random fluctuations in its transmission and it is always
much less than unit. So, the ratio of maximal to minimal signal will always be larger

for the case of photo-EMF since its output is the square of this ratio.

It means that photo-EMF technique is more sensitive to the small variations of
contrast compared to CCD-based techniques. The resolution (i.e. the minimal changes
in contrast which can be detected by the system) of photo-EMF based detectors will
be discussed in next chapter. It worth to note that CCD based techniques, in exchange
to relatively low sensitivity to the contrast variations, can work efficiently at very low
illumination levels (few wl7), while photo-EMF based detectors needs higher

intensities (one order of magnitude larger, at least).

Finally, the experimental data against theoretical predictions are compared. In
general terms (related with the propagation of fundamental spatial harmonic) there is
a good agreement between them: the planes of minimal and maximal contrasts are
well defined. However the “fine structure”, i.c. secondary peaks in the axial
distribution of contrast obtained experimentally is less pronounced than that predicted
by theory (this is especially noticeable in case of CCD-based techniques). We believe,
that it can be explained considering that in theory a perfect overlapping of the
diffracted orders is assumed, while experimentally there is a small shift between

them.

5.3.3 Experimental results in turbid media

Light propagation through of a strongly-scattering media is a field that has been
studied (analytically and numerically) for many authors [4], because of the need for
the development of biomedical imaging techniques [5]. The research in this area had
given promising results in optical coherence tomography [6], and in diffusing wave
spectroscopy [7]. In many of these cases is necessary to analyze the contrast of the
images and its relation with the turbidity of the media.
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The interest of this work is to analyze the problem of self-images localization in

presence of strong scattering using photo-EMF based method.

The experimental evolution of the contrast as a function of the position along
the optical axis z, scanning a range where the 5 Talbot self-image is located in
steps of 1mm, for different concentrations of semi-skimmed milk diluted in deionized

water (expressed as volume ratio) contained in a glass cell, is presented in Fig. 5.7.
Again, the results are obtained directly the lock-in amplifier, and an image processing

IS not necessary.

One can notice that the photo-EMF technique (Fig. 5.7) is still able to identify

the planes of maximal (z=z,) and minimal contrast (z=3z,/4) of the Fresnel

diffraction patterns even at the condition of strong contrast degradation.
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Fig. 5.7. Experimental dependence of photo-EMF signal as a function of the axial position of the
detector in turbid media. Here the wavelength A =~ 633nm, the output power of ~11mW , with a

frequency of 600 Hz and with amplitude of 11¥Vpp, and the binary grating with a period of
A =100 zm.
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The increase of the turbidity of the media leads mainly to the decrease average

light intensity arriving to the detector, as well as to the contrast degradation.

Both of these factors, intensity and contrast, affect the photo-EMF response at
Talbot plane. The amplitude of the photo-EMF signal (Fig. 5.8) decays exponentially
with the increasing milk concentration, at the same rate as it does the average light
intensity (Z,) transmitted through the turbid media (Fig. 5.8), which is in agreement
with the theoretical predictions [see Ref. [8] or Eqg. (2.43) in Chapter 2]
(JQ o, oclo), and with the experimental dependence shown in Fig. 3.12 in Chapter
3.

At our experimental conditions cannot be separated the contribution of the

intensity and contrast to the decay of the maximal signal.
The contrast degradation is evident mainly in the less pronounced fine structure
of the axial distribution with the increased turbidity since the spatial coherence loss

affects mainly higher spatial harmonics.

Theoretical analysis of Talbot images under illumination of the partially

coherent light was reported by Yoshimura et al. [9], and they found that the contrast
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of Talbot images is dependent on spatial coherence length. Furthermore, theoretical
degradation of coherence by turbulence was estimated based on the measurement of
spatial coherence by Ho [10] and Andrews et al. [11]. Experimentally this was
verified by Okoyama et al. [12]. Finally the theoretical behavior of intensity
distribution on self-images systems into turbulent media were reported by Pérez et al.
[13], and they described that the degradation on image formation is influenced by

turbulence.

We believe that photo-EMF detectors can be potentially used to address and
quantify the problem of contrast degradation due to the coherence loss in the
scattering media, analyzing its fine structure and measuring the decay of higher
spatial harmonics. This problem requires, however, more detailed theoretical and

experimental investigation.

Summarizing, the experimental results confirmed that the three methods (photo-
EMF effect, RMS, and semivariogram) are suitable for effective localization of Talbot
self-images. The photo-EMF based detector potentially has shorter response time
since it does no need image processing. In addition, they possess higher sensitivity to
the contrast variations, but it needs higher light intensity, while CCD can work

efficiently at very low illumination levels (few xW). Finally, the photo-EMF

detectors can be potentially used for analyzing the spectral content of periodical
objects since the fine structure of axial distribution of contrast is better defined
comparing with that of CCD-based methods.
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Chapter 6

Displacement measurement using the adaptive photodetectors and
the Talbot effect

6.1 Introduction

Measurements of distances, displacement or axial shifts are very important tasks
in different technological applications and there are many well established optical
techniques to measure it, which can be grouped as: time of flight techniques [1,2],

geometrical or triangulation techniques [3,4], and phase or interferometric techniques
[5,6].

Talbot effect [7] has been proposed in several and different metrological
applications [8,9,10] including the measurement of displacements or axial shifts of a
target [11]. Unlike the previous techniques, here the phenomenon exploited is the

diffraction and the measured variable is the contrast of the light pattern.

Fig. 6.1 shows a typical setup to measure distance:

} Z
|
|
|
[(PE— .
|
|
. |
Laser diode ]
A ~675nm Ronchi grating Target
Interference filter 4:@_
CCD camera D
L
(===

Fig. 6.1. Typical setup to measure distance (image from reference 11).
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The experiments were performed with a laser diode with a wavelength

A ~675nm and an output power of 15mW , and a Ronchi grating with a period of

A =0.254 mm.

In the proposed technique by Spagnolo et al. [11] the procedure to measure the
distance z from the grating to the target is the following: the light pattern diffracted
from a Ronchi grating is projected to a target and a CCD camera is focused to this
target. The grating is mounted in a translation stage and the target is located at
different distances from the grating. The image is recorded, and then an image
processing with the fast Fourier transform (FFT)-based algorithm is performed.

Finally, a band-pass filtering of this signal to decode the distance is realized.

Here in this chapter a novel technique based on the adaptive photodetectors and
the Talbot effect to measure distance or the axial shifts of a mirror-like target is

proposed.

6.2 Displacement measurement by adaptive photodetector and
Talbot effect

First is needed to consider the effect of the aperture of the diaphragm on our
system used to localize the Talbot or self-images planes (see Fig. 3.9 in Chapter 3).

The next figure (Fig. 6.2) shows the photo-EMF signal as a function on the

aperture of the diaphragm, scanning a range where the 5th Talbot self-image is

located in steps of 1mm.

One can observe that as the aperture is reduced (from 12.7 mm to 5.8 mm) the

details (side peaks) of the signal are lost and that the signal becomes “softer”. In fact
as the aperture is reduced less orders of diffraction passes through the aperture; when
only the +1 and —1 (besides the order cero) passes through the diaphragm, the image

of the grating becomes a sinusoidal grating in the Talbot plane [11,12].
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Fig. 6.2. The amplitude of photo-EMF signal as a function of the aperture of the diaphragm.
Here the wavelength A ~ 633nm, the output power of ~11mW , with a frequency of 600 Hz, with

amplitude of 117pp, and the binary grating with a period of A =100 zom.

For a sinusoidal grating it can be shown that the axial visibility [13] is given by:

V(z)=V,+V; 005(27;;} (6.1)

T

where ¥, is the average visibility, Vs is the amplitude of the visibility, and the Talbot

distance is z, =2A/A.

Therefore is expected that the photo-EMF signal would be given by:
PE)< [V ). (6.2)

This property has to be used to implement a system to measure distances or

axial displacements of a mirror. The experimental arrangement is shown in Fig. 6.3.

The experiments were basically performed with a He-Ne laser linearly polarized

with a wavelength 4 ~ 633 nm and an output power of approximately 11mW . Using
a 10 x microscope objective the beam from the laser was expanded and pinhole with
a diameter equal to 10 zm was used to filter out the light. The diverging beam was
incident on the collimating lens of focal length 20cm. This collimated beam

illuminated the binary grating.
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After illumination with a collimated beam, the diffracted light from the grating
(with a period A =100 m) is sent to a mirror by a beam splitter. The adaptive
photodetector is illuminated by the light reflected from the mirror, which was
mounted in a translational stage. The aperture of the diaphragm was adjusted to
produce a photo-EMF signal proportional to square of a sinusoidal function (as a

function of the axial distance).

Translational

Diaphragm ) stage
Grating
_>
He-Ne laser — MM 5 B.S.
—_—
Lock-in

Piezoelectric

Signal
generator

Photo-EMF detector
Fig. 6.3. Experimental setup to measure distances or axial displacements of a mirror.
Here BS is the beam splitter.

For the geometry of the setup: 3 Talbot distances (3z,) from the grating to the
beam splitter, 3 Talbot distances (3z,) from the beam splitter to the mirror, and 2

Talbot distances (2z,) from the beam splitter to the adaptive photodetector are used.

The next figure shows the experimental dependence of the photo-EMF signal as
a function of the axial displacement of the mirror. In this case, the value of the
aperture of the diaphragm is 5.8 mm.
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Fig. 6.4. The amplitude of photo-EMF signal as a function of the mirror’s position.
Here the wavelength A ~ 633 nm, the output power of ~11mW , with a frequency of 600z, with

amplitude of 11Vpp, and the binary grating with a period of A =100 zm.

In Fig. 6.4 the circles are the experimental points and the solid line is the
theoretical fit. In this plot one can observe that the photo-EMF signal corresponds

very well to the theoretical estimate:

J(z)={J0 +J cos[zjzﬂ : (6.3)

Zr

Note also that the signal has a periodical dependence with the period

z,/4 ~8mm. This property can be useful to calibrate the displacements.

The maximum of the signal corresponds to the position of the mirror where the

6th self-image is located, and the minimum in the signal corresponds to the plane of

minimum visibility.

Between these points there is a linear region, which extension depends on the
binary grating utilized. For the grating used this region proves to be around 5 mm in

an interval of approximately 1.5 mm. A close up to this linear region is shown in Fig.

6.5.
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Fig. 6.5. The amplitude of photo-EMF signal as a function of the mirror’s position. Here the
wavelength 2 ~ 633nm, the output power of ~11mW , with a frequency of 600 Hz, with

amplitude of 117pp, and the binary grating with a period of A =100 zm.
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To test the resolution of the proposed system the signal was measured even

between closer points. The limit in this case is the resolution of the screw of the

translation stage, which was 10m. In the next figure is plotted the result:

Photo-EMF signal (m}")
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Mirrror’s position (mm )

Fig. 6.6. The amplitude of photo-EMF signal as a function of the mirror’s position. Here the

wavelength A ~ 633nm, the output power of ~11mW , with a frequency of 600 Hz, with
amplitude of 11Vpp, and the binary grating with a period of A =100 zom.
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Note that main uncertainty in the plot corresponds to that of the translation
stage, while the photo-EMF signal proved to be very stable (integration time 1s).
From these results one can state that the technique has a resolution higher than 10 zm.

The proposed technique can be self-calibrated in terms of the Talbot distance.

The analysis can be simplified assuming that J, >>J¢ in Eq. 6.3, and that
photo-EMF current is measured with a trans-impedance amplifier (amplifier that
converts current to voltage) and an oscilloscope. In this case the photo-EMF current is
given by:

2wz
J(z)=J; +2J,J; cos(mj (6.4)

If J, (the DC term) is removed by an electronic filtering, if the operating point

is set of on, and if the optical setup halfway between the maximum and minimum

signal, then for displacements z <<z, /4:

J()~167 JOJS[ij (6.5)

T

from this equation the displacement of the target can be determined as:

zZ
~J(2) — 6.6
: (Z)Lm JOJJ (6.6)

which is valid whenever z <<z, /4.

6.3 Discussion

Considering the experimental results (see Fig. 6.5 and Fig. 6.6), one can observe
that the technique based on the adaptive photodetectors and the Talbot effect is
suitable for effective distance measurements of a mirror-like target, if the aperture of
the diaphragm is adjusted to produce a photo-EMF signal proportional to square of a

sinusoidal function (as a function of the axial distance).
Comparing our technique with the method used in Ref. [11], one can verify that
both systems are simple and the results are obtained in real time, but an important

advantage of our technique is that there is not any image recording by a CCD-camera
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and a posterior signal processing.

From the experimental results (Fig. 6.6), one can state that the resolution of the
technique (i.e. the minimal changes in contrast which can be detected by the system)
is higher than 10 wm, and that in terms of the Talbot distance the technique can be
self-calibrated. It means that photo-EMF technique is very sensitive to the small

variations of distance.
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Chapter 7

Conclusions

The use of non-steady-state photo-EMF effect for measuring the contrast

distribution and its application as an adaptive detector for Talbot interferometry have

been investigated both theoretically and experimentally. The main results of this

investigation can be summarized as follows:

1) For the first time detailed theoretical analysis of non-steady-state photo-EMF

current induced by arbitrary 1-D periodical light pattern using the model of

monopolar photoconductor with a single impurity center was performed.

Analytical expression for complex amplitude of the photo-EMF current
density generated by a periodical light pattern containing only the odd
harmonics was obtained.

Two qualitatively different regimes were identified on non-steady-state
photo-EMF effect depending on the relation between carriers’ diffusion
length and spatial frequency of the fundamental harmonic. For a case of
large diffusion length /KL, >>1 the photo-EMF current is proportional to
the sum of squares of the harmonics contrasts, that is, the fundamental
harmonics contribution is the largest one. In the opposite case of small
diffusion length IKL, <<1 this last factor (square of harmonic contrast) is
multiplied by the square of harmonic number, which means that the higher
spatial harmonics are amplified.

Using the results of this analysis, the axial dependence of the photo-EMF
current induced by the illumination patterns produced by the diffraction of
light of a binary grating in the near field was studied.

The optimum regime for localization and analysis of Talbot self-images is
when the detector response is proportional to square of the harmonics
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contrasts, i.e. when the condition of large diffusion length (compared to
the grating’s fundamental spatial period) was met.

2) Theoretically predicted axial dependencies of photo-EMF current were

3)

4)

observed at different experimental conditions using different GaAs detectors.

The main results of the theoretical analysis for two limiting cases (large and

small diffusion length) were confirmed experimentally.

The comparative analysis (theoretical and experimental) of the photo-EMF

based-method against the conventional CCD-based methods (RMS and

semivariogram techniques) for measuring contrast distribution and for

localization of Talbot self-images was realized.

The photo-EMF based detector potentially has shorter response time since
it does no need image processing.

The photo-EMF based detector possess higher sensitivity to the contrast
variations, but it needs higher light intensity, while CCD can work

efficiently at very low illumination levels (few W ).

The photo-EMF detectors can be potentially used for analyzing the
spectral content of periodical objects since the fine structure of axial
distribution of contrast is better defined comparing with that of CCD-

based methods.

The possibility of practical application of the adaptive photo-EMF detectors

and the Talbot effect for effective distance measurements from a mirror-like

target was demonstrated experimentally.

The photo-EMF signal amplitude depends linearly on the displacement
within a range of displacement ~z, / 32. The proposed method is self-
calibrated in terms of Talbot distance.

For our particular experimental scheme, the resolution of the photo-EMF

technique was better than 10 zm for a maximal displacement of 1mm.
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